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Abstract

Amino acid residues at the biomolecular interface play essential roles in many
biological and cellular processes; relevant to this thesis, protein-protein
interactions regulate signaling pathways and enzymatic activity, whereas
protein-DNA interactions control gene expression, and protein-peptide
interactions are central to the immune system. Biomolecular recognition and
binding stability are largely determined by residues at the molecular interface.
In this thesis, we focused on three biological datasets that are related to humans
and human health: 1) dysregulated citrullination in the inflamed joints of
rheumatoid arthritis patients, 2) a novel family of PRD-like transcription factors
critical to the first few cell divisions in human life, and 3) epitopes that likely
activate a cytotoxic T cell-mediated immune response against SARS-CoV-2
infection. For each dataset, in order to study the structural and functional
consequences of molecular interactions, we applied a wide range of
bioinformatics techniques to analyze sequences, structures and biological data
retrieved from various databases, as well as taking into account experimental
results from collaborators and from the literature.

In rheumatoid arthritis, normally cytoplasmic peptidylarginine deiminase
(PAD) enzymes citrullinate arginine residues in extracellular matrix (ECM)
proteins. To examine specificity determining features that regulate the
citrullination activity, we analyzed the sequence and structure data of the ECM
proteins that were found citrullinated in chronically inflamed human joints. For
citrullination, we found that an arginine side chain needs to be exposed to
solvent but can arise from f-strands, a-helices, loops and B-turns. Moreover,
there is no sequence motif linked to enzymatic activity. In addition, we studied
the effect of citrullination on proteins important for a normal ECM, focusing on
integrin binding to fibronectin and transforming growth factor-f (TGF-p).
Citrullination of these proteins was found to inhibit cell attachment and
spreading since PAD-treatment of the isoDGR motif in fibronectin and the RGD
motif in TGF-f significantly reduced their binding with integrin V33 and aV(36,
respectively.

The expression of the human paired (PRD)-like transcription factors (TFs) are
limited to the period of embryonic genome activation up to the 8-cell stage. We
identified that one of these PRD-like TFs, LEUTX, binds to a TAATCC sequence
motif. Sequence comparisons revealed that LEUTX protein is comprised of two
domains: the DNA-binding homeodomain and a Leutx domain containing a
transactivation domain. We identified specificity determining residues in the
LEUTX homeodomain that are important for recognition of the TAATCC-
containing 36 bp DNA motif enriched in genes involved in embryonic genome
activation. We demonstrated using molecular models why a heterozygotic
missense mutation A54V at the DNA-specificity determining position of LEUTX
has significantly reduced overall transcriptional activity, as well as why the
double mutant - [147T and A54V - form of LEUTX restores binding to the DNA
motif similarly to that seen in the [47T mutation alone.



At the onset of the COVID-19 pandemic we sought to understand the
molecular factors that trigger the cytotoxic T cell-mediated immune response
against the SARS-CoV-2 virus, taking advantage of binding data and 3D
structures for related viruses and other pathogenic organisms. We first predicted
the MHC class I (MHC-I)-specific immunogenic epitopes of length 8- to 11 amino
acids from the SARS-CoV-2 proteins. Next, we predicted that the 9-mer epitopes
would have the highest potential to elicit a strong immune response. For
experimental validation, the predicted 9-mer epitopes were matched with the
SARS-CoV-derived epitopes that are known to elicit an effective T cell response
in vitro. Furthermore, our observations provide a structural explanation for the
binding of SARS-CoV-2 epitopes to MHC-I molecules, identifying conserved
immunogenic epitopes essential for understanding the pathogenesis of COVID-
19.

The three investigated datasets were made in concert with collaborative
experimental studies and/or considering publicly available experimental data.
The experimental studies generally provided the starting point for the in silico
studies, which in turn had the objective of providing a detailed explanation of the
experimental results. Furthermore, the in silico results could be used to devise
novel and focused experiments, suggesting that bioinformatics predictions and
wet-laboratory experimental investigations optimally take place with multiple
advantages. Overall, this thesis demonstrates the synergy that is possible by
applying this interdisciplinary approach to understanding the consequences of
molecular interactions.
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Sammanfattning

Aminosyror i kontaktytan mellan olika biomolekyler spelar en viktig roll i manga
biologiska och cellulira processer; relevanta interaktioner fér den har
avhandlingen ar protein-protein interaktioner som reglerar signaleringsrutter
och enzymatisk aktivitet, protein-DNA interaktioner som kontrollerar
genexpression, samt protein-peptid interaktioner som har en central roll i
immunforsvaret. Biomolekylar igenkdnning och bindningsstabilitet beror till
stor del pd de aminosyror som finns i den molekyldra kontaktytan. I den har
avhandlingen fokuserade vi pa tre biologiska dataset som éar relaterade till
manniskor och manniskors halsa: 1) felreglerad citrullinering i inflammerade
leder hos patienter med reumatoid artrit, 2) en nyupptéckt familj av PRD (human
paired)-lika transkriptionsfaktorer som ar nodviandiga for de forsta
celldelningarna i méanniskolivet, och 3) epitoper som troligen aktiverar en
cytotoxisk T-cell-formedlad immunrespons mot SARS-CoV-2 infektioner. For att
studera de strukturella och funktionella konsekvenserna av de molekyldra
interaktionerna i varje dataset, anvindes en méangd olika bioinformatiska
tekniker for att analysera sekvenser, strukturer och biologiska data fran olika
databaser och dessutom beaktades experimentella resultat fran
samarbetspartners och fran litteraturen.

[ reumatoid artrit citrullinerar vanligen PAD (cytoplasmatiska peptidyl
arginin deiminas)-enzymer arginin-aminosyror i proteiner i det extracelluldara
matrixet (ECM). For att undersoka egenskaper som avgor specificiteten hos
citrullineringsaktiviteten analyserade vi sekvens- och strukturdata for ECM-
proteiner som blir citrullinerade i kroniskt inflammerade leder hos manniskor.
Vi upptackte att en argininsidokedja maste vara i kontakt med det omgivande
l6sningsmedlet for att kunna citrullineras, att de kan finnas i beta-stringar, alfa-
helixar och beta-svingar, samt att det inte finns nagra sekvensmotiv som ar
kopplade till enzymatisk aktivitet. Utover detta studerade vi effekten av
citrullinering pa proteiner som ar viktiga fér normal extracellular matrix, med
fokus pa integrinbinding till fibronektin och TGF-f (transforming growth factor-
). Citrullinering av dessa proteiner uppticktes inhibera cellvidhiftning och
spridning eftersom PAD-behandling av isoDGR-motivet i fibronektin och RGD-
motivet i TGF-f ordentligt reducerar deras bindning till integrin aV3 och aV(36,
respektive.

Expressionsnivaerna av PRD-lika transkriptionsfaktorer (TF) ar begransade
till perioden av zygotens genomaktivering upp till 8-cells stadiet. Vi identifierade
att en av dessa PRD-lika transkriptionsfaktorer, LEUTX, binder till ett TAATCC
sekvensmotiv. Sekvensjamforelser avslojade att LEUTX proteinet bestar av tva
domainer, det DNA-bindande homeodomanet och en leutx-domén som innehaller
en transaktiveringsdoman. Vi identifierade specificitetsbestimmande
aminosyror i LEUTX homeodomaénen som dr viktiga for igenkanning av TAATCC-
innehallande 36 baspars DNA-motivet som ar berikad med gener involverade i
zygotens genomaktivering. Vi anvinde molekyldara modeller for att visa varfor en
heterozygotisk missense-mutation, A54V, i DNA-specificitetsbestimmande
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positionen i LEUTX har ordentligt minskad generell transkriptionsaktivitet, och
varfor dubbelmutanten 47T och A54V aterstéller bindning till DNA-motivet pa
samma satt som observerats i enbart 147T mutationen.

Nar COVID-19 pandemin inleddes forsokte vi forsta de molekylédra faktorer
som startar den cytotoxiska T-cell-formedlade immunresponsen mot SARS-CoV-
2 viruset, genom att utnyttja bindningsdata och 3D strukturer for relaterade
virus och andra patogena organismer. Vi forutspadde forst MHC klass I (MHC-I)-
specifika immunogena epitoper av langden 8 till 11 aminosyror fran SARS-CoV-
2 proteiner. Darefter forutspadde vi att epitoper bestdende av 9 aminosyror
hade den hogsta potentialen att orsaka en stark immunrespons. For
experimentell validering matchades de 9 aminosyror langa epitoperna med
epitoper fran SARS-CoV som man vet att orsakar en effektiv T-cell respons in
vitro. Vara observationer bidrar ocksd med en strukturell forklaring for
bindningen av SARS-CoV-2 epitoper till MHC-1 molekyler, vilket identifierar
konserverade immunogena epitoper som adr nddvandiga for att forstar
patogenesen hos COVID-19.

De tre undersokta dataseten gjordes i samarbete med experimentella studier
och/eller genom att ta allmant tillgangliga experimentella data i beaktande. De
experimentella studierna gav en startpunkt for in silico-studierna, vilka i sin tur
hade som mal att ge en detaljerad forklaring till de experimentella resultaten. In
silico-resultaten kan ocksd anvdndas for att utveckla nya och fokuserade
experiment, vilket indikerar att bioinformatiska forutspaelser och
experimentella studier optimalt sker med manga férdelar. Over lag visar denna
avhandling synergin som dr méjlig genom att anvinda detta interdisciplindra
arbetssatt for att forstd konsekvenserna av molekylara interaktioner.
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1. Introduction

Proteins rarely if ever act alone, and about 80% of the human proteins function
in complexes (Berggard, Linse, and James 2007). Indeed, the functional
properties of proteins are highly dependent on their ability to interact with
specific binding partners, such as other proteins, nucleic acids, peptides, small
molecules and other entities (i.e. ions, electrons, photons). The intermolecular
interactions formed within macromolecular complexes are essential for nearly
every cellular activity, some of these activities include, eg., enzyme
cooperativity, molecular transport, regulation of gene expression and signal
transduction. Proteins are not static entities but have different dynamic motions
that allow them to perform specific biological functions (Teilum, Olsen, and
Kragelund 2009) and these motions are closely linked to the molecular
interactions they form.

In general, the stability of protein interfaces is maintained through both
hydrophobic and charged amino acids (Brinda, Kannan, and Vishveshwara 2002;
Yan et al. 2008), and the analysis of amino acid interactions is central to
understanding molecular interactions and how post-translational alterations
and mutations affect those interactions.

In particular, we have considered especially the role of positively charged
arginine residues at interfaces. Two basic amino acids, arginine and lysine, can
contribute to the stability of protein interfaces with other molecules by forming
electrostatic interactions with negatively charged moieties. The arginine side
chain has added potential to interact with, e.g., the side chains of non-polar
aromatic and aliphatic residues above and below the guanidinium plane as well
as making in-plane hydrogen bonding interactions via the three nitrogen atoms
of the side chain (Armstrong et al. 2016). It is highly likely that arginine side-
chain modifications can readily modulate the interfacial interactions in proteins
and, thus, can affect the associated physiological functions.

One such post-translational arginine modification is the hydrolytic
conversion of arginine to citrulline by peptidylarginine deiminase (PAD)
enzymes, citrullinating intracellular proteins under normal physiological
conditions. However, PAD released to the extracellular space contributes to the
pathogenesis of multifactorial disease such as rheumatoid arthritis (RA). In
publications I and II, examination of the synovium of RA patients resulted in the
identification of a wide variety of extracellular proteins that are targets of
extracellular citrullination, and led to characterization of arginine recognition by
PAD enzymes and the consequences of citrullination on molecular interactions.
In particular, we carried out in-depth analyses on TGF-B1 and fibronectin in
order to study the effect of citrullination on the integrin-mediated cellular
processes such as cell adhesion and cell migration (Publications I and II).

Positively charged residues are crucial for transcription factor (TF)-DNA
interactions due to their interactions with the negatively charged phosphates in
the DNA backbone and electronegative atoms in the nucleotide bases (Corona
and Guo 2016; Luscombe, Laskowski, and Thornton 2001), but both polar and



hydrophobic residues also play critical roles in protein-DNA interaction. Polar
neutral amino acids, such as serine, threonine, asparagine, and glutamine,
comprise the second largest number of hydrogen-bonding interactions with the
DNA backbone and bases (Luscombe, Laskowski, and Thornton 2001). The
presence of a methyl group in thymine leads to the formation of non-polar
interactions with hydrophobic residues. Overall, the specificity in TF-dsDNA
interactions heavily depends on the properties of individual amino acids and
DNA bases. Recently, a family of paired (PRD)-like TFs has been shown to
recognize specific DNA motifs to regulate the expression of target genes that are
known to play an important role in early embryonic development (Madissoon et
al. 2016; Tohonen et al. 2015). In publication III, we identified functionally
critical amino acid residues within the human LEUTX homeodomain involved in
DNA binding and showed how a loss-of-function mutation reduces its binding
with the DNA motif.

Hydrophobic amino acids are crucial for the immunogenicity of cytotoxic T
cell epitopes that bind to the MHC class I molecules that elicit the adaptive
immune response (Chowell et al. 2015). Binding of epitopes to the antigen-
binding groove of MHC-I is stabilized by both hydrophobic anchoring and
hydrogen bond formation (C. Zhang, Anderson, and DeLisi 1998). The efficient
presentation of an MHC-I bound epitope to a cytotoxic T cell receptor benefits
from a stable and high affinity epitope-MHC-I (eMHC-I) complex (Assarsson et
al. 2007; Harndahl et al. 2012).

The identification of the most immunogenic epitopes from pathogens has
helped in developing sensitive diagnostic assays, effective therapeutic agents
and potential vaccines for preventing various infectious diseases. In December
2019, the emergence of the SARS-CoV-2 virus threw the world into a global
pandemic of COVID-19 disease. For our part, we performed computational
analyses to identify the most immunogenic SARS-CoV-2-derived epitopes that
are conserved in the known variants and identical to the experimentally
identified epitopes of SARS-CoV (Publication IV). In addition, we give structural
explanation for the binding of SARS-CoV-2 epitopes to MHC-I as well as to the T
cell receptor.

In this thesis, the information derived from sequences, structures and
biological data were combined with experimental observations from
collaborators and from the literature in order to study the structural and
functional consequences of molecular interactions. The interdisciplinary
approach used in this research provides detailed structural information on the
human macromolecular complexes and enabled us to probe their essential roles
in human health and disease.



2. Review of the literature

In this thesis, the main focus was to analyze specificity determining features at
the interface of biomolecular complexes (i.e. protein-protein and protein-DNA
complexes) that are involved in various biochemical and cell signaling pathways
associated with humans and human health. We analyzed chemical properties
and three-dimensional shape of amino acids, solvent accessibility of key amino
acids, intermolecular interactions, and position-specific propensities of amino
acids and nucleotides, and related these features to the experimentally
determined biochemical processes. In the literature section, the focus is to
provide detailed information on the biomolecular complexes and their functions
related to the three projects.

2.1. Peptidylarginine deiminase and citrullination

2.1.1. Peptidylarginine deiminase

Citrulline was first isolated from watermelon (Citrullus vulgaris) by Japanese
researchers Koga and colleagues (Koga and Ohtake 1914). It was reisolated by
Wada to experimentally determine the empirical formula C¢H13N303, and later
named “Citrullin” after the Latin word for watermelon (Wada 1930). Citrulline is
considered as a non-essential amino acid, which means that it is synthesized
naturally in mammals; for example, the free form of citrulline is produced in the
urea cycle to eliminate ammonia from the blood (Krebs and Henseleit 1932), and
it is also produced as a byproduct of the nitric oxide pathway (Mori 2007). Since
citrulline is also a non-standard amino acid, its occurrence in a synthesized
protein has to be the result of post-translational modification. The hydrolytic
conversion of a peptidylarginine into a peptidylcitrulline is catalyzed by
peptidylarginine deiminase (PAD) enzymes in a calcium-dependent manner
(Figure 1) (Fujisaki and Sugawara 1981; Rogers, Harding, and Llewellyn-Smith
1977). The citrullination reaction, also known as hydrolytic deimination,
eliminates the positive charge of the arginine residue by replacing the ketamine
group (=NH) with a keto group (=0), resulting in biophysical and chemical
changes in the substrate protein and therefore function (Tarcsa et al. 1996). The
presence of citrulline in proteins was first detected using a color test, which was
first described by Fearon in 1939 (Fearon 1939). Later, in 1958, citrulline was
identified as a major constituent of the fibrous protein of the inner root sheaths
of hair follicles - the first recorded occurrence of citrulline in an animal protein
(Roggers and Simmonds 1958).
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Figure 1: PAD enzymes convert a positively charged peptidylarginine residue into a
neutral peptidylcitrulline.

In humans, the PAD family is composed of five isozymes (PAD1, PAD2, PAD3,
PAD4 and PAD6), which are encoded by a cluster of PADI genes located on the
short arm of chromosome 1 (Vossenaar et al. 2004). The PADS isozyme is
missing because it was originally misannotated, later identified as the ortholog
of mouse PAD4 (Mondal and Thompson 2019). The human PAD isozymes share
50% to 55% sequence identity among their protein sequences, and each PAD
isozyme exhibits 70% to 95% sequence identity among mammals with a high
degree of residue conservation at the catalytic site, indicating that different PAD
isozymes catalyze the citrullination reaction via the same mechanism (Arita et
al. 2004; Witalison, Thompson, and Hofseth 2015). However, an evolutionarily
unrelated PPAD enzyme (UniProt ID: Q9RQJ2) in the prokaryotic species
Porphyromonas gingivalis, which is known as the most pathogenic bacteria for
chronic periodontitis in humans, shows calcium-independent citrullination
activity (Abdullah et al. 2013; McGraw et al. 1999).

Among all the human PAD enzymes, only PAD4 possesses a nuclear
localization sequence (NLS) 56PPAKKKST®3, mediating the transport of PAD4
from the cytoplasm into the nucleus for histone citrullination (Arita et al. 2004).
Although the human PAD2 lacks a putative NLS, citrullination of histones and
other nuclear proteins suggests an alternative approach for PAD2 translocation
into the nucleus (Falcdo et al. 2019). Recently, a study conducted on carrier-
mediated PAD2 transport revealed that both high levels of calcium ions in the
cytoplasm and small GTPase Ran protein in the nucleus were required for PAD2
translocation across the nuclear pore complex, suggesting that the transport of
larger proteins, such as the PAD2 monomer (molecular weight ~75 kDa), is
highly dependent on the assistance of carrier proteins (Marfori et al. 2011).
However, the diffusion of smaller proteins with molecular weight less than ~40
kDa relies on the passive forms of transport (Marfori et al. 2011).



To gain insights into the catalytic mechanism of PAD enzymes, Arita and
colleagues determined the first few X-ray crystal structures of calcium-free,
calcium-bound and substrate-bound human PAD4, indicating that the PAD4
isozyme contains five highly conserved calcium binding sites (Arita et al. 2004);
and a fully occupied PAD4 structure with calcium ions induces conformational
changes, resulting in the formation of the catalytic site for substrate binding
(Arita et al. 2004). Furthermore, X-ray structures of PAD4 in complex with
histone (H3 and H4) peptides showed that the molecular surface near the
catalytic site recognizes a flexible peptide with an exposed arginine side chain
(Arita et al. 2006). X-ray crystal structures of the human PAD2 enzyme revealed
that PAD2 contains a “DXDXDG” calcium binding motif (“X” denotes any amino
acid) in addition to the five conserved calcium binding sites (Slade et al. 2015).
The canonical calcium binding motif is highly conserved among PAD2
orthologues (Slade et al. 2015), and interestingly, it has also been known to play
key roles in a large number of unrelated calcium binding proteins; for example,
the repeats of “DXDXDG” motif in the B-propeller domain of the integrin o-
subunit are required for its structural integrity and function (Chouhan et al.
2011). Unlike the PAD2-4 enzymes, the structure of human PAD1 is unique
because it exists in a monomeric form, and shows selectivity for diverse
substrates due to its flexible structure (Saijo et al. 2016). The recently published
X-ray crystal structure of human PAD3 revealed structural variability in the N-
terminal domain, whereas the C-terminal catalytic domain was observed to have
high sequence identity and high structural similarity to other PAD isoforms
(Rechiche, Verne Lee, and Shaun Lott 2021). Human PAD6 is known to be
involved in embryonic development and female fertility (Taki et al. 2011; Y. Xu
etal. 2016). To date, no X-ray structures of PAD6 are available. However, in vitro
experimental studies on wild-type PAD6 in mouse have revealed that it can form
a hexameric structure but with no reported enzymatic activity (Taki et al. 2011),
most likely due to the presence of different residues within the catalytic site
compared to other PAD isoforms.

2.1.2. Normal functional role of PAD enzymes

PAD enzymes have a wide range of tissue distribution and play essential roles in
many important physiological processes by catalyzing the citrullination of
specific substrate proteins (Figure 2).
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Figure 2: Target substrates and tissue-specific distribution of PADs in humans.

In humans, both PAD1 and PAD3 are mainly expressed in epidermis and hair
follicles (Nachat et al. 2005; Terakawa, Takahara, and Sugawara 1991; Tsuchida
et al. 1993). In the epidermis, PAD1 and PAD3 mediated citrullination of keratin
and filaggrin proteins plays an important role in maintaining skin hydration and
pH by stimulating filaggrin-derived natural moisturizing factors (Ishida-
Yamamoto et al. 2002; Kabashima 2013). In addition, PAD3 has also been found
to citrullinate trichohyalin, apoptosis-inducing factor and vimentin proteins
(Witalison, Paul R Thompson, and Hofseth 2015). Citrullination of trichohyalin
induces structural changes in the protein, which makes it more soluble and
efficient for cross-linking with keratin filaments to provide mechanical strength
to the inner root sheath of the hair follicle (Tarcsa et al. 1997). The expression of
PAD1 has also been observed during the early stages of embryonic development
where it catalyzes citrullination of the histone tail region, which promotes
chromatin relaxation by disrupting the electrostatic interactions between
histone proteins and DNA (X. Zhang et al. 2016). However, inhibition of PAD1
significantly reduced the citrullination activity in mouse embryonic cells and
showed a steep drop in the transcriptional activity, causing early embryonic
arrest at the 4-cell stage (X. Zhang et al. 2016).

The PADI2 gene is widely expressed in multiple tissues, including spleen,
brain, skeletal muscle, epidermis, breast, uterus, pancreas, sweat glands and
synovial fluid (S. Wang and Wang 2013). PAD2-mediated citrullination of
histones induces oligodendrocyte differentiation, which initiates the formation
of myelin sheath around axons in the central nervous system for efficient motor
function (Falcdo etal. 2019). In comparison with the healthy population, patients
with severe multiple sclerosis have shown a significant rise in the citrullinated
myelin basic protein (MBP), which is a key component of the myelin sheath.



The expression of PADI4 gene is detected in brain, bone marrow, uterus,
breast, ovary, synovial fluid and immune cells (S. Wang and Wang 2013). When
bacteria invade the human body, the innate immune system induces PAD4
mediated hypercitrullination of histones in neutrophils, initiating the process of
NETosis in which the neutrophils capture and kill pathogens by releasing highly
decondensed chromatin called neutrophil extracellular traps (NETs) (Yanming
Wang et al. 2009). However, excessive NET formation has been observed to
cause vascular endothelial injury and thrombosis (Fuchs et al. 2010). Studies on
chromatin regulation have revealed that PAD4 mediated citrullination of
histones promote localized chromatin decondensation in embryonic stem cells,
which promotes transcriptional activation of the pluripotency inducing genes
(Christophorou et al. 2014; Slade et al. 2014). Furthermore, inhibition of PAD4
in pig embryos showed embryonic arrest at the early stages of development,
suggesting that the PAD4 activity plays an important role in embryonic
development (Brahmajosyula and Miyake 2013).

In response to DNA damage, cells in a multicellular organism activate the DNA
repair mechanism to maintain the integrity of the inherited genome, but when
the mechanism fails, cells undergo the process of programmed cell death known
as apoptosis. A nuclear transcription factor p53, which acts as a guardian of the
genome, activates its target genes to induce apoptosis; interestingly, the PADI4
gene was also detected as a direct transcriptional target of p53 (Tanikawa et al.
2009). The p53 mediated upregulation of PAD4 causes citrullination of various
proteins, whereas, the knockdown of either p53 or PAD4 remarkably reduced
the ability of proteins to citrullinate, suggesting that the citrullination activity is
regulated in a p53/PAD4-dependent manner (Tanikawa et al. 2009). In addition,
PAD4 mediated citrullination of nucleophosmin (NPM1), a ubiquitously
expressed chaperone protein participating in histone assembly and ribosome
biogenesis, initiates the apoptotic pathway by disrupting the molecular
interactions between the citrullinated NPM1 and histone proteins (Tanikawa et
al. 2009).

The uncitrullinated form of inhibitor of growth 4 (ING4) protein regulates the
expression of genes that are involved in the p53-dependent apoptosis pathway
(Q. Guo and Fast 2011). However, the PAD4 mediated citrullination of ING4 has
been observed to suppress the transcription of apoptosis inducing genes by
dissociating the ING4-p53 complex (Q. Guo and Fast 2011). The p53-PAD4
pathway induces the citrullination of the lamin C protein for the regulation of
chromatin structure and apoptosis in response to DNA damage (Tanikawa et al.
2012). Overall, these observations support the premise that PAD4 regulates the
critical steps of apoptotic cell death via the citrullination of histones,
nucleophosmin and lamin C proteins.

The expression of the PADI6 gene has been detected in the embryo, ovary and
eggs (Chavanas et al. 2004; Wright et al. 2003). To date, PAD6 is the only isozyme
for which no protein substrates have been detected, and, in vitro experiments
show a lack of citrullination activity (Taki et al. 2011). In mouse, PAD6 is
observed to associate with the egg cytoskeletal sheet, which is a fibrous network



of Kkeratin-associated intermediate filaments and arises during oocyte
development (Wright et al. 2003).

2.1.3. Regulation of PAD activity

PADs are involved in a wide range of vital cellular processes; therefore, it is of
extreme importance that PAD enzymes balance their citrullination activity. Due
to this delicate balance, it is not difficult to believe that there are numerous
inflammatory and degenerative brain diseases associated with dysregulated
PAD enzyme activity, promoting the abnormal citrullination of non-physiological
substrates (Ishigami et al. 2005; Moscarello, Mastronardi, and Wood 2007). The
exact cause of PAD dysregulation is still unclear, but experimental evidence
suggests that the abnormal citrullination activity is mainly controlled by the
cellular states and environmental conditions, some of which are mentioned
below.

PAD activity is dysregulated at extremely high calcium concentrations
displaying off-target activities, causing denaturation and loss of function in
arginine-rich proteins. In vitro studies have demonstrated that PAD enzymes,
especially PAD2 and PAD4, require millimolar concentrations of calcium for full
occupancy of all the experimentally identified ion binding sites, inducing
structural rearrangements and dimerization of the enzyme to achieve the
maximal citrullination activity (Slade et al. 2015; Y. Zhou, Mittereder, and Sims
2018). However, under in vivo conditions, the cytosolic and nuclear calcium
levels are maintained at low nanomolar concentrations (Slade et al. 2015; Y.
Zhou, Mittereder, and Sims 2018), which raises the question - how is the
functional activity of the PAD enzyme maintained inside the cell? Citrullination
in humans suggests the possible involvement of another intracellular PAD-
binding protein that could act as a key regulator of PAD activation even at lower
calcium concentrations; for example, antibodies (anti-PAD3/4) present in the
synovial fluid of rheumatoid arthritis patients have been observed to lower the
calcium threshold to micromolar concentrations for PAD activity (Darrah et al.
2013; Shi etal. 2018; Zendman et al. 2007).

Another important regulatory component of PAD activity is the existence of a
reducing environment, which induces the nucleophilic attack by the active site
cysteine residue (C647 in PAD2 and C645 in PAD4) on the guanidinium group of
the substrate arginine (Damgaard et al. 2016). In contrast to the reducing
environment of the cytosol, the oxidizing nature of the extracellular environment
provides protection against abnormal citrullination by PADs that may have been
released from necrotic cells (Darrah and Andrade 2018).

Ubiquitously expressed transcription factors play an important role in
regulating basal expression levels of PADI genes (Chavanas et al. 2008; S. Dong
et al. 2005; S. Dong, Zhang, and Takahara 2007). For example, the sex steroid
hormone 17fB-estradiol (E2) has been shown to markedly increase the
expression levels of the transcription factors Sp1, AP-1 and NF-Y, all of which
bind to the promoter of the PADI4 gene and contribute to regulation of gene
expression in a cooperative manner (S. Dong, Zhang, and Takahara 2007). In



neutrophils, E2 mediated activation of PAD4 promotes histone citrullination and
triggers the formation of NETs during pregnancy to protect both mother and
fetus from pathogenicinfection (Giaglis et al. 2016; Yasuda et al. 2019). However,
binding of the NF-xB transcription factor to the promoter of PADI4 resulted in
reduced expression of the PAD4 encoding gene in neutrophils, suggesting that
NF-«kB contributes to the “resolution phase” of inflammation for restoring tissue
homeostasis (Abbas et al. 2014).

Autocitrullination of PAD enzymes has been reported as a self-regulatory
mechanism to control PAD activity; for example, the autocitrullinated PAD1,
PAD2 and PAD3 enzymes significantly reduced the citrullination activity on
filaggrin protein (Méchin et al. 2010). In addition, autocitrullination strikingly
modifies the PAD4 structure to the extent that it cannot be recognized by the
anti-PAD4 antibody that specifically interacts with wild-type PAD4. Indeed, the
structural changes in autocitrullinated PAD4 result in a complete inactivation of
citrullination activity (Andrade et al. 2010).

2.1.4. The PAD4 structure

Human PAD4 consists of 663 residues, of which the first 300 residues fold into
two N-terminal immunoglobulin (IgG)-like domains: IgG1l and IgG2, and the
remaining 363 residues fold into a C-terminal catalytic domain (Figure 3A). The
IgG1 and IgG2 domains are composed of 19 B-strands and 4 short a-helices,
whereas the C-terminal domain is composed of five circularly arranged BRof
modules that make a pseudo 5-fold symmetric structure called an o/ propeller
(Arita et al. 2004). PAD4 contains five calcium binding sites designated Cal-Ca5
(Figure 3B). The N-terminal IgG1 domain exhibits high local flexibility compared
with the C-terminal domain; the C-terminal domain contains a catalytic site
(Figure 3B) and displays significant backbone similarity in PAD isotypes (Figure
3C). In the presence of high calcium concentrations (5 to 10 mM), especially in
the synovial fluid of rheumatoid arthritis patients, all of the Cal-Ca5 positions in
PAD4 are occupied by calcium ions, promoting extensive structural
rearrangement to form the active site and leading to the dimerization of the
enzyme (G. Y. Liu et al. 2017). Interestingly, the number of calcium binding sites
in PADs are not identical, varying from four (PAD1) to six (PAD2) depending on
the specific isoform.
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Figure 3: Structure of the human PAD enzyme. A) Cartoon representation of PAD4 (PDB
ID: 2DEW). B) The C-terminal domain (blue) possesses a catalytic site and two calcium
ions (Cal and Ca2) for PAD citrullination activity, while the other three calcium ions
(Ca3-Ca5) are located in IgG2 (pink). C) Cartoon representation of the superposed
structures of the human PAD2 (green; PDB IDs: 4N20, 4N22, 4N24, 4N25, 4N26, 4N28,
4N2A,4N2B,4N2C, 4N2D, 4N2E, 4N2F, 4N2G, 4N2H, 4N21,4N2K, 4N2L, 4N2M, 4N2N and
5HP5), PAD3 (yellow; PDB IDs: 6CE1, 7D4Y, 7D56, 7D5R, 7D5V, 7D8N and 7DAN) and
PAD4 (indigo; PDB IDs: 1WD8, 1WD9, 1WDA, 2DEW, 2DEX, 2DEY, 2DWS5, 3APM, 3APN,
3B1T, 3B1U, 4DKT and 4X8C), showing that the N-terminal I[gG1 domain is more flexible
than both the IgG2 and C-terminal domains.

While it is unclear whether all PAD enzymes are capable of forming a stabile
homodimer, disruption of the dimer interface in PAD4 decreases the catalytic
activity up to 75%, suggesting that the monomeric PAD4 has still some activity
(Y. L. Liu etal. 2011). Structural studies of PADs have revealed that PAD2, PAD3
and PAD4 form a head-to-tail homodimer, which is mainly mediated by both
hydrophobic and ionic interactions at the dimer interface (Arita et al. 2004;
Rechiche, Verne Lee, and Shaun Lott 2021; Saijo et al. 2016; Slade et al. 2015),
whereas in PAD1 the distinctive elongated N-terminal tail could make
intermolecular steric clashes and most likely prevents PAD1 from forming a
homodimer (Saijo et al. 2016). More specifically, studies on X-ray crystal
structures of PAD4 have revealed that residues R8 and R544 respectively form
ionic interactions with D547 and D273, and the mutation of arginine to
glutamate at position 8 causes the dimeric enzyme to dissociate into monomers,
suggesting that the ionic interactions between R8 and D547 at the interface are
important for dimer pairing (Y. L. Liu et al. 2011). However, the double mutation
R544A and D273A in PAD4 does not cause the enzyme to dissociate into
monomers (Y. L. Liu etal. 2011).
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Figure 4: Residues at the catalytic site of PAD enzymes. A) Four key catalytic residues
(D350, H471, D473 and C645 in PAD4) play essential roles in citrullination of the
substrate arginine residue. D350 and D473 make hydrogen bonds (black dots) with the
guanidinium group of arginine, while residues C645 (forms the covalent intermediate)
and H471 promote catalysis via nucleophilic attack by C645 on the guanidinium carbon
of arginine. Hydrophobic residues W347 and V469 provide stability to the aliphatic side
chain of the substrate arginine. B) Evolutionary conservation of the catalytic site residues
in placental mammalian species. Mutations in the human PAD6 provide support for a
previous proposal that PAD6 is the only enzyme that lacks citrullination activity due to
the missing catalytic cysteine.

Unlike other PADs, the expression of PAD2 and PAD4 has also been detected
in rheumatoid synovium and synovial fluid cells (Foulquier et al. 2007;
Vossenaar et al. 2004). Structurally, the catalytic site of the PAD4 enzyme is
composed of four residues: H471, C645, D350 and D473 (Arita et al. 2006),
forming a closely interacting catalytic tetrad for the citrullination activity. The
substrate arginine residue has been observed to form “side on” hydrogen bonds
with D350 and “end on” hydrogen bonds with D473 (Figure 4A), securing the
position of the guanidinium group of the substrate arginine for nucleophilic
attack carried out by the thiolate group of C645. Two other buried residues,
W347 and V469, complete the catalytic pocket by providing hydrophobic
stability to the 3-carbon aliphatic chain of the substrate arginine residue (Figure
4A). Indeed, mutation of W347 and V469 results in impaired citrullination
activity of the PAD4 enzyme (C. Y. Lee et al. 2017). Although human PAD2 and
PAD4 share about 50% sequence identity, the identical catalytic site residues
present among distantly related placental mammals suggest the possibility of a
strong connection between the enzymes” evolution and functional constraints
(Figure 4B).
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Structural analysis of the PAD4 apoenzyme (PDB ID: 3APN (Horikoshi et al.
2011)) has demonstrated that the deeply buried active site is exposed to the
solvent through a wide tunnel (Figure 5). However, the active site in calcium-
bound PAD4 (PDB ID: 2DEW (Arita et al. 2006)) is characterized by its “U”-
shaped tunnel containing two entrance doors in which the “front door” is
considered as the substrate binding site accommodating the arginine side chain,
whereas the “back door” provides access to the solvent through a narrow polar
tunnel (Figure 5) (Fuhrmann, Clancy, and Thompson 2015; Teo et al. 2012).
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C-terminal “Active” PAD4
domain of PAD4

Figure 5: Sliced surface representation of the C-terminal catalytic domain in PAD4. The
inactive form of PAD4 (brown; PDB ID: 3APN) possesses a single wide tunnel, whereas
the arginine/calcium-bound form of PAD4 (blue; PDB ID: 2DEW) possesses a “U”-shaped
tunnel labeled as “front door” and “back door”. The substrate binding “front door”
accommodates the side chain of arginine (green), while the “back door” tunnel provides
access to water molecules (red). To enable crystallization of PAD4 in the arginine-bound
form (“Active” PAD4), the catalytic cysteine of wild-type PAD4 was mutated to alanine.

2.1.5. Link between PADs and inflammation

Rheumatoid arthritis (RA) is an inflammatory disease of the joints that is thought
to be intensified by PAD dysregulation. While the cause of RA is still unknown,
certain factors that may increase the risk include: age, gender, genetics, smoking,
obesity, physical stress and psychological disorders (Daien and Sellam 2015;
Rasch et al. 2003; Saag et al. 1997; Sleath et al. 2008; Somers et al. 2013). In RA,
the immune cells misidentify the body’s own proteins as harmful foreign
invaders and attack them by releasing autoantibodies. Autoantibodies generated
against the citrullinated proteins attack the tissue lining of joints, which in
healthy conditions is known to secrete a transparent and viscous fluid for
smooth joint movements (A. Hui et al. 2012). However, after onset of RA, the
features of synovial fluid commonly shift to be turbid and less viscous, resulting
in painful and swollen joints (A. Hui et al. 2012).

Among the five PAD enzymes, the expression levels of PAD2 and PAD4 are
closely linked with the severity of disease in RA patients (Foulquier et al. 2007).
Expression of PADI2 and PADI4 genes has been reported in a variety of immune
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cells, including neutrophils, dendritic cells, mast cells, monocytes and
macrophages (Foulquier et al. 2007). It has been shown that the mRNA
transcripts of PADIZ and PADI4 were predominantly found in the peripheral
blood monocytes of RA patients (Vossenaar et al. 2004). Interestingly, the PAD4
protein levels are more conserved than the mRNA levels in both monocytes and
their differentiated macrophage form in which the PAD4 transcripts were hardly
detected, suggesting that the PAD4 enzyme does not degrade during the
maturation of monocytes into macrophages in RA patients (Vossenaar et al.
2004). However, despite the unchanged transcript levels of PAD2 in both
monocytes and macrophages, high levels of the PAD2 enzyme in macrophages
suggest that the transcripts are not translated into PAD2 proteins until the
initiation of differentiation (Vossenaar et al. 2004).

While the exact cause of uncontrolled hypercitrullination is not known,
studies have identified two independent immunological pathways: perforin and
membrane attack complex (MAC), initiating the formation of pores in the plasma
membrane of cells rich in PADs. A rapid entry of calcium (LM range) into the
cytoplasmic compartment causes the activation of PADs (Lopez et al. 2013;
Romero et al. 2013; Triantafilou et al. 2013). These activated PADs citrullinate
intracellular proteins in the cytoplasm (e.g. vimentin, actin, aldolase, histones, o.-
enolase and calreticulin) as well as extracellular proteins (e.g. fibrinogen,
fibronectin, complement C3, antithrombin-III, apolipoprotein and gelsolin)
when PAD enzymes leak out of the cells into the extracellular matrix (ECM) (Van
Beers et al. 2013; Darrah and Andrade 2018). Recent studies indicate that along
with inflamed joints, the expression levels of PADIZ and PADI4 genes have also
been found significantly higher in tissue samples from patients with lung
carcinoma, breast carcinoma, hepatocellular carcinoma, colon adenocarcinoma
and esophageal cancer (Chang et al. 2009; Cherrington et al. 2012; W. Guo et al.
2017; Yufeng Wang et al. 2021).

2.1.6. Arginine mediated interactions in extracellular proteins

The extracellular matrix is a dynamic network of tissue-specific proteins and
polysaccharides that plays an essential role in regulation of fundamental cellular
processes, such as cell adhesion, migration and differentiation (Frantz, Stewart,
and Weaver 2010). In mammals, collagens are the most abundant extracellular
proteins (~30% of the total protein mass) providing tensile strength to bone,
tendons and ligaments (Kwansa, De Vita, and Freeman 2014). Interestingly,
citrullination of collagen has been observed to decrease the adhesion of
fibroblasts to the membrane-bound receptors integrin 1081 and o111 (Sipila
et al. 2014), suggesting that citrullination of collagens dysregulates integrin-
mediated cellular events, such as cell migration and proliferation.

Fibronectin (FN) is a large extracellular glycoprotein composed of two nearly
identical covalently linked monomers (K. J. Johnson et al. 1999). FN is primarily
involved in cell-adhesive interactions via integrins that regulate various cellular
functions including cell migration, cell differentiation, phagocytosis, cytoskeletal
organization, and ECM homeostasis (Blystone et al. 1994; Straus et al. 1989; ]. T.
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Yang et al. 1999). FN and fibrillin-1, along with other ECM proteins, provide an
initial scaffold for the storage of the large latent complex of TGF-1 in which the
latent TGF-B binding protein 1 (LTBP1) is covalently linked with the latency-
associated peptide (LAP) (Figure 6A). The LAP contains an integrin-binding
“RGD” motif that has already been observed to form molecular interactions with
several different integrins, such as aVB3, aVB5 and aVPB6 (Wipff et al. 2007)
(Figure 6A). Since the ECM is a highly dynamic structure, mechanical stresses
produced during cell contraction break the non-covalent interactions between
TGF-B1 and LAP (Figure 6B), resulting in conformational changes and release of
activated TGF-B1 dimer (Maeda et al. 2011). The binding of TGF-f1 with its
heterodimeric transmembrane receptor, which is composed of the TGFBRI and
TGFBRII subunits, initiates various signaling pathways leading to the regulation
of cell proliferation, migration, differentiation and apoptosis (Vander Ark, Cao,
and Li 2018). It is interesting to note that both TGF-f1 and TGF-B3 form
electrostatic interactions with the TGFBRII subunit via two arginine residues,
whereas the electrostatic interactions in TGF-B2 are mediated via two lysine
residues (Radaev et al. 2010).
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Figure 6: Integrin-mediated activation of TGF-§ growth factor. A) The latency-associated
peptide (LAP) of TGF-P contains a canonical integrin-binding RGD motif. Other subunit
of the LAP homodimer makes covalent interactions with the latent TGF-f3 binding protein
(LTBP), which interacts with various fibrous proteins in the extracellular matrix (ECM).
B) Non-covalent interactions between LAP and homodimeric TGF- break due to the
dynamic behavior of the extracellular proteins. The released TGF-B binds to a
heterodimeric TGF-B transmembrane receptor in order to initiate various intracellular
signaling pathways.

FN is recognized by the o581, allbB3, aVB1, aVB3, aVP5 and aVB6 integrins
via the RGD motif located in the tenth type Il module (FN-I1110), while the FN-
119 module located in close proximity to the RGD motif contains an additional
so-called “synergy site” PHSRN that increases the binding affinity of RGD to the
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o581 and allbB3 integrins (Bowditch et al. 1994). Another well-known integrin
binding motif, NGR, is located in the FN-I5 module (Curnis et al. 2006). A
spontaneous deamidation of asparagine in the NGR motif generates a new gain-
of-function motif isoDGR whose binding to integrin oVB3 has been shown to
regulate endothelial cell adhesion, proliferation and tumor growth (Curnis et al.
2006). Interestingly, integrin VB3 showed 2-fold higher binding affinity with
both the cyclic RGD (CRGDC) and isoDGR (CisoDGRC) motifs than the cyclic DGR
(CDGRC) and NGR (CNGRC) motifs (Curnis et al. 2006).

Our study of synovial fluid in RA patients has identified 24 extracellular
proteins, each consisting of at least one citrullinated arginine. Our 3D structural
analysis of the citrullinated proteins suggests that the conversion of arginine to
citrulline alters the charge of the protein and hydrogen bonding capability that
most likely would lead to a weakening of the wild-type protein-protein
interactions.

2.2. PRD-like family of transcription factors in human
embryonic genome activation

2.2.1. Early stages of the human embryo

The development of a multicellular diploid eukaryotic embryo starts from a
single-cell fertilized egg, also known as the zygote, resulting from the fusion of
the haploid male (spermatozoon) and female (oocyte) gametes. Out of the
hundreds of million ejaculated spermatozoa, only 1% successfully get access to
the uterus. Under appropriate conditions, spermatozoa can survive up to 5 days,
though only a few thousand swim to reach the uterine (fallopian) tubes (Clubb
1986). Inside the uterus, prostaglandin and oxytocin hormones induce muscular
contractions to facilitate the transport of sperm towards the fallopian tube
(Mastroianni 1999). In addition, a continuous supply of chemoattractants from
the ovulated oocyte and its surrounding cumulus cells generate a gradient of
chemicals, such as hormones, peptides and cyclic nucleotides, to attract
spermatozoa for oocyte fertilization (Ralt et al. 1991). The chemical gradient is
maintained for as long as the oocyte survives (~24 hours in human after
ovulation) (Harper 1982). Similarly, contractions in the infundibulum region of
the fallopian tube facilitate the movement of the oocyte towards the ampullary
region where fertilization usually takes place (Eddy and Pauerstein 1980)
(Figure 7A). During the fertilization event, the binding of spermatozoa to the
zona pellucida membrane of the oocyte initiates degradation of the thick
extracellular egg coat, enabling the spermatozoa to burrow into the layer
(Baibakov et al. 2007; McLeskey et al. 1997). The first spermatozoon to fuse with
the oocyte plasma membrane triggers the egg to complete the second meiotic
cell division, resulting in the formation of two haploid male and female pronuclei
(Clift and Schuh 2014). Subsequently, the fusion of pronuclei causes activation of
various serine proteases, which have been observed to break molecular
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interactions between the vitelline envelope and the plasma membrane of the
fertilized egg for blocking polyspermy (Haley and Wessel 1999).

After fertilization, the zygote undergoes the early stages of embryonic
development, including cleavage, blastula formation, implantation, gastrulation,
neurulation and organogenesis. The early embryonic cleavages are rapid mitotic
divisions whereby the big zygote divides into a number of smaller cells known
as blastomeres (Wolpert et al. 2001). Unlike the mitotic division that takes place
for cell proliferation and growth, the process of cleavage does not allow an
increase in cell mass and consists of mainly three phages: 1) DNA replication, 2)
mitosis, and 3) cell division (Wolpert et al. 2001). After the onset of cleavage, the
following changes take place in the human embryo over time: 2-cell stage (~1
day), 4-cell stage (~2 days), 8-cell stage (~3 days), and finally 16-cell stage or
morula (~4 days) (Boroviak and Nichols 2014). Furthermore, approximately on
the fifth day, the morula continues to undergo mitotic divisions to form the
blastocyst, in which cell differentiation and cavitation occur simultaneously to
form a fluid filled cavity or blastocoel (Erb 2006). The blastocyst contains mainly
two types of cells: pluripotent cells attached at one end comprise the “inner cell
mass” from which the embryo develops, and the “trophectoderm” cells, which
develop the placenta (Rossant 2001). As the volume of the blastocoel fluid
increases, it exerts hydrostatic pressure to break the zona pellucida membrane
and eventually lets the blastocyst attach to the endometrial lining near the
uterine fundus (Figure 7A). This process is known as hatching and occurs about
9 days after ovulation (Sathananthan, Menezes, and Gunasheela 2003; Wilcox,
Baird, and Weinberg 1999). Since the blastula in placental mammals lacks a yolk,
the embryo exchanges gases and other substances with the mother’s blood
through the placenta, which connects the embryo to the endometrium (Gude et
al. 2004).

Although the zygote receives an equal amount of genetic material from both
parents, the cytoplasmic components of the zygote originate almost entirely
from the oocyte (R. Li and Albertini 2013). These components include the oocyte
cytoplasm, subcellular organelles, and special maternal factors, comprised of
calcium ions, proteins, messenger RNAs and small non-coding RNAs (L. Li, Lu,
and Dean 2013; Schier 2007). After fertilization, the proteins encoded by the
maternal mRNAs regulate various processes, including maternal mRNA
clearance, epigenetic modifications and the onset of embryonic genome
activation (Hamm and Harrison 2018). The early stages of embryonic
development are highly dependent on the process of maternal mRNA clearance.
Dysregulation of this process has been observed to cause various disorders, such
as early embryo arrest, defects in oocyte maturation, infertility, oocyte aging and
follicle growth retardation (Sha et al. 2020). The human embryo eliminates the
maternal transcripts through the action of two mRNA degradation pathways: 1)
M-decay, which begins prior to the fertilization event and degrades the short-
lived maternal transcripts, and 2) Z-decay, which initiates at the zygote to 2-cell
stage transition and ends at the late 2-cell stage (Vastenhouw, Cao, and Lipshitz
2019) (Figure 7B). A key developmental transition takes place when the early
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embryo degrades its maternal transcripts and initiates transcription of its own
genome; this transition is referred to as embryonic genome activation (EGA). In
human, EGA occurs gradually through two transcriptional waves: a minor wave
begins at the late 2-cell stage and a major wave initiates during the 4-cell to 8-
cell transition (Niakan et al. 2012) (Figure 7B) and, indeed, a dysregulated EGA
is known to contribute to preimplantation pregnancy failure of an abnormal
embryo (M. T. Lee, Bonneau, and Giraldez 2014). The process of EGA
predominantly relies on a group of proteins known as transcription factors
(TFs), allowing eukaryotes to modulate cell behavior and differentiate by
switching specific genes on (expressed) or off (repressed) at a particular stage of
development (Spitz and Furlong 2012).
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Figure 7: Embryonic development in humans. A) Schematic representation of the female
reproductive tract that depicts the major sites involved in human reproduction.
Fertilization of an egg by a sperm usually takes place in the fallopian tube. In
implantation, the blastocyst attaches to the uterine endometrium. Figure modified from
PMG Biology website. B) Degradation of maternal transcripts is essential for activation
of embryonic genome activation (EGA). The short-lived maternal transcripts (M-decay)
degrade prior to the fertilization event, whereas the long-lived maternal transcripts start
degrading (Z-decay) at the zygote to late 2-cell stage transition phase. The minor wave
of EGA starts at the 2-cell stage, while the major wave of EGA initiates at the 4-cell to 8-
cell transition phase.

TFs are nuclear proteins that bind to specific DNA sites in the promoter
and/or enhancer regions for the precise regulation of gene expression
(Todeschini, Georges, and Veitia 2014); for example, the early embryonic TFs
promote cell differentiation for the conversion of naive cells into specific
functional cell types that eventually lead to the establishment of the body plan
and embryonic patterning (Rankin et al. 2000; Torlopp et al. 2014). In
eukaryotes, the TFs fall into two main groups: those that are required for
regulation of a large number of genes, and which are found in a broad range of
cell types; and those that are required for a specific set of genes whose
expression is restricted to certain types of cells and stages of development
(Wolpert et al. 2001). For instance, the early embryonic development in humans
is predominantly regulated by a special class of TFs known as paired (PRD)-like
homeodomains (Jouhilahti et al. 2016; T6honen et al. 2015). The PRD-like LEUTX
homeodomain, which acts as a transcriptional activator, has been found to be
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activated in the 4-cell stage human embryo, whereas the PRD-like DPRX
homeodomain, which acts as a transcriptional repressor, has been found to be
activated in the 8-cell stage human embryo (Jouhilahti et al. 2016). Interestingly,
both LEUTX and DPRX recognize the same DNA motif, and therefore regulate
similar target genes at different stages of embryonic development (Jouhilahti et
al. 2016).

2.2.2. Homeobox genes and homeodomains

In 1983, the lab of Walter ]. Gehring independently identified an important gene
Antp (Antennapedia) in Drosophila using the chromosomal walking technique
(Garber, Kuroiwa, and Gehring 1983). Soon after that the Gehring lab discovered
more homeotic or Hox genes that share sequence similarities in genomic DNA
from arthropods through to human (McGinnis et al. 1984). Later, the genes
containing such a highly conserved sequence were named “homeobox genes”.
The homeobox genes have been observed to control the body plan of a
developing embryo along the anteroposterior axis (McGinnis and Krumlauf
1992). Structurally, the TFs encoded by the homeobox genes contain three -
helices that fold into a DNA binding domain of ~60 amino acids (Figure 8),
known as the homeodomain (HD) (Kissinger et al., 1990).
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Figure 8: Three-dimensional structure of the engrailed homeodomain with double-
stranded DNA motif (PDB ID: 1HDD; Kissinger et al.,, 1990). This is the first reported X-
ray structure of a homeodomain protein. Positively charged residues of the N-terminal
arm interact with the DNA minor groove, whereas residues of helix III (the recognition
helix), make contact with the major groove of DNA.

Venter and colleagues analyzed the human genome using automated
annotation tools and identified 160 homeobox genes (Venter et al. 2001). Since
then, the development of advanced genomic tools and a more precise human



genome sequence has improved the study of homeobox gene prediction; for
example, Nam and Nei identified 230 homeobox genes (Nam and Nei 2005).
More recently, Holland and colleagues have analyzed the latest version of the
human genome and identified 300 homeobox loci in the euchromatic region of
the human genome, of which 235 loci encode functional genes while the
remaining loci encode pseudogenes (Holland, Booth, and Bruford 2007).
However, the total number of homeobox sequences are higher than 300 due to
the fact that several genes and pseudogenes possess multiple homeobox
sequences (Holland, Booth, and Bruford 2007). For example, the PRD-like human
DUX4 encoding gene resides within each D4Z4 repeat located in the
subtelomeric region of chromosome 4 (4q35 locus) (Schaap et al. 2013). This
region consists of from 11 to more than 100 copies of the 3.3 kb D4Z4 repeat
units in healthy individuals, whereas individuals suffering with
facioscapulohumeral muscular dystrophy (FSHD) type 1 possess less than 10
repeats (Statland et al. 2015). Despite having so many copies of the DUX4 gene,
DNA methylation of CpG islands located in the D4Z4 repeats silences the
expression of the DUX4 gene in most adult tissues (Cascella et al. 2018).
However, at the early pre-implantation stage in human embryos, our recent
study has demonstrated that DUX4 is transiently expressed where it functions to
alter chromatin accessibility, suggesting that DUX4 regulates the expression of
“pioneer” transcription factors during early embryonic development (Vuoristo
etal. 2022).

The HD binds DNA directly in a sequence specific manner to regulate the
transcription levels of their target genes. The degree of binding affinity is
enhanced when a multi-domain DNA binding protein interacts extensively with
a specific DNA sequence (Pal and Levy 2020). Most of the human homeobox
genes encode only one HD (Nam and Nei 2005), but some homeobox genes such
as DUX4 (two HDs), ZFHX4 (four HDs) and ZHX1 (five HDs) contain more than
one HD, suggesting that a multi-homeodomain homeobox protein may
specifically recognize a longer DNA sequence motif (Pal and Levy 2020). Besides
the conserved HD, many homeobox proteins contain additional protein domains,
some of which are known to improve the DNA binding specificity either by
directly interacting with a specific DNA motif or by interacting with other
transcriptional regulatory proteins (Biirglin and Affolter 2016; Holland, Booth,
and Bruford 2007). The human homeobox proteins are unambiguously classified
into eleven distinct classes, namely ANTP, PRD, LIM, SINE, HNF, POU, ZF, CUT,
PROS, CERS and TALE, based on the associated protein domains and
evolutionary relationships (Holland, Booth, and Bruford 2007). In humans, the
ANTP is the largest class, comprising about 39% of the homeobox genes
(Holland, Booth, and Bruford 2007). For comparison, the second largest class,
PRD, is comprised of about 24% of the human homeobox genes, whereas the
PROS class contains the least number of homeobox genes (Holland, Booth, and
Bruford 2007). Interestingly, homeobox genes belonging to the two largest
classes have been observed to play pivotal roles in early patterning of the body
during metazoan development (Monteiro et al. 2006). Recently, Biirglin and
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Affolter presented a revised classification scheme of the animal homeobox genes
in which the PRD class is considered separate from the PRD-like class (Biirglin
and Affolter 2016).

2.2.3. PAIRED (PRD) and PRD-like family of transcription factors

The PRD class homeobox genes encode additional DNA binding domains other
than the HD, for example the PAIRED domain, which is about twice the size of the
HD and composed of two subdomains (PAI and RED), each with three alpha
helices (Jun and Desplan 1996; W. Xu et al. 1995). Most of the HDs in the PRD
class possess a serine residue at position 50, which is key for the DNA binding
specificity of homeobox proteins (Biirglin 2011). In mammals, the PRD class
consists of nine PAX1-9 members, and based on the sequence similarity and
structural features, these members have been subdivided into four families:
PAX1/9,PAX2/5/8, PAX3/7 and PAX4/6 (Stuart, Kioussi, and Gruss 1994).

Some of the PRD class genes encode two additional conserved motifs, the
Engrailed Homology 1 (EH1) motif and the OAR motif. The EH1 motif is a short
peptide of about 10 amino acids that interacts with the Groucho family proteins
to mediate transcriptional repression (Fisher and Caudy 1998; Tolkunova et al.
1998), whereas the OAR motif is known to play an important role in
transcriptional activation during the development of metazoans (Vorobyov and
Horst 2006). Moreover, the OAR motif sequence is 15 amino acids long, which
was initially identified in the C-terminal region of the PRD-like family proteins:
Otp, Aristaless and Rax; hence, the motif was named OAR after the initials of the
three proteins (Furukawa, Kozak, and Cepko 1997). Interestingly, the PAX2/5/8
family possesses a partial HD consisting of only the first a-helix (Czerny et al.
1997), while the PAX1/9 family lacks an HD entirely (Chi and Epstein 2002). X-
ray crystal structures of the human PAX5 (PDB ID: 1K78 and 1MDM) and PAX6
(PDB ID: 6PAX) PAIRED domain-DNA complex showed that each of the
subdomains, PAI and RED, directly interact with the DNA motif, and amino acids
from the linker connecting the two subdomains extensively contact the DNA
minor groove (Eric Xu et al. 1999; Garvie et al. 2002; Garvie, Hagman, and
Wolberger 2001).

Biirglin and Affolter have separated the PRD-like class from the PRD class
because the PRD-like genes do not encode the PAIRED domain, but they do
encode the HD as the major conserved domain with either lysine or glutamine
amino acid at position 50 (Biirglin and Affolter 2016). Despite the high sequence
similarity of the PRD and PRD-like HDs, the absence of a PAIRED domain in the
PRD-like class suggests that a gene encoding the PAIRED domain might have
merged with a PRD-like gene during early metazoan evolution, which has
probably given rise to the PRD class (Galliot, De Vargas, and Miller 1999). In
animals, the PRD-like genes are almost double in number compared to the PRD
genes (Birglin and Affolter 2016). The PRD-like TFs have been classified into 28
families based on their amino acid sequences; these families include ALX, ARGFX,
ARX, DMBX, DPRX, DRGX, DUX, ESX, GSC, HESX, HOPX, ISX, LEUTX, MIX, NOBOX,
OTP, OTX, PHOX, PITX, PROP, PRRX, RAX, RHOX, SEBOX, SHOX, TPRX, UNCX and
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VSX (Biirglin 2011). Most of the PRD-like family genes are conserved in both
vertebrates and invertebrates; however, genes encoding the LEUTX, DPRX, TPRX
and ARGFX family members are absent in invertebrates (Biirglin 2011). Studies
from our collaborators and others have shown that many PRD-like TFs are
involved in early embryonic development and reproductive tissues (Madissoon
etal. 2016; Téhonen et al. 2015).
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DUXA_15-74 HRRCRTKFTEEQLKILINTFNQKPYPGYATKQKLALEINTEESRIQIWFQNRRARHGFQK
DUXA_101-160 ARRCRTTYSASQLHTLIKAFMKNPYPGIDSREELAKEIGVPESRVQIWFONRRSRLLLOR
ARGFX_78-137 RHKERTSFTHQQYEELEALFSQTMFPDRNLQEKLALRLDLPESTVKVWFRNRRFKLKKQQ
DUXB_15-74 FWRNRIQYNQSQKDILQSWEQHDPFPDKAAREQLAKEIGVPESNIQVWFKNYRVKQRKLD
DUXB_102-161 ARQKQTFITWTQKNRLVQAFERNPFPDIATRKKLAEQTGLOESRIQMWFQKQRSLYLKKS
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Figure 9: Amino acid sequence alignment for 14 PRD-like TFs that are highly expressed
at some time point during early embryonic development and have the potential to bind
a 36-bp dsDNA motif involved in EGA. Homeodomain helices are numbered above the
aligned sequences and conserved residues are marked in blue; residues are numbered
relative to the start of the homeodomain. A bar plot shows the level of conservation of
amino acid residues.

Toéhonen and colleagues identified 14 PRD-like TFs (Figure 9) that were found
to be enriched for a 36-bp DNA recognition motif implicated in both early and
late waves of EGA (Tohonen et al. 2015). Seven out of the 14 TFs are encoded by
the maternally originated transcripts (TPRX1, OTX2, ISX, HESX1, GSC, RAX2 and
PITX2), four are encoded by the embryonic genome (LEUTX, DPRX, ARGFX and
DUXA), and the remaining three TFs are encoded by both the maternal and
embryonic genomes (DUXB, CPHX1 and CPHX2) (Tohonen et al. 2015).

In humans, the PRD-like genes, except 0TX2, are not expressed in the later
stages of development due to the DNA methylation of their promoters,
suggesting that the PRD-like genes are activated specifically during the early
stages of embryonic development (Madissoon et al. 2016). Among the PRD-like
TFs, DPRX has been observed to regulate the largest number of genes, the
majority of which were downregulated and showed overlap with the
downregulated target genes of DUXA and TPRX2 (Madissoon et al. 2016). Despite
PRD-like HDs sharing high sequence identity, variability of amino acids at certain
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key positions lead to significant changes in their binding affinities towards the
same DNA motif. For example, in comparison to the wild type, the Q50A mutation
in the engrailed HD (a member of the ANTP class) of Drosophila melanogaster
showed a 2-fold lower binding affinity for the TAATTA motif; furthermore, the
Q50K mutation induced a change in the binding site preference towards the
TAATCC motif (Ades and Sauer 1994).

Similar to the PRD class, some of the PRD-like genes also consist of additional
protein motifs, such as EH1 and OAR, which function to recruit activator and
mediator proteins that stimulate the process of transcription (Btrglin and
Affolter 2016). Although many HDs bind to a similar DNA motif, additional
domains and motifs associated with HDs are likely to play a critical role in
selective recognition of the DNA motif by forming additional molecular
interactions with DNA and other mediator proteins. For example, HOX proteins
(members of the ANTP class) interact with similar DNA motifs in vitro yet exhibit
functional diversity under in vivo conditions (Svingen and Tonissen 2006).

2.2.4. LEUTX

Holland and colleagues analyzed the human genome sequence to predict the first
RefSeq sequence of the LEUTX gene (NCBI RefSeq ID: NM_001143832.1)
(Holland, Booth, and Bruford 2007). It was the only known LEUTX isoform in
human until Jouhilahti and colleagues experimentally identified a novel full-
length LEUTX isoform (NCBI RefSeq ID: NM_001382345.1) (Jouhilahti et al.
2016). It has been hypothesized that LEUTX originated by tandem duplication
and asymmetric divergence from the CRX gene, most likely during the early
radiation of placental mammalian species after their split from marsupials
(Holland 2013). Molecular evolutionary analyses have suggested that the LEUTX
homeodomain experienced positive selection during early placental mammalian
evolution (Maeso et al. 2016; Zhong and Holland 2011). However, the HD has
been reported to be absent in mice and rats, most likely due to the short gestation
period in rodents (Jouhilahti et al. 2016).

Although LEUTX is not expressed in any human tissue under normal
conditions, cell-type specific expression has been observed in the muscle
biopsies of FSHD patients (Yao et al. 2014). Other than that, the expression of
LEUTX is restricted to the 4-cell to 8-cell stage of the human embryo (Jouhilahti
etal.2016; Tohonen etal. 2015). It has been observed that LEUTX binding within
the promoter region controls the expression profiles of about 25% of the
upregulated genes during the 4-cell to 8-cell stage transition (Jouhilahti et al.
2016). A major gene regulatory shift has been observed at the onset of the 8-cell
stage in which DPRX downregulates a large number of overlapping target genes
(Jouhilahti et al. 2016). This self-regulatory mechanism, referred to as the two-
stage model of human EGA, shows that DPRX counteracts the effect of LEUTX
through recognition of the same DNA motif in the promoter regions of the
overlapping target genes (Jouhilahti et al. 2016).

The binding of HDs to specific DNA sequences is highly dependent on amino
acids located at specific key positions (Chu et al. 2012; Noyes et al. 2008). In our
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studies, we modeled the HD region of LEUTX to identify specific features that
match requirements for interacting with the TAATCC motif, which is present
within the 36 bp DNA segment that was originally found enriched among the up-
regulated genes during human EGA. Additionally, we studied the C-terminal
region of LEUTX whose structure is not defined by X-ray or NMR methods, but
likely plays a critical role in selective recognition of DNA by forming additional
interactions with DNA and/or other proteins.

2.3.SARS-CoV-2 and epitopes recognizable by T-cells

2.3.1. SARS-CoV, MERS-CoV and SARS-CoV-2

Human coronaviruses (HCoVs) belong to the family Coronaviridae, the subfamily
Orthocoronavirinae, and the order Nidovirales (Paules, Marston, and Fauci 2020).
Members of the order Nidovirales generate a nested set of viral subgenomic
mRNAs, which means the capped and polyadenylated subgenomic mRNAs are
translated into more than one proteins from the 5 end (Pasternak, Spaan, and
Snijder 2006). The Coronaviridae family is divided into two subfamilies,
Orthocoronavirinae and Torovirinae, on the basis of the shape of nucleocapsids -
a simple structure consists of genomic RNA and nucleocapsid phosphoprotein
(Payne 2017). The subfamily Orthocoronavirinae includes four genera:
Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus
(Payne 2017). The alpha coronaviruses infecting humans include HCoV-NL63
and HCoV-229E, and the beta coronaviruses infecting humans are HCoV-0C43,
HCoV-HKU1, SARS-CoV, MERS-CoV and SARS-CoV-2 (Figure 10).

Order Nidovirales
|
Family Coronaviridae
rd N
Subfamily Orthocoronavirinae\ Torovirinae
Genera | AlphaCoV BetaCoV GammaCoV DeltaCoV
! ! !
TGEV MHV BWCoV-SW1 Thrush CoV
PEDV HCoV-OC43 | AvianCoV (IBV) Wigeon CoV
HCoV-NL63 | HCoV-HKU1 White eye CoV
HCoV-229E SARS-CoV Night heron CoV
Some Bat CoVs | MERS-CoV Bulbul CoV (HKU11)
SARS-CoV-2 Porcine CoV (HKU15)
Some Bat CoVs Common moorhen CoV

Figure 10: Classification of coronaviruses (CoVs). All CoVs belong to the order
Nidovirales, the family Coronaviridae and the subfamily Orthocoronavirinae. The highly
pathogenic human coronaviruses, namely SARS-CoV, MERS-CoV and SARS-CoV-2, belong
to the genus betacoronavirus (BetaCoV).
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At the beginning of the 21st century, three major coronavirus breakouts have
been observed globally, the severe acute respiratory syndrome (SARS) in 2002,
the Middle East respiratory syndrome (MERS) in 2012 and the coronavirus
disease (COVID-19) in 2019. Before the first outbreak of coronavirus, it was
believed that human coronaviruses (HCoV-NL63, HCoV-229E, HCoV-0C43 and
HCoV-HKU1) cause mainly the upper respiratory illness in infected humans,
including inflammation of the sinuses, nasal cavity, trachea (windpipe) and
larynx (voice box), and these infections were not contagious from another
human (D. X. Liu, Liang, and Fung 2021). However, previous studies have
reported that the emergence of a new HCoV during the first outbreak in Foshan
city of China has been observed to cause a severe lower respiratory tract illness,
including bronchiolitis and pneumonia (D. S. Hui et al. 2005; Leung and Chiu
2004). Later in March 2003, the world health organization (WHO) announced
that the causative agent of atypical pneumonia was SARS-CoV, in response to
which immediate and highly effective global health measures were taken to halt
the disease progression and severity (Rota et al. 2003). The SARS-CoV outbreak
infected 8096 people in 29 countries/regions from November 2002 to July 2003,
and resulted in 774 deaths across the globe, of which more than 83% deaths
were specifically reported in China and special administrative regions of China
(WHO report, published online on 24t July 2015). The overall fatality rate was
around 10%, but it approached around 50% in elderly patients and those with
certain underlying medical conditions (Park 2020). There was a sexual
predisposition to females (53%), while the case fatality rate was higher in male
patients especially in Chinese provinces (Jia et al. 2009). The median age of SARS
cases in China was relatively lower (33 years) than that of other areas, for
example, Taiwan (46), Hong Kong (40) and Canada (49) (Feng et al. 2009), and
according to the WHO report, over 81% of cases occurred in individuals with age
=50 years in mainland China (WHO report, produced at the global meeting on the
epidemiology of SARS on 16-17 May 2003). The epidemic of SARS was halted in
late June 2003 and it was thought that SARS-CoV would no longer circulate in
humans due to the implementation of effective international public health
measures, but a little less than a decade later, in 2012, another SARS-like illness
emerged in the Middle East, which is known as MERS (Memish et al. 2013; Zaki
etal. 2012).

Unlike SARS-CoV, the disease caused by MERS-CoV did not trigger a global
pandemic and reflected geographical restrictions to the Arabian Peninsula and
its surrounding countries (WHO report, published online on 7t April 2022).
MERS-CoV infection resulted in a wide spectrum of clinical manifestations,
ranging from upper respiratory tract illness to severe infection of the lungs and
multiorgan failure. MERS-CoV caused 891 deaths among the 2585 infected
patients (case fatality 35%) in 27 countries from September 2012 to February
2022 (WHO report, published online on 7t April 2022), indicating that MERS-
CoV has continued to cause sporadic and localized outbreaks. There was a male
predominance both in the number of reported cases (64%) and deaths (52%
case fatality rate) (Alghamdi et al. 2014; Z. Zhu et al. 2020). While people from
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all age groups were affected by the MERS-CoV outbreak similarly to that of the
SARS epidemic, older persons with a median age of 50.6 years (range 2 to 109
years) were found severely affected (Salamatbakhsh et al. 2019).

The recent coronavirus breakout initiated when a cluster of acute pneumonia
cases with unknown etiology were reported to the WHO by the health
commission of Wuhan city, Hubei province of China on 31st December 2019 (C.
Huang et al. 2020). Then on 7t January 2020, the causative agent was identified
as a novel coronavirus (2019-nCoV), which was later renamed as SARS-CoV-2
(Gorbalenya et al. 2020), and the disease caused by it was termed COVID-19. The
WHO officially declared the COVID-19 outbreak a worldwide pandemic on 11th
March 2020 and, by then, the virus resulted in more than 118 thousand
infections across 114 countries and over 4200 deaths. Compared to females,
males affected with COVID-19 are higher in number (55.9% of total cases)
(Nguyen et al. 2021) and showed a high degree of mortality (a male to female
case fatality ratio >1) (Dehingia and Raj 2021). The median age of cases varies
considerably by region and country due to the fact that the population of elderly
people (age =65 years) who are more susceptible to disease is unevenly
distributed across the globe. For example, the proportion of elderly people with
respect to the total population of a country in 2020 and median age of death due
to COVID-19 (in brackets) are as follows: 22.5% in Finland (84 years), 18.6% in
the UK (82 years), 16.6% in the USA (77 years), 11.9% in China (70 years), and
6.5% in India (64 years) (Haravuori et al. 2020; loannidis 2020; Koya et al. 2021;
Q. Bin Lu et al. 2021; Mohamed et al. 2020).

A study performed by Lopez-Leon and colleagues on more than 47 thousand
infected patients (age ranging from 17 to 87 years) with SARS-CoV-2 reported
that the most common symptoms (ranked in descending order) are fatigue,
headache, attention disorder, hair loss, and dyspnea (Lopez-Leon et al. 2021).
However, particularly in severe cases, the virus caused multi-organ dysfunction,
which is characterized by acute lung and liver failure, acute renal injury,
cardiovascular disease and neurological disorders (Gupta et al. 2020).

Current evidence suggests that SARS-CoV-2 is a highly infectious virus (Ro
value 2 to 3.5), which can survive for more than 3 hours in the air, with a half-life
of more than 1 hour in aerosols at a temperature of between 21 to 23 °C
(Doremalen et al. 2020). SARS-CoV-2 can directly be transmitted via airborne
droplets ejected from an infected person through coughing and sneezing over an
extended distance of 7 to 8 meters (Bourouiba 2020), while indirect
transmission is possible via contaminated surfaces. It is worth noting that
infected people can spread COVID-19 already 2 to 4 days before they have any
symptoms and the mean incubation period for SARS-CoV-2 is 4 to 8 days (Tindale
et al. 2020). Similarly, asymptomatic individuals (i.e., showing no symptoms
throughout the infection) also transmit the virus to others even when they feel
fine (Oran and Topol 2020). A brief comparison among the three highly
pathogenic HCoVs SARS-CoV-2, SARS-CoV and MERS-CoV is summarized in
Table 1.
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Table 1: A comparison among the highly pathogenic human coronaviruses: SARS-CoV-2,
SARS-CoV and MERS-CoV.

Coronavirus
SARS-CoV-2 SARS-CoV MERS-CoV
Coronavirus Severe acute Middle East
Disease disease 2019 respiratory respiratory
(COVID-19) syndrome (SARS) syndrome (MERS)
Genus Betacoronavirus Betacoronavirus Betacoronavirus
Viral genome +ssRNA +ssRNA +ssRNA
Genome length 29.90 kb 29.75 kb 30.11 kb
Genome reference NC_045512.2 NC_004718.3 NC_019843.3
sequence (NCBI)
Total number gf 26 25 25
encoded protein
First emergence December 2019 November 2002 April 2012

First case location

Wuhan, China

Foshan, China

Zarqa, Jordan

Countries/regions with

226 29 27
cases
Cumulative cases Above 4.4 billion® 8096 2428(®)
Cumulative deaths Above 5.9 million® 774 838(M)
Fatality 0.13% 9.5% 34.5%
Median incubation 5.1 days (95% CI, 4 days (95% CI, 3.6 | 5.2 days (95%CI, 1.9
period 4.5 to 5.8 days)© to 4.4 days)@ to 14.7 days)(®
Time to infect first
1000 people (days) 48 130 903 (~2.5 years)
Ratio (male/female)® 1.27 0.88 1.78
Basic reproduction
number (Ro)(® 210 3.58 1.7to 19 <1
. . Completely . .
Recent status Pandemic ongoing controlled Sporadic continuous

According to data released by the WHO on 4th March 2022@®; (David S. Hui et al. 2018)®); (Lauer et
al. 2020)(©); (Lessler et al. 2009)@; (Assiri etal. 2013)(®); (Z. Zhu et al. 2020)®; (P. Wu et al. 2020)(8);
CI: Confidence Interval.

2.3.2. Origin of SARS-CoV-2

The origin of SARS-CoV-2 is still controversial. It is suspected that the SARS-CoV-
2 virus is the product of natural evolution (Andersen et al. 2020), while some
scientists proposed that it arose via human intervention (Amarilla et al. 2021;
Segreto and Deigin 2021). The reference genome of SARS-CoV-2 is more closely
identical to the genome of RaTG13-CoV (a SARS-like coronavirus that infects
several species of horseshoe bats; GenBank ID: MN996532.2) than the genome
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of SARS-CoV (96% vs 79.6% sequence identity) (P. Zhou et al. 2020). In addition,
evolutionary studies on coronaviruses have reported that RaTG13-CoV is the
closest known relative to SARS-CoV-2 (Cagliani et al. 2020; Gorbalenya et al.
2020; P. Zhou et al. 2020). A recent study has found that two bat coronaviruses,
RaTG13 and BANAL-52, exhibit a higher level of nucleotide identity with the S1
subunit of SARS-CoV-2 spike protein, especially in the receptor binding domain
(RBD) of the spike protein, suggesting that viruses similar to SARS-CoV-2 might
have circulated between different species of bats living in the same geographical
area (Temmam et al. 2022).

Amarilla and colleagues suspect that SARS-CoV-2 may have leaked from a
laboratory (Amarilla et al. 2021). The “lab leak hypothesis” gained little traction
when a research group at Wuhan Institute of Virology, who conducted the first
evolutionary study on SARS-CoV-2 (P. Zhou et al. 2020), released the complete
genomic sequence of RaTG13-CoV after the outbreak of SARS-CoV-2, even
though the original samples of RaTG13-CoV were already collected in 2013.
Subsequently, many comparative studies have been published to investigate the
level of similarity between SARS-CoV-2 and other human and bat CoVs. For
example, amino acid residues, ¥INGEVGFN“%7, in the receptor binding motif
(RBM) of SARS-CoV-2 (PDB ID: 6VW1) (Shang, Ye, et al. 2020) that directly
interact with the human ACE2 receptor are more similar to the RBM residues in
RaTG13-CoV (163NGQTGLN1¢9, PDB ID: 7DRV) (K. Liu et al. 2021) than that of the
SARS-CoV residues (48TPPALN“73, PDB ID: 2AJF) (F. Li et al. 2005). Of the all
human and bat CoVs, only SARS-CoV-2 spike protein encoding mRNA contains
an insertion of 12 bases, coding for a stretch of four amino acids (681PRRA¢8%)
(Coutard et al. 2020). The inserted segment forms an exposed tribasic S1/S2
cleavage site (¢81PRRAR!SV®87) for the endoprotease enzyme furin, which upon
peptidase activity facilitates the process of virus entry into the host cell (Coutard
et al. 2020). However, the more distantly related MERS-CoV contains an
analogous S1/S2 cleavage site (PRSVRISV), which, due to the serine residue,
corresponding to R683 in SARS-CoV-2, showed the absence of furin-mediated
recognition and cleavage of the MERS-CoV spike protein (Temmam et al. 2022).

It is now nearly three years since the WHO declared COVID-19 a pandemic,
and multiple lines of evidence support the hypothesis of natural evolution and
zoonotic transmission for the origin of SARS-CoV-2, a not uncommon mechanism
of viral transmission across different species. In human, it is estimated that about
60% of emerging infectious diseases are zoonoses, ie., disease that has
transmitted naturally from infected vertebrate animals to humans, and resulted
in more than one billion cases of illness and millions of deaths every year (Jones
etal. 2008). There are over 200 zoonotic diseases worldwide, of which over 54%
of diseases are caused by bacteria, especially rickettsia, and over 25% of diseases
are linked to viral or prion pathogens (Jones et al. 2008). Furthermore, most of
these viral pathogens in humans originated from wild animals, for example,
several major outbreaks that have been caused by RNA viruses such as Nipah,
Marburg, Ebola, SARS-CoV and MERS-CoV are associated with bats (Letko et al.
2020). Recent genomic studies have reported that SARS-CoV-2 may also have
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been originated from bats because the SARS-CoV-2 shares a high whole-genome
identity with SARS-CoV-like coronavirus originating in bats (Gussow et al. 2020;
Irving et al. 2021; H. Wang et al. 2020). The involvement of an intermediate host
in the transmission of coronaviruses began to be recognized with the detection
of SARS-CoV-like coronaviruses in open-air market animals, including
Himalayan palm civets and raccoon dog (Guan et al. 2003). More recently, the
discovery of SARS-CoV-2-like coronaviruses in Malayan pangolins has raised the
possibility of intermediate host species involvement (Figure 11), where SARS-
CoV-2 acquires genetic modifications, such as via mutation and recombination,
for efficient transmission in humans (Lam et al. 2020). Furthermore,
investigations on the transmission channel of SARS-CoV-2 revealed involvement
of additional wild animals as the potential hosts, which include mink, turtle,
snake and ferrets (Zhao, Cui, and Tian 2020). Besides wild animals, several
domestic animals, such as dogs and cats, were also found infected with SARS-
CoV-2 (Zhao, Cui, and Tian 2020).

Intermediate Domestic
hosts animals
A sy
i
| civet cat ~ .CQV m
Primary host o e dog
bat | Mf MERS-CoV m
*, dromediary mink
came
) /oq:L ﬁ
AR O cat
pangolin

Figure 11: Schematic representation of the zoonotic spill-over of SARS-CoV, MERS-CoV
and SARS-CoV-2 from bat to humans through intermediate hosts. Domestic animals were
also found infected with the SARS-CoV-2 virus, most likely via infected humans.

2.3.3. SARS-CoV-2 genome, structure and evolution

Wu and colleagues at Fudan university in Shanghai have reported the first
complete genome sequence of the SARS-CoV-2, a single stranded positive RNA
(+ssRNA) virus of 29.9 kb in size (F. Wu et al. 2020). This sequence is considered
as the reference sequence (RefSeq accession number: NC_045512.2), meaning
that any newly discovered variant of SARS-CoV-2 will be compared against it to
gain a better understanding of the pathogenesis by identifying similarities and
differences between genomes. The SARS-CoV-2 genome shares ~79% identity
with SARS-CoV and ~50% identity with MERS-CoV (R. Lu et al. 2020), and shares
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more than 99% identity to SARS-CoV-2 isolates collected from different
countries (Khan et al. 2020). Similar to SARS-CoV and MERS-CoV, the genome of
SARS-CoV-2 encodes structural proteins, nonstructural proteins (NSPs), and
accessory proteins; however, differences in the number of encoded proteins and
amino acids were observed during comparative analysis of coronavirus genomes
(Brant et al. 2021). At the 5’ end, two-thirds of the SARS-CoV-2 genome consists
of two long overlapping open reading frames (ORFs), ORFla and ORFl1b,
encoding two polyprotein precursors (ppla and pplb) that upon proteolytic
cleavage generate 16 NSPs that are involved in virus replication and
transcription (V’kovski et al. 2021). The remaining one-third of the genome of
SARS-CoV-2 encodes four major structural proteins that are common to all CoVs:
the spike or surface (S) glycoprotein, membrane (M) glycoprotein, nucleocapsid
(N) phosphoprotein, and the envelope (E) protein, and also encodes 6 ORFs
encoding accessory proteins that vary in number between different CoVs (Figure
12). Both the polyproteins are processed by the viral proteases, papain-like
protease (PLpro, NSP3) and 3-chymotrypsin-like protease (3CLpro, NSP5), of
which PLpro is responsible for proteolytic cleavage of NSP1 to NSP3, and 3CLpro
is responsible for processing of the remaining NSPs, ie, NSP5 to NSP16;
however, NSP4 is cleaved by both PLpro and 3CLpro at the N-terminus and C-
terminus, respectively (Moustagqil et al. 2021).

_ . V ng Frame EIM
SAI;9S 9Cl?bV ? SUTR ORFla [ ORFIb | 3UTR
(2910) sl [0
7NN\
67a7b8
Accessary proteins
(SZ%%SS_EI?)V SR ORFla [ ORFib | 3UTR
' 3al[3b [NIob
NS —
67a7b8a8b
?345‘ I1{15 —k%())V SUTR ORFla [ ORFib | H 3UTR
' 3
444b5 8b

Figure 12: Comparison of SARS-CoV-2, SARS-CoV and MERS-CoV genomes (genome size
for each CoV shown in brackets). Two partially overlapping ORFs, ORFla and ORF1b, are
common to all three CoVs. Unlike SARS-CoV-2, SARS-CoV and MERS-CoV contain
additional overlapping genes, such as ORF3b and ORF9b in SARS-CoV, and ORF8b in
MERS-CoV. Each CoV contains four structural proteins: the spike (S) glycoprotein,
membrane (M) glycoprotein, envelope (E) protein, and nucleocapsid (N)
phosphoprotein. Different numbers of accessary proteins are encoded by each CoV.

In order to preserve the genome integrity, SARS-CoV-2 encodes 3’-5’
exoribonuclease protein (ExoN, also named NSP14), which enhances the overall
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fidelity of RNA synthesis by correcting nucleotide incorporation errors catalyzed
by the RNA dependent RNA polymerase (RdRp, also named NSP12) and its two
accessory proteins NSP7 and NSP8 that form a heterodimer complex
(Kirchdoerfer and Ward 2019; Moeller et al. 2022). However, mutations in
NSP14 have shown a strong association with less efficient replication (low viral
fidelity) (Moeller et al. 2022), resulting in the emergence of new variants that
pose a threat to public health. As of 17th March 2022, the WHO has designated
five variants of SARS-CoV-2 (alpha, beta, gamma, delta, and omicron) as variants
of concern (VOC) that have changed the course of the pandemic in different
countries at different points in time (Table 2).

Table 2: List of SARS-CoV-2 variants of concern (as of 17t March 2022). The data were
compiled from the WHO website and the Stanford University’s coronavirus antiviral and
resistance database.

SARS-.CoV-Z First detected D;;‘(::ﬁ? ;;?ic Mutations in Surf.ace/Spike S)
variant protein
year)
N501Y, A570D, D614G, P681H,
(é“lp;‘% UK ng’gember December 2020 | T716l,5982A, D1118H, A69-70,
o A144-145
Beta South Africa December 2020 D80A, D215G, K417N, E484K,
(B.1.351) October 2020 N501Y, D614G, A701V, A241-243
Gamma Brazil L18F, T20N, P26S, D138Y, R190S,
(P.1) December 2020 January 2021 K417T, E484K, N501Y, D614G,
' H655Y, T10271,V1176F
Delta India December T19R, G142D, E156G, L452R,
(B.1.617.2) 2020 May 2021 T478K, D614G, P681R, D950N,
SR A157-158
A67V,T95], G142D, N211],
G339D, S371L, S373P, S375F,
K417N, N440K, G446S, S477N,
Omicron South Africa T478K, E484A, Q493R, G496S,
(B.1.1.529) November 2021 November 2021 Q498R, N501Y, Y505H, T547K,
B D614G, H655Y, N679K, P681H,
N764K, D796Y, N856K, Q954H,
N969K, L981F, A69-70, A143-
145,A212, 214EPEins

The S protein is a homotrimeric type [ transmembrane fusion protein that
forms large protrusions from the virus surface, giving the appearance of aradiate
crown, hence the name coronavirus (corona in Latin means crown) (F. Li 2016).
In addition to mediating cell adhesion and virus internalization, the S protein
also determines the range of cell types and host species that a coronavirus can
infect (F. Li 2016). Structurally, the S protein is synthesized as a 1273 amino acid
polyprotein precursor, which has a large N-terminal ectodomain, a
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transmembrane domain (1213-1237 residues) and a short cytoplasmic domain
(1237-1273 residues). The 180 kDa monomeric S glycoprotein is comprised of
two functional subunits S1 (14-685 residues) and S2 (686-1273 residues) that
are connected by a sequence of polybasic amino acids 680SPRRARSV®87, forming
a cleavage site for the furin and other proteases (Y. Huang et al. 2020; Ord,
Faustova, and Loog 2020). The receptor binding domain (RBD, residues from
319 to 541) of S1 subunit infects the human cells by binding to angiotensin-
converting enzyme 2 (ACE2) receptor (Hoffmann et al. 2020), while the S2
subunit mediates the process of membrane fusion and internalization of SARS-
CoV-2, which is initiated after a proteolytic processing event at S2’ cleavage site
within the S2 subunit by the TMPRSS2 serine protease (Hoffmann et al. 2020). A
recent study demonstrates that the S protein of SARS-CoV-2 binds to ACE2
receptor with higher affinity than the S protein of SARS-CoV (Shang, Wan, et al.
2020), indicating that the residues contributing to ACE2 binding are quite
different due to the mutations between the S protein of SARS-CoV-2 and SARS-
CoV (Shang, Ye, et al. 2020). Cryogenic electron microscopy (cryo-EM) studies
have shown the different dynamic states of the RBD in different coronaviruses;
for example, the RBD in SARS-CoV is mostly in a “standing-up” state (Gui et al.
2017), whereas the RBD in SARS-CoV-2 is mostly in the “lying-down” state
(Wrapp et al. 2020).

As compared with the bat-CoVs, the S protein of SARS-CoV-2 binds with much
greater efficiency to human ACE2 and thus promotes the rapid spread of SARS-
CoV-2 throughout global populations (Damas et al. 2020). Several groups of
researchers conducted comparative genomics studies to understand the
molecular properties of the S protein that allow it to bind with the ACE2 receptor,
and it was found that the S protein exhibits stronger purifying selection than the
adaptive changes in amino acids, which were found to be highly localized to
specific positions in the RBD domain of S protein (Cagliani et al. 2020; Damas et
al. 2020; Tang et al. 2020). During the COVID-19 pandemic, the newly evolved
variants of SARS-CoV-2 in human showed more immediate outcome of infections
and more resistance to vaccines than the original Wuhan strain (R. Wang et al.
2022). In the S protein of the Alpha and Beta variants of SARS-CoV-2, a
predominant D614G mutation (also observed in the Delta, Kappa and Omicron
variants) results in an increased propensity of the S protein to adopt the open
conformation to enhance the ACE2 recognition efficiency (Benton et al. 2021; ].
Zhang et al. 2021). In addition to D614G, another K417N mutation in the Beta
variant (also observed in the Omicron variant), enhances the stability of the open
state of the trimeric S protein, suggesting that the virus has achieved greater
transmissibility in human during its evolution (Wrobel et al. 2022).

The M protein of SARS-CoV-2 is composed of 222 amino acids and shares
more than 90% sequence identity with the M protein of SARS-CoV. Unlike the S
protein, structurally, the M protein belongs to the type III transmembrane
protein classification, containing a small glycosylated ectodomain, a triple-span
transmembrane domain, and a large C-terminal endodomain (Mariano et al.
2020). Among the structural proteins, the M protein is the most abundant

31



protein that defines the shape of the viral envelope (Neuman et al. 2011). During
the formation of mature virions, the M protein is considered as the central
organizer of CoV assembly, co-localizing almost entirely with the S and E proteins
in the rough endoplasmic reticulum (RER) and the Golgi complex of the infected
host cell (Duan et al. 2020). Additionally, molecular interactions between the C-
terminal domains of the M and N proteins play an essential role in the SARS-CoV-
2 life cycle (S. Lu et al. 2021).

In SARS-CoV-2, the 45 kDa N protein, composed of 419 amino acids, forms
complex with the negatively charged genomic RNA to aid its packaging into the
enveloped virion of about 100 nm in diameter (Jack et al. 2021; Ning et al. 2021).
Unlike other structural proteins in SARS-CoV-2, the N protein lacks cysteine
residues and predominantly contains intrinsically disordered regions (IDRs),
which could be the reason of its less stability than other structural proteins (Jack
et al. 2021). The IDRs include mainly three segments: the N-terminal arm (1-40
residues), a central serine and arginine rich flexible linker region (174-249
residues) and a C-terminal tail (365-419 residues) (M. Yang et al. 2021). The
linker region connects the two structurally and functionally conserved regions
of the N protein, including an N-terminal domain (NTD, 41-173 residues) that
binds with the viral RNA genome and a C-terminal domain (CTD, 250-364
residues) that directly participates in N protein dimerization (M. Yang et al.
2021). The N protein is the most abundant protein in SARS-CoV-2, is highly
immunogenic, and it shares a sequence more than 90% identical with the N
protein of SARS-CoV (Dutta, Mazumdar, and Gordy 2020). Gao and colleagues
had reported that monkeys vaccinated with an adenoviral-based SARS-CoV
vaccine showed a strong antibody response against the S1 subunit of S protein,
and also showed a consistent T-cell response against the N protein (Gao et al.
2003).

The SARS-CoV-2 E protein is a small (75 amino acids) structural protein
whose sequence shares 94.7% identity with the E protein of SARS-CoV (Duart,
Garcia-murria, and Mingarro 2021). The E protein folds into three domains,
namely, the N-terminal domain (1-16 residues) on the virion surface, a
transmembrane domain (17-37 residues) and a big intravirion C-terminal
domain (38-75 residues) (Duart, Garcia-murria, and Mingarro 2021). The SARS-
CoV-2 E protein forms a homopentameric cation channel similar to that of the
SARS-CoV E protein, which is involved in critical aspects of the viral life cycle,
such as assembly, budding and pathogenesis (Mandala et al. 2020). Nieto-Torres
and colleagues have reported that the channel formed by the SARS-CoV E protein
has a higher ion permeability than the other two channels that are formed by
ORF3a and ORF8a proteins, and mutations in the E protein channel reduce viral
pathogenicity to some extent (Nieto-Torres et al. 2014). However, the SARS-CoV-
2 genome encodes only two ion channels: the E protein channel and the ORF3a
channel (Kern et al. 2021). Indeed, calcium is a necessary component for the
virus life cycle and virulence, and the E protein channel plays an essential role in
maintaining calcium ion homeostasis (Torres et al. 2021).
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The functions of some of the SARS-CoV-2 proteins are not known yet but their
homology to other HCoVs suggests their function might be the same. As of 2nd
April 2022, the protein data available from UniProt database show that most of
the SARS-CoV-2 proteins are manually annotated and reviewed, and
experimental data are available from the Protein Data Bank (PDB) for X-ray
crystal structures of 22 SARS-CoV-2 proteins, namely, NSP1, NSP3 (PLpro), NSP5
(3CLpro), NSP7, NSP8, NSP9, NSP10, NSP12 (RNA-dependent RNA polymerase),
NSP13 (helicase), NSP14 (3'-to-5' exonuclease), NSP15 (endoribonuclease),
NSP16 (2'-O-ribose methyltransferase), S, ORF3a, E, M, ORF6, ORF7a, ORF7b,
ORF8, N, and ORF10.

2.3.4. T cell recognition of foreign antigens bound to major
histocompatibility complex (MHC) molecules

Infection with SARS-CoV-2 induces antibody responses, especially IgG and IgM
antibodies, and the levels of antibodies mainly depend on the magnitude of the
initial viral load and disease severity (Cox and Brokstad 2020). Generally, in
humans, immunity to coronaviruses can last from months to several years after
infection (A. T. Huang et al. 2020). However, persons with mild COVID-19
showed a rapid decline in antibodies with a half-life of ~21 days for IgG,
suggesting that the immunity against SARS-CoV-2 may only be maintained for
few months (Ibarrondo etal. 2020; Seow et al. 2020). It is interesting to note that
the induction of adaptive immunity creates memory lymphocytes (B cells and T
cells) even if there are low levels of serum antibodies (Cox and Brokstad 2020).
Dan and colleagues have reported that about 95% of the COVID-19 patients
retained the immune memory cells 6 months after infection (Dan et al. 2021).

All three major lymphocytes of the adaptive immune system, namely, CD4+ T
cells (helper T cells), CD8* T cells (killer or cytotoxic T cells) and B cells (antibody
generating cells) are important in immune protection against pathogens
(Rydyznski Moderbacher et al. 2020). In SARS-CoV infected cells, epitopes from
the two major structural proteins, S and N, have been shown to effectively
enhance the MHC class I mediated immune responses in which CD8+* T cells
exhibit cytotoxic activity that kills virus infected cells (Tsao et al. 2006).
Similarly, recent studies showed a highly correlated response of T cells with low
COVID-19 severity during the acute phase, suggesting that high levels of induced
CD4+ and CD8+* T cells may control and eliminate the viral infection (Rydyznski
Moderbacher et al. 2020; P. Zhou et al. 2020). In addition, SARS-CoV-2 elicits
robust CD8+ T cell responses in mice and the non-human primate (Macaca
mulatta), which likely contributes to host protection from the development of
severe COVID-19 (McMahan et al. 2021; Zhuang et al. 2021). Patients severely
affected by COVID-19 disease showed low CD4+ T cell counts, which is usually
associated with intensive care unit (ICU) admission (Chen et al. 2020), whereas
low CD8* T cell counts have been found associated with high mortality (Du et al.
2020; B. Xu et al. 2020). However, generally, neutralizing antibodies produced
by the B cells showed no clear correlation with decreased severity of disease
(Rydyznski Moderbacher et al. 2020; Wajnberg et al. 2020).

33



Depending on the type of T cell, the surface glycoproteins CD4 and CD8 along
with T cell receptor (TCR) are involved in recognition of major
histocompatibility complex (MHC) molecules (Doyle and Strominger 1987;
Garcia et al. 1996). On the surface of antigen presenting cells (APCs), such as
dendritic cells, macrophages and B cells, MHC molecules display fragments of the
processed antigenic peptides so that approaching T cell can engage with this
molecular complex via their TCRs (Harvey et al. 2007). Based on the antigen
processing and presentation pathway, the MHC molecules are mainly divided
into two classes: 1) MHC class I, which is expressed on the cell surface of nearly
all nucleated cells (not just APCs) and typically presents endogenous antigens,
such as from viruses, to CD8* T cells, and 2) MHC class II, which is expressed
mainly on APCs and primarily presents exogenous antigens, such as from
bacteria, to CD4+ T cells (Storni and Bachmann 2004). In humans, the MHC
system is known as the human leucocyte antigen (HLA) complex, which is
located on the short arm of chromosome 6 and contains the most polymorphic
loci of the human genome, i.e., a tightly linked cluster of genes encodes many
different allotypes in different individuals inside a population (T. M. Williams
2001). The genetic diversity and evolution of HLA allotypes lead to different
immune responses in different ethnic populations, which either protect people
against new viral infections or enhance viral persistence (Crux and Elahi 2017).

Structurally, the HLA class I molecule is a heterodimer, which is comprised of
a membrane spanning o heavy chain and a light B2-microglobulin chain. In
humans, the heavy chain is encoded by the HLA-A, HLA-B and HLA-C loci. The
heavy chain is comprised of an N-terminal extracellular region consisting of
three domains (o1, o2 and o3), a transmembrane domain and a cytoplasmic C-
terminal tail (Figure 13A). The a1 and 0.2 domains fold together to form a deep
cleft that binds noncovalently to an 8-11 amino acids long epitope - a part of an
antigen capable of eliciting an immune response (Trolle et al. 2016). The length
distribution of HLA class I restricted epitopes is primarily determined by both
epitope accessibility and HLA allotype specific binding preference (Trolle et al.
2016). The binding core of epitopes is 9 (typically) or 10 amino acids in length
(Trolle et al. 2016).

In humans, there are three different classical HLA class Il isotypes: HLA-DP,
HLA-DQ and HLA-DR, all of which are encoded by genes located on the HLA-D
locus (Ulvestad et al. 1994). Like the HLA class [ molecule, the class Il molecule
is also a heterodimer, but it is comprised of two membrane-spanning o and 3
chains (Figure 13B). Each chain consists of two domains, o1 and a2 domains in
the o chain and 1 and B2 domains in the 3 chain (Brown et al. 1993). Both a1
and B1 domains fold together to form an epitope binding cleft, whereas the two
immunoglobulin-like domains, o2 and B2, provide structural and mechanical
support to the complex (Stern et al. 1994). Unlike HLA class |, the epitope binding
cleft in the class Il molecule is open at both ends, which can accommodate a wide
range of epitope lengths (13-25 residues), with an average epitope length of 15
amino acids (Chicz et al. 1992; Rudensky et al. 1991).
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Figure 13: Structures of heterodimeric transmembrane HLA class I, HLA class Il and T
cell receptor (TCR) molecules. A) HLA class I molecule comprised of two subunits: the
heavy o chain and 2 microglobulin (32m). The heavy chain contains three extracellular
domains (a1, a2, and .3, with a1 being at the N-terminus), a transmembrane region and
a C-terminal cytoplasmic tail. The extracellular 2m domain binds non-covalently to the
o chain. The immunogenic epitope (gold spheres) binds to the peptide-binding cleft
located between the o1 and o2 domains. B) HLA class II molecule comprised of two
subunits: an o chain and a B chain. Both the o and B chains contain two extracellular
domains, a transmembrane region and a C-terminal cytoplasmic tail. The immunogenic
epitope (gold spheres) binds to the peptide-binding cleft located between the a1 and 1
domains. C) T cell receptor (TCR) comprised of two subunits: an o chain and a B chain.
Both the acand B chains contain two extracellular immunoglobulin-like domains: variable
(V) and constant (C), a proximal connecting peptide (shown dashed), a transmembrane
region and a C-terminal cytoplasmic tail. Epitopes presented by the HLA molecules bind
to the peptide-binding site of TCR.

Unlike antibodies that bind to free floating antigens in blood and other body
fluids, the TCRs bind to epitopes of foreign proteins that are presented on the
surface of infected cell via HLA molecules. The TCR is a disulfide-linked,
membrane-anchored heterodimeric complex mostly consisting of an o chain and
a 3 chain, but a less common type of TCR is comprised of a different set of chains,
one gamma (y) and one delta (3) (Gaulard et al. 1990). Structurally, the oo and B
chains are folded into an N-terminal extracellular region consisting of two
immunoglobulin-like domains: variable (V) and constant (C), a membrane-
proximal connecting peptide (CP), a transmembrane domain and a short
cytoplasmic C-terminal tail (Figure 13C), of which the most distal extracellular
domains VoV mediate noncovalent interactions with the epitope-bound HLA
molecule (Rudolph, Stanfield, and Wilson 2006). Since the cytoplasmic regions
of both chains lack signaling sequences due to their extremely short tails, other
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costimulatory membrane receptors are needed to induce the cytotoxic activity
in CD8* T cells, which includes the release of cytokines such as interferon gamma
(IFN-y) and tumor necrosis factor (TNF) for the killing of virus infected cell
(Kaech and Wherry 2007).

It is of extreme importance to understand host immune responses during the
progression from mild to potentially fatal COVID-19 disease in order to develop
effective vaccines and therapeutics against SARS-CoV-2. Indeed, the HLA system
is widely used to understand the cause, mechanism and effect of infectious
diseases. For example, a previous study of HLA allotypes in Taiwanese
population has reported that individuals with the HLA-B*46:01 allotype are most
likely to fall victim to SARS (Lin et al. 2003). In addition, the X-ray crystal
structure of HLA-A*24:02 allotype with SARS-CoV nucleocapsid protein-derived
epitope (PDB ID: 316L) has led to a better understanding of the process of epitope
selection and presentation strategy at the molecular level (Jun Liu et al. 2010). It
is interesting to note that HLA-A*24 allotypes have been reported as the second
most common allele groups in patients infected with SARS-CoV throughout the
global population, the most common being the HLA-A*02 allotypes (Jun Liu et al.
2010). Likewise, HLA-A*02:01-restricted structural protein-derived epitopes in
Chinese patients showed great potential for characterization and evaluation of
candidate SARS vaccines (M. Zhou et al. 2006).

In our study, we performed an integrated and computational analysis to
identify HLA class I restricted immunogenic SARS-CoV-2 epitopes that could
elicit an effective cytotoxic T cell response. Furthermore, the predicted 9-mer
epitopes were compared with the experimental data for SARS-CoV-derived
cytotoxic T cell epitopes, which is available at the immune epitope database
(IEDB) (Vita et al. 2019). Later, the three-dimensional molecular structures of
selected ternary complexes (eHLA-TCR) were modeled to assess interactions at
the atomic level. Our findings could potentially be used for designing vaccine
epitopes against SARS-CoV-2 and also provide useful information for studying
HLA class I restricted CD8* T cell responses.

2.3.5. COVID-19 vaccines approved for emergency use by WHO

Around the world, several vaccines are being developed against COVID-19 using
different vaccine platform technologies. As of 12 April 2022, according to data
provided by the WHO: COVID-19 vaccine tracker and landscape, there are 153
vaccines in clinical development and 196 vaccines in pre-clinical development.
Out of the 153 clinical phase candidates, the highest number of vaccines (34%)
are developed using a protein subunit (PS) platform, followed by (in decreasing
order) RNA, non-replicating viral vector (VVnr), inactivated virus (IV), DNA,
virus like particles (VLP) and replicating viral vector (VVr). The route of
administration for most of the vaccine candidates (77%) is intramuscular.
However, some vaccine candidates (3%) are designed to be administered orally.
Asof 12 April 2022, thirteen vaccine candidates are in phase 4 of the clinical trial,
namely (vaccine platform indicated in brackets), CoronaVac (IV), BBIBP-
CorV/Vero Cell (IV), mRNA-1273 (RNA), BNT162b2/Comirnaty (RNA), CV2CoV
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(RNA), MIPSCo-mRNA-RBD-1  (RNA), ChAdOx1-S/AZD1222  (VVnr),
Ad26.COV2.S (VVnr), Ad5-nCoV-IH (VVnr), MVC-COV1901 (PS), V-01-351/V-
01D Bivalence vaccine (PS), Betuvax-CoV-2 (PS) and DoCo-Pro-RBD-1 with
MF59 adjuvant (PS).

Inactivated (or killed) vaccines have been used for over a century to induce
protection against pathogens that are known to cause infectious diseases, some
of the infectious diseases caused by viruses include: rabies, polio, hepatitis A and
influenza (Jeyanathan et al. 2020). Inactivated vaccines are developed by
infecting culturing cells with a desired pathogen in a bioreactor-based cell
culture system, followed by killing of the pathogen using heat, chemical or
radiation to destroy the infectivity while retaining its immunogenicity (Seo
2015). Generally, with such vaccines, booster shots are given at intervals to the
people who have already completed their primary vaccination course in order to
maintain immunity above a protective level (Yue et al. 2022). According to the
WHO report, released on 2 April 2022, three inactivated vaccine candidates,
Sinovac’s CoronaVac, SinoPharm’s BBIBP-CorV and Bharat Biotech’s COVAXIN,
have been listed for COVID-19 emergency use. These inactivated vaccines have
been observed to elicit humoral and T cell-mediated immune responses against
the SARS-CoV-2 structural proteins (Valyi-Nagy et al. 2021; Vikkurthi et al.
2022). However, individuals vaccinated with BBIBP-CorV showed a significantly
lower level of antibody response compared with those who have received the
BNT162b2 mRNA vaccine (Valyi-Nagy et al. 2021).

Unlike inactivated vaccines, mRNA vaccines have a highly satisfactory safety
profile without the potential risk of pathogenicity because they can be easily
constructed directly from the genetic sequence of the desired pathogenic antigen
without the need for pathogens (M. A. Liu 2019). In the past, various mRNA
vaccines have been shown to elicit potent immunity against infectious diseases,
including those caused by Zika, rabies and influenza viruses (Pardi et al. 2018).
The most common delivery vector for a synthetically created mRNA vaccine is a
lipid nanoparticle (LNP), which facilitates the process of endocytosis and
protects the mRNA molecule from enzymatic degradation inside the host cell
(Batty et al. 2021). On entering host cells, the viral mRNA is translated into
protein by the host translational machinery and ribosomes, followed by
proteasome-mediated degradation of the encoded protein into smaller
polypeptides that, after processing, are presented by the HLA molecules to T cells
(Pardi et al. 2018). As of 2 April 2022, two mRNA vaccines, Pfizer-BioNTech'’s
BNT162b2/Comirnaty and Moderna’s mRNA-1273, have received emergency
validation from WHO. A group of 180 Finnish healthcare workers who had been
vaccinated with BNT162b2 showed an induced antibody response against the
SARS-CoV-2 spike protein, especially the S1 subunit (Jalkanen et al. 2021).

The latest report by the WHO showed that two non-replicating viral vector
(VVnr) vaccines, AstraZeneca’s ChAdOx1-S and Janssen’s Ad26.COV2.S, have
been approved for emergency use against COVID-19. The VVnr platform requires
a modified virus as a deliver vehicle, such as adenovirus or poxvirus, to
successfully deliver the genetic material into the host cell (Robert-Guroff 2007).
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Unlike the replicating viral vector (VVr) vaccine, VVnr cannot produce additional
viral antigens because the viral vector lacks the components necessary to infect
a new host cell (Robert-Guroff 2007). In addition, the gene of interest does not
integrate into the host cell genome after entering the nucleus, where it takes
advantage of the host cell machinery to produce the viral mRNA that is
subsequently exported into the cytoplasm for translation (Robert-Guroff 2007).
Currently, all the VVnr based vaccines against COVID-19 are engineered with the
SARS-CoV-2 spike protein, which after intracellular processing is presented in
the form of polypeptide fragments on MHC class I and class Il molecules
(Folegatti et al. 2020; Sadoff et al. 2021; F. C. Zhu et al. 2020).

Protein subunit vaccines are composed of highly purified protein fragments
of a pathogen, which have been carefully studied to identify which combinations
of these fragments are capable of inducing a strong protective immune response
(Foged 2011). The protein subunit vaccine is considered safer than the live
attenuated and inactivated vaccines because the formulation process, known as
recombinant DNA technology, does not require pathogen handling (Hansson,
Nygren, and Stahl 2000). Protein subunit vaccines are already used against
infectious viruses, including hepatitis B and human papillomavirus (Leroux-
Roels et al. 2000; Schiller and Lowy 2018; Zhai and Tumban 2016). Moreover,
fragments of the S protein, including the S1 subunit, S2 subunit, N-terminal
domain (NTD) and receptor binding domain (RBD), have already been used
against SARS-CoV and MERS-CoV, suggesting that these fragments can be used
as key targets for developing protein subunit vaccines against human
coronaviruses (N. Wang et al. 2020). Interestingly, according to the latest WHO
report, only one protein subunit vaccine, NVX-CoV2373, has been authorized for
emergency use against COVID-19. The NVX-CoV2373 vaccine is comprised of a
full-length SARS-CoV-2 spike protein plus Matrix-M adjuvant, and it has been
observed that, especially in baboons, NVX-CoV2373 elicits robust humoral and
cellular immune responses regardless of disease severity (Tian et al. 2021).

Since the emergence of the global pandemic, there has been an explosion of
vaccine development. Currently, around 350 novel vaccine candidates have been
developed using several different vaccine platform technologies, of which atleast
a dozen of vaccines have been granted an emergency use authorization by the
WHO. However, the emergence of new SARS-CoV-2 variants that harbor a large
number of mutations, especially in the spike protein, may cause resistance at the
immunity level against current vaccines. For example, Finnish healthcare
workers vaccinated with BNT162b2 showed a decreased antibody response
against the Beta variant compared to the Alpha mutant (Jalkanen et al. 2021).
Therefore, it is of extreme importance to update vaccines to protect better
against the new variants, including Omicron as well as other variants that are
expected to appear in the future.
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3. Aims of the study

The general aims of this thesis were to apply a variety of sequence-based and
structure-based bioinformatics techniques to characterize proteins, mutations
and molecular interactions, and exploit the observations towards understanding
the biological phenomena, especially as revealed by the experimental studies of
our collaborators as well as observations reported in the literature.

3.1. Extracellular citrullination in rheumatoid arthritis patients
(Publications I and II)

Our collaborators experimentally detected citrullinated peptides in the enriched
ECM proteins from the synovial fluid samples of rheumatoid arthritis patients. In
publication [ and II, our aim was to map the identified peptides onto known 3D
structures and obtain structural insights into how a single heavy atom change
could affect the protein function via influencing key molecular interactions at the
biomolecular interface. Specific emphasis was placed on the mechanism of TGF-
B activation (publication I) and integrin mediated fibronectin assembly
(publication II). In publication II, we also aimed to look at sequence information
and structural details of the citrullination sites in the X-ray crystal structures of
the corresponding proteins to provide insight on structural features controlling
the substrate specificity of the PAD2 and PAD4 enzymes.

3.2. The human LEUTX regulates early embryonic development
(Publication III)

In this study, the aim was to identify functionally critical amino acid residues
within the LEUTX homeodomain involved in DNA binding using biomolecular
sequence and structural information. We also aimed to understand how a loss-
of-function mutation could affect LEUTX binding with DNA.

3.3. Prediction of potential immunogenic epitopes in SARS-CoV-2
(Publication IV)

We started our investigation in March 2020 with the aim to identify the most
likely epitopes from SARS-CoV-2 that would elicit immunogenic responses, and
to characterize their physicochemical properties and likely molecular
interactions with human leucocyte antigens (HLA). The overall aim was to
identify immunogenic epitopes with potential for use as peptide-based vaccines.
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4. Materials and methods

4.1. Sequence analyses

Experimentally verified human protein sequences were retrieved from the
UniProt database (Bateman et al. 2021) (publications I-1V). Protein sequences
encoded by the SARS-CoV-2 genome were retrieved from the NCBI RefSeq
database (Brister et al. 2015) (publication IV). Multiple sequence alignment
(MSA) was performed using the L-INS-i method in the MAFFT tool (Katoh and
Standley 2013) (publications I, III & IV).

In publication IV, linear SARS-CoV-2 epitopes and their binding affinities
(expressed as ICso values, nM) with HLA class I allotypes were predicted using
the IEDB (Vita et al. 2019) and NetCTL1.2 (Larsen et al. 2007) web servers. The
IEDB tool predicts the binding affinities using an integrated model that combines
an artificial neural network (ANN), stabilized matrix method (SMM) and
combinatorial library (CombLib). The IEDB tool is trained on high-quality
experimental data and its prediction accuracy is considered to be better in
comparison to other binding-affinity prediction programs. The NetCTL1.2 server
integrates scores obtained from three prediction methods: proteasomal
cleavage, TAP transport, and peptide-binding to HLA-I molecules.

The predicted 9-mer epitopes from [EDB with an immunogenicity score 20.25
(http://tools.iedb.org/immunogenicity/) were compared to those predicted
using the NetCTL1.2 server and the common hits from both methods were
compared with the experimentally identified eHLA complexes in SARS-CoV; the
experimental data was retrieved from the IEDB database (Vita et al. 2019). The
binding stability (complex half-life) of the eHLA complex was predicted using the
NetMHCstabpan-1.0 web server (Rasmussen et al. 2016). NetMHCstabpan-1.0
predicts the stability of eHLA complexes based on an artificial neural network
(ANN) algorithm, which is trained on experimental quantitative stability data
covering 75 different HLA class [ molecules. The grand average of hydropathy
(GRAVY) score for the predicted epitopes was calculated using the Kyte-Doolittle
hydropathy index scale (Kyte and Doolittle 1982). Potential transmembrane
segments in the membrane proteins were predicted with the TMHMMZ2.0 tool
(Krogh et al. 2001), using a hidden Markov model (HMM) approach. The Jpred4
tool was used to predict secondary structures (o-helix, B-strand and coil) in the
non-transmembrane proteins (Drozdetskiy et al. 2015). The strategy and
methodology for sequence and structure-based epitope prediction has been
described in detail in publication IV.

4.2. Molecular modeling and structural analyses

X-ray crystal structures of biomolecular complexes were obtained from the PDB
database (Berman et al. 2000) (publications [-1V). Complexes were visualized in
BODIL (Lehtonen et al. 2004) and PyMOL (The PyMOL Molecular Graphics
System, Version 2.5 Schrodinger, LLC.) in order to study the atomic interactions,
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secondary structures and amino acid residue exposure to solvent (publications
I-1V).

The basic protocol of the homology modeling approach consists of the
following four processes, i) identifying one or more three-dimensional
structures (template) that most closely match the sequence of the protein to be
modeled (target), ii) amino acid sequence alignment of the target with the
template protein, iii) model building based on the sequence alignment and
structural details from the template and protein structures in general, and iv)
inspection of the model for gross errors. Protein sequences of unknown 3D
structures were searched against the PDB database using blastp at the NCBI
database to identify the best matching templates for homology modeling (M.
Johnson et al. 2008). The structure-based sequence alignments were performed
using Vertaa and Malign in BODIL (Lehtonen et al. 2004). Sequence alignments
were manually modified, and the positions of insertions and deletions were
determined. The manually curated sequence alignments were used to construct
models of the target protein using MODELLER and homodge in BODIL (Lehtonen
et al. 2004; Sali and Blundell 1993). Preparation of the models of the
homeodomain-DNA interactions in human LEUTX are thoroughly described in
publication IIL.

In publication IV, the X-ray structure of the ternary complex of the T cell
receptor (TCR)-HLA-influenza A epitope (PDB ID: 5TEZ (X. Yang et al. 2017))
was used as a template to model the ternary complex of HLA-A*02:01, SARS-CoV-
2 spike protein epitope 1220FIAGLIAIV228 and TCR.

The models were visualized to check for side-chain clashes and altered where
necessary using the rotamer utility in BODIL. The refined models were taken for
energy minimization - the OPLS_2005 force field in the Maestro protein
preparation wizard panel (Schrodinger suit) was used to optimize the bond
lengths and angles. Structural features of the models were examined for standard
acceptable values using the MolProbity web server (C. ]J. Williams et al. 2018).

4.3. Peptides modeling and molecular docking

In publication II, cyclic peptides NGR and isoDGR were sketched manually by
connecting the termini with a dipeptide phenyl-N-methylvaline using the 2D
sketcher tool in the Maestro suite. These structures were converted into 3D
conformation using the 3D builder tool and the LigPrep wizard was used to
optimize the cyclic peptides for docking. The ectodomain structure of integrin
aVB3 (PDB ID: 1L5G (Xiong et al. 2002)) was preprocessed, minimized and
refined using the protein preparation wizard. Molecular docking was performed
by placing the cyclic peptides within the context of the RGD motif at the integrin
aV(3 binding site using Bodil, followed by energy minimization in Maestro.

In publication 1V, the predicted immunogenic 9-mer epitopes (hits) in SARS-
CoV-2 were modeled using PyMOL: the side chains of the most similar peptide
structures available in the PDB were mutated to match the hits and placed within
the cleft between the a1 and a2 helices of HLA allotypes. The docking of epitope-
HLA complexes were refined using the Rosetta FlexPepDock web server (London
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et al. 2011). This server performs a Monte Carlo-Minimization-based approach
to generate models in which peptides have both main-chain and side-chain
conformational flexibility, whereas only the side chains are flexible with the
protein that binds the peptide. The backbone conformations of the docked
epitopes were analyzed using PyMOL.

4.4. Experimental studies

The original publications I, II and III also include details of a wide range of
experimental studies that were conducted by our collaborators. Publication IV is
solely based on computational analyses made using data from the literature and
from publicly accessible databases.
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5. Results

5.1. Citrullination of extracellular proteins in the synovial
fluid of patients with rheumatoid arthritis (Publications I
and II)

In order to identify arginine residues in proteins that have been citrullinated, our
collaborators performed mass spectrometry analysis on 40 synovial fluid
samples collected from the knee joints of inflammatory arthritis patients;
citrullination is typically a cytoplasmic post-translational modification and not
expected in the extracellular spaces. A total of 55 citrullinated sites were
identified in 24 ECM proteins. We examined the sequences and the 3D structural
context of arginine residues in the ECM proteins that were found citrullinated in
order to identify features key to enzymatic recognition and citrullination activity.
Furthermore, we considered the effect of citrullination on protein-protein
interactions for complexes that contribute to the health and repair of the ECM.

Table 3: Arginine residues at the interface of ECM-associated growth factors and their
receptors. Table modified from publication I.

Growth factor Growth factor PDB ID Arginin? residues at the
receptor interface
TGF-$1 TGFBR1 and TGFBR2 3KFD R25,R94
TGF-3 TGFBR1 and TGFBR2 2PJY R25,R94
FGFR1-FGF1 1EVT R35,R37, R88
FGFR1-FGF2 1CVS R44,R60,R97,R109
FGFR2-FGF1 1DJS R35,R37, R88
FGF FGFR2-FGF2 1EV2 R44,R60,R97,R109,R120
FGFR2B-FGF10 1INUN R78, R80
FGFR2C-FGF8B 2FDB R48,R52,R59,R155,R177
FGFR3C-FGF1 1RY7 R50,R52, R103
LIF LIFR-IL6R 1PVH R15,R123
PDGF2 PDGFR 3MJG R27,R56,R73
TNF-a TNFR1B 3ALQ R31,R32
IL-2 IL2R 2B5I R38,R81, R120
IL-7 IL7R 3DI2 R64
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5.1.1. Interfaces between ECM associated growth factors and their
receptors contain at least one arginine

The examination of the protein complexes formed between ECM associated
growth factors and their receptors revealed that one or more arginine residues
play a crucial role (Figure 1B, publication I). All the growth factor-receptor
complexes where 3D structures were available were identified to have at least
one arginine residue at the protein-protein interface (Table 3). Interestingly,
about half of the complexes have more than two interfacial arginine residues. It
is likely that disruption of electrostatic and hydrogen bonding interactions due
to citrullination affects binding, altering the structure and function in
comparison to the wild-type complex.

5.1.2. Solvent-exposed arginine residues are a primary target for
the PAD4 enzyme

Our structural analysis of the arginine residues in X-ray crystal structures
corresponding to the observed 55 citrullination sites seen in the 40 synovial fluid
samples revealed that the vast majority of the arginine residues have a high
tendency to be exposed to solvent (Figure 2A and J, publication II).

The early study by Arita and colleagues (Arita et al. 2006) proposed that
arginine residues citrullinated by the PAD4 enzyme would be located on a
flexible unstructured peptide, which changes conformation to a 3-turn-like bent
upon binding to the catalytic site of PAD4. This structural motif was proposed
based on three X-ray crystal structures (PDB IDs: 2DEW, 2DEX and 2DEY (Arita
et al. 2006)) solved by the authors. In contrast, our structural analysis of the
proteins that have been identified as substrates of PAD4 revealed that although
arginine residues are predominantly located on loops, nearly 50% of the
citrullination sites were found on o-helices, B-strands and B-turns (Figure 2B,
publication II). In particular, with fibronectin whose domains are composed of
antiparallel B-strands, about 20% of the solvent-exposed arginines in fibronectin
are located on loops (Table S4, publication II) but most of the citrullinated sites
are located on B-strands (Figure 2K, publication II). In fibrinogen, the partially-
exposed R104 is located on an a-helix, whereas R230, also partially-exposed in
cathepsin G, is located on a B-strand (Figure 14). Our analysis showed that the
vast majority of arginine side chains that are citrullinated are highly exposed to
solvent, suggesting that in the few cases of buried or partially exposed arginines
the substrate arginine must become solvent exposed before conversion into
citrulline; this is also in agreement with our analysis of the PAD4 structures and
the motifs that are recognized.
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Figure 14: A few examples of extracellular proteins that were found citrullinated in the
synovium of patients with RA. A) Amino acid residues surrounding the citrulline residue.
B) Location of the citrullinated arginine residues on different secondary structures.

Based on the X-ray crystal structures of PAD4 in complex with histone
peptides (PDB IDs: 2DEW, 2DEX and 2DEY), the authors reported that two
additional amino acids on either sides of the citrullinated arginine residue are
bound within the active site of the PAD4 enzyme (Arita et al. 2006). In addition
to the side-chain of arginine that penetrates deeply into the PAD4 active site
(Figure 15A), the main-chain atoms of residues at positions N-2, N-1 and N
(numbering relative to arginine) hydrogen bond with the active site residues of
PAD4 (Figure 15B-C), but the lack of side-chain interactions at N-1, N+1 and N+2
positions provide no specificity related to the type of amino acid involved. The
side-chain of residue at the N-2 position, however, does hydrogen bond with the
PAD4 active site (Figure 15C) - the authors suggested PAD4 specificity for
residues that are small and polar (Arita et al. 2006). In contrast, our more
extensive analysis of the sequences and structures show that the N-2 position
can be occupied by almost any amino acid side-chain and does not show
specificity for amino acids with a small side chain (Figure 2C and I, publication
I1). Thus, our findings indicate that there is no distinctive consensus sequence or
structural motif that would lead to the citrullination of the substrate arginine,
and that the arginine only needs to become exposed to solvent.
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Figure 15: Hydrogen-bonding interactions (black dashed lines) between a histone
peptide (amino acid sequence: SGRGK) and amino acid residues within the catalytic site
cleft of PAD4 enzyme (PDB ID: 2DEW). A) Positions N-2, N-1, N, N+1 and N+2 are
assigned to the five residues of the histone peptide, where “N” represents the position of
the substrate arginine. B) The main-chain carbonyl oxygen and nitrogen atoms of RN
hydrogen bond with R374 and R639 of PAD4. C) The other nitrogen atom of the
guanidinium group of R374 interacts with the carbonyl oxygen of the GN-! residue. The
most conserved residue, W347 in PAD4, hydrogen bonds with the main-chain carbonyl
oxygen of SN-2, while the residues D344 and Q346 in PAD4 hydrogen bond with the side
chain of SN-2, [n addition to the side chain of RN, the side-chain oxygen of SN-2 hydrogen
bonds with Q346, but this is not a conserved feature of PAD4 substrate recognition.

5.1.3. Citrullination of isoDGR motif in fibronectin reduces its
binding with integrin aVp3

Among the experimentally identified citrullinated peptides, three arginine
residues have specific roles in integrin-ECM interactions, namely R572 within
the RGD tripeptide motif of fibrinogen, R285 within the GAOGER motif (where O
is hydroxyproline) of the collagen a1(Ill) chain and R234 within the NGR
tripeptide motif of fibronectin (FN). The FN case is especially interesting and we
performed a detailed structural analysis to examine the potential effect of
citrullinated FN on its ability to coordinate integrin interactions.

The intact NGR motif in FN does not bind to integrin aV3 (Curnis et al. 2006;
Spitaleri et al. 2008). However, this motif undergoes a non-enzymatic and
spontaneous post-translational modification into the isoDGR motif, in which the
main-chain carbonyl group of asparagine becomes a negatively charged
carboxylate side chain of isoaspartate (isoD) and the amide side chain of
asparagine is then incorporated into the main chain of FN (Curnis et al. 2006,
2010). Previous studies showed that the isoDGR motif binds to integrin aVB3 in
the reverse main-chain orientation in comparison to the binding of the classical
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RGD motif (Curnis et al. 2006; Spitaleri et al. 2008). The negatively charged
carboxylate side chain in both RGD and isoDGR peptides makes electrostatic
interactions with the cationic metal ion dependent adhesion site (MIDAS) in the
B I-like domain of the integrin B3 subunit, and the arginine in either case
interacts with the side chains of aspartate and tyrosine residues in the -
propeller domain of the integrin aV subunit (Figure 6C, publication II). The most
probable cause for the failure of NGR binding is the absence of a negative charge,
which appears to be essential for binding with the positively charged metal ion
(Figure 6A, publication II). In addition, the backbone of NGR is less flexible than
isoDGR because the isoD residue inputs a methylene (-CH;-) group into the main
chain that provides additional flexibility and makes isoDGR a suitable integrin
binding site.

A citrullinated 30 kDa FN fragment, in which the positive charge on isoDGR is
neutralized, showed markedly reduced binding to integrin oVB3 (Figure 5A,
publication II). The loss of the positive charge on arginine would disrupt the
strong electrostatic interaction between isoDGR and the negatively charged
residues on the integrin aV subunit (Figure 6D, publication II).

5.1.4. Citrullination interrupts the integrin-mediated TGF-B1
growth factor activation pathway

TGF-B is an important growth factor and cytokine that has various
immunosuppressive properties in chronic arthritis (M. O. Li et al. 2006). Since
knockdown of PAD4 has been observed to induce TGF-f signaling (Stadler et al.
2013), we investigated the effect of citrullination on the integrin-mediated TGF-
B activation pathway.

B3-LAP of TGF-B3 contains a RGD motif on an exposed loop that is recognized
by integrin aV36 (PDB ID: 4UM9 (X. Dong et al. 2014)) where the motif serves to
bridge the B-propeller domain of the oV subunit and the 3 I-like domain of the
B6 subunit. Similar to the RGD motif in FN, the negatively charged aspartate
forms a strong ionic interaction with the cation at MIDAS on the 3 I-like domain;
and the positively-charged arginine side chain of the peptide interacts with the
negatively charged aspartate in the B-propeller domain (Figure 16B). Based on
the multiple sequence alignment of the human proprotein of TGF-B3 (UniProt ID:
P10600) with that of TGF-B1 (UniProt ID: P01137) and TGF-B2 (UniProt ID:
P61812) (Figure 16A), the RGD motif of the f1-LAP of TGF-B1 has potential to
bind integrin oVPB6. Interestingly, a recent structural study proved that the
binding of B1-LAP to integrin aVB6 is very similar to that of 3-LAP (Figure 16C)
(Campbell et al. 2020). Since the human [2-LAP lacks an RGD motif where
arginine is replaced with the amino acid serine, we speculate that the activation
of TGF-B2 might not be regulated by integrins.
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Figure 16: The RGD peptide in human TGF-f and its binding to human integrin aV36. A)
The latency-associated peptide (LAP) of TGF-B1 and TGF-B3 contains a RGD peptide,
which is absent in the LAP of TGF-B2. B) Binding of the RGD peptide from TGF-B3 to
integrin aVB6. C) Binding of the RGD peptide from TGF-B1 to integrin aVB6. RGD peptide,
gold carbon atoms; residues of integrin oV, gray carbon atoms; residues of integrin B6;
pink carbon atoms; dashed gray lines are potential hydrogen bonds, a solid gray line
connects the negatively charged aspartate of the RGD peptide to the cation at MIDAS
(green sphere) on the integrin 6 subunit.

Citrullination of arginine within the RGD motif leads to the loss of the strong
ionic interaction with the negatively charged aspartate residue in the B-propeller
domain of the aV subunit (Figure 4D, publication I). Our structural analysis is in
complete agreement with the experimental observations in which citrullination
of the RGD site significantly reduced the binding of the B1-LAP protein with
integrin aVB6 (Figure 4B, publication I). Since the side chain of citrulline is
stabilized by both hydrophobic and hydrogen bonding interactions with the oV
subunit, a complete elimination of the binding of CitGD to integrin otVB6 might
not be possible. These findings indicate that citrullination would likely reduce
the integrin mediated activation of both TGF-B1 and TGF-f3.

5.1.5. Citrullination interrupts active TGF-B1 binding to the TGF-
BRII receptor

X-ray crystal structures are available for the human TGF-BRI/TGF-BRII complex
bound to human TGF-1 (PDB ID: 3KFD (Radaev et al. 2010)) and TGF-B3 (PDB
ID: 2PJY (Groppe et al. 2008)). In each ternary complex, two arginine residues
from the TGF-B1 and TGF-3 growth factors make strong ionic interactions with
amino acids that have acidic side chains present on TGF-BRII (Figure 6B in
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publication I shows interactions between TGF-B1 and TGF-BRII). Experimental
observations from our collaborators showed that PAD2 mediated citrullination
of human TGF-B1 significantly reduced the binding of TGF-B1 with TGF-BRII
(Figure 6A, publication I). Elimination of these strong ionic interactions due to
citrullination may destabilize the TGF-B1/TGF-BRII complex (Figure 6C,
publication I), largely contributing to the loss of binding affinity since the
hydrogen bonding capacity would likely remain unchanged and a complete loss
of binding would be unlikely. Structural analysis of human TGF-32 (PDB ID: 2TGI
(Daopin et al. 1992)) showed that the two arginine residues in TGF-B2 are
replaced by lysine residues. Thus, our findings suggest that while TGF-B1 and
TGF-B3 are likely to be affected by citrullination, TGF-B2 should not be.

5.2. Regulatory function of the PRD-like homeodomain
LEUTX in early embryonic development (Publication III)

Our collaborators identified a family of transcription factors - PRD-like
homeobox proteins - that function during the very earliest cell divisions in
human embryos, including LEUTX and several other family members that
recognize a 36 bp DNA motif; a luciferase reporter assay was used for
identification (Jouhilahti et al. 2016; T6honen et al. 2015).

In order to examine the effect of each PRD-like HD and exclude the
involvement of other non-PRD-like TFs binding to this motif, our collaborators
engineered a luciferase reporter construct with an 11 bp motif containing the
predicted LEUTX binding site TAATCC. LEUTX, OTX2 and TPRX1 strongly
activated the reporter gene, while DPRX showed downregulation, and ARGFX,
CPHX1 and CPHX2 showed no significant effect (Figure 1A and C, publication III).
Previous in vitro studies reported that HDs with a lysine residue at position 50
show a strong preference for the canonical TAATCC motif (Noyes et al. 2008;
Tucker-Kellogg et al. 1997) and sequence alignment of the PRD-like HDs
revealed that human LEUTX, OTX2, TPRX1 and DPRX have residue K50, while
CPHX1 and CPHX2 have Q50, and ARGFX has R50 (Figure 1D, publication III).
Therefore, the non-K50 type HDs are not expected to bind to the TAATCC motif
with the same affinity as the K50 HDs.

5.2.1. Specificity determining residues of LEUTX recognize the
major and minor grooves of the DNA motif TAATCC

To identify the important determinants that play key roles for HD-DNA
interactions in LEUTX, we examined the X-ray crystal structures of HD-DNA
complexes. Residues at positions 2, 3 and 5 on the N-terminal arm and at
positions 47, 50, 51, 54 and 55 on the recognition helix of the HDs have been
shown to contribute to the DNA binding specificity (Noyes et al. 2008). Since, no
experimental structure of LEUTX existed, we prepared a 3D structural model of
the human LEUTX-HD in complex with the dsDNA motif STAATCC3 using the
homology modeling approach; note that the motif includes the complementary
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strand. Positively charged residues, R53, K55 and K57 in the LEUTX recognition
helix, have the potential to form electrostatic interactions with the negatively
charged phosphate backbone of duplex DNA, which might regulate the scanning
mechanism of LEUTX-HD recognition of its target sequence. Residues K50, N51
and R58 in the LEUTX recognition helix, when inserted into the DNA major
groove, form a network of direct and water mediated hydrogen bonds with the
TAATCC motif (Figure 4B, D and F, publication III). In both primates and rodents,
position 47 is mostly occupied by nonpolar residues (Figure 2, publication III};
[47 in the human LEUTX model would stabilize the HD-DNA interface where it
forms hydrophobic contacts with the methyl group of the thymine base (Figure
4B and F, publication III).

Generally, the recognition helix of an HD is responsible for interacting with
DNA at the major groove, while the flexible N-terminal arm facilitates the search
for and binding to the adjacent minor groove (Vuzman, Azia, and Levy 2010). In
the LEUTX model, residues R2/R3 and R5 in the N-terminal arm would bind
directly to nucleotide bases in the DNA minor groove (Figure 4B, publication III).
Among all three arginines, R5 is the most conserved residue observed across
eutherian species (Figure S1, publication III) and is involved in direct contact
with the TAATCC motif; whereas, the second most conserved arginine, R2, forms
a network of direct and water-mediated hydrogen bonds (Figure 4B, publication
[11). The details of molecular interactions are described in publication III.

5.2.2. Loss-of-function mutation A54V reduces LEUTX binding with
the DNA motif, whereas I147T is compensatory

Our collaborators examined seven available human genotype resources for
LEUTX variants that could potentially affect the function of LEUTX. Interestingly,
an individual in the 1000 Genome data (Auton et al. 2015) was identified with a
single heterozygous missense mutation A54V in the recognition helix of the
LEUTX homeodomain; however, this rare allele was not passed on from father to
son. In the LEUTX recognition helix, the absence of the 147-V54 combination in
the inter-species comparison of the amino acid sequences from eutherian
mammals (Figure 2, publication III), raises the possibility that the 147-A54V
combination in LEUTX would lead to compromised DNA binding.

Our structural analysis showed that residue A54 in both the LEUTX model and
the engrailed homeodomain template structure (PDB ID: 2HDD (Tucker-Kellogg
et al. 1997)) faces the DNA motif: the small side chain of alanine provides more
free space for water molecules to form a network of water mediated hydrogen
bonds linking other specificity determining residues that are essential for DNA
motif recognition. The substitution of alanine by a bulkier valine residue at
position 54 would likely displace the interfacial water molecules (Figure 4F and
H, publication III); disruption of the water mediated hydrogen-bonding network
is the most plausible cause for the poor binding of the A54V mutant. These
structure-based predictions are in good agreement with the experimental data
(Figure 4L-N, publication III).
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In contrast to the 147-A54V residue combination, the single 147T mutation
and the double 147T-A54V mutation in the LEUTX recognition helix showed no
change in the luciferase reporter assay activity compared to wild-type (Figure
4L-N, publication III). Interestingly, both residue combination, T47-A54 and
T47-V54, were found in the inter-species sequence alignment of the LEUTX
recognition helix (Figure 2, publication III). In the human LEUTX model, the
substitution of 147 by a more compact but polar T47 residue provides extra
potential to stabilize interaction with the TAATCC motif (Figure 4G and I,
publication III). The interactions mediated by the side chain of residue T47 are
most likely sufficient to compensate for any interruption of the hydrogen-
bonding network due to the A54V mutation.

5.2.3. The C-terminal Leutx domain may have transcriptional
regulatory properties

Sequence analysis revealed that the LEUTX protein is comprised of two distinct
domains: the N-terminal HD, and the C-terminal Leutx domain of about 110
amino acid residues (Figure 17). Our sequence analysis revealed that the human
Leutx domain consists of a long disordered region of about 75 amino acids
followed by three small a-helices.

gioove 23 9aaTAD
N-terminal ) “F‘;
arMajor @ :4 143 IEQICLMB 161 EIDEFVKIY169 191YDQL0195
groove . Helix Il |
M1Y8 S | '

Disorder
Helix
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Figure 17: The LEUTX gene encodes the LEUTX protein that consists of the N-terminal
homeodomain (HD) and the C-terminal Leutx domain. The LEUTX-HD folds into three o-
helices, of which the latter two (helix II and helix III) form a helix-turn-helix structural
motif. Helix Il (orange), known as the recognition helix, forms key molecular
interactions with DNA bases in the major groove (cyan), while the flexible N-terminal
arm preceding helix I inserts itself into the DNA minor groove (cyan). In the Leutx
domain, three helical regions (blue curve) are predicted within the structurally ordered
region (brown curve). The second predicted helix (red box) has potential to function as
a nine-amino-acid transactivation domain (9aaTAD) found in several transcription
factors reported to interact with the KIX domain of the CREB-binding protein (CBP).
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One of the o-helices, 161EIDEFVKIY169 rich in hydrophobic and acidic amino
acids, was predicted as a likely nine-amino-acid transactivation domain
(9aaTAD), which could mediate interactions between the LEUTX transcription
factor and transcriptional co-activator proteins. Interestingly, the 9aaTAD motif
is absent in DPRX, which could explain why DPRX functions differently than
LEUTX in the luciferase reporter assays. Recently, we identified the 9aaTAD
motif in the C-terminal region of the human DUX4 transcription factor and
experimentally showed its binding with the KIX domain of CREB-binding protein
(Vuoristo et al. 2022).

5.3. Prediction of SARS-CoV-2 vaccine epitopes to elicit T
cell-mediated immunity (Publication IV)

In order to help us understand COVID-19 disease progression, we performed a
thorough literature search to understand the process of T cell-mediated
destruction of virus-infected cells. In the infected cell, the cytosolically derived
viral peptide fragments bind to the MHC class 1 (MHC-I) protein molecules
assembled within the endoplasmic reticulum and are subsequently translocated
to the cell surface for recognition by the T cell receptor (TCR) of the cytotoxic T
cells, ultimately leading to the elimination of the infected cells. Since epitopes
from SARS-CoV proteins have already been shown to stimulate a strong cytotoxic
T cell immune response against the infected host cells (Kohyama et al. 2009; Tsao
et al. 2006), we performed computational analyses to narrow down the MHC-I
specific epitopes that would likely elicit an effective cytotoxic T cell response to
SARS-CoV-2 infection.

5.3.1. MHC class I allotypes should bind specifically to 9-mer
epitopes derived from structural and non-structural SARS-CoV-2
proteins

We first predicted the binding affinity (expressed as ICso) of all possible linear 8-
to 11-mer epitopes derived from the SARS-CoV-2 proteins (Table 1, publication
IV) to HLA-A and HLA-B allotypes (Table S1A, publication IV for the list of
allotypes), using the immune epitope database (IEDB) web server (Vita et al.
2019). Based on the predicted binding affinity scores, the epitope-HLA (eHLA)
complexes were classified into three different groups: strong binders (ICso < 50
nM), weak binders (50 nM < ICso < 500 nM) and non-binders (ICsp > 500 nM).
Comparison of the top one percentile of highest scoring eHLA complexes showed
that the 9- and 10-mer epitopes have, on average, a higher predicted binding
affinity with the HLA allotypes than do either the 8- or 11-mer epitopes (Figure
1A, publication IV). More specifically, there were about 52% more 9-mer
epitopes predicted to bind to HLAs in comparison with 10-mer epitopes (Figure
1B, publication IV). Thus, the top one percentile of 9-mer epitopes were
considered for further analysis.
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The top one percentile 9-mer eHLA complexes (ICso £ 50 nM) with an
immunogenicity score > 0.25 (Vita etal. 2019) were compared to those predicted
by the NetCTL1.2 web server using default parameters (Larsen et al. 2007). The
eHLA complexes identified from this combined approach showed that the
majority of epitopes (~68%) are derived from nsp3, nsp4, spike and membrane
proteins and are predicted to elicit a strong immune response for the elimination
of infected host cells (Figure 1C, publication IV).

5.3.2. Comparison of the in silico predicted SARS-CoV-2 epitopes
with the experimentally validated SARS-CoV epitopes

The predicted 9-mer epitopes were then selected for comparison with the
experimentally identified epitopes of SARS-CoV strains (data retrieved from the
IEDB database). We identified 29 eHLA complexes that are common to both
SARS-CoV and SARS-CoV-2 (Table S8, publication IV) and a total of six epitopes
were identified that interact very strongly (experimental ICso from 0.23 to 24.6
nM) with both the HLA-A*02:01 and HLA-A*02:06 allotypes (Table 3, publication
IV). These immunogenic epitopes that bind strongly (ICso <50 nM) to HLAs were
selected for further analysis.

Since mutations at certain positions in an immunogenic epitope interfere with
peptide binding to HLAs (Falk et al. 1991), we examined the evolutionary
conservation of the epitopes by performing a blastp search against the non-
redundant sequence database of SARS-CoV-2. Five epitopes were found to have
100% sequence identity with the proteins of SARS-CoV-2 (Table 3, publication
IV), suggesting that these fully conserved peptide sequences also bind to HLAs
and activate the cytotoxic T cell response against SARS-CoV-2.

5.3.3. Sequence properties that regulate the efficiency of epitope
presentation to stimulate an effective immune response

In order to gain insight into understanding the sequence properties of the
predicted immunogenic epitopes that bind to MHC-I molecules, we analyzed
the experimentally known complexes of HLA-A*02 allotypes bound to 9-mer
epitopes from a wide range of pathogens and retrieved from the IEDB database.
We first examined the enrichment of hydrophobic residues in the
experimentally identified epitopes using the Kyte-Doolittle grand average of
hydropathicity (GRAVY) scale (Kyte and Doolittle 1982). Our analysis showed
that the immunogenic epitopes (ICso < 50 nM) are more enriched in
hydrophobic residues - particularly aromatic residues - in comparison to the
non-immunogenic epitopes (ICso > 500 nM) (Figure 18A) and about 67% of the
immunogenic epitopes do not contain charged residues (Figure 18C). The
average hydropathy scores at positions 1, 3, 5, 6 and 7 in the immunogenic
epitopes are greater than 0.5, suggesting that these positions are likely
occupied by hydrophobic residues (Figure 18B), and this agrees with published
results (Chowell et al. 2015). Similarly, our analysis of the in silico identified
SARS-CoV-2-derived eHLA complexes showed that about 55% of the
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immunogenic epitopes have a GRAVY score >1 (i.e., enriched in hydrophobic
residues), whereas 19% are found in the non-immunogenic epitopes (Table S8,
publication IV), which partly explains why the most potent immunogenic
epitopes are derived from either hydrophobic or transmembrane regions of
SARS-CoV-2 proteins.
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Figure 18: Comparative analysis of chemical properties and composition of amino acid
residues in experimentally identified HLA-A*02-binding 9-mer epitopes. A) Propensity,
immunogenic to non-immunogenic frequency ratio, of each amino acid residue as a
function of its corresponding hydropathy index value. Amino acids with aromatic side
chains show a high propensity for immunogenic epitopes, while charged residues show
a high propensity for non-immunogenic epitopes. B) Comparison of positional
hydropathy indices of the immunogenic (ICso < 50 nM) and non-immunogenic (ICso > 500
nM) HLA-A*02-binding 9-mer epitopes. The hydropathy index value was assigned to
each amino acid for the calculation of the position-wise mean hydropathy index. C)
Number of charged residues within the HLA-A*02-specific immunogenic epitopes. Data
were plotted using GraphPad Prism (GraphPad software, version 8.0.0)

In addition to hydrophobicity, the immunogenicity of epitopes also depends on
the stability (expressed as half-life) of the cell-surface eMHC-I complex
(Harndahl et al. 2012). Again, we turned to examples from a wide variety of
pathogens within the IEDB database, in this instance examining the half-life of
each of the experimentally known epitope-HLA-A*02 complex (n = 6500) using
the NetMHCstabpan1.0 web server (Rasmussen et al. 2016). This analysis
revealed that the predicted half-life of the immunogenic (ICso < 50 nM) eHLA-
A*02:01 complexes is about four-fold higher than the non-immunogenic (ICso >
500 nM) complexes (Figure S1A, publication V). Moreover, comparison within
the immunogenic eHLA-A*02 complexes showed that the half-lives for eHLA-
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A*02:01 complexes are about two-fold higher than the eHLA-A*02:06 complexes
(Figure S1A, publication 1V).

We obtained similar results from our analysis of the predicted SARS-CoV-2-
derived eMHC-I complexes: both the HLA-A*02:01 and HLA-A*02:06 allotypes
have longer predicted half-lives with the immunogenic epitopes in comparison
to other HLAs (Table S8, publication 1V). The eHLA-A*02:01 complexes were
similarly observed to have a predicted half-life of more than two-fold in
comparison to the eHLA-A*02:06 complexes (Table S8 and 4, publication IV).

5.3.4. Structural properties of the epitope-HLA (eHLA) complexes
defining T cell receptor (TCR) recognition

To identify the important structural features that determine molecular
recognition between the 9-mer epitopes from SARS-CoV-2 and MHC-I
molecules, we docked the predicted top immunogenic epitopes (Table 4,
publication IV) to the peptide-binding cleft that is formed between the o1 and
o2 domains of the HLA-A*02:01 (PDB ID: 5TEZ (X. Yang et al. 2017)) and HLA-
A*02:06 (PDB ID: 30XR (Jingxian Liu, Chen, and Ren 2011)) allotypes. The
docked backbone conformations (over Ca atoms) of the predicted epitopes
matched well that observed in the 3D structure of the influenza A virus epitope
IGILGFVFTL® complexed with HLA-A*02:01 (PDB ID: 5TEZ) (Figure S1C-D,
publication 1V). More specifically, the residues at positions 1, 2, 3 and 9 of the
docked epitope 1220FIAGLIAIV1228 (S protein) are completely buried within the
peptide-binding cleft of HLA-A*02:01 (Figure 2C-D, publication IV), providing
structural constraints to the N- and C-termini of the epitope. However, the
partially solvent-exposed residues at positions 4-8 of the docked epitope
1220F]AGLIAIV1228 make hydrophobic interactions with the solvent-exposed
residues of the ol and o2 domains of HLA-A*02:01 (Figure 2C and E,
publication IV).

The published atomic structure of the HLA-A*02:01-1GILGFVFTLS-TCR
complex (PDB ID: 5TEZ) shows that the !GILGFVFTL?® epitope binds to TCR
through the partially solvent-exposed residues. To understand the molecular
basis of TCR binding to the SARS-CoV-2-derived eMHC-I complex, we superposed
the docked HLA-A*02:01-1220F[AGLIAIV1228 complex onto the X-ray crystal
structure of HLA-A*02:01-1GILGFVFTL®-TCR complex and the coordinates of
TCR were then extracted to generate a complete model of the HLA-A*02:01-
1220FJAGLIAIV1228-TCR complex (Figure 3B (at t = 0 ns), publication 1V). Visual
analysis of the modeled ternary complex suggests that loops on the o chain and
B chain of the TCR molecule play an essential role in recognition of the eMHC-I
complex (Figure 2D, publication IV). More specifically, residues on the CDR3a
and CDR3p loops could be important for recognizing the eHLA complex likely
due to their direct contacts with the side chains of residues from the epitope
1220FJAGLIAIV1228 and from HLA-A*02:01 (Figure 2E, publication 1V). The
stability of the HLA-A*02:01-1220FIAGLIAIV1228-TCR complex was evaluated by
monitoring the root-mean-square deviation (RMSD) of the Co atoms during

55



molecular dynamics (MD) simulations (Figure 3A-B, publication IV). The results
from MD simulations are in agreement with the predictions that we made based
on our molecular modeling approach.
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6. Discussion

In this thesis, we primarily focused on in silico predictions, but we were also
highly dependent on different levels of support from collaborative experimental
data and published literature. Each of the three projects were challenging due to
a lack of experimental information and therefore different computational tools
were used, and the results were validated as much as possible using external
data.

6.1. Citrullination of extracellular proteins in synovial fluid from
patients with RA (Publications I and II)

In publications I and II, as a basis for our in silico study, we used the
experimentally identified citrullinated peptide sequences from the ECM proteins
that were found enriched in the synovial fluid samples of patients with RA. In
order to understand the potential role of citrullination on protein structure and
function, the citrullinated peptides were mapped onto the experimentally
determined 3D structures of the ECM proteins.

In publication I, our in-depth visual inspection of the mapped structures
revealed that most of the growth factors (GFs) contain at least one arginine
residue at the GF-GF receptor interface. Citrullination of these GFs would most
likely alter their molecular functions similar to that seen for the citrullinated
TNF-a (Moelants et al. 2013) because citrullination changes the chemical
characteristics of the arginine residue, including the charge and hydrogen-
bonding potential. The interfacial arginine residues have been observed to play
a crucial role in TGF-B1 activation in which the RGD motif of TGFB1-LAP first
binds to the ectodomain of integrin aVB1, aVP5, aVB6, and otVPB8 for the release
of activated TGF-B1 (X. Dong et al. 2014; Reed et al. 2015; Tatler and Jenkins
2012), and later, the released TGF-B1 binds to TGFBRII via two arginines (Groppe
et al. 2008; Radaev et al. 2010). Our in-depth study demonstrated that
citrullination of these arginines disrupts the biological function of TGF-B1 by
inhibiting the integrin oVB6 mediated TGF-B1 activation and by blocking the
binding of TGF-B1 to its own cell surface receptor TGFBRIL. Since the LAP of TGF-
B2 does not contain an RGD motif, its activation is probably completely
independent of an integrin receptor, unlike that of TGF-B1 and TGF-B3. Binding
of the RGD peptide from TGFB3-LAP to integrin aV6 (PDB ID: 4UM9 (X. Dong et
al. 2014)) indicates that citrullination might affect its binding to the integrin
receptor similar to that of TGF1-LAP. Furthermore, residues equivalent to the
two arginines in the activated form of TGF-B1 and TGF-B3 are replaced by lysine
residues in TGF-B2, suggesting that citrullination might not have any direct
impact on the binding of TGF-B2 to TGFBRII.

This study is the first to demonstrate the effect of citrullination on ECM
associated GFs, despite the fact that extracellular citrullination has been
associated with inflammatory diseases (Uysal et al. 2010). The extracellular
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citrullination activity of PAD2 and PAD4 enzymes is clearly making the RA
disease more active and worse, since the citrullinated arginine residues in RA
patients were frequently found at the interfaces of proteins critical for the ECM
and its repair.

PAD enzymes lack the classical secretion signal sequence, suggesting they
function to citrullinate intracellular proteins only. In RA, however, PAD enzymes
apparently leak out from the cytoplasm into the ECM space. The exact cause of
extracellular citrullination activity is not clear yet but various types of cellular
stress stimuli can induce apoptotic or necrotic cell death, in which the lysed cells
release the PAD enzymes into the calcium-rich extracellular space. Interestingly,
the detection of PAD-mediated citrullination activity in other inflammatory joint
diseases suggests that citrullination is not an RA-specific phenomenon
(Makrygiannakis et al. 2006). However, the anti-citrullinated protein antibodies
(ACPAs) in the synovial joints are highly specific for RA (Schellekens et al. 1998);
and because of that, the anti-cyclic citrullinated peptide (CCP) antibody is widely
used as a diagnostic biomarker of RA for the detection of ACPAs (Aggarwal et al.
2009).

In publication II, our in-depth visual inspection of the published 3D structures
that were mapped with the experimentally identified citrullinated peptides
revealed that about 20% of the citrullinated arginines have a potential role in
protein-protein interactions. The importance of arginine residues for protein-
protein interactions relevant to inflammation and tissue remodeling was shown
through engineered alanine mutations of arginine residues in angiogenin
(Shapiro and Vallee 1992). Mutation of R5, R33 and R66 led to significantly
reduced blood vessel formation (Shapiro and Vallee 1992).

The classical integrin-binding RGD motif in fibronectin (FN) was not found
citrullinated even with a high concentration of PAD2 and PAD4 enzymes,
suggesting that the side chain of arginine in RGD is not accessible to the catalytic
site of the PAD enzymes. Surprisingly, R234 in another integrin-binding
NGR/isoDGR motif, also located in FN, was found citrullinated in inflamed
synovial fluid. Experimental studies from our collaborators identified that the
citrullination of R234 disrupts the binding of the isoDGR motif to integrin aV{33.
Since the isoDGR motif has been suggested to be involved in the process of ECM
assembly with FN (Takahashi et al. 2007; J. Xu et al. 2010), citrullination of R234
may adversely affect the assembly of extracellular proteins in the inflamed joints
of patients with RA.

Despite the fact that the isoDGR motif is the inverse sequence of the RGD motif
in FN, the competitive binding assays showed that both the motifs have
comparable binding affinity for integrin aVB3 (Curnis et al. 2006). Since the
isoDGR motif shares a high degree of chemical and geometric complementarity
with RGD, we performed manual docking by placing the cyclic form of the isoDGR
motif, in an inverted orientation, within the RGD binding pocket of integrin aV33.
Interestingly, an additional methylene group (-CH»-) in the isoDGR motif leads to
more flexibility than is present in the canonical RGD motif, which might explain
why a citrullinated form of isoDGR motif only partially reduces its binding with
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integrin VB33 (Publication II), whereas citrullination of the less flexible RGD
motif in TGFB1-LAP drastically reduced its ability to bind to integrin oV6
(Publication I).

Our sequence and structural analyses do not support a previous proposal
(Arita et al. 2006) that the small side chain of a polar residue at the N-2 position
could determine the substrate specificity of PAD enzymes. In our analyses on
available structures where citrullinated peptides were identified in RA patients,
we did not identify any characteristic sequential or structural motifs, including
secondary structure, which would lead to citrullination of specific arginine
residues; indeed, only a solvent-exposed arginine side chain appears necessary
and sufficient for binding to PADs and their citrullination activity. In a few cases,
the arginine residues were not exposed to solvent in the known 3D structures;
consequently, these arginine residues must become solvent-exposed by some
mechanism in order to be citrullinated. To conclude, this study shows that
arginine residues play a crucial function in protein-protein interactions and
especially regarding the integrity of the ECM. Citrullination of arginine residues
has the potential to induce inflammatory disease and tissue destruction.

6.2. Human LEUTX activates transcription of genes involved in
embryonic genome activation (Publication III)

In publication III, we combined in silico study with experimental data from
collaborators to assess the importance of the human PRD-like LEUTX protein in
early embryonic development. The published sequence and structural data led
us to identify functionally important DNA-binding residues in homeobox
proteins. Previous studies have demonstrated that mutations of residues at
positions 2, 3, and 5 on the N-terminal arm, as well as residues at positions 47,
50, 51, 54, and 55 on the recognition helix of homeodomains, are sufficient to
affect the DNA-binding specificity (Ades and Sauer 1994; Noyes et al. 2008). To
our knowledge, this is the first mutational study on the human PRD-like
homeodomain protein suggesting that a change in the amino acids at positions
47 and 54 in LEUTX affects its binding specificity towards the TAATCC dsDNA
motif, and therefore the expression level of the target gene is affected.

The HD structure of LEUTX is not known. However, sufficient structures were
available to produce a high quality model structure for wild-type LEUTX as well
as for several mutants indicated from our phylogenetic analysis. The mutation
A54V in the recognition helix significantly reduces LEUTX activity, while the
mutation [47T has no effect; and our structural models supported the results of
the experimental studies. The presence of T47 would likely tune the DNA-
binding affinity of LEUTX by adjusting the hydrogen-bonding interactions with
other highly conserved residues at the specificity determining positions. The
large hydrophobic side chain in A54V mutation has the potential to disrupt the
aqueous interfacial hydrogen-bonding network in the human LEUTX-dsDNA
complex; a network of water-mediated hydrogen bonds has been observed to
play a crucial role in improving the fitting of homeodomain and DNA surfaces
(Jayaram and Jain 2004). Surprisingly, the double mutant form of LEUTX - [47T

59



and A54V - restores transcriptional activity and the [47T mutation is sufficient
to compensate for the loss in binding affinity due to A54V mutation.
Interestingly, a previous study demonstrated that residues at positions 47 and
54 in homeodomains have a significant correlation with respect to binding a
specific nucleotide (Chu et al. 2012). Similarly, our structural models and
experimental data from collaborators confirm this cooperative functional
behavior between the residues at these two positions.

Sequences from the C-terminal region of LEUTX of primates showed the
presence of a sequence motif enriched in hydrophobic and acidic amino acids,
which could most likely act as a transcription activation domain (TAD). This type
of motif has been studied extensively in DNA-binding proteins where it mediates
activation of transcription through interactions with general transcriptional
coregulators, such as MED15, CBP and p300 (Piskacek 2009; Piskacek et al. 2016,
2021). This study does not provide any experimental support for the predicted
9aaTAD motif in the human LEUTX C-terminal region; however, our most recent
study of the PRD-like human DUX4 showed that the 9aaTAD motif interacts with
mediator complexes via the KIX binding domain of the coactivator CBP protein
(Vuoristo et al. 2022). Thus, the HD region binding to the dsDNA motif is not
sufficient for determining the function of LEUTX since the C-terminal region,
including protein recognition motifs like 9aaTAD, are essential. A previous study
from our collaborators showed that LEUTX is able to activate only about 25% of
the upregulated genes during embryonic genome activation (EGA) (Jouhilahti et
al. 2016), indicating that either PRD-like or other TFs play a crucial role in
activating the full set of EGA genes. For example, our recent study showed that
human DUX4 is expressed at the early pre-implantation stage in the embryo
where it activates thousands of newly identified enhancer regions by altering
chromatin accessibility (Vuoristo et al. 2022).

Taken together, we combined comparative sequence analysis, structural
predictions, and experimental results from collaborators to address the
hypothesis that LEUTX plays an essential role in early human embryonic
development as suggested earlier (Jouhilahti et al. 2016). Our data show that the
DNA-binding specificity is determined by a small set of residues in LEUTX and
mutations in these residues are enough to affect its transcriptional activity for a
TAATCC-containing promoter in genes involved in EGA, but the C-terminal
region is also pinpointed for its importance.

6.3. Prediction of SARS-CoV-2-derived T cell epitopes that exactly
match experimentally validated SARS-CoV epitopes (Publication IV)

In publication 1V, we mainly focused on the prediction of potential SARS-CoV-2
epitopes that exactly match with the experimentally known SARS-CoV epitopes,
known for eliciting cytotoxic T cell-mediated immune response. The
immunogenicity of peptides bound to MHC-I molecules depends on several
factors: 1) the binding affinity of peptide to the MHC-I molecule, 2) the efficiency
of peptide processing by antigen presenting cells, 3) the stability of the pMHC-I
complex, 4) the evolutionary conservation or “sequence stability” of the
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epitopes, and 5) the hydrophobicity of the peptides. For the prediction of epitope
binding affinity, a consensus approach was used in which the output from two
different tools — NetCTL1.2 and IEDB - were compared with each other in order
to improve the prediction results.

Our results showed that many peptides derived from nonstructural,
membrane (M) and spike (S) proteins of SARS-CoV-2 are likely to be presented
by MHC-I molecules. The C-terminus of the spike protein has been shown to
induce a strong T cell immune response in patients infected with SARS-CoV-2
(Braun et al. 2020). One of our predicted epitopes 1220FIAGLIAIV1228 gverlaps
with the C-terminal sequence of the spike protein containing the S2 subunit,
which plays an essential role in SARS-CoV-2 virus entry. Therefore, we speculate
that this epitope may also be important for inducing the protective immune
response against the SARS-CoV-2 infection similar to that seen in patients
infected with SARS-CoV (Y.-D. Wang et al. 2004). Surprisingly, the
1220F]AGLIAIV1228 epitope is also found in four predicted MHC-II specific 15-mer
epitopes, suggesting that CD4+ cells could interact with MHC-I molecules. Indeed,
a study that was published while our study was under review suggested that
cross-reactivity may provide a “back-up” immune response and could affect
disease progression in COVID-19 (Grifoni et al. 2020). Overall, our results
suggest that the C-terminus of the spike protein might function as a double-edge
sword, being essential for viral entry into the host cells, but also crucial for
induction of protective immunity against SARS-CoV-2.

The SARS-CoV-2 genome shares about 79% sequence identity with the SARS-
CoV and mutations are likely to affect the ability of MHC-I to recognize and bind
SARS-derived peptides; thus the effectiveness of the cytotoxic T cell-mediated
immune response is vulnerable for mutations. For example, the SARS-CoV-2-
derived, predicted M protein epitope 148HLRIAGHHL!6, which has a poor
predicted binding affinity (ICsp = 1693 nM) towards HLA-B*15:02, shares 78%
sequence identity with the experimentally identified SARS-CoV epitope
147HLRMAGHSL?55 also from a M protein and shown to stimulate a strong T cell
immune response in patients with the HLA-B*15:02 allotype (0. W. Ng et al.
2016). Binding affinity prediction study showed that the SARS-CoV-derived
147HLRMAGHSL!55 epitope bind with a high affinity (ICso = 232 nM) to HLA-
B*15:02, which has been shown to elicit a strong protection against the severe
form of SARS-CoV infection (M. H. L. Ng et al. 2010).

Previous studies have proposed that the stability of eMHC-I complex is a
better predictor of immunogenicity than the binding affinity (Burg et al. 1996;
Harndahl et al. 2012). Our data showed that about 86% of the predicted
immunogenic epitopes (ICso < 50 nM) that match with the experimental data had
half-lives for the eMHC-I complexes of more than 1 hour, while only 15% of the
non-immunogenic epitopes (ICso > 500 nM) had half-lives in this range,
suggesting that the two predictors are highly correlated and complement each
other very well. Since the high mutation rate of a virus can facilitate rapid escape
from adaptive immune response (Lewnard and Grad 2018), it is important to
examine the sequence stability of the predicted epitopes among different
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variants of concern for the development of effective vaccines against COVID-19.
Our analyses showed that epitopes derived from transmembrane helices (TMHs)
have not changed during the evolution of SARS-CoV-2, suggesting an important
role of these epitope sequences in viral pathogenesis, and simultaneously,
making these epitopes potential candidates for eliciting a strong cytotoxic T cell
response against SARS-CoV-2 itself.

In order to gain better insight into how individual amino acids in an epitope
contribute to MHC-I binding, we performed an in-depth structural examination
of the published X-ray structures of MHC-I molecules complexed with pathogen-
derived epitopes. Furthermore, this structural information was used as a basis
for the protein-peptide docking of the SARS-CoV-2-derived epitopes to HLA-
A*02:01 and HLA-A*02:06. The conformational flexibility of the side chains of
MHC-I cannot be ignored when docking long epitopes, and therefore, a flexible
docking approach was used to avoid steric clashes at the protein-epitope
interface. Our data demonstrate that residues at positions 1, 2, 3 and 9 are mainly
hydrophobic and are essential to provide steric constraints to the N- and C-
termini of the epitopes, while the partially solvent-exposed residues at positions
4-8 interact with both MHC-I and TCR.

Taken together, this study shows that the predicted highly immunogenic
epitopes of SARS-CoV-2 could provide support for the development of COVID-19
vaccines. Since the sequences of the high-ranking epitopes are 100% identical
among all variants of SARS-CoV-2 and match exactly with the experimental data
from SARS-CoV, a common vaccine protecting against all strains and potential
future variants is possible. Moreover, the conserved epitopes with long half-lives
are presented by only a few MHC-I molecules, which cover a large proportion of
the world population. Therefore, developing a globally effective vaccine will
probably require the involvement of multiple immunogenic epitopes restricted
to specific allotypes that cover the largest human population.

6.4 Limitations of the research

Molecular modeling has been widely accepted as a valuable tool for studying
macromolecular interactions and drug discovery, and the predicting methods
are being developed all the time. However, a predicted model without any
experimental evidence may mimic a real biomolecular complex but contain gross
errors, or even has nothing to do with a real biomolecule, and may hence lead to
wrong conclusions. The level of confidence one places in a model largely derives
from the experimental knowledgebase that is available. What structures or
complex structures are available? How similar are the sequences of the
structures to your target? Mutations are frequently investigated for their effects
on function: have engineered mutants been tested? Ligand binding?

In this thesis, all of the in silico predictions were thoroughly validated using
experimental data from our collaborators and/or from the literature. Depending
on the project requirements and schedule, the computational resources were
utilized to the best of our knowledge and we have always sought to clearly
present the likely reliability of the results and conclusions. In publication I and
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I1, the analysis of the effects of citrullination on protein-protein interactions was
based on the static structural information from X-ray crystal structures of the
protein complexes and a variety of experimental data was available from our
collaborators and used to assess our prediction. In publication III, putative
protein-protein interaction sites involving the 9aaTAD sequence motifs were
predicted to be located in the C-terminal domain of the LEUTX protein.
Experimental analyses to demonstrate the importance of these sites were not
conducted during the course of this study, but the analogous site on the related
transcription factor DUX4 was shown by us to be important for protein-protein
interactions. In publication IV, we predicted immunogenic epitopes of SARS-CoV-
2. However, the training dataset used for machine learning did not cover all of
the HLA class I allotypes and was trained on SARS-CoV data, since experimental
data on SARS-CoV-2-derived epitopes was not yet available when this study was
conducted. Consequently, we were very conservative in our predictions and,
hence, we may have missed some potential epitopes.
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7. Conclusion

In order to study the structural and functional consequences of molecular
interactions, we carried out an extensive in silico study on three biological
datasets that are related to humans and human health: 1) uncontrolled
citrullination of ECM proteins in the inflamed synovial joints of RA patients, 2)
regulation of early embryonic development by a novel family of PRD-like
transcription factors, and 3) activation of the cytotoxic T cell-mediated immune
response against SARS-CoV-2 derived epitopes.

In publication I, our structure analyses of ECM-associated growth factors (GF)
revealed that the GF-GF receptor complexes possess atleast one arginine residue
at the interaction surface of the GF. More specifically in TGF-B1, the loss of ionic
interactions caused by citrullination of arginine residues significantly reduced
binding to both integrin V36 and TGF-BRII. In publication II, we examined the
ECM proteins citrullinated in the inflamed joints of RA patients, investigating the
specificity determining features of the PAD enzymes. Contrary to early reports,
we found that for citrullination an arginine side chain only needs to be exposed
to solvent but can arise from a-helices, B-strands, loops and -turns. In addition,
there is no sequence motif linked to the enzymatic activity of PADs. Our detailed
structural analysis of one of the ECM proteins, fibronectin (FN), revealed that the
loss of strong ionic interactions caused by citrullination significantly reduced FN
binding to integrin aV33. Our observations from these two studies showed that
citrullination has the potential to affect adversely the critical extracellular
protein interactions that regulate immune responses and other essential cellular
processes.

In publication III, we characterized the human PRD-like LEUTX transcription
factor in depth and identified specificity determining residues in the DNA-
binding domain that are essential for LEUTX binding to the TAATCC sequence
motif of dsDNA, a motif found enriched in genes involved in embryonic genome
activation. The C-terminal domain of LEUTX, the Leutx domain, contains a
specific 9aaTAD sequence motif that can potentially recruit transcription
coregulator proteins. A heterozygotic missense mutation A54V would likely
disturb the network of water-mediated hydrogen bonds linking other specificity
determining residues that are critical for TAATCC motif recognition. The double
mutant form of LEUTX - 147T and A54V -restores binding to the DNA motif since
the T47 residue contributes favorably to the complex stability. Our results
supported a study that demonstrated the essential role of the human LEUTX
during the first few cell divisions in early embryonic development.

In publication IV, we identified SARS-CoV-2 epitopes that were predicted to
bind to cell surface MHC-I molecules. The predicted epitopes were matched with
the experimentally known SARS-CoV-derived epitopes that are known to elicit a
robust cytotoxic T cell-mediated immune response in vitro. The binding of the
selected SARS-CoV-2 epitopes were evaluated by analyzing published X-ray
crystal structures, molecular models and MD simulation trajectories. The HLA-
A*02 allotypes showed the greatest potential to bind the selected epitopes,
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which are mainly hydrophobic in nature and possess longer predicted half-lives
than epitopes that bind to other HLAs. Our observations could assist in
understanding the molecular basis for regulation of SARS-CoV-2-derived
epitopes binding to MHC-I and TCR; the epitopes may enable us to provide useful
information for vaccine development against SARS-CoV-2 and other related
viruses that may emerge in the future.

The studies presented in this thesis demonstrate that even a tiny change in
protein structure can lead to substantial changes in protein function. One atom
change caused by citrullination results in a loss-of-function activity of the ECM
proteins, whereas the “conservative” substitution of amino acids shows
structural consequences on the PRD-like LEUTX transcription factor led to a loss
of binding that could be restored by a second mutation. In addition, the structural
analysis of eHLA complexes demonstrates the significance of individual amino
acids in determining the physicochemical properties of SARS-CoV-2-derived
immunogenic epitopes. Overall, this thesis relied on the synergy obtained by
combining computational and experimental studies focused on understanding
the consequences of molecular interactions on protein structure and function.
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