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Abstract

Protein phosphorylation is an important post-translational modification in cellular signal
transmission. Perturbations in this mechanism can cause phenotypic abnormalities in
organisms. Legumain, also known as asparagine-specific endopeptidase, is a cysteine
proteinase found in plants and animals. Legumain regulates renal and haematopoietic
homeostasis, as well as immunological responses. Its dysregulation is linked to a variety of
malignancies and neurological disorders. Legumain knockout mice have a normal
phenotype with the exception of impaired kidney function, hemophagocytic syndrome, and
extramedullary haematopoiesis. In this work, we examined alterations in protein
phosphorylation in legumain knock-out mice compared to wild-type controls to better
understand how legumain deficiency impacts protein phosphorylation and associated cell
signalling. Phosphopeptides from kidney and liver tissues were enriched and analysed using
mass spectrometry, then verified using western blot and immunohistochemistry. We
identified multiple differentially phosphorylated sites between wild type and legumain
knock out mice. Among them, Y-box binding protein 1, an RNA and DNA binding protein
was found to be differentially phosphorylated on three sites. In legumain-knockout mice
kidneys as well as on HL-60 human cell line model of legumain knock out, a key location
on the serine 100 residue of Y-box binding protein 1 activates the NF-kB pathway, leading
to an increased inflammatory response. This was corroborated by increased expression of
NF-kB genes and their downstream targets. Overall, this work sheds light on the role of
legumain in mice and its effects on several cellular processes.
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Povzetek

Fosforilacija proteinov je pomembna posttranslacijska modifikacija pri prenosu celicnih
signalov. Motnje v tem mehanizmu lahko povzrocijo fenotipske nepravilnosti pri zdravih
organizmih. Legumain, znan tudi kot asparagin-specificna endopeptidaza, je cisteinska
proteinaza, ki se nahaja v rastlinah in zivalih. Legumain uravnava renalno in
hematopoetsko homeostazo ter sodeluje pri imunskem odzivu organizma na patogene.
Spremembe v njegovem delovanju so povezane z razlicnimi malignimi obolenji in
nevroloskimi motnjami. MiSi z izbitim genom za legumain imajo normalen fenotip, z izjemo
oslabljene funkcije ledvic, hemofagocitnega sindroma in ekstramedularne hematopoeze. V
tem delu smo preucevali spremembe v fosforilaciji proteinov pri misih z izbitim genom za
legumain v primerjavi s kontrolami divjega tipa, da bi bolje razumeli, kako odsotnost
legumaina vpliva na fosforilacijo proteinov in povezano celi¢no signaliziranje. Fosfopeptidi
iz ledvic¢nih in jetrnih tkiv so bili obogateni in analizirani z masno spektrometrijo, nato pa
preverjeni s prenosom western in imunohistokemijo. Indentificirali smo ve¢ forsforiliranih
mest. Med njimi so bila, Y-box vezavnem proteinu 1, ki veze RNA in DNA odkrita tri
fosforilirana mesta. Pri miSih z izbitim genom za legumain in pri ¢loveskem modelu, celi¢ni
liniji HL-60, identificirano fosforilirano mesto na serinu 100 proteina Y-box aktivira NF-
kB signalno pot, kar vodi v povecan vnetni odziv. To je bilo potrjeno s povecano ekspresijo
NF-kB genov in njegovih tar¢. To delo osvetljuje vlogo legumaina pri misih in njegovo
vlogo pri celi¢nih in sistemskih procesih.
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Chapter 1

Introduction

1.1 Proteases

Proteases are enzymes that break down peptide bonds in proteins. They play a role in overall
protein breakdown and also control many biological processes. These include managing protein
location, activity, interactions with other proteins, and creating new bioactive molecules. They
help in cellular information processing and assist in generating, transferring, and amplifying
molecular signals. Proteases are classified into six catalytic classes; these are aspartic, cysteine,
glutamic, metallo, asparagine, threonine, and serine proteases [1], [2].

Alternatively, proteases can be classified as endopeptidases if they recognize and cleave a specific
amino acid in the middle of a peptide, or they can be categorized as exopeptidases if they cleave
from either the N-terminus (aminopeptidases) or the C-terminus (carboxypeptidases) of the
peptide [3].

Cell signalling involving specific and limited processing of certain protease substrates is most
often an irreversible step in signal transduction, crucial in many biological processes such as DNA
replication and transcription, cell proliferation and differentiation, tissue development and
remodelling, angiogenesis, neurogenesis, ovulation, inflammation, immunity, and programmed
cell death. Therefore, any alternations in protease activity or its regulation can lead to
pathological conditions, including cardiovascular and inflammatory diseases, cancer, osteoporosis,
and neurological disorders [4].

1.2 Cysteine proteases

Cysteine proteases, also known as thiol proteases, are a group of enzymes that are characterized
by the presence of cysteine residues in their active domain. Papains and cathepsins are part of
the largest cysteine protease family, and are described as an example of cysteine proteases here.
These enzymes require both a nucleophile and a proton donor to function. For cysteine proteases,
the proton donor is a histidine residue while cysteine residue acts as a nucleophile [5].

Cysteine proteases, especially cathepsins and papains, are highly conserved throughout evolution,
with an optimal pH range on the acidic side (pH 4-6.5). They are classified into several families
based on their primary amino acid sequences and secondary or tertiary structures. Clans consist
of multiple families, which are believed to share a common evolutionary origin. There are ten
clans of cysteine proteases: CA, CB, CC, CD, CE, CF, CL, CM, CN, and CO, collectively
comprising 113 families (from C1 to C124). Each family is further divided into subfamilies based
on similarities in the amino acid sequence at the enzyme’s active site. Proteases within the same
clan operate with comparable catalytic mechanisms, despite potentially lacking sequence
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similarity and differing in their secondary or tertiary structure. The hydrolytic activity of cysteine
proteases relies on the catalytic triad of Cys/His/Asn (or Asp). Often, glutamine (Gln) serves as
the fourth catalytic residue, playing a crucial role in stabilizing the acyl intermediates formed
during catalysis, taking precedence over the Cys active sites [6]. Essentially, the catalytic process
occurs in two steps: first, acylation, where the thiolate anion performs a nucleophilic attack on
the C1 carbonyl carbon (Figure 1) of the peptide bond, creating an intermediate. This
intermediate is then deacylated through a general base-catalysed reaction, where the imidazole
nitrogen from His (N2) activates a water molecule to attack the C1 atom of the substrate peptide,
leading to the final products [7].

Acylation

Q9 5 Deacylation
\N Hz‘ lerA (&) /

N R2 b c2s ’ N¢ ‘|:25 N4
= A éc \( SG o3H (@
l1[ Mechanism [1 (‘ 'S / \ /
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R gg- I R1 / H159 RI H159
E‘ZS \J/\>\ !
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e A\ _ \ /
iy, N2 H4
g, R2 . [
7 Hzf_\l“\ iﬁ N4
Q19 SG
01’—\“]«‘H “NH, -01’"7/»} {@/
S ~c N2
K S\C R]/ e i3
25 H159
THH IT

Figure 1: Reaction mechanisms of peptide hydrolysis catalysed by cysteine protease papain [7].

Cysteine proteases play many essential roles in the functioning of an organism. They are vital
regulators of protein homeostasis, controlling autophagosome formation and degrading substrates
within lysosomes. These enzymes are involved in both normal physiological and disease-related
processes involving extracellular matrix (ECM) remodelling. Collagen, elastin, and other
structural components are among the many ECM proteins that are non-specifically broken down
by these enzymes. Under normal conditions, this activity is necessary for processes like bone
resorption, where cathepsin K breaks down type I collagen, which constitutes the majority of the
organic bone matrix. Similarly, the degradation of elastin in the vascular system depends on
tightly regulated cysteine protease activity [8], [9]. This family of proteases is also closely involved
in the immune response, playing a key role in Major Histocompatibility Complex (MHC) class 11
antigen presentation. The loading of antigenic peptides requires the degradation of the invariant
chain (Ii) attached to MHC class II molecules; a process primarily carried out by cathepsin S in
humans. Conversely, several cathepsins S and L may assist in breaking down the Ii chain in mice,
depending on on organ [8], [10].

Cysteine proteases are not only part of a host’s immune system but are also used by pathogens
to weaken it. The complex processes by which infectious agents alter host immune responses are
represented by pathogen-derived cysteine proteases. By targeting the same proteins as host
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enzymes, many pathogens release cysteine proteases that interfere with normal immune function
from the moment the pathogen is recognized through effector mechanisms. These pathogen
proteases range from highly specific enzymes that target particular immune pathways to non-
specific enzymes that broadly break down immune proteins. Understanding these interactions is
essential for developing new treatment strategies for infectious diseases and for understanding
how pathogens evade immune detection [11]. Cysteine proteases are also involved in tumour
malignancy and cancer progression. They are upregulated and show altered trafficking patterns
in various cancer types; higher expression levels typically correlate with increased malignancy
and poorer patient prognosis. Both cancer cells and infiltrating immune cells release proteases
that degrade intercellular adhesion molecules, promote angiogenesis, and facilitate metastasis of
tumour cells [12].

Recent studies indicate that cysteine proteases have significant roles in various neurological
diseases, including multiple sclerosis, amyotrophic lateral sclerosis, Parkinson's disease,
Alzheimer's disease, and Huntington's disease. In these conditions, the exopeptidase-active
cathepsins B, H, C, and X/Z are particularly vital. Cysteine cathepsins serve as important
signalling molecules in neurodegeneration due to their involvement in multiple pathological
processes and their presence outside lysosomes [13].

1.3 Legumain

1.3.1 Classification and substrate specificity

Legumain, also known as asparaginyl endopeptidase (AEP) or vacuolar processing enzyme (VPE)
in plants, is a cysteine protease that belongs to the asparagine protease family (C 13, CD 3. 4.
22. 3.4.22.34 [14]). It is grouped together with caspases, metacaspases, clostripain, gingipain, and
separin. They share a common six-stranded -sheet domain at the centre of the molecule, made
up of parallel strands. The central pair supports catalytic residues, His'"® and Cys'™. Each
catalytic site is preceded by a block of four hydrophobic residues. The active site histidine, if
followed by a glycine and a cysteine, is preceded by an alanine residue [5]. This structure is
surrounded by five o-helices [15]. Legumain exhibits strong P1 substrate specificity for Asn (and
at lower pH, Asp is also acceptable), which is not located on structural elements [16]. This strict
specificity is due to the zwitterionic nature of the S1 pocket. Arg* and His® create a positively
charged environment that interacts with the side chain oxygen, while Asp®! and Glu'™ provide
a negative charge to the site, interacting with the amide side chain group. Normally, negatively
charged aspartate would be rejected by the negative charge, but if protonated under low pH
conditions (Asp side chain pKa is 3.90), its size and charge closely resemble asparagine, allowing
it to bind to the S1 site of legumain. Residues Ser?™® to Tyr** on the BIV strand facilitate non-
prime substrate binding along with Tyr**, Trp*?, and Asn®® for P2 to P6. At this site, Tyr?”
forms a somewhat hydrophobic S2 site, Tyr*® constitutes a polar S3 site, Tyr*" and Trp*?
together form a hydrophobic S4 site, and Asn 236 determines interactions at S5 [15]. Experiments
on human and Schistosoma legumain have shown a preference for Pro-Thr-Asn (in the former)
and Thr-Ala-Asn (in the latter) at the P3-P1 positions. P1 specificity was studied with human,
porcine, and Schistosoma legumain. At this position, Arg, Lys, and His are preferred, with small
side chain residues also well tolerated; only Pro was found to be uncommon at this position [14].
S1” and S2’ sites are formed by Gly'”, Ser™, and Glu"" [15], [17] (Figure 2).
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Figure 2: Schematic visualization of legumain structure: (A): diagram of human prolegumain. Red: signal
peptide (SP), light green: N-terminal fragment (NTF), dark green: catalytic domain, blue: activation
peptide (AP; KRK*? - N3%) orange: Legumain Stabilisation and Activity Modulation (LSAM; D32.Y*3)
domain. Red stars mark catalytic residues, blue diamonds mark S1-specificity residues, and purple triangles
mark the RGD' motif. Arrows mark processing sites that are autocatalytic. There are disulphide bridges
on the LSAM domain. (B): The crystal structure of human prolegumain (PDB entry 4fgu). The caspase-
like catalytic domain is in green, the AP is in blue, and the LSAM domain is in orange. The catalytic
Cys'™ marks the active site, while the C-terminal processing sites KRK?® and N3? are depicted as sticks.
The KRK®-KRK??® pattern on the AP might be a bipartite nuclear localization signal. Also, legumain
may get ubiquitinated at Lys*®. (C): A schematic of the topology of prolegumain. The AP is in blue, the
catalytic domain is in green, and the LSAM domain is in orange. Red stars show catalytic residues, and
blue diamonds show S1-specific residues [14].

1.3.2 Structure

Legumain is expressed as an inactive protein precursor. Starting from the N-terminal, there is a
short signal peptide (Met'-Ala'") that is released during cellular transport [18]. Following that is
a propeptide (Val®™®-Asp®), then the cysteine protease domain with the catalytic pocket (Gly*-
Asn®), which includes the RGD motif and a C-terminal prodomain (Lys™-Tyr*). The
prodomain is located above the protease domain, shielding access to the active site. The C-
terminal domain can be divided into the activation peptide (AP) (Lys®-Asn*®) and a death
domain (DD)-like fold (Asp®™-Tyr**), also known as the legumain stabilization and activity
modulation (LSAM) domain. It consists of five alpha helices (DDal-5) and is stabilized by two
disulphide bridges. Enzyme activity is regulated by the AP and LSAM; the AP blocks substrate
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access to the S’1 and non-primed sites, while LSAM blocks primed sites, keeping the zymogen
inactive (Figure 2) [14], [15].

1.3.3 Organism and tissue distribution

Legumain or its ortologues have been confirmed to exist in plants, blastocysts, trematodes,
mammals, and ticks [19]. In mammals, only one functional isoform is currently known, along
with an additional pseudo-gene that serves no known purpose in humans. Other organisms,
however, can produce a wide variety of isoforms. For example, Arabidopsis thaliana has four
families of legumain isoforms (a, B, y, and § vacuolar processing enzyme (VPE)), sunflowers
can produce at least five isoforms, and barley has eight. Depending on the species, ticks have one
or two identified isoforms. Blastocysts have two isoforms [19], [20], and trematodes (including
Schistosoma mansoni, Fasciola gigantica, and Opisthorchis viverrini) have one or two [21].

Plant legumains are distributed throughout the organism; aVPE and yVPE are more commonly
found in vegetative parts of the plant, BVPE is localized to reproductive organs and particularly
in the embryo, and 8VPE is found in the seed coat. Since tick legumains play a vital role in
digesting blood components, they are abundant in the midgut. Mammalian legumain is present
in the spleen, liver, lungs, intestine, muscle, brain, testis, and most abundantly in the kidneys.
It is also localized in some antigen-presenting cells, indicating its role in immune response and
inflammation [14], [18], [22].

The primary sequence and structure of legumain are well conserved among species (Figure 3).
Especially well conserved is the catalytic domain with active residues and disulphide bridges, the
C-terminal less so. Although present in all, glycolisation sites, RGD-motif, TNF receptor
associated factor 6 target sequence, signal peptide, sequence, and position of autocatalytic sites
differ in different organisms [14].
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1.3.4 Sub-cellular location

Intracellularly, legumain is found in compartments with lower pH values and reducing conditions.
In plants that include vacuoles, pericarp, and nucellar cell walls [25]. Ticks have legumain in the
epithelium of midgut cells and extracellularly in the matrix surrounding ingested food.
Mammalian legumain is directed to the endo-lysosomal system by the mannose-6-phosphate
receptor pathway [14].

However, during pathophysiological conditions, legumain can also be detected extracellularly, in
the cytoplasm, and in the nucleus. Another lysosomal protease, cathepsin L, can be expressed in
the cytosol when the signal peptide is absent [26]. However, since glycosylation is crucial for
legumain activity, it must first be processed in the Golgi apparatus [14].

In tumours, legumain is known to localize on the cell surface, most abundantly on the surface of
tumour-associated macrophages. Excreted legumain is post-translationally modified, but not yet
auto-activated [27]. The low extracellular pH values in the tumour microenvironment allow for
activation and activity of legumain [28], [29], [30], [31]. Legumain features a double KRK motif
(KRK* and KRK®®), which mimics a nuclear localization sequence, important for facilitating
nuclear localization of proteins [32]. Since the tumour microenvironment increases plasma
membrane permeability by perforating it, this environment enables legumain to be translocated
to the cytoplasm and then to the cell nucleus [14].

Since activated legumain is generally not stable at the neutral pH values typically found in these
non-classical locations, it faces stability issues. The negatively charged surface of the AEP domain
is stabilized by protonation at low pH, but becomes electrostatically repulsive at neutral pH,
causing the protein to unfold [15]. To remain stable in neutral conditions, activated legumain
can bind to other molecules, such as integrins. Integrin aV3 and 1 integrins are located on the
cell surface and can stabilize active legumain through binding [15], [33]. Legumain inhibitors,
such as cystatin F, C, and E/M, can stabilize it by binding in a canonical manner and may even
act as an agonist [34]. As mentioned earlier, the cleaved LSAM domain remains electrostatically
bound to the AEP domain, stabilizing it and defining ACP (Asparaginyl-mono-carboxypeptidase)
activity [34]. Other complexes can also stabilize legumain; for example, HSP90a binds to
ubiquitinated Lys®, a modification mediated by E3 ligase TRAF6 [28].

1.3.5 Activity and forms

1.3.5.1  Asparagine endopeptidase (AEP) and asparaginyl-mono-carboxypeptidase (ACP)

In its full, zymogen form (in mammals that is 56 kDa), legumain doesn’t show any activity. AP
is positioned on the catalytic domain similarly to the substrate, covering S6-S2 and S1’ sites.
When the endosome matures to the lysosome, the pH value drops, first to 5.5 and then to 4.5.
This triggers autocatalysis at both ends of the protein, at Asp® and Asn®**, producing 47 and 46
kDa forms, respectively [35]. This cleavage at the C-termini is crucial for AEP peptidase activity,
as it cleaves AP, partially exposing catalytic residues, allowing them to interact with substrates;
however, although cleaved, LSAM remains electrostatically bound to the protein. Modification
of the N-terminal is not significant for activity. Decreasing pH to 4.0 enables the release of the
C-terminal at Asp®** yielding maximum activity. While the release of this fragment doesn’t
increase legumain’s catalytic activity, this is explained by the low pH itself, which allows for
protonation of Glu and Asp substrate side chains, in addition to breaking up salt bridges [36].
Additional cleavage by an unknown protease creates the 36 kDa form, with a possible cleavage
site at the KRK*” motif, permitting AP to dissociate from the enzyme completely. This last one



33

and the 46 kDa form show no difference in activity [21]. Instead, putative cleavage at KRK**
may influence legumains ubiquitination by TRAF6 on Lys*® [28].

The zymogen form is stable at physiological pH, but after activation, it favours lower pH
conditions typical in lysosomes and becomes irreversibly inactivated at pH 6 or higher.
Stabilization at neutral pH is achieved through electrostatic interactions with the LSAM domain.
The AEP domain carries a strong negative charge, while LSAM is positively charged, balancing
the entire complex. Removal of AP enables ACP activity. In this state, LSAM remains
electrostatically attached to the AEP domain, covering the previously mentioned sites, which
prevents endopeptidase activity and stabilizes it. Additionally, the LSAM domain contains a
double Arg motif (Arg*? and Arg*® located on DDa2 and DDa4, respectively), which is typical
for carboxypeptidases and flanks the S1’ site [14], [15].

His"® Cys'™ and Gly'" form an oxyanion pocket for carbonyl oxygen of substrate P1. It was
theorized by Brandstetter and Dall, that this triply polarized carbonyl oxygen can extract proton
from His"® N&1, creating C-O-H bonding. This allows Cys'™-Sy to deprotonate and perform
nucleophilic attack. Peptide bond rupture is induced by keto-enol tautomerization (Figure 4)
[14], [15].
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Figure 4: Legumain activation: (A): Legumain is activated into asparaginyl-specific endopeptidase (AEP)
or carboxypeptidase (ACP). Inactive prolegumain is synthesised at neutral pH and autocatalytically
processed at the C-terminal Asn®* (pH < 5.5) and D3 (pH < 4.0) sites, as well as N-terminally after
Asp? and Asp® residues. Another trans processing occurs following the KRK?® motif by an unknown
protease. While N-terminal processing is not required for enzyme activation, C-terminal processing makes
non-primed substrate binding sites accessible. The activation peptide (blue) creates ACP, but the
Legumain Stabilisation and Activity Modulation (LSAM) domain is required for complete AEP activity.
(B): Legumain activation via proteolytic and electrostatic mechanisms. At pH > 6, legumain activates to
an Asn-specific mono-carboxypeptidase (ACP) by proteolytic release of the activation peptide (AP). When
pH drops below 5, the LSAM domain is electrostatically removed, releasing the active endopeptidase. (C):
Zoom-in picture of the ACP active site with a modelled substrate (Ac-YVADIA; blue sticks). The substrate
was simulated using the Ac-YVAD-chloromethylketone complex structure (pdb entry 4aw9). The double-
arginine motif (Arg*?, Arg'®) is represented by orange sticks. (D): Zoom-in image of the AEP active
location. Catalytic residues are indicated in green sticks, Sl-specificity is represented by blue (Arg", His")
and red (Glu'™, Asp?) sticks, and Glu'® by yellow sticks. Figure taken from [14].
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1.3.5.2 Transcription factor, protein-protein interactions

It has been speculated that legumain may have functions other than its enzymatic functions. In
tobacco and tomato plants, it functions as a transcription factor for 1l-aminocyclopropane-1-
carboxylic acid synthase after ubiquitination and transport to the nucleus [37]. The C-terminal
domain acts as a paracrine factor inhibiting bone resorption [38]. The death domain-like
architecture of the LSAM domain points to the possibility of other protein-protein interactions,
as seen with proteins with death domains. For instance, caspases with their death domains direct
signalisation in apoptosis, necrosis, inflammation, and immunity [14].

1.3.5.3 Ligase activity

Up till now, human, mouse, and plant legumains have been proven to have ligase activity. Among
targets for ligation in mammals is also legumain, reverting Asn®* cleavage to yield inactive
zymogen form. Apart from that, legumain can also ligate cystatins [34]. More substrates are
known from plants. Conclavin A requires splicing by legumain for its maturation. The SFTI-1
precursor in sunflowers is cyclised before it can act as a trypsin inhibitor. The cyclotide protein
family is involved in plant pathogenic response that needs processing by legumain [14].

Mammalian and plant ligation mechanisms are a bit different; for human legumain, it can be
summed up as follows: there are two possible reaction mechanisms, transpeptidation or a ‘one-
step’ reaction. First, let's take a look at the direct assault of N- on C-terminus. Like peptidase
activities, ligase activity is pH-dependent, with ligation activity being possible at near-neutral
conditions. In such conditions, catalytic Cys'™ is protonated while His'® is not. For ligation to
take place, the substrate requires a free C-terminus. Proton shift occurs between His'*® and the
C-terminus carboxylate of a substrate. Like that, carboxylate is bound to His"® with a hydrogen
bond, and oxygen interacts with substrate 1 Ser. Proton moves to substrate 2 Asn to activate
their N and C-terminus. Water is released from the latter, carbonyl is attacked by the N-
terminus, resulting in the formation of a peptide bond between substrates (Figure 5) [39].

Transpeptidation occurs via thioester if there is no catalytic water present at the catalytic site,
as there may be a competition for a proton from the substrate N-terminus. Water, being a
stronger nucleophile, prevents the thioester from accepting it, favouring hydrolysis over ligation
[39]. As for the peptidase mode of action, ligase substrates are also required to have Asn or Asp
at the P1 position. At P1’ position, all but Pro and acidic Asp or Glu are permitted. Lastly, P2’
is more stringent, with only Cys, Glu, Ile, and Leu accepted [14].
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Figure 5: Legumain ligase activity. The substrate's C-terminal carboxylic acid is activated by the energy-
rich Asu!* located in the active site of legumain. Consequently, an anhydride intermediate is produced. In
either situation, a peptide bond is formed, joining peptide 2 to peptide 1 via its free amino group at the
C-terminus. The nucleophile in "peptide2" is a peptide's amino group or of a lysine side chain [14].

1.3.6 Regulation of activity

1.3.6.1 Inhibition

Numerous factors can obstruct legumains activity. Cystatins are a superfamily of cysteine
protease inhibitors. Members of the cystatin family 2 can inhibit legumain, with their potency
listed from highest to lowest: cystatin E/M [14], C [40] and F [41]. Cystatins interact with
legumain in the same way as its substrates, with conserved Asn in cystatins acting as the P1
residue. Cystatin is then cleaved after Asn but remains bound to the protease, for the complex
is stabilized through interaction with inhibitors legumain exosite loop (LEL) and mimics
prolegumain structure. While cystatin C LEL is hydrophobic, cystatin E LEL has Arg residues,
forming salt bridges with legumains Glu [34].

Clitocypin and macrocypins 1 and 3 are cysteine proteinase inhibitors found in fungi. They act
as Kunitz-type inhibitors, acting on legumain in a manner similar to that of cystatins [42].

Unprocessed prolegumain is also inactive. C-terminal domain blocks access to the catalytic site,
effectively inhibiting enzymatic activity. Autocatalytically activated legumain by cleavage at
Asn®? can reverse the situation by ligation, again inhibiting itself [34].

Major factor in regulating legumain activity is pH. As described, lowering pH in the endo-
lysosomal pathway is essential for initial activation, and when activated, the AEP domain by
itself is inactive at > pH 6. LSAM domain stabilises AEP at neutral values and dictates ACP
and ligase activity. For the proposed hydrolysis mechanism to work, catalytic Cys189 must be
in thiolate form to act as a nucleophile, which makes it available for oxidation. To prevent that,
reducing conditions are preferred to sustain proteinase activity [14].
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Synthetic low molecular weight inhibitors, manufactured as reversible aldehydes (Ac-YVAD-
CHO, Ac-DEVD-CHO, Ac-WEHD-CHO), irreversible fluoro- or chloromethylketones (Z-VAD-
fmk, Z-YVAD- fmk/cmk Z-DEVD-fmk/cmk), esomeprazole and omeprazole mimic legumain
substrates successfully inhibiting it [43], [44]. Attaching Asp and Asn to acyloxymethyl ketone
(AOMK) to synthesise activity-based probes specific for legumains P1 requirements, proves to
be an efficient way of inhibition [45]. Bovine legumain is also inhibited by divalent metal ions
like Hg*" or Cu*", presumably because of their affinity to cysteine thiol groups [46].

1.3.6.2 Activation

As already described in previous paragraphs, LSAM electrostatically binds to and stabilises AEP
domain at neutral pH values. Additionally, it may have a role in the proper folding of the whole
protein after translation. Like the LSAM domain, cystatins bind to and shield the active site,
stabilising it. Some proteinase activity remains detectable when inhibited by cystatins, due to
the enzyme-inhibitor complex dissociating over time. Complex with cystatin C forms at pH 5.5
and remains stable at 6.5, but inhibition is reversed when pH drops back to 4.0. Therefore,
cystatin C acts as a stabiliser extracellularly and readily leaves the complex upon internalisation
into the cytosol and endo-lysosomal system, where proton concentrations are higher. Cystatin E
differs here, as it remains bound at pH 4.0, also inhibiting legumain intracellularly [14].

Glycosaminoglycans (GAGs) are unbranched heteropolysaccharides covalently attached to
proteins. They are assembled from repetitive disaccharide units with sulphate and carboxylic
acid moieties, causing them to bear a negative charge. Chondroitin 4-sulphate (C4S), chondroitin
6-sulphate (C6S), chondroitin 4,6-sulphate (C4,6S), heparin, heparan sulphate, and chondroitin
sulphate-derived disaccharides are able to accelerate legumain autoactivation at pH 4.0. C4S and
C4,6S act as accelerators also at pH 5.0. Acceleration of auto-activation is caused by ionic
interactions between the prolegumain and GAGs, which supposedly fit in the gap separating N
and C-terminal propeptides, inducing conformational changes exposing the catalytic site, making
auto-cleavage easier [47].

1.3.7 Physiological functions

1.3.7.1 Under normal conditions

Legumain is widely used in general protein turnover in lysosomes. In ticks, vesicles containing
ingested haemoglobin from ingested blood are taken up by gut epithelial cells through receptor-
mediated endocytosis. These vesicles are then fused with lysosomes, where legumain directly acts
on haemoglobin in addition to mediating other connected processes [14]. Similar processes are set
up in Schistosomes [48]. In plants, legumains play a crucial role in the activation of seed storage
proteins during seed germination [49].

Mammalian legumain is vital for the processing of endogenous and invasive proteins for
presentation to class II MHC antigen [50]. In that capacity, firstly, it generates peptides by
processing foreign proteins for presentation on T lymphocytes, and secondly, it destroys these
epitopes found on invading pathogens [51].

Cyclotides are plant proteins that protect plants from pathogens, especially insects. They are
synthesized as linear molecules, but mature proteins have a cyclic backbone. Legumain is believed
to be involved in this process by processing cyclotides during their maturation process, as
indicated by the fact that the C-terminal domain of cyclotides ends with an Asn or Asp residue.
Legumain catalyses the final head-to-tail backbone cyclization of cyclotides, a critical step that
confers the cyclic peptide structure [52].
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In plants, legumain is heavily involved in programmed cell death during the hypersensitive
response upon infection with bacteria or viruses, as well as in developmental apoptosis during
the early stages of embryogenesis. Different isoforms act similarly as caspases, for instance,
promoting cell death in infected tobacco plants, chemically induced death in tomato, or nitric
oxide-mediated death in A. thaliana [53].

As briefly mentioned, legumain acts as a transcription factor. In tomato, it induces transcription
of the Acs2 gene, which encodes 1-aminocyclopropane-1-carboxylic acid synthase. The latter one
causes production of ethylene, which in turn promotes plant growth and defence response [37].
Positively charged LSAM probably interacts with the negatively charged phosphate backbone of
DNA [15].

LSAM domain is also linked to legumains' function in osteoclast remodelling, as a paracrine
factor preventing bone resorption [14], [38].

Legumain is upregulated during ischemia in astroglia and microglial cells. It was speculated it is
involved in tissue reorganisation and repair by degrading extracellular matrix, easing access to
the site for immune response cells [54].

A few more functions could be deducted from the phenotype of legumain knockout mice.
Otherwise, healthy, they have slower antigen processing (slower T lymphocyte response) and
gain weight at a slower rate than wild-type animals. Knockouts accumulate procathepsins in the
kidneys and have hemophagocytic syndrome symptoms [14]. Accumulation of macromolecules in
the endo-lysosomal system has been observed, indicating legumain's fundamental role in their
degradation [55].

1.3.7.2  Under pathological conditions

With legumain's role in immunity, it processes myelin basic protein (MBP), an HLA-DR2-
restricted epitope. Otherwise, crucial for class II MHC presentation, overzealous legumain
activity can destroy these peptides, preventing presentation, generating tolerance against them,
leading to autoimmune diseases [56].

Hyperphosphorylation of the tau protein is typical for Alzheimer’s disease. In the Alzheimer’s
brain, legumain is also located in the cytosol, where it interacts with the protein phosphatase 2
inhibitor protein phosphatase 2 inhibitor 2 [57]. It was shown that legumain activates this
inhibitor, in turn increasing the degree of phosphorylation of tau [58]. Protein phosphatase 2
inhibitor 2 also functions as a DNase inhibitor; when legumain cleaves it, it causes DNA damage
in the brain [59].

1.3.7.2.1  Cancer

Normally restricted to the endo-lysosomal system, legumain is overexpressed in cancerous cells
and localised also extracellularly, in the cytosol and nucleus [14]. Increased quantities of legumain
are not seen in tumorous cells alone, but also in tumour-associated macrophages [60]. Numerous
factors contribute to this overexpression. Oncogenic transcription factor TBX2 promotes breast
cancer proliferation by inhibiting expression of cystatin 6, an intracellular legumain inhibitor
[61]. DJ-1 is another oncogene; it has many roles, including in anti-oxidative stress, chaperone
functioning, protease functioning, mitochondrial regulation, and regulation of transcription,
where it binds to numerous transcriptional factors as a coactivator, among others, to p53 [62]. It
was shown that p53 binds to intron 1 of legumain (human), promoting its expression [63].
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Legumain then influences remodelling of extracellular matrix by mediating the action of matrix-
metalloproteinases 2 and 3 [64], fibronectin and annexin II, promoting metastasis and
neoangiogenesis [65]. Legumain is key for processing of cathepsins B and L, both overexpressed
in cancer, promoting metastasis [66].

1.3.7.2.2 Immune response

Toll-like receptors (TLRs) are key proteins for the recognition of invasive foreign species and
initiation an immune response [67]. TLR3, 7, and 9 are found in endosomes of dendritic cells.
TRLY is a receptor for CpG-containing viral and bacterial DNA, and legumain plays a key role
in its activation through proteolytic activation [68]. TLR7 single-stranded viral RNA triggers
inflammation. For the receptor to be able to propagate a signal, processing at the C-terminal by
legumain is essential [69]. TLR5 detects flagellin. Babier and co-workers found that upon infection
with Pseudomonas aeruginosa, alveolar macrophages trigger a lowering of pH in the endosomal
system through increased release of IL-1f following signalling by TLR5. Lower pH in endosomes
enables activation of legumain and enables it to kill off invading bacteria through its proteolytic
activity [69]. Legumain was found to be upregulated during autocrine stimulation of the
complement system by CD46. Legumain interacts with al-thymosin (further facilitates immune
response) and cathepsin L. Following down the pathway, cathepsin L activates the C3 component
of complement, producing C3a and inducing INF-y production and Th1 stimulation of CD4" cells
[70].

1.4 Protein phosphorylation

Post-translational modifications (PTMs) are covalent additions of different functional groups to
amino acid residues, proteolysis of proteins, or ligation of proteins. These modifications change
proteins’ physical and chemical properties, modulate their stability, activity, localization, and
conformation. This allows proteins to expand their array of functions and modes of action [71].
Disparities in the regulation of PTMs can lead to cell death or the development of diseases such
as cancer, neurological conditions, and diabetes [72]. Hence, understanding of PTMs distribution
and occurrence is crucial for the study of diseases. However, post-translational modifications can
be difficult to detect and characterize [73].

Phosphorylation is one of the most common protein modifications and plays a role in many
cellular processes such as metabolism, growth, division, differentiation, mobility, subcellular
localization, organelle and membrane transport, and immune response [74]. Faults in the
regulation of protein phosphorylation can lead to the development of various diseases, including
cancer [75]. Phosphorylation is a reversible, covalent addition of a phosphate group (PO.*) from
a donor [76], which is usually ATP [77], but PAPS (3’-phosphoadenosine-5’-phosphosulphate),
GTP (guanosine triphosphate), and phosphoenolpyruvate can also be used. The reaction is
catalysed by kinases and reversed by phosphatases [78].

1.4.1 Function

Protein phosphorylation can be used by the cell to regulate several different processes:

Metabolism can be regulated through various mechanisms, including phosphorylation. This rapid
process can serve as an on and off switch, as seen with glycogen phosphorylase B, an enzyme
involved in glycogen metabolism. glycogen phosphorylase B is activated by phosphorylation at
the Ser' residue [79].
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One of phosphorylation’s main roles is in signal transduction, which can be initiated in different
ways. Adding a phosphate group to kinase activation sites causes it to change conformation into
an active or inactive form and subsequently triggers downstream signal transduction. Examples
include phosphorylation of ERK on Thr??/Tyr** which activates the enzyme, or inhibition of
SRC by modification of Tyr**". Phosphorylation on specific motifs can create binding sites for
protein-protein interactions, which can trigger signalling, activation, localization, or cellular
transport. For instance, these motifs include Src homology 2 (SH2) and phosphotyrosine-binding
(PTB) domains for phosphorylated tyrosine residues. One example is the interaction between
nephrin 1 and Grb2 after phosphorylation of nephrin by Src Fyn [80], [81].

The cell cycle is also partly regulated by protein phosphorylation. For example, phosphorylation
of Akt on prevents cell death through following mechanism. Inhibiting glycogen synthase kinase
3 (GSK-3) through phosphorylation, which prevents GSK-3 from tagging important cell cycle
proteins like cyclin D and cyclin E for degradation, thereby enhancing their stability. Cyclin D
and cyclin E are crucial for the G1 to S phase transition of the cell cycle. activating mTORC1
via phosphorylation of TSC2 and PRAS40, which drives protein synthesis essential for cell growth
and cell cycle progression. mMTORCI1 activation promotes translation of cyclin D1 and c-Myc,
further supporting cell proliferation. Regulating cyclin-dependent kinase inhibitors p21~ Cipl™
and p27 Kipl™ through phosphorylation, which modulates their localization and stability,
thereby facilitating progression through the cell cycle [82]. Dephosphorylation of ¢-Src, a proto-
oncogene, causes its inactivation and the loss of control over cell growth. c-Src is kept in an
inactive conformation when phosphorylated at Tyr*". Dephosphorylation at this site releases this
inhibition, causing c-Src activation, which then leads to loss of normal growth regulation and can
contribute to cancer development [76].

Signalization and cell survival can be directly affected by phosphorylation’s impact on cellular
transport. For example, death-associated protein, a Ser/Thr kinase, is transported from the
cytoplasm to the nucleus when phosphorylated on Ser®’, which triggers apoptosis in T and B
cells [76].

Phosphorylation can regulate other post translational modifications. For instance, when insulin
receptor substrate-1 is dephosphorylated, it’s prone to ubiquitination by subsequent degradation
[83].

Since protein phosphorylation plays a crucial role in signalling cascades, many things can go
wrong if its regulation is disrupted, commonly leading to the development of pathological states,
including cancer. More than 1 000 kinases are known to be aberrant in cancerous conditions. One
example is v-Src, a tyrosine kinase discovered as the main driver of sarcoma in chickens.
Normally, v-Src is phosphorylated on Tyr*’, but a mutation on the C-terminal abolishes this
modification, leading to conformational changes and auto-phosphorylation, which promote
increased cell growth with downstream effects [76].

Protein phosphorylation is also important in regulating epithelial-mesenchymal transition
(EMT), as a key signalling mechanism. For instance, in TGF-B/SMAD signalling cascade,
receptor mediated phosphorylation activates SNAIL, ZEB and TWIST, which lead to stemness
and therapy resistance of the tumour. Receptor tyrosine kinase (like EGFR or c¢MET)
phosphorylation is needed for downstream PI3K/Akt and MAPK/ERK signalling pathways,
activating EMT transcription factors that lead to EMT and further, cause extracellular matrix
degradation through action of matrix metalloproteinases [84].
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1.4.2 Enzyme regulation

Phosphorylation is carried out by protein kinases, while protein phosphatases remove the
modification [85]. Because phosphorylation occurs so often, there are many enzymes involved. In
eukaryotes, kinases make up 2-3% of genes, with 621 identified in the human genome [74], [86],
[87]. Conversely, protein phosphatases, estimated at 264 in humans, account for just over 1% of
the genome [88].

1.4.2.1 Protein kinases

Protein kinases consist of variable regulatory domains and a catalytic domain. About 250 amino
acids long, the primary structures of the catalytic domain are well conserved across all kinase
families, along with their tertiary structures. They can be further divided into 12 subunits based
on typical amino acid sequences separated by larger residues. Within these domains, the key
residues include two Gly in subdomain I, Lys in II, Glu in III, Asp and Asn in VIB, Asp and Gly
in VII, Glu in VIII, Asp and Gly in IX, and Arg in XI. These subunits form two lobes: the smaller
N-terminal lobe, made from subunits I through IV, consists of five antiparallel 8 sheets and is
responsible for ATP binding [89]. The larger C-terminal lobe, also called the big lobe, covers
subunits VIA through XI and is primarily composed of a helices. Subdomain V remains centrally
located, forming a cleft between the two lobes, which serves as the catalytic and ATP-binding
site. The nucleotide sits within this pocket, with the phosphate group facing outward toward the
medium [90], [91]. A simple architecture with N- and C-terminal lobes is shown in Figure 2. All
protein kinases contain the sequence Lys-Glu-Asp-Asp at their active site. When active, a salt
bridge forms between Lys in the B4-strand and Glu in the aC-helix of the N-terminal lobe (the
first two residues in the sequence). For activity, kinases require at least one divalent ion, such as
Mg or Mn, which bridges the first Asp in the sequence to the - and y-phosphates of ATP.
Another ion connects the a- and y-phosphates [92].

Roughly, protein kinases can be divided into two main groups based on their target residues:
Tyr-specific kinases, which make up about one-fifth of kinases, and Ser/Thr-specific kinases. This
division is determined by the depth of the catalytic cleft, which is deeper in Tyr-targeting kinases
to accommodate the larger tyrosine side chain compared to those of serine and threonine.
However, some Ser/Thr kinases can attach a phosphate group to Tyr residues, and more rarely,
some Tyr kinases can do the opposite [74].

Kinases are classified into numerous types based on their catalytic domain and function, as
illustrated in Figure 6. At the highest level, they are divided into two superfamilies: eukaryotic
protein kinases (ePK), which has eight groups, and atypical protein kinases (aPK), which
contains thirteen groups. Each group is then divided into many families [86]. The first group,
AGC, is made up of 14 families grouped into 21 subfamilies. These kinases typically prefer to
target Ser/Thr residues near basic ones, such as Arg and Lys. Some examples are PKC, RAC,
ribosomal S6 kinases, cyclic nucleotide-dependent kinases, BARK, and RhK. They regulate cell
proliferation, division, metabolism, and survival. Similarly, CaMK kinases from the same family
prefer to target substrates that have basic residues at specified positions. The family is slightly
larger, with 17 families that include CaMK, MLCK, CDPK, and AMPK. The members of this
group are implicated in calcium/calmodulin signalling, DNA repair, and cell cycle arrest [89],
[93]. Two of the largest families in the following category, CMCG, are MAPK and CDK, along
with 60 others. They appear to prefer substrates with a proline residue on the P1 position [94]
and play an important role in cell proliferation, differentiation, and death [95]. Tyrosine kinase
family (TK) is one of the most abundant, with around 100 recognized kinases in humans [86]. As
the name suggests, they can only act on tyrosine residues [96]. In general, they are classified as
receptor tyrosine kinases, which are transmembrane proteins situated on the plasma membrane,
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and non-receptor tyrosine kinases, which are found in the cytoplasm. The extracellular domain
of receptor tyrosine kinases is responsible for ligand binding and can fluctuate, whereas the
transmembrane domain remains constant. Ligand binding causes oligomerization of the receptor
and signal transduction inside the cell due to the activation of the receptor. Some of the families
included are epidermal growth factor receptor (EGFR), insulin receptor (IR), and fibroblast
growth factor (FGF). Modification of this receptors can lead to perturbations in phosphorylation
signalling. When cathepsin L cleaves EGFR, this results in truncated form of the receptor with
diminished capacity for downstream signalling via phosphorylation. When EGFR is truncated,
downstream phosphorylation levels of ERK and Akt are reduced. This leads to activation of
alternative signalling cascades, rendering EGFR inhibition ineffectual [97]. Non-receptor TKs are
found in the cytoplasm, including members of the JAK family. Tyrosine kinase-like group (TKL)
enzgymes share a sequence with conventional tyrosine kinases but phosphorylate serine and
threonine residues [98]. They, like TKs, can be receptor or non-receptor kinases [99]. RGC kinases
are a smaller group with sequence resembling tyrosine kinases, but they lack the residues
necessary for phosphate group transfer [86]. The STE group is critical for the activation of MAP
kinases. Three recognized families activate each other before acting on MAPK. This comprises
interleukin 1, rapid accelerated fibrosarcoma (RAF), and tumour growth factor beta (TGF)
[98]. The casein kinase 1 group consists of serine/threonine kinases in sequences where the N
terminal residue of the PO site has already been phosphorylated. They have a key function in
cytoskeleton repair and transcription [95]. The last category, dubbed 'others', is made up of
families that cannot be classed together despite having conserved traits within their separate
families. They include casein kinase 2 (CK2), IkappaB kinase (IkB), and nuclear factor kappa-
light-chain-enhancer of activated B cells (NFkB) [86], [95]. Atypical protein kinases differ from
eukaryotic protein kinases in their sequence, yet certain aPKs have similar three-dimensional
structures. Examples include mTOR, an atypical protein kinase, which differs from other kinases
in sequence, yet has a similar structure to them [86].
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Figure 6: Human protein kinases overview with eukaryotic and atypical protein kinases. AGC (PKA, PKG,
and PKC families), CAMK (calcium/calmodulin-dependent protein kinase), casein kinase 1 (CK1), CMGC
(CDK, MAPK, GSK3, and CLK families), STE (homologs of yeast Sterile 7, 11, and 20), TK (tyrosine
kinases), and TKL (tyrosine kinase-like). Image taken from Cell Signalling Technology [89].
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Kinase target specificity is determined by the depth of the catalytic cleft, which influences
Ser/Thr or Tyr specificity. Additionally, amino acids in the phosphorylation site itself play a
crucial role in enzyme-substrate recognition. On average, the kinase's catalytic cleft interacts
with four residues on each side of the phosphorylation site; residues farther away can interact
with regions adjacent to the catalytic site. For example, cyclin-dependent kinase-2 (CDK2)
recognizes phosphorylation sites within the consensus sequence S/T-P-X-K/R (where X is any
residue). Proline is favoured at the P1 position because it cannot form a hydrogen bond, and
positive residues at P3 can interact with the phosphorylated site on the kinase (Thr'®) [74].
Further kinase target specificity is governed by two mechanisms, each involving a part of the
enzyme separated from the catalytic site, facilitating more flexibility during target recognition
and modification. The first mechanism involves protein-protein interactions, where the kinase
contains a separate interaction domain from the catalytic domain. Besides targeting proteins,
this domain can also engage with other co-acting partners through short peptide motifs. Domains
like SH2 and SH3, found in kinases such as Scr, Abl, Hck, and Csk, exemplify this mode of
interaction, typically observed in tyrosine kinases. The second mechanism involves docking
interactions, where a docking groove on the catalytic domain remains distinct from the active
site. These grooves interact with short recognition peptides; the modification site itself is not
part of this sequence. Ser/Thr kinases utilize docking interactions as well. Both strategies depend
on recognizing short peptides, typically 3 to 10 amino acids long, enabling transient interactions
suited to the rapid nature of signal transduction pathways. An example of such a recognition
peptide is the D-motif (V1-3x3-7-®-x-®, where ¥ is a positively charged amino acid, ® is a
hydrophobic residue, and x is any amino acid) in the MAP kinase signalling pathway, found on
activators, inhibitors, and substrates. Positive residues bind to negatively charged ones, and
hydrophobic residues interact with hydrophobic regions on the kinase's CD-site [100],[101].

Furthermore, other mechanisms also contribute to specificity. These interactions can be
phosphorylation-dependent, as some kinases require a phosphorylated residue—either nearby or
far from their target—before acting on the substrate. For example, PDK1 (3-phosphoinositide-
dependent kinase 1) acts on several other AGC kinases that contain its recognition motif.
However, PDK1 only binds to a phosphorylated recognition peptide: F-x-x-F-S/T-F/Y, where
either Ser or Thr must be phosphorylated. Binding of the kinase to this motif increases its activity
roughly fivefold. A similar situation occurs with GSK3 (glycogen synthase kinase-3), where the
substrate must have a phosphate group on a residue following Ser or Thr (P4) [100]. Another
example is PLK1 (polo-like kinase), which targets the sequence S-S/T-X, with the middle Ser or
Thr being phosphorylated [74].

One peculiar case of interaction between kinases and other proteins is found with cyclin-
dependent kinases. Cyclins act both as activators for dependent kinases and additionally carry
docking groove for the substrate, acting as adaptors for their kinase [100],[74].

Where the kinase is located in the cell influences overall target specificity by restricting the
substrates it can interact with. For example, if ERK2 (extracellular signal-regulated kinase-2) is
in the nucleus, it affects substrates that control cell differentiation. However, if it’s in the
cytoplasm, it regulates mitogenesis [74].

Some kinases rely on forming complexes with partners to create a scaffold around them. These
scaffolds determine the specific kinase substrate based on their composition. One kinase in the
yeast MAPK signalling cascade, MAPKKK (Stell), is involved in three different signalling
pathways. The composition of the scaffold greatly influences which pathway the kinase will
participate in [74].



45

Even if a kinase for a specific substrate is present in the environment, the substrate might not
get phosphorylated if there's another substrate that the kinase prefers. If the preferred substrate's
concentration is high enough, it can occupy all available enzymes, preventing other substrates
from being modified [74].

There are two proposed mechanisms by which kinases mediate phosphate transfer to substrates.
Protein kinase A (PKA) operates via a ternary complex, where ATP directly reacts with the
protein substrate to produce ADP and phosphorylate the protein. The order of binding between
ATP and the protein substrate varies among kinases. PKA binds ATP first, then the substrate,
while Csk kinase shows no preference for the order. Research on p38 kinase varies widely, with
possibilities including ATP first, substrate first, or no preferred sequence. The ternary complex
mechanism seems more common than the next one, the ping-pong mechanism. In this mechanism,
the enzyme forms an intermediate where the phosphate is covalently attached to the active site
Asp before being transferred to the substrate. This mechanism has been observed in some atypical
protein kinases. The transfer is believed to be dissociative, with the bond between the y-
phosphate and the rest of ATP breaking before the nucleophile bonds with it, creating a
metaphosphate-like intermediate [102]. Using PKA as an example, the residues involved are part
of the Lys-Glu-Asp-Asp sequence found in all protein kinases. When ATP and the substrate are
bound to PKA, the phosphorylation site (serine residue) and the y-phosphate of ATP are aligned.
Asp'® removes a proton from serine, while Lys'® neutralizes the negative charge of the y-
phosphate. The free oxygen from serine then acts as a nucleophile, attacking the distal phosphate
and forming metaphosphate. The complex dissociates, leaving ADP and the phosphorylated
protein (Figure 7) [92].
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Figure 7: Mechanism of phosphate transfer, when ATP and protein substrate bind to the kinase, the y-
phosphate of ATP and the phosphorylated serine of the protein are in close proximity to each other (I).
Kinase’s Asp'® attracts a proton from serine, enabling it to perform nucleophilic attack on phosphate
group, creating a transition state with metaphosphate (II). When transfer is over, ADP and
phosphorylated protein are left (IIT) [92].

1.4.2.2 Protein phosphatases

Phosphatases oppose kinases by removing the phosphate group from the substrate through
hydrolysis. Unlike kinases, protein phosphatases do not have such conserved features [88],[103].
Below is an example of a typical 3D structure of a phosphatase, like protein phosphatase 2A
(PP2A). The centre of the molecule consists of a scaffolding subunit A and a catalytic subunit
C. Subunit A is shaped like a half circle and is composed of two layers of a-helices with 15 HEAT
(huntingtin-elongation-A subunit-TOR) repeats, each consisting of a pair of antiparallel helices,
forming a ridge along the molecule. Subunit C, a globular structure made of o and 8 components,
connects to A through this ridge on the concave side of the scaffolding subunit via its highly
conserved C-terminal. Protein kinases greatly outnumber protein phosphatases, yet they can be
highly specific. They achieve this through interactions with numerous regulatory subunits, which
determine phosphatase localization and target specificity. In the case of PP2A, this is subunit B,
which has at least 16 known different subunits across 4 subfamilies. Subunit B’-y1 interacts with
subunit A via the HEAT repeats ridge and with subunit C via its C-terminus, helix a5, and a
larger surface area. This specific subunit B itself is composed of 18 a-helices (Figure 8) [104],
[105].
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Figure 8: Crystal structure of protein phosphatase 2A (PP2A) holoenzyme. In green, forming half circle is
scaffolding subunit A, yellow is catalytic subunit C, blue is regulatory subunit Ba, purple is microcystin-
LR [104].

While protein kinases may make up to 3% of the human proteome, protein phosphatases account
for about 0.84%, with 189 known enzymes categorized into 10 folds, which are further divided
into 20 families. This classification is based on structural similarity, which is greater among
phosphatases than kinases, since phosphatases evolved from several separate families. As a result,
they are structurally and functionally diverse. The first three folds—Cys-based class I, II, and III
(CC1-3)—all share a conserved catalytic motif His-Cys-X5-Arg. Most human protein
phosphatases belong to CC1, including the protein tyrosine phosphatase (PTP) family and the
dual specificity phosphatase (DSP) family [88]. PTPs can be divided into receptor-like PTPs
(examples include CD45, LAR, and STEP) and non-transmembrane PTPs (such as PTP1B,
SHP2, MEG?2). They feature a conserved 280-residue catalytic domain [106] with 10 signature
motifs and seven conserved residues. DSPs can dephosphorylate modified Ser, Tyr, and Thr
residues, although their structures are less conserved aside from the Cys motif. Two DSPs are
CDK and VHR [107]. The CC2 fold includes only two families in humans: the small CTD
phosphatase family (Fcpl, Scpl) and the SSU72 family of RNA polymerase C-terminal
phosphatases [108]. The last Cys-based fold contains three families, including CDC25 [88]. Metal-
dependent protein phosphatases (PPM) are Ser and Thr-specific enzymes requiring metal ions
(Mg*" or Mn?"). Phosphoprotein-like phosphatases (PPPLs) share substrate specificity with
PPMs and also depend on metal ions, but they utilize regulatory subunits for substrate
specificity, whereas PPMs have additional domains and motifs for this purpose [109]. Haloacid
dehalogenase (HAD) fold phosphatases, characterized by little sequence similarity except for the
conserved D-X-D-V/T catalytic site and Rossmann-like fold, are specific for Ser/Thr and Tyr
phosphorylated substrates [110]. The alkaline phosphatase fold, as the name suggests, includes
phosphatases with highest activity in basic conditions [111]. Histidine phosphatase fold
encompasses enzymes with conserved His residues and the L-S/T-X-X-G motif [112]. The protein
histidine phosphatase fold, represented by only one family (which includes LHPP),
dephosphorylates histidine residues [113]. The final fold, RTR1, also has a single known member:
Rtrl, a phosphatase targeting Ser and Tyr [114].
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One way for protein phosphatases to locate their targets is through docking grooves on the
enzyme's surface. Protein phosphatase 2B (PP2B) recognizes the sequence P-X-I-X-I-T on its
target nuclear factor of activated T cells (NFAT) via a docking groove on the enzyme's surface.
This feature is more common among Ser/Thr phosphatases, whereas phosphatases that prefer
Tyr often use a different mechanism. As mentioned, phosphatases depend on regulatory subunits
with interaction domains to determine their localization and specificity. For example, protein
phosphatase 1 (PP1) has more than 50 known interaction partners, all sharing common motifs
of conserved residues F-X-X-R-X-R or R-V-X-F, which serve as interaction motifs between the
core enzyme and regulatory subunits [100].

Different families of phosphatases utilize different catalytic mechanisms. The following are briefly
described principles of some groups. PPPs use various metal ions to activate water molecules,
which in turn hydrolyse the phosphoester bond. PPM also uses metal ions, two Mn?" ions, to
activate water, which interacts with phosphate oxygens via hydrogen bonds and performs
nucleophilic attack. Additional water molecule protonates now released phosphate. Conserved
Cys residue in PTP family provides a nucleophile for hydrolysis while Arg stabilises the reaction
(Figure 9). Members of HAD family use first Asp in conserved D-X-D-X-Z/V motif to act as
nucleophile and then water to release phosphate from covalently bound phosphate — enzyme
intermediate [115].
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Figure 9: Catalytic mechanism of protein tyrosine phosphatases [115].
1.4.3 Methods for detection of protein phosphorylation sites

1.4.3.1 Mass spectrometry

When mass spectrometry methods first became available, the procedures were labour-intensive.
With advances in both mass spectrometers and sample preparation methods, MS-based
phosphoproteomics became a highly sensitive technique suitable for large-scale studies [116]. Due
to technological limitations, early phosphoproteomics focused mainly on more abundant proteins
and a few phosphorylation sites, using radioactive labelling and antibody-based methods in the
1960s and 1980s. Since sequencing techniques required large, highly purified samples, only the
more abundant phosphoproteins could be studied. Although it had limitations for serine or
threonine sites, the use of anti-phosphotyrosine (pY) antibodies in the early 1980s marked a
significant advancement in detecting and analysing tyrosine-phosphorylated proteins [117]. In
the late 1990s, mass spectrometry began to be used for phosphoprotein identification when
tandem mass spectrometry (MS) was combined with gel-based methods for peptide sequencing
and site mapping. Although peptide mass fingerprinting and MS/MS techniques allowed for more
comprehensive protein mapping, research remained mostly qualitative and focused on individual
proteins [117]. The adoption of enrichment techniques like immobilized metal affinity
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chromatography (IMAC), titanium dioxide (TiO2) chromatography, and stable isotope labelling
for quantification (e.g., SILAC) by MS-equipped labs led to a major increase in the scale and
accuracy of experiments in the 2000s. These techniques enabled global profiling of
phosphorylation states in complex samples. Large-scale analyses, for example, profoundly
impacted cell signalling research by quantifying thousands of phosphorylation sites in cell lines
after stimulation with different molecules. The sheer size of these data sets made it more
challenging to interpret biological significance, necessitating advances in bioinformatics [116].
Recent developments have aimed to miniaturize sample processing, improve MS sensitivity, and
facilitate analysis of low-input samples. Phosphoproteomics is now applicable to rare cell
populations and clinical samples thanks to new workflows like Phospho-SISPROT, tandem tip-
based preparations, and data-independent acquisition (DIA) MS, which have significantly
reduced sample requirements and preparation time. These technologies allow the regular
identification and quantification of tens of thousands of phosphosites, enabling an unprecedented
level of detail in cellular signalling and disease research [118]. Today, mass spectrometry-based
phosphoproteomics is the premier tool for mapping protein phosphorylation globally, providing
crucial information for understanding complex biological regulation and disease mechanisms. As
a rapidly evolving field, phosphoproteomics continues to push the boundaries of sensitivity,
throughput, and data analysis [119)].

Phosphoproteomic analysis using a mass spectrometer can yield comprehensive results about the
quantity and site of modification. However, there are several challenges one must confront before
performing such analysis. Even though approximately 30% of proteins are phosphorylated at any
given time, they might still get lost in the background of non-phosphorylated proteins. For that
reason, phospho peptides should be enriched before further analysis [120], [121]. There are several
platforms for enrichment available. During enrichment by chemical derivatization, phosphate is
first removed by hydroxide-ion-mediated (-elimination and Michael addition of several possible
affinity tags like biotin, which are then purified on an avidin column [122]. In phosphoprotein
isotope-coded solid-phase tagging, a photosensitive linker is used in place of biotin, immobilized
on aminopropyl glass beads. After enrichment, bound peptides are released from the beads with
UV light [123]. Guanidinoethanethiol is an arginine-like tag; in the presence of barium
phosphorylation, serine residues are converted into guanidinoethylcysteine. Trypsin digestion
occurs at these converted sites as they mimic arginine, and peptides are recognized by increased
intensities on the mass spectrometer caused by modification [122]. Rhodamine with cysteamine
conjugate can be enriched on anti-rhodamine affinity columns. While the combination of -
elimination and Michael addition is sensitive and reproducible, a significant drawback of these
methods is nonspecific labelling of some non-phosphorylated residues (cysteines and O-
glycosylated residues) and the inability to enrich phosphotyrosine, where B-elimination is not
possible [124].

However, chemical conversion, with the use of phosphoramidate phosphopeptides can be linked
to iodoacetyl groups bound to solid base. However, relatively high number of chemical reactions
needed leads to major loses during the whole procedure.

Converting phosphopeptides to their esters and then catching then on soluble dendrimer is very
efficient, although not very practical due to lengthily protocol [125]. Next set of methods work
on a principle of affinity to phosphorylated residues. Pulldown with antibodies is more feasible
option for Tyr, since they are more specific than that for Ser and Thr. However, there is a limited
number of such antibodies available. Some kits utilise phosphoprotein binding proteins for their
purification, one must mind their high price and poor stability of proteins used [126].
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Widely popular are immobilised metal affinity chromatography and metal oxide affinity
chromatography. They take advantage of metal ions (Fe*", AI*", Ga*", Zr*") and oxides (NbyOs,
Fe;04, TiO,, AI(OH)s, ZrO,, SnO,, HfO,, Ta0,, Ga:,O3) respectively immobilised on solid surface
with nitro acetic acid, imidodiacetic acid or tris-(carboxy-methyl)-ethylenediamine. Negatively
charged phosphate readily interacts with metal ions, while ion exchange mechanism is speculated
for metal oxide-phosphate interaction. There are also quite a few magnetic particles coated with
metal oxides or other materials available. Under right conditions they prove to be more specific
for phosphopeptides than above listed ions and oxides alone and can drastically speed up
protocols, with digestion just one minute long [127].

Lately, phosphate affinity tags are gaining traction. Unlike metal-based methods, which rely on
phosphates chemical properties alone, they recognize phosphate on peptides. These tags include
two metal ions which interacts with phosphomonoester dianions on modified residues. The tag
can be linked to biotin, acrylamide or agarose [127].

A combination of strong anion and cation exchange chromatography under right conditions can
be used for crude preliminary purification of phosphoprotein from the whole sample. However,
co-eluted non-phosphorylated proteins remain abundant [128], [129], [130], [131].

Once phosphopeptides are enriched, one faces another problem. Phosphorylated peptides’ elution
times are altered compared to their non-modified counterparts. Information gained from
chromatogram can aid in peptide identification, so caution is required when analysing this data
[132].

Negatively charged phosphate reduces ionization efficiency in positive ion mode, limiting their
detection. Fragmentation also presents issues. Due to the labile nature of the modification,
neutral loss of phosphoric or metaphosphoric acid is favoured over phosphate backbone
fragmentation with CID as the fragmentation mode. The use of ETD, ECD, or HCD retains
phosphate and promotes backbone fragmentation. Both of these problems have been addressed
by treating the sample with phosphatases before MS analysis and comparing treated and
untreated data [130], [131], [133].

1.4.4 Legumain and protein phosphorylation

Mice lacking legumain exhibit a range of phenotypic abnormalities affecting multiple organ
systems. Compared to wild-type animals, their T-cell response is slower. Impaired lysosomal
processing causes structural abnormalities in the kidneys' proximal tubules, leading to progressive
kidney damage that includes proteinuria and reduced glomerular filtration rates. Additionally,
these mice show an enlarged spleen and contain red blood cell-containing histiocytes, which are
hallmarks of hemophagocytic syndrome [14].

Changes in protein phosphorylation are linked to some observed effects in legumain knockout
mice [134], [135], [136], [137], [138], [139], [140], [141], including increased levels of EGFR in the
kidneys [142] and activation of STAT3 signalling [143]. Additionally, phosphorylation of the PDH
domain of podocin influences its dimerization, which affects podocyte filtration function in mouse
kidneys [135]. In models of renal interstitial fibrosis, p38 MAPK phosphorylation was found to
be increased by nuclear receptor Nrdal, worsening renal fibrosis [144]. The JAK/STAT signalling
pathway, which depends on phosphorylation for activation, has been identified as a key driver in
myelofibrosis, which is directly connected to extramedullary haematopoiesis [145]. Increased
phosphorylation of STATI1 has also been observed in patients with hemophagocytic
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lymphohistiocytosis [146]. Hepatomegaly occurs after activation of NFR2, a transcription factor
that regulates antioxidant expression and is activated by AKT kinase [147].

Since the exact mechanism by which legumain causes the described changes in the phenotype of
knock-out mice is unknown, we investigated whether protein phosphorylation is the link
connecting legumain to these changes.
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Chapter 2
Aims and Hypotheses

Mice with knocked-out gene for legumain don’t exhibit extreme phenotype, they have no
behavioural aberrations and have normal viability and fertility. However, there are multiple
differences when compared to their wild-type counterparts. Most notably, kidneys have altered
morphology and function. One can observe an accumulation of endosomal substrates in proximal
tubular cells, leading to endosome enlargement and hyperplasia of these cells. Morphological
changes in the kidneys also include interstitial fibrosis and the formation of glomerular cysts.
The function of the kidneys changes so that the glomerular filtration rate is lowered, which
results in heightened levels of creatinine in plasma and proteinuria. Knockout mice develop some
symptoms of hemophagocytic syndrome; enlarged histiocytes containing red blood cells,
haematocrit values decline with aging, and the spleen is enlarged with active extramedullary
haematopoiesis. Since there appears to be no direct connection between legumain and observed
changes in legumain knock-out mice, we probed the possibility legumain influences cell signalling
through protein phosphorylation. Some of the reported modifications of legumain knock-out mice
have been linked to changes in protein phosphorylation, including higher levels of EGFR, in the
kidneys, and activation of STATS3 signalling. Per these previous observations, we tested the
following hypothesis:

. Legumain deficiency alters phosphorylation-based signalling in murine organs

. Legumain deficiency affects function of proteins involved in regulation of DNA
transcription and translation.

. Differences in phosphorylation in legumain knockout mice affect expression of

proteins involved in pro-inflammatory response
. Activation of the NF-kB pathway is the main trigger of pro-inflammatory
response in legumain deficient mice.

As legumain has a known role in some pathogenic states, especially in tumours
environment and inflammation, further understanding into signalling mechanics connected to
legumain’s function will help develop treatment methods to ameliorate negative effects associated
with legumain and possibly employ its positive effects to our good.






Chapter 2

Materials and Methods

3.1 Materials

3.1.1

Chemicals

ABC (ammonium bicarbonate) (Sigma-Aldrich, 9830)

ACN (acetonitrile) (Fisher chemicals, LS120-1)

Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad, 5000006)
BSA (Promega, R396D)

DMSO (Dimethyl sulphoxyde) (Merck, 1.02931.1000)

DPBS, (Sigma, D8662)

DTT (Sigma-Aldrich, 43815-5G)

EDTA (Fluka, 3677)

FA (formic acid) (Fisher scientific, A117-50)

FBS (foetal bovine serum) (Gibco, 10500-064)

Glutamax (Gibco, 35050061 )

IAM (iodoacetamide) (Amersham Biosciences, RPN6302)
Methanol (VWR, 414814)

NaCl (Fisher Chemicals, S/3160/60)

Igepal CA-630 (NP-40 substitute) (UBS, 19628)
Penicillin/Streptomycin (Sigma-Adrich, P4333)

Prestained Protein Ladder PageRuler (Thermo Scientific, 26620)
Phosphatase arrest cocktail (G-Biosciences, 786-647)

Protease inhibitor cocktail (Sigma, P8340-1ML)

SDS (Thermo Fisher Scientific, BP 2436-1)

Sequencing-grade porcine trypsin (Promega, PR_V5111)
TEMED (Sigma, T9281)

TRIS (Sigma, T6066)

Triton X-100 (Sigma, 93424)

Trypan Blue (Sigma-Aldrich, T8154-100ml)

Tween-20 (Merck, P9416)

Western Blotting Detection Reagents ECL™ (GE Healthcare, RPN2106)
Urea (VWR, 97063-802)

Commercial kits

Novex™ 8-16 %, Tris-Glycine Plus WedgeWell™ Gel (Invitrogen, XP08160BOX)
Lenti-X lentiviral expression system (Invitrogen)
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- QIAGEN RNeasy Mini Kit (Qiagen)

3.1.3 Buffers, solutions and media

Lysis buffer 1
20 mM TRIS/HCI pH 7.4
150 mM NaCl
1 mM EDTA
1% (v/v) NP-40
1x Protease inhibitor cocktail
1x Phosphatase inhibitor cocktail

Lysis buffer 2
50 mM TRIS pH 7.8
150 mM NaCl
1 mM EDTA
1% NP-40
0.1% SDS
0.5% Na-deoxycholate

Laemmli buffer (4x)
240 mM Tris-Cl
8% SDS
40% glycerol
20% B-mercaptoethanol
0.04% bromphenol blue

Solution for SDS-PAGE stacking gel
0.625 mL 40% acrylamide-bisacrylamide
1.25 mL 0.5 M Tris/HCI (pH 6.8)
3.075 mL H20
0.1 mL 10% SDS
0.02 mL 10% APS
0.01 mL. TEMED

Solution for SDS-PAGE (10%) resolving gel
2.5 mL 40% acrylamide-bisacrylamide
2.5 mL 1 M Tris-HCI (pH 8.8)
4.9 mL H20
0.1 mL 10% SDS
0.04 mL 10% APS
0.02 mL. TEMED

SDS-PAGE loading buffer (6x)
375 mM Tris-HCI
6% SDS
48% glycerol
100 mM DTT
0.03% bromophenol blue
pH 6.8
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SDS-PAGE buffer

25 mM Tris
192 mM L-Gly
0.1% SDS
TBS
20 mM Tris
500 mM NaCl
pH 7.5
TBST
TBS

0.05% (v/v) Tween 20

Western transfer buffer
25 mM Tris
192 mM L-Gly
15 mM SDS
10% methanol

Staining solution
0.5% Coomassie Brilliant Blue R-250
50% methanol
10% acetic acid

Destaining solution
30% ethanol
10% acetic acid

Reduction buffer
10 mM DTT
25 mM ABC

Alkylation buffer
55 mM TAM
25 mM ABC

Trypsinisation solution
25 mM ABC
1 pg sequencing-grade porcine trypsin

Extraction solution
50% ACN
5% FA

Elution solution
60% ACN
0.1% FA

Phosphopeptide wash solution 1
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50% ACN
1% TFA

Phosphopeptide wash solution 2
35% ACN
1% TFA

Phosphopeptide elution solution
150 mM NH40H
25% ACN

Phosphopeptide reconstitution solution
1 M glycolic acid
80% ACN
5% TFA

Culture media
RPMI
10% FBS
1% penicillin/streptomycin
1% glutamine

PBS
6.6 mM Na2HPO4
13.4 mM NaH2PO4
150 mM NaCl
pH 7.4

Freezing media
complemented RPMI
40% FBS
10% DMSO

3.1.4 Plasmids
pLVX-IRES-Puro lentiviral expression vector (Clontech)

3.1.5 Antibodies

- GAPDH (Cell Signaling Technology, 97166S)

- IkBa (Cell Signaling Technology, 9241)

- IL-10 (Abcam, ab9722)

- YBX-1 (Abcam, ab12148)

- pSer 100 YBX-1 (Abcam, ab138654)

- F4/80 (Abcam, ab6640)

- HRP-conjugated goat anti-rabbit IgG (#111-035-045, Jackson Immunoreshearch)
- Alexa Fluor 555 anti-rat IgG (Invitrogen, A48270)



3.1.6 Primers

gene name
Homo
sapiens
Nfkbia

Nfkb1
Nfkb2
I110ra
Il1b

Cel5

5LegEcoR1

3LegXbal

gene name
Mus
musculus
I110ra
Ccl2

Ccl3

Cel5
Cxell
Ikbke
111f6

Nfkb2
Serpinald

forward
5-TCCTGAAGGCTACCAACTACA-3'

5'-CAGGAGACGTGAAGATGCTG-3'
5'-GAGAGAAGCCGCAACCAG-3'
5'-TTCCGAGAGTATGAGATTGCC-3'

5'-CAGCCAATCTTCATTGCTCAAG-3'

5'-GCTGTCATCCTCATTGCTACT-3'
5-
TAATTGAATTCATGGTTTGGAAAGTA-
3’

5-

TTAATTTCTAGATCAGTAGTGACCAAG-

37

forward
5-TTTGCTCCCATTCCTCGTC-3'
5'-CATCCACGTGTTGGCTCA-3'
5-CCTTGCTGTTCTTCTCTGTACC-3'

5'-GCTCCAATCTTGCAGTCGT-3'

5-CCAAACCGAAGTCATAGCCA-3'

5'-AGTCTTTGCCTGATTCTGAGC-3

5'-CGATGAGCTGCCTGTTCTG-3'

5'-CGGAAAGAAGTCGGAACCAG-3'
5'-GAAAGATAGTTGAGGCGGTGA-3'

3.1.7 Mammalian cell lines

- HL-60, human leukaemia cell line ATCC (98070106)

3.1.8 Equipment

- 1.5 mL and 2 mL micro tubes (Eppendorf)

- 15 mL and 50 mL centrifuge tubes (BD Biosciences)

99

reverse
5'-CATTGACATCAGCACCCAAG-3'
5'-
AGTTGAGAATGAAGGTGGATGA-3'
5'-CGGCTCTGTCTAGTGGCT-3'
5-AGCGACAGATGGTTTCACC-3'
5'-GAACAAGTCATCCTCATTGCC-3'
5'-TGCCACTGGTGTAGAAATACTC-
3

reverse
5'-GGCTTCAAACCACACATAGGA-3'
5'-AACTACAGCTTCTTTGGGACA-3'
5'-CGATGAATTGGCGTGGAATC-3'
5'-CCTCTATCCTAGCTCATCTCCA-
3

5'-GTGCCATCAGAGCAGTCT-3'
5'-CATCAGTATGCCACAGGTAGT-3'
5'-GGTTGTACCACTCTTCTTGTGA-
3

5'-
TCGTAGCAATTGTCCATATCTCTG-
3
5'-CTCAGGATCGAATGGCTGTT-3'
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- 96-well microtiter cell culture black plate with transparent bottom (Corning)

- Amicon 0.5 Ultra Centrifugal filters (Millipore)

- Automatic pipettes (Eppendorf)

- Cell line incubator (Binder)

- Centrifuges (Eppendorf)

- Concentrator 5301 (Eppendorf)

- Empore/C18 disks (Varian)

- Gel imaging system G:Box (Syngene)

- G: BOX Chemi XRQ gel dock system (Syngene)

- Laminar air flow cabinet for cell culture BSB 4A (Gelaire Flow Laboratories)

- Nitrocellulose membrane (GE healthcare)

- Orbitrap LTQ Velos mass spectrometer (Thermo Fisher Scientific) coupled to
EASY-nanoLC II HPLC unit (Thermo Fisher Scientific)

- pH-meter MP 220 (Mettler Toledo)

- Power supply Western Lightning Volt™ Power Supply OSP-300 (Thermo
Scientific)

- PHOS-Select iron-affinity gel (Merck)

- SigmaPrep spin columns (Sigma-Aldrich)

- Tecan Infinite M1000 plate reader (Tecan)

- TiO2 beads (Titansphere Phos-TiO 10 pm, GL Science)

- Vertical Electrophoresis Lab Apparatus MiniProtean Tetracell (Biorad)

- Western transfer apparatus TE22 Mighty Small Transphor Unit (GE Lifesciences)

3.2 Methods

3.2.1 Mice

3.2.1.1 Mice on the C57/BL6 background were maintained in accordance with
national regulations authorized by the government's Ethical Committee and
the Veterinary Administration of the Republic of Slovenia (VARS), with
permit number U34401-40/2020/3. Legumain knockout mice were provided
by the Thomas Reinheckl lab in Freiburg, Germany. Three mice each were
kept in standard cages (Techniplast 1264C Eurostandard Type II) with
bedding made of corncobs (Rehofix MK 2000). Access to food (Altromin
1324) and water was provided ad libitum. Kidneys and livers from both wild-
type (WT) and AEP7 (n= 3 for each genotype) mice were immediately

frozen before further processing. Organ lysate preparation

Organs (kidneys and liver) were weighed and homogenized with 20 pL of lysis buffer
containing a phosphatase inhibitor cocktail (G-Biosciences), using a Potter-Elvehjem
PTFE homogenizer and drawn through 20G needles on ice. Lysates were shaken on ice for
an additional 30 minutes. The samples were then centrifuged at 12,000 g for 30 minutes at
4 °C. Supernatants were collected, and total protein concentration was measured using the
Bradford assay, which relies on the shift in absorption maximum of Coomassie Brilliant
Blue G-250 from 465 nm to 595 nm after binding to aromatic amino acid residues. Bovine
serum albumin (BSA) at concentrations of 1-16 pg/mL served as an external standard. A
clear, flat-bottom 96-well plate was pipetted with the appropriate volumes of BSA stock
solution and diluted samples, followed by the addition of dH20 to reach a final volume of
160 pL. Then, 40 pL of a 5x BioRad Reagent solution was added to each well. An Infinite
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M1000 Tecan plate reader was used to measure absorbance at 595 nm (A595). Standard
curve was generated from BSA measurements, and sample concentrations were calculated
accordingly.

3.2.2 Cell culture

3.2.2.1 Growing and passaging of cells

HL-60 cells were purchased from ATCC (98070106) and were grown in RPMI 1460 medium
with 20 % foetal bovine serum (FBS), 1 % penicillin/streptavidin (all Sigma-Aldrich), and
1 % GlutaMAXTM (Invitrogen). Cells were grown in a humidified incubator at 37 °C and
5 % CO2. When cells reached density of 10° / mL, they were centrifuged at 300 rcf for 5
min, washed twice with PBS and diluted to 0.2 * 106 in complemented RPMI and finally
transferred to a new flask.

3.2.2.2 Legumain overexpression in HIL-60 cells

Legumain ¢cDNA was amplified using Q5 Hot Start DNA Polymerase (New England
BioLabs) with 5' LegEcoRI and 3' LegXbal primers, which also introduced EcoRI and
Xbal restriction sites. The amplified DNA was then ligated into the pLVX-IRES-Puro
lentiviral expression vector (Clontech). A control vector was created with a scrambled
DNA sequence inserted.

Lentiviruses were produced using the Lenti-X lentiviral expression system (Invitrogen),
following the manufacturer's instructions. The expression vector was transfected into Lenti-
X 293T cells along with the Lenti HTX Packaging Mix to produce infectious virions. The
virions containing pLVX-IRES-Puro with legumain and scrambled sequences were then
used to infect HLL-60 cells.

3.2.2.3 Cell lysate preparation

Lysates were prepared in lysis buffer containing phosphatase inhibitor cocktail (G-
Biosciences) and protease inhibitor cocktail (Sigma). Cells were manually homogenized
with a syringe and a 20 G needle on ice, then shaken on ice for an additional 30 minutes.
Samples were then centrifuged at 12 000 rfc for 30 minutes at 4 °C. Supernatants were
collected, and the total protein concentration was determined using the Bradford assay.

3.2.3 Mass spectrometry

3.2.3.1 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis was used for protein separation
before preparing samples for mass spectrometry. Equal amounts of proteins were boiled at
95 °C for 5 minutes in the presence of 6x loading buffer. Proteins were separated on Novex
WedgeWell 8-16% Tris-Glycine gel, 1.0 mm thick, with 10 wells (XP08160BOX,
Invitrogen) in SDS-PAGE buffer. Pre-stained protein ladder, PAGE Ruler, was used as a
standard (Invitrogen). Electrophoresis was run at a constant current of 35 mA per gel until
the front reached the bottom. After separation, the gel was stained with Coomassie
Brilliant Blue for 30 minutes and destained with 30% ethanol/10% acetic acid.

3.2.3.1.1 In-gel digestion protocol
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For the control experiment without phosphopeptide enrichment, we used an in-gel
procedure. The destained gel was cut into individual lanes, and each lane was divided into
six pieces. Each piece was cut into approximately 1 mm? fragments and transferred into
Eppendorf Lo-bind tubes. First, the samples were thoroughly destained with two
incubations using 150 pL of 25 mM ammonium bicarbonate (ABC) in 50% acetonitrile
(ACN), shaking at 1200 rpm for 30 minutes at room temperature. Then, the gel pieces
were dehydrated in 100% ACN and vacuum dried using a SpeedVac. Cysteine residues
were reduced by incubating the samples in 150 pL of 10 mM dithiothreitol (DTT) in 25
mM ABC at 56 °C for 30 minutes. Next, 150 pL of 55 mM iodoacetamide (IAM) in 25 mM
ABC was added in the dark and incubated for 30 minutes at room temperature. To quench
any remaining TAM, 150 pL of 20 mM DTT in 25 mM ABC was added for 30 minutes at
37 °C. Finally, the gel pieces were washed again with 150 pL of MS-grade water, followed
by two additional washes with 150 pL of 100% ACN until they were completely dry.

The samples were digested with sequencing-grade modified porcine trypsin (Promega) at a
final concentration of 1 pM in 0.1 M ABC buffer pH 7.8. Using 1 pg of trypsin per sample,
the gel pieces were protected from drying out during digestion by adding 100 uL of 0.1 M

ABC buffer pH 7.8 and incubating overnight at 37°C.

Peptides produced from trypsin digestion were extracted with 150 pL of 50% acetonitrile
in 5% formic acid, agitating for 30 minutes at room temperature. The extracted peptide
solution was transferred to a new tube, and the extraction process was repeated two more
times. The pooled peptides were concentrated in a SpeedVac to approximately 100 pL to
remove all ACN present in the samples. The peptides were desalted through a stack of
three C18 discs (Empore) in a 200 pL pipette tip. The C18 columns were preconditioned
with 100% methanol and 100% ACN/0.1% FA. The bound peptides were washed with
0.1% formic acid and eluted with 60% ACN/0.1% FA. ACN in the eluted samples was
removed with vacuum concentration until the final volume was 20 pL.

3.2.3.1.2 LC-MS/MS analysis

The samples were analysed on an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific) connected to an EASY-nanoLC II HPLC system. The peptide samples were
diluted in solvent A (0.1% FA (v/v) in water) and loaded onto a C18 trapping column
(Proxeon EASY-ColumnTM, Thermo Fisher Scientific), then separated on a CI18
PicoFritTM AQUASIL analytical column. The peptides were eluted over a 90-minute linear
gradient of 5 to 50% solvent B (100% ACN in 0.1% FA) at a flow rate of 300 nL/min. Full
MS spectra were acquired using an Orbitrap mass analyser at a resolution of 30 000 and a
mass range of 300-2 000 m/z. The nine most intense ions from each MS spectrum were
selected for fragmentation with HCD. MS/MS spectra were collected at a resolution of 7
500. For MS/MS fragmentation, only precursor ions with a charge greater than one were
selected. Dynamic exclusion was enabled with a repeat count of one, a 30-second repetition
time, and a 30-second exclusion duration. Data was captured using Thermo Xcalibur
version 2.2 SP1.48 (released on August 11, 2012).

3.2.3.1.3 Data analysis

Tandem mass spectra were analysed with MaxQuant (version 1.6.17.0, Max-Planck
Institute for Biochemistry) using the integrated Andromeda search engine [148]. The
searches were conducted against the mouse reference proteome available at UniProt
(UniProtKB, Mus musculus, reviewed database with 16 996 entries, as of August 2019).
Peptides generated by the protease were searched using trypsin-specific cleavage sites with
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a maximum of two missed cleavages. Fixed modification was set to carbamidomethylation
of cysteine residues (+57.0215 Da), while oxidation of methionine (+15.9949 Da) and
acetylation of protein N-termini (+42.0106 Da) were set as variable modifications. The
precursor ion and fragment ion mass tolerances were set to 4.5 ppm and 0.5 Da,
respectively, and Label-free quantification was enabled. A reverse database search was
performed with a false discovery rate (FDR) set to 1%. The resulting data were further
processed in Perseus (v.1.6.14.). Reverse decoy matches, potential contaminants, and
proteins detected with fewer than two peptides were filtered out before a log,
transformation was applied. Proteins identified in at least three biological replicates in at
least one group (WT/AEP /") were selected for further analysis, and missing values were
imputed based on a downshifted normal distribution with default settings. For statistical
analysis, Student’s two-sample t-test was used for group comparisons, with default
parameters.

3.2.3.2 In-solution digestion protocol

For phosphoprotein analysis, we used an in-solution sample preparation procedure. We
used 2 mg of samples with equalized concentrations for the reaction. Urea was added to
the samples at a final concentration of 6 M. DTT (10 mM final concentration) was used
to reduce the samples, which were incubated at room temperature for 1 hour. Reduced
samples were alkylated with 32 mM iodoacetamide in the dark at room temperature for
one hour. The reaction was quenched by adding DTT to a final concentration of 38 mM
and incubating for an additional hour at room temperature. Proteins were digested using
a 1:100 (w/w) mixture of sequencing grade Lys-C/Trypsin (Promega) for 3 hours at 37 °C,
then diluted to a urea concentration of 1 M with 50 mM Tris-HCI, 0.1% SDS, pH 7.4, and
digested overnight at 37 °C. After digestion, the reaction was quenched with 0.5%
trifluoroacetic acid (TFA), and the samples were centrifuged at 12 000 rcf for 15 minutes
to remove debris. The samples were then concentrated using C18 reverse-phase columns
(8B-S001-DAK, Phenomenex). Columns were first equilibrated with three volumes of
methanol, 0.1% FA in ACN, and 0.1% FA in water. After loading, the samples were washed
with three volumes of 0.1% FA, eluted with 400 pL of 60% ACN/0.1% FA, and
concentrated using a SpeedVac. Concentrated samples were reconstituted in 0.1% TFA
and 50% ACN to an approximate protein concentration of 4 pg/pL. Subsequently,
phosphopeptide enrichment was performed using PHOS-Select Iron Affinity Gel (Sigma-
Aldrich) (40 uL per sample). The PHOS-Select gel was placed in SigmaPrep spin columns
(SC1000-1KT, Sigma-Aldrich), washed three times with 0.1% TFA and 50% ACN. The
samples and gel were mixed in SigmaPrep columns and incubated for one hour at room
temperature. After incubation, the flow-through was collected as the unbound fraction,
and the gel was washed twice with 200 pL of 1% TFA and 35% ACN. The eluate from this
process was combined with the unbound fraction and concentrated with a SpeedVac for
further phosphopeptide enrichment using Titansphere Phos-TiO2 beads (5010-21315, GL
Sciences). The iron affinity gel was washed with 250 nl. of LC-MS grade water, and
phosphopeptides were eluted with 150 mM NH,OH and 25% acetonitrile, shaking for 5
minutes. The eluted phosphopeptides were concentrated using a SpeedVac and then
transferred to C18 StageTips (20 discs, 3M Empore). The StageTips were equilibrated as
described for the columns. Elution from StageTips was performed successively with 100 plL
of elution solution containing 0%, 2%, 5%, 8%, 10%, and 40% ACN, with 0.1% FA at 1
400 rcf for 5 minutes. The concentrated unbound fraction from the iron affinity gel was
reconstituted in 1 M glycolic acid, 80% ACN, and 5% TFA, reaching an approximate
concentration of 4 pg/pL. TiO, beads were washed three times with 80% ACN and 0.4%
TFA. The beads were added to the samples (1:8, w/w) and mixed for one hour at room
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temperature. Following incubation, the samples were spun down and the beads transferred
to C18 StageTips. The samples were washed first with 100 pL of 0.5% TFA, 30% ACN,
and again with 0.4% TFA, 80% ACN. Sequential elution of phosphopeptides from the
StageTips was carried out with 0%, 2%, 5%, 8%, 10%, and 40% acetonitrile with 15%
NH,OH (v/v). All eluted samples were concentrated in a SpeedVac and reconstituted with
0.1% FA in water before LC-MS analysis. MS/MS analysis was performed as described
above.

3.2.3.3 Phosphoproteomic data analysis

Raw data files were processed using MaxQuant software (version 1.6.17.0, Max-Planck
Institute for Biochemistry) with an integrated Andromeda search engine. The files were
searched against the reviewed Swiss-Prot Mus musculus database containing 16 996 entries,
as of August 2019. Aside from default parameters (described above), STY phosphorylation
was added as a variable modification, and label-free quantification (LFQ) was enabled.
Results from MaxQuant were further analysed using Perseus software (version 1.6.14).
Potential contaminants, reverse hits, and phosphosites with a localization probability below
0.75 were removed prior to further analysis. Only phosphosites detected in at least two of
three technical replicates and two of three biological replicates were included in the
Student's t-test. Permutation-based FDR was used for truncation, with FDR set to 1%.

3.2.4 Western transfer and immunoblotting

3.24.1 SDS-PAGE

The setup for casting homemade gels involved 8 mL of the SDS-PAGE separating gel
solution, which was covered with 0.5 mL of isopropanol for 30 minutes. After 30 minutes,
the isopropanol was removed, and the gel was rinsed with distilled water. Then, 2 mL of
the SDS-PAGE stacking gel solution was poured over it, and a comb was inserted. After
another 30 minutes, the comb was removed, and the gel was transferred into the tank of
the electrophoresis apparatus. Equal amounts of proteins were boiled at 95 °C for 6 minutes
in the presence of 6x loading buffer, and 20 pg of each sample was loaded onto the gel.
Electrophoresis was run in SDS-PAGE buffer at a constant current of 30 mA per gel until
the standards separated. A pre-stained protein ladder, PAGE Ruler, was used as a
standard.

3.2.4.2 Western blotting transfer and immunological detection

Western transfer was performed using the Bio-Rad Trans-Blot Turbo system according to
the manufacturer’s instructions for 10 minutes at 25 A onto nitrocellulose membranes.
After transfer, the membranes were briefly washed in TBS buffer with 1% Tween-20 (TBS-
T) and blocked with 5% skimmed milk in TBS-T for 1 hour at room temperature.
Subsequently, the primary antibody solution in TBS-T BSA was applied to the membrane
and incubated overnight at 4 °C. The membrane was then washed four times for 15 minutes
in TBS-T before incubation with secondary antibodies for 1 hour at room temperature.
Following this, the membrane was washed again four times for 15 minutes in TBS-T.
Chemiluminescence detection was performed using the Amersham ECL Western Blotting
Detection Reagents kit, following the manufacturer’s instructions.
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3.2.5 Real-Time quantitative polymerase chain reaction (RT-qPCR)

Total RNA from HL-60 cells with stable legumain expression and controls with a mock
plasmid, as well as from mice kidneys and livers (wild-type and legumain knockout), was
isolated using the QIAGEN RNeasy Mini Kit (Qiagen) following the manufacturer’s
instructions. The RNA concentration was measured with a NanoDrop One/One
spectrophotometer (Thermo Scientific). One milligram of total RNA was used for the
reverse transcription reaction with LunaScript RT Supermix (New England Biolabs). For
the RT-qPCR reaction, 10 ng of cDNA per well was used with KAPA SYBR FAST (Merck)
master mix. The primer concentration was 100 nM. RT-qPCR was performed on a
Stratagen MX300P (Agilent) with the following settings: initial denaturation at 95 °C for
3 minutes; then 40 cycles of denaturation for 3 seconds at 95 °C and primer annealing and
extension for 20 seconds at 60 °C. Data was collected at the end of each cycle. Melting
curves were generated after the cycling. A set of housekeeping genes was tested for stability
across all samples using the GNorm method [149], with GUSB identified as the most stable
reference gene. Results were analyzed in R using the per package (version 1.2.2) [150] with
the double delta Ct method [150]. Primers were purchased from Integrated DNA
Technologies.

3.2.6 Immunohistology

After dissection, mouse kidneys were frozen in liquid nitrogen and kept at -80 °C till use.
The organs were sliced into 5 pm slices with a cryostat (SLEE medical) and mounted onto
glass slides. The samples were fixated with 4 % cold paraformaldehyde and 100 % cold
acetone. Anti-F4/80 primary antibodies (1:100 dilution, Abcam, ab6640) for staining
macrophages and Alexa Fluor 555 anti-rat IgG (1:200 dilution, Invitrogen, A48270)
secondary antibodies were used for immunofluorescence labelling. Anti-fade mountant with
DAPI (Thermo Fisher, P36931) was used for nuclear counterstaining, before coverslips
were mounted onto glass slides. A fluorescence microscope (Olympus IX 81) was used to
image the tissue samples and the Olympus cellSens Dimension (ver. 3.2) imaging software
for image analysis. Five sections per sample were selected, and the proportion of the stained
regions was measured after adjusting the colour threshold and normalizing the target
protein signal to the DAPI signal using ImagelJ software (ver. 1.49).
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Chapter 4

Results

4.1 Phosphoproteomics analysis of legumain knock out mice

kidney and liver

4.1.1 Phosphoproteomic analysis of mouse kidney

Altogether, we identified 3 183 phosphopeptides associated with 1 681 proteins. Most of
the peptides, 3 827 (91.5%), were singly phosphorylated, 332 (7.9%) were doubly
phosphorylated, and 245 were phosphorylated on at least three residues. Since one
phosphosite can be identified multiple times, for example: once on a singly phosphorylated
and one on a doubly phosphorylated peptides, number of identified phosphosites doesn’t
directly translate into number of identified phosphopeptides. The majority of the
phosphorylation sites, 82.0%, were on serine residues, while 16.7% and 1.3% were on
threonine and tyrosine residues, respectively. In total, we detected 5 082 phosphosites in
the kidneys, with 3 089 having peptide identification confidence of at least 99% and site
localization confidence greater than 75% (as recommended in [151]). Among these, 31
phosphosites were differentially regulated between knock-out and control groups. Of these,
YBXI1 and Srrm2 were the only ones to be multiphosphorylated (Figure 10).
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Figure 10: (A): Volcano plot showing phosphosites over-represented (top left) and under-
represented (top right) in legumain null C57/BL6 mice kidneys. Some significantly dysregulated
phosphosites are labelled with gene names and modified amino acid residues. Horizontal lines denote
a 2-fold change in abundance, horizontal line denotes a p-value of 0.01. (B): Heat-map constructed
with pheatmap package in R shows under-represented phosphorylation sites in AEP -/~ kidneys with
blue and over-represented ones with orange. WT 1-3 are wild-type mice and KO 1-3 are knock-out

mice.

To determine whether any proteins that are statistically significantly different from the
whole proteome, which is not enriched for phosphopeptides, are also dysregulated in the
phosphoproteome, we compared our phospho-enriched datasets with control experiments
(non-enriched proteome). None of the proteins that were differentially regulated in the
whole proteome matched those that were differentially phosphorylated. This confirms that
the changes we observed are solely due to alterations in phosphorylation.

4.1.1.1 Prediction of subcellular location of identified phosphoproteins

The subcellular location of the identified dysregulated phosphoproteins was predicted using
DeepLoc 2.0 [152]. This tool predicts protein subcellular localization based on homology
with proteins in curated databases and sorting signal information. Half of the dysregulated
proteins in the kidneys are located in the cytosol, and nearly a fifth are nuclear proteins.
An additional 10% of kidney proteins are found either in the nucleus or cytoplasm. Other
subcellular locations make up smaller fractions (Figure 11).
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Figure 11: Pie chart showing predicted subcellular locations of identified phosphorylated
proteins as identified by DeepLoc 2.0 algorithm in the kidneys.

4.1.1.2 Prediction of interacting kinases based on kinase recognition motifs

The Motif-X algorithm within the MEME suite was used to predict kinase-substrate
relationships in identified phosphoproteins. We detected motifs phosphorylated by
mitogen-activated protein kinases (MAPKSs) (.pSP.) (686), AGC family kinases (RR.pS
(66), and R..pS (117). Motifs pSD.E (72) and pS..D/E (79) are recognized by acidic kinases
such as casein kinase I and II (CK1 and 2). In dysregulated phosphopeptides, the proline-
rich .SP. motif was the most abundant (Figure 12).
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Figure 12: Motif analysis of identified phosphosites in C57/BL6 mouse kidneys with their fold
enrichment (B): total number of background peptides with central phosphorylation/number of
peptides that match the motif. (A): Ice logos of five most enriched motifs are shown.

4.1.1.3  Gene Ontology (GO) term analysis

G:profiler [153] was used to annotate differentially phosphorylated proteins in our dataset.
The proteins were classified into biological process (BP), molecular function (MF), cellular
component (CC), and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The
most common MF terms included GTPase binding and protein binding. For BP, cellular
response to stress and malonyl-CoA biosynthetic process were the most enriched terms,
while for CC, cytosol and cell junction were the most enriched localizations. Fatty acid
biosynthesis was the most overrepresented KEGG pathway. Among upregulated
phosphoproteins, the terms acetyl-CoA carboxylase activity, malonyl-CoA biosynthetic
process, exocytic vesicle, and fatty acid biosynthesis were enriched in MF, BP, CC, and
KEGG categories, respectively. For downregulated phosphoproteins, GTPase binding was
enriched in MF, and dense plaque of desmosome was enriched in CC (Figure 13).
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Figure 13: Gene ontology (GO) term analysis of differentially phosphorylated proteins from AEP/-
and wild-type C56/BL6 mice kidneys. Analysis was carried out with G:profiler. Biological process
(BP), molecular function (MF), cellular component (CC) and Kyoto encyclopaedia of genes and

genomes (KEGG).

4.1.1.4 Protein interaction network analysis

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) is a database of
known and predicted protein-protein interactions. Interaction data are based on
experimental results, in-silico prediction methods, and data mining [154]. We constructed
a complete STRING network with dysregulated phosphoproteins, five kinases identified as
acting enzymes on specific phosphosites from PhosphoSitePlus [155] (RSK, AMPKA2,

ERK1, GSK3B, and CK2), and 50 nearest interacting proteins with a confidence level set
at 0.7. Functional enrichment analysis was performed on the largest clusters of interacting
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proteins. The highest-confidence GO term for the biggest cluster was ‘RNA binding’ (FDR
0.0011), while the neighbouring cluster was connected with the ‘Proteasomal protein
catabolic process’ (FDR 2.97e-7). Next, we identified ‘Negative regulation of cellular
metabolism’ (FDR 0.028), ‘Apoptotic process’ (FDR 0.031), ‘Fatty acid metabolism’ (FDR
2.87e-11), ‘Regulation of transcription elongation’ (FDR 1.5e-4), and ‘Lysosome
organization’ (FDR 4.47e-6) in subsequent groups of proteins, respectively (Figure 14).
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Figure 14: STRING network of significantly dysregulated phosphorylated proteins in kidneys of

AEP-/- and C57/BL6 wild-type mice (grey nodes).
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connected with their nearest 50 high confidence (confidence set at 0.7) interacting partner proteins
(light blue nodes). Green nodes are known kinases that target identified phosphoproteins.

4.1.2 Phosphoproteomic profile analysis of mouse liver

Phosphosites in the liver were identified on 2 268 phosphopeptides, which were assigned to
2 789 proteins. Similar to the kidneys, most peptides were singly phosphorylated (1 954,
85.9 %), with 275 (12.0 %) doubly phosphorylated, and 47 (2.0 %) phosphorylated on at
least three residues. Among the identified phosphorylation sites, 82.9 % (2 413) were
phosphorylated on serine residues, while 16.1 % (469) and 1.0% (30) were on threonine and
tyrosine residues, respectively. In the liver; a total of 2 912 phosphosites were identified,
with 1 842 of them having over 75% localization confidence (class I sites). Additionally,
173 phosphosites in the liver were differentially regulated between wild-type and knock-
out mice, 20 of which were phosphorylated on multiple sites (Figure 15).
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Figure 15: (A): Volcano plot showing phosphosites over-represented (top left) and under-
represented (top right) in legumain null C57/BL6 mice liver. Some significantly dysregulated
phosphosites are labelled with gene names and modified amino acid residues. Horizontal lines denote
a 2-fold change in abundance, horizontal line denotes a p-value of 0.01. (B): Heat-map constructed
with pheatmap package in R shows under-represented phosphorylation sites in AEP -/ liver with
blue and over-represented ones with orange. WT 1-3 are wild-type mice and KO 1-3 are knock-out

mice.

As in the kidneys, liver phosphoproteomic dataset was compared to control experiment,
where phosphoproteins weren’t enriched. here also we confirmed, the difference in
phosphorylation is not due to the overall difference in whole protein abundance.

4.1.2.1 Prediction of subcellular location of identified phosphoproteins

According to analysis by DeepLoc 2.0, the most proteins in the liver were localized to the
cytoplasm (33.1 %) and nucleus (21.3 %) with an additional 16.9 % assigned to the
cytoplasm and nucleus. Roughly a tenth of proteins can be located in the endoplasmic
reticulum with smaller fractions in other subcellular locations (Figure 16).

. Cytoplasm|Golgi apparatus 0.7 %
Lysosome/Vacuole 0.7 %
. Nucleus|Endoplasmic reticulum 0.7 %
. Cell membrane|Lysosome/Vacuole 1.47 %
; Cytoplasm|Lysosome/Vacuole 1.47 %
. Cytoplasm|Lysosome/Vacuocle|Golgi apparatus 1.47 %
Extracellular 1.47 %
. Cell membrane 2.2 %
Endoplasmic reticulum|Golgi apparatus 2.2 %
I wmitochondrion 2.2 %
Cytoplasm|Cell membrane 4.4 %

Endoplasmic reticulum 9.5 %
. Cytoplasm|Nucleus 16.9 %
Mucleus 21.3 %
. Cytoplasm 33.1 %

Figure 16: Pie chart showing predicted subcellular locations of identified phosphorylated proteins as
identified by DeepLoc 2.0 algorithm in the liver.

4.1.2.2 Prediction of interacting kinases based on kinase recognition motifs

Dysregulated phosphopeptides identified in the liver most commonly included motifs .pSP.,
R..pS and pS..E. In downregulated peptides motif .pSP. was the most enriched while in
upregulated peptides motifs .pSP. and pS..E. In the whole dataset, the most common motifs
included .pSP. (425), R..S (361), S..E (181) and .S. (164) (Figure 17).
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Figure 17: Motif analysis of identified phosphosites in C57/BL6 mouse liver with their fold
enrichment (B): total number of background peptides with central phosphorylation/number of
peptides that match the motif. (A): Ice logos for five most enriched motifs are shown.

4.1.2.3 Gene Ontology (GO) term analysis

Among all differentially phosphorylated proteins in the liver, the most enriched GO terms
were protein binding (MF), positive regulation of biological process (BP), cytoplasm (CC),
and Glucagon signalling pathway (KEGG). In upregulated proteins, these terms were
protein binding, regulation of metabolic process, intracellular anatomical structure, and
protein processing in the endoplasmic reticulum, corresponding to MF, BP, CC, and
KEGG, respectively. For downregulated proteins, the most enriched GO terms in the same
order were protein binding, catabolic process, and cytoplasm (Figure 18).
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Figure 18: Gene onthology (GO) term analysis of differientaly phosphorylated proteins from AEP-
/- and wild-type C56/BL6 mice liver. Analysis was carried out with G:profiler. Biological process
(BP), molecular function (MF), cellular component (CC) and Kyoto encyclopaedia of genes and

genomes (KEGG).
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4.1.2.4 Protein interaction network analysis

A complete STRING network was built from dysregulated phosphorylated proteins
identified in the liver, with a confidence level set at 0.7 and no additional interactors
included. Functional enrichment analysis of the largest protein cluster revealed the GO:MF
term ‘Cytoskeletal protein binding’ (FDR 2.65e-10) as the most significant. The next three
clusters of interacting proteins showed GO:BP ‘mRNA processing’ (FDR 2.65e-7), GO:BF
‘Cytoplasmic translation’ (FDR 0.0024), and GO:BP ‘Carbohydrate metabolic process’
(FDR 0.0035) as the most enriched terms (Figure 19).
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Figure 19: STRING network of significantly dysregulated phosphorylated proteins in liver of AEP-
/- and C57/BL6 wild-type mice (grey nodes). Identified phosphoproteins are connected with their
nearest 50 high confidence (confidence set at 0.7) interacting partner proteins (light blue nodes).
Phosphosites are represented with donuts enveloping the nodes, marked with phosphosite amino
acid and position. Donut colour presents if the phosphosite is upregulated (blue) or downregulated

(red) in knock-outs.

4.2 Gene expression analysis

Based on connections from STRING analysis, we compared the expression of several gene
targets using RT-qPCR. This helped us determine whether differences in abundance result
from increased expression or decreased degradation of mature proteins. The results show
that there is no expression of IL-10 in the kidney or liver. However, we observed a 1.7-fold
increase in IL-10 receptor alpha expression in the kidneys of knockout samples compared
to the control group. Most notably, I136a was overexpressed in the kidneys of knockout
mice. We also saw an increase in the expression of pro-inflammatory cytokines, especially
CCL2 in the kidneys, with CXCL1, CCL3, and CCL5 showing smaller increases (about
two times higher expression) (Figure 20).
Expression of selected genes in kidneys and liver
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Figure 20: RT-qPCR expression analysis of selected genes in genes in kidneys and liver of AEP-/-
and wild-type C57/BL6 mice. Log fold change indicates an increase in expression in knock-out
animals. A vertical dotted line indicates a 1-fold log change in expression, horizontal dotted line
denotes a p-value of 0.05. Expression data from the kidney is marked with pink, and from the liver
with blue.

Within the transcriptome data, we examined the expression of NF-kB genes and some of
their downstream targets. Particularly in the kidneys, we observed increased expression of
Nfkb1, Nfkb2, Nfkbia, Rel, Relb, Icam1, and Vcam1. Most notably, [136a was overexpressed
in these animals, which we also confirmed with RT-qPCR (Figure 21). Using both
methods—transcriptomics and RT-qPCR—we noted an increase in the expression of pro-
inflammatory cytokines, most prominently CCL2 in the kidneys.
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Figure 21: mRNA-Seq expression analysis of selected genes in genes in kidneys and liver of AEP-/-
and wild-type C57/BL6 mice. Log fold change indicates an increase in expression in knock-out
animals. A vertical dotted line indicates a 1-fold log change in expression, horizontal dotted line
denotes a P-value of 0.05. Expression data from the kidney is marked with pink, and from the liver
with blue.

4.3 Immunohistochemistry

With mass spectrometry, we found two phosphorylation sites on Y-box binding protein 1
(YBX1). These are serines 172 and 174. The first was more abundant in knockout kidney
samples while the latter was more abundant in wild-type kidney samples. This difference
led us to investigate this protein further. However, there were no commercially available
antibodies for any of these sited at the time of writing this thesis. The only phospho
antibodies we were able to procure were for serine 100, therefore we continued our work
with examination of this site.

To examine the potential differences in phosphorylation levels of YBX1 on serine 100, we
conducted an immunological analysis of this site in mouse organ samples and HL-60 cells.
Results show higher phosphorylation levels in legumain knock-out animals, or in the case
of the human cell line, higher phosphorylation levels in the control group (cells without
overexpression of legumain). Next, we examined differences in I1-10 levels. There was a
significant increase in IL-10 in the kidneys of knock-out animals, while the difference in the
liver was only slight, favouring the knock-out group (Figures 22, 21).
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Figure 22: Western blot analysis of oof lysates from C57/BL6 wild-type (n=3) and LGMN -/~ (n=3)
kidneys (left) and liver (right) against YBX1, YBX1 pSer 100, IKBa, IL-10 and GAPDH as loading
control. Band intensities were analysed with ImagelJ software (ver. 1.49) and an unpaired two-sided
t-test was performed in R. p-value is presented above horizontal line above box plots.
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Figure 23: Western blot analysis of lysates from HL-60 cells with mock plasmid (control) (n=3) and
legumain overexpression (n=3) against YBX1, YBX1 pSer 100, IKBa, IL-10 and GAPDH (B) as
loading control. Band intensities were analysed with ImageJ software (ver. 1.49) and an unpaired
two-sided t-test was performed in R; p-value is presented above horizontal line above box plots (A).

We used immunofluorescent microscopy to label macrophages and determine if there were
more of them in the kidneys of the knock-out animals compared to the wild-type mice. In
the kidneys, we observed about twice the intensity of signal from labelled macrophages in
knock-out organs compared to wild-type samples, suggesting an increased presence of
macrophages in kidneys lacking legumain (Figure 24). We also checked whether YBX1 is
concentrated in the nucleus of kidney cells in knock-out mice (Figure 25). There appear to
be enucleations of YBX1 (red specks of YBX1 labelled with Alexa Flour 680).

al intensity
-— — N
o v ©

Wild type C57/BL6 kidneys C57/BL6 Lgmn - kidneys WT Lgmn™

Figure 24: Immunofluorescence staining of macrophages in C57/BL6 wild-type (left) and Legumain
/(right) mouse kidneys. Cell nuclei are stained with DAPI (blue) and macrophage marker F4-80
with Cy3 (yellow). Quantification was performed with ImageJ software; five areas were chosen from
each sample where the percentage of the stained area was quantified after adjustment for the colour
threshold and normalization of the signal to the DAPI signal. Absence of legumain results in higher

presence of macrophages in the kidneys of knock-out mice
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Figure 25: Immunofluorescence staining of YBX1 in C57/BL6 wild-type (B) and AEP-/- (A) mouse
kidneys. Cell nuclei are stained with DAPI (blue) and F-actin with Alexa Fluor™ 568 Phalloidin
(yellow) and YBX1 (Alexa Fluor™ 680, red) marked with primary antibodies (Abcam ab12148)
stained with secondary antibodies coupled with Alexa-PLUS-680 (Thermo Scientific, A32802).

Aggregations of YBX1 in the nucleus can be observed in the knockout sample.
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Chapter 5
Discussion

Legumain-deficient mice exhibit several phenotypic anomalies affecting multiple organ
systems. Their T-cell response in the immune system is slower than that of wild-type
specimens. Structural abnormalities in the proximal tubules of the kidneys result from
impaired lysosomal processing, leading to progressive renal impairment characterized by
decreased glomerular filtration rates and proteinuria. Additionally, the mice showed signs
indicative of hemophagocytic syndrome, marked by enlarged histiocytes containing
erythrocytes and splenomegaly [14].

Phosphorylation is one of the most important posttranslational modifications, serving as a
key regulator of cellular signal transduction. Depending on the specific phosphorylation
site, the target protein can be activated, inhibited, or enabled to interact with its binding
partners [156]. Since EGFR, a receptor tyrosine kinase, was found to be upregulated in
legumain-knockout mice, we decided to investigate how legumain deficiency affects protein
phosphorylation in the kidneys and liver of these mice. Protein phosphorylation may be
one of the pathways absence of legumain causes phenotype observed in legumain deficient
mice.

In our analysis, we identified 31 differently regulated phosphosites in mouse kidneys and
173 in the liver (Figure 7). This seems to contradict the published pathological data, which
showed many more abnormalities in the kidney than in the liver [142]. According to the
gene ontology analysis, the most enriched molecular functional terms in the liver from
phosphoproteomic data were "GTPase binding", "protein binding," and "binding." GTPases
are a large superfamily of proteins that catalyse the hydrolysis of GTP to GDP. Their
main role is to transmit signals from membrane receptors to effectors within cells [157],
showing that legumain could influence cellular signalling networks through some possible
interaction with GTPases. The prevalent mechanism that could cause several legumain
knockout phenotypes includes the disruption of integrin-mediated signalling to Rho
GTPases. Legumain serves as an intrinsic modulator of integrin av3 function by binding
to and inhibiting this receptor in vascular smooth muscle cells . In wild-type mice, this
legumain-integrin interaction diminishes downstream signalling to RhoA and possibly other
small GTPases in vascular smooth muscle cells and alleviates extracellular matrix
degradation. In legumain knockout mice, the lack of macrophage derived legumain results
in increased or prolonged integrin-mediated activation of Rho GTPases [158].

Some of the enriched gene ontology terms in the kidneys were also related to fatty acid
production (Figure 10). Fatty acids may act as intracellular signal transducers or hormones
[159]. Knockout specimens had more proteins involved in fatty acid production, such as
Acacb and Acaca. Gene ontology also indicates that the dysregulated proteins interact
with the cytoskeleton, biotin, transcription factors, deoxyribonucleotides, and mRNA.
Along with the enriched terms of specific clusters of interacting proteins identified by
STRING network analysis—such as mRNA processing, cytoplasmic translation, and RNA
binding—our findings could suggest that the phenotype observed in legumain-deficient
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mice could be caused by changes in cellular signalling and the regulation of gene expression
and/or translation. Ergo, while legumain may not affect protein phosphorylation directly
through processing of kinases or phosphatases, it may cause changes in mRNA processing
or translation that downstream lead to changes in phosphoproteome,

Identifying enriched phosphorylation motifs can help us discover upstream kinases and
their pathways. Among dysregulated phosphorylation sites, a proline-rich motif .SP. was
most common in the kidneys and the second most common in the liver. This consensus
motif is shared by various kinases, including Cyclin-dependent kinases (CDKs), mitogen-
activated protein kinases (MAPKs), and Glycogen Synthase Kinase 3 (GSK3). The R..S
motif found in dysregulated phosphopeptides in the liver is most strongly associated with
AGC kinases [160]. Of the 14 AGC kinase families, 8 are downstream effectors of growth
factor signalling, while the others are involved in various other pathways [161]. The most
common motif in the kidney and liver was proline-rich SP, suggesting that legumain may
influence signalling via kinases targeting this pattern. According to the Phosphosite Plus
[155] database, the most frequently predicted kinases based on enriched motifs in
dysregulated phosphoproteins are Casein kinase 2, Protein kinase C, and Protein Kinase
A. Casein kinase 2 is a Ser/Thr protein kinase involved in signalling pathways such as
PI3K/Akt and NFxB. It is constitutively active. This kinase phosphorylates IkBa, an
inhibitor of NFkB, thereby activating NFkB [162], as shown in our research. Mice with
defective regulatory T-cells lacking legumain exhibit increased levels of TRAF6, which
activates kinase TAK1, leading to phosphorylation and degradation of IkBa and activation
of NFxB [163] Since we detected possible activation of NFxB in our samples based on gene
expression analysis and casein kinase 2 is most confidently predicted kinase for our dataset,
legumain may have some effect on the described pathway. Protein kinase C is a Ser/Thr
protein kinase involved in antigen receptor signal transduction in T-cells, B-cells, and mast
cells. Because legumain is involved in antigen processing, changes in the phosphorylation
of PKC targets may occur if legumain is absent [163]. Protein kinase A is a family of
cAMP-dependent kinases that target Ser and Thr residues [164]. It regulates kidney
function by activating aquaporin 2 and water reabsorption [165], and it modulates immune
system responses by affecting immune cell signalling and activity, possibly connecting it to
the phenotype of legumain deficient mice, which have slightly slower immune response due
to slower activation of T-cells [166], [167], [168].

Protein kinases are essential enzymes that regulate the function of proteins by adding
phosphate groups, which in turn affects overall organism function. Some of the
physiological changes we observed in legumain-deficient mice are linked to kinase activity.
For example, Protein kinase A (PKA) plays a role in kidney function regulation [165]. In
the kidney, PKA controls processes like water reabsorption by phosphorylating aquaporin-
2 (AQP2) channels in the collecting ducts, which is vital for maintaining water balance
and urine concentration. PKA also impacts cell proliferation and signalling pathways
relevant to kidney development and disease. Notably, PKA signalling is involved in
polycystic kidney disease (PKD). Increased PKA activity promotes cyst formation and
disease progression by enhancing cell proliferation and fluid secretion in kidney tubules.
Research indicates that specific PKA isoforms contribute to cyst development, and directly
inhibiting PKA can decrease the severity and progression of PKD in experimental models,
making PKA a promising therapeutic target for kidney diseases [169], [170]. Receptor
tyrosine kinases participate in signalling during renal fibrosis [171]. Many kinases, such as
CDK4/6, PCK, and AKT, regulate lysosome formation and function [172]. Some possible
kinases predicted through enriched phosphorylation motifs in our dataset, including Protein
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kinase A (PKA) [173], Protein Kinase C (PKC) [174], Calmodulin Kinase II [174], and
MAP kinase [174], also play a role in antigen presentation. Information about legumain’s
direct interactions with kinases is limited. It is known that legumain cleaves Serine-
Arginine Protein kinase 2 (SRPK2) in the Alzheimer disease brain and is also
phosphorylated by SRPK2 [175] and is involved in initiating the AKT [175] pathway by
promoting PI3K activation, which leads to enhanced Akt phosphorylation [176]. But there
is little other solid evidence in existing literature and we have not detected any
phosphorylation of legumain in the kidneys or liver of our samples.

Among the identified phosphorylated proteins, two were found to be differentially
phosphorylated at two sites (SRRM and YBX1). Proteins SRRM1 and SRRM2 (serine and
arginine repetitive matrix) are large (160 kDa and 300 kDa), extensively phosphorylated
proteins located in nuclear speckles, where they participate in the regulation of mRNA
splicing via the spliceosome [177]. SRRM1 is a splicing coactivator that enables RNA
binding activity and mainly functions in regulating mRNA splicing through the spliceosome
machinery. It is localized in nuclear speckles and operates as part of both pre- and post-
splicing multiprotein mRNP complexes [178], [179]. SRRM2 is a large, intrinsically
disordered nuclear protein that acts as the primary scaffold for nuclear speckle formation
and plays essential roles in RNA splicing regulation. The protein contains multiple serine-
and arginine-rich domains that facilitate liquid-liquid phase separation, enabling it to
organize membraneless nuclear organelles where splicing factors congregate. SRRM?2
functions as a splicing coactivator that favours the inclusion of cassette exons with weak
splice sites, working alongside SRRM1 to regulate alternative splicing programs. Beyond
its molecular functions, SRRM2 is vital for embryonic development and stem cell
pluripotency, with its dysregulation linked to neurodevelopmental disorders, Parkinson's
disease, and various cancers. The protein's dual role as both a structural organizer of
nuclear architecture and a regulator of gene expression makes it a key hub for coordinating
cellular responses to developmental and pathological stimuli [180], [181]. Phosphorylation
of SRRM2 at sites that we identified, S1972, T1974, and S898 modulates the material
properties of nuclear speckles by creating distinct charge blocks, which intensify
intermolecular interactions but do not dramatically shift condensation thresholds; these
modifications—primarily catalysed by casein kinase 2—facilitate nuclear speckle relaxation
and enhance mRNA splicing efficiency, thereby supporting genome stability during DNA
damage and regulating alternative splicing crucial for cell homeostasis, immune function,
and disease prevention [180], [182] Since there is no evidence of direct interaction between
legumain and SRRM2, some other, indirect pathway connects these two proteins. This
could also indicate legumain influences mRNA splicing in an unknown way through changes
in phosphorylation of SRRM2.

On the other hand, Y-box-binding protein (YBX1) is a 36 kDa protein that was found to
be differentially phosphorylated only in murine kidneys. It is otherwise known to be
phosphorylated on multiple sites, including its cold shock domain [155]. YBX1 (Y-box
binding protein 1) is a highly versatile and evolutionarily conserved protein that acts as a
master regulator of gene expression in cells. As a member of the cold shock domain (CSD)
protein family, YBXI1 plays crucial roles in nearly every aspect of cellular function, from
basic RNA processing to complex disease development, making it one of the most
extensively studied proteins in molecular biology [183]. YBX1 undergoes numerous post-
translational modifications, with phosphorylation being the most common and functionally
important. Phosphorylation occurs at multiple sites across the protein and serves as a key
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regulatory mechanism that controls YBX1's subcellular localization, protein interactions,
and various cellular functions [184], [185].

We identified two YBX1 phosphorylation sites using mass spectrometry (serines 172 and
174) and one additional site with immunoblotting (serine 100). YBX1 is a DNA and RNA
binding protein with various functions, including regulation of translation and
transcription, RNA stabilization, and mRNA splicing. It can act as a repressor or enhancer
of the same gene depending on the cell environment [186]. YBX1 has 32 known
phosphorylation sites, with five located within the Cold Shock Domain. Only 13 of these
sites have been confirmed through low-throughput studies, while the rest have been
identified via mass spectrometry [187], [188], [189], [190], [191], [192], [193], [194], [195],
[196]. The phosphosite on serine 174, reportedly targeted by Casein Kinase 1 [187], is more
abundant in knockouts, whereas phosphorylation on serine 172 is more prevalent in wild-
type samples. Phosphorylation of YBX1 at serines 172 and 174 is also mediated by Polo-
like kinase 1 and p90 Ribosomal-S6 Kinase (RSK) [197], which regulate YBX1 translocation
into the nucleus in glioblastoma multiforme tumours, preventing DNA damage and
apoptosis of cancer cells [198]. In glioblastoma, YBX1 promotes proliferation and survival
by upregulating stemness genes such as CD133, Nestin, and SOX2 [198]. Similarly,
apurinic/apyrimidinic endonuclease 1 phosphorylates YBX1 at these sites in ovarian
cancer, leading to stress granule formation and increased cell survival [199)].
Phosphorylation of YBX1 at serine 174 is essential for its translocation to the nucleus and
subsequent NF-kB activation [199]. This finding aligns with our observations, where YBX1
is localized in the nuclei of kidneys from legumain knockout mice [142] (Figure 22). Previous
reports also describe renal inflammation in legumain-deficient mice, showing slightly
increased NF-kB gene expression in the kidneys, along with elevated levels of the NF-kB
inhibitor IkBa. The latter may represent a compensatory response to NF-kB pathway
overactivation [200]. To further support NF-kB activation, we observed increased IL-36a
expression levels in the kidneys of legumain knockout mice through RT-qPCR, as its
activation triggers NF-kB signalling [201], [202]. This activation subsequently induces the
transcription of several downstream genes, including chemokines CCL2, CCL3, CCL5, and
CXCL1 [203], [204]. These inflammatory chemokines may contribute to the heightened
inflammatory state observed in legumain knockout mice, particularly in the kidneys [205].
They collectively orchestrate heightened inflammatory states through complementary
mechanisms involving immune cell recruitment, activation, and self-amplifying
inflammatory cascades. CCL2 is the primary monocyte recruiter, mobilizing inflammatory
monocytes from bone marrow and guiding their infiltration into inflamed tissues via CCR2.
Recruited monocytes differentiate into pro-inflammatory macrophages that produce
additional cytokines (IL-1B, IL-6, TNF-a), creating a self-perpetuating cycle [206], [207].
CCL3 recruits diverse immune cells: monocytes, T cells, NK cells, and dendritic cells.
Critically, it triggers production of additional pro-inflammatory cytokines from
macrophages and fibroblasts, amplifying the inflammatory cascade [208], [209]. CCL5
mobilizes T cells, eosinophils, basophils, and NK cells, and sustains chronic inflammation
through late expression (3-5 days post-activation). It inhibits macrophage apoptosis,
allowing persistent inflammatory cell presence, and induces matrix metalloproteinases that
cause tissue remodelling and damage [208], [210]. CXCL1 is the primary neutrophil
chemoattractant, acting via its CXCR2 receptor. Recruited neutrophils produce reactive
oxygen species, proteases, and matrix metalloproteinases that cause collateral tissue
damage. CXCL1 also induces COX-2 expression, generating prostaglandins that amplify
inflammation [211], [212], [213].
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Previous studies indicated that YBX1 S100 phosphorylation regulates the release of many
pro-inflammatory chemokines, including CCL2, CCL5, and CXCL1 that we identified as
more expressed in legumain knockout kidneys. Evidence suggests that NF-kB activation
triggers the production of these cytokines [214]. These cytokines are possibly the main
drivers of renal inflammation in legumain-deficient animals. The chemokines listed above
attract immune cells such as macrophages. Our findings reveal that macrophages are more
abundant in the kidneys of legumain-deficient animals than in the wild-type, supporting
this theory.

Since there are no commercially available antibodies for YBX1 phosphorylation sites that
we identified with mass spectrometry, we used the only available phospho YBX1 on the
market: phosphorylation at serine 100. The phosphorylation site at serine 100 is described
by Mehta et al. as “difficult to detect” with mass spectrometry [197]. We agree with the
authors of this paper [197], as we also failed to detect the site in our experiments. That’s
why we studied it only using immunological methods (Figure 19). Several studies have
identified Akt1, p90RSK, p70S6K, ERK, and RSK2 as the kinases responsible for modifying
this residue in vivo [215], [216], [217], [218]. Accordingly, we observed an increase in Serine
100 phosphorylation in the kidneys of knockout mice. However, there were no noticeable
differences in S100 phosphorylation in the liver. This aligns with existing research, where
YBX1 is involved in several liver conditions (hepatocellular carcinoma [219], metabolic
dysfunction-associated steatotic liver disease, liver fibrosis , and hepatitis B infection ) not
seen in legumain knockout mice.

Wang and colleagues [222] found that S100 phosphorylated YBX1 increases IL-10
production in inflamed kidneys, thereby reducing and resolving chronic inflammation
damage. We observed higher levels of IL-10 in the kidneys of legumain deficient mice
(Figure 19). However, when we measured IL-10 expression levels using RT-qPCR, we
detected no gene expression in the kidneys or liver. In legumain-deficient kidneys, IL-10
receptor expression was, however, upregulated. IL-10 expression was also elevated in the
serum and in regulatory T-cell-specific legumain knockout C57BL /6 mice. In this context,
IL-10 is involved in lowering hypertension [163]. Increased chemokine expression can
attract immune cells, such as macrophages, to the kidneys. Therefore, increased I1.-10 levels
may reflect an effort to reduce inflammatory damage in the kidney of legumain knockout
mice [223], [224], [225].

YBX1 Ser100 phosphorylation plays complex and context-dependent roles in kidney
pathology, with significantly different effects depending on cellular localization and timing
of injury [226]. During acute kidney injury, phosphorylated YBX1 at Ser1020localizes to
the fourth intron of the IL-10 gene locus and enhances IL-10 mRNA expression. This
represents a crucial renoprotective mechanism where YBX1 acts as a transcriptional
activator of the anti-inflammatory cytokine IL-10. Mice with half-maximal YBX1
expression (Yb1*/) show reduced inflammatory responses and less kidney damage in the
early stages (days 1 and 5) of ischemia-reperfusion injury, along with decreased IL-10
expression when exposed to LPS and increased immune cell infiltration and tubular cell
CCLS5 expression when YBX1 is deficient [222]. Paradoxically, the same mice with reduced
YBX1 expression develop worse kidney injury and inflammation with less regeneration at
later stages (day 21) of ischemia-reperfusion. This indicates that while Ser100
phosphorylation offers early protection, prolonged YBX1 activation may contribute to
chronic injury [222]. Recent studies reveal that YBX1 Ser100 phosphorylation is essential
for glomerular-tubular communication via a novel paracrine signalling mechanism [227].
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Podocytes physiologically secrete YBX1, which requires post-translational acetylation
rather than Ser100 phosphorylation specifically. However, Ser100 phosphorylation likely
influences the nuclear localization of YBX1, affecting the pool available for secretion. Mice
with deletion of YBXI in their podocytes (Ybx1APod mice) have increased inflammatory
cell infiltration in their kidneys [227]. YBX1 Ser100 phosphorylation has conflicting effects
on renal fibrosis based on its subcellular localization [228]. When phosphorylated at Ser100
and localized to the nucleus, YBX1 acts as a strong negative regulator of fibrotic genes. It
suppresses actin expression in a-smooth muscle cells, represses Coll1A1 gene transcription,
and activates MMP-2 expression, thereby promoting collagen degradation [227]. YBX1
Ser100 phosphorylation significantly impacts kidney inflammatory responses through
multiple pathways [229]. YBX1 modulates the inflammatory response by affecting TNFa
binding to its receptors (TNFR) and altering TNFa-mediated signalling. Specifically,
phosphorylated YBX1 can cooperate with progranulin, a growth factor that binds TNF
receptors and inhibits TNFa signalling, to reduce TNFa binding to its receptors and
suppress downstream NF-kB signalling. This pathway modulation leads to decreased pro-
inflammatory signalling and macrophage infiltration in kidney inflammation, highlighting
a regulatory role of YBX1 S100 phosphorylation in controlling inflammation via the TNFoa-
TNFR axis and NF-xB signalling pathway [229]. Specifically deleting YBX1 in
monocytes/macrophages increases tissue damage and fibrosis following ureteral
obstruction, supporting YBX1's role in guiding macrophages toward anti-inflammatory
phenotypes. The protein promotes the resolution of inflammation over time by upregulating
IL-10, which depends on its nuclear localization facilitated by Ser100 phosphorylation [230].
YBX1 also interferes with TNF-a binding to its receptors and modulates TLR4 signalling
in tubular cells. This dual anti-inflammatory role occurs through YBX1 directly binding
to TLRA4 receptors, blocking pro-inflammatory signalling [227].

Collagen type 1A (CollAl) is a component of the extracellular matrix, and its levels rise
in the kidneys during renal fibrosis [231]. We found that the expression of CollAl is
significantly higher in the kidneys of knockout animals, but not in the liver. Increased levels
of YBX1 phosphorylated on tyrosine 97 have been shown to stabilize CollA1 mRNA in
the cytoplasm, facilitating renal fibrosis [228]. However, we did not identify this
phosphosite in our study and unexpectedly, identified site on serine 100, when located in
the nucleus, acts as suppressor of CollA1 expression [227].

The absence of legumain in mice kidneys may be a cause for renal inflammation by
affecting the activity of YBX1, which activates the NF-kB pathway and leads to the
activation of certain downstream proteins. Chemokines guide immune cells to the kidneys,
where they could attempt to reduce inflammation by producing anti-inflammatory
cytokines, such as IL-10. Our findings provide a solid foundation for a better understanding
of how legumain deficiency influences the phenotype of knockout mice.

Chronic liver diseases, such as cirrhosis and fibrosis, often involve the excessive build-up
of extracellular matrix. Legumain is associated with fibrogenesis through the activation of
transforming growth factor-1 (TGF-f1), a key regulator of fibrosis. In chronic
pancreatitis, legumain encourages the activation of pancreatic stellate cells by increasing
the production of extracellular matrix proteins via the activation of matrix
metalloproteinase-2 (MMP-2). MMP-2 cleaves the transforming growth factor-pl (TGF-
B1) precursor into its active form, which then promotes fibrogenesis. This process
contributes to pancreatic fibrosis in chronic pancreatitis. Inhibiting or removing legumain



92

decreases pancreatic fibrosis by blocking the activation of the TGF-B1 precursor [232].
Accordingly, we don’t observe liber fibrosis in our legumain knockout mice livers.

With this work, we confirmed our first hypothesis, that legumain deficiency does alter
protein phosphorylation landscape in mice kidney and liver. However, we cannot claim as
to the exact mechanism through which legumain is connected to it. It could be either
through direct processing of kinases, phosphatases or transcription factors. Legumain could
indirectly influence other signalling factors involved in protein phosphorylation or it could
possibly act as a transcription factor itself. We did not confirm second hypothesis with
complete certainty, as we did not find direct evidence showing legumain influences function
of DNA or RNA regulating proteins. We can suggest changes in expression and protein
abundance if inflammatory proteins is the result of changes in protein phosphorylation,
specifically phosphorylation of YBX1. While our data strongly suggests activation of NF-
kB pathway, it is not certain this pathway is the sole regulator of pro-inflammatory
response observed in kidneys of legumain deficient mice.
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Chapter 6
Conclusions

Our work highlights how legumain influences protein phosphorylation landscape in
organism, influencing signalling pathways, expressing in changes of phenotype in legumain
knock-out mice. Key findings include:
e  We identified numerus differentially phosphorylation sites when comparing wild
type C57/BL6 and legumain knock out mice
e Y box binding protein 1 (YBX1), an RNA binding protein, is phosphorylated
on serines 100, 172 and 174 in the kidneys of legumain knock out mice
e This phosphorylation event may lead to activation of NF-kB pathway in the
kidneys, as shown by higher levels of IKBa in knock out mice
e There is higher expression of several macrophage attracting chemokines in the
kidneys of legumain knock out mice
o There are more macrophages present in the kidneys of legumain knock out mice
when compared to wild type
e There are higher levels of 11-10 and its receptor in the kidneys of legumain
knock out mice

Phosphoproteomic profiling of legumain-deficient mice revealed that loss of legumain
profoundly reshapes the phosphorylation landscape in kidney and liver, uncovering multiple
signalling perturbations beyond its canonical protease function. In the kidney, altered
phosphorylation of YBX1 at Serl00 drives NF-kB activation and a heightened
inflammatory response directed through upregulated expression of chemokines CCL2,
CCL3, CCL5 and CXCLI1. Kinase-substrate motif analysis implicates MAPKs, AGC
kinases, and casein kinases in mediating these changes. In the liver, differential
phosphorylation of metabolic regulators points to compensatory shifts in fatty acid
biosynthesis and catabolism. Network analyses connect dysregulated phosphoproteins to
processes including RNA binding, proteasomal turnover, apoptosis, and lysosomal
organization. Together, these findings establish legumain as a critical modulator of cellular
signalling, linking its absence to inflammation, altered RNA metabolism, and metabolic
remodelling. This work lays the foundation for targeted mechanistic studies of legumain’s
non-proteolytic roles and highlights potential kinase pathways for therapeutic intervention
in legumain-related pathologies.
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