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ABSTRACT

Angelman syndrome (AS) is a rare disease (1:20,000 births) that affects the
nervous system. Patients with this condition are characterised by delayed
development, intellectual disability, severe speech problems and ataxia. The disease
is caused by the lack of the protein UBE3A, an ubiquitin E3 ligase, in the nervous

system.

Aiming to shed light on the molecular mechanisms underlying AS, our
research group has focused on uncovering in vivo UBE3A substrates. Previous
experiments performed in UBE3A overexpressing Drosophila melanogaster allowed
us to identify differentially ubiquitinated proteins. Besides putative UBE3A
substrates that are more ubiquitinated when UBE3A expression is enhanced, we

detected proteins with decreased ubiquitination levels, such as CaMKII.

CaMKIl is a serine-threonine kinase that plays a pivotal role, among others, in
long-term potentiation (LTP) and memory, two processes that are unpaired in AS.
Indeed, the phosphorylation status as well as the activation state of CaMKII is
altered in AS model organisms. Consequently, in order to unveil, on one hand, the
ubiquitin E3 ligase(s) and deubiquitinase(s) that act on CaMKII and, on the other
hand, the possible link between CaMKII and UBE3A, we have studied the
interactome of CaMKII in three distinct systems. We carried out a proximity labelling
approach with BioIlD2 in HEK 293T cells and identified up to 155 potential CaMKII
interactors, including three deubiquitinating enzymes (DUBs) and two ubiquitin E3
ligases. Further investigations revealed that the DUB MYSM1 has an indirect effect
on CaMKIIa ubiquitination whereas the ubiquitin E3 ligase ITCH promotes CaMKIla

monoubiquitination. In both cases, an enhancement of CaMKIla ubiquitination was
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ABSTRACT

linked to an increase in CaMKIla phosphorylation at T286. Similarly, we applied
TurboID technology to search for CaMKII binding proteins in Drosophila
melanogaster and discovered that biological processes like nervous system
development and memory were enriched among putative CaMKII interactors. One
of the CaMKII binding candidates detected was rg, the fly homolog for NBEA protein
in humans and mice that is associated with autism spectrum disorders and we
previously detected it as a putative UBE3A substrate in mice. We also studied the
interactome of CaMKII in rat cortical slices and discovered that, among others, NCDN
is likely to associate with CaMKII. Indeed, experiments performed in mice revealed
that NCDN is a UBE3A substrate and that the E3 ligase forms K48-linked ubiquitin
chains on NCDN to target it to proteasomal degradation. Moreover, we evaluated the
relationship between CaMKII phosphorylation and UBE3A-dependent NCDN

ubiquitination and set the bases for future experiments to elucidate this aspect.
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INTRODUCTION

Ubiquitin-proteasome pathway

Ubiquitin is a 76-amino-acid protein highly conserved among organisms
(Zuin, Isasa, and Crosas 2014), used -through the ubiquitin-proteasome system- to
regulate many cellular processes. Proteins are covalently modified typically on their
Lys residues with ubiquitin via amide isopeptide linkages (Laney and Hochstrasser
1999). Frequently, ubiquitinated proteins are targeted for degradation through the
proteasomal system in an ATP hydrolysis-dependent manner (Hershko and
Ciechanover 1998; Komander and Rape 2012). But protein ubiquitination
participates in a plethora of additional cellular responses including regulation of
gene expression, cell signalling, cell cycle, DNA repair and apoptosis (Pickart 2001;

Gilberto and Peter 2017).

The ubiquitination reaction requires the coordinated action of three types of
enzymes termed E1, E2 and E3. First, ubiquitin is activated with ATP in a process
carried out by an activating E1 enzyme. Once ubiquitin is activated, it is transferred
to the Cys on the active site of a conjugating E2 enzyme. Finally, ubiquitin is
generally linked to a Lys of the target protein through an isopeptide bond, formed
between the C-terminal carboxyl group of ubiquitin and the e-amino group of the
Lys. Substrate specificity in ubiquitination is attributed to E3 ligases, which are able
to interact with both the ubiquitin-charged E2 and the substrates to be modified
(Metzger et al. 2014). Like most post-translational modifications (PTMs),
ubiquitination is reversible and deubiquitinating enzymes (DUBs) are responsible
for hydrolysing the isopeptide bond between ubiquitin and substrate proteins or

between ubiquitin molecules (Figure 1).
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Proteasomal degradation
DNA repair
Activation of kinases

Recycling

Figure 1. The ubiquitination reaction requires the coordinated action of three enzymes.
First, ubiquitin is activated through the action of E1 enzymes and use of ATP. Second, activated
ubiquitin interacts with an E2 enzyme. Third, ubiquitin is transferred to the substrate through the
action of an E3 enzyme. Ubiquitinated substrates lead to different cellular responses.
Ubiquitination reaction is reversible through the action of DUBs and it is recycled to start the
process again. E1: E1 ubiquitin-activating enzyme; E2: E2 ubiquitin-conjugating enzyme; E3: E3

ubiquitin-ligase enzyme; Ub: ubiquitin; DUB: deubiquitinating enzyme.

Proteins can be modified by ubiquitin in a wide range of manners. For
instance, in addition to Lys, ubiquitin can be conjugated via a peptide bond to the N-
terminal amino group of the substrates (Ciechanover and Ben-Saadon 2004), as well
as to Cys or Ser/Thr residues by thio- or oxy-ester bonds, respectively (X. Wang,
Herr, and Hansen 2012). Substrates can be monoubiquitinated, meaning modified
in a single residue by only one ubiquitin. Multi-monoubiquitination occurs when
several residues of a given protein are simultaneously modified with one ubiquitin
each. By contrast, polyubiquitination occurs when the C-terminus of a ubiquitin
associates to one of the seven Lys (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and

Lys63) or the N-terminal Met (Met1) on the ubiquitin molecule already attached to
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a given protein (Figure 2A). Consequently, a ubiquitin chain is formed on the target

protein. Depending on how ubiquitin residues are bound together, different

ubiquitin chain architectures can be formed: (i) homogenous, if the Lys used

throughout the chain is the same (e.g. Lys48-linked chains), (ii) heterogeneous, if

they alternate (e.g. Lys48-Lys11-linked chains) and (iii) branched, if multiple Lys of

the same ubiquitin are modified at the same time. Altogether, ubiquitin can generate

a huge number of different types of modifications on any given protein (Figure 2B)

(Komander and Rape 2012). Consequently, ubiquitin-mediated cellular responses

will depend not only on the specific residues of the substrate that are modified but

also on the topology of the ubiquitin chains that are formed (Akutsu, Dikic, and

Bremm 2016).

K11

K29

| |
MQIFV ‘TLTGKTITLEVEPSDTIENV‘A IQD}‘(EGIPPDQQRLIFAG‘ QLEDGRTLSDYNIQ‘ ESTLHLVLRLRGG

K27 K33

K48 K63

Endocytosis
Protein activity

Regulation of transcription

Transport to the lysosome

Homogenous polyubiquitin chainx

K48-linked chains Proteasomal degradation

-
@0
@0
K@oae

DNA damage
Mitochondrial homeostasis

Proteasomal degradation
DNA damage response

Proteasomal degradation
Protein trafficking

K63-linked Activation of protein kinases
chains DNA damage response

Met1-linear chains n il /

Immune system

Figure 2. Ubiquitin can form different types of chains that will determine the faith of the

ubiquitinated proteins. A) Amino acidic sequence of Ubiquitin. Ubiquitin itself has seven lysine

residues that can be ubiquitinated to form longer chains. The first methionine can also be

ubiquitinated at its amino end. B) Representation of the different chains that ubiquitin can

generate and the cellular response they trigger. Depending on how ubiquitin residues are bound

together, different ubiquitin chain architectures can be formed. Adapted from Akutsu et al., 2016.
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E3 ligases

Eukaryotic cells express hundreds of ubiquitin E3 ligases, which can operate
in different cellular contexts, respond to numerous cellular signals, and process
diverse protein substrates (Ning Zheng and Shabek 2017). Ubiquitin E3 ligases have
been classically classified into two different groups, based on conserved structural
domains and the mechanism by which ubiquitin is transferred: RING (really
interesting new gene)-type E3s and HECT (homologous to the E6AP carboxyl
terminus)-type E3s. Whereas RING E3 ligases directly transfer the ubiquitin from
the E2-ubiquitin complex to the substrate (Figure 3A), HECT-type E3s transfer
ubiquitin to their own catalytic Cys before linking it to the substrate (Figure 3B)
(Deshaies and Joazeiro 2009). More recently, a third group of E3s, that combines
features from both RING- and HECT-type E3 families, has been established: the RING
between RING (RBR) family (Figure 3C). RBR and RING E3s share RING binding
domains, but RBR family members have the ability to generate a thioester

intermediate with ubiquitin, as HECT-type E3s do (Morreale and Walden 2016).

Typically, one E3 ligase is able to modify several substrates, as well as to bind
different E2s. The same protein can, therefore, be ubiquitinated by different E2/E3
combinations, which will lead to different ubiquitination patterns (Metzger et al.
2014). Substrate recognition by HECT-type E3 ligases depends on protein-protein
interactions that are mediated by specific motifs typically located in the N-terminal
of the HECT domain (Scheffner and Kumar 2014). Similarly, in monomeric RING-

type E3s this is achieved through regions of the E3 other than the RING domain,
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substrate-
recognising domain N-
domain

substrate- RING
recognising domain/U-
domain BOX

¢ @

E2
RING1 RING2 substrate-
domain IBR i recognising

domain

Figure 3. Mechanism of action of RING-, HECT- and RBR-type E3 ubiquitin ligases A)

Schematic representation of a RING-type ubiquitin E3 ligase. RING E3s bind both the E2-ubiquitin
and the substrate to be ubiquitinated, bringing them together which allows direct conjugation of
ubiquitin on the substrate by the E2. A monomeric RING E3 ligase is shown for illustrative
purposes. B) Schematic representation of a HECT-type ubiquitin E3 ligase. Ubiquitin is transferred
first to a cysteine of the HECT domain through a thioester bond and then to the substrate. C)
Schematic representation of an RBR-type ubiquitin E3 ligase. Two RING domains are separated by
an in-between-RING domain. Ubiquitin is first transferred to a cysteine of the second RING domain

through a thioester bond and then to the substrate.

whereas multi-subunit RING E3s bear substrate recognition elements for that
purpose (Metzger et al. 2014). On the other hand, some studies have reported that
ubiquitinated proteins have a short linear sequence, known as degron, to facilitate
their recognition by the E3 ligases. Degrons can be also modified by kinases and
other enzymes. These modifications appear to be crucial for timing the interaction
between E3s and substrates, even though they are not always necessary and many
substrates of HECT-type E3s are recognised in their native form (Rotin and Kumar
2009; Kamadurai et al. 2009; Munoz-Escobar et al. 2015; Kanelis, Rotin, and

Forman-Kay 2001).
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The role mediated by E3 ligases is so crucial, that their activity must be tightly
controlled in order to ensure they solely act when necessary. Oligomerisation is one
of the mechanisms that modulate the activity of HECT- and RING-type E3s. For
instance, structural studies suggest that the trimeric arrangement of E6AP (also
called UBE3A) activates the ligase (Ronchi et al. 2014), whereas homodimerisation
of the HECT domain of HUWET1 results in enzyme inactivity (Sander et al. 2017).
RING-type E3s can act as independent enzymes, but most of them tend to form
homo- or heterodimers, and even more complex multi-subunit assemblies in order
to mediate ubiquitination (Metzger et al. 2014). For instance, RING E3 ligases cIAP,
RNF4, BIRC7, IDOL, CHIP and Prp19 homodimerize, and RING domains of both units
interact with E2 proteins. By contrast, RING-type E3 ligases BRCA1-BARD1, Mdm2-
MdmX and RING1B-Bmil form heterodimers. While BRCA1 and Mdm2 have the
ability to interact with E2 proteins, their partners do not. Nevertheless, they
function as enhancers of ligase activity and interact with substrates (Brzovic et al.

2001; Cao, Tsukada, and Zhang 2005; Hengbin Wang et al. 2004; Joukov et al. 2001).

RING-type E3s

RING-type E3s are conserved from human to yeast, and it is estimated that
the human genome encodes above 600 different RING-type E3s. The RING domain
was first characterised by Freemont and colleagues (Freemont, Hanson, and
Trowsdale 1991). The canonical sequence for this 40-60 amino acid long domain is
Cys-X2-Cys-X(9-39)-Cys-X(1-3)-His-X(2-3)-Cys-X2-Cys-X(4-48)-Cys-X2-Cys. The conserved
Cys (7 in total) and His (a single one) are disposed in a “cross-brace” topology to

coordinate two zinc ions and stabilise the structure (Figure 4) (Deshaies and

Joazeiro 2009).
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'Xz' 'X(9-39)' 'X(1-3)' 'X(z-s)' 'Xz' 'X(4-48)' -X2-

Figure 4. Schematic representation of the RING domain. The RING domain contains seven
conserved cysteines and one histidine (yellow) which are involved in the coordination of two
atoms of zinc. The third cysteine mediates the ubiquitin transfer in the second RING domain in
RBR E3 ubiquitin ligases. Four conserved residues (green) guide the interaction with the E2
conjugating enzyme. Mutation of the last residue of the domain (dark blue), which is normally an
arginine, compromises the stability of the adjacent cysteine, affecting the coordination of the zinc

atom. Adapted from Deshaies and Joazeiro, 2009.

Initially, the role of RING domains was uncertain, although it was known they
were involved in protein-protein interactions as well as in a wide range of cellular
processes (Deshaies and Joazeiro 2009). However, it was not until 1997 that the
function of RING domains was elucidated by Bailly and coworkers (Bailly et al.
1997). Moreover, in 1999, Joazeiro and coworkers observed that the adapter
protein c-Cbl bears two domains that act coordinately to mediate ubiquitination and
subsequent degradation of substrates. Whereas the SH2 domain of c-Cbl serves to

recognize specific substrates, the RING domain is necessary to recruit and activate
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a ubiquitin-conjugating E2 (Joazeiro et al. 1999). After that, a similar role was
conferred to a number of RING domain-containing proteins (Lorick et al. 1999). At
present, it is accepted that the RING domain present in all RING E3s associates and
activates E2-Ub conjugates promoting the direct transfer of ubiquitin from the E2 to

the target protein (Figure 3A).

The interaction between the RING domain of E3 ligases and E2s was first
elucidated with the crystal structure of Cbl’s RING domain bound to UbcH7 E2 (N
Zheng et al. 2000). The combination of many structural studies allowed to
characterise the four residues of each protein that play a crucial role in the
interaction. A hydrophobic residue from the RING E3, generally an Ile or a Val,
interacts with two Pro residues from the E2, which are localised in one of the two
loops that compose the accessible surface of the enzyme. Additionally, another
hydrophobic residue (typically Trp, His or Leu) from the E3 interacts with a Phe and
a Pro present on the second loop of the E2. Simultaneously, this Pro interacts with a
Pro of the E3, which is also connected to an Ala localised in the second loop of the
E2. Moreover, the same Ala of the E2 interacts with a hydrophobic amino acid

(typically Val, Phe or Ile) of the E3 (Figure 5) (Deshaies and Joazeiro 2009).

More recently, structural studies focused on RING-type E3:E2-Ub complexes
have revealed the mechanism by which this class of ubiquitin ligases facilitates Ub
transfer to substrate proteins. The E2-Ub complex has a flexible topology with
multiple inter-domain configurations that are altered upon E3 binding (Pruneda et
al. 2011). More precisely, the binding of RING E3 reduces the dynamics of E2-Ub and

stabilizes in an ensemble of closed conformation. This modification facilitates the
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E2 loop L1 E2 loop L2

Figure 5. Schematic representation of the interaction of the E2 conjugating enzymes and the
RING and U-BOX domains. The residues from the RING/U-BOX domain that form the most
significant interactions determined by cocrystal structures are shown in blue and the conserved

cysteines and histidine in orange. Adapted from Deshaies and Joazeiro, 2009.

reactivity for substrate Lys that can perform the corresponding nucleophilic attack
(Soss, Klevit, and Chazin 2013; Pruneda et al. 2012). Studies carried out on dimeric
E3s, such as RNF4 or BIRC7, also support the same mechanism by showing that an
Arg residue conserved in many RING E3s supports the non-covalent interaction

between E2-Ub (Dou et al. 2012; Plechanovov et al. 2012).

As mentioned above, although some RING-type E3s act independently, they
have the tendency to form homo- and heterodimers. Most RING-type E3s dimerise
through their RING domain, such as RNF4 homodimers or MDM2/MDMX and
BRAC1/BARD1 heterodimers (Liew et al. 2010; Linke et al. 2008; Brzovic et al.
2001). Nevertheless, there are exceptions. For instance, MARCH9 E3 ligase can form

active dimers with RING-less variants (Hoer, Smith, and Lehner 2007), whereas viral
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RING-type E3s MIR1 and MIR2 are believed to homodimerise via their
transmembrane domain (Lehner et al. 2005). The tripartite motif (TRIM) family
members in metazoans contain an additional domain termed B-box. Like the above-
mentioned RING domain, the B-box domain is a Zn-binding domain. However,
whereas the RING domain is essential for E2 binding and E3 ligase activity, it has
recently been shown that the B-box domain is involved in chain assembly rate
modulation (Lazzari et al. 2019). Similarly, the U-box domain is also related to the
RING domain, but unlike the B-box, it can interact with E2s. Additionally, U-box
domain has no coordinating zinc, so in order to ensure the stability of the structure,
zinc-binding residues present in RING are replaced by charged and polar residues

(Vander Kooi et al. 2006; Aravind and Koonin 2000).

HECT type E3 ligases

The human HECT-type E3 family consists of 28 members that are divided into
three different groups depending on their N-terminal domain architecture: (i) the
NEDD4 subfamily, characterized by containing a C2 domain, a HECT domain and two
to four WW domains, which bind to the PY motifs of target proteins (Kanelis, Rotin,
and Forman-Kay 2001; Staub et al. 1996); (ii) the HERC subfamily, which integrates
at least one regulator chromosome condensation 1 (RCC1)-like domain (RLDs) and
a reduced HECT domain; and (iii) the other HECT subfamily, that embrace HECT-

type E3s not fitting the above mentioned two subfamilies.

All HECT-type E3s share a ~350 amino acid long HECT domain, which was
first described in human papilloma virus E6 associated protein (E6AP), nowadays

known as UBE3A. (Huibregtse et al. 1995). In the HECT domain, a conserved Cys
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forms thioester-linked-intermediate complexes with ubiquitin (Figure 3B), before
being transferred and attached to the substrate through a transthiolation reaction.
This conserved Cys is located in the C-terminal region of the HECT domain, while

the E2 interacting site is localised in the N-terminal site (Rotin and Kumar 2009).

RBR type E3 ligases

RBR family members contain two RING domains (RING1 and RING2) that are
separated by an in-between-RING (IBR) zinc-binding domain. Morett and Bork first
characterised these domains in 1999 in a sequence profile-based characterisation
(Morett and Bork 1999). In the process of confirming that UbcH7 could also interact
with RBR E3s, they discovered that RBR E3s act as RING/HECT hybrids. Whereas
the first RING domain serves as an E2 binding platform, the C3 of the second RING
serves as the active site that mediates ubiquitination in HECT E3 ligase fashion

(Wenzel et al. 2011) (Figure 3C).

Sumoylation
SUMOylation is a posttranslational modification in which proteins are
conjugated with a ubiquitin-like protein called SUMO that plays a key role in a
plethora of cellular functions including DNA damage repair, telomere maintenance,
mitosis and development (Flotho and Melchior 2013; Talamillo et al. 2020). SUMO
proteins are related to the proteins involved in the ubiquitin pathway and the
sequential action for SUMO association is very similar to the ubiquitin cascade: first,
an E1 SUMO-activating enzyme activates SUMO which is then conjugated by an E2
SUMO-conjugating enzyme and finally, ligated to the substrate through the action of

an E3 SUMO ligase (Capili and Lima 2007; Kerscher, Felberbaum, and Hochstrasser
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2006). How substrate specificity is achieved in this pathway is unclear because the
whole process relies on a single E2 SUMO-conjugating enzyme, UBC9, and a few E3
SUMO ligases (Capili and Lima 2007). Additionally, while in yeast and invertebrates
there is a single SUMO-encoding gene, vertebrates have at least four different genes:
SUMO1, SUMO02, SUMO3 and the less characterized SUMO4 (Owerbach et al. 2005;

Guo et al. 2004).

Angelman Syndrome

Angelman Syndrome (AS) was first described by Harry Angelman in three
patients in 1965. The patients presented a stiff, jerky gait, absence of speech,
excessive laughter, and seizures. AS is a complex disease that affects primarily the
nervous system, and affects approximately 1 of 15,000 births. The disease is
characterised by motor dysfunction, severe intellectual disability, speech
impairment, seizures, hyperactivity, and autism spectrum disorder (ASD) (Margolis
et al. 2015; Buiting, Williams, and Horsthemke 2016). Most AS patients lack speech
ability entirely but receptive language is less impaired. However, depending on the
penetrance of the disease, in mild cases, a few words may be acquired. Seizures are
also very common, occurring in more than 80% of cases. While seizures normally
appear before the age of three, developmental delay is usually observed within the
first year of life. Movement disorders include tremors, jerkiness, and ataxia. Among
the characteristic behaviours, bringing objects to the mouth, a happy demeanour
with easily provoked laughter, attraction to water, hyperactivity, short attention
span, and decreased sleeping are included (Figure 6) (Bird 2014; Dagli, Buiting, and

Williams 2012; C. A. Williams, Driscoll, and Dagli 2010).
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AS is caused by the lack of a ubiquitin E3 ligase: UBE3A. UBE3A locus is
located in 15q11-q13, an approximately 120 kb long region with 21 genes, and its
expression in neurons is controlled by genomic imprinting. Genomic imprinting is
an epigenetic phenomenon in which the expression of a gene or group of genes is
silenced in either the maternal or the paternal chromosome through methylation of
the region. The imprinting can be complete, partial and even tissue-dependent
(Bajrami and Spiroski 2016) (Figure 7A). Specifically, in neural tissue, the paternal
copy of UBE3A is silenced. Consequently, AS is developed when UBE3A, which is
paternally imprinted, is not expressed from the maternal copy. By contrast, Prader-
Willi syndrome (PWS), another rare neurodevelopmental disorder, is caused by
paternal loss of maternally imprinted 15q11-q13 chromosomal identical region

(Butler and Thompson 2000).

Lack of UBE3A may be triggered by different causes (Figure 7B): (i) deletion
of the maternal 15q11-q13 region (70%), (ii) paternal uniparental disomy (UPD) for
chromosome 15 (2%), (iii) imprinting defects that lead to a deficient expression of
maternal UBE3A (2-3%), or (iv) point mutations in the UBE3A coding gene (25%)
(Kishino, Lalande, and Wagstaff 1997). Depending on the cause of AS, the
penetrance of the disease may be more or less severe (previous causes have been

ordered depending on the severity, starting with the most severe).
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Figure 6.Individuals with Angelman Syndrome. a-d 15q11.2-q13 microdeletion. e | Ubiquitin-
protein ligase E3A gene (UBE3A) mutation. f | Paternal uniparental disomy. g | Non-deletion,
mosaic imprinting defect. h | Deletion-type imprinting defect. Characteristic features of Angelman
syndrome include excessive laughter and apparently happy personality, along with stiff gait and
uplifted arms (shown in a and b). Relatively large mouth and short philtral height occurs in some
adults (shown in c), but most adults and children do not have distinctive facial dysmorphism
(shown in d, e, g and h). Malocclusion — for example, an open bite — can be seen after prolonged
tongue protrusion in childhood (shown in d); mild tongue protrusion is common (shown in f).
Microcephaly is observed in many cases (shown in a, b, e and f), but is rarely severe. Individuals
with mosaic imprinting defects show higher adaptive functioning than do those with other defects,
and are less likely to exhibit a classic behavioural or physical phenotype (shown in g) (Buiting,

Williams, and Horsthemke 2016).
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Figure 7. Genomic imprinting of 15q11-q13 in healthy and AS situations. A) Methylation of
the region in neuronal tissue triggers the silencing of the genes within that region. Lack of maternal
copy of Ube3a leads to AS. B) Principal causes of AS by severity and frequency of ocurrance. UPD:

uniparental disomy.

As indicated above, the most frequent mechanism that triggers the disruption
of UBE3A is the deletion of 15q11-q13. Within this region, there are three
chromosomal breakpoints involved in most AS-causing deletion events (90%)
(Figure 8A): BP1, BP2 and BP3. These regions are characterised by having low-copy
repeat regions. The originated deletions span approximately 5-7 Mb. There are
different classes of deletions: class I involve deletions from BP1 and BP3 and occur
in 40% of the cases; class Il deletions affect the region from BP2 to BP3,
corresponding to 50% of the cases; finally, deletions from BP1/BP2 to more distal
breakpoints (BP4, BP4A, BP5, or BP6) are less frequent (fewer than 10%). Paternal
uniparental disomy, most probably caused by somatic segregation errors, leads to a
milder disease compared to deletions, with fewer seizures (Figure 8B). The
probability for an individual to develop AS if the parents have paternal UPD and no

Robertsonian translocation is less than 1%. In AS patients with biparental
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inheritance, disease-causing imprinting defects (Figure 8C) arise when the
maternal 15q11-q13 region presents a paternal epigenotype and, therefore, is
silenced through genomic imprinting in neurons. More precisely, small deletions (8-
15% of the cases) and abnormal DNA methylation patterns (>90%) within the
imprinting centre (IC) in 15q11.2-q13 can cause changes in DNA methylation, and
consequently, in gene expression patterns. Finally, mutations in the UBE3A coding
gene frequently lead to protein truncation (Figure 8D). 60-70% of the reported
mutations (more than 60) are small deletions and duplications that result in
frameshift mutations. Missense and nonsense mutations have also been described
(25%), in addition to splicing defects, gross deletions and complex rearrangements.
Interestingly, most described mutations disrupt the HECT ligase domain of UBE3A.
Less frequently, complete or partial overlapping deletions of UBE3A and intragenic
deletions have also been described (C. A. Williams, Driscoll, and Dagli 2010; Dagli,

Buiting, and Williams 2012).

Paternal normal  Maternal normal |
or:
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Figure 8. Lack of UBE3A is caused through four mechanisms. A) Deletion of the maternal
15q11.2-q13 region is the cause of lack of UBE3A in 70-80% of AS cases. Three breakpoints are
usually involved: BP1, BP2 and BP3. Class I deletions (from BP1 to BP3) occur in 40% of the cases
and class II deletions (from BP2 to BP3) in 50%. B) Paternal UPD (3-5%) is normally caused by a
somatic segregation error and less frequently, the origin is meiotic. C) Imprinting defects (3-5%)
may be caused because the maternal 15q11-q13 regions presents a paternal epigenotype. Small
deletions (about 8-15% of the cases) and abnormal DNA methylation pattern (>90%) within the
IC in 15q11.2-q13 can cause changes in the DNA methylation and expression patterns. D)
Mutations in the UBE3A codifying gene (10-20%) frequently lead to protein truncation. IC:

imprinting centre.

Human UBE3A coding region has 60 kb and codes three different mRNAs. All
of them comprise 10 different exons, with 5 kb in size, that encode three different
protein isoforms: I (canonical), II and III (Kishino, Lalande, and Wagstaff 1997).
Isoform I corresponds to the open reading frame for UBE3A and is 852 amino acids
long. Compared to it, isoforms II and III contain 23 and 20 extra aminoacids at their
amino terminal part, respectively. All isoforms share the AZUL, HERC2 binding, E6
binding and HECT domains (Figure 9) (Sirois et al. 2020). Recently, it has been
established that whereas the most abundantly expressed UBE3A isoforms I and III
are nuclear, isoform II is localized in the cytoplasm (Zampeta et al. 2020).
Interestingly, knocking out of the nuclear isoform I in mice results in a similar
phenotype to mice lacking the maternal copy of Ube3a (Ube3a™-/p+ AS mice models)

(Avagliano Trezza et al. 2019).
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Figure 9. Schematic representation of the domains of the human UBE3A isoforms. All
isoforms share the AZUL (blue), HERC2 binding (yellow), E6 binding (pink) and the HECT (green)
domains. The catalytic cysteine of each isoform is showed. Isoform 2 is the longest one and shares
with isoform 3 a 20 amino acid sequence (red) at the amino terminal region, but it also has 3

unique amino acids just at the beginning of the protein.

Methodologies to study protein-protein
interaction

In general, proteins do not act individually in living cells and they tend to form
complexes in order to exert their function (Yanagida 2002). Therefore, the study of
protein-protein interactions (PPIs) is crucial to uncover the molecular mechanisms
underlying cellular functions including metabolism, proliferation and apoptosis
(Braun and Gingras 2012). A number of strategies have been developed to study
protein interactions. The different PPI detection methods can be classified into (i) in

silico, (ii) in vitro and (iii) in vivo approaches (Rao et al. 2014).

In silico techniques used for PPI detection are computer simulations based on

protein structure, chromosome proximity or gene fusion, among others.
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Additionally, there are many in vitro strategies to study PPIs. For example,
TAP-tagging consists of the fusion of two tags to the protein of interest. Afterwards,
a tandem affinity purification is performed and the proteins that remain attached to
the protein of interest are typically analysed by SDS-PAGE followed by mass
spectrometry (Rigaut et al. 1999; Pitre et al. 2008; Rohila et al. 2004). The main
advantage of this technique is that affinity purification enables the detection of weak
interactions. However, proteins that are not truly involved in the cellular
environment might come up as interactors arising as false positives.
Coimmunoprecipitation can also be employed to study PPIs in vitro. In this
approach, protein interactions are tested using a whole-cell extract where proteins
are present in their native form. By contrast, in protein microarrays, which allow for
high-throughput detection of PPIs, proteins are immobilized separately in the array
allowing to study interaction with different proteins at the same time (MacBeath
and Schreiber 2000). Sometimes, the size of the protein can be a problem when
studying PPIs. As an alternative, protein-fragmentation complementation assays
(PFCAs) have been developed. In PFCAs, two proteins of interest are fused to a
complementary fragment of a reported protein. If the proteins of interest interact
with each other, the reported protein is reconstituted and generates a detectable
signal (e.g., fluorescence or luminescence). Indeed, due to its high sensitivity, it is a
powerful approach to study PPIs between proteins expressed at endogenous levels
either in vivo or in vitro (Michnick et al. 2011). Finally, thanks to nuclear magnetic
resonance (NMR), the binding interface, a crucial aspect of PPIs, can be also studied,
as it is capable of identifying contacts between individual atoms of a protein and its

partner, but also the kinetics of ligand binding (O’Connell, Gamsjaeger, and Mackay
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2009; Gao, Williams, and Campbell 2004). The basis of NMR is that nuclei that are
magnetically active are oriented by a strong magnetic field and the absorbed
electromagnetic radiation at known frequencies. Chemical bonds, molecular
conformations and dynamic processes alter the absorbance producing different

spectral lines of the same nuclei (Roberts 1993).

In vivo techniques are performed in whole living organisms so that the host
organism in which the PPI takes place is alive when the analysis is performed. The
yeast-two hybrid (Y2H) is one of the most frequently used methods to study PPIs in
vivo. Y2H methods are a type of PFCA as the DNA-binding domain (DBD) and
activating domain (AD) of a transcription factor are split and separately fused to two
putative interactors. If they interact, the transcription factor is reconstituted and
promotes the transcription of a reporter gene. Although Y2H screens have
successfully been applied to study numerous PPIs (X. Zhang et al. 2022; Q. Yang et
al. 2022; Lv et al. 2022), they are prone to both false positives and false negatives
given that the interactor is studied on a host organism that might provide a different

environment (Uetz et al. 2000; Ito et al. 2001).

A major limitation of the above-mentioned methods is that they are not
sensitive or efficient enough to detect transient or weak interactions. To cope with
it and to provide a complementary approach to the traditional methods, the

Proximity Labelling (PL) strategy was introduced in the field of proteomics.

PL methods consist of tagging the endogenous interaction partners of a
specific protein of interest (bait). For that purpose, the bait protein is genetically

fused to a promiscuous enzyme that catalyses the generation of reactive species in
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living cells that can be further enriched and analysed either by mass spectrometry
or western blot (Shkel et al. 2022). Distinct PL strategies rely on specific labelling
enzymes that differentially label proteins in close proximity to the bait. For example,
in the peroxidase-based approach, in which proteins are labelled with free radical
species generated from the substrates, HRP or APEX enzymes are used. Both
enzymes employ biotin-phenol as their substrate and through peroxidation with
H202 release biotin that is subsequently attached to the surrounding proteins.
Ultimately, biotinylated proteins can be purified due to the high affinity between
biotin and avidin (Nguyen et al. 2020). As APEX was developed after HRP, it has
some advantages. In addition to being smaller than HRP, it works in a monomeric
state and does not form disulphide bonds (Martell et al. 2012). By contrast, PUP-IT
approach and transpeptidase sortase A (SrtA) method rely on the bacterial PufA
ligase and S. aureus SrtA enzyme, respectively, to label proteins interacting with the
protein of interest. In the PUP-IT strategy, the PufA ligase is fused to the bait. Then,
the Pup protein, which is a PufA substrate, is activated by the ligase and similar to
ubiquitin, Pup is conjugated to any surrounding lysine (Deane 2018). On the
contrary, SrtA requires the presence of a specific sequence to ligate two proteins by
a transpeptidase reaction (H. H. Wang and Tsourkas 2019). It has been
demonstrated the PUP-IT is efficient to study membrane protein interactions (Q. Liu
et al. 2018) whereas SrtA method is suitable for receptor-ligand interaction studies
(Pasqual et al. 2018). Additionally, biotin ligases including BiolD, BASU, AirID,
BioID2, TurboID and miniTurbo have efficiently been employed to tag endogenous
interactors with biotin (D. I. Kim et al. 2016; Roux et al. 2012; Yunfei Li et al. 2021;

Branon et al. 2018).
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PL offers several advantages compared to the traditional methods applied to
delineate PPIs (Qin et al. 2021). First, PL strategy allows the identification of
interactors of insoluble protein complexes. For example, the interactome of the
nuclear envelope protein lamin-A as well as interactors of TDP43 aggregates were
unveiled by PL fusing the bait to BiolD (Roux et al. 2012; Chou et al. 2018). Second,
PL approaches are able to capture transient interactions. Indeed, interactors along
different signalling pathways such as Hippo, Ras, MAPK or NF-kB pathways have
been discovered by PL methods (Couzens et al. 2013; Phelan et al. 2018; Cui et al.
2019; Dumont et al. 2019). Third, studying dynamic processes like enzyme-
substrate interactions is easier with PL. For instance, dynamic processes found in
Wnt and GPCR signalling were analysed thanks to the short time frame of APEX
labelling (Paek et al. 2017; Grainger et al. 2019). Similarly, BiolD fused to the CSF E3
ubiquitin ligases B-TrCP1 and B-TrCP2 has allowed to detect 12 new substrates of
the enzymes (Coyaud et al. 2015). Another powerful use of PL is the capability of
splitting the PL enzyme and forming two inactive fragments. These fragments are
fused to two different baits that when they interact, the enzyme becomes active and
proceeds to label (Cho et al. 2020; Y. Han et al. 2019; Kwak et al. 2020; Schopp et al.
2017; De Munter et al. 2017; Martell et al. 2016). Finally, most PL methods are
suitable for analysing interactomes in living organisms. Peroxidase-based
approaches are not used to study plant interactomes as they require hydrogen
peroxide and, in plants, endogenous peroxidases trigger high background activity.
Nevertheless, biotin-based approaches (e.g., BiolD, BiolD2, TurboID, miniTurbolD)
to study individual baits in flies (Shinoda et al. 2019; Carnesecchi et al. 2020) and

mice (Uezu et al. 2016; Caforio et al. 2018), among others. It is worth noting that
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biotin-based approaches rely on the strong interaction between biotin and avidin to
purify the labelled products. Avidin-biotin interaction is one of the most specific and
stable non-covalent interaction, as it is about 103 and 10° times higher than any
antigen-antibody interaction (Diamandis and Christopoulos 1991). Thanks to the
high affinity between biotin and avidin, harsh lysis conditions and subsequent
stringent washes in denaturing conditions can be applied (e.g. 8 M urea, 6 M
guanidine hydrochloride, 2 % SDS), which significantly reduces contamination by

non-specific bound targets.

BioID and BiolD2 systems

BirA is a 35 kD protein present in E. coli that catalyses the biotinylation of
substrates containing a biotin acceptor tag (BAT) sequence. BirA-mediated
biotinylation is performed in two steps: first, biotin is activated by ATP generating
biotinoyl-5’-AMP, which remains at the active site of BirA. Then, when BirA
recognizes a BAT sequence, it transfers the biotin to a specific lysine of the target
protein (O’Callaghan et al. 1999). Consequently, BirA is an extremely specific

enzyme solely modifying BAT sequence containing substrates.

In 2012, Roux and colleagues generated the first genetically engineered
mutant of BirA (BirA R118G, BiolD), which is promiscuous, meaning substrate
unspecific. They demonstrated that expression of this construct in E. coli resulted in
the biotinylation of any given protein at a radius of approximately 10 nm from the
enzyme as free biotioyl-5’-AMP readily react with primary amines (Roux et al.
2012). So far, BiolD strategy has been successfully applied to uncover the

interactome of lamin-A protein in mammalian cells (Roux et al. 2012), the nuclear
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pore complex architecture in human cells (Dae In Kim et al. 2014), centriole
composition (Comartin et al. 2013) and the Herpesvirus PPI networks (Cheerathodi

and Meckes 2020), among others.

The main disadvantage of the BiolD tool is that the promiscuous biotin ligase
is slightly bigger than GFP and could interfere with the normal functioning of the
protein of interest, triggering abnormal targeting or assembly. Indeed, it has been
observed that the presence of BiolD occasionally prevents efficient localisation of
certain fusion proteins. Upon searching for smalls biotin ligases across different
genomes, the biotin ligase of the thermophilic bacterium Aquifex aeolicus was
identified, hence forward termed BiolD2, as a very small alternative that lacks the

DNA-binding domain not needed for biotinylation (D. I. Kim et al. 2016).

The optimal working temperature of BiolD2 is 50°C, but it also works
efficiently at 379C. Additionally, in comparison to BiolD, BioID2 requires less
supplementation of biotin. Whereas BiolD-mediated biotinylation is dramatically
reduced when biotin concentration drops below 50 pM, BiolD2 can efficiently
biotinylate even with 3.2 uM biotin. Additionally, and due to its small size, BiolD2
has barely any impact on the localization of the proteins is fused to (Antonin,

Ungricht, and Kutay 2011; Ungricht etal. 2015).

The practical labelling radius for protein biotinylation is critical since a larger
radius means a higher risk of biotinylating non-specific proteins or interactors,
whereas a very small radius would only allow tagging of proteins very close to the
bait. Moreover, it has to bear in mind that some proteins are quite rigid, so if the

radius of action is too small it may result that proteins interacting with the opposite
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region in which the ubiquitin ligase is fused are not tagged, and hence, not detected.
Consequently, it is important to find the right balance so that only proteins
associating with the bait are tagged. Indeed, in order to enlarge the practical
labelling radius of the biotin ligase, a flexible linker is often inserted between the
enzyme and the protein of interest. Among the linkers that have been used, in the
present doctoral thesis, we used the one consisting of 3 GSGS repeats. The insertion
of the linker does not trigger any abnormal proteolytic processing and enables the

biotinylation of endogenous proteins in live cells (D. I. Kim et al. 2016).

TurbolD and miniTurbo systems

BioID and BiolD2 methods require long-term labelling (around 18 hours).
This precludes the use of BiolD or BioID2 for studying processes that occur in a
timescale of a few hours or even minutes. Moreover, due to the low catalytic activity
of both BiolD and BiolD2, it is extremely difficult to use them to study PPIs in whole

organisms such as worms or flies.

Alternatively, Brandon and coworkers developed two new promiscuous biotin
ligases from BirA-R118S through directed evolution: TurboID (35 kD), with 15
mutations relative to wild-type BirA, and miniTurbo (28 kD), with the N-terminal
domain deleted and 13 mutations relative to wild-type BirA (Branon et al. 2018).
Biotinylation speed of TurbolD and miniTurbo is 3-6 and 15-23 times faster than
BiolD at early and later time points, respectively. Overall, TurbolD is about two-fold
more active than miniTurbo, but exhibits more labelling before adding biotin as it
may use endogenous biotin. Consequently, miniTurbo seems to be better for

experiments in which precise time control is critical (Branon et al. 2018).
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In Table 1 the main characteristics of BiolD, miniTubo and TurbolD are
summarized and in Figure 10 is represented a simplified scheme of the typical

workflow applied when using BiolD2 or TurbolD.

Table 1. Main characteristics of BiolD, miniTurbo and TurboID (Branon et al. 2018).

BiolD miniTurbo TurbolD
Biotinylation speed (for
the same biotinylated 18 hours 10 minutes 10 minutes
material)
Biotinylation rate (in
1x 10x 22x
flies)
Consumes endogenous
NO NO YES
biotin
Protein instability NO NO YES
Persistent biotinylation
(even with no biotin NO NO YES
added)
Increase in practical
NO NO YES

radius

Convenient for experiments
Suitable for short-term
in vivo behaviour Similar to negative controls in which protein amount is
reactions. Low background
critical

Decrease in survival and fly

Toxicity in flies NO NO
size
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Figure 10. Schematic representation of the BioID2 /TurbolD system. BiolD2/TurbolD is fused
to a protein of interest either with a linker or not. When biotin is added to the medium, proteins
near to the practical labelling radius will be biotinylated by BiolD2/TurbolD. Purification with
avidin/streptavidin beads will allow to enrich and thoroughly clean the samples and analyse them

with mass spectrometry to identify the potential interactors of the bait.

Strategies to isolate ubiquitinated material

The analysis of the ubiquitinated proteins present in the cells is challenging
mainly due to the low stoichiometry of ubiquitin conjugates. Nevertheless, during
the last years, the development of novel strategies to enrich ubiquitinated proteins
and more sensitive mass spectrometers have greatly improved the detection and
quantification of ubiquitinated peptides/proteins. The first studies developed in
yeast used His-tagged ubiquitin to enrich ubiquitinated material (Peng et al. 2003).
However, the presence of endogenous histidine-rich proteins in mammals leads to
the detection of false positives when performing these analyses in mammalian
models. More recently, diGly-specific antibodies, which recognize the Lys-&-Gly-Gly
(diGly) remnant that is generated upon trypsin digestion of ubiquitinated proteins,
have been used to isolate ubiquitinated conjugates. Consequently, enrichment

strategies based on antibodies targeting diGly remnants combined with mass
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spectrometry (MS) have enabled the detection of thousands of ubiquitination sites
(Hansen etal. 2021; van der Wal et al. 2018; G. Xu, Paige, and Jaffrey 2010). However,
diGly signature is not unique for ubiquitin as ubiquitin-like proteins such as Nedd8
also present it (Leidecker et al. 2012). Moreover, as ubiquitinated proteins must be
digested with trypsin in order to be enriched with diGly antibodies, neither the
ubiquitin chains formed in vivo nor the whole protein can be further analysed (Shi,

Xu, and Qin 2011).

BioUb approach

To cope with the above-mentioned difficulties, our lab developed a new
strategy to enrich ubiquitinated proteins in vivo termed BioUb. In BioUb approach,
six copies of ubiquitin, each of them containing a 14 amino acid long biotinylable
(BAT) sequence, and the biotin ligase BirA are coexpressed either in cells or whole
living organisms (Ramirez et al. 2016; Franco et al. 2011). Once the construct is
expressed, endogenous DUBs digest the precursor and free BirA biotinylates
released ubiquitin moieties, which can then be used by the UPS machinery to
conjugate target proteins Therefore, as ubiquitinated proteins become biotinylated,
they can be efficiently purified with neutravidin beads and further analysed by mass
spectrometry (Figure 11). Indeed, the combination of BioUb strategy and mass
spectrometry has allowed us to identify many ubiquitinated substrates in flies and

mice (Lectez et al. 2014; Martinez et al. 2017; Ramirez et al. 2018; Elu et al. 2019).

50



INTRODUCTION

UbUbUhUbUbUb BirA

| MGLNDIFEAQKIEWHEGSGSG |

: ° 0 0O @
© o @

Endogenous deubiquitinating enzymes (DUBs) digest the construct

C D E

N\ _ 0

/ ﬂ |‘

N-terminally modified ubiquitin Biotinylated ubiquitin (*°Ub) is Biotinylated material is purified
is biotinylated by BirA conjugated to the proteins using Avidin beads

m E. coli biotin holoenzyme synthetase @ Deubiquitinating enzymes

~@  Nterminally modified ubiquiti o Biotin

Figure 11. The BioUb strategy. A) Six copies of ubiquitin are fused in tandem to BirA. N-terminal
to each ubiquitin copy, a BAT sequence is placed. B) The construct is expressed in the cells and the
endogenous action of the DUBs will detach the ubiquitin copies from BirA. C) Free ubiquitin is
labelled with biotin on the BAT sequence by BirA. D) Biotin-tagged ubiquitin is employed by the
ubiquitin E3 ligases and it is conjugated to its physiological substrates. E) Biotinylated material is

purified with Avidin beads.

GFP pulldown in denaturing conditions

Often the main scope is not analysing the whole ubiquitome landscape but
studying the ubiquitination status or even the ubiquitination sites on a specific given
protein. For instance, once the BioUb strategy has been applied to search for the
putative substrates of a specific E3 ubiquitin ligase, these results must be

individually validated. For that purpose, the ubiquitinated version of the substrate
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candidate must be detected. Antibodies can be used, but it may happen that they are
not very specific or that they are simply not commercially available. Moreover,
traditional coprecipitation methods are performed in non-denaturing conditions,

and consequently, many contaminants or false positives arise.

To overcome all the above-mentioned obstacles, our lab has developed a GFP
pulldown strategy that is performed in denaturing conditions so that contaminants
and false positive identifications are avoided. In this approach, the protein of
interest, which is fused to GFP tag, is coexpressed with FLAG-tagged ubiquitin either
in cells or whole living organisms. Then, it is enriched with anti-GFP beads, as
mentioned before subjected to stringent washes to discard contaminant proteins,
and finally analysed by western blot. Whereas anti-GFP antibody detects the non-
modified version of the protein, anti-FLAG antibody is used to detect the
ubiquitinated form(s) of the same protein (Figure 12). Moreover, material from GFP
pulldown can be analysed by mass spectrometry to identify site-specific
ubiquitination sites, as well as the type of ubiquitin chains that are formed in the

protein of interest (Ramirez et al. 2016).
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Figure 12. GFP pulldown in denaturing conditions. The substrate of interest is fused to GFP
and cotransfected with FLAG-tagged ubiquitin. The lysed material is incubated with beads with
anti-GFP antibodies and, therefore, the GFP-tagged substrate is purified. Through harsh washes,
the material that was not attached to the GFP beads is removed. Since ubiquitination is a covalent
modification, FLAG-tagged ubiquitin remains bond to the substrate and both are purified. Finally,
western blot analysis by incubation with anti-GFP and anti-FLAG antibody allows to identify the

polyubiquitinated material, the monoubiquitinated fraction and the non-modified protein.

CaMKII

CaMKII structure and regulation

The Ca2+/calmodulin-stimulated protein kinase II (CaMKII) family is
encoded by four genes: CAMK2A, CAMK2B, CAMK2G, CAMK2D which produce
CaMKIla, CaMKIIb, CaMKIId and CaMKIIg, respectively. CaMKII proteins contain
three structural domains: a regulatory domain, an association domain and a
catalytic domain bearing the ATP- and substrate-binding (S site) sites as well as sites
for interaction with other proteins (Gaertner et al. 2004; Brocke, Srinivasan, and
Schulman 1995; Srinivasan, Edman, and Schulman 1994). All isoforms form

dodecameric holoenzymes that are composed of diverse subunit types.

The regulation mechanism is common for all the holoenzymes: under basal
conditions, CaMKII is largely inactive as it is subjected to autoinhibition through the
autoinhibitory domain that interacts with the substrate-binding site in the catalytic
domain and blocks the kinase activity (Figure 13). When intracellular calcium, and
consequently, Ca2*/Calmodulin concentration increases, Ca?*/Calmodulin binds to

the regulatory domain disrupting the interaction between the regulatory and
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catalytic domains. This results in a conformational change that releases the
autoinhibition, exposes the catalytic domain for substrate binding and induces the
kinase activity of CaMKIIL. Then, T286 of the autoinhibitory domain can be
phosphorylated by a neighbouring subunit of the oligoenzyme. Once T286 is
phosphorylated (pT286), the autoinhibitory domain cannot block again the enzyme,
even if CaZ* levels fall. Thus, CaMKII can also function in a Ca2+-independent manner
(Hudmon and Schulman 2002). For the enzyme to be autonomous, the
autoinhibitory domain binds to the catalytic domain through the S and the T site.
The surroundings of the T286 that binds to the T site block T286 phosphorylation.
Binding to the T site is necessary to position the pseudosubstrate sequence and
block the S site. However, when T286 is phosphorylated, interaction with the T site
cannot occur and, consequently, the S site is not blocked and the kinase remains

active (E. Yang and Schulman 1999).

CaMKIla and CaMKIIb are the most abundant proteins in the brain (1-2% of
the total protein). The protein is enriched at the synapses and it is the main protein
at the postsynaptic density (PSD). Indeed, shortly after being phosphorylated on
T286, CaMKII T305 and T306 can be phosphorylated, which results in a reduction
in the autonomous kinase activity of CaMKII (Coultrap et al. 2010). Long-term
potentiation (LTP), a process involved in learning and memory, is triggered by the
increase in Ca?* levels. Moreover, in LTP, NMDA and AMPA receptors trafficking
plays a crucial role (Yasuda et al. 2003; Malinow 2003). CaMKII is able to detect
changes in Ca2+ levels, and, consequently, initiate the signalling cascade that leads to
the potentiation of synaptic transmission. CaMKII seems to be involved in additional

processes as well. Since CaMKII remains activated for at least one hour after LTP
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induction, it might be involved in LTP maintenance and, consequently, in memory
events. T286 autophosphorylation is necessary for CaMKII persistent activation as

mutation of this residue blocks LTP (Lou, Lloyd, and Schulman 1986)

Substrate binding site Catalytic fiomam Regu\atoryldomam Assaciation domain
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Figure 13. Ca2+ dependent and independent activation of CamKII. In basal conditions, the
autoinhibitory domain of CaMKI! inhibits thc cnzymce blocking the catalyt

Ca2+/Calmodulin concentration increases, a conformational change exposes T286 of the
autoinhibitory domain, which becomes phosphorylated and consequently cannot block the

enzyme, not even if Ca2+ levels fall (Song, 2013).

Depending on the magnitude of Ca2* signalling, CaMKII can be activated at
different levels. Weak Ca?* signals activate the kinase but autophosphorylation of

T286 does not occur. Thus, higher Ca2* levels are necessary for T286 to
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autophosphorylate. To make it possible, two Ca2*/Calmodulin molecules have to
bind to two subunits on the same holoenzyme. Whereas one Ca%*/Calmodulin will
activate one CaMKII subunit, the other will trigger the conformational change in
another CaMKII subunit, making T286 accessible. Once a CaMKII subunit is
phosphorylated in T286, all subunits forming the holoenzyme can easily be
phosphorylated, probably in a directional process. Propagation of phosphorylation
does not need high Ca2* levels because only one Ca%*/Calmodulin is necessary.
Activation will last even with no Ca?* until the kinase is dephosphorylated (Lisman

1985; Miller and Kennedy 1986).

After the induction of LTP, the enzyme is long-term persistent activated. This
event may be possible due to the special chemical environment of the postsynaptic
density (PSD), allowing CaMKII to act as a bistable switch. When a threshold number
of kinase sites are phosphorylated, the switch turns on. Because CaMKII functions
faster than the PSD phosphatase, the “on” mode can last for long periods. The
“on/off” switch explains the all-or-nothing nature of LTP induction (Fukunaga,

Muller, and Miyamoto 1995).

NMDA receptors detect released glutamate from the presynaptic terminal
and the postsynaptic membrane is depolarised triggering the opening of Ca2*
channels, and the consequent rise of Ca2+ levels. Several studies have demonstrated
that Ca2+ elevation through NMDA receptor activation triggers the induction of
CaMKII activity. Furthermore, recent studies show that CaMKII translocates to

synapses, where it binds directly to NMDA (N-methyl- D-aspartate) receptors. This
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translocation places the kinase in an ideal site to control synaptic strength (Strack

et al. 2000).

Role of CaMKII in Drosophila melanogaster

CaMKII was first isolated in Drosophila melanogaster in 1993, when four
cDNA sequences were purified (Ohsako et al. 1993). Through in situ hybridization,
it was established that, in older stages of embryonic development CaMKII was
mostly concentrated in the central and peripheral nervous system. Subsequent
functional studies of flies with CaMKII deficit showed that these transgenic flies
failed to learn normally in two behavioural plasticity paradigms (acoustic priming
and courtship conditioning) that are typically used to study memory and learning in

Drosophila melanogaster (Griffith et al. 1993).

CaMKII is also involved in the development of proper synapse structure and
function through the regulation of the localisation of Disc Large (DLG) proteins at
the synapses (Koh et al. 1999). Indeed, the expression of a constitutively active form
of CaMKII (CaMKII T287D) dramatically altered the synaptic structure at both pre-

and postsynaptic sites (Saitoh and Schwartz 1985; Miller and Kennedy 1986).

Moreover, CaMKII activity seems to be involved in dendritic growth (G. Y. Wu
and Cline 1998). In young neurons, dendritic arbour elaboration is faster than in
mature neurons. High CaMKII activity in young neurons triggers the slowdown of
dendritic growth to levels seen in mature neurons. Furthermore, it has been shown
that CaMKII increases the dynamic nature and formation of dendritic filopodia

throughout larval development (R. Andersen 2005).
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CaMKII and the proteasome

Apart from its role in synaptic function and structure, the four mammalian
CaMKII proteins have been related to the proteasome. For instance, CaMKIla and
CaMKIIb expression promotes the accumulation of Rptl - a subunit of the 19S
proteasome - in spines after NMDA stimulation. Moreover, a constitutively active
form of CaMKIla (CaMKIla T286D) coimmunoprecipitates with the proteasome
subunit Rpt6 5-fold more than WT CaMKIlIa. Additionally, CaMKIla translocation to
the spines has been shown to be necessary to promote the degradation of
proteasomal substrates (Bingol et al. 2010). And besides that, CaMKII has been
associated with the regulation of proteasome phosphorylation and activation after

the retrieval of contextual fear memory (Jarome et al. 2016).

High throughput analyses have revealed that CaMKII can be ubiquitinated
(Udeshietal. 2013; Povlsen etal. 2012; W. Kim et al. 2011; Ramirez et al. 2018), but
no functional analyses have been performed. As a result, to date, the E3 ubiquitin

ligase responsible for CaMKII ubiquitination remains unknown.

CaMKII and Angelman syndrome

The AS mouse model (maternally inherited Ube3a mutation) shows seizures
as well as motor and cognitive abnormalities. These mutant animals show increased
CaMKII phosphorylation levels, specifically at T305, despite having the same total
amount of CaMKIIa. Consequently, the activity and autophosphorylation capacity of
CaMKII is reduced, and the total amount of CaMKII associated with postsynaptic

density is lower (Weeber et al. 2003).
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The above-mentioned AS mouse model has been employed to study the levels
of phosphorylated CaMKIlIa in AS. When this mouse model was crossed with mice
expressing CaMKIIa-T305V/T3064, a truncated version of CaMKII that cannot be
inhibited through phosphorylation of those sites, the kinase activity of the double
mutant mice was restored and comparable to the kinase activity of wild-type mice.
Additionally, despite AS mice exhibiting several LTP defects, CaMKII and UBE3A
double mutant mice showed LTP levels similar to wild-type mice. Altogether, it was
concluded that the inhibitory phosphorylation of CaMKII might be responsible for

the plasticity deficits observed in AS mice (Van Woerden et al. 2007).

Furthermore, when the AS mouse model was treated with a drug that
modulates AMPA receptors in a positive manner, LTP was restored to WT levels and

response to fear conditioning was restored too (Baudry et al. 2012).

CaMKIla and UBE3A

To date, there is no clear link between CaMKII and UBE3A. As it was
mentioned before, in AS mouse models that do not express UBE3A in neurons, the
activity of CaMKII is decreased most probably due to an enhancement of CaMKII
phosphorylation (Weeber et al. 2003). Recent studies have revealed a possible
crosstalk between the HUN (HERC2, UBE3A and NEURL4) protein complex and
CaMKII, which may explain the mouse phenotype of AS mouse model. Moreover, it
has been shown that ASPP2 (Apoptosis- Stimulating of p53 Protein 2) is degraded
upon UBE3A-mediated ubiquitination. ASPP2 inhibits the phosphorylase PP1,

which dephosphorylates CaMKII. Therefore, it is hypothesized that in the absence of
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UBE3A, ASPP2 is not degraded but accumulated, and, thereby, PP1 is less active and

CaMKII remains phosphorylated (Martinez-Noél et al. 2018).

Drosophila melanogaster

The fruit fly (Drosophila melanogaster) is suitable as an experimental
organism due to several reasons. On one hand, its small size and short cell cycle
make it very easy to work with and obtain various generations within a short period
of time. On the other hand, it has a small genome (1/20 the size of an average
mammalian genome), facilitating molecular genetic analysis. Although other
organisms also share these features, Drosophila melanogaster is one of the first
choices thanks to the hard work carried out by researchers in the past, starting with
T. H. Morgan’s laboratory at the end of the XXth century (Morgan 1910). Drosophila
melanogaster was employed as a model in the discovery of Notch, a very important
gene in development (Bridges and Morgan 1916), or Toll, a gene involved in the
immune response (Anderson, Bokla, and Niisslein-Volhard 1985; Anderson,

Jurgens, and Niisslein-Volhard 1985).

Life cycle

The common media in which flies are raised is composed of corn meal,
brewer’s yeast, sugar, agar, and a small amount of mould inhibitor. Breeding in that
medium at 252C enabled the flies to complete their life cycle from fertilization to the
emergence of the adult fly within 10 days. The embryo completes its development
in just under 24 hours, making it possible to see in real-time some key

developmental events. Embryogenesis is complete with the first instar larva, which
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grows dramatically fast and needs to moult 24 and 48 hours after hatching to
produce second and third instar larvae. After three days from the production of the
third instar larva, the larva exits the food and pupates. Moulting and pupation are
controlled by the ecdysone hormone. Once inside the pupa, the larvae undergo
metamorphosis, a reorganisation of the fly body plan that takes about four days.
Most larval tissues are disintegrated and replaced through the proliferation and
differentiation of cells that produce adult structures. Most adult structures, such as
the wings, legs, eyes, and genitalia, are formed from imaginal discs. Imaginal discs
are flattened epithelial sacs that develop from small groups of cells set aside in the
early embryo. Once metamorphosis is complete, the adult emerges from the pupal
case, the wings are expanded and the entire exoskeleton hardens and becomes

pigmented (Figure 14) (Hartwell et al. 2003).
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Figure 14. Drosophila melanogaster life cycle. Hatching is the transition from embryo to larva.
Through molting second and third instar larva are generated. Pupariation converts third instar

larva to a pupa. Adults emerge from the pupal case in a process called eclosion (Hartwell 2013).
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Genetics

The D. melanogaster genome contains four chromosomes, designated
numerically as 1-4. Chromosome 1 corresponds to chromosomes X and Y, and
chromosomes 2, 3 and 4 are the autosomes. Sex is determined by the ratio of X
chromosomes to the number of copies of each autosome (X:A ratio). Thus, a ratio of
1 will give a female and a 0.5 ratio results in the development of a sterile male.
Chromosome Y is not involved in sex determination but is involved in the conference

of fertility (Hartwell et al. 2003).

Through the employment of X-rays, special chromosomes, such as balancer
chromosomes, have been developed by geneticists. Balancer chromosomes have
multiple overlapping inversions and, normally, result in a dominant marker that
enables tracking through crosses and a recessive lethal mutation to prevent
homozygotes survival. Like all inversion-containing chromosomes, they prevent the
recovery of crossovers between normal chromosomes and themselves. Thereby,
balancer chromosomes and their homologues are inherited as intact units, and no
recombinant chromosomes are passed on to the next generation (Hartwell et al.

2003).

The P elements transposon is another critical tool in Drosophila molecular
genetics. P elements trigger hybrid dysgenesis, a phenomenon that occurs when
males from strains with P elements are crossed with females that lack P elements.
They become highly mobile in the germ line resulting in chromosome breakage and
reduced fertility in the hybrids. Thus, those that survive come with many new

mutations induced by the insertion of P elements at new sites in the genome. The
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high mobility makes it possible to exploit these elements for the transformation of
new vectors and as genetic tags. The gene of interest is cloned in a vector that
contains a tracking gene, white* for example, flanked with P-element inverted ends.
The vector lacks the gene that encodes for the transposase, thus, a helper vector that
carries the gene is coinfected. As a consequence, the gene of interest will be
introduced into the fly genome, and eventually to the progeny. Because the gene of
interest is inherited as a unit with the tracking gene, positive flies will be selected by
looking at the phenotype. For example, if the tracking gene is white*, positive flies

will have red eyes, while negative flies will have white eyes (Hartwell et al. 2003).

Drosophila’s nervous system
Unlike many of the larva tissues that are disintegrated during
metamorphosis, the brain remains from larva to adult fly with some restructuration
of the neurons. Despite not being structurally analogous to mammalian brains, the

myriad of developed tools makes the fly brain accessible and rapid to work with.

The fly brain has between 100,000-200,000 neurons, distributed equally in
the central brain, the paired optic lobes and the segmentally organised ventral nerve
cord. Although fly neuron structure presents some structural differences compared
to vertebrates, the dendrites appear to share organisational and functional
characteristics with vertebrate dendrites (Simpson 2009). Acetyl-choline,
glutamate and biogenic amines neurotransmitters are found in Drosophila, while
epinephrine and norepinephrine are not produced. However, biogenic amines in
Drosophila function similarly to norepinephrine and epinephrine in vertebrates

(Monastirioti 1999). Glia cells represent 90% of the cells of the human brain;
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however, in fly brain comprise 10-25% of the cells (Freeman and Doherty 2006).
Flies employ a highly branched tracheal system that works as an analogue to the
vascular system of the vertebrates' brain, which is involved in meeting oxygen
demands. The fly neuromuscular junction (NM]) in its larva period is basically a
glutamatergic synapse that innervates each muscle segment ending in round

synaptic boutons (Ghabrial et al. 2003).

GAL4 /UAS system

The GAL4, which was first identified in Saccharomyces cerevisiae, is a
galactose-induced transcription factor that once it is induced by the galactose
regulatory system, its transcription is enhanced by 1000-fold. Then, GAL4 is capable
of binding to Upstream Activating Sequences (UAS), triggering the expression of

genes required for the galactose metabolism.

GAL4 system is frequently employed in the targeting of gene expression of
binary systems by placing the genes of interest in Drosophila under the control of a
UAS element. However, as GAL4 is not expressed in Drosophila, a separate
transgenic “driver” line has to be generated. In these lines, GAL4 is placed under the
control of tissue-or temporally-specific regulatory sequences. As the fly genome
lacks UAS elements, Gal4 will not be functional in these lines. Nevertheless, when
both lines are crossed, within the progeny flies with GAL4 and the gene of interest
under the control of UAS will be found. This strategy allows to express either a gene
of interest, reporter genes or RNAi sequences (Figure 15) (Brand and Perrimon

1993).
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Figure 15. The GAL4/UAS system. The GAL4/UAS system is widely employ to express a protein

of interest in Drosophila melanogaster. Flies that express GAL4 are crossed with flies that have the
gene of interest under the UAS promoter. The progeny will have both constructions, GAL4 will be
expressed and the protein will recruit RNA polymerase to the UAS promoter. Therefore, the

protein of interest will be produced.
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CHAPTER I: Deciphering the interactome of CaMKII in HEK 293T cells by

proximity labelling with BiolD2

There is indirect evidence linking the brain kinase CaMKIla with Angelman
syndrome-causing E3 ligase UBE3A. Moreover, it is known that CaMKIla can be
ubiquitinated, although the ubiquitin ligase responsible remains undiscovered. We
hypothesize that CaMKIla might interact with UBE3A or other proteins involved in
the ubiquitin-proteasome pathway, therefore, studying the interactome of CaMKIla
in HEK 293T cells could allow us to have a better understanding of the role of

CaMKIIa in AS.

The particular objectives for the 1st chapter of this PhD Thesis are:

1. Determine the best conditions and reproducibility of the BioID2 system for future
studies of CaMKII in neuronal tissue

2. Identify potential CaMKIIa interactors in HEK 293T cells.

3. Validate candidates through coimmunoprecipitation experiments.

4. Identify the DUB enzyme responsible for CaMKII’s deubiquitination.

5. Identify the E3 ubiquitin ligase responsible for CaMKII's ubiquitination.

CHAPTER II: Uncovering CaMKII interactors in Drosophila melanogaster

through TurbolD

We believe that uncovering CaMKII interactors in neurons will help us have a
better understanding of the role of this kinase in neurophysiology. We considered

that a TurbolD-based approach would allow us to better resolve the interactome of
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CaMKlIla in flies, and hypothesized that those CaMKII fly interactors would have

human homologues.

Therefore, for this second chapter of this thesis we have established the

following objectives:

1. Validate the TurbolD system in Drosophila melanogaster.
2. Uncover CaMKII interactors in Drosophila melanogaster neurons.
3. Analyse the interaction between CaMKIla and the human homologues of the

identified interactors.

CHAPTERIIII: Neurochondrin: the possible link between CaMKII and UBE3A

Recently, our group discovered that NCDN, a well-known negative regulator
of CaMKIlIa pT286, is a substrate of the ubiquitin E3 ligase UBE3A. Therefore, we
suggest that these three proteins may interact, either physically and/or functionally.
Indeed, CaMKIla can be ubiquitinated (Udeshi et al. 2013; Povlsen et al. 2012; W.
Kim et al. 2011; Ramirez et al. 2018) but, to date, the E3 ubiquitin ligase responsible
for it remains unknown. Therefore, we wanted to assay the ubiquitination of
CaMKIla by UBE3A. As we have confirmed that NCDN becomes ubiquitinated by
UBE3A, we hypothesize that UBE3A-mediated ubiquitination of NCDN might be
involved in changes in CaMKIla phosphorylation, and try to understand how

CaMKIla and UBE3A functionally interact.
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The particular objectives for the third chapter of this PhD Thesis are:

1. Study the interaction between CaMKIla, NCDN and UBE3A.

2. Determine whether CaMKIla is ubiquitinated by UBE3A or not

3. Identify the ubiquitin chains that UBE3A forms on NCDN.

4. Evaluate the link between UBE3A-dependent NCDN ubiquitination and CaMKIla

phosphorylation on T286.

CHAPTER IV: How to inactivate E3 ubiquitin ligases

Inactive mutants of E3 ubiquitin ligases are widely employed to determine
the ligase’s interactors and substrates. However, the generation of these mutants

depends on the type of E3 ubiquitin ligase.

In order to characterise the inactivating mutations we propose the following

objective:

1. Review the available information about the inactivation of E3 ubiquitin ligases.
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Molecular Biology

Oligonucleotides

Designed primers were at least 15 nucleotides long complementary to the

template sequence. To improve primer annealing, primers finished in G or C at the

3’ end. New restriction sites, Kozak sequence or extra nucleotides necessary for

proper frame reading were added at the 5’ end. All primers were ordered from

Invitrogen and they are compiled in Table 2.

Table 2. Primer names and sequences of the oligonucleotides employed for the PCR reactions for

the different constructs. F: Forward; R: Reverse

Primer name

BiolD2 in pCAG

BioID2 NTER Agel F

BioID2 NTER NotI R
LinkerI_BioID2 NTER NotI R
LinkerII_BioID2 NTER NotI R
LinkerlII_BioID2 NTER Notl R

BioID2 CTER NotI F
BiolD2 CTER Sacl R

Rat CaMKIlIa in pCAG
CaMKIIa FL NotI F

CaMKIla FL/CTER SacI R
CaMKIla CTER Notl F
CaMKIla NTER Agel F
CaMKIla NTER NotI R
TurbolD in pUAS
TurbolID NTER Xhol F

TurbolD NTER Kpnl R

TurbolID CTER Kpnl F

TurbolD CTER Xbal R

Drosophila CaMKII in pUAS

CaMKII FL Xbal R
CaMKII FL/CTER Kpnl F
CaMKII CTER Kpnl F
CaMKII NTER Xhol F
CaMKII NTER Kpnl R

Primer sequence

GCCACCGGTCCACCATGTTCAAGAACCTGATCTGG
GGCGCGGCCGCGCTTCTTCTCAGGCTG
AATGCGGCCGCGCTGCCGCTACCGCTTCTTCTCAGGC
AATGCGGCCGCGCTGCCGCTACCGCTGCCGCTACCGCTTCTTCTCAGGC
AATGCGGCCGCGCTGCCGCTACCGCTGCCGCTACCGCTGCCGCTACCGCTTCTTCTCAGGC

AAAGCGGCCGCGGTGGCGGCGGCAGCGGTGGCGGCGGCAGCGGTGGCGGCGGCAGCATGTTCAAGAACCTGATCTGG
GGGGAGCTCTTAGCTTCTTCTCAGGCTGAAC

TTAGCGGCCGCCATGGCTACCATCACC
TTTGAGCTCTCAATGGGGCAGGACGG
AAAGCGGCCGCCCAGCACCCCTGGATCTCGCACCG
GGCACCGGTATGGCTACCATCACCTGC
TTAGCGGCCGCTGAGAGCCTCAGCGGCC

CCCCTCGAGATGGACTACAAAGACGATGACGACAAG

AAAGGTACCGCTGCCGCTACCGCTGCCGCTACCGCTGCCGCTACCCTTTTCGGCAGACCG

AAAGGTACCGGTAGCGGCAGCGGTAGCGGCAGCGGTAGCGGCAGCATGGACTACAAAGACGATGACGACAAG

CCCTCTAGATTACTTTTCGGCAGACCG

GGGTCTAGACTATTTTTGGGGTATAAAATCG
TTTGGTACCATGGCTGCACCAGCAGCC
TTTGGTACCATGGCTGCACCAGCAGCC
TTACTCGAGATGGCTGCACCAGCAGCC
TTTGGTACCCGAGTTTCCTATATTTTGC
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DNA plasmids
pEGFP-C1-CaMKIla and pEGFP-C1-CaMKIIb were a kind gift by professor

Hayashi (Okamoto et al. 2007).

The pCAG-IRES-EGFP plasmid was kindly provided by Dr. Zhi-Qi Xiong (Miao
etal, 2013), contains the CAG mammalian promoter, and was employed to generate
the BioID2 construct. The EGFP insert was removed and BiolD2 with the different
linkers was introduced between Agel and Notl restriction sites for the C-terminal
constructs (pCAG-BiolD2-C; pCAG-BioID2L1-C; pCAG-BiolD2L2-C; pCAG-BiolD2L3-
C) and between Notl and Sacl restriction sites for the N-terminal constructs (pCAG-
N-BioID2). Then, CaMKIla FL, CaMKIla 1206K and CaMKIlla C-TER (267-479)
sequences were introduced between the Notl and Sacl restriction sites. CaMKIIa N-

TER (1-266) was introduced between the Agel and Notl restriction sites.

The pUASTattB expression vector from Flybase (FBmc0003002), which
contains the UAS promoter from yeast, was used to generate the constructs that
were employed in Drosophila melanogaster. First, TurbolD sequence was introduced
between the Kpnl and Xbal restriction sites for the N-terminal constructs (pUASattb-
N-TubolD) or between the Xhol and Kpnl restriction sites for the C-terminal ones
(pUASattb-TurboID-C). Then, CaMKII FL and CaMKII CTER (389-530) were
introduced in the pUASattb-TurbolD-C plasmid between the Kpnl and Xbal
restriction sites. CaMKII NTER (1-388) was introduced in pUASattb-N-TurbolD

between the Xhol and Kpnl restriction sites.

pCMV-CaMKIla_N-TER-GFP and pCMV-GFP-CaMKIla_C-TER were ordered

from VectorBuilder as controls. VectorBuilder has a complete library of genes and
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allows one to select the desired promoter, the gene of interest and if needed, a tag.
No starting material was needed to be sent as they can generate the custom plasmids

with their own library.

For the validation of CaMKIla interactors and ubiquitylation assays, the
following plasmids were used: pCMV2-FLAG-ITCH WT and LD (C830A) were kindly
gifted by professor Angers (Angers, Ramjaun, and McPherson 2004). The pcDNA3.0-
6xmyc-RC3H2 WT and LD (C33S) were kindly gifted by (Maruyama et al. 2014).
PME18S-FLAG-TXNL1 plasmid was a gift from professor Gruenberg (Felberbaum-
Corti et al. 2007). The pLentilox-FLAG-SART3 plasmid was a gift from professor
Garner (Sherman, Mitchell, and Garner 2019). pcDNA3.1-FLAG-ARS2 was a gift from
professor Ohno (Machitani, Taniguchi, and Ohno 2020). The pEF-HA-RANBP2

plasmid was a gift from professor Flotho (Ritterhoff et al. 2016).

For the coimmunoprecipitation studies, pEGFP-NCDN (NCDN-GFP) construct
was a gift from professor Sleeman (Thompson et al. 2018) and pCMV-FLAG-UBE3A

WT and LD were kindly gifted by professor Tomai¢ (Tomai¢ and Banks 2015).

siRNA

To silence the different DUBs we employed specific siRNAs targeting their
genes: siRNA SilencerSelect for MYSM1 (s41639), siRNA SilencerSelect for OTUD4
(s224312) and siRNA SilencerSelect for USP16 (s20808), all ordered from

(Invitrogen). A negative control siRNA was also purchased from Invitrogen

(AM4611).
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Cloning Procedures

For PCR amplification, around 1 ng of template DNA was incubated with 200
uM of each dNTP, 0.5 pM of each primer and 0.02 U/uL of Phusion-High Fidelity DNA
Polymerase (Invitrogen) in 1X Phusion HF Buffer (Invitrogen). Moreover, BiolD2
amplification required the addition of 3% DMSO to the reaction mix. Initial
denaturation was carried out at 98 2C for 30”. Then, 35 cycles of (i) denaturation at
982C for 10 seconds, (ii) annealing at the appropriate temperature was calculated
with Thermo Fisher Scientific Tm Calculator for 20”, and (iii) extension at 72 2C for
15” per kb were programmed using a BioRad C1000 Touch thermal cycler. The final
extension step was performed at 72 2C for 5’ and, finally, samples were cooled down

to 4 °C.

Amplicons were run in 1% agarose gels, and DNA was extracted from the
appropriate band using E.Z.N.A Gel Extraction Kit (Omega). Digestions were
performed sequentially: first, one enzyme was added, incubated and inactivated
and, afterwards, the second enzyme was introduced following the same steps.
Digestion of the inserts and the plasmids was carried out at 372C for 1h and 30’ with
each enzyme. Restriction enzymes (Invitrogen) were inactivated at 652C or 80°C
(depending on the enzyme) for 20°. After digestion with both enzymes, plasmids
were dephosphorylated with alkaline phosphatase (Roche) for 1h at 372C to avoid
re-circularization. Ligation was performed with T4 DNA Ligase (Invitrogen) for 10’
at22°Cin 1X T4 DNA Ligase Buffer (Invitrogen). The ratio between insert and vector
for the ligations was 10:1 as default, and it was increased if the transformation was

not successful.
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DH5a competent cells were transformed with the ligation product. Cells and
plasmids were incubated 30’ on ice, then 45” at 422C and again 2’ on ice to perform
the heat shock. Immediately after, 1mL of LB medium was added, and they were
incubated 1h at 372C with shacking. The sample was then plated on LB-agar plates
(Conda-Pronadisa) with the appropriate antibiotic (kanamycin or ampicillin, both
from Sigma) and incubated at 372C overnight. To prepare the plates, 14 g of LB-agar
(Conda-Pronadisa) was diluted in 400 mL of Mili-Q water. Then, it was autoclave for
around 45’ at araound 130 2C. Once the mixture was cooled down, ampicillin or
kanamycin (Sigma) was added in a 1:1000 dilution. The mixture was then poured

into the Petri plates. Once polymerised, the plates were kept at 42C until usage.

The presence of plasmids with the correct construct was analysed by PCR.
Positive colonies were then grown in LB broth (Conda-Ponadisa) overnight at 372C,
and plasmid DNA was extracted from cells and purified with E.Z.N.A Plasmid DNA
Mini Kit (Omega). Sequences were verified by sequencing by Eurofins GATC Biotech

Company (Ko6ln, Germany).

RNA extraction

E.Z.N.A. MicroElute Total RNA Kit (OMEGA Bio-Tek) was employed to extract
RNA from HEK 293T cell cultures First, 350 pl of TRK Lysis buffer supplemented
with 2% of 2-mercaptoethanol was added to a 2-ml Eppendorf tube. The samples
were homogenised and mixed with the pipette and transferred into the TRK Lysis
buffer-containing tube and vortexed for 30”. Afterwards, the samples were
centrifuged for 2’ at maximum speed (13,000 x g). The supernatant was transferred
to a new tube and 350 pl of 70 ethanol was added. The samples were vortexed, a

precipitate was formed and it was transferred into the MicroElute LE RNA Column.
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The columns were centrifuged at maximum speed for 15”, and the collecting tube
was discarded and replaced with a new one. 500 pl of RWF Wash buffer was added
and the samples were centrifuged at maximum speed for 30” and the filtrate was
discarded. 500 pul of RNA Wash Buffer II diluted with 100% ethanol were added and
the samples were centrifuged at maximum speed for 30” and the filtrate was
discarded (this step was performed twice). To completely dry the columns, they
were centrifuged for 2’ at maximum speed. The columns were transferred into 1.5-
ml Eppendorf tubes and 15 pl of nuclease-free water was added directly onto the
columns. Finally, they were centrifuged at maximum speed for 1’ and the obtained
material was stored at -70 2C. All the centrifugations were carried out at room

temperature.

RT-PCR
The High Capacity cDNA Reverse Transcription kit (Applied Biosystems) was
employed. First, the 2X RT master mix was prepared: 2X RT buffer, 2X dNTP mix, 2X
RT Random Primers, 1 pl of RNase inhibitor, 50 U MultiScribe Reverse transcriptase
and nuclease-free water to obtain a final volume of 10 pl. 10 pl of RNA was added to
the tube and mixed by pipetting up and down. The thermal cycler was set up with
the following conditions: 25 2C for 10’, 372C for 120’ and 852C for 5’. Finally, the

samples were cooled to 4°C.

Q-PCR
For the quantitative PCR, the Power SYBR Green PCR master mix was used.

(Life Technologies). The employed primers are compiled in Table 3.
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Table 3. Primer names and sequences of the oligonucleotides employed for the qPCR reactions for

the different genes. q: primer for qPCR; F: Forward; R: Reverse

Primer name Primer sequence
USP16 qF CTCTGTCGCCGTGGATTG
USP16 qR GTCCGTTTCTTTCCCATGTTGG
MYSM1 qF TGTTTGAACAAGGGCTGGC
MYSM1 qR GGCCGGTCTTCTGATTTGG
Actin qF CCGCGAGCACAGAGCC

Actin qR ATCATCCATGGTGAGCTGGC
Tubulin gF CCCACCGGCACCTACCAC
Tubulin gR CTGCCCCAGACTGACCAAATAC

For 50-ul reactions, 1X Power SYBR Green PCR master mix, 300 nM of
forward primer, 300 nM of reverse primer, 100 ng of template RNA and nuclease-
free water were added. The following thermal cycling parameters were employed in
the Pharmaceutical Analytics QuantStudio™ 5 Real-Time PCR System: first, a single
step at 952C for 10’ was set for the AmpliTaq Gold Polymerase activation. Second,
40 cycles of 15” at 952C and 1’ at 602C were performed. A melt curve was generated
using the Pharmaceutical Analytics QuantStudio™ 5 Real-Time PCR System

software.

Cell Cultures

HEK 293T

Human Embryonic Kidney cells (HEK 293T) are a highly transfectable cell
line that contains the SV40 T-antigen. HEK 293T were cultured under standard
conditions (37°C, 5% CO2) using Dulbecco’s modified Eagle medium/nutrient
mixture F-12 (DMEM/F-12) with GlutaMAX (Thermo Scientific) and supplemented
with 10% fetal bovine serum (Thermo Scientific), 100 U/ml of penicillin

(Invitrogen) and 100 mg of streptomycin (Invitrogen).
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Fly crosses

All Drosophila fly lines were grown and mated at 25 2C in 12-hours light-dark
cycles in wheat flour and yeast medium (1% agar (Industrias Roko), 5.5% of
dextrose (VWR Chemicals), 3.5% of wheat flour (Carrefour) and 5% of yeast flakes
(Ynsadiet) in distilled H20. To prevent mould and bacterial growth, 0.25% of
Nipagin (Lemmel), 0.4 % of propionic acid (Sigma) and 0.02% of benzalkonium
chloride (Sigma) were added to the food mixture when it had cooled down below 60
2C and before aliquoting into the corresponding plastic bottles (Scientific

Laboratory Supplies) and vials (Genesee Scientific).

The eye-specific Glass Multimer Reporter-GAL4 (GMRGAL4; Hay et al., 1994)
was used for crossing with the transgenic lines expressing TurbolD fused to the

protein of interest downstream of the UAS sequence.

GMRGAL4;UASTurbolD-Bait/CyO stable lines were generated by crossing
GMRGAL4 /CyO; TM4/TM6 flies with UASTurbolD-Bait/Cyo flies. First, the expression
of the construct was tested in order to select the best clone. Afterwards,
GMRGAL4 JUASTurbolD-bait females were crossed with Bl/CyO balancer males and
flies in which a recombination event had occurred were obtained. Recombinant flies
were independently crossed one more time with Bl/CyO and flies in the offspring

carrying both constructs over the CyO chromosome were selected.

Drosophila heads were collected from flies grown at 25 2C in wheat flour and
yeast medium. One to three days-old adult flies were frozen in liquid nitrogen and

heads were collected by shaking the frozen flies and using a combination of sieves
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with nominal cut-off passages of 710 and 425 um tie separate their heads from the

body. Heads were stored at -80 2C.

Biotin pulldown

HEK 293T cells and fly heads were homogenized in 2.5 mL of Lysis buffer (8
M urea and 1% SDS in PBS) supplemented with 50 mM N-ethylmaleimide (Sigma)
and 400 pL of Lysis Buffer complemented with Complete protease inhibitor cocktail
(Roche Applied Science). Whereas HEK 293T cell lysates were obtained by
centrifugation at 16,000 x g for 10 at 429C, fly heads samples were homogenised with

Precellys Evolution (Bertin Instruments) applying 3 cycles of 6,500 rpm for 30”.

In both cases, the supernatants were applied to a PD10 desalting column (GE
Healthcare) previously equilibrated with 25 ml of Binding buffer (3 M urea, 1 M
NaCl, 0.25% SDS and 50 mM N-ethylmaleimide). Eluates, except 50 pl that were kept
for monitoring the inputs, were then incubated with 150 pl of NeutrAvidin agarose
beads suspension (Thermo Scientific) for 40’ at RT and for 2h and 20’ at 4°C in a
roller. Unbound material (flow through) was separated by spinning the beads at
230g for 2’. Beads were then subjected to stringent washes with six different
washing buffers (WB): twice with WB1 (8 M urea, 0.25% SDS), thrice with WB2 (6
M guanidine-HCI), once with WB3 (6.4 M urea, 1 M NaCl, 0.2% SDS), thrice with WB4
(4 M urea, 1 M NaCl, 10% isopropanol, 10% ethanol, 0.2%SDS), once with WB1, once
with WB5 (8 M urea, 1% SDS) and thrice with WB6 (2% SDS). All buffers, including
binding buffer, were prepared in 1X PBS. Beads were then heated at 952C for 5’ in

80 ul of elution buffer (250 mM Tris-HCI pH 7.5, 40% glycerol, 4% SDS, 0.2% BPB,
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100 mM DTT) and centrifuged for 2’ at 16,000 x g in a Vivaclear Mini 0.8 mm PES

micro-centrifuge filter unit (Sartorius) to recover the eluted proteins.

GFP stringent pulldown

25 pL per sample of GFP-Trap-A beads (Chromotek GmbH) were pre-washed
by resuspending in Dilution Buffer (10 mM Tris/Cl pH 7.5, 150 mM Nacl, 0.5 mM
EDTA) and centrifugation for 2’ at 2,700 x g. This step was repeated 3 times. Cells
were washed with 1X PBS and harvested using ice-cold Lysis Buffer (50 mM Tris-
HCI pH 7.5, 150 mM NacCl, 1 mM EDTA, 0.5% Triton-X100, 1x Protease inhibitor
cocktail (Riche Applied Science), 50 mM NEM). Collected cells were centrifuged for
10’ at maximum speed (16,000 x g). 30 uL of the supernatant was kept as “input”
fraction for western blot analysis. Then, 450 pL of Dilution Buffer (10 mM Tris-HCI
pH 7.5, 150 mM NacCl, 0.5 mM EDTA, 1x Protease inhibitor cocktail, 50 mM NEM)
were added to the lysates. The mixture was combined with the previously
prewashed GFP beads and incubated for 2h and 30’ at room temperature with gentle
rolling. After incubation, samples were centrifuged for 2’ at 2,700 x g and 30 pL of
the supernatant was kept as “flow-through” fraction. Samples were then washed for
5’ with 1 ml of the following buffers: once with ice-cold Dilution Buffer, three times
with Washing Buffer (8 M urea, 1% SDS in 1x PBS) and once with 1% SDS in 1X PBS.
Each washing step required centrifugation of the samples at 2,700 x g for 2’ and the
supernatant was discarded. After the last centrifugation, samples were centrifuged
for an extra time to discard all the supernatant. Beads were then resuspended in 25
uL of Elution Buffer (200 mM Tris HCI, pH 6.8, 8% SDS, 40% glycerol, 0.8 mg/ml
bromophenol blue, with the addition of 100 mM dithiothreitol (DTT) prior to use)

and heated at 95 2C for 10’. Afterwards, beads were centrifuged at maximum speed
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(16,000 x g) for 2’ and the supernatant was transferred into a clean tube (“elution”

fraction) (Ramirez et al. 2017).

GFP mild pulldown

25 pL per sample of GFP-Trap-A beads (Chromotek GmbH) were prewashed
by resuspending in Dilution Buffer, followed by centrifugation for 5" at 2,500 x g.
Cells were washed with 1X PBS and harvested using ice-cold soft Lysis Buffer (10
mM Tris-HCI pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% Igepal CA-630 (Sigma-
Aldrich), 1x Protease inhibitor cocktail (Roche Applied Science), 50 mM NEM). The
cell suspension on the lysis buffer was incubated on ice for 30’, pipetting every 10’.
Collected cells were centrifuged for 10" at maximum speed (16,000 x g). 50 uL of the
supernatant was kept as “input” fraction for western blot analysis. Then, 300 pL of
Dilution Buffer (10 mM Tris-HCI pH 7.5, 150 mM Nac(l, 0.5 mM EDTA, 1x Protease
inhibitor cocktail, 50 mM NEM) was added to the lysates. The mixture was combined
with previously prewashed GFP beads and incubated for 1h at 42C with gentle
rolling. After incubation, samples were centrifuged for 5’ at 2,500 x g and 50 pL of
the supernatant was kept as “flow-through” fraction. Samples were then washed
three times with Washing buffer (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM
EDTA, 0.05% Nonidet P40 substitute), centrifuged for 5 at 2,500 x g and the
supernatant discarded. Beads were resuspended in 30 uL of Elution Buffer (120 mM
Tris HCI, pH 6.8, 4% SDS, 20% glycerol, 0.04 % bromophenol blue, with the addition
of 10% [-mercaptoethanol prior to use) and heated at 95 ¢C for 10’. Afterwards,
beads were centrifuged at 2,500 x g for 5’ and the supernatant was transferred into

a clean tube (“elution” fraction). All the steps were performed at 42C.
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Western blot and silver staining

Both 4-12% Bolt Bis-Tris Plus pre-cast gels (Invitrogen) and 4-12% NuPAGE
Bis-Tris gels (Invitrogen) were used to fractionate proteins by SDS-PAGE. Then,
proteins were transferred to PVDF membranes using the iBlot system (Invitrogen).

Following primary and secondary antibody incubation, membranes were developed

with an ECL kit (Biorad Clarity).

The antibodies that were employed for western blot analyses are

summarised in Table 4 and Table 5.

Table 4. Primary antibodies employed for western blot and immunocytochemistry. The employed
dilution for the different assays is represented and the commercial house with the correspondent

reference too. WB: Western Blot.

Commercial House

Antibody Name Dilution for WB
(reference)

Goat anti-biotin-HRP-conjugated 1:1000 Cell Signalling (#7075)

Chicken anti-BiolD2 1:1000 g;)o_l;n(-)oor;t Technologies (BID2-

Mouse anti-myc tag 1:1000 Cell Signalling (2276)

Rabbit anti-NCDN 1:1000 Sigma (HPA023676)

Mouse anti-E6AP/UBE3A 1:1000 Sigma (E8655)

Mouse anti-Flag-M2-HRP conjugated 1:1000 Sigma (A8592)
Developmental Studies

Mouse anti-tubulin-beta-E7-c 1:1000 Hybridoma Bank (#
AB_2315513)

Mouse anti-GFP 1:1000 ?igqifggggﬁsmence #

Rabbit anti-GFP 1:1000 Santa Cruz Biotechnology (# sc
8334)

Mouse anti-HA tag 1:1000 Sigma (H3663)

Rabbit anti-phospho-CaMKII (T286) 1:1000 Cell Siganalling (12716)

For silver staining, gels were fixed for 1h at room temperature with 40%
methanol and 10% acetic acid-containing solution, and then, stained using the

SilverQuest kit from Invitrogen according to the manufacturer’s instructions.
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Table 5. Secondary antibodies employed for western blot and immunocytochemistry. The
employed dilution for the different assays is represented and the commercial house with the

correspondent reference too. WB: Western Blot.

Antibody Dilution for WB Commercial House

Donkey anti-chicken-HRP labelled 1:4000 Jackson ImmunoResearch (703-035-155)
Goat anti-rabbit HRP conjugated 1:4000 Jackson ImmunoResearch (111-035-144)
Alexa Fluor 488 goat anti-chicken 1:4000 ThermoFisher Scientific (A11039)

Alexa Fluor 488 Goat anti-rabbit 1:4000 ThermoFisher Scientific (A21441)

Rabbit anti-mouse HRP conjugated 1:4000 ThermoFisher Scientific (A27025)

Alexa Fluor plus 488 Goat anti-mouse 1:4000 ThermoFisher Scientific (A32723)

Alexa Fluor plus 647 Goat anti-mouse 1:4000 ThermoFisher Scientific (A32728)

Alexa Fluor plus 647 Chicken anti-mouse 1:4000 ThermoFisher Scientific (A21463)

IRDye 800 CW Goat anti-mouse 1:4000 Li-cor (926-32210)

Sample preparation and LC-MS/MS

40% and 50% of the eluates obtained from HEK 293T cells and D.
melanogaster respectively, were run in 4-12% NuPAGE Bis-Tris gels (Invitrogen)
and visualised with Coomassie blue staining following manufacturers’ instructions.
Then, each gel lane was cut into 3 slices (HEK 293T experiments) or 2 slices (fly
experiments) which were further chopped before proteins of interest were
subjected to in-gel digestion using trypsin as described before (Osinalde et al,,
2015). Briefly, gel pieces, previously dehydrated with acetonitrile (ACN), were
reduced with 10 mM dithiothreitol (DTT) at RT, alkylated with 55 mM
chloroacetamide at 56 °C, and finally rehydrated in 12.5 ng/ml trypsin and
incubated overnight at 37 C. The following day, the resulting tryptic peptides were
extracted from the gel by serial incubation with 100% ACN and 1% trifluoroacetic
acid in 30% ACN. Finally, prior to MS analysis, peptide solutions were dried down in

a SpeedVac centrifuge (Thermo Scientific).

Mass spectrometric analyses were performed on an EASY-nLC 1200 liquid

chromatography system interfaced with a Q Exactive HF-X mass spectrometer
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(Thermo Scientific) via a nanospray flex ion source. Peptides were loaded onto an
Acclaim PepMap100 pre-column (75 pm x 2 cm, Thermo Scientific) connected to an
Acclaim PepMap RSLC (50 pum x 25 cm, Thermo Scientific) analytical column.
Peptides were eluted from the column using a linear gradient of 2% to
32% acetonitrile in 0.1% formic acid at a flow rate of 300 nL min-1 over 120
minutes. The mass spectrometer was operated in positive ion mode. Full MS scans
were acquired from m/z 375 to 1800 with a resolution of 60.000 (m/z 200). The 10
most intense ions were fragmented by higher energy C-trap dissociation with a
normalized collision energy of 28 and MS/MS spectra were recorded with a
resolution of 15000 (m/z 200). The maximum ion injection time was 50 ms for
survey scan and 100 ms for MS/MS scans, whereas AGC target values of 3 x 106
and 3 x 10> were used. In order to avoid repeat sequencing of peptides, dynamic
exclusion was applied for 20”. Singly charged ions or ions with unassigned charge
states were also excluded from MS/MS. Data were acquired using Xcalibur software

(Thermo Scientific).

Data processing and bioinformatics analysis

All mass spectrometric raw data have been processed with the MaxQuant
software (version 1.6.0.16) using the internal search engine Andromeda. The raw
files acquired in the BiolD2 and NCDN experiments were searched against the
UniProtKB Homo sapiens database (released 2017_11; 42257 entries and released
2021_08; 42392 entries, respectively) in which BiolD2 and avidin sequences were
manually added, whereas TurbolD experiment data was searched against the
UniProtKB Drosophila melanogaster database (released 2021_07; 44230 entries)

where TurbolD and avidin sequences were manually added.
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In all experiments, spectra originated from the different slices corresponding
to the same biological sample were combined. Carbamidomethylation (C) was set
as fixed modification, whereas Met oxidation and protein N-terminal
acetylation were defined as variable modifications. For the NCDN experiment, the
variable modifications GlyGly (K), GlyGly (N-term), LRGG (K) and LRGG (N-term)

were selected as well.

Mass tolerance was set to 8 and 20 ppm at the MS and MS/MS level,
respectively. Enzyme specificity was set to trypsin, allowing for a maximum of two
missed cleavages. Match between runs option was enabled with a 1.5 min match
time window and a 20 min alignment window to match identification across
samples. The minimum peptide length was set to seven amino acids. The false
discovery rate for peptides and proteins was set to 1%. Normalized spectral protein
label-free quantification (LFQ) intensities were calculated using the MaxLFQ

algorithm.

MaxQuant output data was analysed with the Perseus module (version
1.6.6.0) (Tyanova et al. 2016). Initially, proteins only identified by site,
contaminants, reverse hits and proteins with no unique peptides and/or no
intensity were discarded. Missing LFQ intensity values were replaced with values
from a normal distribution (width 0.3 and downshift 1.8), meant to simulate
expression below the detection limit (Tyanova et al. 2016). To determine
statistically significant changes in protein abundance, as well as in ubiquitin diGly

peptides, a two-tailed Student’s t-test was used.
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A volcano plot is a type of scatterplot that represents the p-value against the
fold change (W. Li et al. 2014). Thus, on the right side of the volcano will appear
those proteins that are more enriched in a given sample. Moreover, the statistical
significance is given by the p-value. All of the volcanos were generated with Prism
(Graphpad software). Box plots and frequency histograms were also generated with
Prism. The Venn diagrams were generated with eulerAPE v3 (Micallef and Rodgers
2014) and BioVenn (https://www.biovenn.nl/index.php) (Hulsen, de Vlieg, and

Alkema 2008).

The bioinformatic tool DAVID was employed for the gene ontology analysis
(https://david.ncifcrf.gov/tools.jsp). DAVID performs functional annotation of large
lists of genes. We have used the GO_Fat category in all cases as it allows us to use a
subset of the more specific terms represented. Moreover, the minimum number of
hits was modified for the different analyses to get rid of non-specific results (Huang,

Sherman, and Lempicki 2008, 2009).

The bioinformatic database STRING v11 was employed to generate a map of
the known interactions between our proteins (Szklarczyk et al. 2019). The aim of
this database is to collect, score and integrate all the publicly available information
about protein-protein interactions. Moreover, the data is complemented with
computational predictions. String extracts experimental data from BIND, DUP, GRIP,
HPRD, IntAct, MINT and PID; and extracts curated data from Biocarta, BioCyc, GO,
KEGG, and Reactome. The analysis provides different stats: the average node degree
indicates the number of interactions that the proteins have on average in the
network. The clustering coefficient measures the level of connection of the nodes in

the network. Thus, highly connected networks have high values. The expected
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number of edges indicates the expected edges in a random selection of nodes. The
PPI enrichment p-value measures the significance of the number of edges. A small
PPI enrichment p-value indicates that the nodes are not random and that the
observed number of edges is significant. A random list of proteins was generated
with the Random Gene Set Generator

(http://molbiotools.com/randomgenesetgenerator.html).

Statistical Analyses

Results are expressed as the SEM mean of the number of independent
experiments. The number of replicas performed in each case is specified. Differences

were analysed using a two-tailed Student’s t-test with a level of significance set at

p<0.05.

The symbols used are: “*” for p<0.05; “**” for p<0.01; and “***” for p<0.001.

No symbol was employed for no significant results.

91



MATERIALS AND METHODS

92



CHAPTERI
Deciphering the interactome of
CaMKII in HEK 293T cells by

proximity labelling with BiolD2



[ Deciphering the interactome of CaMKII in HEK 293T cells with BiolD2

94



I Deciphering the interactome of CaMKII in HEK 293T cells with BiolD2

Summary

A number of evidence suggest there is a link between UBE3A, the E3 ubiquitin
ligase absent in brains of Angelman syndrome patients, and CaMKII which is known
to be ubiquitinated but neither the E3 ligase nor the DUB responsible for its
ubiquitination and deubiquitination respectively, are known. Consequently, we
have followed a cell-culture-based strategy in order to identify the best conditions
to apply the BiolD2 system and search for potential CaMKIla interactors in HEK
293T cells. Rat CaMKIIa full length (wild type and 1206K), C terminal and N terminal
sections were fused to BiolD2 and overexpressed in HEK 293T cells. Biotinylated
proteins were purified by biotin pulldown employing streptavidin beads and
subsequently analysed by mass spectrometry. Discovered interactions were
validated through coimmunoprecipitation followed by western blot analysis.
Moreover, identified E3 ubiquitin ligases and DUBs were tested as possible enzymes
involved in CaMKIIa ubiquitination and deubiquitination, respectively. Additionally,
changes in CaMKIla phosphorylation were studied. We uncover that silencing the
DUB MYSM1 reduces CaMKIIa ubiquitination levels and enhances phosphorylation
at T286. By contrast, the E3 ubiquitin ligase ITCH promotes CaMKIla

monoubiquitination and decreases CaMKIla pT286 levels.

Introduction

Angelman syndrome (AS) is a complex and rare (1/20,000) genetic disorder
that primarily affects the nervous system. Characteristic features of this condition
include delayed development, intellectual disability, severe speech impairment, and

problems with movement and balance (ataxia). Patients with AS show mutations at
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the 15q11-13 affecting the UBE3A gene and diminishing the amount of the protein
(Kishino, Lalande, and Wagstaff 1997; Matsuura et al. 1997). The UBE3A gene
encodes an E3 ubiquitin ligase, an enzyme that functions during the ubiquitination
pathway attaching ubiquitin to its substrates (Pickart and Eddins 2004). UBE3A is
localised in the nucleus and the pre- and post-synaptic compartments (Dindot et al.

2008).

Calmodulin-dependent kinase II subunit alpha (CaMKIla) plays a crucial role
in the molecular mechanisms of memory formation including long-term
potentiation (LTP). Indeed, when LTP is induced, CaMKIla translocates to the spine
head of dendrites and phosphorylates AMPA receptors and the protein stargazin,
which are directly involved in LTP regulation (Y.-P. Zhang, Holbro, and Oertner
2008; Poncer, Esteban, and Malinow 2002; Tomita et al. 2005). Moreover, CaMKIla
is associated with proteasomes in the brain; whereas CaMKII autophosphorylation
promotes proteasome recruitment to spines, CaMKIla-mediated phosphorylation of
Rpt6 on Ser120 stimulates proteasome activity (Bingol et al. 2010). Many studies
link the function of CaMKIla with AS. Mice models for AS that lack UBE3A (Ube3a ™
/p*) show a deficit in LTP, whereas AS models expressing a truncated version of
CaMKlIla that cannot be phosphorylated at T305/306 exhibit a normal LTP (Van
Woerden et al,, 2007). Besides, this AS mouse model exhibits enhanced CaMKIla
phosphorylation (Weeber et al. 2003). Recent studies have revealed a possible
crosstalk between the HUN complex (HERC2, UBE3A and NEURL4) and CaMKII
(Martinez-Noél et al. 2018). Moreover, it was shown that ASPP2, an inhibitor of the
CaMKII phosphatase PP1, is degraded as a consequence of UBE3A-mediated

ubiquitination. Thereby, it was hypothesised that lack of UBE3A triggers the
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accumulation of ASPP2, and, thereby, PP1 is inhibited and does not dephosphorylate
CaMKII. Consequently, the levels of phosphorylated CaMKII are increased
(Martinez-Noél et al. 2018). Finally, CaMKII is subjected to ubiquitination (Udeshi et
al. 2013; Povlsen et al. 2012; W. Kim et al. 2011; Ramirez et al. 2018); however, the
E3 responsible for its ubiquitination remains unknown. Therefore, taking into
account all the information above, we considered that CaMKIla might be a substrate
of UBE3A or that there is an intermediate pathway that links the two proteins. To
test our hypothesis, we aimed to identify potential CaMKIla interactors using the

BiolD2 system.

Hypothesis and objectives

There is indirect evidence that links CaMKIla with UBE3A. Moreover, it is
known that CaMKIla can be ubiquitinated, although the E3 ubiquitin ligase
responsible remains elusive. We hypothesize that CaMKIla might interact with
UBE3A or other proteins involved in the ubiquitin-proteasome pathway which
would allow us to have a better understanding of its role in AS. For that purpose, we

have studied the interactome of CaMKIla in HEK 293T cells.

In order to shed light on the relationship between CaMKII and UBE3A, five

main objectives are defined in this section of the thesis:

e Determine the best conditions and reproducibility of the BiolD2 system for future
studies of CaMKII in neuronal tissue

o Identify potential CaMKIla interactors in HEK 293T cells.
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e Validate detected CaMKII binding candidates through coimmunoprecipitation
experiments.
o Identify the DUB enzyme(s) responsible for CaMKII’s deubiquitination.

e Identify the E3 ubiquitin ligase(s) responsible for CaMKII’s ubiquitination.

Results

BiolD2 combined with LC-MS/MS to uncover CaMKII
binding proteins

BiolD2 is a promiscuous biotin ligase that can biotinylate any protein that is
in close proximity to the protein of interest that is fused to. It is possible to ensure
the biotinylation range of BiolD2 towards any interactor of its fused protein by
adding a flexible linker (D. I. Kim et al. 2016; Roux et al. 2012). Therefore, BiolD2
was fused to CaMKIla through a (GSGS)n (where n went from 0 to 3) linker to
increase the flexibility of the fusion protein and allow the biotinylation of all its
potential interactors. We observed (GSGS)3 linker showed higher biotinylation

levels and, thereby, we selected it for the following studies. (Figure S1)

In order to investigate the interactome of CaMKII four different constructs
were created: BiolD2-CaMKIla FL (full length, FL), BioID2-CaMKIla [206K (mutant,
MUT), BiolD2-CaMKIla 266-479 (C terminal, CTER) and CaMKIla 1-266-BiolD2 (N
terminal, NTER). CTER and NTER were used as controls that should allow us to
differentiate between contaminants and real interactors of CaMKIla. Moreover, they
would serve to determine whether a potential interactor associates with the N- or
the C-terminal region of CaMKIlIa. Therefore, screening the interactome of FL, NTER

and CTER CaMKII enables us not only to discern between contaminants and putative
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interactors but also to determine if the interactor associates with the N terminal
region, the C terminal region or the whole protein. In brief, if a protein is more
enriched in the FL sample than in both controls, it will be considered a FL interactor,
meaning that it needs the whole protein to interact with the kinase. By contrast, if a
protein is more enriched, for example, in the FL and in the CTER with respect to the
NTER sample, it will be considered an interactor of C-terminal CaMKIIa. Similarly, a
protein associating with N-terminal CaMKIla should be more enriched in FL and
NTER samples in comparison to CTER. Finally, proteins detected with similar
abundance in the three samples would be considered contaminants or BiolD2

interactors (Figure 16).

The interactome of CaMKIla [206K mutant was also investigated. 1206 is
located at the T-site of CaMKIla and is crucial for the translocation of the kinase into
the post-synaptic density. In this context, as we are using HEK 293T cells, this
mutant would have little impact; however, we wanted to test it for future
experiments. Once we ensured that the four constructs were expressed correctly
and that they promote biotinylation in our conditions, HEK 293T cells were
transfected separately with each of the four constructs mentioned above (3 replicas
each) and the medium was supplemented with 50 uM biotin. 24 hours after
transfection, cells were harvested and biotinylated proteins were isolated using

avidin.

99



I Deciphering the interactome of CaMKII in HEK 293T cells with BiolD2

@pd) [ N !

CaMKIIa FL
= | =
D | | | b
INTERACTOR !
- |
" INTERACTOR |

Interactor through the C-terminal part

INTERACTOR Interactor through the N-terminal part

INTERACTOR Full length interactor

Leel

Contaminant, BiolD2 interactor

Figure 16. Representation of the expected BiolD2 results. Three constructs have been
employed to look for CaMKIla interactors: BiolD2-CaMKIla FL, BiolD2-CaMKIla C-TER and
CaMKIla N-TER-BioID2. Interactors will be biotinylated and enriched through biotin pull-down.
This strategy will allow to distinguish full-length interactors, one-side interactors and

contaminants.

The elution and the input fraction were analysed by western blot (Figure
17A). The BiolD2 signal was comparable in all conditions when monitored either by
autobiotinylation (most intense bands in the upper panel in Figure 17A) or by anti-
BioID2 antibody (lower panel in Figure 17A). Additionally, we observed that FL,
MUT and CTER samples exhibited similar levels of biotinylated material in the
inputs. However, the NTER sample showed a lower biotin signal indicating that
fewer proteins were being biotinylated by the NTER construct. Similar results were
observed in the eluted fractions: whereas all samples displayed similar
autobiotinylation levels of the overexpressed constructs, the remaining biotin signal

was much weaker in the NTER sample indicating it was less biotinylated.
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Since western blot signals are not necessarily quantitative, to better assess
the total amount of protein present in each sample and ensure there is enough
material for subsequent mass spectrometry analysis, a small portion of the elution

(around 7% of each sample) was also analysed by silver staining (Figure 17B).
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Figure 17. Efficient biotinylation by BioID2 fused to the different versions of CaMKIla. We
expressed BiolD2-CaMKIla FL, BiolD2-CaMKIla 1206K, BiolD2-CaMKIla CTER and CaMKIla NTER-
BioID2 in HEK 293T and we supplemented the media with biotin (50 uM). The biotinylated
material was enriched with purification with neutravidin beads. A) Input and eluted fraction were
tested by western blot for biotin. Construct expression was tested with BioID2 (left bottom). B)
Silver staining of 7% of the eluted fraction to ensure enough material is available for subsequent
mass spectrometry analysis. The red discontinuous lines indicate the sites were the commassie gel

was cut afterwards.

101



I Deciphering the interactome of CaMKII in HEK 293T cells with BiolD2

Fractionation and processing of enriched biotinylated proteins prior to
LC-MS/MS analysis

Once verified there was enough material for mass spectrometry-based
protein detection, 50% of the elutions were loaded in a gel and stained with
coomassie blue. Each lane was cut into three slices: one slice contained the section
from the avidin monomer to CTER and NTER band height (around 25 kDa - 40 kDa).
The second slice included the section of the four constructs (40 kDa - 80 kDa) and
the third slice contained the material localised above the 80 kDa band (Figure 17B
showed with red lines). All gel pieces were subjected to in-gel protein digestion by
Jabier Beaskoetxea. In brief, proteins were reduced with DTT, alkylated with
chloroacetamide and digested with trypsin. Finally, the resulting peptides were
extracted from the gel and mass spectrometric analyses were performed on an
EASY-nLC 1200 liquid chromatography system interfaced with a Q Exactive HF-
X mass spectrometer (Thermo Scientific) via a nanospray flex ion source in the

Proteomics Core Facility of the UPV/EHU (SGlker).

Protein identification and label-free quantitation by LC-MS/MS

The mass spectrometric raw data were processed with the MaxQuant
software using a label-free intensity-based approach. First, contaminants and
reverse hits were removed. Additionally, proteins only identified by site and
displaying no intensity were also discarded. Besides that, we only considered
proteins detected with at least two peptides, including at least one unique peptide.
Following these criteria, we detected hundreds of proteins in the distinct replicas of

FL, CTER, NTER and MUT samples.
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We checked the reproducibility of the experiment by measuring the
overlapping of the proteins detected in distinct replicas of the same experimental
condition and concluded that, in general terms, the reproducibility was very high
(Figure 18A). We also analysed the average Logz LFQ intensity of the proteins
identified in 1, 2 or the 3 replicas of each experimental condition. As shown in
Figure 18B, proteins detected in all the replicas tend to be more abundant, and

hence, have higher Logz LFQ intensities than those appearing in only 1 or 2 replicas.

We also compared the proteins detected in the different experimental
conditions. For that purpose, we considered all proteins detected in all the replicas
of each sample. As shown in Figure 19A, FL. and MUT samples share more than 97%
of the proteins detected, suggesting that CaMKII [260K mutant does not greatly alter
CaMKII's structure but only affects some specific interactions. Similarly, the
overlapping between proteins detected in FL, CTER and NTER samples is very high
(Figure 19B), which was quite surprising as western blot and silver staining results
suggested the amount of biotinylated material for the NTER sample was lower
compared to the other samples (Figure 17A and B). In brief, 2850 proteins were
detected in the three conditions. Additionally, 287 proteins were exclusively shared
by FL and CTER, 181 by CTER and NTER, and 35 by FL and NTER. Finally, 44, 193

and 30 unique proteins were detected in FL, CTER and NTER samples, respectively.
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Figure 18. High reproducibility between distinct replicas of the same BiolD2 experiment.
A) Venn diagrams showing the overlapping of the identified proteins in the three replicas of the
same experimental condition. Between brackets the total number of identified proteins is shown.

B) Box plots showing the LFQ intensities of proteins that appeared eitherin 1, 2 or 3 of the replicas.
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Figure 19. Overlapping between distinct BloID2 experimental conditions. A) Venn diagram
showing the common and unique proteins between WT and 1206K constructs. Between brackets
the total number of identified proteins is shown. B) Venn diagram showing the common and
unique proteins between WT, N-TER and C-TER constructs. Between brackets the total number of

identified proteins is shown.

We also assessed the reproducibility of the experiment by comparing the LFQ
intensity of the proteins present in the different replicas using Perseus (Figure
20A). On average, the Pearson correlation within the replicas of NTER, CTER, FL
and MUT samples is 0.933, 0.956, 0.959 and 0.961 respectively, indicating the
reproducibility between replicas is high. Moreover, the similarity between FL and
MUT is also high (0.959 on average), whereas the similarity between NTER and

CTER samples is much lower (0.827 on average).

Afterwards, data was imputed following a normal distribution so that an
intensity value was assigned to the proteins that were not detected or quantified in
a given sample. As shown in Figure 20B, recorded mass spectrometric data follow
a normal distribution (in green) and missing values were replaced by LFQ values at
the lowest detection range (in red). Overall, the amount of imputed values is rather
small. Nevertheless, and in line with western blot and silver staining results, as

protein biotinylation in the NTER sample was not as abundant as in the rest of the

105



I Deciphering the interactome of CaMKII in HEK 293T cells with BiolD2

conditions, comparatively NTER sample contains a larger number of imputed values

(Figure 20B).
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Figure 20. Correlation between replicas and distribution of the LFQs. A) Multi-scatter plot
showing the correlation between replicas. The red squares define the correlation between replicas
of the same sample. B) Frequency histograms showing the number of proteins with a given LFQ

intensity (green). In red, imputed LFQ intensities.

Finally, we searched for statistically significant quantitative changes between
the FL, CTER and NTER samples to look for potential CaMKII interactors. We
performed several two-sample t-test analyses and represented the results in a
volcano plot, a type of scatterplot that shows statistical significance (p-value)
against the magnitude of change (fold change) (W. Li et al. 2014). As internal
controls of the experiment, we checked the ratio of BiolD2, avidin, and
endogenously biotinylated carboxylases (Acetyl-CoA carboxylase, pyruvate

carboxylase and methylcrotonoyl-CoA carboxylase) which should be around 1 (log2
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ratio 0) if overexpression, purification efficiency and amount of biological material,

respectively, were kept constant across experimental conditions.

With three comparisons (FL vs CTER; FL vs NTER; CTER vs NTER) we were
able to discern between contaminants, N-terminal and C-terminal CaMKII

interactors as well as proteins interacting with the whole protein kinase (Figure

21).

> NTER = CTER interactor
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Contaminant
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Figure 21. Scheme of the conditions for the proteins to be considered as either a CTER, NTER
or FL interactor. Comparing the protein ratios obtained in the different comparisons (FL vs CTER;

FL vs NTER; CTER vs NTER) we can discern between contaminants or BiolD2 interactors as well

as FL, NTER and CTER CaMKII interactors.

In brief, we compared the FL sample against the CTER to search for N-
terminal CaMKII interactors (Figure 22A). Similarly, the FL sample was compared
against NTER to uncover proteins binding to C-terminal CaMKII (Figure 22B).
Moreover, N-terminal, as well as C-terminal CaMKII interactors, were validated by
comparing the NTER against the CTER sample (Figure S2). As mentioned before,
proteins that were enriched in the FL sample in both comparisons (vs. NTER and vs.
CTER) were considered proteins that require the whole kinase in order to interact
with it. Finally, proteins that were equally enriched in all samples were considered

contaminants or BiolD2 binding proteins.
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Figure 22. Interactome of full length, C terminal and N terminal CaMKII. A volcano plot in
which the Logio of the p-value is represented against fold change between samples. BiolD2, avidin
and endogenously biotinylated carboxylases (PC: Pyruvate carboxylase, ACACA: Acetyl-CoA
Carboxylase) that are considered as controls are also highlighted. A) Proteins on the right square
are more enriched in the FL-CaMKII expressing sample in respect to the CTER-CaMKII expressing
sample. Only proteins displaying a LFQ fold change bigger than 4 with a P-value smaller than 0.05
were considered as candidate binding proteins. Putative N-terminal CaMKII interactors are shown
with a green circle and full-length interactors with a blue circle. B) Proteins on the right square
are more enriched in the FL-CaMKII expressing sample in respect to the NTER-CaMKII expressing
sample. Only proteins displaying a LFQ fold change bigger than 4 with a P-value smaller than 0.05
were considered as candidate binding proteins. Putative C-terminal CaMKII interactors are shown

with a green circle and full-length interactors with a blue circle.

Proteins should fulfill the following criteria to be considered as CaMKII
interactors: (i) be identified in all replicas of one of the conditions or at least in 2
replicas of both conditions, (ii) display a statistical significance p-value<0,05 (-log1o

p-value>1,3) and (iii) display a fold change greater than 4 (-2 > log2 fold change >2).

Following the criteria mentioned above, we detected 19 and 144 proteins that
were significantly enriched in the FL sample with respect to the CTER and NTER
samples, respectively. Of those, 12 proteins were enriched in both comparisons, and
hence, were considered as putative CaMKII binding proteins that associate with the
whole protein kinase (Table 6). Consequently, the remaining 7 (Table 7) and 132
(Table 8) proteins could be considered candidate binding proteins for N-terminal

and C-terminal CaMKI], respectively.
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Table 6. Putative N-terminal CaMKIla binding proteins. The protein name in UniProt and their

full name. LFQ ratio: fold change between samples. P-value: statistical significance.

FL vs CTER FL vs NTER CTER vs NTER
LFQ LFQ LFQ Peptide
Protein Full name p-value p-value p-value
ratio ratio ratio (unique
SLC12A7 Solute carrier family 12 member 7 5,38 1,45 -2,34 0,82 T3 2,63 5(5)
VARS Valine--tRNA ligase 3,78 2,12 -0,39 1,07 -4,17 2,31 13(13)
SGTA Small glutamine-rich tetrat?lcopeptlde repeat-containing 3,57 2,51 0,65 0,34 422 2,58 3(3)
protein alpha
DNAJC11 Dnaj homolog subfamily C member 11 3,39 2,79 0,97 0,98 -2,43 2,51 2(2)
GTF3C4 General transcription factor 3C polypeptide 4 3,17 3,02 0,22 0,43 -2,94 2,68 8(8)
MRPS23 28S ribosomal protein S23, mitochondrial 2,69 2,75 0,04 0,04 -2,65 5,26 8(8)
EGLN1 Egl nine homolog 1 2,60 2,70 -1,4 0,81 -4 2275 9(9)

Table 7. Putative C-terminal CaMKIla binding proteins. The protein name in UniProt and their

full name. LFQ ratio: fold change calculated between samples. P-value: statistical significance.

FL vs NTER FLvs CTER CTER vs NTER

LFQ LFQ LFQ Peptides
Protein Full name p-value p-value p-value
ratio ratio ratio (Unique)
MCM10 Protein MCM10 homolog 6,08 2,97 -0,80 2,45 6,88 3,19 21(21)
PLEKHAS Pleckstrin homology domain-containing family A member 5 5,68 4,06 1,28 2,13 4,40 3,27 30(30)
HIF1A Hypoxia-inducible factor 1-alpha 5,52 291 0,42 0,95 510 2,85 15 (15)
POLA1 DNA polymerase alpha catalytic subunit 5,09 1,59 0,48 1,12 4,61 1,46 13(13)
ZFYVE16 Zinc finger FYVE domain-containing protein 16 4,88 2,49 -0,30 0,37 518 7,52 18(18)
NPAT Protein NPAT 4,63 3,78 -0,44 1,66 5,08 3,89 16 (16)
CCDC66 Coiled-coil domain-containing protein 66 4,63 3,24 -0,26 0,59 4,88 3,37 11(11)
1K Protein Red 4,57 4,22 0,51 0,80 4,06 4,97 5(5)
RBM27 RNA-binding protein 27 4,52 3,19 -0,53 0,35 5,05 2,82 22 (20)
PHLDB1 Pleckstrin homology-like domain family B member 1 4,35 3,21 -0,60 1,35 4,95 3,53 9(9)
JUN Transcription factor AP-1 4,34 3,18 -0,61 1,46 4,95 3,34 6 (6)
SEC16A Protein transport protein Sec16A 4,32 2,37 1,18 0,96 3,15 1,90 47 (47)
WAPAL Wings apart-like protein homolog 4,30 1,78 -0,06 0,11 4,37 1,80 12 (12)
EMSY Protein EMSY 4,30 2,48 -0,78 2,17 5,07 2,74 27 (27)
EVI5 Ecotropic viral integration site 5 protein homolog 4,24 2,32 -1,03 2,37 5,27 2,65 24 (23)
CLASP1 CLIP-associating protein 1 4,24 5,06 1,80 4,00 2,44 3,97 25(23)
MAML1 Mastermind-like protein 1 4,22 3,62 1,78 2,47 2,44 3,09 12 (12)
GRIP1 Glutamate receptor-interacting protein 1 4,14 4,13 0,69 0,86 3,46 3,31 19 (19)
ZC3H14 Zinc finger CCCH domain-containing protein 14 4,01 2,28 -0,52 1,06 4,53 2,46 22(22)
ZBTB11 Zinc finger and BTB domain-containing protein 11 3,99 3,66 -0,77 1,15 4,76 5,53 11(11)
NFATC3 Nuclear factor of activated T-cells, cytoplasmic 3 3,99 2,57 0,18 0,22 3,81 2,31 10 (10)
INADL InaD-like protein 3,95 4,21 -0,15 0,24 4,10 541 29 (29)
GEM GTP-binding protein GEM 3,94 2,12 -0,36 1,05 4,31 2,24 4(4)
PSRC1 Proline/serine-rich coiled-coil protein 1 3,88 3,23 -1,67 1,55 5,54 3,83 4(4)
MPHOSPH10 U3 small nucleolar ribonucleoprotein protein MPP10 3,85 1,43 -0,41 0,96 4,26 1,58 14 (14)
CPD Carboxypeptidase D 3,82 2,83 -5,34 4,13 9,17 4,44 41 (41)
LIN54 Protein lin-54 homolog 3,77 1,59 0,17 0,31 3,60 1,52 16 (16)
PEX19 Peroxisomal biogenesis factor 19 3,76 3,46 -1,07 1,29 4,83 4,03 7(7)
KIF2C Kinesin-like protein KIF2C 872 2,57 1,31 2,74 2,41 191 9(9)
MTMR3 Myotubularin-related protein 3 3,70 2,22 0,37 0,91 3,33 2,06 21(19)
UTP14A U3 small nucleolar RNA-associated protein 14 homolog A 3,66 3,07 -0,96 1,28 4,62 4,16 20 (15)
PWP2 Periodic tryptophan protein 2 homolog 3,65 3,17 0,35 1,08 3,30 3,04 8(8)
GNL3L Guanine nucleotide-binding protein-like 3-like protein 3,65 1,35 -0,03 0,05 3,68 1,37 11(11)
BARD1 BRCA1-associated RING domain protein 1 3,65 4,12 -0,98 1,33 4,63 3,87 9(9)
MKL2 MKL/myocardin-like protein 2 3,64 2,79 -0,60 0,77 4,24 3,61 10 (10)
DDHD1 Phospholipase DDHD1 3,60 4,16 0,22 0,46 3,38 4,33 14 (14)
APC Adenomatous polyposis coli protein 3,59 2,62 -0,95 1,16 4,54 3,46 32(32)
NFE2L2 Nuclear factor erythroid 2-related factor 2 3,57 3,17 0,30 0,24 3,27 2,79 4(4)
UHRF1BP1L UHRF1-binding protein 1-like 3,54 1,82 0,91 2,18 2,63 1,44 20(20)
FAM193A Protein FAM193A 3,52 3,47 -1,00 2,77 4,52 4,03 15 (15)
PGM3 Phosphoacetylglucosamine mutase 3,50 3,00 -0,52 0,38 4,02 3,04 4(4)
SNRK SNF-related serine/threonine-protein kinase 3,47 2,33 0,91 0,74 2,56 2,07 8(8)
ZBTB33 Transcriptional regulator Kaiso 3,42 2,21 0,99 2,61 2,43 1,73 16 (16)
CAMSAP2 Calmodulin-regulated spectrin-associated protein 2 3,41 2,04 -0,32 0,58 3,74 2,22 18(18)
CEP131 Centrosomal protein of 131 kDa 3,41 4,78 0,60 3,07 2,81 4,29 54 (54)
TNKS1BP1 182 kDa tankyrase-1-binding protein 3,40 2,47 0,82 1,16 2,58 1,91 22(22)
CALCOCO1 Calcium-binding and coiled-coil domain-containing protein 1 3,39 2,62 0,15 0,15 3,25 2,46 9(9)
ZCCHC8 Zinc finger CCHC domain-containing protein 8 3,34 2,23 -0,78 2,58 4,12 2,56 7(7)
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Table 7. Continuation

FL vs NTER FL vs CTER CTER vs NTER
Peptides
Protein Protein names LFQ ratio p-value LFQ ratio p-value LFQ ratio p-value (Unique)
iqu
GAB1 GRB2-associated-binding protein 1 3,33 1,35 =107 1,98 4,40 1,70 13 (13)
OSBPL9 Oxysterol-binding protein-related protein 9 3,31 4,14 0,93 0,48 2,38 1,35 6 (6)
HNRNPUL1 Heterogeneous nuclear ribo{mcleoprotein U-like protein 327 1,89 1,05 2,02 2.22 1,34 10 (10)
CEP162 Centrosomal protein of 162 kDa 3,23 1,97 0,10 0,14 3,13 1,89 11 (11)
DECR1 2,4-dienoyl-CoA reductase, mitochondrial 3,23 2,16 0,06 0,03 3,17 iL57 2(2)
RASAL2 Ras GTPase-activating protein nGAP 3,20 5,01 -0,84 3,08 4,05 5,05 11 (10)
ESF1 ESF1 homolog 3,17 2,48 -1,85 1,83 5,03 3,98 14 (14)
ITCH E3 ubiquitin-protein ligase Itchy homolog 3,16 1,98 -0,25 0,38 3,41 2,20 10 (9)
PLIN2 Perilipin-2 3,16 2,13 0,62 3,21 2,54 1,80 3(3)
XRN1 5-3 exoribonuclease 1 3,16 2,74 0,32 0,33 2,83 3,25 24 (24)
RBBP8 DNA endonuclease RBBP8 3,14 1,78 -0,28 0,90 3,41 1,92 17 (17)
EDC4 Enhancer of mRNA-decapping protein 4 3,13 3,03 0,17 0,73 2,96 2,88 46 (46)
EAPP E2F-associated phosphoprotein 3,12 3,29 -1,21 1,58 4,33 3,67 5(5)
RC3H2 Roquin-2 3,10 2,95 -1,02 2,59 4,13 3,39 13 (7)
RPGRIP1L Protein fantom 3,10 2,04 0,05 0,06 3,05 1,91 24 (24)
BICD1 Protein bicaudal D homolog 1 3,08 1,92 0,00 0,00 3,08 2,33 5(5)
UNK RING finger protein unkempt homolog 3,05 2,09 -1,46 72,11%) 4,50 2,84 10 (10)
AGAP3 Arf-GAP with GTPase., ANK repef;lt and PH domain- 3,04 2,35 1,94 2,46 4,98 328 10(10)
containing protein 3
MAPK7 Mitogen-activated protein kinase 7 2,97 2,14 -0,06 0,11 3,03 2,13 12 (12)
CLASP2 CLIP-associating protein 2 2,96 2,22 0,96 1,90 2,00 1,71 10 (3)
LTV1 Protein LTV1 homolog 2,96 2,54 -0,95 2,88 3,91 2,97 20 (20)
C3orf38 Uncharacterized protein C3orf38 2,94 4,55 0,48 1,49 2,46 4,74 4 (4)
TAF15 TATA-binding protein-assogiated factor 2N;RNA-binding 2,94 1,83 0,23 0,22 317 1,73 3(3)
protein FUS
ATF3 Cyclic AMP-dependent transcription factor ATF-3 2,88 1,95 -1,35 1,20 4,23 2,89 6 (6)
IGF2R Cation-independent mannose-6-phosphate receptor 2,87 2,21 -2,98 2,31 5,85 4,61 49 (49)
ZNF281 Zinc finger protein 281 2,87 1,32 -0,97 2,58 3,83 1,72 13 (13)
SLITRK5 SLIT and NTRK-like protein 5 2,87 7S -2,04 2,46 4,91 2,65 15 (15)
EPS8 Epidermal growth factor receptor kinase substrate 8 2,85 2,50 0,23 0,47 2,61 2,53 19 (19)
REL Proto-oncogene c-Rel 2,81 2,14 0,62 0,58 2,19 2,58 3(3)
ANKRD26 AnKkyrin repeat domain-containing protein 26 2,81 2,02 -0,71 1,62 3,52 2,33 16 (16)
MIS18BP1 Mis18-binding protein 1 2,77 1,96 0,53 1,00 2,24 1,67 7(7)
PAN3 PAB-dependent poly[A);’s::lc;ﬁc ribonuclease subunit 2,76 1,81 0,48 0,62 2,29 1,45 11(11)
ASCC2 Activating signal cointegrator 1 complex subunit 2 7,75 2,05 -1,71 2,28 4,46 2,99 14 (14)
PATL1 Protein PAT1 homolog 1 2,73 3,38 -0,16 0,59 2,88 3,44 14 (14)
MYSM1 Histone H2A deubiquitinase MYSM1 72,7/ 1,59 -0,81 i, 2272 3,52 2,07 7(7)
R3HDM1 R3H domain-containing protein 1 2,71 1,31 -1,49 1,86 4,20 2,01 8(8)
WDR11 WD repeat-containing protein 11 2,68 2,02 -0,09 0,13 2,78 2,11 8(8)
NFATC1 Nuclear factor of activated T-cells, cytoplasmic 1 2,67 1,31 0,17 0,14 2,50 1,36 3(3)
YTHDC2 Probable ATP-dependent RNA helicase YTHDC2 2,64 1,84 -2,62 2,31 5,26 B27 18 (18)
SUPTSH Transcription elongation factor SPT5 2,64 2,43 -1,01 1,95 3,65 2,96 7(7)
CA8 Carbonic anhydrase-related protein 2,62 2,19 -0,44 1,44 3,06 2,47 3(3)
ATG101 Autophagy-related protein 101 2,62 3,31 -0,83 1,98 3,45 3,64 4 (4)
USP16 Ubiquitin carboxyl-terminal hydrolase 16 2,61 3,40 -0,46 0,87 3,08 3,15 9 (9)
SON Protein SON 2,59 3,22 0,53 0,64 2,06 2,34 15 (15)
CAMK2G Calcium/calmodulin-depelndent protein kinase type II 2,58 2,43 0,52 1,83 2,06 2,08 3(3)
subunit gamma
KIFAP3 Kinesin-associated protein 3 2,57 2,37 -0,24 0,75 2,81 2,58 6 (6)
ZMYM2 Zinc finger MYM-type protein 2 2,56 2,45 -0,66 1,52 3,23 2,74 7(7)
ZC3H7B Zinc finger CCCH domain-containing protein 7B 2,56 1,65 -0,39 1,09 2,95 1,82 8(8)
RC3H1 Roquin-1 2,55 2,67 -0,64 il 23l 3,19 3,23 6 (6)
UBAP2 Ubiquitin-associated protein 2 2,55 2,43 -0,92 1,73 3,47 2,89 16 (16)
PASK PAS domain-containing serine/threonine-protein kinase 2,54 1,47 0,17 0,75 2,237/ 1,39 20 (20)
RWDD1 RWD domain-containing protein 1 2,54 2,70 -0,82 1,18 3,36 3,79 2(2)
CAMSAP1 Calmodulin-regulated spectrin-associated protein 1 2,53 1,81 0,48 0,58 2,05 1,65 7(7)
MGA MAX gene-associated protein 2,49 3,17 0,14 0,28 2,35 2,80 5(5)
ECT2 Protein ECT2 2,49 2,85 -0,40 0,85 2,89 2,83 11 (11)
PPM1G Protein phosphatase 1G 2,48 1,71 -2,33 2,05 4,82 2,48 8(8)
ZNF24 Zinc finger protein 24 2,48 3,23 -1,96 3,31 4,44 4,41 10 (10)
ZC3H15 Zinc finger CCCH domain-containing protein 15 2,48 2,12 -2,20 4,19 4,68 3,20 10 (10)
0OTUD4 OTU domain-containing protein 4 2,48 2,31 0,29 0,17 2,19 1,74 5(5)
EIF3D Eukaryotic translation initiation factor 3 subunit D 2,48 3,74 0,41 0,88 2,07 2,99 11 (11)
MTMR4 Myotubularin-related protein 4 2,41 1,58 0,14 0,19 7,727/ 1,54 6 (6)
BANP Protein BANP 2,41 2,45 0,31 0,29 2,09 3,15 3(3)
TTC33 Tetratricopeptide repeat protein 33 2,40 2,25 -0,02 0,03 2,42 2,34 5(5)
ICA1 Islet cell autoantigen 1 2,39 3,40 -0,12 0,13 2,51 2,82 2(2)
MED4 Mediator of RNA polymerase II transcription subunit 4 2,35 2,03 -0,49 0,92 2,84 2,26 7(7)
ZMYM1 Zinc finger MYM-type protein 1 2,33 1,83 -0,05 0,11 2,37 1,82 19 (19)
Nascent polypeptide-associated complex subunit
NACA alpha;Nascent polypeptide-associated complex subunit 2,57 3,71 0,11 0,35 282518 3,30 5(4)
alpha, muscle-specific form
MAP4K5 Mitogen-activated protein kinase kinase kinase kinase 5 2,27 2,99 -0,05 0,17 2,32 2,91 6 (6)
FAM160A1 Protein FAM160A1 2,27 2,32 0,09 0,07 2,18 2,29 3(3)
RAPH1 Ras-associated and p.le.ckstrin hf)mology domains- 2,27 1,33 0,39 0,42 2,66 1,44 6 (6)
containing protein 1
GCFC2 GC-rich sequence DNA-binding factor 2 2,27 2,31 0,02 0,02 2,24 3,37 10 (10)
CSPP1 Centrosome and spindle pole-associated protein 1 2,26 2,95 -0,01 0,10 2,28 2,97 26 (26)
PPP1R9B Neurabin-2 275 1,46 -1,75 3,48 4,01 2,33 17 (16)
OSBPL6 Oxysterol-binding protein-related protein 6 2,25 1,60 -1,79 2,89 4,03 2,55 11 (11)
AXIN1 Axin-1 2,24 2,51 -0,04 0,07 2,29 2,80 10 (10)
AFTPH Aftiphilin 2,20 3,28 0,02 0,08 2,18 3,19 11 (11)
CDC6 Cell division control protein 6 homolog 2,18 1,33 0,04 0,83 2,14 1,31 6 (6)
TIAL1 Nucleolysin TIAR 2,18 1,47 -0,94 1,86 3,11 2,04 6 (6)
NUP160 Nuclear pore complex protein Nup160 2,16 1,53 -0,99 2,12 3,16 2,02 16 (16)
ARRB2 Beta-arrestin-2 2,16 3,19 -0,18 0,20 2,34 2,49 2(2)
POLK DNA polymerase kappa 2,10 2,82 0,06 0,04 2,04 1,78 5(5)
WDR3 WD repeat-containing protein 3 2,09 2,75 -0,34 1,20 2,43 3,09 10 (10)
DHX57 Putative ATP-dependent RNA helicase DHX57 2,03 2,30 -2,63 3,18 4,66 4,40 15 (14)
DFFA DNA fragmentation factor subunit alpha 2,00 2,45 -0,73 1,39 2,74 3,04 7(7)
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Table 8. Putative CaMKIla full-length interactors. The protein name in UniProt and their

full name. LFQ ratio: fold change calculated between samples. P-value: statistical significance.

FL vs NTER FL vs CTER CTER vs NTER
LFQ LFQ LFQ Peptides
Protein Full name p-value p-value p-value
ratio ratio ratio (unique)
POLDIP3 Polymerase delta-interacting protein 3 3,97 2,76 2,36 2,29 1,20 1,61 2(2)
HSD17B4 Peroxisomal multifunctional enzyme type 2 3,95 1,99 2,65 1,59 1,31 0,53 5(5)
PALLD Palladin 3,95 3,59 2,03 3,93 1,92 2,27 17 (17)
FAM83H Protein FAM83H 3,78 1,93 2,44 1,72 1,34 0,55 9(9)
DUSP11 RNA/RNP complex-1-interacting phosphatase 3,50 1,59 2,16 2,16 1,34 0,56 10 (10)
STATS5A/B Signal transducer and activator of transcription 5A/B 3,47 2,33 3,63 2,96 -0,16 0,08 15 (15)
RBMX RNA-binding motif protein, X chromosome 3,12 3,16 2,08 1,98 1,04 0,94 10 (10)
PNO1 RNA-binding protein PNO1 2,91 2,07 2,36 1,75 0,00 NaN 3(3)
RBM14 RNA-binding protein 14 2,76 1,43 4,56 2,20 -1,80 0,67 14 (13)
HNRNPH3 Heterogeneous nuclear ribonucleoprotein H3 2,45 4,41 2,14 4,66 0,31 1,05 12(12)
HNRNPA2B1 Heterogeneous nuclear ribonucleoproteins A2/B1 2,43 4,38 2,68 4,33 -0,25 1,06 21(20)

Validation of the potential CaMKIla interactors through
coimmunoprecipitation

From our list of putative CaMKIla interactors, we selected a number of full-
length, N-terminal and C-terminal CaMKII binding proteins in order to validate them
through coimmunoprecipitation followed by Western blot. To do so, we generated
the following plasmids: pCMV_EGFP-CaMKIla FL, pCMV_EGFP_CaMKIla CTER,
pCMV_CaMKIla NTER_EGFP and FLAG-GFP, which was used as a control to ensure
that candidate proteins were not interacting with GFP. Distinct versions of GFP-
CaMKIIa as well as control GFP were overexpressed in HEK 293T cells, protein
extracts were precipitated by GFP pulldown, and the presence of the putative

CaMKII interactor was detected by western blot.

DUSP11 is a phosphatase involved in nuclear mRNA metabolism that
according to our MS results may associate with full-length CaMKIla (Table 8). As
shown in Figure 23A, FLAG-DUSP11 coimmunoprecipitated with FL and CTER
CaMKIla but not with NTER (Figure 23A), suggesting DUSP11 interacts with

CaMKIla and most probably, through the C-terminal region of the kinase.
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Among putative C-terminal interactors of CaMKIla detected by MS (Table 7),
we focused on validating E3 ubiquitin ligases, BARD1 and ITCH. Both HA-BARD1 and
FLAG-ITCH coprecipitated with the three CaMKII constructs (Figure 23B and C),

appearing, therefore, to be non-specific interactors.

Finally, the hydroxylase EGLN1 and the potassium-chloride cotransporter
SLC12A7 were selected from the candidate list of N-terminal CaMKIla binding
proteins (Table 6). HA-EGLN1 coimmunoprecipitated with all CaMKIla constructs
(Figure 23D), whereas FLAG-SLC12A7 (Figure 23E) with none of them.
Consequently, we could not validate MS results suggesting these proteins associate

with CaMKII's N-terminal region.

The DUB MYSM1 regulates CaMKIla ubiquitination in an
indirect negative manner in HEK 293T cells

One of the objectives of this section of the thesis was to understand the
molecular machinery underlying the ubiquitination of CaMKIla. In previous studies,
we have observed that D. melanogaster’s CaMKII can be ubiquitinated (Ramirez et
al. 2018), but neither the E3 ubiquitin ligase(s) nor the DUB(s) involved are known.
To study the DUBs involved in CaMKIla ubiquitination, we silenced them separately
and assessed the ubiquitination status of the kinase. For that purpose, 24 hours after
HEK 293T cells were transfected with the corresponding DUB silencing RNA, cells
were cotransfected with FLAG-Ub and GFP-CaMKIIa. Then, GFP-CaMKIla was pulled

down using GFP-trap agarose beads and after performing stringent washes to get
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Figure 23. Validation of CaMKIla interacting proteins. We coexpressed GFP-FLAG, GFP-

CaMKIla FL, GFP-CaMKIla CTER and CaMKIla NTER-GFP together with one of the five potential

CaMKIla interactors selected for validation: (A) FLAG-DUPS11, (B) HA-BARD1, (C) FLAG-ITCH, (D)

HA-EGLN1 and (E) FLAG-SLC12A7. In green the version of CaMKII expressed is visualized whereas

in red the Flag tagged biotin. The candidate interactor is monitored through its tag (either Flag or

HA).

rid of any non-covalent binding proteins, the eluted material was analysed by

western blot to visualize the unmodified version of CaMKIla (using anti-GFP to

detect GFP-CaMKIIa) and the ubiquitinated fraction of the kinase (using antiFLAG to

detect FLAG-Ub). Finally, we compared the signal of FLAG-Ub relative to GFP-
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CaMKIla of samples silenced with a control siRNA or with a given DUB. If CaMKIla
was a substrate of the DUB, we would expect higher levels of CaMKII ubiquitination

when the DUB is depleted.

In the mass spectrometry-based approach, we detected three DUBs (OTUD4,
MYSM1 and USP16) as putative C-terminal CaMKIla interactors (Table 7) and
therefore, we aimed to functionally validate them. To analyse the effect of these in
the absence of efficient antibodies to detect the DUBs, efficient silencing of the
deubiquitinating enzymes was verified through qPCR (Figure 24A). Of the three
DUBs mentioned above, OTUD4 was the only one we could not properly study as its
silencing triggered abnormal expression of the FLAG-Ub construct. Upon USP16
silencing, we observed no change in GFP-CaMKIla ubiquitination with respect to the
control (Figure 24B). Upon silencing of MYSM1 (Figure 24C), however, the
ubiquitination of CaMKIla decreased significantly, precisely the opposite effect to

that expected in case the kinase was a substrate of the DUB.

Given that phosphorylation of T286 blocks the autoinhibitory domain of
CaMKIIa and it is persistently active even in a calcium-independent manner, we
checked whether MYSM1 silencing had any effect on the phosphorylation status of
the kinase. Interestingly, we detected an increase in T286 phosphorylation when
MYSM1 was silenced and CaMKIla was less ubiquitinated (Figure 24D). Altogether,
these results suggest that MYSM1 depletion constitutively activates CaMKIla by

enhancing phosphorylation on T286.
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Figure 24. Deubiquitination of GFP-CaMKIla by USP16 and MYSM1. We silenced USP16 and
MYSM1 genes and 24 hours later coexpressed FLAG-Ub and GFP-CaMKIla. GFP-CaMKIla was
enriched by a GFP pulldown A) After 24 hours from transfecting with siRNA control or siRNA
targeting USP16 or MYSM1, RNA was extracted and transform to cDNA which was analysed by
gPCR as described in materials and methods. Relative expression levels of the USP16 or MYSM1
gene normalised to Gapdh expression levels. Intensity was normalised to the siRNA control
(USP16: * p-value < 0.05; n=3; two-tailed p-value; error bars denote SEM MYSM1: *** p-value <
0.001; n=3; two-tailed p-value; error bars denote SEM). B) Western blot of the input and elution
fraction of the three different conditions when USP16 was silenced. Ubiquitinated forms of GFP-
CaMKIIa are shown in red (anti-FLAG) and no-ubiquitinated GFP-CaMKIla is shown in green (anti-
GFP). C) The Column bar graph represents the FLAG/GFP ratio obtained by measuring the signal
for the whole smear in the elution membrane. Intensity was normalised to the siRNA control (p-
value > 0.05; n= 5; two-tailed p-value; error bars denote SEM). C) Western blot of the input and
elution fraction of the three different conditions when MYSM1 was silenced. Ubiquitinated forms
of GFP-CaMKIlIa are shown in red (anti-FLAG) and no-ubiquitinated GFP-CaMKIla is shown in
green (anti-GFP). C) The Column bar graph represents the FLAG/GFP ratio obtained by measuring
the signal for the whole smear in the elution membrane. Intensity was normalised to the siRNA
control (p-value < 0.01; n=5; two-tailed p-value; error bars denote SEM). D) Western blot showing
the levels of pT286-CaMKIla and total CaMKIla levels. The Column bar graph shows the difference
of expression of pT286-CaMKIla between control and MYSM1 silencing. Intensisty was normalised

to the siRNA control (**p-value < 0.01; n=3; two-tailed p-value; error bars denote SEM).

The E3 ubiquitin ligase ITCH is responsible for CaMKIla
monoubiquitination in HEK 293T cells

As mentioned above, the E3 ubiquitin ligase(s) mediating CaMKIla
ubiquitination remain(s) elusive. Interestingly, using the BiolD2 system we

identified 155 potential interactors for CaMKIla including three ubiquitin E3 ligases:

ITCH, RC3HZ and BARD1 (Table 7).
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ITCH is a HECT-type E3 ubiquitin ligase that has been described to mediate
the ubiquitination of Endophilin-A1 (Angers, Ramjaun, and McPherson 2004).
Mutations of ITCH are associated with syndromic multisystem autoimmune disease
that triggers developmental delay among other symptoms (Lohr etal. 2010). RC3H2
is involved in the regulation of stress responses through ASK1 kinase ubiquitination
(Maruyama et al. 2014) whereas BARD1 is an E3 ubiquitin ligase with no ligase
activity by itself as it has to form heterodimers with BRCA1 to be active (Morris and

Solomon 2004).

We initially planned to study the functional interaction between CaMKIIa and
the three E3 ligases detected in our proteomics study. Nevertheless, attempts with
BARD1 were unsuccessful probably because, as mentioned above, BARD1 must
associate with BRCA1 to be active. Consequently, we focused on investigating
whether ITCH and/or RC3H2 had an effect on the ubiquitination of CaMKII. For that
purpose, we carried out a cell-culture-based GFP pull-down strategy. Shortly, HEK
293T cells were cotransfected with GFP-CaMKIla, FLAG-Ub and either the active
(wild type; WT) or inactive (ligase dead; LD) version of the E3 ubiquitin ligases. GFP-
CaMKIla and its ubiquitinated forms were purified with GFP-trap agarose beads and

analysed by western blot.

In both experiments, where the effect of RC3H2 and ITCH on the
ubiquitination of CaMKIla was under investigation, control samples containing an
empty pCDNA3 plasmid tended to express less FLAG-Ub. However, we could
compare the ubiquitination levels of CaMKIIa in the presence of WT and LD versions
of the E3 ligases. As shown in Figure 25, CaMKIla ubiquitination levels were similar

in the presence of WT and LD RC3H2, suggesting RC3H2 does not mediate CaMKIla
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ubiquitination. On the contrary, although overall ubiquitination levels of CaMKIla
were comparable in the presence of WT and LD ITCH, we detected a significant
reduction in the monoubiquitination of CaMKIla when the inactive version of ITCH
was expressed (Figure 26A). Therefore, ITCH seems to promote the

monoubiquitination of CaMKIIa in HEK 293T cells.
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Figure 25. Ubiquitination of GFP-CaMKIIa by RC3H2. We coexpressed FLAG-Ub and GFP-
CaMKIla with either myc-RC3H2 WT or LD. GFP-CaMKIla was enriched by a GFP pulldown.
Western blot of the input (left) and eluted (right) fraction of the three different conditions. Anti-
FLAG is show in red and anti-GFP in green. On the Column bar graph it is represented the
FLAG/GFP ratio obtained by measuring the signal for the whole smear in the elution membrane.
Intensity was normalised to the pCDNA3 control (p-value > 0.05; n= 5; two-tailed p-value; error

bars denote SEM).
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Besides that, we analysed the levels of CaMKIla activating-phosphorylation at
T286 when active and inactive ITCH were expressed, and therefore, CaMKIla was
differentially monoubiquitinated (Figure 26B). As observed in the MYSM1-
silencing experiment, in the presence of ITCH LD, when CaMKIla was less
ubiquitinated, there is an increase in T286 phosphorylation. Altogether, the data
presented above suggest that ITCH monoubiquitinates CaMKIIa and might modulate

the activity of the kinase by compromising phosphorylation at T286.
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Figure 26. Ubiquitination of GFP-CaMKIla by ITCH. We coexpressed FLAG-Ub and GFP-CaMKIla
with either FLAG-ITCH WT or LD. GFP-CaMKIla was enriched by a GFP pulldown. A) Western blot
of the input (left) and eluted (right) fraction of the three different conditions. Anti-FLAG is show
inred and anti-GFP in green. The upper column bar graph represents the FLAG/GFP ratio obtained
by measuring the signal for the whole smear in the elution membrane. Intensity was normalised
to the pCDNA3 control (p-value > 0.05; n= 5; ; two-tailed p-value; error bars denote SEM). The
lower column bar graph represents the FLAG/GFP ratio obtained by measuring the signal for the
monoubiquitination band in the elution membrane. Intensity was normalised to the ITCH WT
sample (p-value < 0.01; n = 5; two-tailed p-value; error bars denote SEM). B) Western blot showing
CaMKIla phosphorylation at T286 and total CaMKIla. The column bar graph represents the
phosphorylated CaMKIla/Total CaMKIla ratio. Intensity was normalised to the ITCH WT sample

(p-value < 0.05; n=3; two-tailed p-value; error bars denote SEM).

Discussion

BiolD2 is a relatively new system and a number of studies are now starting to
be published with different design strategies. Most of the investigations have
applied the BiolD2 system in combination with western blot analysis to look for
specific interactors (Anczurowski et al, 2019; Mazina, Ziganshin, Magnitov,
Golovnin, & Vorobyeva, 2020; Nessel et al., 2020; Prikas, Poljak, & Ittner, 2020;
Zheng et al,, 2019). However, some studies have also combined the BioID2 system
with mass spectrometry analyses to uncover, in an unbiased manner, interactors of
a given protein. For instance, a similar approach to the one we carried out was
applied to decipher the interactome of MAP kinase p38a and MK in HEK 293T
(Prikas, Poljak, & Ittner, 2020) and SH-SY5Y cell, respectively (Komata et al. 2021).
Similarly, the mitochondrial interactome of Src was studied (Guedouari et al. 2021)
and spindle assembly checkpoint proteins’ interactors were found with proximity

labelling with BiolD2 (Garcia et al. 2021). This system has also helped to identify
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BVES as an ANO5 interactor (H. Li etal. 2021) or the activation of the hippo pathway
via LIMD1 by SKI to inhibit cardiac fibroblast activation (Landry et al. 2021). Besides
that, a BiolD2 knock-in strategy was developed to look for the cardiac dyad

proteome (Feng et al. 2020).

Good quality controls are always needed to achieve the set objectives and,
therefore, selecting the proper negative controls is crucial. Traditionally, BiolD2
alone has been used as a negative control to look for those proteins that might
interact with BiolD2 (Garcia et al., 2021; Green & Levine, 2014; Komata et al., 2021;
Landry et al,, 2021; Pitzen, Sander, Baumann, Graf, & Meyer, 2021; Prikas, Poljak, &
[ttner, 2020). However, BiolD2 alone is capable of biotinylating more efficiently than
when it is attached to the bait due to a matter of flexibility, diffusion rate, mobility
to the nucleus and biotinylation speed. Consequently, employing this strategy as the
only control can underestimate the number of potential interactors. A good solution
is to attach BioID2 to a signal that localises to the organelle of interest (H. Li et al.
2021). Another robust approach is to employ different mutants of the bait as
negative control (Guedouari et al. 2021). We decided to split the bait into C- and N-
terminal regions and compare them to each other, as has been done in distinct
recently published research studies (Abbasi and Schild-Poulter 2021; Roboti,

Lawless, and High 2022).

To our knowledge, so far there is a single study that employed mass
spectrometry to search for CaMKIla interactors (Baucum et al. 2015). Fewer
proteins were detected, but whereas our approach was carried out in HEK 293T
cells, they performed it in the mouse forebrain. Furthermore, they analysed

immunoprecipitates with no signal increase like the one observed with BiolD2.
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Nevertheless, dissecting CaMKIIa interactome in the mouse forebrain is for certain
physiologically more relevant than studying in HEK 293T cells. Thus, no common
proteins were identified between both investigations. But now that we have tested
the suitability of the BiolD2 system to search for CaMKIla interacting proteins in
HEK 293T cells, future experiments should focus on applying the same approach to
dissect the CaMKIla interactome in systems that include brain or neuronal
structures, such as neuron-like cells, mouse brain slices, or in vivo labelling using

whole organisms like Drosophila melanogaster or mice.

Despite being aware that our system is not the most suitable one to search
for CaMKIla interacting proteins, we uncovered several novel CaMKIla binding
partners. One of them is the dual-specificity phosphatase DUSP11. DUSP11
preferentially binds to RNA displaying 5’-triphosphatase and diphosphatase
activities to modulate nuclear mRNA metabolism (Burke and Sullivan 2017). In
vitro, GST-tagged DUSP11 also has intrinsic tyrosine phosphatase activity
(Patterson et al. 2009) but the phosphatase exhibits higher specificity for RNA
molecules than for phosphoproteins (T. Deshpande et al. 1999). By yeast-two-
hybrid system, it has been proved that DUSP11 can also associate with some splicing
factors, but these interactions have not been verified in mammalian cells. Our
proteomics data suggested that DUSP11 might associate only with full-length
CaMKIla. Nevertheless, according to western blot-based validation experiment,
DUSP11 could also interact with the C-terminal domain of the kinase. Therefore, we
conclude that DUSP11 interacts with CaMKIIa. Further experiments are needed to
determine the extent to which the C-terminal region of the kinase is involved in this

interaction.
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We aimed to validate by coimmunoprecipitation and western blot four
additional putative CaMKIla interacting proteins that were detected by mass
spectrometry (BARD1, ITCH1, EGLN1 and SLC12A7) but did not succeed. According
to our proteomics screen, they were either C-terminal (BARD1 and ITCH) or N-
terminal (EGLN1 and SLC12A7) CaMKIla binding proteins. However, in the
validation experiment, they coimmunoprecipitated with all or none of the CaMKIla
constructs (FL, NTER and CTERM). Consequently, we could not confirm they

specifically interact with the kinase.

We could not prove the physical interaction between those proteins and
CaMKII, but we managed to uncover a functional interaction between the E3
ubiquitin ligase ITCH and the kinase. We have observed that the E3 ubiquitin ligase
ITCH promotes CaMKIla monoubiquitination in HEK 293T cells. Indeed, it has
previously been reported that ITCH monoubiquitinates and hence, plays a pivotal
role in regulating the cellular localization of the survival motor neuron (SMN)
protein, which is involved in spinal muscular atrophy (K. ]J. Han et al. 2016). The role
of monoubiquitination in cells is less clear than polyubiquitination. However,
proteomics analyses have revealed that monoubiquitination is more represented in
cells than polyubiquitination (Kaiser et al. 2011). Moreover, when the proteasome
is blocked, polyubiquitinated proteins are accumulated. However,
monoubiquitinated proteins are reduced, suggesting that monoubiquitination is
reversible in a manner that is sensitive to changes in the cellular state (Mimnaugh
et al. 1997; W. Kim et al. 2011). Monoubiquitination is also involved in additional
key cellular processes such as transcriptional repression (Bhatnagar et al. 2014),

protein activation (Pavlopoulos et al. 2011), and proteasomal degradation (Liani et
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al. 2004; Boutet et al. 2007). Nevertheless, since we did not detect a significant
decrease in CaMKIla total levels, we suggest that ITCH-mediated
monoubiquitination does not target the kinase to proteasomal degradation, but has

another role that remains elusive.

We also discovered that the deubiquitinase MYSM1 affects CaMKIla
ubiquitination, but contrary to what might be expected if the interaction was direct,
silencing of the DUB causes a decrease in CaMKII ubiquitination. Consequently, we
suggest that MYSM1 indirectly regulates CaMKII ubiquitination status by either
activating an E3 ubiquitin ligase or inactivating a DUB that targets kinase. MYSM1
deficiency is associated with bone marrow failure syndrome 4, characterised by
hematopoietic defects and patients present anaemia, leukaemia and other
developmental aberrations including neurodevelopmental delay, which is a
characteristic feature of Angelman syndrome. Besides that, it should be noted that
MYSM1 is a metalloprotease that promotes histone H2A deubiquitination. As
histone H2A monoubiquitination triggers epigenetic transcriptional repression and
chromatin inaccessibility (Jiang et al,, 2011; Nandakumar, Chou, Zang, Huang, &
Chen, 2013; Robzyk, Recht, & Osley, 2000; Wang et al., 2013), it is also plausible that
MYSM1 modulates the expression of an E3 ubiquitin ligase that mediates CaMKII
ubiquitination. Nevertheless, further studies should be performed to elucidate the

intermediate steps that link the two proteins.

Protein post-translational modifications (PTMs) are known to crosstalk
among each other creating a PTM code that brings a new layer of complexity in a
widespread aspect of biology (Hunter 2007). For instance, there is evidence for the

regulation of ubiquitination by phosphorylation either through the regulation of E3
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ubiquitin ligase activity, the formation of phosphodegrons or the regulation of
subcellular localisation and subsequent substrate-ligase interaction. However, little
is known about the effect of ubiquitination on protein phosphorylation (Hunter
2007). We have discovered an inverse relation between CaMKII T286
phosphorylation and ubiquitination. More precisely, we found out that when
CaMKIIa is less ubiquitinated, either upon MYSM1 or ITCH depletion, T286 is more
phosphorylated and, thus, more active as the autoinhibitory domain is blocked. On
one hand, it is possible that ubiquitinated CaMKIla adopts a conformation that keeps
T286 hidden and inaccessible to be phosphorylated. On the other hand, it is also
plausible that ubiquitinated CaMKIla recruits a phosphatase that dephosphorylates
CaMKIIa pT286. Future experiments are necessary to shed light on such inverse
relation. Furthermore, it would be interesting to evaluate whether MYSM1 and ITCH

have any effect on the inhibitory phosphorylation at T305/306 of CaMKIL.
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Summary

An in vivo strategy was carried out to look for CaMKII interactors in
Drosophila melanogaster combining a proximity labelling strategy based on TurbolD
with label-free quantitative mass spectrometry. For that purpose, we developed
three Drosophila melanogaster lines expressing FLAG-TurboID-CaMKII FL, CTER
and NTER under the GMR/UAS promoter. The biotinylated material obtained from
the heads of the flies was purified with streptavidin beads and then analysed by
mass spectrometry to search for CaMKII interactors in flies. Results were highly
reproducible and uncovered several proteins of interest related to synapses,
neuronal events, neurodegenerative disease and behaviour that may associate with
CaMKII. Additionally, we demonstrated that human homologs of two of those
CaMKII binding candidates actually interact with human CaMKIla/b. We also tried
to validate the functional interaction between a putative CaMKII interacting protein

detected but did not succeed.

Introduction

Mice models for AS show a deficit in long-term potentiation (LTP) (Van
Woerden et al. 2007), a process in which CaMKIla plays a crucial role. Indeed,
CaMKIla translocates to the spine head of dendrites and by phosphorylating the
AMPA receptor and the protein stargazin produces potentiation (Y.-P. Zhang,

Holbro, and Oertner 2008; Poncer, Esteban, and Malinow 2002; Tomita et al. 2005).
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CaMKIla is reduced in the synapses of AS mice, whereas CaMKIlla
phosphorylated at T286 and T305 seems to be increased (Weeber et al. 2003). In
line with this, AS models mutated at the inhibitory autophosphorylation residues
T305 and/or T306 (TT305/6VA) exhibit normal LTP and behaviour, suggesting AS
deficits are a direct consequence of enhanced inhibitory phosphorylation of
CaMKIla (Van Woerden et al. 2007). Moreover, it has been shown that
autophosphorylation of CaMKIla on T286 enhances its association with
proteasomes, promotes proteasome accumulation in spines and stimulates
proteasome activity by phosphorylation of proteasome subunit Rpt6 on S120.
Therefore, CaMKII interacts with Rpt6 and specifically complexes with proteosomes

in mice brains (Bingol et al. 2010).

There are many different approaches, such as proximity labelling, to look for
the interactors of a given protein. As thoroughly explained in the introduction of this
thesis, various proximity labelling strategies have been developed including the
BioID2 that was applied in the first chapter of this thesis, as well as the so-called

TurbolD that has been applied in the present section (Shkel et al. 2022).

Due to the low catalytic activity of BiolD2, it is extremely difficult to use it to
study protein-protein interactions in whole organisms such as worms or flies.
TurbolD consists of the fusion of the protein of interest with BirA, a promiscuous
biotin protein ligase from A. aeolicus with 15 mutations relative to wild-type BirA.
These mutations confer TurbolD a higher biotinylation capacity compared to the
wild-type version of BirA and allow to obtain sufficient material in a living organism

such as flies for mass spectrometry analyses (Branon et al. 2018). When the fusion
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protein is expressed in cells, TurbolD biotinylates all proteins that are in close
proximity to the protein of interest. Then, biotinylated proteins, including the
interactors of interest, can be isolated using streptavidin, and finally, analysed either

by western blot or mass spectrometry.

Hypothesis & objectives

We believe that uncovering CaMKII interactors in neurons will help us have a
better understanding of the role of this kinase in neuron physiology. Having first
tested the suitability of applying the BiolD2 strategy using the linker (GSGS)s to
search for CaMKIla binding proteins in HEK 293T cells (chapter 1), we considered
that a similar approach based on TurbolD and using the same linker would allow us
to decipher the interactome of CaMKIIa in flies. Finally, we hypothesize that those

CaMKII fly interactors might have human homologues.

In order to study the interactome of CaMKIIa in flies, three main objectives

are defined in this section of the thesis:

e Validate the TurbolD system in Drosophila melanogaster.
e Identify CaMKII interactors in Drosophila melanogaster.

e Extrapolate to human homolog the identified interactors.
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Results

Generation of GMR:UAS TurbolID-CaMKII/Cyo fly lines

To obtain recombinant flies expressing the fusion protein containing full
length (FL, 1-530), C-terminal (CTER, A1-388) and N-terminal (NTER, A389-530)
CaMKII under the GMR/GAL4 promotor. First, UAS TurbolD-CaMKII FL/Cyo;
TM2/TM6, UAS TurboID-CaMKIl CTER/Cyo; TM2/TM6 or CaMKIlI NTER-
TurbolD/Cyo; TM2/TM6 clones were crossed with GMR/GMR; TM2/TM6 flies,
respectively. UAS FLAG-TurbolD-CaMKII FL/GMR, UAS FLAG-TurbolD-CaMKII
CTER/GMR and UAS CaMKII NTER-FLAG-TurboID/GMR flies were selected by
phenotype (red eyes and normal wings). In the different clones selected, the
expression and biotinylation capability of the corresponding construct were tested,

and the one with higher expression and higher biotinylation was selected.

Once a clone for each construct was selected, females were crossed with
Sco/Cyo; TM2/TM6 flies. The appearance of white-eyed flies points out that
recombination has occurred. Females with darker eyes and curvy wings were
selected and were crossed again with Sco/Cyo; TM2/TM6 males. Finally, GMR: UAS
FLAG-TurbolD-CaMKII FL/Cyo, GMR: UAS FLAG-TurbolID-CaMKII CTER/Cyo and
GMR: UAS CaMKII NTER-FLAG-TurboID/Cyo both male and female flies were

obtained and crossed with each other to maintain each of the lines.
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Validation of TurbolD system in Drosophila melanogaster
fly lines

Recombinant fly lines were grown in big bottles and around 15 mL of flies
were collected per replica. 1- and 3-day-old flies were harvested, heads crushed and
biotinylated material was purified with streptavidin beads as explained in the

material and methods section.

The expression of FL-, CTER- and NTER-CaMKII was visualised in the inputs
by western blot using an anti-FLAG antibody. As shown in Figure 27A (lower panel),
both CTER and especially FL constructs were efficiently expressed, whereas NTER
was not detected, not even revealing the membrane with SuperSignal™ West Femto
Maximum Sensitivity Substrate (Thermo Scientific). In line with that, flies
expressing FLAG-TurbolD-CaMKII FL construct exhibit the highest biotinylation
efficiency, whereas flies expressing CaMKII NTER-FLAG-TurboID showed the
lowest, comparable to the GMR/GMR negative control (Figure 27A, upper panel).
Nevertheless, as differences could be detected between GMR negative control and
CaMKII NTER-FLAG-TurbolD samples, we decided to proceed with the experiment.
Endogenously biotinylated carboxylates (Pcb, Mcccl and Acc) are considered
control proteins as they report on the amount of biological material used for the
pulldowns independently of the transfected constructs. It should be noted that using
an anti-biotin antibody, among others, endogenous carboxylases such as pyruvate
carboxylase (pch) and methylcrotonoyl-CoA carboxylase 1 (mccc1) were visible at

around 130 kDa and 75 kDa, respectively.
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Deciphering the interactome of CaMKIla in D. melanogaster
Next, we aimed to make sure that the procedure applied above resulted in the
enrichment of sufficient biotinylated and hence, ubiquitinated material to be further
analyzed by mass spectrometry. Since western blot signals are not quantitative, we
loaded 7% of the elutions straight into a gel and we performed silver staining to
assess the total amount of protein present in each sample. As shown in Figure 27B,
silver staining results correlated with western blot signals described above and
verified there was enough material for mass spectrometry-based protein detection.
Consequently, 50% of the elutions were loaded in a gel and stained with coomassie
blue. Each lane was cut into two slices: slice B contained all the proteins between
the avidin monomer (16 kDa) and the carboxylase Pcb (130 kDa), and slice A

proteins above 130 kDa.
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Figure 27. Biotinylation efficienty by TurbolD fused to the different versions of CaMKII.
Biotinylated material from head homogeneates of transgenic flies expressing TurbolD-CaMKII FL,
TurboID-CaMKII CTER and CaMKII NTER-TurbolD under the GMRUAS promotor was enriched
through a biotin pulldown. A) Biotinylation efficiency was assessed by western blot using anti-
biotin antibody, whereas construct expression was checked in the input fraction with anti-Flag
antibody. B) Silver staining of 10% of the eluted fraction to ensure enough material is available for

mass spectrometry.

Gel pieces were chopped and subjected to in-gel protein digestion as
explained before (Material and methods: Sample preparation and LC-MS/MS). In
brief, proteins were reduced with DTT, alkylated with chloroacetamide and digested
with trypsin. Finally, mass spectrometric analyses were performed on an EASY-nLC
1200 liquid chromatography system interfaced with a Q Exactive HF-X mass
spectrometer (Thermo Scientific) via a nanospray flex ion source in the Proteomics

Core Facility at the UPV/EHU (SGlker).

The mass spectrometric raw data was analysed by MaxQuant using a label-
free intensity-based approach. In order to obtain a table of proteins confidently
identified and quantified we filtered the data as described before (chapter I: Results:
Protein identification and label-free quantitation by LC-MS/MS). As a result, we
detected hundreds of proteins in the distinct replicas of FLAG-TurbolD-CaMKII-FL,

CaMKII NTER-FLAG-TurbolD and FLAG-TurbolD -CaMKII-CTER.

We checked the reproducibility of the experiment by measuring the
overlapping of the proteins detected in distinct replicas of the same experimental

condition and concluded that, in general terms, the overlapping is high (Figure
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28A). In line with western blot data suggesting that FL- and NTER-CaMKIla were
the most and less efficiently biotinylated samples, we detected a total of 713, 552
and 235 proteins in FL, CTER and NTER-CaMKIla interactome experiments,
respectively. We also analysed the average Logz LFQ intensity of the proteins
identified in 1, 2 or the 3 replicas of each experimental condition. As shown in
Figure 28B, proteins detected in all the replicas tend to have higher Logz LFQ

intensities than those appearing in only 1 or 2 replicas.
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Figure 28. Overlapping between proteins detected and quantified by LC-MS/MS. A) Venn
diagrams showing the overlap between the three replicas of the different samples. Between
brackets the total number of identified proteins is shown. B) Box plots showing the LFQ intensities

of proteins that appeared either in 1, 2 or 3 of the replicas
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In addition, we analysed the overlapping between the different experimental
conditions by comparing all the proteins detected in each of the experiments
(Figure 29A). Not surprisingly, a lot of the proteins present in the FL sample were
not detected in the other two conditions, but most of the proteins detected in NTER
and CTER conditions were also identified in the FL. Nevertheless, few proteins,
specifically 6 and 15, were exclusively detected in the NTER and CTER experiments,

respectively.

GMR: UAS NTER CaMKII-FLAG-TurbolID/Cyo

GMR: UAS FLAG-TurbolID-CaMKII FL/Cyo
— g (235)

160

(713)
207 \

— 15
327
GMR: UAS FLAG-TurboID-CaMKII CTER/Cyo

(552)

Figure 29. Similarity between samples. A) Venn diagram showing the common and unique

proteins between the three conditions. Between brackets the total identified proteins is shown.

We also assessed the reproducibility of the experiment comparing the LFQ
intensity of the proteins present in the different samples using Perseus (version
1.6.0.16) (Figure 30). On average, the correlation between the replicas of NTER,
CTER and FL samples is quite high as average Pearson coefficient values are 0.911,
0.932 and 0.869, respectively. Moreover, the correlation between FL and CTER is
also relatively high, whereas the correlation between NTER samples and the other

two conditions is much lower.
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Figure 30. Reproducihility hetween samnles. Multi-scatter nlot showing the correlation

between replicas. The red squares define the correlation between replicas of the same sample.

TurbolID was one of the proteins detected in all samples. Nevertheless, and in
line with western blot results described above, the enrichment abundance of
TurbolD is considerably lower in the CaMKII NTER-FLAG-TurbolD sample as
evidenced by the number of peptides detected, as well as the raw intensity and

MS/MS counts recorded (Table 9).

Once having filtered the data and confirmed that all constructs, despite at different

levels, were expressed in flies, data was imputed following a normal distribution in
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order to assign an intensity value to the proteins that were not detected in a given
sample. As shown in Figure 31, recorded mass spectrometric data follow a normal
distribution (in green) and missing values are replaced by low LFQ values (in red).
As the CaMKII NTER-FLAG-TurbolD sample had fewer identifications, contained

more imputed data.

Table 9. TurbolD detection by LC-MS/MS. The number of TurbolID-associated peptides detected
on the different replicas of each sample, normalized TurbolD intensity and MS/MS counts is

shown.

FLAG-TurbolD- FLAG-TurbolD-CaMKII CaMKII N-TER-FLAG-

CaMKII FL C-TER TurbolID
# peptides detected (replica 1,
29, 26 and 25 31,31 and 26 16,9 and 12
2 and 3)
Normalized Raw intensity 179 300 1
MS/MS counts (replica 1,2
621,380 and 380 683, 586 and 375 52,25and 43

and 3)

Aiming to uncover CaMKII N-terminal, C-terminal and full-length interactors,
we searched for statistically significant changes between different experimental
conditions. For that purpose, we performed several two-sample t-test analyses and

represented the results in a volcano plot.

Endogenously biotinylated carboxylates (Pcb, Mccc1 and Acc) are considered
control proteins as they report on the amount of biological material used for the

pulldowns independently of the transfected constructs. By contrast, TurbolD
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abundance is a control of transfection efficiency across constructs. Both types of
control should display a ratio of around 1 (log2 ratio ~0) and hence, should appear
in the middle section of the volcano. When we compared FL and NTER experiments,
TurboID was highly enriched in the FL condition indicating that the transfection
efficiency was much higher in FL samples. Due to that huge difference, we decided
to exclude the NTER data (Figure 32). On the contrary, when comparing FLAG-
TurboID-CaMKII FL and FLAG-TurbolD-CaMKII CTER conditions all controls
mentioned above displayed a similar abundance indicating both samples were

comparable (Figure 33).
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Figure 31. Distribution of LFQ values. Frequency histograms showing that LFQ follow a normal
distribution. In green, number of proteins with a given LFQ intensity; In red, number of proteins

with imputed LFQ intensities.
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Figure 32. Volcano plot of the comparison of the FL against the NTER sample. A volcano plot
in which the Logio of the p-value is represented against fold change between samples. Proteins on
the right are more enriched compared to the other sample and vice versa. It is remarkable the
enrichment of TurbolD in the FL sample compared to the NTER. TurbolD, avidin, CaMKII and the
carboxylases that are endogenously biotinylated are marked as controls: Pcb: Pyruvate
carboxylase; Acc: Acetyl-CoA Carboxylase; and Mcccl: methylcrotonoyl-CoA carboxylase 1.

Proteins displaying a LFQ fold change bigger than 4 with a p-value smaller than 0.05 are marked

in green
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Figure 33. Proteins that potentially interact with CaMKII in Drosophila melanogaster. A
volcano plot in which the Logio of the p-value is represented against fold change between samples.
Proteins on the right are more enriched compared to the other sample and vice versa. TurbolD,
avidin, CaMKII and the carboxylases that are endogenously biotinylated are marked as controls:
Pcb: Pyruvate carboxylase; Acc: Acetyl-CoA Carboxylase; and Mcccl: methylcrotonoyl-CoA
carboxylase 1. Proteins displaying a LFQ fold change above 4 with a p-value < 0.05 were

considered as putative CaMKII FL binding proteins (marked in green).

From all the proteins detected in FL and CTER samples, a stringent list of
potential CaMKII interactors was generated containing proteins fulfilling the
following criteria: (i) be identified in all replicas of one of the conditions or at least
in 2 replicas of both, (ii) display statistically significance p-value<0,05 (-logio p-
value>1,3), and (iii) a minimum fold change of 4 (-2 > logz and FL/C <2). A total of

49 proteins followed these criteria and hence, were considered putative CaMKII

binding partners (Table 10).
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Table 10 Enriched proteins in the comparison of FL against CTER sample. Proteins whose
abundance in the biotin pulldown is significantly enriched in the FL sample compared to the CTER
sample. The human homolog genes and proteins are displayed and their localisation. CC: cellular

compartment

Fly gene Fold Change P-value pep.tldes Human homolog Human homolog protein cc
(unique) gene
Cp190 6,2 34 25 (25) SAMD15 Seileiphalmet dematn Unknown
containing 15
Prp39 55 4,5 11(11) PRPF39 Pre-mRNA-processing factor 39 Nuclear
Patj 4,9 3,4 11(11) PAT] InaD-like protein Apical cell membrane
€G10417 48 34 6 (6)
prom 4,7 35 16 (16)
CG43078-
RA 4,7 3,7 32(32)
Lam 4,7 2,9 19 (19) LMNA Prelamin-A/C Nuclear
bark 4,6 2,4 32(32)
CG1910 4,6 2,2 11(11)
SWI/SNF-related matrix-
associated actin-dependent
Bap111 45 34 6(6) SMARCE1 regulator of chromatin subfamily Nuclear
E member1
T 44 33 44 TXNL1 thioredoxin like 1 il e N 17
roteasome
Squamous cell carcinoma antigen .
Rnp4F 4,3 3,2 27 (27) SART3 recognized by T-cells 3 Cytoplasm; Nucleus
Sf3al 4,2 2,9 15 (15) SF3A1 splicing factor 3a subunit 1 Nuclear
Ars2 4,2 3,7 8(8) SRRT serrate, RNA effector molecule Nuclear
kis 4,1 4,0 7(7)
mor 41 18 14 (14) SMARCC2 swi/ SNE&‘X‘;’E?; subunit Nuclear
CG44195 4,0 15 6 (6)
HIPP1 39 1,7 17 (17)
Sf3b1 39 1,7 39 (4) SF3B1 splicing factor 3b subunit 1 Nuclear
rg 39 3,4 7(7) NBEA Neurobeachin Cytoplasm
Eukaryotic translation initiation
elF2p3 8Y/4 3,6 44) EIF2S2 factor 2 subunit 2 Cytoplasm
Ote 3,6 2,0 8(8)
rb 35 1,4 13 (13) AP2B1 2Dy re;s;iiﬁrsz‘:;“f"mp]ex 2 Cell membrane
glycogen phosphorylase, muscle Cytoplasm
GlyP 34 24 15(15) PYGM associated Extracellular
Nup50 3,4 3,4 6(6) NUP50 nucleoporin 50 Nuclear
Hrb98DE- Heterogeneous nuclear
RE 33 31 30 HNRNPAZB1 ribonucleoproteins A2/B1 Cytoplasm
Mtr4 332 1,3 28(28) MTREX Exosome RNA helicase MTR4 Nuclear
Grasp65 31 17 4(4) GORASP1 golgi reassemblylstackmg protein Golgi
ninaC 3,0 15 11(11) MYO03A Myosin-Illa Cytoskeleton
rdo-RA 3,0 2,4 9(9)
larp 2,9 1,4 16 (16) LARP4B La ribonucleoprotein 4B Nuclear
eukaryotic translation initiation
elF3e 2,9 2,2 11(11) EIF3E factor 3 subunit E Cytoplasm
Cytoplasm, Cytoskele
ton, Membrane, Mitoc
RpS3 2,9 3,3 10 (10) RPS3 ribosomal protein S3 hondrion, Mitochond
rion inner
membrane, Nucleus
Nup358 2,8 1,5 16 (16) RANBP2 E3 SUMO-protein ligase RanBP2 Nuclear
cher 2,8 19 14 (14) FLNA Filamin-A Cytoskeleton
r2d2 2,8 1,7 9(9)
PP i o Cytoplasm,
Ubal 28 31 8(8) UBA1 Ub'q‘“““'l‘ke‘;:“::gfr"a“"’“‘“g Mitochondrion,
4 Nucleus
Ge-1 2,7 1,4 10(10) EDC4 enhancer of mRNA decapping 4 Nuclear
Hel25E 2,7 2,6 3(3) DDX39A DExD-box helicase 39A Nuclear; Cytoplasm
kst 2,6 1,7 31(17) SPTBNS spectrin beta, non-erythrocytic 5 Cytoskeleton
Drat 2,5 3,6 2(2) VAT1 vesicle amine transport 1 Cytoplasm
Nrg 2,5 1,4 14 (14) NRCAM Neuronal cell adhesion molecule Cell membrane
Gl 2,4 1,4 22(22)
PAPLA1 2,4 1,3 5(5) DDHD2 DDHD domain containing 2 Cytosol
CG17660 2,4 1,5 4(4) TMEM87A transmembrane protein 87A Colslopparatus
membrane
Stim 2,4 2,5 8(8) STIM1 Stromal interaction molecule 1 Cytoskeleton
Cell
SelD 24 1,6 3(3) SEPHS1 St rrerdlese ] on ke ks
m, Membrane, Nucleu
s
€G2088 2,4 2,2 13(8)
Arrl 2,2 2,7 10 (10)
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Of the mentioned 49 proteins, 47 were enriched in the FL sample. One of
those proteins was CaMKII itself. This result makes sense considering that the FLAG-
TurbolD-CaMKII FL construct expresses full-length CaMKII and therefore, has more
peptides than the CaMKII CTER expressed by the FLAG-TurbolID-CaMKII CTER
construct. Reassuringly, Grasp65, a known CaMKII interacting protein (Rajan et al.
2017) was also present in our final list of putative CaMKII binding proteins.
Consequently, we confirmed that combining TurbolD-based proximity labelling

with LC-MS/MS analysis is suitable to uncover CaMKII interactors in flies.

In order to look for the processes and functions that were enriched among
putative CaMKII binding partners, a gene ontology analysis was performed using
DAVID functional annotation tool (Huang, Sherman, and Lempicki 2008, 2009). We
detected within our putative CaMKII interactors the overrepresented gene ontology
(GO) terms related to “biological process” (BP) and “molecular function” (MF) using
as background the whole list of identified proteins. Among terms that were highly
similar, we just kept the one with the highest fold enrichment. The only significant
molecular function detected was “binding” including nucleotide binding,

heterocyclic compounds binding or RNA binding, among others.

Interestingly, we found enriched biological processes such as nervous system
development, memory, post-embryonic animal organ development and defence
response (Figure 34A). Amongst these, of particular interest, the protein rugose is
involved in both memory and central nervous system development (Shamloula et
al. 2002; Wech and Nagel 2005), making it interesting for further study. Moreover,

the E1 activating enzyme Ubal is also known to be involved in the development of
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the central nervous system, as expected from being a master regulator of the

ubiquitination pathway (H. Y. Liu and Pfleger 2013).

When analysing the localisation of the proteins with g:profiler, we analysed
first the localisation of all the proteins that were quantified and, second, the
localisation of the enriched proteins in FL-CaMKIla condition in respect to CTER-
CaMKII (Figure 34B). In the total and the enriched fraction, the representation of
membrane proteins was similar: 38% and 40%, respectively. Interestingly, proteins
that localised in the nucleus in the enriched fraction represented 48%, while in the
total fraction they represented 30%, meaning that there was a 1.6-fold enrichment.
Surprisingly, only 10% of the identified proteins localised to the cytosol when the
representation in the whole sample was around 28%. The least represented
localisation is the extracellular region (2%) which was also lowly represented in the

total fraction (4%) (Figure 34B).
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Figure 34. Functional interpretation of potential CaMKII interactors with DAVID. Potential
CaMKII interactors found in Drosophila melanogaster were analysed with DAVID tool. As
background, the complete list of the proteins detected by mass spectrometry was used. A)
Representation of some of the enriched biological processes. The size of the bubbles is determined
by the amount of proteins associated with that term. B) Representation of the localization of all
the proteins detected in the MS analysis (left panel) and of the proteins that were enriched (right

panel). Total bar represents 100% (Huang, Sherman, and Lempicki 2008; 2009).
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Validation of human homologs of detected CaMKIlIa binding
candidates in HEK 293T cells

In D. melanogaster there is a single gene for CaMKII while in humans there
are four different genes that encode CaMKIla, CaMKIIb, CaMKIId and CaMKIIg. In
terms of sequence, Drosophila’s CaMKII is close to human CaMKIId, however, its
functionality resembles more to CaMKIla and CaMKIIb (Griffith et al. 1993; Saitoh
and Schwartz 1985; Miller and Kennedy 1986; G. Y. Wu and Cline 1998). Therefore,
our next aim was to evaluate whether putative CaMKII interactors detected in our

proteomics screen performed in flies had human homologs and if they could interact

with human CaMKIIa and CaMKIIb.

For that purpose, we focused our attention on fly genes that had human
homolog(s) and that were functionally relevant. We found that among the 15
proteins most highly enriched in FL condition with respect to CTER there were three
proteins (Txl, Rnp4f and Ars) containing human homologs (TXNL1, SART3 and
ARS2, respectively) that were worth investigating. TXNL1 is involved in reducing
oxidative stress during seizures in mice as it is expressed 2 or 3 times higher in the
cortex of acute and chronic seizure model mice (J. T. Yu et al. 2019). ARS2 is an
essential neural regulator and in its absence, mice exhibit behavioural defects (Y. Yu
et al. 2020). Finally, SART3 is known to be indirectly involved in neuronal survival
and dendrite growth through its interaction with APBB1, a substrate of the E3

ubiquitin ligase RNF157 (Matz et al. 2015).

To validate if the three human homologs mentioned above interact with

human CaMKIla and/or CaMKIIb, we first coexpressed the flag-tagged version of
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each of them together with either GFP, GFP-CaMKIla or GFP-CaMKIIb and

performed several GFP pulldowns in mild conditions.

Importantly, none of the three putative CaMKII binding proteins
coimmunoprecipitated with GFP control which was highly expressed (Figure 35A-
C). As shown in Figure 35A, SART3 coimmunoprecipitates more efficiently with
GFP-CaMKIIa than with GFP-CaMKIIb. This difference could be attributed to a lower
expression of CaMKIIb detected by WB, but by immunofluorescence, it can be
observed that both kinase isoforms are similarly expressed (Figure 35D). ARS2
coimmunoprecipitated similarly with both GFP-CaMKIla and GFP-CaMKIIb
suggesting it has no preference for one of the isoforms. Finally, we could not
properly investigate the relationship between TXNL1 and human CaMKIla/b as
none of the kinases was expressed as evident from western blot (Figure 35B) and

fluorescence microscopy results (Figure 35C).

Altogether, we found that human homologs of putative CaMKII binding fly

proteins SART3 and ARS2 interact with CaMKIla and CaMKIla/b, respectively.
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Figure 35. Validation of human TXNL1, SART3 and ARS2 with CaMKIla and CaMKIIb. We
coexpressed three potential interactors with wither GFP, GFP-CaMKIla or GFP-CaMKIIb in HEK
293T. A) Western blot analysis of coimmunoprecipitation of SART3 with GFP, GFP-CaMKIla and
GFP-CaMKIIb. B) Western blot analysis of coimmunoprecipitation of ARS2 with GFP, GFP-CaMKIla
and GFP-CaMKIIb. C) Western blot analysis of coimmunoprecipitation of TXNL1 with GFP, GFP-

CaMKIla and GFP-CaMKIIb. D) Fluorescent microscopy images for GFP.
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CaMKIla sumoylation by the SUMO1 E3 ligase RANBP2 in
HEK 293T cells

Our proteomics screen also allowed us to identify Nup358 as a potential
interactor of CaMKII (Table 10). The human homolog for Nup358 is RANBP2Z, a
SUMO1 E3 ligase which facilitates SUMO1 and SUMOZ2 conjugation on target
proteins (Sakin etal. 2015; D. H. Kim et al. 2016; J. Yang et al. 2017). As it is reported
that fly CaMKII is conjugated to SUMO1 in vivo (Long and Griffith 2000), we
wondered whether RANBP2 could be involved in CaMKIla sumoylation. To test our
hypothesis, we coexpressed HA-SUMO1 together GFP-CaMKIla and RANBP2 or
UBE3A (negative control). Then, sumoylated proteins were enriched by strong GFP
pulldown protocol and finally, eluted material, as well as initial inputs, were

analysed by western blot.

Analysis of the inputs revealed that in both experimental conditions all
constructs were properly expressed (Figure 36 left panel). By analysing the eluted
fraction with an anti-GFP antibody it was evident that GFP-CaMKIla levels were
similar in both experimental conditions, whereas the absence of an anti-HA signal
indicated HA-SUMO1 was not present in none of the samples (Figure 36 right

panel). This result suggests that CaMKIla is not sumoylated by RANBP2.
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Figure 36. SUMOylation assay of CaMKIla by RANBP2 SUMO E3 ligase. We coexpressed HA-
Sumo1l, and GFP-CaMKIla with either UBE3A or HA-RANBP2. GFP-CaMKIla was enriched by GFP
pulldown. Western blot analysis showing the input fraction (left) and eluted fraction (right). HA-
SUMO1 and HA-RANBP2 expression was tested with anti-HA. GFP-CaMKIla expression was

checked with anti-GFP and UBE3A expression with anti-UBE3A.

Discussion

TurboID system is a new alternative for the identification of protein
interactors by proximity labelling in living organisms, in which BioID2 is not strong
enough to biotinylate sufficient material (Branon et al. 2018). Indeed, TurbolD has
been recently successfully employed for the identification of interactors in living
organisms including A. thaliana (Mair et al. 2019), D. rerio (Rosenthal et al. 2021)

and D. melanogaster (B. Zhang, Zhang, and Liu 2019). Indeed, in the present chapter
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of the thesis, we have combined the TurbolID system with LC-MS/MS analysis to

uncover candidate proteins interacting with CaMKII kinase in flies.

Our results corroborate that combining TurboID with mass spectrometry
analysis is suitable to uncover protein-protein interactions in living organisms.
Indeed, we have discovered proteins that have not been established as CaMKII
interactors to date. Our results could also be employed as a basis for future groups

interested in finding interactors in Drosophila melanogaster.

Good quality controls are always needed to achieve the set objectives and,
therefore, selecting the proper negative control(s) is crucial. When working with
TurbolD, different strategies can be carried out. Some studies compare the
interactome of the protein of interest with the proteome of a mutant version of the
same protein (Hu et al. 2022). Others use as negative control another protein
different to TurbolD, like Cherry, fused to the bait (B. Zhang, Zhang, and Liu 2021).
When using TurbolD alone as a negative control, in general, researchers tend to add
a signal peptide to mimic the localisation of the protein of interest (Y. Zhang et al.
2019; Teplova et al. 2021). There is an alternative in which TurbolD is split into two
inactive fragments that are fused to different baits that if associated together
TurbolID becomes active (Cho et al. 2020). For example, when studying sumoylation,
split-TurbolD can be fused to the substrate and to SUMO. As a consequence, if the
protein gets sumoylated it will get biotinylated too. In this case, it is recommendable
to employ as negative control a dead version of the substrate that cannot be
sumoylated (Barroso-Gomila et al. 2021). Another option is to employ as control a

part of the protein of interest (Y. Zhang et al. 2019), similar to what we have
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performed in this study. We studied the interactome of FL, CTERM and NTERM
CaMKII in flies but could not use the data regarding NTER CaMKII-TurbolD as the
expression levels of the construct were extremely low in comparison to the FL and
CTER conditions. In future experiments, we should consider employing controls that
have similar expression levels to avoid losing potential interactors. In case this
option is not feasible, TurbolD could be fused with a different protein that has a
similar localisation pattern to CaMKIL In any case, even if it has been used in some
investigations (Y. Zhang et al. 2019; Teplova et al. 2021), we consider employing
TurbolID alone as a control is not a good option. Due to the small size and high
flexibility of TurbolD, the construct can move very fast and localise in any

compartment biotinylating a huge amount of material.

We have combined TurbolID technology with label-free quantitative mass
spectrometry to compare the interactome of FL. and CTER CaMKII and we managed
to identify 49 potential CaMKII interactors in D. Melanogaster. We have identified
elF3e, which mediates the internalization of the L-type calcium channel Cav1.2 in a
calcium dependent-manner (E. M. Green et al. 2007) and, thus, has an indirect
association with CaMKII. Additionally, among our list of putative CaMKII binding
proteins is rugose (rg), whose human homolog is the Autistic Spectrum Disorder
(ASD)-associated protein NBEA (neurobeachin) (D. Castermans et al. 2003).
Interestingly, NBEA was also detected in a crosslinking mass spectrometry-based
study in synapses as a CaMKIla interactor in one of the three hippocampal
synaptosome replicas (Gonzalez-Lozano et al. 2020). NBEA shows functions that

could be linked to CaMKII. On one hand, NBEA interacts with SAP102 which is
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involved in AMPA and NMDA receptors trafficking during synaptogenesis (Lauks et
al. 2012). Moreover, it regulates neurotransmitter receptor trafficking to synapses
(Nair et al. 2013) and heterozygous mice for NBEA showed alteration in protein
kinase A (PKA) activity (Nuytens, Tuand, et al. 2013). Furthermore, NBEA and its fly
homolog rg have been associated with learning, memory and behaviour,
characteristics also found in AS. Studies performed in D. melanogaster rg
homozygous mutants exhibited aberrant associative odour learning, changes in
gross brain morphology, altered locomotion, impaired adult social behaviour and
synaptic architecture (Volders et al. 2012; Wise et al. 2015). Similarly, patients with
NBEA variants present epilepsy and often generalized seizures (Mulhern et al.
2018). Behavioural studies of heterozygous mice for NBEA showed induction of
autism-like behaviours and affection for molecular and cellular processes of
synaptic plasticity (Nuytens, Gantois, et al. 2013). Additionally, NBEA has been
identified as an inhibitor of the secretory of large dense-core vesicles which may be
involved in the pathogenesis of autism (Dries Castermans et al. 2010). It has also
been described that NBEA is upregulated in the hippocampal synapses immediately
after fear memory retrieval and that the induction of the expression could be
blocked by inhibiting the mTOR-dependent signalling pathway (B. Lee et al. 2018).
Moreover, recent studies have identified NBEA as a possible substrate of UBE3A in
mice (Lectez et al, unpublished). Altogether, it seems plausible that there is a

physical and functional interaction between NBEA,

Many of the human homologs of the proteins identified as fly CaMKIla binding

partners have been associated with ASD, behavioural defects and memory. For
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instance, knocking out ARS2, which we have proved interacts with human CaMKIla
and CaMKIIb, triggers specific behavioural defects in mice (Y. Yu et al. 2020).
SPTBN1 loss-of-function has been associated with global developmental delay,
intellectual disability, and behavioural disturbance and a subset of the studied
patients showed autistic features and epilepsy (Rosenfeld et al. 2021). NrCAM is
involved in neural development, axon growth and synapse formation and
alterations of this protein are associated with psychiatric disorders such as autism
(Sakurai 2012). TXNL1 has been shown to be involved in reducing oxidative stress
during seizures in mice as it is expressed 2 or 3 times higher in the cortex of acute
and chronic seizure model mice (J. T. Yu et al. 2019). Uncovering that the above-
mentioned proteins are putative CaMKII interactors increase the evidence of the

involvement of the kinase in ASD, behaviour and memory.

Furthermore, some of the proteins detected as potential CaMKII interactors
are already known to be involved in distinct neurodegenerative diseases. For
example, arat model for Parkinson's disease has decreased levels of phosphorylated
EIF2S2 -the human homolog of the eiFZ2f gene- (P. Deshpande et al. 2020), whereas
patients with Alzheimer's disease exhibit aberrant AP2B1 expression levels (Sjodin
et al. 2019). Additionally, the E1 ubiquitin-activating enzyme UBA1, which is also
within our list of putative CaMKII interacting proteins, is impaired in several
neurodegenerative conditions like Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease or spinal muscular atrophy (Lambert-Smith, Saunders, and

Yerbury 2020; Groen and Gillingwater 2015).
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Besides UBA1, there are additional potential CaMKII interactors that are
somehow related to components of the UPS machinery. For instance, SART3, the
human homolog of fly Rnp4F that we confirmed interacts with human CaMKIlIa,
associates with APBB1, a substrate of the E3 ubiquitin ligase RNF157 that is
involved in neuronal survival and dendrite growth and maintenance (Matz et al.
2015). Our proteomics screen also uncovered fly txI as a putative CaMKII binding
protein. We tried to validate the interaction between its human homolog TXNL1 and
CaMKIla/b and we observed that overexpression TXNL1 resulted in a reduction
CaMKIla/b levels. TXNL1 is a redox-active cofactor of the 26 S proteasome, and
when it is knocked down, the ubiquitinated proteins are stabilised (K. M. Andersen
et al. 2009). Therefore, we suggest that TXNL1 may be promoting CaMKIla and
CaMKIIb proteolytic degradation. Moreover, we have identified the Sumo1 E3 ligase
Nup358 as a putative CaMKII binding protein in flies, and it is documented that its
human homolog RANBP2 mediates sumoylation together with Ubc9 E2-enzyme
(Pichler et al. 2002). Sumoylation is a posttranslational modification in which
proteins are conjugated with a ubiquitin-like protein called SUMO that plays a key
role in a plethora of cellular functions including DNA damage repair, telomere
maintenance, mitosis and development (Flotho and Melchior 2013; Talamillo et al.
2020). It has been reported that CaMKII sumoylation with SUMOL1 is crucial in the
differentiated central nervous system of D. melanogaster but the SUMO E3 ligase
that promotes CaMKII sumoylation remains unknown (Long and Griffith, 2000). We
tested whether RANBP2 could sumoylate CaMKII and concluded that it does not
conjugate SUMO1 to the kinase. However, it cannot be discarded that RANBP2

mediates SUMO2-3 sumoylation as proteins can be differentially sumoylated
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(Becker et al. 2013; L. C. Chen et al. 2021). In summary, we believe the results we
have obtained by studying the interactome of CaMKII in flies open new research
avenues. First, we have detected novel putative CaMKII interactors in D.
melanogaster, giving the possibility of increasing the knowledge of the interaction
network of CaMKII. Second, we consider that the comparison of TurbolD-CaMKII
flies against TurboID-Ube3a flies could allow us to identify common and unique
interactors of CaMKII and Ube3a. Knowing the common interactors could shed light
on the link between the two proteins and their involvement in AS. Third, further
studies with NBEA should be performed as it looks like a good candidate to
understand the link between CaMKIla and UBE3A. Moreover, the role of NBEA in
memory and central nervous system development makes it very interesting as it
may be involved in the phenotype observed in AS patients. Fourth, once
corroborated the physical interaction between human CaMKII with SART3 and ARS,

their functional relationship should be elucidated.
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Summary

Recent studies identified NCDN as a putative substrate of UBE3A. Moreover,
NCDN has already been described as a negative regulator of CaMKIla
phosphorylation and activity. However, whether there is a link between the three
proteins remains to be assessed. A cell culture-based strategy was carried out to
assay the interaction between UBE3A, CaMKIla, and NCDN. We discovered that
UBE3A can ubiquitinate NCDN but not CaMKIIa. Besides, it was found that K48-
linked chains were formed in NCDN, resulting in proteasome-mediated degradation,
and a subsequent reduction of NCDN protein levels. Finally, we observed that
UBE3A-dependent NCDN ubiquitination is not sufficient to trigger changes in

CaMKIIa phosphorylation on T286.

Introduction

To date, there is no clear link between CaMKII and UBE3A, but there is
evidence that points towards a possible relationship between both proteins. Twenty
years ago, it was observed that an AS mouse model with a maternal null mutation in
the Ube3a gene exhibited enhanced phosphorylation on T286 and T305 of
hippocampal CaMKIla (Weeber et al. 2003). More recently, it has been shown that
UBE3A associates with ASPP2, an inhibitor of CaMKII phosphatase PP1. As ASPP2 is
degraded as a consequence of UBE3A-mediated ubiquitination, in the absence of
UBE3A ASPP2 is accumulated, and, thereby, PP1 is inhibited and does not
dephosphorylate CaMKII. Consequently, it was postulated that the levels of
phosphorylated CaMKII are indirectly regulated by UBE3A (Martinez-Noél et al.

2018).
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Maternal loss of Ube3a (Ube3am-/p*) increased PTPA levels, promoted PP2A
holoenzyme assembly, and elevated PP2A activity, while maternal 15q11-13
duplication (including Ube3a) downregulated PTPA levels and lowered PP2A
activity. Reducing PTPA levels in vivo restored the defects in dendritic spine

maturation in Ube3a™~/p* mice (J. Wang et al. 2019).

CaMKII autophosphorylation at T286, which results in calcium-calmodulin-
independent activity, is necessary for long-term potentiation (LTP) (Giese et al.
1998). It has recently been shown that CaMKII pT286 has distinct key roles in three
forms of LTP (NMDAR-dependent LTP and LTD, and mGluR-dependent LTD) (Cook,
Rumian, and Bayer 2022). In line with that, impaired CaMKII kinase function is
involved in intellectual disabilities, developmental delay and seizure activity (Kiiry

etal. 2017; Rhein et al. 2020; Chia et al. 2018; Akita et al. 2018)

Interestingly, mice models for AS show deficient LTP (Van Woerden et al.
2007), a process in which CaMKIla plays a crucial role, as it translocates to the spine
head of dendrites to phosphorylate AMPA receptor and stargazin when LTP is
induced (Y.-P. Zhang, Holbro, and Oertner 2008; Poncer, Esteban, and Malinow
2002; Tomita etal. 2005). AMPA receptors are involved in the control of the majority
of fast excitatory transmission in the brain, being LTP the most important one. LTP
relies on the accumulation of AMPA receptors at the postsynapse (Diaz-Alonso and
Nicoll 2021). Moreover, dephosphorylation of stargazing by calcineurin triggers
long-term depression in the hippocampus as it needs to be phosphorylated to
positively regulate AMPA receptor trafficking (Matsuda et al. 2013). As mentioned
before, AS mouse models exhibit increased phosphorylation of the activating T286

and of the inhibitory CaMKII T305 and T306 without any alteration of total protein
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levels. Persistent activation of the kinase makes it insensitive to Ca2*-CaM levels and
reduces its activity after the induction with Ca2*-CaM. Moreover, the
phosphorylation of the protein in T305 and T306 reduces its overall activity
(Coultrap et al. 2010) and reduces its translocation to the postsynaptic density
(PSD) (Elgersma et al. 2002). The accumulation of pT305/pT306 results in a
reduction of the kinase activity and the reduction of CaMKII in the PSD (Weeber et
al. 2003). Interestingly, AS models expressing T305/306 CaMKII mutants that
cannot be phosphorylated recover normal LTP (Van Woerden et al. 2007).
Therefore, it is accepted that inhibitory phosphorylation of CaMKIla is important in
setting the threshold for the induction of LTP, memory and other neuronal events

(Elgersma et al. 2002; Elgersma, Sweatt, and Giese 2004; L. Zhang et al. 2005)

Although it is evident the interrelation between CaMKII and UBE3A and
CaMKII’s role in AS, to date we have not been able to unravel the cascade that
connects both proteins. However, recent work from our lab has shed some light on
this issue: combining a BiolD2-based proximity labelling approach with label-free
quantitative mass spectrometry, our research group identified Neurochondrin
(NCDN) as a UBE3A substrate in mouse brains, confirming that UBE3A ubiquitinates
NCDN in vivo (Lectez et al., under revision). NCDN is a cytoplasmic protein that is
mainly expressed in the whole adult brain. Interestingly, NCDN negatively regulates
CaMKII phosphorylation of T286, reducing its activity independently of PP1 or
PP2A, the main CaMKII phosphatases (Dateki et al. 2005). Mutations in NCDN are
associated with neurodevelopmental delay, intellectual disability and epilepsy
(Fatima et al. 2021). NCDN expression is increased when LTP is induced in cultured

hippocampal slices, and its overexpression triggers neurite outgrowth (Shinozaki et
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al. 1997). Besides, NCDN is involved in hippocampal synaptic plasticity through the
regulation of mGluR5 signalling at the dendritic spine (Hong Wang et al. 2009), and
it associates with PKA at the postsynaptic density in hippocampal neurons (Ojha,

Pal, and Bhattacharyya 2022).

Summarising, AS mice have a hippocampal learning deficit and the mutant
phenotype can be rescued by decreasing CaMKII inhibitory phosphorylation.
Altogether, NCDN seems to be a promising candidate to elucidate the relation
between CaMKIla and UBE3A that could explain the changes observed in the AS

mouse model.

Hypothesis & objectives

Recently, our group discovered that NCDN, a well-known negative regulator
of CaMKIlIa pT286, is a substrate of the ubiquitin E3 ligase UBE3A. Therefore, we
suggest that these three proteins may interact, either physically and/or functionally.
Indeed, CaMKIla can be ubiquitinated (Udeshi et al. 2013; Povlsen et al. 2012; W.
Kim etal. 2011; Ramirez et al. 2018) but, to date, the E3 ubiquitin ligase responsible
for it remains unknown. We speculated that UBE3A could be involved in CaMKIla
ubiquitination. As we have confirmed that NCDN becomes ubiquitinated by UBE3A,
we hypothesize that UBE3A-mediated ubiquitination of NCDN might be involved in
changes in CaMKIIa phosphorylation. To test the hypothesis described above, four

main objectives have been defined in this section of the thesis:

e Study the interaction between CaMKIla, NCDN and UBE3A.

e Determine whether CaMKIla is ubiquitinated by UBE3A or not.
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e Identify the ubiquitin chains that UBE3A forms on NCDN.
e Evaluate the link between UBE3A-dependent NCDN ubiquitination and CaMKIla

phosphorylation on T286.

Results

UBE3A, NCDN and CaMKIla interact with each other

Our group recently established that NCDN is a UBE3A substrate and
consequently, becomes ubiquitinated by the action of the E3 ubiquitin ligase (Letcez
et al.,, under revision). As explained in the introduction of this chapter, there is
increasing evidence that UBE3A and CaMKII are related, but the actual linkage
remains elusive. We performed a preliminary experiment infecting rat cortical slices
with viruses carrying BiolD2-CaMKIla expressing vectors. As control, rat cortical
slices infected with an empty vector were employed. After the purification of
biotinylated material through a pulldown with streptavidin, the enriched material
was analysed by mass spectrometry. Preliminary results showed an enrichment of
NCDN (6.1-fold enrichment compared to control slices with no infection with
BiolD2-CaMKIIa). This suggests CaMKIla and NCDN to be direct interactors. Aiming
to elucidate the connection between NCDN, CaMKII and UBE3A, we first aimed to

analyse if the three proteins coimmunoprecipitate together in HEK 293T cells.

NCDN, CaMKII and UBE3A, either the wild type or ligase dead version, were
coexpressed in pairs and altogether using the following constructs: NCDN-GFP

(isoform II), GFP-CaMKII, UBE3A WT, UBE3A LD and BiolD2-CaMKIla. As control
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and to discard that tags might actually induce the interactions, each of these

constructs was coexpressed together with BiolD2 or GFP alone.

NCDN-GFP, GFP-CaMKII and control GFP were pulled down using GFP-trap
agarose beads and washed with mild conditions to purify covalent and non-covalent
interactions. Enriched samples were run in a gel and analysed by western blot. As
seen in Figure 37 (inputs), all the constructs were expressed correctly and no big
differences were detected except for the sample that coexpressed NCDN-GFP,
UBE3A WT and BiolD2-CaMKIla, in which the presence of UBE3A was barely
detectable. UBE3A LD appears with a single band while UBE3A WT appears with a
double band, as a consequence of UBE3A autoubiquitination that is absent in the
inactive enzyme. All the GFP-containing constructs were successfully pulled down
(Figure 37, elutions). Whereas control GFP did not coimmunoprecipitate with any
of the above-mentioned proteins, NCDN-GFP precipitated together with BiolD2-
CaMKII in all three conditions. Moreover, it seems that UBE3A WT and LD can
interact with NCDN-GFP in both the presence and absence of BiolD2-CaMKIla, with

UBE3A WT associating with GFP-CaMKIla even in the absence of NCDN.
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Figure 37. UBE3A interacts with NCDN and CaMKIla, and NCDN interacts with CaMKIlIa too.
The inputs and the eluted fractions obtained from HEK 293T cell cultures were analysed by
western blot to detect the presence of NCDN-GFP, UBE3A, GFP-CaMKIIa, BiolD2-CaMKIla, GFP and
BiolD2. We performed a mild GFP pulldown to enrich the GFP-tag proteins and detect the possible
interactions with the other proteins. To discard the interaction between GFP with BiolD2-CaMKIla
or UBE3A and BiolD2 with NCDN, we cotransfected a plasmid that expressed GFP untagged with

the different constructs and BiolD2 untagged with NCDN-GFP (controls).

CaMKIla is not a substrate for UBE3A

We next performed a cell-cultured-based analysis to check whether CaMKIla
is a substrate of UBE3A. We coexpressed in HEK 293T cells FLAG-Ub and GFP-
CaMKIla with either pmCherry fused to FLAG (negative control), UBE3A WT or
UBE3A LD. GFP-CaMKIIa was then pulled down with GFP-trap agarose beads and

stringent washes performed in order to just preserve covalent interactions such as
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ubiquitination. Enriched samples were run in a gel and the presence of CaMKII and

ubiquitin were monitored by western blot.

As previously observed (Chapter 1: The E3 ubiquitin ligase ITCH is
responsible for CaMKIla monoubiquitination in HEK 293T cells), coexpression with
the control plasmid triggered a lower signal for FLAG-Ub in the inputs (Figure 38A).
Moreover, no significant differences between UBE3A WT and LD levels were
detected. We did not find obvious changes in GFP-CaMKIla levels in the inputs nor
in the elutions (the weaker band in the elutions for the LD sample seems to be due
to transferring issues as it was not a tendency). We measured the intensity of FLAG-
Ub relative to GFP intensity both in UBE3A WT- and LD-expressing samples and, as
no significant differences were detected (Figure 38B), we determined that UBE3A

does not ubiquitinate CaMKIIa.
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Figure 38. CaMKIIa is not a substrate of UBE3A. We coexpressed FLAG-Ub and GFP-CaMKIla
with either FLAG-Cherry, UBE3A WT or UBE3A LD. GFP-CaMKIla was purified through a GFP
pulldown. A) Western blot of the input and the eluted fraction of the GFP pull down. In the inputs
(left), the expression of Flag-Ub and Cherry-Flag were detected with mouse anti-Flag-M2-HRP
conjugated antibody, whereas UBE3A and GFP-CaMKII were detected with mouse anti-UBE3A and
anti-GFP antibodies, respectively. In the elutions (right), the ubiquitinated versions of GFP-
CaMKIIA were detected with mouse anti-Flag-M2-HRP conjugated antibody and non-
ubiquitinated GFP-CaMKIla was observed with mouse anti-GFP antibody. B) Bar graph showing
the Flag/GFP intensity of the five different samples. Intensity was normalised to the Cherry control

(n=4; two-tailed p-value; error bars denote SEM)

UBE3A targets NCDN with K48 polyubiquitin chains
presumably to be degraded

Our lab has recently uncovered that UBE3A ubiquitinates NCDN (Benoit et al.,
under revision) but the ubiquitin chain types that were formed could not be
detected. Thereby, we performed an in vitro assay in HEK 293T cells to identify the

type of ubiquitin linkage(s) UBE3A builds on NCDN.

For that purpose, NCDN-GFP and UBE3A WT were cotransfected with five
different versions of HA-Ub: HA-Ub WT, HA-Ub KO, HA-Ub K48R, HA-Ub K63 and
HA-Ub K48. The HA-Ub KO construct has all lysines capable of generating chains
mutated to arginine, whereas HA-Ub K63 and HA-Ub K48 constructs only conserve
the specified lysine and hence, can only build K63 and K48 linkages, respectively.
By contrast, HA-Ub K48R expresses a mutant version of ubiquitin that can form any
type of ubiquitin linkage but K48 chains. NCDN-GFP was pulled down using GFP-

trap agarose beads and stringent washes were performed to purify only covalent
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interactions. As before, enriched samples were run in a gel and analysed by western

blot.

As observed in the left panel in Figure 39A4, in all the inputs the intensity of
NCDN-GFP and the 9-kDa band corresponding to HA-Ub was quite similar. However,
the intensity of HA-Ub KO polyubiquitin chains (smear) was, obviously, very low
because this construct prevents the extension of ubiquitin chains. The HA-Ub WT
and the HA-Ub K48R samples did show more intensity that could be triggered due
to the higher expression levels we saw in the single ubiquitin band. The remaining
three constructs did not show big differences in HA-Ub expression at a chain-
forming level. Interestingly, in the eluted fractions, the smear corresponding to
ubiquitinated NCDN observed in the control sample (HA-Ub WT) was dramatically
reduced in HA-Ub KO, K48R and K63 expressing samples, and recovered to higher
than WT levels when HA-Ub K48 was expressed (Figure 39A). A prominent
monoubiquitination band was observed for NCDN in all three constructs capping
K48-chain linkages. This band being weaker in the two constructs allowed further
K48-chain extension. We quantified the smear of all samples, normalized them to
the corresponding GFP signal, and compared them by a student t-test analysis to
conclude that the reduction of NCDN ubiquitination detected in HA-Ub K0, K48R and
K63 samples, as well as the ubiquitination increase observed in HA-Ub K48
expressing cells were statistically significant (Figure 39B). Besides, we were able to
detect a decrease in NCDN-GFP intensity in the eluted fraction of HA-Ub WT and HA-
Ub K48 samples compared to the other three (Figure 39C). These results suggest

that UBE3A forms K48-ubiquitin chains on NCDN and triggers NCDN degradation.
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Figure 39. UBE3A triggers de formation of K48-ubiquitin chains on NCDN. We coexpressed
NCDN-GFP and UBE3A WT with either HA-Ub WT, K0, K48R, K63 or K48. NCDN-GFP was purified
through a GFP pulldown. A) Western blot of the input and the eluted fraction of the GFP pull down.
In the inputs (left), the free-ubiquitin monomer (10 kDa) and the formed chains (smear) were
detected with mouse anti-HA antibody. NCDN-GFP expression was observed with mouse anti-GFP
antibody. Apparently, no changes in NCDN-GFP expression was detected in the inputs. In the
elutions (right), the ubiquitinated forms of NCDN-GFP were identified with mouse anti-HA
antibody and non-ubiquitinated NCDN-GFP was observed with mouse anti-GFP antibody,
detecting lower intensity in the WT and K48 samples. B) Bar graph showing the HA/GFP intensity
of the five different samples. Intensity was normalised to the WT sample (n=4; * p-value < 0.05; **
p-value < 0.01; two-tailed p-value; error bars denote SEM) C) Bar graph showing the total levels
of non-ubiquitinated NCDN normalised to the WT sample. (n=3; *p-value < 0.05; **p-value < 0.01;

two-tailed p-value; error bars denote SEM).

Analysis of the ubiquitination sites of NCDN by UBE3A

Once having proved that UBE3A promotes the formation of K48-linked chains
on NCDN, we aimed to define the lysine(s) on which ubiquitins are conjugated. To
determine which of the 25 lysines of NCDN are modified by ubiquitin, we expressed
in HEK 293T cells NCDN-GFP together with either WT or LD UBE3A. Then, NCDN-
GFP was purified employing GFP-trap agarose beads, washed using stringent
conditions (Material and methods: GFP stringent pulldown) and eluted fractions
were run in a gel that was stained with coomassie blue. The gel was cut so that the
monoubiquitinated and the polyubiquitinated versions of NCDN-GFP were
separated. Subsequently, each gel piece was subjected to in-gel digestion and
extracted peptides were analyzed by LC-MS/MS. In the analysis of MS-derived raw
data using Maxquant, diGly (GlyGly) was selected as variable modification in order

to detect ubiquitination events, not only on NCDN but also within the ubiquitin itself.
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Finally, by comparing the intensity of diGly peptides corresponding to NCDN in both
experimental conditions, the lysines that are being ubiquitinated can be inferred.
Similarly, the comparison of ubiquitin diGly peptides could shed light on the

ubiquitin chain linkages that are formed on NCDN.

First, we analysed the intensity of NCDN, ubiquitin and the rest of the proteins
that were detected both in UBE3A WT- and LD-expressing samples. As expected,
bearing in mind that NCDN-GFP was purified employing GFP-trap agarose beads,
NCDN was the most abundant protein in both experimental conditions (Figure
40A). Interestingly, endogenous ubiquitin was the second most abundant protein
detected, despite not being expected, but appeared less intense in the UBE3A LD

condition than in the UBE3A WT sample (Figure 40B).

Second, we focused on the diGly peptides detected in NCDN. Based on our
proteomics data, six lysines located in the N-terminal (K47 and K54) and central
region (K214, K255, K266 and K371) of the protein were ubiquitinated (Figure 41).
In order to determine whether UBE3A is responsible for ubiquitinating these
specific sites on NCDN, we compared the intensity of diGly peptides recorded in WT
and LD UBE3A samples, as UBE3A-dependent ubiquitination events should be
compromised in UBE3A LD-expressing condition. As observed in Figure 41, the
intensity of K54-, K214- and K266-containing diGly peptides were comparable in
both conditions, indicating UBE3A did not modify such lysines. By contrast, we
observed that the ubiquitination of K371 was reduced in the UBE3A LD sample.
However, when checking the intensity of each of the replicas of each of the samples,

we observed that K371 bearing diGly peptide was detected in a single UBE3A LD
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Figure 40. Distribution of the intensity of NCDN, Ubiquitin and the other identified proteins
in the WT and LD samples. A) We performed a GFP stringent pulldown to enrich NCDN-GFP with
its ubiquitinated forms. Samples were analysed through mass spectrometry to determine the
formation of diGly peptides. The total intensities of each protein were added and the percentage
of the total was calculated. Green: NCDN; Blue: Ubiquitin; Yellow: Other. B) Intensities of Ubiquitin
of the three replicas for WT and LD conditions. (n=3; two-tailed p-value; error bars denote SEM).
C) Intensities of NCDN of the three replicas for WT and LD conditions. (n=3; two-tailed p-value;

error bars denote SEM).
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replica, which displayed an intensity of 2.1x108, similar to the intensity recorded in
the distinct UBE3A WT replicas. Thus, we concluded that the reduction observed
was not reliable. NCDN K255 containing diGly peptide was also more intense in the
UBE3A WT condition, suggesting that UBE3A might be involved in its ubiquitination.
Nevertheless, as the diGly peptide was only detected in 2 (2 WT and 0 LD UBE3A)
out of the 6 replicas analysed, we decided not to consider it. Finally, and contrary to
what we could expect, the K47-bearing diGly peptide was less intense in the UBE3A

WT sample. However, the difference was not statistically significant.
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Figure 41. Differences in intensity of ubiquitination of NCDN’s lysines 47, 54, 214, 255, 266
and 371. We performed a GFP stringent pulldown to enrich NCDN-GFP with its ubiquitinated
forms. Samples were analysed through mass spectrometry to determine the formation of diGly
peptides and study the levels of ubiquitination of the lysines in NCDN sequence. (n=3; p-value >
0.05; two-tailed p-value; error bars denote SEM). The tables above the bar graphs show the

intensities determined in the MS analysis.

177



[II Neurochondrin: the possible link between CaMKII and UBE3A

We also analysed the intensity of ubiquitin diGly peptides in order to infer
ubiquitin chains formed on NCDN to try to validate our previous western blot results
suggesting UBE3A forms K48 ubiquitin chains on NCDN (Figure 42). The intensity
of diGly peptides containing K11, K33 and K29 was comparable in WT and LD
UBE3A-expressing conditions, indicating UBE3A is not involved in their
ubiquitination. As before, K6- and K27-containing ubiquitin diGly peptides were
detected in only 2 (2 UBE3A WT samples) out of the 6 samples analysed and K63
only in 1 of the replicas, so we decided not to rely on these data (Figure 42).
However, K48-linked ubiquitin chains were detected in all replicas but in one LD
UBE3A condition. In line with our previous results, K48-bearing diGly peptide was
more intense in WT UBE3A condition, suggesting UBE3A builds K48-type ubiquitin

linkages in NCDN. Nevertheless, the difference measured by label-free quantitative

mass spectrometry was not statistically significant.
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Figure 42. Differences in the intensity of ubiquitin chains. We performed a GFP stringent
pulldown to enrich NCDN-GFP with its ubiquitinated forms. Samples were analysed through mass
spectrometry to determine the formation of diGly peptides and to study the ubiquitin chains that
were being formed on NCDN. (n=3; p-value > 0.05; two-tailed p-value; error bars denote SEM). The

tables above the bar graphs show the intensities determined in the MS analysis.

Effect of UBE3A-dependent NCDN ubiquitination on
CaMKIlla pT286

Our data described above suggest that UBE3A mediates K48-linked
ubiquitination on NCDN. It is well known that NCDN negatively regulates CaMKIla
phosphorylation on T286 (Dateki etal. 2005). Therefore, we decided to test whether
the ubiquitination status of NCDN could somehow affect CaMKIla phosphorylation.
To do so, we coexpressed in HEK 293T cells GFP-CaMKIla, NCDN-GFP, UBE3A and
HA-Ub WT or K48R that cannot form K48-linkages. Once we confirmed that all
constructs were expressed correctly (Figure 434, input), we enriched CaMKIla by
stringent GFP pulldown protocol from cells expressing WT ubiquitin and cells
unable to form K48-type ubiquitin chains in which NCDN is less ubiquitinated. As
shown in Figures 43A and B, total GFP-CaMKIIa levels, as well as pT286 CaMKIla
levels were comparable, suggesting that the ubiquitination status of NCDN does not

affect the phosphorylation status of CaMKIIa.
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Figure 43. Formation of K48-linked chains on NCDN by UBE3A is not sufficient to alter
CaMKiIla phosphorylation on T286. We coexpressed NCDN-GFP, GFP-CaMKIla and UBE3A WT
with either HA-Ub WT or K48R. NCDN-GFP and GFP-CaMKIla were enriched through a GFP
pulldown. A) Western blot of the input and the eluted fraction of the GFP pull down. In the inputs
(left), the formed ubiquitin chains (smear) were detected with mouse anti-HA antibody. UBE3A
expression was detected with anti-UBE3A. In the inputs and the elutions, NCDN-GFP expression
was observed with mouse anti-GFP antibody and GFP-CaMKIla and phosphorylated GFP-CaMKlla
expression was detected with anti-CaMKIla and anti-phospho-CaMKII (T286), respectively.
Apparently, no changes in NCDN-GFP, total GFP-CaMKIla or phosphorylated GFP-CaMKIla
expression were detected in the inputs. B) Bar graph showing phosphoCaMKIla (T286)
normalised to the total levels of CaMKIla. Intensity was normalised to the WT sample (n=3; p-

value > 0.05; two-tailed p-value; error bars denote SEM).

Discussion

NCDN is a cytoplasmic protein that is mainly expressed in neuronal, chondral
and bone tissues (Shinozaki et al. 1997; Ishizuka et al. 1999). Furthermore, it
localises in the dendrite and somatic regions of neurons from the developing

cerebellum, suggesting a role in dendrite outgrowth (Shinozaki et al. 1999). After
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the induction of the LTP, the expression of NCDN is increased in the hippocampus
(Shinozaki et al. 1997). NCDN is involved in hippocampal synaptic plasticity through
the regulation of mGIluR5 signalling at the dendritic spine (Hong Wang et al. 2009),
and it associates with PKA at the postsynaptic density in hippocampal neurons
(Ojha, Pal, and Bhattacharyya 2022). Mutations in NCDN are associated with
neurodevelopmental delay, intellectual disability and epilepsy (Fatima et al. 2021).
Thus, it was not surprising to identify NCDN as a putative substrate of UBE3A

(Lectez et al. under revision).

As NCDN is a negative regulator of CaMKII activating phosphorylation of
T286 through an alternative pathway for PP1 and PP2, which are the main
phosphatases that dephosphorylate CaMKII (Dateki et al. 2005), we suggested that

crosstalk between CaMKII, NCDN and UBE3A might be occurring.

Preliminary results of the interactome of CaMKIIa in rat cortical slices suggest
that NCDN and CaMKIIa might be interacting. Nevertheless, we did not detect Ncdn
as a CaMKII interactor in flies. The reason might be that fly neurochondrin is only
expressed in the reproductive and in the muscle systems (Montana and Littleton
2006; Ajayi et al. 2022) while our GAL4YAS system used to uncover CaMKII binding
proteins was expressed in fly eyes. On the contrary, rat NCDN’s function is similar to
the one carried out by human NCDN and it also localises to the neurons (Y. Xu et al.

2017).

In the experiments performed with HEK 293T cells, we have observed
through coimmunoprecipitation followed by western blot detection that (i) CaMKIIa

interacts with NCDN and UBE3A, (ii) UBE3A interacts with NCDN and (iii) the three
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of them are pulled down together when coexpressed. However, it is uncertain to
determine whether the three proteins interact through independent dimers or form
a trimer. Indeed, according to our results, the amount of UBE3A precipitated is
comparable in the experiments in which UBE3A is coexpressed only with NCDN and
CaMKII but also when the three proteins are expressed together. Moreover,
compared to the input levels, the eluted fraction of UBE3A is quite low, suggesting
that the interaction with the other proteins is fast and transient. In the case of NCDN,
it is what we expected as ligase-substrate interactions occur during a short lapse of
time and these types of interactions are difficult to be detected by traditional PPI

approaches (Qin et al. 2021).

Similarly, we could identify the interaction between CaMKIla and UBE3A as a
transient and weak one, and, therefore, we studied the possibility of CaMKIIa being
a substrate of UBE3A. However, our results showed that this was not the case. To
date, the only E3 ubiquitin ligase that has been associated with CaMKIla is ITCH,
which monoubiquitinates CaMKIla as we have demonstrated in the 1st chapter of

this thesis.

UBE3A-dependent ubiquitination can exert non-degradative functions
including protein endocytosis (Sun et al. 2015; Avagliano Trezza et al. 2021).
Nevertheless, UBE3A tends to form degrading K48-ubiquitin chains on its substrates
(H. C. Kim and Huibregtse 2009). For instance, UBE3A-dependent PTP1
ubiquitination and degradation regulate PP2A phosphatase activity and dendritic
spine morphology (J. Wang et al. 2019) whereas UBE3A ubiquitinates and targets
p18 for proteasomal degradation to regulate mTOR activity and synaptic plasticity

(Sun et al. 2018). In line with that, our MS results suggest that UBE3A forms K48
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ubiquitin chains on NCDN. More interestingly, we revealed by western blot
detection that NCDN levels are reduced as a consequence of UBE3A-dependent K48

ubiquitination.

To date, different studies have revealed seven lysines in the NCDN sequence
(isoform 1) that might be ubiquitinated: K47, K61, K92, K272, K283, K412 and K483.
However, no functional analysis has been performed as all studies are high
throughput analyses focused on ubiquitination site detection (Udeshi et al. 2013; W.
Kim et al. 2011; Akimov et al. 2018; Wagner et al. 2011; Povlsen et al. 2012). We
have detected 6 ubiquitination sites on NCDN. Three of them are already known
(K47, K255 (K272 in isoform 1) and K266 (K283 in isoform 1) but more
interestingly, for the first time we demonstrate that K54, K.214and K371 on NCDN
can be ubiquitinated. Ubiquitination on K47 showed higher intensities in the LD
sample, the opposite effect we swould expect if this site was ubiquitinated by
UBE3A. Quantitative data was not very conclusive as many replicas did not display
an intensity value. However, a tendency was observedin the ubiquitination of K371,
suggesting that this lysine might be ubiquitinated by UBE3A. Therefore, we think
that repeating the experiment with more material would beneficial due to the
number of missing values Additionally, future assays mutating the identified lysines
on NCDN and testing whether ubiquitination by UBE3A is prevented or not should
be performed. This kind of assay has already been performed by our group with

positive results for the protein DDI1 (Elu et al. 2019).

Regarding CaMKIla, we have not detected significant differences in CaMKIla
pT286 levels when we coexpressed NCDN with either HA-Ub K48R or HA-Ub WT.

However, we believe that the employed system was not the most suitable one. In the
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future, experiments should be performed in a more adequate environment, such as
in neuronal cultures and instead of analysing overexpressed CaMKIIa, endogenous
kinase should be analysed. Once determined the exact lysines of NCDN that are
modified with ubiquitin by UBE3A, we could perform mutagenesis experiments on
those lysines to generate NCDN constructs that cannot be ubiquitinated by this E3
ubiquitin ligase. By replacing the endogenous WT version of NCDN with any of these
mutants in hippocampal primary cultures (Beaudoin et al. 2012), we should then be
able to test whether NCDN ubiquitination by UBE3A affects endogenous CaMKIla

phosphorylation and, therefore, CaMKIla activation.
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Abstract

E3 ubiquitin ligases are the ultimate enzymes involved in the transfer of
ubiquitin to substrate proteins, a process that determines the fate of the modified
protein. Numerous diseases are caused by defects in the ubiquitin-proteasome
machinery, including when the activity of a given E3 ligase is hampered. Thus,
inactivation of E3 ligases and the resulting effects at molecular or cellular level have
been the focus of many studies during the last few years. For this purpose, site-
specific mutation of key residues involved in either protein interaction, substrate
recognition or ubiquitin transfer have been reported to successfully inactivate E3
ligases. Nevertheless, it is not always trivial to predict the mutation(s) that will block
the catalytic activity of a ligase. Here we review over 250 site-specific inactivating
mutations that have been carried out in 120 human E3 ubiquitin ligases. We foresee
that the information gathered here will be helpful for the design of future

experimental strategies.

Introduction

Ubiquitin is a 76-amino-acid protein, highly conserved among eukaryotic
organisms (Zuin, Isasa, and Crosas 2014), used -through the ubiquitin-proteasome
system- to regulate many cellular processes. Proteins are covalently modified on
their Lys residues with ubiquitin via amide isopeptide linkages (Laney and
Hochstrasser 1999). Frequently, ubiquitinated proteins are targeted for
degradation through the proteasomal system on an ATP hydrolysis-dependent
manner (Hershko and Ciechanover 1998; Komander and Rape 2012). But protein

ubiquitination participates in a plethora of additional cellular responses including
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regulation of gene expression, cell signalling, cell cycle, DNA repair and apoptosis

(Pickart 2001; Gilberto and Peter 2017).

The ubiquitination reaction requires the coordinated action of three types of
enzymes termed E1, E2 and E3. First, ubiquitin is activated with ATP in a process
carried out by an activating E1 enzyme. Once ubiquitin is activated, it is transferred
to the Cys on the active site of a conjugating E2 enzyme. Finally, ubiquitin is
generally linked to a Lys of the target protein through an isopeptide bond, formed
between the C-terminal carboxyl group of ubiquitin and the e-amino group of the
Lys. Substrate specificity in ubiquitination is attributed to E3 ligases, which are able
to interact with both the ubiquitin-charged E2 and the substrates to be modified
(Metzger et al. 2014). Like most post-translational modifications (PTMs),
ubiquitination is reversible and deubiquitinating enzymes (DUBs) are responsible
for hydrolysing the isopeptide bond between ubiquitin and substrate proteins or

between ubiquitin molecules.

Proteins can be modified by ubiquitin in a wide range of manners. For
instance, in addition to Lys, ubiquitin can be conjugated via a peptide bond to the N-
terminal amino group of the substrates (Ciechanover and Ben-Saadon 2004), as well
as to Cys or Ser/Thr residues by thio- or oxy-ester bonds, respectively (X. Wang,
Herr, and Hansen 2012). Substrates can be mono-ubiquitinated, meaning modified
in a single residue by only one ubiquitin. Multi-mono-ubiquitination occurs when
several residues of a given protein are simultaneously modified with one ubiquitin
each. Poly-ubiquitination occurs when the C-terminus of another ubiquitin
associates to one of the seven Lys (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and

Lys63) or the N-terminal Met (Met1) on the previously added ubiquitin molecule.
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Consequently, a ubiquitin chain is formed on the target protein. Depending on how
ubiquitin residues are bound together, different ubiquitin chain architectures can
be formed: (i) homogenous, if the Lys used throughout the chain is the same (e.g.
Lys48-linked chains), (ii) heterogeneous, if they alternate (e.g. Lys48-Lys11-linked
chains) and (iii) branched, if multiple Lys of the same ubiquitin are modified at the
same time. Altogether, ubiquitin can generate a huge number of different types of
modifications on any given protein (Komander and Rape 2012). Consequently,
ubiquitin-mediated cellular responses will depend not only on the specific residues
of the substrate that are modified but also on the topology of the ubiquitin chains

that are formed.

Eukaryotic cells express hundreds of ubiquitin E3 ligases, which can operate
in different cellular contexts, respond to numerous cellular signals, and process
diverse protein substrates (Ning Zheng and Shabek 2017). Ubiquitin E3 ligases have
been classically classified in two different groups, based on conserved structural
domains and the mechanism by which ubiquitin is transferred: RING (really
interesting new gene)-type E3s and HECT (homologous to the E6AP carboxyl
terminus)-type E3s. Whereas RING E3 ligases directly transfer the ubiquitin from
the E2-ubiquitin complex to the substrate (Figure 1A in the INTRODUCTION),
HECT-type E3s transfer ubiquitin to their own catalytic Cys before linking it to the
substrate (Figure 1B in the INTRODUCTION) (Deshaies and Joazeiro 2009).
Additionally, a third group of E3s, that combines features from both RING- and
HECT-type E3 families, has been established: the RING between RING (RBR) family

(Figure 1C in the INTRODUCTION). RBR and RING E3s share RING binding domains,
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but RBR family members have the ability to generate a thioester intermediate with

ubiquitin, as HECT-type E3s do (Morreale and Walden 2016).

Typically, one E3 ligase is able to modify several substrates, as well as to bind
different E2s. The same protein can, therefore, be ubiquitinated by different E2/E3
combinations, which will lead to different ubiquitination patterns (Metzger et al.
2014). Substrate recognition by HECT-type E3 ligases depends on protein-protein
interactions that are mediated by specific motifs typically located in the N-terminal
of the HECT domain (Scheffner and Kumar 2014). Substrate recognition by RING-
type E3s is achieved either through regions of the E3 other than the RING domain,
in the case of monomeric E3s, or through substrate recognition elements in other
domains, in the case of multi-subunit RING E3s (Metzger et al. 2014). On the other
hand, some studies have reported that substrate proteins have a short linear
sequence, known as degron, important in the regulation of protein degradation
rates. Not all degron are ubiquitin-dependent, but if they are, it appears that they
facilitate the recognition of the substrate protein by the E3 ligase. Degrons can be
modified by kinases and other enzymes. These modifications appear to be crucial
for timing the interaction between E3 and substrate, even though they are not
always necessary and many substrates of HECT-type E3s and CRLs are able to
recognise their substrates in their native forms (Rotin and Kumar 2009; Kamadurai
et al. 2009; Munoz-Escobar et al. 2015; Kanelis, Rotin, and Forman-Kay 2001;
Fukutomi et al. 2014). In order to increase the specificity towards their substrates,
many E3 ligases, such as TRIMs, are able to form homo- and heterodimers and

recognise multiple degrons located in the same substrate (Yang Li et al. 2014).
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Moreover, the effect is summatory and a robust degron may have the same effect as

two weak degrons (Welcker et al. 2013).

The role mediated by E3 ligases is so crucial, that their activity must be tightly
controlled in order to ensure they solely act when necessary. Oligomerisation is one
of the mechanisms that modulate the activity of HECT- and RING-type E3s. For
instance, structural studies suggest that the trimeric arrangement of E6AP activates
the ligase (Ronchi et al. 2014), whereas homodimerisation of the HECT domain of
HUWET1 results in enzyme inactivity (Sander et al. 2017). RING-type E3s can act as
independent enzymes, but most of them tend to form homo- or heterodimers, and
even more complex multi-subunit assemblies in order to mediate ubiquitination
(Metzger et al. 2014). For instance, RING E3 ligases cIAP, RNF4, BIRC7, IDOL, CHIP
and Prp19 homodimerize, and RING domains of both units interact with E2 proteins.
By contrast, RING-type E3 ligases BRCA1-BARD1, Mdm2-MdmX and RING1B-Bmil
form heterodimers. While BRCA1 and Mdm2 have the ability to interact with E2
proteins, their partners do not. But they function as enhancers of ligase activity and
interact with substrates (Brzovic et al. 2001; Cao, Tsukada, and Zhang 2005;

Hengbin Wang et al. 2004; Joukov et al. 2001).

In this review we aim to provide a detailed description of mutations in
ubiquitin E3 ligases, with the outlook that such detailed and structured catalogue of
mutants will provide a pattern to be considered by future researchers when

designing new mutations on their E3 ligases.

193



IV How to inactivate human ubiquitin E3 ligases by mutation

Mutations on RING-type E3 ligases

RING-type E3s are conserved from yeast to human. It is estimated that the
human genome encodes above 600 different RING-type E3s. The RING domain was
first characterised by Freemont and colleagues (Freemont, Hanson, and Trowsdale
1991). The canonical sequence for this 40-60 amino acid long domain is Cys-X2-Cys-
X(9-39)-Cys-X(1-3)-His-X(2-3)-Cys-X2-Cys-X(4-48)-Cys-X2-Cys. The conserved Cys residues
(7 in total) and the single His are disposed in a “cross-brace” topology to coordinate
two zinc ions and stabilise its structure (Figure 2 in the INTRODUCTION) (Deshaies

and Joazeiro 2009).

Initially, the role of RING domains was uncertain, although it was known they
were involved in protein-protein interactions as well as in a wide range of cellular
processes (Deshaies and Joazeiro 2009). However, it was not until 1997 that the
function of RING domains was elucidated by Bailly and coworkers (Bailly et al.
1997). Moreover, in 1999, Joazeiro and coworkers observed that the adapter
protein c-Cbl bears two domains that act coordinately to mediate ubiquitination and
subsequent degradation of substrates. Whereas the SH2 domain of c-Cbl served to
recognize specific substrates, the RING domain was necessary to recruit and activate
an ubiquitin-conjugating E2 (Joazeiro et al. 1999). After that, a similar role was
conferred to a number of RING domain-containing proteins (Lorick et al. 1999). At
present, it is accepted that the RING domain present in all RING E3s associates and
activates E2-Ub conjugates promoting the direct transfer of ubiquitin from the E2 to

the target protein (Figure 1A in the INTRODUCTION).
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The interaction between the RING domain of E3 ligases and E2s was first
elucidated with the crystal structure of Cbl’s RING domain bound to UbcH7 E2 (N
Zheng et al. 2000). The combination of many structural studies allowed the
characterization of the four residues of each protein that play a crucial role in the
interaction, those are shown in green in Figure 2 in the INTRODUCTION. Located
between Cys residues C1 and Cz of the RING domain, a hydrophobic residue (Ile, Leu
or Val) interacts with two Pro residues from the E2. Those two prolines are localised
in one of the two loops that compose the accessible surface of the E2 enzyme.
Additionally, another hydrophobic residue (typically Trp, His or Leu) from the E3
interacts with a Phe and a Pro present on the second loop of the E2. Simultaneously,
this Pro interacts with a Pro of the E3 located between Cys residues Ce and C.
Which,in turn, is also connected to an Ala localised in the same loop of the E2. Finally,
this same Ala of the E2 also interacts with a hydrophobic amino acid (typically Val,
Phe or Ile) located straight after the Pro between Cs and C7 of the E3 (Deshaies and

Joazeiro 2009).

More recently, structural studies focused on RING-type E3:E2-Ub complexes
have revealed the mechanism by which this class of ubiquitin ligases facilitates Ub
transfer to substrate proteins. The E2-Ub complex has a flexible topology with
multiple inter-domain configurations that are altered upon E3 binding (Pruneda et
al. 2011). More precisely, binding of RING E3 reduces the dynamics of E2-Ub and
stabilizes in an ensemble of closed conformations. This modification facilitates the
reactivity for substrate Lys that can perform the corresponding nucleophilic attack
(Soss, Klevit, and Chazin 2013; Pruneda et al. 2012). Studies carried out on dimeric

E3s such as RNF4 or BIRC7 also support the same mechanism by showing that a
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positively charged residue (Arg or Lys) conserved in many RING E3s just straight
after the last zinc-coordinating Cys supports the non-covalent interaction with the

E2-Ub complex (Dou et al. 2012; Plechanovov et al. 2012).

As mentioned above, although some RING-type E3s act independently, they
have the tendency to form homo- and heterodimers. Most RING-type E3s dimerise
through their RING domain, such as RNF4 homodimers or MDM2/MDMX and
BRAC1/BARD1 heterodimers (Liew et al. 2010; Linke et al. 2008; Brzovic et al.
2001). Nevertheless, there are exceptions. For instance, MARCH9 E3 ligase can form
active dimers with RING-less variants (Hoer, Smith, and Lehner 2007), whereas viral
RING-type E3s MIR1 and MIR2 are believed to homodimerise via their
transmembrane domain (Lehner et al. 2005). The tripartite motif (TRIM) family
members in metazoans contain an additional domain termed B-box. Like the above
mentioned RING domain, the B-box domain is a zinc-binding domain. However,
whereas the RING domain is essential for E2 binding and E3 ligase activity, it has
recently been shown that the B-box domain is involved in chain assembly rate
modulation (Lazzari et al. 2019). Similarly, the U-box domain is also related to the
RING domain, but unlike the B-box, it can interact with E2s. Additionally, the U-box
domain has no coordinating zinc, so in order to ensure the stability of the structure,
zinc-binding residues present in RING are replaced by charged and polar residues

(Vander Kooi et al. 2006; Aravind and Koonin 2000).

Inactivating RING-type E3s by mutating the zinc-
coordinating residues

Since the coordination of the two atoms of zinc by the RING domain is crucial

for E3 ligase activity, mutants that abolish such coordination have often been used
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to create ligase-dead versions of those E3 enzymes. Mutation of any of the conserved
Cys and His involved in zinc binding should compromise the E3 activity, and so have
all been, individually or jointly, mutated for that purpose (Figure 44). The mutated
residue of choice to prevent E3 ligase activity appears the first conserved Cys (C1)
of the RING domain, followed by the His (H), Cz2, C3 and C4. To our knowledge, C7 is
the only key residue on the domain that has not been individually mutated for this
purpose. However, it has been shown that simultaneous mutations on either C1+C7
or Ce+C7 abolish the ligase activity of AMFR and some TRIM family members,
respectively (Q. Wang et al. 2014; J. M. Lee et al. 2018; B. Liu et al. 2017). As shown
in Figure 44, many E3 ligases have been inactivated by simultaneous mutations on
C1+C2. Less frequently, additional double mutations and even the triple C1+C2+C3
mutant have been efficiently applied to block the activity of distinct RING-type E3

ligases (Figure 44).

Zinc-coordinating Cys and His residues have been preferentially mutated into
Ala in order to abolish the ubiquitin ligase activity of E3s (Figure 44). Nevertheless,
in some cases, this type of substitution might be insufficient. In a recent research
focused on studying TRIM27-dependent ubiquitination of UPS7, it was shown that a
quadruple TRIM27 mutant, in which four zinc-coordinating residues of the RING
domain (Cys16, Cys19, Cys31 and Cys33) were mutated into alanine, was still
capable of ubiquitinating USP7. By contrast, the TRIM27 mutant, in which four zinc-
binding residues of the B-box (Cys96, Cys99, His107 and Asp110) were
simultaneously substituted by Ala, was incapable of ubiquitinating USP7 (not
illustrated in Figure 44) (Zaman et al. 2013). Moreover, it should be taken into

account that in some cases a dominant negative effect may be acquired by the

197



IV How to inactivate human ubiquitin E3 ligases by mutation

mutated E3 ligase. For example, CBL Cys381Ala mutant is not capable of
ubiquitinating EGFR and thus, the subsequent desensitization of the receptor is
abolished. However, CBL Cys381Ala mutant is still capable of interacting with EGFR,
and consequently, competes with wild type CBL compromising CBL-mediated EGFR
ubiquitination (Waterman et al. 1999). Similarly, the plant E3 ubiquitin ligase SINA1
mutant on the Cz of the RING domain Cys47Ser mutant retains dimerisation and

substrate binding ability but lacks ubiquitination activity (den Herder et al. 2012).

Despite less frequently, in a number of investigations, the Cys involved in zinc
coordination have also been efficiently mutated into serine. Indeed, this type of
point mutation that results on E3 ligase inactivation has served to uncover, among
others, the role of MDM2, RNF8 and SIAH1 RING E3s in cell cycle regulation, DNA
damage response and Wnt signalling, respectively (Tian et al. 2017; Tripathi and
Smith 2017; Ji et al. 2017). Additionally, although there are fewer examples, it has
been demonstrated that mutating the His into Glu, Tyr or Arg is sufficient to
inactivate the ligase activity of MKRN1, RNF2 and RNF43 E3s, respectively (M. S. Lee
et al. 2018; Xia et al. 2014; Loregger et al. 2015) (Figure 44). Similarly, it has been
shown that mutating C2 of RAD18 and CBL into Phe and Arg, respectively, as well as
substituting C3 of CNOT4 into Arg or Cé of RAG1 into Tyr has an inhibitory effect (S.
A. Williams et al. 2011; Javadi et al. 2013; Albert et al. 2002; Jones and Gellert 2003).
It should be noted, however, that in search of structure-function relationships, the
safest approach is to mutate into the smaller Ala residue (Fersht, 1999). Introducing
larger residues might -in addition to preventing the coordination of the zinc- result

in further distortions on the overall fold of the protein.
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Figure 44. Mutations that alter zinc coordinating residues in RING domains. Wheel diagram
showing the reported mutations in RING domains, classified first whether a unique (single) or
various (multiple) residues were mutated simultaneously. Most of the inactive E3 enzymes have
been obtained by mutating key residues into alanine (yellow). Lack of activity can also be acquired

by mutations into serine (orange). Mutations into other residues have been also employed (white).
Zinc coordinating residues of the first (pink) and the second (light pink) RING domains in RBR-

type E3 ubiquitin ligases (pink) have also be modified in order to achieve inactivation. References

to all the mutations shown in this figure are provided in Table S1.

Especially in the absence of the molecular structure, deciding the residues
that should be mutated might not always be straightforward, but appropriate
sequence alignments can provide sufficient insight. For instance, TRIM37 has two

adjacent Cys residues (Cys36 and Cys37) that could correspond to the C4 involved
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in zinc coordination (Supplementary Figure S3). Therefore, to ensure the
inactivation of the enzyme, both Cys were simultaneously mutated (Kallijarvi et al.
2005; W. Wang et al. 2017). Similarly, ZNRF4 has two His nearby (His329 and
His332) and in principle, either of them could be involved in coordinating zinc
atoms. Once again, both His were mutated in order to obtain a catalytically inactive
form of the E3 (Bist et al. 2017). Based on metal-binding studies, MDM2 His457 was
initially confirmed to be the conserved His involved in zinc-coordination (Lai et al.
1998). Nevertheless, His452 is also essential, as demonstrated in auto-
ubiquitination assays of this E3 ligase, with both His residues being necessary (Fang
et al. 2000). As it has been elucidated later on, and can be seen in the sequence
alignment in Figure 45B, His452 actually takes the place of the conserved Cys Cs in

the zinc coordination.

Additionally, there are few E3s bearing RING domains in which a non-
conserved amino acid plays an indirect but pivotal role in the coordination of the
zinc atom, and therefore, can be mutated in order to disrupt the activity of the ligase.
For example, Thr455, which was originally believed to be directly involved in the
zinc-coordination based on an incorrect primary sequence alignment, has been
reported to abolish -upon its mutation- MDM2-dependent p53 ubiquitination

(Boddy, Freemont, and Borden 1994, Fang et al. 2000).
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Siensans

BMI-1 (18-57) = —-=—==——-- CVLCGGYFIDAT---TIIECLH--SF-CKTCIVRYLETS----=-======--- KYCPICD------
BRAP (264-304)  —-———-——-- CTVCLERMDESVNGILTTLCNH--SF-HSQCLORWDDT-—=============-— TCPVCR----—-
BRCAl (24-65)  —-——————- CPICLELIKEPVS----TKCDH--IF-CKFCMLKLL---NQKKG-—-—-—----- PSQCPLCK-—-—---
CBL (381-420)  ----—--- CKICAENDKDVKI----EPCGH--LM-CTSCLTSWQE----— SE--—-—————— GQGCPFCR-—----
CHFR (304-343)  ——————-- CIICQDLLHDCV---SLQPCMH--TF-CAACYSGWMERS-~--========--— SLCPTCR-----—-
CNOT4 (14-57)  —-=—===———- CPLCMEPLEIDDINFFPCTCGY--QI-CRFCWHRIR

KIAP (252-286)  —-——------ CKVCLDRAVSIVF----VPCGH--LV-CAECAPGL-------——-————————-
MARCH8 (72-133) ITPSSQDICRICHCEGDDESPLITPCHCTGSLHFVHQACLQQOWIKSSD-
MARCHY9 (102-162) DSGLRTPQCRICF-QGPEQGELLSPCRCDGSVRCTHQPCLIRWISERG-~-—======-=-=

MDM2 (428-479)  --—------ CVICQGRPKNGCI--VHGKTGH--LMACFTCAKKL------

MDM4 (437-478)  —-————-— CSLCEKRPRDGNI--IHGRTGH--LVTCFHCARRL------—

RAD18 (25-64)  -——---—-- CGICFEYFNIAM---IIPQCSH--NY-CSLCIRKFLSYK---——-=——-——-——-———

RING1 (48-88) W —-——=——=—-- CPICLDMLKNTM---TTKECLH--RF-CSDCIVTALRSGN--===========—

RNF2 (51-91) -===———-- CPICLDMLKNTM---TTKECLH--RF-CADCIITALRSGN-

RNF8 (403-441)  —-—-—--——-- CIICSEYFIEAV----TLNCAH--SF-CSYCINEWMKRK---=-==-——=----—-

TRIM3(22-63)  ——=—=-—-- CSICLDRYQCPKV----LPCLH--TF-CERCLONYIPA---QSL

TRIMS (15-59)  -——=-——-- CPICLELLTQPLS----LDCGH--SF-CQACLTANHKKSMLDKG

TRIM7 (29-82)  —-—————-- CSICLELFREPV----SVECGH--SF-CRACIGRCWERPGAGSVGAATRAPPFPLPCPQCR-~--~-~--

Figure 45. Mutations on RING- and RBR-type E3s that affect E2-interaction, domain
stabilisation, protein dimerization or substrate recognition. A) In RING-type E3 ubiquitin
ligases, inactivation can be obtained by abolishing the interaction with E2 ubiquitin-conjugating
enzymes (green). This has mostly been achieved by mutating the conserved 1st (I/L) and 2nd
(W/1/L) hydrophobic residues indicated in Figure 2. Other mutations affecting the stabilisation of
key residues of the domain, dimerization or the interaction with a specific substrate also abolish

the ligase activity (blue). For the stabilisation affecting muations, those have been classified
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whether a unique (single) or various (multiple) residues were mutated simultaneously.
References to all the mutations shown in this figure are provided in Table S1. B) Alignment of the
RING domains of the RING-type E3 ligases involved in E2-interacting and stabilisation mutations
within the RING domain. Conserved amino acids are highlighted in yellow and orange,
respectively, for the Zn-coordinating Cys and His residues, and in green for the E2-interacting
residues. The conserved positively charged residues at the end of the RING domain are highlighted
in blue. Mutated E2-interacting residues are shown in bold and underlined. Mutated residues
involved in stabilisation are shown in bold. Mutated residues involved in dimerisation are

underlined and shadowed.

Inactivating RING-type E3s by mutating the E2-interacting
residues

It has previously been described that RING E3s interact with E2-Ub
conjugates via their RING domain to directly transfer the ubiquitin to the substrate
protein. Therefore, disrupting the interaction between E2s and RING-type E3s has
also been extensively used to block, or at least reduce ubiquitination mediated by
RING E3s. All three key hydrophobic residues on E3s that mediate the interaction
with E2s (shown in green in Figure 2 in the INTRODUCTION) have been recurrently
mutated to compromise the activity of the E3s. As shown in Figure 45A, numerous
RING-type E3 ligases have been successfully inactivated by mutating the first
Ile/Leu, the second Trp/Leu or the last Ile/Val into Ala. The first Ile/Leu has been
mutated in BRCA1, BMI-1, CHFR, CNOT4, RING1, RNF2, RNF8 and TRIM3 (Alchanati
etal. 2009; Eakin etal. 2007;]J. M. Kim et al. 2010; Albert et al. 2002; Shen et al. 2018;
S. Liu et al. 2018; Mallette et al. 2012; Raheja et al. 2014). The second Trp/Leu was
mutated abolishing ligase activity in BRAP, CBL, MARCH8, MARCH9, MDM2 and
TRIM7 (Hayes et al. 2012; Joazeiro et al. 1999; R. Chen et al. 2012; Fan and Wang

2017; Chakraborty et al. 2015; Tan et al. 2019). Finally, the last Ile/Val was
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successfully mutated in KIAP and TRIM3 (Raheja et al. 2014; Dou et al. 2012). All
these hydrophobic residues are conserved as seen in Figure 45B. However, to our
knowledge, no one has mutated the E2-interacting Pro (located between C6 and C7)
with the aim to disrupt the association with the E2 enzyme. Given the special
properties of this cyclic amino acid, one certainly would have to be weary of
additional conformational effects that could be caused by its mutation to Ala.
Additionally, MDM2 mutant variants [1e440Glu and Ile440Lys prevent MDM2-
dependent ubiquitination of p53, by disrupting the E2-ubiquitin binding by the E3
ligase without altering its RING domain structure (Nomura etal. 2017). This residue,

however is barely conserved across the different RING domains.

However, other types of mutations have also been efficiently applied to
disrupt the interaction between E2s and E3s. For instance, one of the few U-box-type
E3s that has been mutated is CHIP, also known as STUB1, which was inactivated by
substituting His260 into Glu (Seo et al. 2018). Likewise, the U-box domain-
containing UBE4B E3 can be inactivated by mutating a Pro (Pro1140) that is
conserved among U-box-type E3 ligases (Pro269 in CHIP) into Ala (not included in

Figure 45) (X. Li et al. 2018; Okumura et al. 2004).

Inactivating RING-type E3s by disrupting substrate
recognition, E3 dimerization and stability

Many RING-type E3 ligases possess a conserved positively charged residue
(Arg or Lys) in the last position of the RING domain, which appears to be essential
for the ubiquitination activity of the E3. Nevertheless, it is still controversial whether
the effect of mutating this residue results from the impaired interaction with E2s or

from destabilization of the RING domain (Figure 45A, included in stabilization)
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(Dou et al. 2012; Albert et al. 2002; Linke et al. 2008; Raheja et al. 2014; Lienlaf et
al. 2011; Nomura et al. 2017). But this uncertainty is not surprising given that
mutations have been generated to substitute the positively charged residue by a
very diverse choice of residues (mostly to Ala, but also to Glu, Pro and even Arg, as
can be seen in Figure 45A. Future studies should preferably limit the mutations to

substituting the positively charged residue by Ala.

As shown in Figure 45A, a number of other single point mutations, as well as
multiple point mutations, have been generated along different positions of the RING
domain to compromise protein stability and hence, E3 ligase activity, but no clear
pattern can be predicted based on the studies reported so far. For example, the
Tyr37Ala mutant in BRCA1 lack ligase activity and it was incapable of reversing y-
radiation hypersensitivity of BRCA1-null human breast cancer cells (Ruffner et al.
2001), and RAD18 Ile50Ala/Arg51Ala inactive mutant allowed to study the
formation of ternary complexes with RAD6A (Masuda et al. 2012). In the last example,
these two residues were selected because they were highly conserved among

species.

RING-type E3s that act as dimers can also be inactivated by preventing their
dimerization process. For instance, mutation of Val461Glu and Val263Arg within the
RING domain diminishes oligomerisation and activity of XIAP and KIAP ligases,
respectively (Nakatani et al. 2013; Poyurovsky et al. 2007)Dou et al. 2012). In other
cases, however, the dimerization affecting residues are immediately after the RING
domain (Supplementary Figure S4), as revealed for example by the mutation
Phe490GIn in MDM2 (Poyurovsky et al. 2007). Another approach consists of

inactivating oligomeric E3 ligases without affecting the oligomerisation process
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itself. For example, RNF4 Val134Ala and Ile153Ala mutants can form dimers but are
catalytically incapacitated (Liew et al. 2010). Similarly, other E3 ligase mutants have
been shown to act in a dominant negative due to their homo-dimeric nature. For
example, mutant Fbw7 has a dominant-negative effect when dimerising with wild-
type Fbw?7, being able to effectively bind their substrate MYC but not to ubiquitinate

and degrade it (Welcker et al. 2013).

Several experiments have also been carried out mutating specific residues on
E3 ligases that are critical for the interaction with a given substrate, such as
Leul46GIn mutation on the B-box containing E3 MID1 that cannot associate, nor

ubiquitinate its substrate PP2A alpha-2 (Du et al., 2013) (Figure 45).

Mutations on HECT type E3 ligases

The human HECT-type E3 family consists of 28 members that are divided into
three different groups depending on their N-terminal domain architecture: (i) the
NEDD4 subfamily, characterized by containing a C2 domain, a HECT domain and two
to four WW domains, which bind to the PY motifs of target proteins (Kanelis, Rotin,
and Forman-Kay 2001; Staub et al. 1996); (ii) the HERC subfamily, which integrates
at least one regulator chromosome condensation 1 (RCC1)-like domain (RLDs) and
areduced HECT domain; and (iii) the other HECT subfamily, that embrace HECT-type

E3s not fitting the above mentioned two subfamilies.

Despite those differences, all HECT-type E3s share a ~350 amino acid long
HECT domain, that was first described in human papilloma virus E6 associated
protein (E6AP, now more commonly referred to as Ube3a) (Huibregtse et al. 1995).

In the HECT domain, a conserved Cys forms thioester-linked-intermediate

205



IV How to inactivate human ubiquitin E3 ligases by mutation

complexes with ubiquitin (Figure 1B in the INTRODUCTION), before being
transferred and attached to the substrate through a transthiolation reaction. This
conserved Cys is located in the C-terminal region of the HECT domain, while the E2
interacting site is localised in the N-terminal site (Figure 1B in the INTRODUCTION)

(Rotin and Kumar 2009).

Inactivating HECT-type E3s

Given that an active site Cys is required for the formation of a thioester
intermediate with ubiquitin, a typical approach is to mutate this specific Cys to
generate ligase dead versions of HECT E3 ligases. As shown in Figure 54, the
majority of HECT-type E3 ligases have been inactivated by replacing this catalytic
Cys by Ala. This approach has served to unveil, among others, the involvement of
HERC3 in immune response (Hochrainer et al. 2015), the role of NEDD4L in EnaC
receptor recycling (Zhou, Patel, and Snyder 2007), and the contribution of SMURF1

to Axin degradation (Fei et al. 2013).

Less frequently, some ligase dead HECT-type E3s have been generated by
substitution of the active Cys into Ser (Figure 5A). It has been reported that when
the catalytic Cys of an E3 is mutated into Ser, the residue is still capable of binding
through an oxyester bond with ubiquitin, but incapable to transfer it to substrates,
which might result in a dominant-negative effect. In ubiquitination assays
employing this type of ligase dead E3s, a stable monoubiquitinated version of the E3
has been detected (S. Y. Lee et al. 2014). This approach has allowed, among other
things to discover many substrates of distinct HECT-type E3 ligases. For instance, it
was found that wild type version of HACE1 could ubiquitinate and target for

degradation the small GTPase Rac1, but the Cys876Ser ligase dead version of the E3
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ligase could not (Torrino et al. 2011). Similarly, HERC2 C4762S and HUWE C4341S
mutants failed to ubiquitinate their substrates BRCA1 and N-Myc, respectively (Wu
et al. 2010, Zhao et al. 2008). The sequence alignment for all the HECT domain E3
ligases illustrated in Figure 46A is shown around the catalytically active Cys in

Figure 46B.
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NEDD4 (984-1318) -—-KQMAAFKEGFFELIPQDL-EKLP-RAHTCFNRLDLPPYESFEELWDKLQMAIENT-QGFDG
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UBE3A (776-875) —-—-KQFKAFRRGFHMVTNESPLERLP-TSHTCFNVLLLPEYSSKEKLKERLLKAITYA-KGFGM
UBE3C (744-1083) ———-QHCLAFRQGLANVVSLEW-ERLP-TASTCMNLLKLPEFYDETLLRSKLLYAIECA-AGFEL
UBRS5 (2462-2799) ——-QPLHAMRKGLLDVLPKNS-QHLP-TANTCISRLYVPLYSSKQILKQKLLLAIKT------—
WWP1 (588-922) —-—-—-EQTKAFLDGENEVVPLOW-TWLP-RSHTCEFNRLDLPPYKSYEQLKEKLLFAIEET-EGFGQ
WWP2 (536-870) —-—-EQTKAFLDGEFNEVAPLEW-TWLP-RSHTCEFNRLDLPPYKSYEQLREKLLYAIEET-EGFGQ
\/

ARTIH1 (341-378) TKECPKCHVT-IEKDGGCNHMVCRNQNCKAEF---CWVCLGP-
ARTIHZ2 (294-329) TKDCPKCNIC-IEKNGGCNHMQCS--KCKHDF---CWMCLGD-
MIB2 (966-1005) RITCPICIDSHIRLVFQCGHGACAP--CGSALSA-CPICRQPI
PRKN (415-452) TKPCPRCHVP-VEKNGGCMHMKCPQPQCRLEWCWNCG-CE-—--

Figure 46. Inactivation of HECT- and RBR-type E3 ligases by mutation of the catalytic
cysteine. A) Mutation of the catalytic cysteine into an alanine (light pink), a serine (pink) or
another residue (white) abolishes transference of ubiquitin onto the substrate. Inactivation of the

catalytic cysteine of RBR-type E3 ubiquitin ligases is obtained by mutation of the third conserved
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cysteine in the second RING domain. (m) indicates that this mutation has been done in the mice
homologue of the protein. References to all the mutations shown in this figure are provided in
Table S1. B) Alignment of the HECT domains of the HECT-type E3 ligases. The conserved catalytic
cysteine is highlighted in pink. C) Alignment of the RING2 domains of the RBR-type E3 ligases.
Conserved zinc-coordinating cysteines and histidine on the second RING domain of mutated RBR

E3 ligases are highlighted in yellow and the mutated catalytic cysteine is highlighted in pink.

Mutations on RBR type E3 ligases

RBR family members contain two RING domains (RING1 and RING2) that are
separated by an in-between-RING (IBR) zinc-binding domain. Morett and Bork first
characterised these domains in 1999 in a sequence profile-based characterisation
(Morett and Bork 1999). In the process of confirming reports that UbcH7 could also
interact with RBR E3s, they discovered that these RBR E3s act as RING/HECT
hybrids. The first RING domain serves as the E2 binding platform, while the C3 of the
second RING serves as the active site that mediates ubiquitination similarly to HECT
E3 ligases. (Wenzel et al. 2011) (Figure 1C from the INTRODUCTION and Figure

46C).

Inactivating RBR-type E3s
As it happens with HECT-type E3, the mutation of the catalytic Cys in the
RING2 of RBR E3s results in the inactivation of these enzymes. However, unlike in
HECT-type E3 ligases, in RBR E3s the active Cys has been mostly substituted by Ser,
and less by Ala (Figure 46A). For example, C983S substitution in MIB2 resulted in
ligase inactivation, and therefore, prevented ubiquitination of its substrate TANK-
binding kinase 1 (Ye et al., 2014). Similarly, mutating the active Cys of ARIH2 (also

called TRIAD1) into Ser or Ala completely abolished autoubiquitination of the RBR-
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type E3 ligase. Parkison disease has been shown to develop in patients carrying a
Cys431Phe mutation at the catalytic Cys of the RBR-type E3 ligase PRKN; those
mutants have also been characterized in the lab (Sarraf et al. 2013), in addition to

the more common substitutions to Ser and Ala (J. Liu et al. 2017; Xin et al. 2018).

In order to generate ligase dead versions of RBR-type E3s, it has been also
shown to be plausible to preserve the active Cys, and instead mutate the zinc-
coordinating residues in either of the two RING domains, substituting by Ala one or
several of those key residues. For instance, ARIH1 and RNF144A have been
successfully inactivated by modifying their RING1 domain (Figure 44, dark pink).
Whereas mutating C4 of ARIH1 (Cys208) was sufficient to inhibit the ligase, Cys20
and Cys23 (C1+C2) were simultaneously modified to block the catalytic activity of
the RBR-type E3 RNF144A (von Stechow etal. 2015; Ho et al. 2014). On the contrary,
ARIH2Z and RNF31 have been inactivated by mutating their RING2 domain zinc-
coordinating Cys residues (Figure 3, light pink). Cells expressing an ARIH1 mutant
in which the C2 of the RING2Z domain was mutated into Ala (ARIHZ Cys300Ala
mutant) was no longer able to ubiquitinate NLRPL3 (Kawashima et al. 2017).
Similarly, Smit and coworkers generated various ligase dead versions of RNF31 by
mutating simultaneously Cys871and C874 (C1+C2) or Cys890and Cys892 (C4+C5)

of the RING2 domain (Smit et al. 2012).

Conclusions

Mutations on E3 ligases have been associated with a number of diseases,
including neurological disorders (George et al. 2018; Osinalde et al. 2019). Thus,

understanding their mechanism of action, as well as identifying which substrates
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are regulated by each E3 at different developmental stages and cell types, will
provide invaluable knowledge that might contribute to develop therapeutic
strategies to treat these diseases. Generation of E3 ligase dead mutants can certainly
provide crucial information for this purpose. While the use of gene silencing
techniques might be more appropriate to study the phenotypes derived from the
loss of function of E3 ligases, the overexpression of ligase death versions can provide
information about (i) the E2 enzymes they work with, (ii) substrate recognition
domains and (iii) existing mechanism that regulate their activity. Additionally, a
number of biochemical experiments do benefit from comparing the ectopic

expression of wild type active E3 ligases with their mutated inactive variants.

As evident from all the examples shown in this review, there are multiple
options to disrupt the activity of an E3 ligase. As illustrated by the sequence
alignment in Figure 45B, the first necessary step is to identify which are the key
residues in our ligase of interest. This is an essential step to ensure that any
mutagenesis performed has a higher chance of success in disrupting the E3 ligase
activity. For example, not all cysteine residues within a RING domain are involved
in zinc coordination, as can be seen in the sequence alignment of Mdm?2 in Figure
45B. When this cysteine of the Mdm2 RING domain was mutated (Kostic et al. 2006)
the zinc coordination was maintained and no disruption to the ubiquitination

activity of Mdm2 was detectable.

It is worth mentioning that mutating key residues involved either in the
coordination of the zinc ions, dimerisation, proteins stabilization or E2 interaction
might not always be sufficient to abolish the catalytic activity of the E3 ligase. The

resulting mutation replacing the original residue that is substituted can actually be
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determinant in order to have a functional effect. For instance, mutating Phe495 of
XIAP into either Ala, Tyr or Trp completely prevents E3 ligase autoubiquitination.
However, XIAP Phe495Leu mutants appear to be functionally wild-type like
(Nakatani et al. 2013); but might not be that surprising given the partial

hydrophobic similarity between those two amino acids.

As illustrated within this review, so far one of the most frequent approaches
for RING E3 ligases has been to mutate the residues involved in the zinc coordination
(Cys and His residues, shaded in yellow and orange respectively in Figure 45B).
Eliminating the zinc coordination on the RING domain is well known to severely
disrupt the ubiquitination activity of those E3 ligases. However, this breakdown of
the global structural integrity of the RING construct might lead to a severe effect in
the folding and expression levels of the E3 ligase (Chasapis et al. 2010). Therefore,
for certain experiments might be more effective to generate less disruptive point
mutations. For example, the mutation of the hydrophobic residues (Ile, Leu, Trp, Val,
shaded in green in Figure 45B) that mediate the interaction with the E2 conjugating
enzyme, as demonstrated for a number of RING E3 ligases. To our knowledge this
approach has not yet been employed for the E2-interacting RING domain of RBR E3

ligases, but it should indeed be an interesting experiment to perform.

Another approach that has been used as well is to eliminate by mutagenesis
the positive charge of the Lys or Arg residue located straight after the last zinc-
coordinating Cys of the RING domain. It is yet unclear however whether the effect
caused by this mutation is on the interaction with E2s or from destabilization of the

RING domain.
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Mutations on the active Cys of HECT- and RBR-type E3 ligases are very
straight forward, as they generate, without further effect to the structure and
stability of the E3, ligase-dead versions of these enzymes. Those are of good value to
be used as the best control in experiments overexpressing the wild type ligase, for
example, to identify substrates in an unbiased manner. Additionally, if mutating the
active site Cys to Ser, the formation of an oxyester to ubiquitin can be used with the
aim to obtain a dominant-negative version of the ligase; the E3 will recruit the E2
and the substrate but the ubiquitination reaction cannot proceed since the ubiquitin

cannot be released once it has conjugated to the E3.

To investigate the regulation of a specific protein by a particular HECT or RBR
E3, however, it might be more suitable to mutate the ligase at the substrate
recognition motif. Moreover, in some cases, as is the case of some RING E3s, the
inactivation of E3 enzymes is not achieved by a single point mutation, even though
such residue is defined as a key amino acid involved in substrate recognition. Hence,
in such situations, several residues must be simultaneously mutated in order to
disrupt the E3 ligase function. The generation and usage of E3 mutants have
revealed unexpected and important lessons about the complexity of this family of
enzymes. Nevertheless, a complete understanding of E3 ligases still requires more
research, in which the generation of novel E3 ligase mutants will undoubtedly be

decisive.
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Conclusions

From the results obtained in this thesis, the following conclusions may be

drawn:

1. The DUB MYSM1 controls indirectly CaMKIla ubiquitination in HEK 293T cells.
Active MYSM1 triggers CaMKIla ubiquitination and inactive MYSM1 leads to less
ubiquitination of CaMKIIa.

2. The ubiquitin E3 ligase ITCH induces CaMKIla monoubiquitination in HEK 293T
cells.

3. When CaMKlIla is ubiquitinated it is less active, as phosphorylation at T286 is
significantly reduced.

4. The human protein SART3 interacts with CaMKIla more efficiently than with
CaMKIIb, while ARS2 interacts with both CaMKIla and CaMKIIb. The expression
of the redox-active cofactor of the 26 S proteasome TXNL1 induces CaMKIla and
CaMKIIb degradation.

5. The Sumo E3 ligase RanBP2 does not induce CaMKIla sumoylation.

6. CaMKII interacts with NCDN and UBE3A. CaMKIla interaction with UBE3A is
independent from NCDN availability.

7. UBE3A is not the ubiquitin E3 ligase responsible for CaMKIla ubiquitination.

8. UBE3A promotes the formation of K48-ubiquitin chains on NCDN and triggers

NCDN degradation.
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9. Mutating key residues involved either in the coordination of the zinc ions,

dimerisation, proteins stabilization or E2 interaction might not always be

sufficient to abolish the catalytic activity of the E3 ligase.

10. The resulting mutation replacing the original residue that is substituted can

actually be determinant in order to have a functional effect.

11. The most frequent approaches for RING E3 ligases has been to mutate the

residues involved in the zinc coordination.

12. Mutations on the active Cys of HECT- and RBR-type E3 ligases are very straight

forward, as they generate, without further effect to the structure and stability of

the E3, ligase-dead versions of these enzymes.
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BiolD2-CaMKlIla biotinylation
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Figure S1. A linker between BiolD2 and bait allows an efficient biotinylation. Western blot
showing the biotinylation (red) of BiolD2 fused to the bait (Camk2a) through the four linkers.
Histogram in which relative biotinylation of the constructs is reflected Expression does not

significantly change within constructs. Tubulin was analysed as control (red).
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Figure S2. Validation of CTER and NTER interactors. A volcano plot in which the Logz1o of the p-
value is represented against fold change between samples. BiolD2, avidin and endogenously
biotinylated carboxylases (PC: Pyruvate carboxylase, ACACA: Acetyl-CoA Carboxylase) that are
considered as controls are also highlighted. Proteins on the right square are more enriched in the
CTER-CaMKIla expressing sample in respect to the NTER-CaMKIla expressing sample. Only
proteins displaying a LFQ fold change bigger than 4 with a P-value smaller than 0.05 were
considered as candidate binding proteins. Putative N-terminal CaMKII interactors are shown with

ared circle and c-terminal interactors with a red circle.
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TRIM37 (15-55) CFICMEKLRDARL----- CPHCSKLCCFSCIRRWLTE-QRAQCPHCH
ZNRF4 (309-352) CAICLDEYEEGDQLKILPCSHTYH-CK--CIDPWEFSQAPRRSCPVCK

Figure S3. Alignment of the RING domains of the RING-type E3 ligases TRIM37 and ZNRF4.
Conserved Zn-coordinating amino acids are highlighted in yellow (Cys) and orange (His). Mutated

residues are shown in bold and underlined.
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XIAP
MDM2

(481-496)
(475-491)

mRnf4 (177-194)

CPMCYTVIT-FK-QKIFM
CPVCRQPIQMI-VLTYFP
CPTCRKKINHKRYHPIYTI

Figure S4. Alignment of the regions involved in dimerization of the RING-type E3 ligases XIAP,

MDM2 and mouse RNF4. Mutated dimerization-involved residues are underlined and shadowed.

Last 2 zinc-coordinating Cys of the RING domain are highlighted in yellow.
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Table S1. Inactivation of E3 ubiquitin ligases by mutation. The residues of the domain are

specified in brackets. (m) indicates that the mutations were performed in the mouse version of the

protein. E2: an E2-interacting residue was mutated. Zn: one of the seven cysteines or the histidine

that coordinated the atoms of Zn was mutated. Catalytic cysteine: the catalytic cysteine of the HECT

domain was mutated. *specifies that the catalytic cysteine is from the RING2 domain in RBR-type E3

ligases. On each reference it is specified the substrate that was analysed.

Protein Uniprot Type of
Ref Reference Mutation y . Substrate
name mutation
(human)
(W. Liu, Shang, and Li AS93R/F597R 2
AMFR 2014)
QIUKV5 Ring (341-379)
(Q. Wang et al. 2014) €3375/C352S; C3375/C374S (m) Zn STING
(Ying et al. 2009) C341G Zn SOD1; Ataxin-3
ANAPC11 QINYG5 Ring (34-77) (Gmachl et al. 2000) C51A Zn Securin; cyclin B
AREL1 015033 HECT (483-823) (J. Bin Kim et al. 2013) C790A CIEEE SIMIAIG) I
cysteine ARTS
(Ardley et al. 2001) C208A Zn
ARIH1
(Duda et al. 2013) F430A; E431A; ES03A OTHER
Ring 1 (186-236) IBR Catalytic
Q9Y4X5 (256-317) (Kelsall et al. 2013) €357s cysteine*
Ring 2 (344-375)
(Scott et al. 2016) 3575 ot i CRL substrates
cysteine
(von Stechow et al.
2015) C208A Zn 4EHP
(Wenzel et al. 2011) C357S Catallytl::k
cysteine
(Kawashima et al. C300A; H158A Zn NLRP3
ARIH2 ) 2017)
Ring 1(139-188) IBR
095376 (208-270) Ring 2 _
(297-326) (Kelsall et al. 2013) 3105 Catalytic
cysteine
(Marteijn et al. 2007) H158A Zn -Gfl
c-IAP1 (Blankenship et al.
2009) H588A Zn Auto
Q13490 Ring (571-606)
(Conze et al. 2005) H582A (m) Zn c-IAP2
(Li X, Yang Y, and
Ashwell JD. 2002) IRt 2y TR
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http://www.uniprot.org/uniprot/Q9UKV5
http://www.uniprot.org/uniprot/Q9NYG5
http://www.uniprot.org/uniprot/O15033
http://www.uniprot.org/uniprot/Q9Y4X5
http://www.uniprot.org/uniprot/O95376
http://www.uniprot.org/uniprot/Q13490

c-IAP2

Q13489

Ring (557-592)

SUPPLEMENTARY MATERIAL

(L. Xu et al. 2007)

(Conze et al. 2005)

(Giardino Torchia et al.
2015)

(Hayes et al. 2012)

BRAP Q72569 Ring (264-304)

(Eakin et al. 2007)
BRCA1

(Fabbro and
Henderson 2008)
(Morris and Solomon
2004)
P38398 Ring (24-65)

(Nishikawa et al. 2004)

(Stewart et al. 2017)

H570A (m)

H570A (m)

W295A

126A

C61G

C61G

L63A; K65A

C61G

OTHER

Auto

Auto; USP15
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https://www.uniprot.org/uniprot/Q13489
https://www.uniprot.org/uniprot/Q96CA5#family_and_domains
https://www.uniprot.org/uniprot/P35226
https://www.uniprot.org/uniprot/Q7Z569
https://www.uniprot.org/uniprot/P38398

SUPPLEMENTARY MATERIAL

(Duyvestyn et al. 2014)

(Lvetal. 2017)

(Molero et al. 2006)

(Rathinam et al. 2010)

(Thien, Walker, and
Langdon 2001)

(Thien et al. 2005)

(Xiong et al. 2011)

(Ettenberg et al. 2001)

(Oshikawa et al. 2011)

CBLC Q9uLV8 Ring (351-390) (M. Kim et al. 2004)

C379A (m)

WA408A; C381A; AC381; H398A; AH398

C351A

FIt3-ITD

SRC
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https://www.uniprot.org/uniprot/P22681#names_and_taxonomy
https://www.uniprot.org/uniprot/Q13191#sequences
https://www.uniprot.org/uniprot/Q9ULV8#sequences

CNOT4
095628

HECTD2 Q5USR9

HECW2 Q9P2P5

Ring (14-57)

HECT (437-776)

HECT (1237-1572)

(Albert et al. 2002)

(Yong Zhang et al.
2015)

(Hollstein et al. 2015)

(Torrino et al. 2011)

(Sugrue et al. 2019)

(Coon et al. 2015)

(F. Lietal. 2018)

(K. Choi et al. 2016)

HERC2
095714
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HECT (4457-4794)

(Chan et al. 2014)

(Wu et al. 2010)

(Hochrainer et al.

2015)

SUPPLEMENTARY MATERIAL

C17A; C33R

R57A

C561S; C564S

C876S

C876S

C2579G

C744s

C823A

C1540A

C4762S

C4762S

C1018A

OTHER

Zn

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

H2BJ

Racl

PIAS1

TRAF3

AMOTL1

UsP33

BRCA1



https://www.uniprot.org/uniprot/Q96EP1
https://www.uniprot.org/uniprot/O95628
https://www.uniprot.org/uniprot/Q8TDB6
https://www.uniprot.org/uniprot/Q8IYU2
https://www.uniprot.org/uniprot/Q9ULT8
https://www.uniprot.org/uniprot/Q5U5R9
https://www.uniprot.org/uniprot/Q5T447
https://www.uniprot.org/uniprot/Q9P2P5
https://www.uniprot.org/uniprot/O95714
https://www.uniprot.org/uniprot/Q15034

SUPPLEMENTARY MATERIAL

(Shi et al. 2010)

Catalytic
cysteine

(Y.-F. Cheng, Tong, and
Edge 2016)

(Forget et al. 2014)

(Angers, Ramjaun, and
McPherson 2004)

C4341A

C4341A

C4341A

C830A

Catalytic
cysteine

Catalytic
cysteine

(Xiaozhen Wang et al.
2014)

Catalytic
cysteine

Catalytic
cysteine

Atohl

Atohl

BRCA1

Endophilin A1

(Han et al. 2016)

MARCHS

Q9NX47

HUWE1
Q7z6z7 HECT (4038-4374)
Itch
Q96J02 HECT (569-903)
LNX1
Q8TBB1 Ring (41-79)

Ring (6-75)

(Lenihan, Saha, and
Young 2017)

(Wolting et al. 2011)

(Z. Chen et al. 2017)

C830A

C48A (m)

C45A (m)

H43W; C65S; C68S

Catalytic
cysteine

VP40

PPFIAL; KLHL11;
KIF7; ERC2

Numb

FUNDC1

(Y. Y. Park et al. 2010)

MARCH6

MARCH9

060337

Q86YJ5

Ring (1-62)

Ring (102-162)

(Zattas et al. 2016)

(Hor et al. 2009)

MDM2

Q00987

Ring (438-479)

(Bonacci et al. 2017)

H43W

C9A; C395

W143A

C462A

E2

Mfnl

FcyRIlb; SLAM

NUB1
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https://www.uniprot.org/uniprot/Q9UII4
https://www.uniprot.org/uniprot/Q7Z6Z7
https://www.uniprot.org/uniprot/Q96J02
https://www.uniprot.org/uniprot/Q8TBB1
https://www.uniprot.org/uniprot/Q9P0N8
https://www.uniprot.org/uniprot/Q9NX47
https://www.uniprot.org/uniprot/O60337
https://www.uniprot.org/uniprot/Q5T0T0
https://www.uniprot.org/uniprot/Q86YJ5
https://www.uniprot.org/uniprot/Q00987

MEX3C

Qsusa3

Ring (608-648)

(Brenkman et al. 2008)

(Fang et al. 2000)

(Gopinathan et al.
2009)

(Honda and Yasuda
2000)

SUPPLEMENTARY MATERIAL

C464A; C461S; C478S; CA75G; HA52A;
H457S; T455A

C464A

C464A; C441A; CA49A; CA61A; CAT5A;
C478A; C439A

Zn

Zn

Zn

p53

PPARa

Auto; p53

(Inuzuka et al. 2010)

(Kawai, Wiederschain,
and Yuan 2003)

(Linke et al. 2008)

(Nomura et al. 2017)

(Pettersson et al.
2009)

(Tian et al. 2017)

(Wawrzynow et al.
2009)

(Kuniyoshi et al. 2014)

C464A

C464A

L468A; 1440A; PA76A

1440E,K

C464A

C462A

C464A; C478S

C601A (m)

Zn

Zn

Auto; Mdm4

E2

Zn

Zn

Zn

Zn

p53

p53

IRF-2

p53

p53

RIG-I
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https://www.uniprot.org/uniprot/O15151
https://www.uniprot.org/uniprot/Q5U5Q3
https://www.uniprot.org/uniprot/O60291

SUPPLEMENTARY MATERIAL

(Gunn et al. 2013)

C278A; C281A TSG101

MiB2

Q96AX9

Ring 1 (890-925)
Ring 2 (969-1002)

(Ye et al. 2014)

(Hong et al. 2010)

(Zelcer et al. 2009)

(F. Song et al. 2013)

(Xinjiang Wang et al.
2008)

C983S

Catalytic
cysteine*

(J. H. Kim et al. 2005) H307E Zn hTERT
MKRN1
e Rnelastaas) _
(E. Lee et al. 2009) H307E Zn p53; p21
MuL1 Q969V5 Ring (302-340) (Zemirli et al. 2014) C339A Zn

Catalytic
cysteine

Catalytic
cysteine

NEDDAL (Albesa et al. 2011) 8015 Catalytic hERGL
cysteine
(Debonneville et al. Catalytic

2001) C962A cysteine ENaC
Q96PUS HECT (640-974)
(s. Gao et al. 2009) C962A Catalytic Smad2; Smad3

cysteine

(Palmada et al. 2004) o385 Catalytic NaPi lib
cysteine

MAVS

VLDLR; ApoER2
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https://www.uniprot.org/uniprot/Q96AX9
https://www.uniprot.org/uniprot/O15344
https://www.uniprot.org/uniprot/Q9UHC7
https://www.uniprot.org/uniprot/Q969V5
https://www.uniprot.org/uniprot/Q8WY64
https://www.uniprot.org/uniprot/P46934
https://www.uniprot.org/uniprot/Q96PU5

(R. Zhou, Patel, and
Snyder 2007)

PJA2

270

043164

(Faust et al. 2017)

(Ahmed et al. 2011)

(D. Chen et al. 2010)

(Fiesel et al. 2015)

(Johnson et al. 2012)

(Matteucci et al. 2018)

(Moore et al. 2008)

(Sarraf et al. 2013)

(Y. Wang et al. 2018)

(Xin et al. 2018)

(Masuda et al. 2012)

SUPPLEMENTARY MATERIAL

C634A/C671A

GA430D; T415N

C431F

C431S

R275W; W453X

C431F

C431S

I150A/R51A

Catalytic
cysteine

OTHER

Catalytic
cysteine*

Catalytic
cysteine*

Catalytic
cysteine*

Catalytic
cysteine*

E2

Tat

Arrestin-3

Bcl-2

TRAF3



https://www.uniprot.org/uniprot/O43164
https://www.uniprot.org/uniprot/O60260
https://www.uniprot.org/uniprot/Q9NS91

SUPPLEMENTARY MATERIAL

RC3H2

RFWD3

RLIM

Q9HBD1

Q6PCD5

QINVW2

Q8wvD3

Q8N8NO

Ring (14-54)

Ring (287-331)

Ring (570-611)

Ring (18-58)

(Williams et al. 2011)

(Maruyama et al.
2014)

(Feeney et al. 2017)

(R. Gao, Wang, et al.
2016)

(L. Yang et al. 2015)

(W. Kim et al. 2018)

(Ho et al. 2014)

(Menzies et al. 2018)

(Deng et al. 2015)

RNF168

Qslyws

Ring (16-55)

RNF2 Q99496 Ring (51-91)
RNF220 Q6PDX6 Ring (513-553)
RNF26 Q9BY78 Ring (378-425)

(Pinato et al. 2009)

(S. Liu et al. 2018)

(Ma et al. 2014)

(Qin et al. 2014)

C33s

C315A

C596A

C72A/C75A

C18A/C54A

C20A/C23A

C552A/H554A

4C-->S

C165/C195

I53A

W539R

C395S; C399S; C401S

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

FANCD2

ASK1

c-Myc

rpS3

DNA-PKcs

HMGCR

RagA GTPase

H2A; H2AX

Sin3B

STING
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https://www.uniprot.org/uniprot/P15918
https://www.uniprot.org/uniprot/Q9HBD1
https://www.uniprot.org/uniprot/Q8WZ73
https://www.uniprot.org/uniprot/Q6PCD5
https://www.uniprot.org/uniprot/Q06587
https://www.uniprot.org/uniprot/Q9NVW2
https://www.uniprot.org/uniprot/Q96EQ8
https://www.uniprot.org/uniprot/Q9BV68
https://www.uniprot.org/uniprot/Q8WVD3
https://www.uniprot.org/uniprot/P50876
https://www.uniprot.org/uniprot/Q96MT1
https://www.uniprot.org/uniprot/Q9NTX7
https://www.uniprot.org/uniprot/Q8N8N0
https://www.uniprot.org/uniprot/Q9H6Y7
https://www.uniprot.org/uniprot/Q8IYW5
https://www.uniprot.org/uniprot/Q96GF1
https://www.uniprot.org/uniprot/Q99496
https://www.uniprot.org/uniprot/Q6PDX6
https://www.uniprot.org/uniprot/Q96BH1
https://www.uniprot.org/uniprot/Q9BY78

(zhu et al. 2018)

(Wei et al. 2018)

RNF4 P78317 Ring (132-177) (Liew et al. 2010)

RNF43 Q68DV7

Ring (272-313)

(Loregger et al. 2015)

(Mailand et al. 2007)

(Rai et al. 2011)

Q149N8 Ring (1432-1479) (Motegi et al. 2006)

(Jietal. 2017)

(S. Lee et al. 2015)

(Pietschmann et al.
2012)

043255 Ring (80-115) (Habelhah et al. 2002)

(Shan Li et al. 2010)
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SUPPLEMENTARY MATERIAL

C871A/C874A; C890A/C893A;

C885A/H887A; C898A/CI01A; C719A;

C885A/H887A; C885S

C656A (d)

M149A; D141A; V161A; V134E; S155E
R181A; Y193A (m)

H292R

C1432A

C415/C44s (m)

C72s

H99A/C102A (m)

C699A (m)

OTHER

Zn

Zn

Zn

Zn

Catalytic
cysteine

TCF4

H2A; H2AX

PCNA

PML-RARa

TRAF2

TRAF4



https://www.uniprot.org/uniprot/Q96EP0
https://www.uniprot.org/uniprot/Q969K3
https://www.uniprot.org/uniprot/P78317
https://www.uniprot.org/uniprot/O75150
https://www.uniprot.org/uniprot/Q68DV7
https://www.uniprot.org/uniprot/O76064
https://www.uniprot.org/uniprot/Q149N8
https://www.uniprot.org/uniprot/Q8IUQ4
https://www.uniprot.org/uniprot/O43255
https://www.uniprot.org/uniprot/Q9HCE7

SUPPLEMENTARY MATERIAL

STUB1

TRAF6

Q9UNE7

QoY4K3

U-BOX (226-300)

Ring (70-109)

(H.-R. Wang et al.
2006)

(M. Zhao et al. 2003)

(J. X. Du et al. 2011)

(C. Jin et al. 2009)

(Pan et al. 2014)

(M. Fan, Park, and
Nephew 2005)

(X. Li et al. 2018)

(Seo et al. 2018)

(Y. B. Choi and Harhaj
2014)

(Ning et al. 2008)

(Jiazhen Zhang et al.
2017)

C699A (m)

H260Q

H260Q

H260Q

C70A

C70A

C70A

TRIM11

Q96F44

(L. Chen et al. 2018)

C16A/C19A

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

E2

Zn

Zn

Zn

Zn

Smad1; Cbfal

Era

IRS4

SNPH

Mcl-1

IRF7
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https://www.uniprot.org/uniprot/Q9HAU4
https://www.uniprot.org/uniprot/Q9UNE7
https://www.uniprot.org/uniprot/Q86TM6
https://www.uniprot.org/uniprot/Q9Y4K3
https://www.uniprot.org/uniprot/Q96F44

Ring (16-57) B-BOX
(87-128)

TRIM13

TRIM21

TRIM23

060858

P19474

P36406

Ring (10-58) B-BOX
(89-131)

Ring (16-55) B-BOX
(92-123)

Ring (31-76) B-BOX
(122-168)

(B. Huang et al. 2018)

(Wada and Kamitani
2006)

(Arimoto et al. 2010)

TRIM25

TRIM27

Q14258

P14373

Ring (13-54)

Ring (16-57) B-BOX
(96-127)

(J. M. Lee et al. 2018)

TRIM3

TRIM37

075382

094972

Ring (22-63) B-BOX
(110-151)

Ring (15-55) B-BOX
(90-132)

(Hung et al. 2010)

(H. Song et al. 2016)

(Koliopoulos et al.
2016)

(W. Wang et al. 2017)

(Jing Zhang et al. 2012)

(Bhatnagar et al. 2014)

SUPPLEMENTARY MATERIAL

C10A/C13A

C16A

C34A

C505/C53S

C96A/C99A/H107A/D110A

C22A/C25A

124A; 126A; D27A; V61A; R63A

C16A/C36A

C355/C36S; C18R

E2

OTHER

Nur77

p62

NEMO

PPARy

(Zaman et al. 2013)

usp7

GKAP/SAPAP1

p21

NLRP3

PEX5
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https://www.uniprot.org/uniprot/O60858
https://www.uniprot.org/uniprot/Q9Y577
https://www.uniprot.org/uniprot/P19474
https://www.uniprot.org/uniprot/Q8IYM9
https://www.uniprot.org/uniprot/P36406
https://www.uniprot.org/uniprot/Q14258
https://www.uniprot.org/uniprot/Q12899
https://www.uniprot.org/uniprot/P14373
https://www.uniprot.org/uniprot/O75382
https://www.uniprot.org/uniprot/Q9BZY9
https://www.uniprot.org/uniprot/Q13049
https://www.uniprot.org/uniprot/Q9UPN9
https://www.uniprot.org/uniprot/O94972

SUPPLEMENTARY MATERIAL

TRIMA45

TRIM5

TRIM6

Q9H8WS

Q9Co35

Q9C030

Ring (29-98) B-BOX1
(130-176) B-BOX2
(186-227)

Ring (15-59) B-BOX
(90-132)

Ring (15-60) B-BOX
(92-133)

(Jindong Zhang et al.
2017)

(Lienlaf et al. 2011)

(Yudina et al. 2015)

(Bharaj et al. 2017)

(F. Huang et al. 2013)

TRIP12

Q14669

HECT (1885-1992)

TRIM7 Q9c029 Ring (29-82) B-BOX
(125-166) (Chakraborty et al.
2015)
Ring (12-95) B-BOX 1
TRIM71 Q2Q1wW2 (194-241) B-BOX2 (Yin et al. 2016)
(273-314)

(Hanoun et al. 2014)

UBE3A

Q05086

HECT (776-875)

(Chhabra et al. 2017)

R60A

Y63E; I77R

C15A

C29A/C32A

C12A/C15A

C1959A

C843A

OTHER

Catalytic
cysteine

Catalytic
cysteine

Auto

VP35

RACO-1

Lin28B

PTFla

G-CSFR

(Kumar, Talis, and
Howley 1999)

(Mortensen et al.
2015)

(Pal et al. 2013)

C833A

C820A

C843A

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

HHR23

C/EBPa
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https://www.uniprot.org/uniprot/Q9C037
https://www.uniprot.org/uniprot/Q9H8W5
https://www.uniprot.org/uniprot/P0CI25
https://www.uniprot.org/uniprot/Q9C035
https://www.uniprot.org/uniprot/Q86XT4
https://www.uniprot.org/uniprot/Q9C030
https://www.uniprot.org/uniprot/Q9BVG3
https://www.uniprot.org/uniprot/Q6PJ69
https://www.uniprot.org/uniprot/Q9C029
https://www.uniprot.org/uniprot/Q2Q1W2
https://www.uniprot.org/uniprot/Q9BZR9
https://www.uniprot.org/uniprot/Q14669
https://www.uniprot.org/uniprot/Q05086

SUPPLEMENTARY MATERIAL

UBE3C

Q15386

HECT (744-1083)

(Chu et al. 2013)

UBE4B

UBR5

276

095155

095071

Q8NHG8

U-BOX (1227-1300)

HECT (2462-2799)

Ring (199-240)

(Okumura et al. 2004)

(T. Zhang et al. 2014)

(H. Zhang et al. 2016)

(Heidecker et al. 2007)

(L. Lin et al. 2016)

(Z. Zhou, Liu, and Chen
2012)

(Luo et al. 2014)

(H. M. Xu et al. 2004)

(Jinyi Liu et al. 2012)

(Q. Yang 2004)

(Toshiyuki and
Milbrandt 2003)

C1051A

P1140A (m)

C2768A

C890S

8865 (m)

C838A

C838A

C199A

Catalytic
cysteine

OTHER

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

Catalytic
cysteine

FEZ1

ATMIN

Htt (160Q)

SRG3



https://www.uniprot.org/uniprot/Q15386
https://www.uniprot.org/uniprot/O95155
https://www.uniprot.org/uniprot/Q8IWV7
https://www.uniprot.org/uniprot/O95071
https://www.uniprot.org/uniprot/Q96T88
https://www.uniprot.org/uniprot/Q9H0M0
https://www.uniprot.org/uniprot/O00308
https://www.uniprot.org/uniprot/P98170
https://www.uniprot.org/uniprot/Q8ND25
https://www.uniprot.org/uniprot/Q8NHG8
https://www.uniprot.org/uniprot/Q8WWF5
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