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1 Introduction

The capacity of the brain to perform its functions depends on the efficacy of the neuronal
communication. In order to achieve this, electrical activity is converted into a chemical
signal in the form of neurotransmitters. The release of these neurotransmitters from
presynaptic terminals is initiated by calcium influx and occurs via exocytosis of synaptic
vesicles (SV). Due to the complexity and variety of the functions, it is important that the
release can be adapted to specific conditions. The regulation and fine-tuning require a
series of steps and the involvement of diverse proteins (Rizo and Xu, 2015). The
modulation of each step can be achieved through modifications of the involved proteins,
including the addition of phosphate, acetyl and methyl groups, the addition of lipids and
sugars, or even the attachment of polypeptides. Ubiquitin and ubiquitin-like proteins
(UBLSs) represent a well-documented example of these modifications (Enchev et al., 2015,
Ramazi and Zabhiri, 2021, van der Veen and Ploegh, 2012).

1.1 Protein modification

A crucial post-translational modification is the covalent conjugation of ubiquitin and
ubiquitin-like proteins (UBLS), including Nedd8, SUMO, Atgl2, Atg8, FUB1, ISG15, and
FAT10, to target proteins. The conjugation of these modifying agents occurs via an
enzymatic cascade analogous to that of ubiquitin (Bawa-Khalfe and Yeh, 2010, Dye and
Schulman, 2007, Haas et al., 1987, Ichimura et al., 2000, Kamitani et al., 1997, Kerscher
et al., 2006, Liu et al., 1999, Loeb and Haas, 1992, Mizushima et al., 1998, Yeh et al.,
2000). The attachment of different UBLs has been demonstrated to affect the function of
their target protein. Ubiquitin, the most extensively studied modifier, is known to regulate
homeostasis e.g. by labelling proteins to be degraded, but also has other, partly cell-
specific functions (Enchev et al., 2015, Haas and Broadie, 2008, Ravid and Hochstrasser,
2008). In addition, the involvement of SUMO proteins in subcellular protein localisation,
transcription, and the DNA repair process is well documented (Gareau and Lima, 2010).
Members of the Atg8 family and Atgl2 serve as regulators of autophagy (Schreiber and

Peter, 2014), and other UBLs have been shown to play a role in oxidative stress, protein
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translation, and in immune and inflammatory responses (van der Veen and Ploegh, 2012,
Welchman et al., 2005).

The influence of ubiquitin and UBLs on neuronal processes, and in particular on
synapses, is well documented. This influence is observed in a variety of processes,
including neuronal development, neurogenesis, synaptogenesis, axon and dendrite
outgrowth as well as pre- and postsynaptic function and activity-dependent plasticity
(Haas and Broadie, 2008, Kawabe and Brose, 2011, Schwartz and Ciechanover, 2009,
Yi and Ehlers, 2007). Ubiquitin, in particular, has been shown to interact with multiple
targets within the presynapse (Haas and Broadie, 2008, Yi and Ehlers, 2007). Proteins
such as synaptophysin, Stxla, and RIM1a are subject to ubiquitination, yet the function of
this modification remains unclear (Chin et al., 2002, Wheeler et al., 2002, Yao et al., 2007).
Additionally, there is evidence that certain presynaptic proteins undergo SUMOylation.
For instance, it has been demonstrated that neuronal activity enhances the SUMOylation
of presynaptic proteins, resulting in a reduction in KCL-evoked glutamate release
(Feligioni et al., 2009, Wilkinson et al., 2008). Moreover, SUMOylation of Syntaxin-la
(Stxla) promotes its closed conformation and reduces binding to SNAP-25
(synaptosomal-associated protein 25) and VAMP2 (vesicle-associated membrane
protein). In the same study, inhibition of SUMOylation resulted in decreased exocytosis
levels and enhanced endocytosis. This suggests that SUMOylation of Stxla delays

endocytosis to allow for full exocytosis (Craig et al., 2015).

1.2 Neddylation

Another UBL of great importance is Neuronal-precursor-cell-expressed developmentally
downregulated 8 (Nedd8) (Kumar et al., 1992). Nedd8 is an 81 amino acid polypeptide
(Kamitani et al., 1997) of 9 kDa (Kumar et al., 1992) that is conserved across different
animals and tissues (Rabut and Peter, 2008). In adult mice, Nedd8 expression was
detected in several tissues, including heart, brain, lung, liver, muscle, kidney, spleen, and
testicles (Kumar et al., 1993). In addition, Nedd8 exhibits homology in many different
species, including humans, monkeys, rats, mice, dogs, bovine, rabbits, chicken, and even
yeast (Kamitani et al., 1997, Kumar et al., 1992, Kumar et al., 1993). Comparative analysis

with ubiquitin revealed that Nedd8 shares 60 % sequence identity and 80 % amino acid
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homology with ubiquitin (Kamitani et al., 1997), reflected in the high degree of structural
analogy (Whitby et al., 1998).

Similar to ubiquitin, Nedd8 is synthesised as precursor protein that must be cleaved
at the C-terminal end prior to targeting a substrate (Kamitani et al., 1997, Shen et al.,
2005, Wu et al., 2003). This process is facilitated by either sentrin-specific protease 8
(SENPS; also known as NEDP1 or DEN1) or ubiquitin carboxyl terminal hydrolase isozym
L3 (UCH-L3) (Wada et al., 1998). While SENP8 has a high specificity for Nedd8 (Gan-
Erdene et al., 2003, Shen et al., 2005, Wu et al., 2003), UCH-L3 is capable of acting on
both ubiquitin and Nedd8 (Wada et al., 1998). Interestingly, the loss of one enzyme
appears to be compensated for by the other, as the knockout of either SENP8 or UCH-L3
not result in neddylation defects (Chan et al., 2008, Kurihara et al., 2000).

Cleavage of the precursor exposes two conserved C-terminal glycines. Glycine 76
acts as a binding site by forming an isopeptide bond with a lysine residue of the target
(Gong and Yeh, 1999, Kamitani et al., 1997, Rabut and Peter, 2008). The attachment of

NEDD8
precursor

Edno

Precursor NEDD8
processing C-terminal hydrolase

NEDDS8
isopeptidase

D—c UBA3

APPBP1

Substrate

D—c Ubc12

Figure 1. Schematic representation of the neddylation pathway

Nedd8 is synthesised as a precursor protein cleaved at the C-terminus. The E1 activating
enzyme activates Nedd8 in an ATP-dependent manner. After activation, Nedd8 is
transferred to an E2 conjugation enzyme, which then ensures the specific conjugation of
NEDDS8 to its substrates. Neddylation is reversible and catalyzed by isopeptidases.
(Adapted from Rabut and Peter, 2008)
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Nedd8 to the target protein requires a cascade of three enzymes: NEDD8 activating
enzyme E1, NEDDS8 conjugating enzyme E2, and NEDDS8 ligase E3 (E1, E2, and E3; see
Figure 1). Initially, Nedd8 is activated by the E1 activating enzyme. This enzyme consists
of the regulatory subunit of Nedd8-activating enzyme (NAE1; also called APP-BP1) and
the catalytic subunit ubiquitin-activating enzyme 3 (UBA3). The heterodimer chemically
activates Nedd8 in an ATP-dependent manner by attaching AMP to the C-terminus of
Nedd8 (Huang et al., 2004, Liakopoulos et al., 1998, Osaka et al., 1998, Walden et al.,
2003). Interestingly, the E1 subunit UBA3 plays a role in preventing the activation of
ubiquitin instead of Nedd8 because a conserved basic residue in UBA3 and Arg72 in
ubiquitin are not compatible, in contrast to the analogous Ala72 in Nedd8 (Souphron et
al., 2008; Walden et al., 2003). It is noteworthy that Arg72 plays a key role in the interaction
between ubiquitin and the E1 ubiquitin-activating enzyme (UBA1) (Lee and Schindelin,
2008; Whitby et al., 1998). However, in the case of Nedd8 overexpression, Nedd8 can be
activated by UBAL, transferred to most ubiquitin-specific E2 enzymes, and subsequently
attached to ubiquitination substrates or incorporated into polyubiquitin chains (Hjerpe et
al., 2012, Kim et al., 2011, Leidecker et al., 2012, Whitby et al., 1998).

After activation, Nedd8 is transferred to an E2 conjugating enzyme. The best
studied E2 Ubc12 contains a distinct N-terminal prolongation that leads to a specialisation
for Nedd8 (Gong and Yeh, 1999, Huang et al., 2008, Huang et al., 2007, Liakopoulos et
al., 1998, Huang et al., 2004, Huang et al., 2007). However, a second E2, UbeF, was
found that is particularly involved in neddylation of cullin 5 (Cul5) (Huang et al., 2009). E2
delivers the activated Nedd8 to the ligase E3, which then transfers Nedd8 to its target
proteins, thereby forming an isopeptide bond. Only a few E3 ligases have been described
to be involved in the Nedd8 pathway. These E3s are not exclusively involved in the
process of neddylation but also play a role in ubiquitination. One example of E3 enzymes
involved in neddylation is the Really Interesting Novel Gene (RING) finger domains, such
as Ring Box Protein (Rbx)1 and Rbx2 (Huang et al., 2009, Kamura et al., 1999, Oved et
al., 2006). Nedd8 targets can be mono-neddylated on a single or several lysine residues.
In addition, Nedd8 can form chains on their targets by binding to the target and then to
itself. For example, cullins are neddylated at several lysins, with some lysines being

attached to Nedd8 chains (Enchev et al., 2015). Neddylation is a reversible process,
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whereby SENP8, which is involved in the processing of Nedd8, also functions as a Nedd8
deconjugating enzyme (Wu et al., 2003, Yamoah et al., 2005).

1.2.1 Function of neddylation

Post-translational modifications can affect the function of their target in various ways. For
neddylation, three different types of effects are known.

First of all, neddylating a protein can alter the three-dimensional structure and,
through this, the biochemical properties (Rabut and Peter, 2008). A well-known example
of this are the cullins. Cullins are involved in cell cycle control by regulating protein
ubiquitination and consequently proteasomal degradation of proteins (Hori et al., 1999,
Sarikas et al., 2011 ). Attachment of Nedd8 causes catalytic activation of the cullins by
changing their C-terminal conformation (Duda et al., 2008, Rabut and Peter, 2008). This
decreases the distance between ubiquitin and the substrate and increases its
ubiquitination (Duda et al., 2008, Pan et al., 2004, Rabut and Peter, 2008, Saha and
Deshaies, 2008). Moreover, neddylation of the epidermal growth factor receptor (EGFR)
reveals additional lysines that can be used for further modifications (Oved et al., 2006,
Rabut and Peter, 2008).

The second effect of neddylation is the prevention of protein interaction.
Neddylation of cullins, for example, prevents the binding of CAND1 (Cullin-associated and
neddylation-dissociated 1) (Goldenberg et al., 2004, Rabut and Peter, 2008).
Furthermore, neddylation of the von Hippel-Lindau (VHL) tumour suppressor protein has
been shown to inhibit the attachment of the scaffold component Cul2 and the formation of
the ECV (Elongin B/C-CUL2-VHL) complex, thereby allowing the VHL interaction with
fibronectin (Rabut and Peter, 2008, Russell and Ohh, 2008).

A third function of neddylation is the recruitment of new interaction partners. In a
manner analogous to that of mono-ubiquitinated EGFR, neddylated EGFR is capable of
assembling proteins of the endocytic machinery (Oved et al., 2006, Rabut and Peter,
2008). A further illustration of Nedd8-mediated protein interaction can be observed in the
case of the cyclic GMP-AMP synthase (cGAS), where neddylation of cGAS can facilitate
the dimerisation of this protein. Since cGAS has also been linked to poly-Nedd8 chains, it

can be postulated that Nedd8 chains act as a nexus. The dimerisation of cGAS enhances
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its ability to bind DNA, leading to a more pronounced activation of the cGAS-STING
pathway (Li et al., 2021).

The second and third aspects are similarly reflected in the interactions of Nedd8
with ubiquitin and other UBLs. The binding and unbinding of ubiquitin and UBLs appears
to occur in a dynamic manner. This principle applies to the interaction between ubiquitin
and Nedd8, as well as to the interaction between Nedd8 and SUMO. Neddylation of EGFR
also enhances its ubiquitination, which marks the receptor for degradation (Oved et al.,
2006, Rabut and Peter, 2008). Consequently, neddylation can also reduce the stability of
a protein. However, the Nedd8 protein can also enhance the stability of a given protein,
as demonstrated by studies on the mouse double minute 2 (MDM2) protein (Watson et
al., 2010).

1.2.2 Impact of neddylation in neurones

Of all UBLs, Nedd8 is the most highly expressed in neurones and therefore appears to
play an important role at the neuronal level. In addition, the number of neddylated proteins
increases with neuronal development, suggesting that neddylation is also essential for the
correct development and maturation of neurones (Vogl et al., 2015). For example,
neddylation has been demonstrated to be involved in the process of neurite outgrowth.
This appears to be initiated by the neddylation of cofilinl (Cofl), as evidenced by the
regulation of actin dynamics by neddylated Cofl, whereas a non-neddylatable mutant is
unable to form a dendritic tree (Einsfelder, 2022, Vogl et al., 2020). In addition, neddylation
also affects spine formation and maintenance. Inhibition of neddylation reduced dendritic
spine width and spine density (Scudder and Patrick, 2015, Vogl et al., 2015). The scaffold
protein PSD-95, which plays a role in spine maturation, is a known Nedd8 target. A non-
neddylatable PSD-95 mutant was unable to induce spine growth but led to filopodia-like
precursors. This indicates that Nedd8 regulates spine formation and maintenance through
PSD-95 (Vogl et al., 2015).

Electrophysiological recordings revealed that inhibition of neddylation decreased
the frequency and amplitude of mMEPSCs. Changes in amplitude are often attributed to
changes at the post-synaptic level. To date, several studies have confirmed the influence

of Nedd8 on postsynaptic processes. Inhibition of neddylation during induction has been
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shown to reduce long-term potentiation (LTP) (Brockmann et al., 2019). This is consistent
with the observation that neddylation is required for AMPA- and NMDA-mediated
neurotransmission, as inhibition of neddylation reduces postsynaptic receptor density
(Brockmann et al., 2019, Scudder and Patrick, 2015). The Nedd8 target PSD-95 serves
to anchor AMPA receptors (AMPAR) at synapses, thereby influencing postsynaptic
plasticity (Stein et al., 2003). Neddylation of PSD-95 may present a potential mechanism
for regulating plasticity.

Furthermore, neddylation is critical for the stability of Nav1.1. Inhibiting neddylation
reduces sodium current density by decreasing the Nay1.1 protein level (Chen et al., 2021).

As mentioned above, inhibition of neddylation does not only reduce mEPSC
amplitude but also frequency. In contrast to amplitude changes, alterations in mEPSC
frequency are associated with presynaptic processes (Brockmann et al., 2019). Indeed,
Ubc12 and many neddylated proteins were found to be expressed in pre- and postsynaptic
compartments (Vogl et al., 2015). Furthermore, neddylation was shown to influence the
probability of vesicle release (Brockmann et al., 2019). This indicates that neddylation
regulates synaptic transmission, at least in part. However, the mechanism behind this and

the proteins involved remain unknown.

1.2.3 Neddylation in diseases

Nedd8 deregulation has been associated with neurodegenerative disorders (Dil Kuazi et
al.,, 2003, Mori et al.,, 2005, Rabut and Peter, 2008). For example, dysregulated
neddylation is a hallmark of Alzheimer’s disease (AD) (Zhang et al., 2024). Nedd8, which
is normally located in the nucleus of hippocampal pyramidal cells and granule cells, has
been detected in the cytoplasm of AD hippocampal neurones (Chen et al., 2012, Chen et
al., 2003). The peptide amyloid beta (AB) that is involved in AD is produced from the
amyloid precursor protein (APP) (Sehar et al., 2022). Neddylation of cullins activates the
processing of APP (Chen et al., 2012, Walden et al., 2003, Zhang et al., 2024). Therefore,
it is possible that neddylation plays a role in AD by influencing the regulation of AB levels.
In addition, as previously described, amyloid precursor protein (APP)-binding protein
(APP-BP1) forms the Nedd88 activating enzyme E1 together with UBA3 (Chen et al.,
2012, Zhang et al., 2024). Another disease that is linked to neddylation is Parkinson’s
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disease (PD). Brains of PD patients contained neddylated Parkin. Parkin is a RING-in-
between-RING ubiquitin E3 ligase (Trempe et al., 2013) that is involved in mitophagy
(Schreiber and Peter, 2014). Neddylation of Parkin leads to an increased ubiquitination
(Choo et al., 2012, Um et al., 2012), which could promote the degradation of damaged
mitochondria. Given that dysregulation of this process is associated with PD (Deas et al.,
2011), neddylation of Parkin may contribute to this disease. Apart from Parkin, PINK is
dysregulated in PD as well (Choo et al., 2012, Um et al., 2012, Zhang et al., 2024). It has
been shown that gene mutations involving both Parkin and PINK are responsible for the
pathogenesis of PD (Kitada et al., 1998, Zhang et al., 2024). Since previous studies
suggest that PINK is another Nedd8 substitute, neddylation of PINK may play a role in PD
as well (Xiong et al., 2009, Zhang et al., 2024).

In addition to neurodegenerative disorders, neddylation is also associated with
several other diseases, including heart diseases (Li et al., 2020a, Zhang et al., 2024, Zou
et al., 2019), immune-related diseases (Mao et al., 2023, Zhang et al., 2024, Zhang et al.,
2016) and cancer (He et al., 2023, Zhang et al., 2024). This highlights the importance of
neddylation as a post-translational modification and the need to further understand its

mechanism and function.

1.2.4 Identifying neddylation targets

The current state of neddylation research implies its role in many yet uncharacterized
processes, however one of the challenges of further research is the identification of
additional neddylation targets. Rabut and Peter have established several criteria that must
be met to successfully detect neddylation. One such aspect is the covalent binding of
Nedd8 to the substrate (i). This binding must occur under endogenous conditions (ii) and
by specific components of the neddylation machinery (iii). In addition to these minimum
requirements, the following criteria can further characterise potential Nedd8 targets (Rabut
and Peter, 2008):

(iv) Characterisation of the phenotype of a non-neddylatable mutant

(v) Identification of the specific Nedd8 ligase

(vi) Reconstitution of the neddylation reaction

(vii) Determination of the Nedd8 isopeptidase
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In order to facilitate research on neddylation, methods that specifically inhibit individual
steps of the neddylation process are relevant. One widely used method is the treatment
with MLN-4924, which is an adenosine triphosphate analogue that blocks NAE1 (Brownell
et al.,, 2010, Soucy et al.,, 2009). This inhibition is thought to reduce the levels of
neddylated proteins, thus providing a way to ensure the attachment of Nedd8 by the
specific machinery. This is necessary because in some cases Nedd8 can also be used
for ubiquitination processes, as mentioned above. MLN-4924 can therefore be used to

fulfil the third criterion.

The present study examines the neddylation of ten distinct proteins that modulate the
presynapse through experimental means. The experimental results identified RIM1a and
Stxla as the most promising neddylation targets. The following introduction will therefore

focus on these two proteins.

1.3 Synaptic transmission

Neuronal activity is based on the transmission of information from one neurone to another,
which is facilitated by the release of neurotransmitters in response to an action potential.
This release is mediated by the exocytosis of SVs at the active zone (AZ) of the
presynapse. The AZ consists of the plasma membrane and a group of insoluble protein
complexes attached to it, also referred to as the cytomatrix (CAZ) (Mochida, 2020, Sudhof,
2012, Sudhof, 2014, Wu et al., 2023). Significant representatives of CAZ proteins are
RIMs, RIM-BP, ELKSs, Munc-13s, Liprin-as, and Bassoon, which interact with numerous
other presynaptic proteins. The CAZ is involved in SV release, with different proteins
performing different functions. These functions include the recruitment of voltage-gated
calcium channels, docking and priming of SVs, organisation of the release machinery, and
fusion of SVs (Emperador-Melero and Kaeser, 2020, Gramlich and Klyachko, 2019,
Mochida, 2020, Schoch and Gundelfinger, 2006, Sudhof, 2012, Studhof, 2013b, Sudhof
and Rizo, 2011, Ziv and Garner, 2004). Once a protein complex consisting of RIM and
other proteins has positioned the SVs at the AZ (Sudhof, 2013b, Yang et al., 2023), the
vesicles undergo a docking and priming process that makes the vesicles ready for release.
During priming, the vesicle SNARE protein (v-SNARE) VAMP2 assembles with the target
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Figure 2: Model of synaptic vesicle fusion

Muncl18-1 and closed Syntaxin-1 form a complex, directly or after disassembly of the
Syntaxin-1-SNAP-25 complex (states 0 and 1). Munc13-1 opens Syntaxin-1 and, with
Muncl18-1, assembles the SNARE complex (state 2), leading to a primed state ready for
membrane fusion (state 3). (Adapted from Rizo and Xu, 2015)

SNARE protein (t-SNARE) Stxla and two motifs of the t-SNARE SNAP25 to form a tight
SNARE complex. The formation of this four-helix bundle pulls the membranes into close
proximity and mediates synaptic exocytosis (see Figure 2). Thus, SNARE proteins are
critical for most types of intracellular membrane trafficking and vesicle fusion (Poirier et
al., 1998, Rizo and Xu, 2015, Séllner et al., 1993, Sutton et al., 1998). Prior to calcium
influx, synaptotagmin and complexin are also bound to the t-SNARE complex, clamping
the fusion machinery, and preventing membrane fusion. Upon entering the presynapse,
calcium binds to synaptotagmin, thereby activating the calcium sensor. This results in the
replacement of complexin, and releases the SNARE complex from the fusion clamp,
allowing exocytosis of neurotransmitters (Giraudo et al., 2006, Gramlich and Klyachko,
2019, Rizo and Xu, 2015, Schaub et al., 2006, Studhof, 2013b, Yang et al., 2023).
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1.3.1 Syntaxin-la

Syntaxins constitute a protein family that is involved in membrane fusion and exocytosis.
In mammals, 15 different genes have been identified to code for Stx, whereby some of
them exhibit different isoforms. Stx1, for instance, can be spliced into the significantly
homologous isoforms Stxla and 1b. The representatives of the syntaxin family exhibit
differences in their cellular localisation and function (Bennett et al., 1993, Han et al., 2017,
Teng et al., 2001, Yang et al., 2023). Stxla is specific to the nervous system and is
primarily located in the presynaptic plasma membrane, whereas Syntaxin-3 (Stx3) and
Syntaxin-4 (Stx4) can be found in the plasma membrane of various cell types (Teng et al.,
2001). Nevertheless, a more detailed examination of the distribution of Stx3 and Stx4
within neurones indicates that, while Stx3 is predominantly localised at the axonal plasma
membrane, Stx4 is mainly observed at the somatodendritic plasma membrane (Soo Hoo
et al., 2016).

Stxla, as well as Stx3 and Stx4, consist of different domains. A short sequence of
the N-terminal end called N-peptide has an essential role in exocytosis and vesicle priming
(Misura et al., 2000, Zhou et al., 2013). The adjoining regulatory Habc domain comprises
a three-helix bundle and is highly conserved in mammals (Fernandez et al., 1998). This
domain is also involved in exocytosis and exerts an influence on spontaneous release and
vesicle priming (Zhou et al., 2013). The Habc domain is adjacent to a linker, which is
followed by the SNARE (H3) motif (Wang et al., 2017, Yang et al., 2023). The Habc and
SNARE domains are capable of forming a closed, inactive conformation through binding
with one another. The linker region that separates the two domains is essential for the
conformational switch (Dulubova et al., 1999, Yang et al., 2023). As previously outlined,
syntaxin constitutes a component of the SNARE complex. The SNARE motif represents
the binding site, which, in conjunction with VAMP2 and SNAP-25, forms the four-helix
bundle that characterises the SNARE complex (Ogawa et al., 1998, Yang et al., 2001).
The binding of the SNARE domain with the Habc domain during the closed conformation
effectively prevents this (Dulubova et al., 1999, Richmond et al., 2001). In contrast, the
open conformation enables the interaction of Stx with other proteins, thereby also
facilitating SNARE complex formation. Consequently, the transition from the closed to the

open conformation represents a critical step in the process of membrane fusion
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(Richmond et al., 2001). Subsequent to the SNARE domain, the C-terminus comprises
the juxtamembrane and the transmembrane regions, which serve to anchor the protein in
the membrane (Li et al., 2020b, van den Bogaatrt et al., 2011, Wang et al., 2017, Yang et
al., 2023). However, Stx can switch between a mobile and an immobile state at the
membrane. As part of the SNARE complex, Stx is bound to the cell membrane in the
immobile phase. If SNARE complex formation is prevented, the mobility of Stx increases
and the number of proteins clustered is reduced (Ribrault et al., 2011, Schneider et al.,
2015, Yang et al., 2023).

As previously stated, the SNARE complex and the switch from the closed Stxl1a to
the open conformation is essential for SV fusion (see Figure 2). This is supported by the
LE mutation (L165A, E166A) in the linker region of Stxla, which maintains the open
conformation. The prevention of the closed Stxla conformation facilitates SNARE
complex formation (Dulubova et al., 1999), thereby increasing the probability of release
and the speed of release (Gerber et al., 2008). Munc18-1 and Munc13-1 play a major role
in the regulation of the two conformations (Dulubova et al., 1999, Yang et al., 2015).
Munc18-1 binds tightly to the N-peptide, Habc domain, and SNARE motif of the closed
Stxla (Misura et al., 2000). This plays a role in stabilising the inactive form of the protein,
thereby preventing the formation of the SNARE complex and thus the transmission of
neurotransmitters (Burkhardt et al., 2008, Chen et al., 2008, Deak et al., 2009, Ma et al.,
2011). This form of Munc18-1-Stxla binding (mode |) facilitates the transport of Stxla to
the membrane (Smyth, 2010), and prevents Stx1a from interacting with incorrect proteins
or itself to avoid the formation of defective SNARE complexes (Misura et al., 2000, Rizo,
2018, Yang et al., 2023, Zhang and Hughson, 2021). Munc18-1 is also capable of binding
to the SNARE complex (mode Il). It has been demonstrated that Munc18-1 interacts with
both the N-peptide and the SNARE domain of the open Stx. Consequently, the Habc
domain is no longer considered essential (Dulubova et al., 2007, Rizo and Xu, 2015, Rizo
et al., 2006). In order for Muncl18-1 to bind to the SNARE complex, it must first be
detached from the closed Stxla. This process is regulated by tomosyn and Muncl3-1
(Jahn and Fasshauer, 2012, Yang et al., 2023). Munc13-1 is also involved in the opening
of Stx1a, which then facilitates the formation of the SNARE complex (Ma et al., 2011). The
mode Il of Munc18-1 and Stx1a binding is implicated in a number of processes, including
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docking, priming, and membrane fusion (Dulubova et al., 2007, Rizo and Xu, 2015, Rizo
et al., 2006, Smyth et al., 2010, Yang et al., 2023).

In addition to Stx1a, other members of the syntaxin family have also been observed
to interact with Munc and other SNARE proteins. For instance, Stx4 is also known to
participate in SNARE complex formation, which is supported by Munc18c (Rehman et al.,
2017). Thereby, the fusion regulation is analogous to that observed with Munc18-1,
although the inhibitory effect on closed Stx could not be proven (Yu et al., 2013).
Nevertheless, as with Munc18-1, the interaction between Munc18c and Stx4 prevents the
binding of Stx4 to SNAP-23. The open conformation of Stx4 precludes this influence of
Muncl18c and facilitates the binding of SNAP-23, thereby enabling the docking of Glut4
vesicles in adipocytes (D'Andrea-Merrins et al., 2007). In addition to its involvement in
non-neuronal tissues, evidence indicates that Stx4 performs certain functions in neurones.
While Stxla plays a role in transmitter release as part of the SNARE complex, Stx4 is
involved in the incorporation of NMDAR and AMPAR into the cell membrane, thereby also
influencing synaptic plasticity (Bin et al., 2018, Kennedy et al., 2010, Mohanasundaram,
2010). Moreover, evidence from Drosophila melanogaster studies (hereafter Drosophila)
indicates that postsynaptic Stx4 has a negative regulatory effect on the neurotransmitter
release efficiency in Drosophila, as the absence of Stx4 resulted in an enhancement of
neurotransmitter release, despite a reduction in the number of active zones. This could be
attributed to an increase in presynaptic calcium channel CaC levels and a decrease in
calcium cooperativity (Harris et al., 2018).

Apart from Stx4, Stx3 has also been demonstrated to regulate AMPAR exocytosis
as well. However, this impact was confined to long-term potentiation (LTP) and did not
extend to constitutive basal exocytosis (Jurado et al., 2013). Moreover, Stx3 is involved in
the regulation of epithelial sodium channel expression and in axonal growth by facilitating
the selective trafficking of membrane proteins to the axon (Rauh et al., 2020, Soo Hoo et
al., 2016). These findings, along with others, illustrate that the syntaxin family and its
involvement in membrane fusion serve multiple functions and can thus modify

neurotransmission in various ways.
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1.3.2 RIM1a

A crucial scaffold protein of the AZ is RIM1a. RIM1a interacts closely with other CAZ,
thereby serving a variety of functions, including priming and anchoring of SVs, regulation
of SV fusion and neurotransmitter release, and it is essential for both long- and short-term
plasticity (Calakos et al., 2004, Castillo et al., 2002, Kaeser and Sudhof, 2005, Kaeser et
al., 2012, Kintscher et al., 2013, Mittelstaedt et al., 2010, Schoch et al., 2002, Sudhof,
2012, Sudhof, 2013a, b, Tan et al., 2022, Wu et al., 2023, Yang and Calakos, 2011).
RIM1a is a multi-domain protein. From N- to C-terminus, RIM1a comprises an a-helically
wrapped zinc finger domain, a PDZ domain, a C2A domain, a proline-rich conserved
sequence (PRM1-3), and a C2B domain (Kaeser, 2011, Mittelstaedt et al., 2010, Wu et
al., 2023). The second isoform of the RIM1 gene, RIM1B, is homologous to RIM1a but
lacks the N-terminal a-helix (Kaeser et al., 2008). The different domains provide the basis
for the interaction of RIM with a range of proteins.

For instance, the PDZ domain engages with RIM-BO and ELKS, whereas the C2B
domain interacts with Liprina (Wu et al., 2023, Zirner and Schoch, 2009). Another
interaction partner of RIM is Rab3A, which plays a role in the transport of synaptic vesicles
to the CAZ, participates in vesicle fusion and exocytosis, and thus regulates
neurotransmitter release (Dulubova et al., 2005, Hutagalung and Novick, 2011, Schliter
et al., 2004). It is well established that Rab3A interacts with the a-helix and a SGAWFF
motif at the end of the short a helix (Betz et al., 2001, Wang et al., 2001). This interaction
facilitates exocytosis, whereas its absence may impair the probability of vesicle release
(Schoch et al., 2002, Wang et al., 1997).

In addition, the zinc finger domain of RIM1a binds to the C2A domain present in
Munc13-1 (Dulubova et al., 2005, Rizo and Xu, 2015), thereby stabilising Munc (Schoch
et al., 2002). The assembly of the RIM1a-Munc13 heterodimer prevents the formation of
homodimers by Muncl3-1. The homodimerization has been demonstrated to inhibit
vesicle fusion, thus the heterodimerization allows vesicle docking, priming, and,
subsequently, vesicle fusion (Camacho et al., 2017, Deng et al., 2011, Dulubova et al.,
2005, Liu et al., 2019, Rizo, 2018). RIM1a, Rab3A, and Munc13-1 can also form a ternary
complex that is thought to be crucial for SV docking and the regulation of neurotransmitter

release probability, given that the loss of this ternary complex results in a reduction in the
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size of the readily releasable pool (Dulubova et al., 2005, Luo et al., 2017, Rizo, 2018,
Sakane et al., 2006, Sudhof, 2012).

Furthermoe, RIM1a facilitates the recruitment of voltage-gated calcium channels to
the AZ, thereby playing a crucial role in the anchoring of the channels to the release site
(Kaeser et al., 2012, Kaeser et al., 2011, Wu et al., 2019). RIM1a thus ensures that the
spatial distance between the calcium channels and the vesicle, or more precisely the
calcium sensor synaptotagmin, is minimal. This allows for the rapid binding of calcium to
synaptotagmin, thus initiating an immediate reaction to the action potential (Kaeser, 2011,
Sudhof, 2012, Sudhof, 2013b, Yang et al., 2023). The interaction of the C2B domain with
the B-subunit of the calcium channels inhibits their inactivation, which subsequently
enhances the release of neurotransmitters (Kiyonaka et al., 2007).

The listed interactions represent merely a fraction of the functions of RIM1aq, yet
they already demonstrate the extensive diversification and significance of RIM1a's tasks.
It is thus reasonable to hypothesise that the various functions may be regulated by protein

modification.

1.4 Aim of the study

Further research on neddylation in neurons is crucial, as previous studies have
demonstrated that defective neddylation can contribute to the development of
neurodegenerative disorders like Alzheimer’s disease or Parkinson’s disease. It has been
demonstrated that neddylation plays a major role in synapses, for example, by influencing
synapse maturation, LTP formation, and synaptic transmission (Brockmann et al., 2019,
Vogl et al., 2015). Unfortunately, the knowledge about proteins involved, particularly within
the presynapse, remains limited. Nevertheless, the identification of neddylation targets,
and especially their non-neddylatable variants, is of significant interest, as it can facilitate
research on the functions of neddylation. Given that inhibition of neddylation decreases
the probability of transmitter release (Brockmann et al., 2019), it is likely that proteins
involved in synaptic transmission are neddylated.

In this regard, it is my initial aim to analyse a number of presynaptic proteins for
possible neddylation. The investigation will primarily focus on three key criteria: the

covalent binding of Nedd8 to the target protein, the contribution of the neddylation-specific
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machinery, and the identification of neddylated lysines. For this purpose, a pulldown assay
based on avi-tagged Nedd8 will be performed to isolate Nedd8 and all covalently attached
proteins. Initially, the following proteins will be analysed for possible neddylation: Stx1a,
VAMP, SNAP-25b, Rab3A, SV2A, RIM1a, PINK, Parkin, E-Sytl, and E-Syt2.
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2 Material und Methods

2.1 Material

2.1.1 Equipment
Table 1. Equipment used in this study

Equipment Manufacturer
All-In-One Fluorescence Microscope BZ-X810 Keyence
Analytical Balance ABS 220-4N, Kern
BioPhotometer Eppendorf

Casting Module

Mini-PROTEAN® Tetra Cell
Casting Module, Bio-Rad

Centrifuge 5702, Eppendorf

Centrifuge 5415 D, Eppendorf
Centrifuge 5810 R, Eppendorf
Centrifuge 5427R, Eppendorf

CO:z2 Incubator

HERAcell 150, Heraeus

CO:z2 Incubator

HERAcell™ VIOS 160i C,
Heraeus

Electrophoresis Power Supply

Electrophoresis Power Supply,
E835, Consort

Freezing container Mr. Frosty

Thermo Scientific™

Gene Pulser Electroporationssystem with Pulse
Controler

Bio-Rad

Horizontal Shaker

Type 3005, Gesellschaft fur
Labortechnik GmbH

Imaging System

GelDoc Go Gel Imaging
System, Bio-Rad

Imaging System

Odyssey® Fc Imaging System,
LI-COR Biosciences

Incubator MIR-153

SANYO

Incubator Shaker HT Ecotron

Infors

Magnetic Stand

Invitrogen™ DynaMag™-2
Magnet, Fisher Scientific

Magnetic Stirrer

big squid ikaméleon, IKA

Magnetic Stirrer

IKAMAG RCT, IKA

Microscope

Axio Vert.Al, Carl Zeiss

Mini Trans-Blot Module

Mini Trans-Blot Module, Bio-
Rad

Mini-Centrifuge

Color Sprout Plus Mini-
Centrifuge, Biozym
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Non-UV Transilluminator

Dark Reader® Non-UV
Transilluminators DR-88M,
Clare Chemical Research

PCR Thermal Cycler

Biometra T Professional
Trio/Biometra Trio, Analytic
Jena

pH Bench Meter

FiveEasy™ pH bench meter,
FEZ20,
Mettler-Toledo

Pipetboy

macroman, Gilson

Pipetts

Pipetman L, Gilson

Power Supply

Powerpac™ Basic Power
Supply, Bio-Rad

Precision Scale

KB 2400-2N, Kern

Safety Cabinet

Herasafe™ 2030i, Fisher
Scientific

Safety Laboratory Gas Burner

gasprofi 1 micro, WLD-Tec

Short Plates

Mini-PROTEAN® Short Plates,
Bio-Rad

Spacer Plates with
Integrated Spacers

Mini-PROTEAN® Spacer Plates
with 1.0 mm/1.5 mm Integrated
Spacers, Bio-Rad

Spectrophotometers

Nanodrop 2000c
Spectrophotometers,
Thermo Scientific

ThermoMixer

ThermoMixer™ C with
Eppendorf SmartBlock 1.5 mL,
Eppendorf

Tube Rotator

VWR Tube Rotator, Avantor

Ultrasonic Homogenizer

Sonopuls™ Ultrasonic
homogenizer Mini20,
Bandelin Electronic™

Vacuum Aspiration System

Vacusafe™, Integra

Vacuum Pump

ME 1 Vacuum Pump,
Vacuubrand

Vertical Polyacrylamide Gel Electrophoresis

Mini-PROTEAN® Tetra Cell,

Vortex-Genie™ 2,
Vortexer Scientific Industries
Water bath Schittelwasserbad SW20,

Julabo




2.1.2 Consumables

Table 2: Consumables used in this study
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Consumables Manufacturer
0.5 ml Reaction tube Sarstedt
1.5 ml Reaction tube Sarstedt
15 ml Reaction tube Sarstedt
50 ml Reaction tube Sarstedt
24 Well tissue culture plate VWR
Cell culture dishes, Optilux, @ 100 mm Falcon
Cell scraper Sarstedt
Easy-Grip tissue culture dishes @ 6 cm Falcon
Gene pulser electroporation cuvette Bio-Rad
Immobilon-FL Merck

Microscope cover glas 12 mm @

Marienfeld superior

Microscope slides Super Frost Plus

Menzel-Glaser

Nunc™ Cryotube vials

Thermo Scientific

Serological pipettes Sarstedt
2.1.3 Chemicals
Table 3: Chemicals used in this study
Chemical Manufacturer
1,10-Phenanthroline, anhydrous Alfa Aesar
10 % SDS bioPLUS chemicals
20 % SDS Serva
2-Mercaptoethanol Sigma-Aldrich
2-Propanol VWR
30 % Acrylamide/Bis solution 19:1 Bio-Rad
Agarose Standard Carl Roth
Ammonium persulfate Sigma
Aprotinin Sigma-Aldrich
Bacto Tryptone Becton, Dickinson and Company
Bacto Yeast extract Becton, Dickinson and Company
Bovine fibronectin Sigma-Aldrich
Bovine serum albumin, Fraction V Biomol

Carbenicillin

Apollo Scientific

D-Biotin

PanReac AppliChem

Dimethyl sulfoxide Sigma-Aldrich
Disodium phosphate Merck KGaA
Dulbecco's Modified Eagle Medium Gibco™

Ethanol

Sigma
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Ethidium bromid Sigma-Aldrich

Fetal calf serum Sigma-Aldrich
Fluoroshield™ with DAPI Sigma-Aldrich
Glucose PanReac AppliChem
Glycerol Sigma-Aldrich
Glycine Carl Roth
Hydrochloric acid VWR

Leupeptin Panreac AppliChem
Kanamycin sulfate USB Corp
Magnesium chloride Merck KGaA
MLN-4947 Chemgood
Methanol Carl Roth

Minimum Essential Medium Gibco™
N-Ethylmaleimide Merck KGaA

Nucleobond Xtra Midi

Macherey-Nagel

Nucleospin Gel and PCR clean-up

Macherey-Nagel

Nucleospin Plasmid

Macherey-Nagel

Paraformaldehyde

Merck

PBS tablets, pH.7,4

PanReac AppliChem

Penicillin/Streptomycin

Gibco™

Pepstatin A

Panreac AppliChem

Pierce Streptavidin magnetic beads

Thermo Scientific

Potassium chloride Carl Roth
Sodium chloride Merck KGaA
Sodium deoxycholate Carl Roth
Sodium dodecyl sulfate Merck KGaA

Sodium hydroxide

Avantor Performance Materials

TEMED Carl Roth
Titriplex I Merck KGaA
TransIT-293 Minus

Tris Base Promega

Triton X-100 Sigma-Aldrich
Tween-20 Sigma

Urea VWR Life Science

2.1.4 Organisms

Table 4: Organisms used in this study

Organism Strain
Electrocompetent bacteria Escheria coli
Eukaryotic cells HEK293T




2.1.5 Antibodies

Table 5: Antibodies used in this study
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Antibody

Incubation
conditions

Manufacturer

IRDye® 680 RD Streptavidin

4 °C, overnight
1:5000

LI-COR Biosciences

Anti-GFP Antibody (N86/8) 4 °C, overnight NeuroMab
1:1000

Anti-Flag Antibody (F7425) 4 °C, overnight Sigma-Aldrich
1:1000

Anti-Nedd8 Antibody (ab81264) 4 °C, overnight abcam

1:2000

IRDye® 800CW Goat anti-Mouse RT,1h LI-COR Biosciences
IgG Secondary Antibody 1:10000
IRDye® 800CW Goat anti-Rabbit RT,1h LI-COR Biosciences
IgG Secondary Antibody 1:10000

2.1.6 Plasmids

Table 6: Plasmids used in this study
Plasmid Tag Species Reference

AAV CMV humBirA E. coli Lab V. Gieselmann
pcDNA3.1 Avi:TEV:rig:Nedd8 Avi M. musculus Lab V. Stein
pcDNA3.1 Nedd8 Flag Flag M. musculus Lab V. Stein
pEGFP-C1-Stxla EGFP M. musculus Lab S. Schoch
Stx3-pmCitrine mCitrine  R. norvegicus Addgene
Stx4-pmCitrine mCitrine  R. norvegicus Addgene
pLenti-Efla-GFP-RIM1a GFP R. norvegicus Lab S. Schoch
pLenti-Efla-GFP-PRM 1-3 GFP R. norvegicus Lab S. Schoch
pLenti-Efla-GFP-PRM 1-PA GFP R. norvegicus Lab S. Schoch
pLenti-Efla-GFP-PRM 3-B GFP R. norvegicus Lab S. Schoch
pLenti-Efla-GFP-Z-IUR GFP R. norvegicus Lab S. Schoch
pLenti-Efla-GFP-Z-PRM 1-PA GFP R. norvegicus Lab S. Schoch
PEGFP-mCit-Snap25b mCitrine  R. norvegicus Addgene (53259)
D179K A199R
pEGFP-VAMP2 EGFP M. musculus Addgene (42308)
pEGFP-Rab3A EGFP H. sapiens Addgene (49542)
pAAV-SV2-GFP GFP R. norvegicus Lab S. Schoch
pEGFP-parkin WT EGFP H. Sapiens Addgene (45875)
pcDNA-DEST53 PINK1 N-GFP GFP H. sapiens Addgene (13315)
pEGFP-E-Sytl EGFP H. sapiens Addgene (66830)
EGFP-E-Syt2 EGFP H. sapiens Addgene (66831)



https://inventory.labarchives.com/inventory/57KAVG26HCIX

2.1.7 Buffers and media
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Table 7: Buffers and media used in this study

Buffer/medium

Components

Blocking solution

5 % BSA, 10 mM Tris Base, 150 mM NacCl, pH 7.6

HEK293T freezing

medium

MEM (Gibco), 10 % FBS/FCS, 10 % DMSO

HEK293T medium

500 ml DMEM (Gibco), 50 ml FCS (Gibco), 5 ml
Penicillin/Streptomycin (Gibco)

LB medium 10 g/l Tryptone, 5 g/l Yeast extract, 10 g/l NaCl, pH 7
PBS 130 mM NaCl, 10 mM NazHPOa, pH 7.4
RIPA 50 mM NazHPO4, 130 mM NacCl, 0,1 % (w/v) SDS, 1 %

(v/v), Triton X-100, 0.5 % (w/v) Sodium deoxycholate, pH
7.0

Running buffer

25 mM Tris Base, 192 mM Glycine, 0.1 % (w/v) SDS,
pH 8-9

Sample buffer

8.31 % (v/v) Glycerol, 2.77 mM Tris HCI pH 6.8, 4.22 %
(w/v) SDS, 3.3 % (v/v) 2-Mercaptoethanol, 40 uM Biotin

SOB medium 20 g/l Tryptone, 5 g/l Yeast extract, 0.5 g/l NaCl, 2.5 mM
KCI, 10 mM MgClz, pH 7

SOC medium 20 g/l Tryptone, 5 g/l Yeast extract, 0.5 g/l NaCl, 2.5 mM
KCI, 10 mM MgClz, 20 mM Glucose, pH 7

TBS 10 mM Tris Base, 150 mM NacCl, pH 7.6

TBST 10 mM Tris Base, 150 mM NacCl, 0.01 % Tween-20, pH 7.6

TE buffer 1 M Tris-HC, 0,5 M EDTA, pH 8

Transfer buffer

25 mM Tris Base, 192 mM Glycine, 20 % (v/v) Methanol,
pH 8-9

Trypsin

45 ml PBS, 5 ml 0.25 % Trypsin-EDTA (Gibco)

Washing buffer 2

8 M Urea, 10 mM Tris HCI pH 8, 100 mM Na2HPOa4 pH 8,
10 mM 2-Mercaptoethanol, 0.1 % (v/v) Triton X-100

Washing buffer 3

8 M Urea, 2.5 mM Tris HCI pH 6.8, 100 mM NazHPO4 pH
6.2, 10 mM 2-Mercaptoethanol, 0.1 % (v/v) Triton X-100

2.1.8 Software

Table 8: Software used in this study

Software Reference
BZ-X800 Analyser Keyence
BZ-X800 Viewer Keyence
Geneious Dotmatics
ImageStudio Licor Odyssey
Prism 8 GraphPad

PyMOL

Schrédinger
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2.2 Methods

2.2.1 Cell culture

To prevent contamination, all cell culture procedures were conducted under sterile
conditions in a cell culture hood equipped with vertical laminar airflow (Herasafe™ 2030i,
Fisher Scientific). The used material was decontaminated with 70 % (v/v) ethanol. Unless
stated otherwise, all experiments were performed using HEK293T cells. HEK293T cells
are immortalised human embryonic kidney cells that have been transformed with
adenovirus 5, which enables the cells to produce a high level of recombinant protein,
particularly in vectors with a CMV promoter. Additionally, HEK293T cells possess an SV40
T antigen, which allows them to produce further proteins in vectors with a SV40 promoter
(Yuan et al., 2018). Despite their renal origin, HEK cells express markers for a range of
other cell types, including neurones, thereby exhibiting characteristics associated with
early-stage neuronal differentiation (Hu et al., 2018, Stepanenko and Dmitrenko, 2015).
The existing literature on neuronal studies in HEK cells, the robustness and rapid growth
of the cell line, coupled with the fact that the cell line is already well-established in our

laboratory, led to the decision to perform all experiments using the HEK293T cell line.

2211 Cultivation of HEK293T cells

HEK293T cells were cultured in coated 10 cm dishes (Greiner, Bio-One) containing 10 ml
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) with 10 % fetal calf serum (FCS,
Gibco) and 1 % penicillin/streptomycin (Gibco). To mimic a cell’s natural environment, the
cells were grown in an incubator maintaining a 5 % (v/v) carbon dioxide (COgz)/air
atmosphere and a temperature of 37 °C. Cells were monitored daily for density and
passaged two to three times per week when they reached 80-90 % confluency. After
draining the culture medium, the cells were rinsed with 10 ml phosphate buffered saline
(PBS), and 1 ml trypsin was used to detach and separate the cells. To stop trypsinization,
9 ml DMEM with supplements was added to the dish. Cells were resuspended and

replated according to experimental requirements. In general, the splitting ratio was 1:10.
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For transfection, the cells were seeded at a 70 % density onto coated 6 cm dishes. All
cells were utilised between passages 14 and 24.

2.2.1.2 Cryopreservation and Revitalisation of HEK293T cells

For long-term storage, HEK293T cells were kept at -150 °C. Once the cells scheduled for
freezing reached a confluency of 80-90 %, they were washed with 10 ml PBS, trypsinised,
and resuspended in accordance with the previously described protocol. After counting the
cells, they were centrifuged at 150 x g for five minutes. The cell pellet was resuspended
in an appropriate volume of freezing medium to achieve a final cell concentration of 2-4 x
108 cells/ml. Cryotubes were filled with 1 ml of the cell solution and frozen in an
isopropanol-buffered freezing stand at a cooling rate of -1 per minute in a -80 °C freezer.
Upon reaching -80 °C, the cells were transferred to a -150 °C freezer for long-term
storage.

To revitalise the cells, they were thawed rapidly. This was facilitated by placing the
cryotube in a water bath with a temperature of 37 °C. As soon as possible, the cells were
added to 10 ml DMEM and centrifuged at 150 x g for five minutes. Following the drainage
of the old medium, the cells were resuspended in fresh DMEM and plated on a coated 10
cm dish. After 24 hours the cells were passaged to ensure cell growth and to remove any

dead cells, debris, and any residual traces of DMSO.

2.2.1.3 Transfection and cell treatment

Three hours after seeding, cells were transfected with different plasmids. In summary,
500 ul DMEM was combined with up to 7 ug DNA and 20 pl TransIT and then incubated
for 20 minutes at room temperature (RT). If required, biotin was added to the cells at a
final concentration of 40 uM. After the incubation, the transfection mixture was applied to
the cells. 24 hours after transfection, cells were treated with DMSO or MLN-4924 at a final

concentration of 1 uM according to the experimental design.
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2.2.2 Biochemical methods

2.2.2.1 Protein isolation and purification

Two days after transfection, the cells were harvested for subsequent protein isolation and
purification. Initially, the cells were rinsed with warm PBS. Using a cell scraper, the cells
were harvested in 1 ml cold RIPA buffer, which had been supplemented with protease
inhibitors Aprotinin, Pesptatin A, Leupeptin, OPT10 and NEM. The cells were lysed at
37 °C and disrupted by sonication. A volume of 50 pl from the sample was transferred to
another reaction tube and hereafter referred to as 'lysate’. Subsequently, 25-30 ul of
streptavidin magnetic beads were added to the remaining sample. The mixture was
rotated overnight at 4 °C. After incubation, the beads were washed with 1 ml cold RIPA
buffer supplemented with protease inhibitors for five minutes. This was followed by a
single wash step with Wash Buffer 2 and two wash steps with Wash Buffer 3 for 10
minutes each. Following a third wash step with Wash Buffer 3 lasting five minutes, the
samples were transferred to a new reaction tube. The wash buffer was removed, and the
beads were resuspended in 1x sample buffer. The sample obtained in this way is referred
to as a 'pulldown'. Twofold loading buffer was added to the lysate sample in a 1:1 ratio.

Proteins were eluted at 98 °C for 10 minutes.

2.2.2.2 SDS polyacrylamide gel electrophoresis (SDS Page)

Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis was used to separate
the proteins according to their respective molecular weights (Laemmli, 1970). For this
purpose, a polyacrylamide gel was prepared, the percentage of which depends on the
size of the protein of interest (for the exact recipe, please refer to Table 9, Table 10).
Following preparation as described in 2.2.2.1, the samples were centrifuged at 11,000 x g
for two minutes. In the following step, a prestained protein marker and 25 ul of every
sample were applied to the gel. Prior to this, the magnetic beads were isolated with the
magnetic stand in order to prevent their application onto the gel. The voltage was adjusted
to 70 V until all protein samples were aligned at the end of the stacking gel. The proteins
were then separated at 100 V for approximately 90 minutes.
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Table 9: Resolving Gels for Tris-glycine SDS-Polyacrylamide Gel Electrophoresis

Solution components

Component volumes (ml) per gel mold volume

10 ml 15 ml 20 ml 30 ml
6 % H20 5.3 7.9 10.6 15.9
30 % acrylamide mix 2.0 3.0 4.0 6.0
1.5 M Tris (pH 8.8) 2.5 3.8 5.0 7.5
10 % SDS 0.1 0.15 0.2 0.3
5 .
10 % ammonium 01 o015 02 03
TEMED 0.008 0.012 0.016 0.024
8% H0 4.6 6.9 9.3 13.9
30 % acrylamide mix 2.7 4.0 5.3 8.0
1.5 M Tris (pH 8.8) 2.5 3.8 5.0 7.5
10 % SDS 0.1 0.15 0.2 0.3
;grt?u?frgtrzonium 0.1 0.15 0.2 0.3
TEMED 0.006 0.009 0.012 0.018
10% H20 4.0 5.9 7.9 11.9
30 % acrylamide mix 3.3 5.0 6.7 10.0
1.5 M Tris (pH 8.8) 2.5 3.8 5.0 75
10 % SDS 0.1 0.15 0.2 0.3
;gros/"u?gt”;"”i“m 0.1 0.15 0.2 0.3
TEMED 0.004 0.006 0.008 0.012
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12% H20 3.3 4.9 6.6 9.9
30 % acrylamide mix 4.0 6.0 8.0 12.0
1.5 M Tris (pH 8.8) 2.5 3.8 5.0 7.5
10 % SDS 0.1 0.15 0.2 0.3

5 .

10 % ammonium 0.1 0.15 0.2 0.3
persulfate
TEMED 0.004 0.006 0.008 0.012

Table 10: 5 % Stacking Gels for Tris-glycine SDS-Polyacrylamide Gel Electrophoresis

Solution components Component volumes (ml) per gel mold volume
6 ml 8 ml 10 ml

H20 4.1 5.5 6.8

30 % acrylamide mix 1.0 1.3 1.7

1.0 M Tris (pH 6.8) 0.75 1.0 1.25

10 % SDS 0.06 0.08 0.1

10 % ammonium persulfate 0.06 0.08 0.1
TEMED 0.006 0.008 0.01
2.2.2.3 Western Blot

After electrophoresis, the proteins were transferred to a polyvinylidene difluoride (PVDF)
membrane. The protein transfer was conducted using a wet-tank blotting system at 4 °C,
typically overnight at a low voltage of 30 V. In some instances, the voltage was elevated
to 100 V in order to complete the transfer in 90 minutes. Subsequent to electroblotting,
the membranes were permitted to dry for one hour at RT. After activation, the PVDF
membranes were blocked in TBS containing 5 % BSA for two hours with gentle agitation.
This was done to minimise non-specific binding. The membrane was then incubated with

the primary antibody overnight at a temperature of 4 °C. The antibody concentration was
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depended on the recommended dose and personal experience (for details, refer to Table
5). The incubation times varied between 24 and 72 hours. Following the primary antibody
incubation, the membrane was washed in TBST three times for 10 minutes each. This
step served the elimination of unbound antibody residues. Subsequently, the membrane
was incubated with the secondary antibody for one hour at RT. To remove unbound
secondary antibodies, the membrane was again washed three times with TBST for 10
minutes each. Finally, the fluorescence signal was detected using the Odyssey® Fc

Imaging System (LI-COR Biosciences).

2.2.3 Analysis

Each experiment was repeated multiple times and analysed using Image Studio. Statistics
were compiled in Prism. Unless stated otherwise, significance was tested using Student's
t-test. Differences were considered significant if their p-value was less than 0.05. The data
is presented as mean = S.E.M. Comparisons between different proteins were made mainly

within a membrane to minimise the effect of confounding factors.

2.2.4 Imaging

For the imaging approaches, the cells were seeded at a density of 70 % onto glass
coverslips, which had been coated with 1% bovine fibronectin in PBS at 37 °C for 30
minutes. Three hours post-seeding, the cells were transfected with various plasmids. The
transfection mixture, consisting of 50 uyL DMEM, 0.5 pg DNA, and 2 pyL TransIT, was
incubated for 20 minutes at RT, and then applied to the cells. The next day, the cells were
fixed with 4 % PFA in PBS for 15 minutes at RT. Thereafter, the PFA was removed, and
the cells were washed with 1 ml PBS thrice. Subsequently, the coverslips were mounted
on microscope slides using Fluoroshield™ with DAPI. After drying, the cells were analysed

under the fluorescence microscope BZ-X810.
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2.2.5 Molecular methods

2.25.1 Production of electrocompetent bacteria

In this study, Escherichia coli (E. coli) was used for all applications involving bacteria. To
produce more electrocompetent bacteria, E. coli from a frozen stock were plated on an
antibiotic-free LB plate and incubated at 37 °C overnight. After 16 to 20 hours, a single
colony was selected and transferred to 50 ml of Super Optimal Broth (SOB) medium. The
inoculated medium was agitated gently at 37 °C for approximately 12 hours. On the
subsequent day, the fresh SOB medium was re-inoculated with the bacteria at a ratio of
1:100. The culture was incubated at 37 °C under mild shaking until the optical density
(OD600) reached 0.6. Bacteria were then cooled on ice and centrifuged at 4 °C, 2000 xg
for 15 minutes. After discarding the supernatant, the bacteria were resuspended in 10 %
glycerol and subjected to another centrifugation process. The washing procedure was
repeated twice, decreasing the volume of 10 % glycerol every time. In the third
centrifugation step, the relative centrifugal force was reduced to 1750 x g. The supernatant
was discarded. The bacteria were resuspended in 2 ml of 10 % glycerol and the optical
density (OD600) was again measured. The bacterial sample was diluted with 10 %
glycerol to achieve an OD600 of precisely 1. The bacteria were then aliquoted and directly
transferred into liquid nitrogen. To confirm the quality of the electrocompetent bacteria, a
transformation with pucl9 was conducted and spreaded on a LB plate containing
ampicillin. The efficiency of the bacteria was catalysed depending on the number of
clones. It was anticipated that approximately 109 colonies per microgram of DNA would
be observed. The bacteria were subsequently transferred to a -80 °C freezer for long-term

storage.

2.25.2 Transformation of electrocompetent bacteria

For plasmid reproduction, a quantity of up to 100 ng of DNA was introduced into 50 pl of
a suspension containing bacteria. The resulting mixture of bacteria and DNA was
transferred to a cold electroporation cuvette and subjected to electroporation at 25 pF,
400 Q and 2.5 kV. The time constant should be set at 8. After electroporation, 1 ml of SOC
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medium was added to the bacterial suspension. Subsequently, the bacteria were
transferred to a reaction tube and incubated at 37 °C for 30 minutes. If the DNA had been
generated through ligation, the incubation time was extended to 60 minutes. After the
incubation period, 100 pl of the bacterial suspension was plated onto LB agar plates
containing the relevant antibiotics. Following the transformation of the ligated DNA, the
bacterial suspension was centrifuged at 1750 x g for 10 minutes. The majority of the
supernatant was discarded, and the entire suspension was plated onto LB agar plates. All

plates were incubated at 37 °C overnight.

2.2.5.3 Isolation and purification of DNA

After the transformation of electrocompetent bacteria, a single colony was selected and
used to inoculate 100 ml of LB medium containing the appropriate antibiotics. The bacteria
were gently agitated at 37 °C overnight. The DNA isolation and purification was conducted
in accordance with the instructions provided with the used Kit (Nucleospin Plasmid,
Nucleobond Xtra Midi, Macherey-Nagel). The bacterial suspension was centrifuged at
5000 x g and 4 °C for approximately 10 minutes. The supernatant was subsequently
discarded. The bacteria were resuspended in Resuspension buffer containing RNase A
and E. coli were lysed by incubating them in a lysis buffer at RT for five minutes. After this,
lysis was stopped by the addition of neutralisation buffer, and the mixture was transferred
onto the column contained in the kit. While a filter captured cell debris and other unwanted
particles, the DNA was bound by the column. The DNA was subjected to multiple wash
steps and then eluted. For larger quantities, an isopropanol precipitation and an additional
ethanol washing step were employed. The DNA was then dissolved again in Tris/EDTA
buffer. The DNA concentration was quantified using a nanodrop. For long-term storage,
the DNA samples were transferred to a -80 °C freezer, while commonly used plasmids

were stored at 4 °C.

2.25.4 Restriction digestion

In order to assess the functionality of the plasmids and for cloning purposes, plasmids

were specifically cut with restriction enzymes. The enzymes selected for use were
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optimally adapted to these respective uses. The precise composition of a restriction digest

was as followes:

- 0.5-2 ug DNA
- 1 pl restriction enzyme
- 2 pl ThermoFisher FastDigest Green Buffer 10x

- water was added up to 20 pl

The restriction digest was incubated at a temperature of 37 °C for one hour. Although the
incubation time and the amount of restriction enzyme used could vary depending on the
enzyme used. If the restriction digestion was part of a cloning procedure including a PCR,
the quantity of the restriction digest components was adjusted so that the entire PCR

preparation was digested.

2.255 Polymerase chain reaction

Polymerase chain reaction (PCR) was used to amplify DNA fragments and to introduce
mutations into the sequence of a plasmid. For instance, specific primers were utilised to
generate restriction sites in order to transfer particular sequences into another plasmid or
to incorporate point mutations. A typical PCR approach comprised the following

components:

- 1 pg-10 ng DNA

- 1L 10 mM dNTPs

- 1 pl forward primer

- 1yl reverse primer

- 0.5 pL Phusion DNA Polymerase
- 10 pl 5X Phusion HF Buffer

- water was added up to 50 pl

A standard PCR approach typically involved a series of essential steps. This included

temperature and length-based adjustments dependent on the utilised DNA fragment and
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primers employed. Firstly, the DNA was denatured at 96 °C for 30 seconds. In the
subsequent step, the primers annealed to the DNA. The temperature of this step was
therefore dependent on the melting temperature of the used primers. The annealing
process was limited to a maximum of 15 seconds. During the elongation phase, the
polymerase incorporated nucleoside triphosphates into the DNA fragment. The
temperature was adjusted to the optimum working temperature of the polymerase, which
is 72 °C. The time required for this step was contingent upon the length of the amplified
fragment and the polymerase's working speed, respectively. After elongation, the DNA
was denatured once again, this time at 96 °C for a limited duration of 15 seconds. The
previously mentioned steps were then repeated several times in a looped manner until a
specified number of loops was reached, which typically ranged from 24 to 40 repetitions.

Finally, the DNA fragments were stored at 4 °C until further processing.

2.2.5.6 Agarose gel electrophoresis

Agarose gel electrophoresis was performed for the analysis of DNA fragments according
to their respective molecular size. The gel was prepared by dissolving 1 % agarose in TAE
buffer and adding 0.005 % (v/v) ethidium bromide. The samples were combined with DNA-
loading buffer and applied to the gel. Following digestion in FastDigest Green Buffer, the
samples were loaded onto the gel without the addition of further loading buffer. An
appropriate marker was employed to identify the sizes of DNA fragments. All agarose gels
were run at 90-100 V for 30-60 min, and the results were visualised using a GelDoc Go

Imaging System.

2.25.7 DNA purification after gel electrophoresis

The DNA sample was purified using the NucleoSpin Gel and PCR Clean-up Kit. For this,
the DNA fragments of the desired size were excised from the agarose gel and incubated
in 200 pl NTI buffer per 100 mg gel at 50 °C for 10 minutes until the gel was dissolved.
Subsequently, the samples were transferred to NucleoSpin Gel and PCR Clean-up
columns and centrifuged at 11,000 x g for 30 seconds, thereby facilitating the binding of
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the DNA to the silica membrane. The column was washed twice with ethanolic NT3 buffer
and centrifuged at 11,000 x g for 30 seconds. In order to dry the silica membrane, the
columns were centrifuged another time at 11,000 x g for one minute. Following this, the
DNA was eluted by incubating the membrane in 15-30 pl NE buffer for one minute and

subsequent centrifugation at 11,000 x g for one minute.

2.2.5.8 Ligation

In the process of cloning, DNA digestion and purification were typically followed by ligation
of the DNA fragment, which includes the gene of interest and a vector. The ligation

reaction mixture was prepared as shown below:

- 20-100 ng vector DNA

- 1-5:1insert

- 2 ul 10x ligase buffer

- 1pl T4 ligase

- water was added up to 20 pl

For each ligation sample, one control was prepared containing only vector DNA. The
volume used for the insert was replaced with water. All ligation samples and controls were
incubated overnight at 4 °C. After transformation as previously described (see 2.2.5.2),
the control and sample plates were compared. In the case of successful ligation, only the
sample plate contained colonies; no colonies were anticipated on the control plates. The
DNA was isolated and purified as explained in 2.2.5.3. To verify successful ligation, a
restriction digestion (see 2.2.5.4) was performed, and the sample was sequenced using

a Mix2Seq Sanger Kit.

2.25.9 Inserting point mutations

To introduce a point mutation, three PCRs were performed using four different primers. In
addition to the forward (1) and reverse primers (2), which bind to the N- and C-termini of
the gene of interest, a forward (3) and reverse primer (4) were designed that bind directly
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Figure 3: Schematic overview of the three PCRs for inserting a point mutation.

The first PCR uses a forward primer at the N-terminus and a reverse primer over the
codon of the amino acid to be modified.The second PCR uses a reverse primer at the C-
terminus and a forward primer with the desired mutation. Primers 3 and 4 are modified to
encode the desired amino acid. A third PCR is performed using the first two PCR products
and primers 1 and 2. Created with BioRender.com

over the codon of the amino acid to be altered. The sequence of the primers was modified
to encode the desired amino acid rather than the original one. It is important to note that
the modified base should be positioned centrally within the primers (see Figure 3). The
first PCR was conducted with the forward primer binding to the N-terminus of the gene of
interest (1) and the reverse primer incorporating the desired mutation (4), and the second
PCR was run with the reverse primer binding to the C-terminus of the gene of interest (2)
and the forward primer including the mutation (3). Information on how to perform the PCR
can be found in section 2.2.5.5. After purification of the DNA (see 2.2.5.7), a third PCR
was performed with the products of the first two PCRs and the primers 1 and 2. The
resulting DNA fragments, which should now be the length of the gene of interest and
contain the mutation, were then digested (see 2.2.5.4) and ligated (2.2.5.8) back into a

vector.
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3 Results

Neddylation plays a role in the post-translational modification of synaptic proteins.
Immunoblotting of synaptosomes have demonstrated that both pre- and postsynaptic
proteins undergo neddylation (Vogl et al., 2015). In addition, electrophysiological
recordings and biochemical experiments support this hypothesis. It seems probable that
proteins involved in synaptic transmission are neddylated, given that inhibiting neddylation
has been shown to decrease the probability of transmitter release (Brockmann et al.,
2019). However, specific proteins have not been identified yet. The aim of this study was
therefore, the detection of further presynaptic proteins that are modified through
neddylation. To achieve this, | performed a biotin-streptavidin-pulldown with an Avi-tagged
Nedd8.

3.1 Neddylation of presynaptic proteins

Avi-tagged Nedd8 and the mCitrine-tagged candidate protein were co-expressed in
HEK293T cells. The presynaptic proteins that were investigated for potential neddylation
are listed in Table 11. After transfection, the Avi-tag was biotinylated by co-expressed
biotin ligase BirA. Following the harvesting of the cells, | isolated the neddylated proteins
through magnetic streptavidin beads that bind to the biotinylated Avi-tag of Nedd8. Finally,
the neddylated proteins were detected by Western blotting against the GFP-tag. Isolation
of the neddylation candidates indicates that Nedd8 is bound to all of the tested proteins.
Nedd8 is a protein with structural and functional similarities to ubiquitin. Given this
similarity, it is plausible that overexpressed Nedd8 is attached to a protein through the
mechanism of ubiquitination rather than neddylation (Hjerpe et al., 2012, Kim et al., 2011,
Leidecker et al., 2012, Whitby et al., 1998; for further details please refer to chapter 1.2).
To eliminate the possibility of an attachment through atypical neddylation, a second dish
of transfected HEK293T cells was treated with MLN-4924, a neddylation-specific NAE1
inhibitor. Upon closer examination of the results, it became evident that MLN-4924

treatment did not result in a decreased signal intensity across all samples.
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Table 11: Neddylation target candidates

Parkin

PINK1

Rab3A

RIM1a

SNAP-25b

SV2A

Stxla

E-Sytl

E-Syt2

VAMP2

3.2 Neddylation of syntaxin

Due to the established impact of neddylation on synaptic transmission, the first protein of
interest was Stxla. Stxla is a component of the SNARE complex, which is of high
importance for vesicle fusion during synaptic transmission (Rizo and Xu, 2015). Although
Stxla plays a role in exocytosis and vesicular transport mechanisms in other cell types as
well, Nothern blot analysis revealed that Stx1a transcripts were exclusively expressed in
brain tissue and not in the kidney (Bennett et al., 1993, Lam et al., 2005, Yang et al.,
2023). It was therefore assumed that the expression of Stxla in HEK293T cells that derive
from kidney cells may not be optimal, despite some studies confirming the efficacy of
HEK293T cells for neuronal studies. Given the additional advantages of HEK293T cells
and the fact that they have already been established in our laboratory, the decision to use
HEK293T cells was maintained (see 2.2.1). In addition to Stxla, the syntaxin protein

family includes other proteins that are highly similar in structure and function. In the kidney,
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for instance, Stx4 is known to be involved in vesicle transport (Mandon et al., 1996, Mistry
et al.,, 2009). Given that Stxla and Stx4 are homologous, it was decided that the
expression of Stx4 in HEK293T cells would be an appropriate starting point for the first

experiments.

3.2.1 Neddylation of Stx4

As previously described, HEK239T cells were transfected with Stx4-mCitrine, Avi-Nedd8

and the biotin ligase BirA. Avi-Nedd8 and any associated proteins were isolated using
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Figure 4: Neddylation of Stx4

(A) The representative western blot demonstrates that Stx4-mCitrine could be isolated
with magnetic streptavidin beads in the presence of Avi-Nedd8, but not without. A primary
GFP antibody was used for the Stx4-mCitrine detection and fluorescently labelled
streptavidin for biotinylated carboxylases. The samples on the left side of the blot were
co-transfected with Avi-Nedd8, while the samples on the right side were not. In both cases,
one sample was treated with vehicle (DMSO) and the other with 1 uM MLN-4924. The
expected size of Stx4-mCitrine is approximately 62 kDa; binding of Avi-Nedd8 increases
the size to 76 kDa. Experiments were conducted using HEK293T cells. (B) The GFP signal
was normalised with the carboxylase bands. Treatment with MLN-4924 resulted in a
significant reduction in Stx4-mCitrine neddylation. The data is presented as mean = SEM
(76 % decrease, paired t-test: p-value=0.0171, N=12). (C) The microscopic image shows
HEK293T cells transfected with Stx4-mCitrine and stained with DAPI (right). The signal
was predominantly localised to the cell membrane. Scale bar, 20 pym.
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magnetic streptavidin beads and separated by western blot. The blots illustrate the results
of the pulldown procedure as well as the lysate, which comprises all the proteins present
in the cell prior to the pulldown process.

Light microscopic examination of the transfected cells revealed an increased GFP
signal in the cell, indicating that Stx4-mCitrine expression was succesful (see Figure 4C).
The signal was predominently located in the plasma membrane suggesting that Stx4-
mCitrine was present in the membrane and therefore correctly folded in the HEK293T
cells. To identify the neddylation candidate proteins, an anti-GFP antibody was used that
specifically targets the tag associated with these proteins. The anti-GFP antibody (clone
N86/8) from Neuromab (see Table 5) has been shown to recognise the jellyfish green
fluorescent protein (GFP), as well as the cyan and yellow fluorescent proteins (CFP and
YFP). Therefore, it is not exclusively specific for GFP. The mCitrine tag used in this study
is identical to YFP except for two amino acids and differs from GFP by only seven amino
acids. Due to this strong similarity, the anti-GFP antibody can also be used to detect
mCitrine. The blot of the lysate demonstrated two bands detected by the anti-GFP
antibody, at the levels of the mCitrine-tagged Stx4 (62 kDa) and another at 76 kDa. The
higher band exhibited greater intensity and corresponded to the size of the mCitrine-
tagged Stx4 and bound Avi-Nedd8. A band at 76 kDa was also clearly visible on the blot
showing the eluted proteins from the pulldown assay (see Figure 4A). When the
neddylation pathway was blocked by the addition of MLN-4924, a statistically significant
reduction in the intensity of the band was observed (see Figure 4B). The pronounced
impact of MLN-4924 was not discernible in the case of bands at 90 kDa that were detected
by flourescently labelled streptavidin. These bands were suggested to be endogenously
biotinylated carboxylases and demonstrated the eficiancy of the pulldown procedure. In a
control experiment, Stx4-mCitrine was expressed with BirA but without Avi-Nedd8. In the
absence of Avi-Nedd8, no band could be seen in blots probing the eluate of the pulldown
assay (see Figure 4A). These results confirmed that the mCitrine-tagged Stx4 was indeed
isolated by Avi-Nedd8 and not by endogenous biotinylation, thereby suggesting that Stx4
is a promising Nedd8 target candidate.

A further step in identifying neddylation targets is the discovery of the neddylated
lysine residues. As Stx4 contains a large number of lysines, the cloning of truncated

proteins represented a valuable approach to accelerate the search. Like all syntaxins,
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Figure 5: Domains of syntaxin and truncated forms

Stx comprises distinct domains, including the N-petide, the Habc domain, a linker, the
SNARE motif, a juxtamembrane region and a transmembrane region. (A) The binding of
the Habc and the SNARE domain results in an inactive closed conformation. (B) To
facilitate the identification of neddylated lysine residues, truncated proteins were created
that lack the SNARE domain or both the SNARE and Hc domain. Created with
BioRender.com

Stx4 is comprised of distinct domains. The N-terminal end of the protein contains a short
sequence, the N-peptide, which is followed by the Habc and the SNARE domain. The
Habc and SNARE domains are separated by a linker that facilitates their interaction and
the formation of an inactive conformation. The C-terminus, comprising the juxtamembrane
and transmembrane regions, serves to anchor the protein within the membrane (see
Figure 5A; please refer to 1.3.1). In order to reduce the number of potential neddylated
lysine residues, C-terminal clones were truncated. Stx4-Habc, which lacks the SNARE
and the transmembrane domain, was cloned with the intention of eliminating the
importance of lysines located in these C-terminal domains. To create Stx4-Hab, the Habc
domain was additionally truncated (see Figure 5B). After removing the transmembrane

domains of both truncated Stx4 proteins, the protein was no longer membrane-anchored
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but rather cytosolic. This was also reflected in the light microscopic images of the
transfected cells (see Figure 6C). Western blot analysis using anti-GFP antibodies
revealed the presence of prominent bands at 50 kDa and 41 kDa in the lysate eluates of
both the DMSO and MLN-4924 treated samples. The molecular weight of these bands
was consistent with that of Stx4-Habc and Stx4-Hab. This confirmed the successful
transfection and expression of the truncated proteins. The blot probing the eluted proteins
from the pulldown assay exhibited only a narrow, faint band corresponding to Stx4-Habc.
No band was observed in the Stx4-Hab lane of the same blot. The biotinylated
carboxylase bands acted as a control demonstrating that the absence of the Stx4-Hab
band was not caused by insufficient pulldown procedure but presumably because Stx4-
Hab was not bound to Avi-Nedd8, thus preventing isolation of this protein by magnetic
streptavidin beads (see Figure 6A). The experiment was repeated multiple times for both
truncated proteins. In the case of Stx4-Hab, no GFP band was visible in any of the blots
probed with pulldown eluates. In three out of five blots, a GFP band similar to the one
shown in the example blot was detected in the Habc samples from the pulldown assay
(see Figure 6A). A comparison of the signal intensity of the GFP bands corresponding to
Stx4-Habc with those of WT Stx4 samples in blots probing pulldown eluates showed that
the intensity of the WT bands was higher than that of the Stx4-Habc samples, even in
samples treated with MLN-4924 (see Figure 6B). These results suggest that the SNARE
and Hc domain participate in neddylation of Stx4. The complete elimination of the Stx4
band in blots showing eluates of the pulldown assay, after removing the Hc and SNARE
domains, while a slight band was partially visible after removal of the SNARE domain,
indicated that the lysine residues located in the Hc domain should be analysed first. The
Hc domain of Stx4 contains five lysine residues: K123, K124, K140, K151 and K161. To
prevent any potential interaction with Avi-Nedd8, all five lysines were replaced by an
arginine. Arginine is a polar, positively charged amino acid that consists of a long side
chain similar to that of lysine. A notable difference between the two amino acids is the
presence of a guanidium group in arginine, which results in the amino acid being slightly
larger. Due to the similar characteristics, especially with regard to polarity and positive
charge, it is assumed that the mutation does not impair the tertiary structure of the protein
(Sokalingam et al., 2012). The expression of the mutant forms of Stx4 in HEK293T cells

indicated that the protein was folded correctly. In contrast to the truncated proteins, which
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were distributed throughout the cytosol, the GFP signal of all five mutants was
concentrated at the cell membrane (see Figure 7C, Figure 8C). This indicated that the
expression of Stx4 K123R, K124R and K123-124R was successful. The first lysines
examined were K123 and K124. As both lysins are in close proximity to each other, a
double mutant was included in the investigation. The western blot of the lysate samples
revealed the presence of two bands, detected by an anti-GFP antibody, with a similar
similar molecular weight. The higher band was observed to have a molecular weight of
approximately 76 kDa, which corresponds to the Stx4-Avi-Nedd8-complex. The lower

band exhibited a molecular weight of 62 kDa, which is comparable to that of Stx4-mCitrine.
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Figure 6: Neddylation of truncated Stx4

(A) The representative western blot demonstrates that Stx4-Habc could be isolated with
magnetic streptavidin beads; no isolation was possible for Stx4-Hab (N=4). A primary anti-
GFP antibody was used for the Stx4-mCitrine detection and fluorescently labelled
streptavidin for biotinylated carboxylases. The samples were treated either with vehicle
(DMSO) or with 1 uM MLN-4924. The expected size of Stx4-Habc is 49 kDa; the band
corresponding to Stx4-Hab is at a size of 41 kDa. Avi-Nedd8 attachment increases the
size by 14 kDa. Experiments were conducted using HEK293T cells. (B) The GFP signal
was normalised with the carboxylase bands. Removing the SNARE domain decreased
neddylation by 88 %. (N=3). The data is presented as mean + SEM. (C) The microscopic
image shows HEK293T cells transfected with truncated Stx4-mCitrine and stained with
DAPI. Scale bar, 20 pm.
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Figure 7: Neddylation of Stx4 K123-124R, K123R and K124R

(A) The representative western blot demonstrates that all Stx4 mutants could be isolated
with magnetic streptavidin beads. A primary anti-GFP antibody was used for the Stx4-
mCitrine detection and fluorescently labelled streptavidin for biotinylated carboxylases.
The samples were treated either with vehicle (DMSO) or with 1 puM MLN-4924. The
expected size of Stx4-mCitrine is 62 kDa; binding of Avi-Nedd8 increases the size to 76
kDa. Experiments were conducted using HEK293T cells. (B) The GFP signal was
normalised with the carboxylase bands. The substitution of the lysine residues with
arginine at positions 123 and 124 resulted in a modification of the neddylation level of
Stx4. The data is presented as mean £ SEM (K123-124R: 36 % decrease, paired t-test:
p-value=0.8689, N=3; K123R: 67 % decrease, unpaired t-test: p-value=0.0902, N=9;
K124R: 16 % increase, unpaired t-test: p-value=0.7525, N=9). (C) The microscopic image
shows HEK293T cells transfected with mutated Stx4-mCitrine and stained with DAPI. The
signal was predominantly localised to the cell membrane. Scale bar, 20 ym.
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Figure 8: Neddylation of Stx4 K140R, K151R and K161R

(A) The representative western blot demonstrates that all Stx4 mutants could be isolated
with magnetic streptavidin beads. A primary anti-GFP antibody was used for the Stx4-
mCitrine detection and fluorescently labelled streptavidin for biotinylated carboxylases.
The samples were treated either with vehicle (DMSO) or with 1 puM MLN-4924. The
expected size of Stx4-mCitrine is 62 kDa; binding of Avi-Nedd8 increases the size to 76
kDa. Experiments were conducted using HEK293T cells. (B) The GFP signal was
normalised with the carboxylase bands. The substitution of the lysine residues with
arginine at positions 140, 151 and 161 resulted in a modification of the neddylation level
of Stx4. The data is presented as mean + SEM (K140R: 63 % decrease, unpaired t-test:
p-value=0.2455, N=5; K151R: 13 % decrease, unpaired t-test: p-value=0.8465, N=3;
K161R: 59 % decrease, unpaired t-test: p-value=0.2563, N=5). (C) The microscopic image
shows HEK293T cells transfected with mutated Stx4-mCitrine and stained with DAPI. The
signal was predominantly localised to the cell membrane. Scale bar, 20 ym.
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Despite the mutations, GFP bands were also observed in blots of pulldown assay eluates,
thereby demonstrating that isolation of the mutated Stx4 was still possible (see Figure
7A). Furthermore, all three Stx4 mutants exhibited sensitivity to MLN-4924. However, the
Stx4 mutants could not be isolated in every pulldown assay that was conducted. The
double mutants K123,124R and K123R were only detected in 50 % of the pulldown
eluates, while GFP bands were observed in 70 % of the blots probing K124R. In addition,
the degree of signal intensity exhibited by the GFP bands in the pulldown eluates differed
for all mutants, while the intensity of the carboxylase bands, which served as a positive
control, remained similar across all samples. The band intensity of K124R was particularly
prominent, whereas that of K123R appeared to be less pronounced. In comparison to the
values observed for WT Stx4, K123-124R and K124R showed no meaningful difference.
In contrast, the band intensity of K123R only reached 33 % of WT intensity (see Figure
7B). Given that MLN-4924 has been shown to result in an intensity decrease of 25 %, this
reduction can be considered a significant impact.

Subsequently, lysines 140, 151 and 161 were analysed for neddylation. The
presence of GFP bands in the blot of lysate proteins as well as the carboxylase bands
observed in the western blot of eluated pulldown samples indicated that both the
expression and the pulldown procedure were successful. All three variants of mutated
Stx4 were isolated through magnetic streptavidin beads as well, yet the intensity of the
different samples once more exhibited variation (see Figure 8A). This difference was
particularly apparent in the provided graph. The band intensity of the K151R samples
reached values that were comparable to those of the WT. However, the mean intensity of
the mutants K140R and K161R was found to be reduced compared to the values observed
for WT samples. This reduction represented only 37 % of the WT value for K140R and
41 % for K161R (see Figure 8B). Together with the preceding findings, it can be surmised
that K124 and K151 do not significantly contribute to the process of neddylation.
Conversely, mutation of K140 and K161 led to a reduction in band intensity, which
indicates a potential participation in neddylation. Lysine 123 is of particular interest,
exhibiting a reduction of 33 %, making it a promising Nedd8 target residue.

A series of prior studies on Cofilinl conducted in our laboratory led to the
hypothesis that the binding site for Ubc12 is constituted by three triangular lysines of the
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Figure 9: Neddylation of Stx4 K54R, K102R and K108R

(A) The mutated lysine residues are located in the Ha and Hb domain. Created with
BioRender.com (B) The representative western blot demonstrates that all Stx4 mutants
could be isolated with magnetic streptavidin beads. A primary anti-GFP antibody was used
for the Stx4-mCitrine detection and fluorescently labelled streptavidin for biotinylated
carboxylases. The samples were treated either with vehicle (DMSO) or with 1 pM MLN-
4924. The expected size of Stx4-mCitrine is 62 kDa; binding of Avi-Nedd8 increases the
size to 76 kDa. Experiments were conducted using HEK293T cells. (C) The GFP signal
was normalised with the carboxylase bands. The substitution of the lysine residues with
arginine at positions 54, 102 and 108 resulted in a modification of the neddylation level of
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Stx4. The data is presented as mean + SEM (K54R: 45 % increase, unpaired t-test: p-
value=0.4465, N=4; K102R: 34 % decrease, unpaired t-test: p-value=0.532, N=6; K108R:
13 % increase, unpaired t-test: p-value=0.7981, N=7). (D) The microscopic image shows
HEK293T cells transfected with mutated Stx4-mCitrine and stained with DAPI (right). The
signal was predominantly localised to the cell membrane. Scale bar, 20 pm.

target protein. This hypothesis is based on the observation that glutamate 78, aspartate
117 and glutamate 143 of Ubcl2 also form a triangle that is negatively charged. The
attraction of the three amino acids and the positively charged lysines may be of great
importance with regard to the binding of Ubc12 to the target protein (Einsfelder, 2022). On
the basis of the assumption that lysines 123, 140 and 161 play a role in neddylation of
Stx4, the protein was examined for the presence of analogous triangles. Three triangles
were of particular interest: K54, K140 and K151; K54, K140 and K161; and K102, K108
and K123/124. In order to investigate whether these triangles serve as binding sites,
lysines 54, 102 and 108, which are located in the Ha or Hb domain, were also mutated to
arginine (see Figure 9A). The three mutated Stx4 variants also exhibited a pronounced
GFP signal in the cell membrane of transfected HEK293T cells (see Figure 9D). It was
therefore assumed that the proteins were correctly folded. The bands of the lysate
samples corresponding to Stx4-mCitrine and the carboxylase bands, which serve as a
positive control for the pulldown procedure, displayed strong intensities. In addition, bands
corresponding to the mutated Stx4-mCitrine could also be observed in the blots showing
the eluted proteins of the pulldown assay (see Figure 9B). The band intensity of samples
treated with MLN-4924 was found to be lower than that of samples treated with DMSO.
Nevertheless, in comparison to the WT bands, none of the mutations resulted in a clearly
reduced band intensity. The mean intensity of KI08R samples was similar to that of the
WT. Conversely, mutation of lysine 54 even resulted in an increase in band intensity (see
Figure 9C). Overall, these results suggest that lysines 54, 102 and 108 are unlikely to
represent a binding site for Nedd8. Similarly, the hypothesis that the amino acid lysine
plays a significant role in the binding of Ubc12 to the target protein could not be proven
either.
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3.2.2 Neddylation of Stxla

Following the identification of Stx4 as a promising candidate for neddylation, it was of
great interest to investigate Stxla as well. As previously observed for Stx4, light
microscopy revealed that the GFP signal was not uniformly distributed in HEK293T cells
but showed a predominant localisation to the cell membrane (see Figure 10C). This
suggested that Stxla-GFP was also correctly folded despite its low natural abundance in
the kidney. Western blots confirmed the successful expression of Stxla-GFP. Anti-GFP

antibodies detected two bands in the blots probing the lysate as well as the pulldown
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Figure 10: Neddylation of Stxla

(A) The representative western blot demonstrates that Stxla-GFP could be isolated with
magnetic streptavidin beads in the presence of Avi-Nedd8, but not without. A primary anti-
GFP antibody was used for the Stxla-GFP detection and fluorescently labelled
streptavidin for biotinylated carboxylases. The samples on the left side of the blot were
co-transfected with Avi-Nedd8, while the samples on the right side were not. In both
cases, one sample was treated with vehicle (DMSO) and the other with 1 uM MLN-4924.
The expected size of Stxla-GFP is approximately 61 kDa; binding of Avi-Nedd8 increases
the size to 75 kDa. Experiments were conducted using HEK293T cells. (B) The GFP
signal was normalised with the carboxylase bands. Treatment with MLN-4924 resulted in
a significant reduction in Stxla-GFP neddylation. The data is presented as mean + SEM
(32 % decrease, paired t-test: p-value=0.0219, N=11). (C) The microscopic image shows
HEK293T cells transfected with Stxla-GFP and stained with DAPI (right). The signal gs
predominantly localised to the cell membrane. Scale bar, 20 um.
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samples. In contras to Stx4, the size difference of these bands was not 13 kDa, which
would be expected for Avi-Nedd8 attachment. It is therefore unlikely that the two bands
represent Stxla without and with bound Avi-Nedd8. Apart from Nedd8, other post-
translational modifications are known to alter the band size of proteins in western blots.
Stx1a is modulated through various modifications like phosphorylation and palmitoylation
(Vardar et al., 2022). The latter was shown to influence the size of Stx1a in western blots.
The different band sizes are therefore probably the result of other post-translational
modifications.

To ensure that the isolation of Stx1a-GFP during the pulldown process was not due
to endogenous biotinylation but due to the binding of Avi-Nedd8, a second approach was
performed without Avi-Nedd8. After the pulldown assay, the western blot revealed a clear
band detected by an anti-GFP antibody in the sample transfected with Avi-Nedd8, which
was absent in the lane without Avi-Nedd8. In contrast, the blots probed with lysate proteins
showed GFP bands with similar intensities for all four samples. Furthermore, in blots
probing pulldown eluates, the bands corresponding to the carboxylases, which serve as
a positive control for the pulldown procedure, were visible in the lanes of both the samples
with Avi-Nedd8 co-expressing and Avi-Nedd8 deficient samples (see Figure 10A). This
suggested that the missing GFP band in the blots of pulldown eluates was a consequence
of a lack of neddylation rather than an impaired expression or pulldown procedure.
Western blot analysis using fluorescence-labelled streptavidin revealed the presence of
an additional band at 105 kDa in the pulldown eluates from samples co-expressing Avi-
Nedd8, which was removed by MLN-4924 treatment. The molecular weight of this band
is consistent with that of Cull bound to Avi-Nedd8, indicating that the band corresponded
to Cull-Avi-Nedd8 complexes. The absence of this band in Avi-Nedd8-deficient samples
further supported the hypothesis that Stx1a cannot be isolated without Avi-Nedd8 due to
the lack of neddylation. Although the differences between DMSO treated and MLN-4924
treated samples did not appear to be pronounced, the diagram still demonstrated that
MLN-4924 significantly decreased the band intensity (see Figure 10B). Given that MLN-
4924 does not induce deneddylation but only prevents new neddylation, the weaker effect
of MLN-4924 does not negate the possibility that Stx1a is a promising Nedd8 target.

In order to narrow down the choice of neddylated lysines, truncated variants of

Stx1la were examined (see Figure 5). First, the SNARE domain was removed to generate
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GFP-tagged Stxla-Habc, and the Hc domain was eliminated in addition, creating Stx1a-
Hab. A further variant, also lacking the Hb domain, was examined. In the absence of the
transmembrane anchor, all three truncated proteins were evenly distributed in the cytosol
instead of being more abundant in the membrane (see Figure 11B). In contrast to Stx4,
the blot showing the eluted proteins from the pulldown assay did not show a GFP band
for any of the three truncated Stx1a proteins. Nevertheless, the robust GFP bands in the
blots of the lysate samples and the carboxylase bands used as a positive control for the
pulldown assay demonstrated that both the protein expression and the pulldown had been
successfully achieved. The efficacy of the neddylation with Avi-Nedd8 was evidenced by
the presence of a cullin band above the carboxylase band in the DMSO samples (see
A
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Figure 11: Neddylation of truncated Stxla

(A) The representative western blot demonstrates that no isolation was possible for Stx1a-
Habc (N=13), Stxla-Hab (N=10) and Stxla-Ha (N=7). A primary anti-GFP antibody was
used for the Stxla-GFP detection and fluorescently labelled streptavidin for biotinylated
carboxylases. The samples were treated either with vehicle (DMSO) or with 1 uM MLN-
4924. The expected size of Stxla-Habc is 50 kDa; the band corresponding to Stxla-Hab
is at a size of 40 kDa; the size of Stxla-Ha is expected to be 35 kDa. Experiments were
conducted using HEK293T cells. (B) The microscopic image shows HEK293T cells
transfected with truncated Stxla-GFP and stained with DAPI. Scale bar, 20 ym.
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Figure 12: Homology between the different syntaxins

Lysine 123, the most promising neddylation residue in Stx4, is absent in Stx1. The lysines
closest to position 123 are 117 and 126. A double mutant, K117,126R, was cloned for
simultaneous investigation. Created with BioRender.com

Figure 11A). Therefore, the inability of the truncated variants to undergo neddylation may
be the reason why the anti-GFP antibody was unable to detect the truncated Stxla-GFP
in the blots examining the pulldown eluates. The results suggested that the SNARE
domain has an influence on neddylation. However, the data presented did not show the
irrelevance of the other domains. For this reason, it was not possible to exclude particular
lysins. Consequently, the homology of Stxla and Stx4, together with the results of
previous experiments, were considered in order to select a mutation.

In Stx4, lysine 123 was identified as the most promising neddylation residue. Lysine
123 is not present in Stxla. However, lysine residues in close proximity to position 123
include lysine 117 and lysine 126 (see Figure 12). To initially test both lysines
simultaneously, a double mutant (K117,126R) was cloned (see Figure 13A). Despite the
mutation, the western blot probing the pulldown eluates displayed a band detected by an
anti-GFP antibody (see Figure 13B). The molecular weight of 75 kDa was consitent with
the Stxla-Avi-Nedd8-complex. However, the intensity of the band corresponding to Stxla
K117,126R was found to be less pronounced than that of the WT samples on the same
blot. While the bands of all four lysate samples were of similar intensity, the carboxylase
band of the DMSO treated WT samples was more prominent than the others. These
results showed that even though the protein expression was successful in all samples, the
pulldown in the example blot appeared to exhibit different efficiencies (see Figure 13B).
Given that the efficiency of the pulldown becomes irrelevant due to the normalisation
process, itis not a factor to considere when analysing the diagram. The demonstrates that
the mean signal intensity of mutant samples was only 35 % of that observed in WT
samples. (see Figure 13C). Normalizing the band intensities of DMSO treated K117-126R
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Figure 13: Neddylation of Stxla K117,126R

(A) The mutated lysine residues are located in the Hc domain. Created with
BioRender.com (B) The representative western blot demonstrates that Stxla K117,126R
could be isolated with magnetic streptavidin beads. A primary anti-GFP antibody was used
for the Stxla-GFP detection and fluorescently labelled streptavidin for biotinylated
carboxylases. The samples were treated either with vehicle (DMSO) or with 1 uM MLN-
4924. The expected size of Stx1la-GFP is 61 kDa; binding of Avi-Nedd8 increases the size
to 75 kDa. Experiments were conducted using HEK293T cells. (C) The GFP signal was
normalised with the carboxylase bands. The substitution of the lysine residues at positions
117 and 126 with arginine resulted in a significant reduction in Stxla-GFP neddylation.
The data is presented as mean + SEM (K117,126R: 65 % decrease, paired t-test: p-
value=0.0673, N=7). (D) The signal intensity of the band corresponding to the MLN-4924
treated sample and the sample of K117,126R was normalised with the Stxla WT bands.
Both MLN-4924 treatment and mutation resulted in a significant reduction in Stxla-GFP
neddylation. The data is presented as mean + SEM (84 % decrease, paired t-test: p-
value=0.0001, N=7). (E) The microscopic image shows HEK293T cells transfected with
mutated Stxla-GFP and stained with DAPI. Scale bar, 20 ym.



63

samples and MLN-4924 treated WT samples to DMSO treated WT samples accentuated
this reduction even further. The decrease caused by the mutation was more prominent
than that caused by MLN-4924 treatment (see Figure 13D). Therefore, a reduction of
signal intensity through mutation was more reliable than through MLN-4924 treatment.

In conclusion, Stxla is a promising Nedd8 candidate as well whereby the lysines at

positions 117 and 126 may participate in the neddylation process of Stxla.

3.2.3 Neddylation of Stx3

Another homologue of Stxla and Stx4 is Stx3. Although the natural abundance of Stx3 in
the brain is low, it is still involved in certain neuronal processes (Bennett et al., 1993,
Jurado et al., 2013, Soo Hoo et al., 2016). Following the results of previous experiments
indicating the potential of Stxla and Stx4 as neddylation targets, Stx3 also appeared to
be an interesting candidate. Light microscopy images demonstrated that Stx3-mCitrine
was successfully expressed and attached to the plasma membrane thereby suggesting
that the protein was folded in accordance with the requirement (see Figure 14C). Western
blot analysis using anti-GFP antibodies revealed that Stx3 could be isolated with magnetic
streptavidin beads. Following the pulldown procedure, a faint but robust band at 61 kDa
was observed for the DMSO treated sample, while no band was visible in the lane of the
sample treated with MLN-4924 (see Figure 14A). The diagram provides a more detailed
illustration of the band intensity decrease by MLN-4924 treatment (see Figure 14B). The
robust GFP bands in both DMSO and MLN-4924 treated lysate samples and the
carboxylase bands in blots probing eluates of the pulldown assay suggested the
successful protein expression and pulldown procedure. Therefore, the results indicated
that Stx3 was bound to Avi-Nedd8 through neddylation-specific machinery suggesting that
Stx3 is another promising Nedd8 target protein. Stxla and Stx3 share a very similar amino
acid sequence; both proteins have lysine at the positions 117 and 126 (see Figure 12).
Based on previous results the question arises if lysine residues 117 and 126 of Stx3

contribute to neddylation as well.
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Figure 14: Neddylation of Stx3

(A) The representative western blot demonstrates that Stx3-mCitrine could be isolated
with magnetic streptavidin beads in the presence of Avi-Nedd8. A primary anti-GFP
antibody was used for the Stx3-mCitrine detection and fluorescently labelled streptavidin
for biotinylated carboxylases. The samples on the left side of the blot were treated with
vehicle (DMSO) and the samples on the right with 1 uM MLN-4924. The expected size of
Stx3-mCitrine is approximately 62 kDa; binding of Avi-Nedd8 increases the size to 76
kDa. Experiments were conducted using HEK293T cells. (B) The GFP signal was
normalised with the carboxylase bands. Treatment with MLN-4924 resulted in a
significant reduction in Stx3-mCitrine neddylation. The data is presented as mean = SEM
(90 % decrease, paired t-test: p-value=0.0397, N=4). (C) The microscopic image shows
HEK293T cells transfected with Stx3-mCitrine and stained with DAPI (right). The signal
was predominantly localised to the cell membrane. Scale bar, 20 ym.

The experiments demonstrated that different proteins from the syntaxin family are
promising Nedd8 targets. In particular, lysines present in the Hc domain appear to be

involved in the neddylation of the syntaxins.

3.3 Neddylation of RIM1a

Experimental evidence suggests that the impact of neddylation extends beyond its
influence on synaptic transmission, and is also affecting LTPs. For example, the inhibition

of neddylation has been demonstrated to have a negative influence on the formation of
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LTPs (Brockmann et al., 2019). The previous work investigated proteins that play a
significant role in synaptic transmission to assess the possibility of their neddylation.
Subsequent investigation will focus on identifying additional proteins that may contribute
to the inhibition of LTP formation. One protein that has been demonstrated to influence
LTPs is RIM1a (Calakos et al., 2004, Castillo et al., 2002, Kaeser and Sudhof, 2005,
Kintscher et al., 2013, Yang and Calakos, 2011).

The GFP-tagged RIM1a was succesfully expressed in HEK293T cells (see Figure
15C) and subsequently detected by western blotting. The bands of the lysate samples are
weak but still clearly visible.lin the western blot probing the eluates of the pulldown assay,
the anti-GFP antibody detected bands at 164 kDa that likely correspond to RIM1a-GFP
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Figure 15: Neddylation of RIM1a

(A) The representative western blot demonstrates that RIM1a-GFP could be isolated with
magnetic streptavidin beads in the presence of Avi-Nedd8. A primary anti-GFP antibody
was used for the RIMla-GFP detection and fluorescently labelled streptavidin for
biotinylated carboxylases. The samples on the left side of the blot were treated with
vehicle (DMSO) and the samples on the right with 1 pM MLN-4924. The expected size of
RIM1a-GFP is approximately 192 kDa; binding of Avi-Nedd8 increases the size to 206
kDa. Experiments were conducted using HEK293T cells. (B) The GFP signal was
normalised with the carboxylase bands. Treatment with MLN-4924 resulted in a significant
reduction in RIM1a-GFP neddylation. The data is presented as mean + SEM (34 %
decrease, paired t-test: p-value=0.0432, N=8). (C) The microscopic image shows
HEK293T cells transfected with RIM1a-GFP and stained with DAPI (right). Scale bar, 20
Mm.
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Figure 16: Domains of RIM1a and truncated forms

(A) RIM1a comprises distinct domains, including an a-helically wrapped zinc finger domain
(yellow), a PDZ domain (green), a C2A domain (orange), a proline-rich conserved
sequence (PRM1-3; blue) and C2B domain(red). The used structure (AF-Q86UR5-F1-
model_v4) was predicted by Alphafold (Jumper et al., 2021, Varadi et al., 2024), colour
coding was done with PyMOL. (B) To facilitate the identification of neddylated lysine
residues, truncated proteins were created that lack different domains. Created with

BioRender.com
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(see Figure 15A) demonstrating that it is possible to isolate RIM1a through the use of
magnetic streptavidin beads. The band intensity of samples treated with MLN-4924 was
observed to be decreased in comparison to the bands of DMSO treated samples.
Although the intensity after MLN-4924 treatment still reached 65 % of the intensity
observed for DMSO bands, the reduction was constant and significant (see Figure 15B).
In contrast, the signal intensity of bands corresponding to the carboxylases was not
reduced by MLN-4924 treatment. As MLN-4924 only prevents new neddylation and does
not remove already bound Nedd8, the presented results indicated that RIM1a is a
promising Nedd8 target.

RIM1a is a large protein, with a molecular weight of 100 kDa. This results in a large
number of lysines being considered as Nedd8 target residues. To facilitate the search,
truncated proteins were used once more. These proteins were provided by the laboratory
of Susanne Schoch. A selection of truncated proteins tagged with GFP was made
ensuring that each domain was absent in at least one truncated protein (see Figure 16).
The expression of all truncated proteins was successful, as confirmed by the detection of
bands using an anti-GFP antibody in the blots of lysate samples. While the carboxylase
bands appeared to be weak in a small number of samples, the bands corresponding to
truncated RIM1a-GFP were distinct and robust in the blot probing pulldown eluates, but
the intensity of the different mutations exhibited variation (see Figure 17A). To more
clearly elucidate the contrasts, the intensities of the truncated protein samples were
normalised in relation to the band intensity of WT samples. The signal intensities exhibited
by GFP-tagged RIM1a Z-IUR and PRM 1-PA were comparable to those observed for the
WT samples (see Figure 17B). Therefore, removing the C-terminal region starting at the
PRM1 domain does not affect the efficacy of the pulldown procedure and the removal of
the N-terminal region up to the PRM1 region and the C-terminal region starting from the
PRM2 region has no effect either. However, removing the C-terminal region commencing
at the PRM2 domain resulted in an increase in signal intensity. The only truncated proteins
that exhibit decreased band intensities were PRM 1-3 and PRM 3-B, which lack sections
of the N-terminus (see Figure 17B). PRM 1-3 is missing the N-terminal region extending
up to the PRM1 domain, whereas PRM 3-B is lacking the N-terminal region including the
PRM2 domain. Knowing that both truncated proteins that miss parts of the N-terminal

region result in significantly decreased band intensities, the neddylated lysine is
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Figure 17: Neddylation of RIM1a PRM 1-3, PRM 3-B, PRM 1-PA, Z-IlUR, Z-PRM 1-PA

(A) The representative western blot demonstrates that all RIM1a mutants could be isolated
with magnetic streptavidin beads. A primary anti-GFP antibody was used for the RIM1a-
GFP detection and fluorescently labelled streptavidin for biotinylated carboxylases. The
samples were treated either with vehicle (DMSO) or with 1 uM MLN-4924. Experiments
were conducted using HEK293T cells. The binding of Avi-Nedd8 increases the size by 14
kDa. (PRM 1-3-GFP: 99 kDa; PRM 3-B-GFP: 87 kDa; PRM 1-PA-GFP: 70 kDa; Z-lUR-
GFP: 85 kDa; Z-PRM 1-PA-GFP: 127 kDa) (B) The GFP signal was normalised with the
carboxylase bands. The truncation resulted in a modification of the neddylation level of
RIM1a. The data is presented as mean + SEM (PRM 1-3: 50 % decrease, paired t-test:
p-value=0.0093, N=5; PRM 3-B: 62 % decrease, paired t-test: p-value=0.0071, N=5; PRM
1-PA: paired t-test: p-value=0.9976, N=5; Z-lUR: 11 % increase, paired t-test: p-
value=0.795, N=5; Z-PRM 1-PA: 500 % increase, paired t-test: p-value=0.0009, N=7).

presumably located in the n-terminal region up to PRM1.
Overall, the presented results suggest that RIM1a is a Nedd8 target protein, with the
targeted lysine residues potentially located within the N-terminal region.

3.4 Investigating other synaptic proteins

3.4.1 Neddylation of SNAP-25b and VAMP2

Following the discovery that Stxla is a potential Nedd8 candidate, there was a significant
interest in investigating other proteins within the SNARE complex. For this reason, either
VAMP2-GFP or SNAP-25b-mCitrine was expressed in HEK293T cells and subsequently
tested for neddylation, by the use of a pulldown assay.

SNAP-25b is known to be peripherally attached to the plasma membrane (Chen
and Scheller, 2001), as evidenced by the light microscopic images, which showed an
enhanced mCitrine signal in the membrane (see Figure 18C). The blot of the lysate sample
displayed strong bands at 50 kDa that were detected by an anti-GFP antibody. In contrast,
no bands were observed in the blot probing eluted proteins from the pulldown assay. The
presence of carboxylase bands on the same blot, however, provides evidence that the
pulldown procedure itself was successful (see Figure 18A). Of the seven blots conducted,
only three displayed faint GFP bands (see Figure 18B), whereby the MLN-4924 treated
samples exihibited an eight-fold greater mean band intensity than the control samples.
Therefore, MLN-4924 sensitivity could not be shown.
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Figure 18: Neddylation of SNAP-25b

(A) The representative western blot demonstrates that SNAP-25b-mCitrine could not be
isolated with magnetic streptavidin beads in the presence of Avi-Nedd8. A primary anti-
GFP antibody was used for the SNAP-25b-mCitrine detection and fluorescently labelled
streptavidin for biotinylated carboxylases. The samples on the left side of the blot were
treated with vehicle (DMSO) and the samples on the right with 1 pM MLN-4924. The
expected size of SNAP-25b-mCitrine is approximately 50 kDa; binding of Avi-Nedd8
increases the size to 64 kDa. Experiments were conducted using HEK293T cells. (B) The
GFP signal was normalised with the carboxylase bands. Treatment with MLN-4924
resulted in an increase in SNAP-25b-mCitrine neddylation. The data is presented as mean
+ SEM (700 % increase, paired t-test: p-value=0.2618, N=3). (C) The microscopic image
shows HEK293T cells transfected with SNAP-25b-mCitrine and stained with DAPI (right).
The signal was predominantly localised to the cell membrane. Scale bar, 20 um

The transfection of HEK293T cells with GFP-tagged VAMP2 resulted in the
accumulation of a GFP signal distributed throughout the cell (see Figure 19C). VAMP2 is
localised to the membranes of vesicles (Chen and Scheller, 2001). The punctual
distribution may therefore be indicative of a scuccessful expression and correct protein
folding. The robust bands observed in the blot of the lysate samples as well as the
carboxylase bands in the pulldown blot served as a control, demonstrating that the
expression of VAMP2-GFP and the pulldown procedure were successful. The blot
showing the samples of the pulldown assay displayed GFP bands indicating that the

isolation of VAMP2 through Avi-Nedd8 and magnetic streptavidin beads was effective
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Figure 19: Neddylation of VAMP2

(A) The representative western blot demonstrates that VAMP2-GFP could be isolated with
magnetic streptavidin beads in the presence of Avi-Nedd8. A primary anti-GFP antibody
was used for the VAMP2-GFP detection and fluorescently labelled streptavidin for
biotinylated carboxylases. The samples on the left side of the blot were treated with vehicle
(DMSO) and the samples on the right with 1 pM MLN-4924. The expected size of VAMP2-
GFP is approximately 40 kDa; binding of Avi-Nedd8 increases the size to 54 kDa.
Experiments were conducted using HEK293T cells. (B) The GFP signal was normalised
with the carboxylase bands. Treatment with MLN-4924 resulted in an increase in VAMP2-
GFP neddylation. The data is presented as mean = SEM (86 % increase, paired t-test: p-
value=0.0853, N=5). (C) The microscopic image shows HEK293T cells transfected with
VAMP2-GFP and stained with DAPI (right). Scale bar, 20 ym

(see Figure 19A). A comparison of the DMSO and MLN-4924 treated samples revealed
that the MLN-4924 treatment had no decreasing but even an increasing effect on the band
intensity in all five blots (see Figure 19B). Thus, it was not possible to ascertain whether
the neddylation occurred via the Nedd8 machinery. Despite successful isolation, a

conclusion regarding the neddylation of SNAP-25b and VAMP2 cannot be drawn.

3.4.2 Neddylation of Rab3A and SV2A

One protein that has been linked with RIM1a is Rab3A. The interaction between the two

proteins is of great importance for the anchoring of SVs to the active zone and for
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processes such SV release (Schoch et al., 2002, Wang et al., 1997). After RIM1a was
shown to be a potential Nedd8 target, GFP-tagged Rab3A was also tested for neddylation.
The light microscopic pictures revealed an evenly distributed GFP signal throughout the
cell (see Figure 20C). This finding was consistent with the known distribution of the
inactive form of Rab3A in the cytosol. Western blots probing eluted proteins from the
pulldown assay exhibited faint GFP bands (see Figure 20A). The bands observed in the
blot of the lysate samples as well as the carboxylase bands in the pulldown blot served
as a control for the successful expression of Rab3A-GFP and the pulldown procedure. It
was therefore proposed that the reason for the low intensity of bands detected by an anti-
GFP antibody in blots probing the pulldown eluates was a consequence of the neddylation
rate of Rab3A. In comparison to the bands of DMSO treated samples, MLN-4924
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Figure 20: Neddylation of Rab3A

(A) The representative western blot demonstrates that Rab3A-GFP could be isolated with
magnetic streptavidin beads in the presence of Avi-Nedd8. A primary anti-GFP antibody
was used for the Rab3A-GFP detection and fluorescently labelled streptavidin for
biotinylated carboxylases. The samples on the left side of the blot were treated with
vehicle (DMSO) and the samples on the right with 1 uM MLN-4924. The expected size of
Rab3A-GFP is approximately 53 kDa; binding of Avi-Nedd8 increases the size to 67 kDa.
Experiments were conducted using HEK293T cells. (B) The GFP signal was normalised
with the carboxylase bands. Treatment with MLN-4924 resulted in an increase in Rab3A
-GFP neddylation. The data is presented as mean + SEM (75 % increase, paired t-test:
p-value=0.1747, N=7). (C) The microscopic image shows HEK293T cells transfected with
Rab3A-GFP and stained with DAPI (right). Scale bar, 20 um
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Figure 21: Neddylation of SV2A

(A) The representative western blot demonstrates that SV2A-GFP could be isolated with
magnetic streptavidin beads in the presence of Avi-Nedd8. A primary anti-GFP antibody
was used for the SV2A-GFP detection and fluorescently labelled streptavidin for
biotinylated carboxylases. The samples on the left side of the blot were treated with vehicle
(DMSO) and the samples on the right with 1 uM MLN-4924. The expected size of SV2A-
GFP is approximately 100 kDa; binding of Avi-Nedd8 increases the size to 114 kDa.
Experiments were conducted using HEK293T cells. (B) The GFP signal was normalised
with the carboxylase bands. Treatment with MLN-4924 resulted in an increase in SV2A-
GFP neddylation. The data is presented as mean = SEM (26 % increase, paired t-test: p-
value=0.2270. N=3). (C) The microscopic image shows HEK293T cells transfected with
SV2A-GFP and stained with DAPI (right). Scale bar, 20 ym

treatment resulted in an increased intensity (see Figure 20B). Therefor, no MLN-4924
sensitivity could be demonstrated.

Another protein that is involved in vesicle priming is SV2A (Rossi et al., 2022).
SV2A is also a membrane-bound protein as evidenced by the light microscopic images
(see Figure 21C). The presence of GFP bands in the DMSO and MLN-4924 treated lysate
samples, along with the detection of carboxylase bands in the blots analysing the eluates
of the pulldown assay, provided evidence that the expression of GFP-tagged SV2A and
pulldown procedure were both successful. The blot probing the eluates from the pulldown
assay exhibited robust bands that were detected by an anti-GFP antibody (see Figure

21A). Nevertheless, MLN-4924 treatment resulted in increased band intensities rather
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than a decrease (see Figure 21B). In consequence of the above, the necessity for a MLN-
4924 sensitivity is absent in this case as well, which precludes the ability to draw any

definitive conclusions about the neddylation.

3.4.3 Neddylation of PINK1 and Parkin

In addition to proteins that are directly involved in synaptic transmission, other proteins
are known to influence neuronal signalling. This is achieved, for example, by maintaining
calcium homeostasis. Two key proteins in this process are PINK1 and Parkin (Barazzuol
et al., 2020). Interestingly, both proteins were shown to be neddylated in previous studies
(Choo et al., 2012, Um et al., 2012). The methods that were used to identify neddylation
targets in those studies are different than the one used in this thesis. To investigate
whether our method can verify PINK1 and Parkin as neddylation targets, both proteins
were analysed as well. The light microscopic images illustrate that both proteins were
successfully expressed in HEK293T cells (see Figure 22C, D). Both proteins are cytosolic
or associated with mitochondria, which is reflected in the evenly distribution of GFP signal.
The GFP signal in cells transfectd with GFP-tagged PINK1 was observed to be faint. This
suggests that the expression of PINK1-GFP was not as effective as intended. The blots
of the lysate samples are consistent with this assumption.The GFP bands corresponding
to PINK1-GFP are barely visible whereas the Parkin samples exhibit prominent and robust
bands. The blot probing eluates from the pulldown assay demonstrated the presence of
bands for both Parkin and PINK1 samples. The bands corresponding to Parkin-GFP are
again more intense than the PINK1 bands (see Figure 22A). The carboxylase bands
indicated that the observed difference is not attributable to the pulldown procedure, as the
bands of all four samples exhibited similar intensities. This implies that the primary cause
for the faint band intensity was the weak expression of PINK1-GFP. A comparison of the
DMSO and MLN-4924 samples did not reveal any MLN-4924 sensitivity (see Figure 22B).
Once again, MLN-4924 led to an increase in band intensity, contrary to expectations.
Therefore, the present results could not verify PINK1 and Parkin as neddylation targets.
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Figure 22: Neddylation of PINK1 and Parkin

(A) The representative western blot demonstrates that Parkin-GFP and PINK1-GFP could
be isolated with magnetic streptavidin beads. A primary anti-GFP antibody was used for
the Parkin-GFP and PINK1-GFP detection and fluorescently labelled streptavidin for
biotinylated carboxylases. The samples on the left side of the blot were treated with
vehicle (DMSO) and the samples on the right with 1 uM MLN-4924. The expected size of
Parkin-GFP is approximately 80 kDa; PINK1-GFP has a molecular weight of 92 kDa;
binding of Avi-Nedd8 increases the size by 14 kDa. Experiments were conducted using
HEK293T cells. (B) The GFP signal was normalised with the carboxylase bands.
Treatment with MLN-4924 resulted in an increase in Parkin-GFP and PINK1-GFP
neddylation. The data is presented as mean + SEM (Parkin: 20 % increase, paired t-test:
p-value=0.2852, N=6; PINK1: 35 % increase, paired t-test: p-value=0.3387, N=7). The
microscopic image shows HEK293T cells transfected with Parkin-GFP (C) and PINK1-
GFP (D) and stained with DAPI. Scale bar, 20 um
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3.4.4 Neddylation of E-Sytl and E-Syt2
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Figure 23: Neddylation of E-Syt1 and E-Syt2

(A) The representative western blot demonstrates that E-Syt1-GFP and E-Syt2-GFP
could be isolated with magnetic streptavidin beads. A primary anti-GFP antibody was used
for the E-Syt1-GFP and E-Syt2-GFP detection and fluorescently labelled streptavidin for
biotinylated carboxylases. The samples on the left side of the blot were treated with
vehicle (DMSO) and the samples on the right with 1 pM MLN-4924. The expected size of
E-Syt1l-GFP is approximately 151 kDa; E-Syt2-GFP has a molecular weight of 123 kDa
binding of Avi-Nedd8 increases the size by 14 kDa. Experiments were conducted using
HEK293T cells. (B) The GFP signal was normalised with the carboxylase bands.
Treatment with MLN-4924 resulted in an increase in E-Sytl-GFP and E-Syt2-GFP
neddylation. The data is presented as mean + SEM (E-Syt1-GFP: 2 % increase, paired t-
test: p-value=0.9431, N=9; E-Syt2-GFP: 3 % increase, paired t-test: p-value=0.9328,
N=8). The microscopic image shows HEK293T cells transfected with E-Syt1-GFP (C) and
E-Syt2-GFP (D) and stained with DAPI. Scale bar, 20 pm
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Two further proteins have been identified to influence calcium homeostasis: E-Sytl and
E-Syt2. E-Syt2 is anchored to the cellular membrane, while E-Sytl is translocated to the
membrane of the endoplasmatic reticulum (Min et al., 2007, Perez-Lara and Jahn, 2015).
Accordingly, the light microscopic images of E-Sytl samples showed a more pronounced
GFP signal in the membrane (see Figure 23C). The blot of the lysate samples exhibited
prominent bands at 151 kDa and 123 kDa, which were detected by an anti-GFP antibody,
thus indicates that the expression of E-Syt1-GFP and E-Syt2-GFP in HEK293T cells was
successful. Following the pulldown procedure, an anti-GFP antibody identified bands
corresponding to E-Syt1-GFP-Avi-Nedd8 complexes at 170 kDa and to E-Syt2-GFP-Avi-
Nedd8 complexes at 150 kDa. The GFP bands exhibited a strong intensity, the
carboxylase bands of the same blots appeared weaker (see Figure 23A). Once again, the
MLN-4924 treatment did not reduce the band intensity, neither for GFP-tagged E-Syt1 nor
for E-Syt2 (see Figure 23B). Instead, both the DMSO and MLN-4924 treated samples
exhibited similar band intensity. Consequently, it remains inconclusive whether or not E-

Sytl and E-Syt2 are subject to neddylation.

In conclusion, the isolation of all proteins except SNAP-25b was successfully achieved
through Avi-Nedd8 and magnetic streptavidin beads. Nevertheless, the requisite that
MLN-4924 decreases the band intensity was not fulfilled for any of the proteins. Given that
other studies have demonstrated that PINK1 and Parkin are neddylation targets, it is worth
discussing whether the lack of MLN-4924 sensitivity is a clear sign that the protein in
guestion is not neddylated.

3.5 Neddylation of carboxylases

Carboxylases are known to be endogenously biotinylated, which allows for their isolation
using magnetic streptavidin beads. As part of the analysis, the signal from anti-GFP
antibodies was normalised with streptavidin bands at 90 kDa that were suggested to be
carboxylases. This was done to exclude any potential influence of the total protein amount
and the efficiency of the pulldown assay. During the analysis of other proteins, it became
apparent that the signal intensity of bands corresponding to carboxylases was decreased

after MLN-4924 treatment. A comparison of the signal intensity of the carboxylases bands
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revealed that MLN-4924 significantly reduced the signal (see Figure 24A) suggesting that
neddylation might influence carboxylases. However, this influence is not necessarily a
direct neddylation but may be the result of neddylation of upstream proteins that regulate
carboxylases. To address the question whether Nedd8 is directly attached to
carboxylases, the anti-GFP antibody was replaced by an anti-Nedd8 antibody. Western-
blots demonstrated that the signal corresponding to the anti-Nedd8 antibody overlapped
with the streptavidin signal indicating that Nedd8 was attached to biotinylated
carboxylases (see Figure 24B). In order to exclude the possibility that Nedd8 was attached
to another protein of similar size, the pulldown experiments were repeated with flag-
tagged Ned8. Without the Avi-tag, Nedd8 itself cannot be isolated via streptavidin beads.
The missing cullin band in blots with flag-Nedd8 confirmed this (see Figure 24B).
However, anti-Nedd8 antibodies detected a signal overlapping the streptavidin band. This
means that Nedd8 itself was isolated via streptavidin beads, despite the missing Avi-tag.
Comparing the Avi-Nedd8 and the flag-Nedd8 pulldown, it stood out that the signal of the

Avi-Nedd8 sample exhibited a broad smear around the definable band. This smear was
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Figure 24: Neddylation of carboxylases

(A) MLN-4924 significantly reduced the signal intensity of the carboxylase bands,
indicating that carboxylases undergo neddylation. The data is presented as mean + SEM
(23 % decrease, paired t-test: p-value=<0.0001, N=104). (B) To test if Nedd8 is attached
to carboxylases, the anti-GFP antibody was replaced with an anti-Nedd8 antibody.
Western blots showed that Nedd8 co-localised with streptavidin, suggesting that Nedd8
was attached to carboxylases. Although Nedd8 cannot be isolated without an Avi-tag, an
anti-Nedd8 antibody detected a signal overlapping the streptavidin bands, indicating that
carboxvlases were neddvlated.
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missing in flag-Nedd8 samples. Given that Avi-Nedd8 was isolated through the beads, the
smear may consist of different neddylated proteins of similar size. Flag-Nedd8 can only
be isolated when it’s attached to endogenously biotinylated proteins. The missing smear
in western blots of flag-Nedd8 suggests that flag-Nedd8 was only isolated due to its

attachment to the carboxylases. These results indicated that carboxylases are neddylated.
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4 Discussion

Previous studies indicated that neddylation has an influence on synaptic transmission and
plasticity (Brockmann et al., 2019). For this reason, the identification of presynaptic
neddylation target proteins its of great interest and importance. In the present thesis, |
successfully identified four new neddylation target proteins: Stxla, Stx3, Stx4 and RIM1a.
Of these, Stxla and RIM1a play a major role in the presynapse and may provide further
insight into how neddylation influences synaptic transmission. To ensure the effective
examination of the function, it is necessary to find a variant that cannot be neddylated. In
this regard, this work also offers important findings. Several lysine residues of Stx4 were
found to be neddylated, while two neddylated lysines were identified in Stxla. In addition,
| was able to demonstrate that the neddylated lysine in RIM1a that is located in the N-
terminal region. Other tested proteins need further investigation to verify a connection to

neddylation.

4.1 Identification of neddylation targets

In order to identify proteins as neddylation targets, specific prerequisites need to be
fulfilled. The criteria as outlined by Rabut and Peter (2008), can function as a guideline for
the characterisation of neddylated proteins. The minimum requirements for the study
include the covalent binding of Nedd8 to the substrate, which must take place under
endogenous conditions, and the involvement of specific components of the neddylation
machinery. In order to further characterise a Nedd8 target, it is necessary to determine
the phenotype of a non-neddylatable mutant and to identify the specific Nedd8 ligase and
isopeptidase (Rabut and Peter, 2008).

The primary research focus is on the covalent attachment of Nedd8 to a lysine
residue of the target protein. In my study the protein-protein-interaction between Nedd8
and potential target proteins was investigated through a pulldown assay. For this purpose,
an Avi-tagged Nedd8 was isolated using magnetic streptavidin beads. If the GFP-tagged
protein that was tested for neddylation was attached to Nedd8, it was isolated in
conjunction with Nedd8 and could be detected in western blots probing the pulldown
sample. A band detected by the anti-GFP antibody after the pulldown procedure is
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therefore a sure sign that Nedd8 was covalently bound to the target protein, especially as
urea washing steps had previously removed non-covalent bonds (Zangi et al., 2009).
Similar pulldown assays already demonstrated the efficiency of the method to detect
neddylation. Numerous studies using immunoprecipitation have been able to identify a
significant number of new neddylation targets (Noh et al., 2012, Takashima et al., 2013,
Xirodimas et al., 2004).

Another criterion that should be considered is the attachment of Nedd8 through
specific components of the neddylation machinery. Because overexpressed Nedd8 can
also be attached to a target protein through the ubiquitination machinery, it is imperative
to ensure that the protein is genuinely neddylated (Hjerpe et al., 2012, Kim et al., 2011,
Leidecker et al.,, 2012, Whitby et al., 1998). An established approach to identify the
involved machinery is the treatment with MLN-4924. MLN-4924 has been shown to block
NAEL, thereby specifically preventing neddylation by the E1 activating enzyme (Brownell
et al., 2010, Soucy et al., 2009). MLN-4924 treatment should, therefore, result in a
reduction of neddylation and consequently in a decreased level of signal detected by anti-
GFP antibodies in blots that are used to analyse pulldwon samples. It is noteworthy that
the reduction of neddylation depends on endogenous deneddylation via SENP8 (Wu et
al., 2003, Yamoabh et al., 2005), as the function of MLN-4924 is limited to the prevention
of the de-novo neddylation. The enzymes required for deneddylation must be provided by
the cell. All experiments were carried out in HEK293T cells. The investigated proteins,
however, are synaptic proteins that are not always expressed in non-neuronal tissues.
Unfortunately, the use of a heterologous system may potentially limit the accessibility of
neurone-specific proteins contributing to neddylation and deneddylation. Thus, it is crucial
to consider the possibility that a lack of neddylation or deneddylation may also be
attributed to the limited conditions of the heterologous system. A less prominent reduction
upon MLN-4924 treatment could be the result of a decreased deneddylase activity or an
increased half-life of the target-Nedd8-complex in comparison to other targets.

To minimise the effect of cellular conditions and the eficancy of the pulldown assay,
signal intensities were normalised with endogenously biotinylated carboxylases. As the
carboxylases are the only endogenously biotinylated proteins observed in the blots
probing pulldown eluates, with no requirement for further overexpression, the

carboxylases were initially considered to be the optimal selection. However, a closer look
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at the band intensity of the carboxylases revealed a slight decrease after MLN-4924
treatment, which was reliably visible in almost every blot. Moreover, experiments with flag-
Nedd8 confirmed that Nedd8 is attached to carboxylases. It is therefore assumed that
carboxylases are at least partly targets for neddylation. This complicates the normalisation
with carboxylase bands. In general, the signal intensity was normalised by dividing the
GFP signal through the streptavidin signal of carboxylases. The reduced band intensity of
MLN-4924 treated carboxylases may lead to an erroneous normalisation, whereby the
normalised signal is higher than it would be if the treatment had no impact on the
carboxylases. As the comparison of the DMSO and MLN treated normalisation values is
of significant interest, this implies that a clear reduction due to MLN-4924 is correctly
indicating the neddylation of the protein in question. However, normalised values that
exhibit a sligthly visible or even absent reduction after MLN-4924 treatment do not prove
the absence of MLN-4924 sensitivity. Consequently, the normalisation is solely applicable
for the identification of neddylated proteins but not necessarily for the discovery of proteins
that are unable to undergo neddylation.

The subsequent step in characterising a neddylated protein is the identification of
the lysine to which Nedd8 binds. It is standard practice to mutate individual lysines to
arginine (Noh et al., 2012, Takashima et al., 2013, Xirodimas et al., 2004). Thereatfter,
western blots can be performed to analyse whether the protein is neddylated despite the
mutation. Since Nedd8 can only bind to lysine residues and not to arginine, the mutation
of the correct lysine prevents or reduces neddylation. Previous studies on ubiquitin
showed that mutation of the targeted lysine results in a reduced ubiquitination level of
25 % (Lin et al., 2011). In addition, the same pulldown assay that was described in this
thesis demonstrated that mutation of K112 in Cofl led to a decreased signal intensity of
40-50 % (Einsfelder, 2022), whereby mass spectrometry previously confirmed lysine 112
to be a neddylation target (Vogl et al., 2020). In consideration of these results, it is
hypothesised that a decrease of at least 50 % provides definitive evidence that the
mutated lysine is neddylated. A reduction of 25 % on the other hand, indicates that a lysine
is neddylated but is considered less reliable. The influence of more than one lysine could
be a sign of promiscuity as observed for ubiquitin (Li et al., 2020a). However, the presence
of multiple lysine residues that function as Nedd8 targets does not imply that all lysines

are concurrently neddylated. Mass spectrometry studies have demonstrated that multiple
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lysines of PSD-95 are neddylated, but not all lysines were consistently detected in every
experimental run (Brockmann, 2014). Consequently, it can be suggested that some
lysines that are essentially Nedd8 targets are not consistently neddylated. Unfortunately,
the results of this thesis do not allow to answer the question whether these lysines are
directly neddylated or whether they contribute to the neddylation process by interacting
with E2 or E3 enzymes.

At present, cullins represent the only proteins that meet all the criteria for neddylated
proteins. This is partly due to the difficulty of meeting the minimum requirements, let alone
the additional ones. The detection of endogenous neddylation is often challenging as
neddylation is a reversible modification, resulting in a comparatively small quantity of a
particular protein. To facilitate the investigation of endogenously neddylated proteins, it is
advantageous to enrich neddylated proteins, for example using deconjugatable Nedd8,
and to isolate the neddylated proteins through a tagged Nedd8 (Coleman et al., 2017,
Jeram et al., 2010, Zhang et al., 2024). In order to investigate the phenotype, it is first
necessary to find a non-neddylable mutant. Previous results indicate that non-cullin
targets are often neddylated at several lysines distributed over the entire surface (Enchev
et al., 2015). This large number of Nedd8 target residues makes the search more difficult.
In addition, the identification of the E2 and E3 proteins involved is rarely successful. As
neddylation is a dynamic enzyme cascade involving transient and time-limited protein-
protein interactions, the identification of individual enzymes can be challenging. At the
present time, for example, no crystal structure of an E2/E3 complex with a non-cullin target
has been identified (Zhang et al., 2024). In view of the difficulties encountered in the
identification of NEDD8 targets, the findings of this study are of considerable importance
for future research on neddylation.

All'in all, the chosen method is a good and simple approach to test various proteins
for neddylation. In accordance with the previously defined criteria, a thorough analysis of
the results of this work was conducted, leading to the reliable identification of potential

nedylation targets.
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4.2 Neddylation of Syntaxin

Syntaxins belong to a family of proteins that participate in intracellular trafficking and
membrane fusion. In humans, five syntaxins are expressed in the plasma membrane:
Stxla, Stx1b, Stx2, Stx3 and Stx4 (Teng et al., 2001). Given the results of this study Stx1a,
Stx3 and Stx4 are neddylated.

4.2.1 Syntaxin4d

Pulldown experiments with Stx4-mCitrine and Avi-Nedd8 demonstrated that Stx4 could
be isolated in the presence of Avi-Nedd8 but not in samples missing Avi-Nedd8. This
suggests that Avi-Nedd8 was covalently attached to Stx4 as Urea washing steps had
previously removed non-covalent bonds (Zangi et al., 2009). Western blots of lysates
supported this assumption showing two different bands corresponding to the size of Stx4
and Stx4 plus an attached Avi-Nedd8. The inhibition of NAE1 through MLN-4924 resulted
in a 75 % reduction compared to WT values, indicating that the transfer of Avi-Nedd8 onto
Stx4 can be attributed to the neddylation machinery. Removing the SNARE and the Hc
domain hindered isolation of Stx4 through Avi-Nedd8. It can therefore be assumed that
the neddylated lysine is located in the SNARE or Hc domain. To test individual lysine
residues, K54, K102, K108, K123, K124, K140, K151 and K161 were mutated to arginine.
Similar to MLN-4924 treatment, the mutation of lysines 102, 123, 140 and 161 caused a
reduced signal intensity. Especially, the mutation of lysine 123 to arginine had a
comparable effect on neddylation to that of MLN-4924 treatment, with a decrease in signal
intensity of 67 %. In accordance with the previously defined criteria (see 4.1), the reduction
that was observed for K123R, K140R and K161R indicates an involvement of these
lysines in neddylation of Stx4. The influence of more than one lysine may be a sign of
promiscuity as observed for ubiquitin (Li et al., 2020a). Unfortunately, the results do not
allow to answer the question whether the lysines are directly neddylated or whether they
contribute to the neddylation process by interacting with E2 or E3 enzymes. Based on the
experiments examining ubiquitin targets, lysine 102 also appears to be a viable candidate,
but since the mutation does not lead to a reduction of at least 50 %, as observed for the

Cofl K112R mutant, a definitive conclusion cannot yet be drawn. A comparison of the
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signal intensity of individual western blots probing Stx4 K102R reveals that the values are
distributed into two clusters. Three of the values are approximately equivalent to the mean
value of the WT, while the remaining three samples exhibit significantly reduced intensity.
The mean value of the low cluster reaches only 12.5 % of the mean value of the WT,
which corresponds to a reduction of 87.5 %. This outcome clearly demonstrates
neddylation of lysine 102 in at least half of the examined western blots. The results
observed for lysine 102 are consistent with the MS results of PSD-95 (Brockmann, 2014).
This suggests that the lysine is generally neddylated, although this does not appear to be
as reliable as with other lysines. In contrast, lysine 54 demonstrated a prominent increase
in signal intensity upon mutation. Given that Nedd8 covalently binds to a lysine and not to
arginine, the increase excludes lysine 54 as target residue. Nevertheless, it might interact
with the neddylation machinery, thereby influencing neddylation. The other investigated
lysines 108, 124 and 151 did not change the level of neddylation and are therefore unlikely

important for neddylation.

Table 12: Signal intensity of all Stx4 mutants compared to the WT

Mutation Signal intensity compared to WT
K54R 145 %
K102R 66 %
K108R 113 %
K123R 33 %
K124R 116 %
K140R 37 %
K151R 87 %
K161R 41 %

4.2.2 Syntaxinla

Isolation of Stx1a in the presence of Avi-Nedd8 indicated that Stxla is also a neddylation
target. However, MLN-4924 treatment did not result in a decreased neddylation level as
observed for Stx4. As previously outlined, while MLN-4924 sensitivity is a crucial
prerequisite, the extent of the reduction does not serve as a defence against neddylation.

The provided results are therefore still sufficient to assume that Stx1a is neddylated.
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For further characterisation of Stxla as a Nedd8 substrate the homology to Stx4
was used to determine the neddylated lysine residues. Since lysine 123 was the residue
that caused the most significant reduction in Stx4, the lysines in Stxla located in the
vicinity were initially analysed. Mutating lysines 117 and 126 to arginine reduced band
intensity to 35 % of WT values. In accordance to the results of Stx4, this indicated that
lysines 117 and 126 or at least one of the two is involved in neddylation of Stxla. The
provided results, unfortunately, cannot answer the question whether both lysin residues
or just one is important for neddylation and whether this lysine is directly neddylated or
influences neddylation in another way. This reduction of 65 % upon mutation was stronger
than the reduction through MLN-4924. Given that MLN-4924 reduction depends on the
deneddylation machinery of the heterologous system preventing neddylation by mutating

the lysine gives even stronger evidence that Stxla is neddylated.

4.2.3 Syntaxin3

The last member of the syntaxin family investigated was Stx3. In addition to Stxla and
Stx4, it was also possible to isolate Stx3 through magnetic streptavidin beads. MLN-4924
treatment caused a decrease of band intensity of about 70 %, indicating that Avi-Nedd8
was transferred to Stx3 via neddylation-specific machinery. Even if the neddylated lysine
residue was not determined yet, the provided results still indicate that Stx3 is neddylated
just like Stxla and Stx4. In consideration of the homology of Stxla and Stx3 and the

existing data, lysines 117 and 126 are likely to be promising potential target residues.

In conclusion, the current findings demonstrate that Stx1a, Stx3 and Stx4 are Nedd8 target
proteins. The results of the experiments conducted with Stxla and Stx4 indicate that both
the SNARE and Hc domains play a significant role in the process of neddylation.
Moreover, in the context of Stx4, the lysine residues at positions 123, 140 and 161 are
specifically involved in neddylation, while the lysines 117 and 126 are crucial for Stxla
neddylation. This conclusion gives rise to the question how neddylation might influence

the function of the syntaxins.
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4.2.4 Possible function of syntaxin neddylation

The syntaxin family is essential for intracellular membrane traffic, with Stxla, as well as
Stx3 and Stx4, forming the SNARE complex in conjunction with other t- and v-SNARESs
(Morgans et al., 1996, Rehman et al.,, 2017, Rizo and Xu, 2015). Next to Stxla, the
neuronal SNARE complex consists of SNAP-25 (t-SNARE) and VAMP2 (v-SNARE) and
mediates synaptic exocytosis. The interaction of all three SNARE proteins brings the
membranes into close proximity and induces SV fusion (Rizo and Xu, 2015). The
formation of the SNARE complex depends on the conformation of Stx. As mentioned
before, Stxla consists of different domains that adopt an open and closed conformation,
whereby Munc18-1 and Muncl3 influence the conformation of Stxla (Dulubova et al.,
1999, Richmond et al., 2001). Munc18-1 stabilises the closed conformation, which hinders
formation of the SNARE complex, while Munc13 opens Stxla and accelerates SNARE
complex formation (Burkhardt et al., 2008, Chen et al., 2008, Deak et al., 2009, Ma et al.,
2011). Nevertheless, itis not clear how Munc13 opens Stxla and the involvement of other
proteins is possible. A destabilizing mutation in the linker region of Stxla (L165A, E166A;
LE mutation) that favours the open conformation facilitates SNARE complex formation
and increase release probability and speed of release (Dulubova et al., 1999, Gerber et
al., 2008). Regulation of the different conformations of Stxla, therefore mediates synaptic
exocytosis. Previous studies on Nedd8 demonstrated that synaptic transmission is
regulated by neddylation. Inhibition of neddylation in acute hippocampal brain slices
reduced mEPSC amplitude and frequency significantly representing a change in
postsynaptic response to the neurotransmitter release as well as a change in
neurotransmitter release. In addition, paired-pulse facilitation (PPF) was increased in
slices that were treated with MLN-4924. This demonstrates that inhibition of neddylation
decreases the probability of vesicular release (Brockmann et al., 2019). Knowing that the
conformational change of Stxla and depending on this the formation of the SNARE
complex influence release probability as well (Gerber et al., 2008), it can be suggested
that neddylation of Stxla may contribute to the opening of Stxla and the formation of the
SNARE complex.

Moreover, removal of the Habc domain of Stx1a only affects spontaneous release

and vesicle priming but not evoked release, indicating that Habc is dispensable after
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SNARE complex formation (Zhou et al., 2013). The importance of the Hc domain for
neddylation observed in this thesis may favour the hypothesis that neddylation of Stxla
does not contribute to evoked release but rather to the conformational change and
formation of the SNARE complex.

The reduction of mMEPSC amplitude after MLN-4924 treatment in studies of
Brockmann and collegues indicated that neddylation influences postsynaptic processes
as well. Further experiments demonstrated that inhibition of neddylation decreased the
number of AMPAR and NMDAR at postsynaptic sites and reduced post-synaptic AMPA
and NMDA currents. In addition, neddylation is required to induce synaptic plasticity as
inhibition of neddylation before and during induction reduced the expression of LTP
(Brockmann et al., 2019, Scudder and Patrick, 2015). This influence could be explained
through the interaction of AMPAR and NMDAR with PSD-95. PSD-95 is a known
neddylation target, which anchors AMPARSs at the synapse, while a non-neddylated PSD-
95 variant is lacking this ability (Brockmann, 2014, Brockmann et al., 2019, Stein et al.,
2003). Several studies on Stx3 and Stx4 revealed that both syntaxins are also involved in
LTP induction. Both are known to insert AMPAR and NMDAR into postsynaptic
membrane, and through this to influence LTP. In fact, Stx4 KO mice do not exhibit LTPs
atall (Binetal., 2018, Jurado et al., 2013, Kennedy et al., 2010, Mohanasundaram, 2010).
The importance of Stx3 and Stx4 for AMPAR and NMDAR insertion and the subsequent
influence on LTP could indicate that neddylation of Stx3 and Stx4 contribute to regulation
of receptor density and LTP expression in combination with PSD-95. Given that Stx3 and
Stx4 also change their conformation and form SNARE complexes (Christie et al., 2012,
Giovannone et al., 2018), the role of neddylation in opening Stx and therefore facilitating
SNARE complex formation may also be appropriate here. To make an accurate
determination of the precise function in question, additional experimentation is essential,

for which the non-neddylatable mutants could prove invaluable.

4.3 Neddylation of RIM1a

The active zone of synapses is composed of many different proteins interacting to
organise docking and priming of synaptic vesicles (Mochida, 2020, Sudhof, 2012, Stdhof,
2014, Wu et al., 2023). RIM1a is a central component of this network mediating vesicle
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priming, calcium-triggered vesicle exocytosis and synaptic plasticity (Calakos et al., 2004,
Castillo et al., 2002, Kaeser and Sudhof, 2005, Kaeser et al., 2012, Kintscher et al., 2013,
Mittelstaedt et al., 2010, Schoch et al., 2002, Sudhof, 2012, Stdhof, 2013a, b, Wu et al.,
2023, Yang and Calakos, 2011). The results of this thesis provide evidence that RIM1a is
a neddylation target as well. The pulldown assays conducted with RIM1a-GFP and Avi-
Nedd8 demonstrated that isolation of RIM1a via magnetic streptavidin beads was
possible. The inhibition of neddylation by MLN-4924 decreased the amount of isolated
RIM1a indicating that neddylation occurred via neddylation-specific enzymes. Similar to
Stx1la, the comparatively low reduction after MLN-4924 treatment could be due to a longer
half-life of RIM1a-Avi-Nedd8 complexes or due to an incomplete neddylation machinery.
The abundance of RIM1a is focused on neuronal cells, which makes it likely that
specialised enzymes are partially missing in heterologous systems. It can therefore be
reasonably assumed that RIM1a undergoes neddylation.

Experiments with truncated variations of RIM1a revealed that the N-terminus
including the zinc-finger domain is especially important for neddylation. Removal of only
the N-terminus (RIM1a PRM 1-3, RIM1a PRM 3-B) resulted in a signal reduction of more
than 50 %. RIM1a PRM 1-PA, which lacks both N-terminal and C-terminal regions, did not
show an altered signal intensity and if only the C-terminal part was missing as in RIM1a
Z-PRM 1-PA, the signal intensity was even higher compared to the WT. Nevertheless, the
outcomes of the variants RIM1a PRM 1-PA and RIM1a Z-PRM 1-PA do not automatically
disprove the significance of the N-terminus for neddylation. It is possible that the removal
of the C-terminal domains PRM 2 and PRM 3 revealed an additional neddylation site in
the PRM1, the PDZ or the C2A domain that is typically concealed within the protein
structure, and therefore inaccessible to Nedd8 (see Figure 25; Jumper et al., 2021, Varadi
et al., 2024, Varadi et al., 2022). This would give RIM1a Z-PRM 1-PA an additional Nedd8
binding site, which explains the signal increase, and RIM1a PRM1-PA could be
neddylated despite the absence of the original neddylation site. Other truncated RIM1a
that were investigated exhibited signal intensities comparable to WT values, which makes
the involvement of the PRM 1-3 domains, the PDZ domain and the C2A and C2B domains
in neddylation implausible. Therefore, the neddylated lysine residues are probably located

in the N-terminal region including the zinc finger domain.
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Figure 25: Hidden neddylation site of RIM1a

Removal of the C-terminal domains PRM 2, PRM 3 and C2B (grey) may reveal a hidden
neddylation site in the PRM1, PDZ or C2A domain, providing RIM1a Z-PRM 1-PA (blue
and yellow) and RIM1a PRM 1-PA (yellow) with an additional Nedd8 binding site. The
structure used (AF-Q86UR5-F1-model_v4) was predicted by Alphafold (Jumper et al.,
2021, Varadi et al., 2024, Varadi et al., 2022), colour coding was done with PyMOL.

RIM1a has several functions as it interacts with multiple presynaptic proteins like
Bassoon, ELKS and Munc (Mittelstaedt et al., 2010). In connection with different protein
interactions, different studies demonstrated the role of RIM1a in the anchoring of synaptic
vesicles and their exocytosis and synaptic plasticity (Calakos et al., 2004, Kaeser et al.,
2012, Mittelstaedt et al., 2010, Studhof, 2012, Wu et al., 2023, Yang and Calakos, 2011).
The N-terminal region of RIM1a that might be a neddylation site is known for the
interaction with two proteins: Rab3A and Muncl3-1. Rab3A is a synaptic vesicle protein
that regulates synaptic vesicle exocytosis via recruitment of vesicles (Geppert et al., 1994)

and binds to a1-helix and a small sequence of a2-helix at the N-terminus of RIM1a
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(Dulubova et al., 2005, Mittelstaedt et al., 2010). Knockout mice lacking Rab3A, RIM1a or
both exhibited an increase in PPF. This suggests that the loss of RIM1a-Rab3A interaction
is the reason for the PPF enhancement (Schoch et al., 2002). Thus, the increased PPF
upon MLN-4924 treatment could be connected to RIM1as interaction with Rab3A. The
second protein that interacts with the N-terminal region of RIM1a is Munc13-1. The C2A
domain of Munc13-1 binds to the zinc finger domain that was also shown to influence
neddylation of RIM1a (Dulubova et al., 2005, Mittelstaedt et al., 2010). The interaction of
RIM1a and Munc13-1 was demonstrated to stabilise Munc13-1 as the absence of RIM1a
leads to a decrease in Muncl3-1 expression (Schoch et al., 2002). Moreover, the
formation of a RIM1a-Muncl3-complex prevents homodimerisation of Muncl3-1
(Dulubova et al., 2005). This is important because the heterodimer RIM1a-Muncl3
regulates vesicle priming and maturation, while Munc mutants favouring the
homodimerisation state show a 40 % reduction in docked synaptic vesicles (Camacho et
al., 2017). Interestingly, in C. elegans a constitutively open form of Stxla was able to
rescue the effect of Unc-13 mutation and RIM1a KO (Koushika et al., 2001). This suggests
that RIM1a-Munc13 interaction contributes to the opening of Stxla and subsequently to
the formation of the SNARE complex (Calakos et al., 2004, Koushika et al., 2001,
Richmond et al., 2001). Nedd8 could therefore influence SNARE complex formation and
through this vesicle release probability through the interaction of RIM1a and Stxla with
Munc13-1.

4.4 Interplay of SUMOylation and neddylation

Ribosomal protein L11 (PRL11) is a target for both neddylation and SUMOylation. It was
demonstrated that the inhibition of neddylation upregulates SUMOylation of RPL11, while
inhibition of SUMOylation promotes neddylation of RPL11. This interplay suggests that
the two modifications are subject to some form of regulation. Neddylation and
SUMOylation of RPL11 serve two distinct functions. Neddylation on the one side promotes
the nuclear localisation of RPL11, whereas SUMOylation mediates the release of RPL11
from the nucleolus into cell nucleoplasm. Moreover, it was shown that nuclear stress
induces SUMOylation resulting in activation of p53 (ElI Motiam et al., 2019). RPL11 is a
good example of cooperation of different post-translational modifications in order to
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regulate the function of a protein. Following the results of this thesis, the function of Stxla
and RIM1a is potentially regulated by the interplay of SUMOylation and neddylation as
well. Studies on SUMOylation of Stxla revealed that sumoylated Stx1a regulates synaptic
vesicle enodcytosis, while significantly decreasing Stxla binding to SNAP-25 and VAMP2.
This suggests that SUMOylation may disturb the formation of the SNARE complex (Craig
et al., 2015). Craig and collegues mention the possibility of two distinct pools of Stxla,
one with non-sumoylated Stxla being involved in SNARE complex formation and
membrane fusion, and a second pool of sumoylated Stxla regulating synaptic vesicle
endocytosis (Craig et al., 2015). If the hypothesis can be confirmed that neddylation is
involved in the opening of Stxla and the formation of the SNARE complex, the interplay
of SUMOylation and neddylation could regulate the formation of the SNARE complex and
the involvement of Stxla in exo- and endocytosis.

SUMOylation of RIM1a is necessary for fast synaptic vesicle exocytosis via
facilitation of Cav2.1 calcium channel clustering. In contrast to that, the abrogation of
RIM1a SUMOylation did not defect docking and priming of synaptic vesicles. This leads
to the assumption than un-sumoylated RIM1a is required for the maintenance of the active
zone (Girach et al., 2013). Interestingly, my hypothesis regarding the function of RIM1a
neddylation is consistent with the observed results. As previously stated, the interaction
of RIM1a with Rab3A and Munc13-1 may influence processes such as the docking and
priming of SV, which in turn affects the readily releasable pool (Dulubova et al., 2005, Luo
etal., 2017, Rizo, 2018, Sakane et al., 2006, Studhof, 2012). Therefore, SUMOylation may
promote the function of RIM1a in exocytosis, while neddylation could facilitate docking
and priming of vesicles.

It is therefore plausible that SUMOylation and neddylation may alternate between

various functions of a protein, thereby regulating synaptic transmission.

4.5 Neddylation of other proteins

The described method has also been used to analyse proteins apart from Stx and RIM1a
for neddylation. Pulldown assays with E-Sytl, E-Syt2, SV2A, Rab3A and VAMP2
demonstrated that all four proteins could be isolated via magneitc streptavidin beads.

Isolation of SNAP-25b was not as reliable but still possible. This suggests that Avi-Nedd8
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was covalently attached to all proteins mentioned above. The first criterion to identify
neddylation substrates is therefore fulfilled (Rabut and Peter, 2008). However, MLN-4924
sensitivity was not visible for any of the proteins. As already discussed, the validity of
MLN-4924 as control needs to be critically examined. Nevertheless, overexpression of
Nedd8 makes it necessary to exclude the influence of the ubiquitination machinery (Hjerpe
et al., 2012, Kim et al., 2011, Leidecker et al., 2012, Whitby et al., 1998). Consequently,
none of the proteins was shown to serve as nedylation targets.

PINK1 and Parkin are the only proteins that were previously described as
neddylation targets (Choo et al., 2012, Um et al., 2012). Isolating the two proteins via
magnetic streptavidin beads was successful, supporting the initial assumption.
Unfortunately, MLN-4924 treatment did not result in reduced neddylation levels, which
prevented fulfilment of the third criterion. Therefore, based on my data, neddylation of
PINK and Parkin cannot be confirmed. Results of other studies on PINK and Parkin
neddylation are partially based on methods similar to the one used in the present study.
Um et al. overexpressed myc-tagged Parkin and T7-tagged Nedd8 in HEK293T cells and
detected the anti-myc coimmunoprecipitates using anti-T7 and anti-myc antibodies
(2012). In a second study, a similar immunoprecipitation assay was used to isolate VSVG-
or flag-tagged Parkin and flag-tagged PINK, subsequently Nedd8 was visualised with an
antibody (Choo et al., 2012). Neither of the two studies used MLN-4924 as control (Choo
et al., 2012, Um et al.,, 2012). Choo and colleagues co-expressed Nedd8-specific
deneddylation enzyme NEDPL1 to verify the Nedd8 modification (2012), but this control
provides no information pertaining to the machinery used for Nedd8 attachment. To avoid
overexpression, Um and Shoo both investigated neddylation of endogenous Parkin and
could confirm previous results (Choo et al., 2012, Um et al., 2012). This indicates that at
least Parkin is a neddylation target despite my own data. In contrast, neddylation of
endogenous PINK could not be analysed. It is therefore difficult to say whether Nedd8
was attached through neddylation or ubiquitination machinery. This means that further
experiments addressing MLN-4924 sensitivity or endogenous neddylation of PINK1
should be performed to validate the protein as neddylation target.

All'in all, my data does not provide sufficient evidence to confirm or deny neddylation
of any of these proteins. Further experiments are required to achieve the fulfilment of more

than one criterion (Rabut and Peter, 2008).
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4.6 Conclusion and Outlook

The main purpose of this thesis was to find presynaptic proteins modified by neddylation.
The present results indicate that Stxla and RIM1a are neddylation targets as two criteria
defined by Rabut and colleagues were fulfilled: Covalent attachment of Nedd8 and
dependency on neddylation-specific machinery. In addition two homologs of Stxla, Stx3
and Stx4, were identified as neddylation targets, resulting in a total of four Nedd8 targets
being identified. In the case of Stxla and Stx4, it was also demonstrated which lysines
are involved in neddylation. The results of the experiments indicate that both the SNARE
and Hc domains play a significant role in the process of Stx neddylation, especially the
lysine residues at positions 102, 123, 140 and 161 (Stx4) and the lysines 117 and 126
(Stx1a). With regard to RIM1a, latest experiments could restrict the neddylation site to the
N-terminal region and thus limit the number of possible lysines.

In a next step, the proof of endogenous nedylation will be addressed. For this, a
protocol using Avi-Nedd8 KI mice has been established that allows endogenously
neddylated proteins to be isolated from brain tissue and visualised in western blots.
Unfortunately, the detection of individual proteins is not yet possible. Another approach to
investigate endogenous neddylation is the usage of the SENP8 KO mouse, as preventing
deneddylation enriches neddylated proteins and facilitate detection. The optimisation of
western blots with brain tissue and establishing a protocol for SENP8 KO mice is essential
to confirm endogenous neddylation of syntaxins and RIM1a.

In addition, further experiments should be performed to identify neddylated lysine
residues of RIM1a. Non-neddylatable mutants can then be used to investigate the function
of neddylation. For example, it nedds to be investigated whether neddylation has an
influence on the formation of the SNARE complex or the interaction of Munc13-Rab3A-
RIM1a. Pulldown experiments as described in this thesis, could be performed using Avi-
Stxla and Avi-RIM1a and non-neddylatable variants to compare their interaction with
SNAP-25b and VAMP2 or with Rab3A and Munc13. Non-neddylatable mutants could also
be used to investigate the contribution of neddylation to synaptic vesicle fusion. For
instance, an electrophysiological approach using SynaptopHysin could lead to interesting

results.



95

Another aspect that should be investigated further is neddylation of carboxylases.
Preliminary results suggested that carboxylases are at least partly neddylated. Additional
experiments could confirm this assumption and reveal possible new functions of
neddylation.

Finally an important objective in this field of research is to identify additional
proteins that undergo this process of neddylation. The present results were not able to
confirm nor deny neddylation of several proteins. A particular issue encountered in the
present research concerned the demonstration of MLN-4924 sensitivity. An approach to
enhance the efficacy of MLN-4924 treatment could be to initiate the treatment at an earlier
stage. The consequence of this would be a reduction in initial protein neddylation, thereby
limiting the impact of deneddylation on the overall outcome, which might increase the
effect of inhibiting de-novo neddylation. An alternative to verify neddylation, may be the
prevention or acceleration of deneddylation. For instance, increased deneddylation could
be used to enhance the effect of MLN-4924 treatment. In contrast, the inhibition of
deneddylation results in an enrichment of neddylated proteins, thus facilitating detection.
In the field of ubiquitin research, MG-132 has been shown to inhibit the proteasome and
thus prevent the degradation of ubiquitinated proteins. This has been demonstrated to
increase the amount of ubiquitinated proteins, which facilitates the identification of
ubiquitin targets (Schimmel et al., 2008). However, to date, a comparable inhibitor for
deneddylation is not known.

Moreover, checking other syntaxins or Rims for neddylation could be interesting as
well. Especially Rim1( that lacks the N-terminal a-helix that is believed to be neddylated
could be interesting to analyse.

All in all, my results confirm that research on neddylation is exciting as well as
important. Although not all points could be elucidated, my thesis offers valuable insights

and provides a solid foundation for further experimentation.
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5 Abstract

Reversible post-translational modifications are essential for the regulation of cell functions.
One such modification is the attachment of ubiquitin and ubiquitin-like proteins, including
Nedd8 (neural-precursor-cell-expressed developmentally down-regulated 8) (Enchev et
al., 2015). During neddylation, Nedd8 is linked to a specific lysine of the target protein
through an isopeptide bond. It is well established, that neddylation is involved in the post-
translational modification of synaptic proteins. Immunoblots of synaptosomes have
revealed that both pre- and postsynaptic proteins undergo neddylation (Vogl et al 2015
Vogl et al., 2015). In addition, it was shown that neddylation has an influence on spine
formation and maintenance, LTPs and AMPA- and NMDA-mediated neurotransmission
(Brockmann et al., 2019, Vogl et al., 2015). As inhibition of neddylation has been
demonstrated to decrease the probability of transmitter release (Brockmann, 2019
Brockmann et al., 2019), it can be hypothesised that proteins involved in synaptic
transmission are neddylated. However, the target proteins of Nedd8 remain largely
unexplored.

The main focus of my work was the identification of presynaptic proteins modified
by neddylation. The investigation focused on three key criteria: the covalent binding of
Nedd8 to the target protein, the contribution of the neddylation-specific machinery, and
the identification of neddylated lysines. Here, | used an Avi-tagged NEDDS8, which was co-
expressed with the GFP-tagged candidate protein in HEK-293 cells. The Avi-tag was
biotinylated by co-expressed BirA, thus facilitating the isolation of Avi-tagged Nedd8 and
all covalently attached proteins through streptavidin-covered magnetic beads.
Subsequently, neddylated proteins were detected by Western Blotting against the GFP-
tag. The use of MLN-4924 as a control ensured that the attachment of Nedd8 occurred
through the neddylation-specific machinery rather than through the ubiquitin pathway.

In my thesis, | identified Stxla and the homologous proteins Stx3 and Stx4 as
targets for neddylation. By mutating lysine residues to arginine, | revealed that lysine 117
or 126 play an essential role in the neddylation of Stxla. In the case of Stx4, the lysines
123, 140 and 161 were identified as neddylated residues, while the lysines 102, 108, 124

and 151 are suggested to be irrelevant for neddylation.
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Additionally, | also identified RIM1a as a target protein for Nedd8. Experiments
using truncated proteins indicate that the neddylated lysine residue is located within the
N-terminal region up to PRM 1. Therefore, | reduced the number of lysines that may serve
as Nedd8 substrates.

| unexpectedly discovered that the carboxylases are prospective Nedd8 candidates
as well. As my work does not provide any additional information, a precise conclusion
cannot be drawn at present.

In conclusion, | identified four new neddylation targets: Stxla, Stx3, Stx4 and
RIM1a. The identification of Stx and RIM1a as Nedd8 targets will require further
investigation of the function of Nedd8 in the synapse. In particular, the discovery of the
neddylated lysines of Stxla and Stx4, and the resulting availability of non-neddylatable
variants, increases the potential for investigation of the influence of Nedd8 on the syntaxin
family. Combining existing literature with the present study suggests that neddylation
plays a role in vesicle priming, specifically in the assembly of the SNARE complex, and
consequently in SV fusion and the probability of release. However, further experiments,
for example using the non-neddylable variants of stx1a, will provide more precise insights

into the function of neddylation.
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