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ABSTRACT

AP2 CME fulfills essential functions in embryonic development and cell
survival. The AP2 complex and clathrin form AP2 CCV together with sixty other coat
proteins. Due to this complex protein network, the regulation of CCV life cycle still
remains elusive. The tissue-specific AP1/61B complex mediates intracellular protein
sorting and coordinates endolysosomal protein transport together with the ubiquitous
AP1/c1A complex. The AP1/c1B complex knockout mice are viable and fertile, but
they have severe learning-memory and motor coordination deficiencies. Hippocampal
AP1/c1B ko synapses showed impaired synaptic vesicle recycling and enhanced
endolysosomal protein transport. These alterations in AP1/c1B ko synapses stimulates
protein endocytosis by canonical (canCCV) and by stable, longer-lived AP2 CCV as
an indirect, secondary phenotype. In addition, the longer-lasting stable AP2 CCV of
these ko synapses are even more stabilized than the corresponding wt stable AP2 CCV
and thus, they are named as stCCV. The comparisons of the coat protein composition
between wt and ko synaptic AP2 CCV classes revealed three molecular mechanisms,
which enhance AP2 stCCV stability, thereby extending their lifetime. These regulatory
mechanisms influence all three layers of a CCV: the outer clathrin-basket, the middle
AP2 layer and the inner layer, the vesicle membrane phospholipid composition.
Firstly, the ko stCCV contain only half the amount of the clathrin basket disassembly
protein Hsc70 compared to wt stable CCV. Secondly, the AP2 membrane and cargo
binding are hyperactivated via the phosphorylation of its yu2 adaptin by the AAK1
kinase, whose amount and activity are increased in stCCV compared to wt stable CCV.
Thirdly, stCCV contain much less of the PI-4,5-P2 phosphatase Synaptojaninl than wt
stable CCV, whose activity is required for AP2 membrane dissociation. Firstly, we
analyzed which protein(s) of the Synaptojaninl CCV interactome determines its level
in AP2 CCV. Our results show that the reduction of ITSN1 closely resembles the
reduction of Synaptojaninl levels in ko stCCV. Therefore, ITSN1 regulates the
recruitment of Synaptojaninl into stCCV. Additionally, the excess of Sgipl/AP2
complex over ITSN1 can efficiently compete with Synaptojaninl for ITSN1 binding
lowering Synaptojaninl level even further. The ITSN1 AP2 CCV levels are controlled

by Eps15 only, whereas its close homolog Eps15L1 is not involved. This was not

Xiv



expected because Eps15L1 is indispensable for neurodevelopment and can substitute
the absence of Eps15, but not vice versa. Apparently, Eps15 has specific functions in
selected protein transport routes. Pacsinl is, like ITSN1, a member of the
Synaptojaninl CCV interactome. Its level in a stCCV is also reduced, but its reduction
is counter-balanced by its higher phosphorylation and thus its higher activation level.
This compensatory activation highlights the complexity of the mechanisms regulating
the AP2 CME pathways.

The mechanism controlling the CCV-associated Hsc70 levels and activity was
analyzed next. The levels of the Hsc70 CCV co-chaperons, auxilinl and
GAK/auxilin2, its NEF Hsp110 and its co-worker Hsp90 are not changed in stCCV,
in ways which would enable a CCV class specific regulation of Hsc70 levels and its
uncoating activity. Hsc70 clathrin cage disassembly activity is regulated by differences
in its phosphorylation patterns. All AP2 CCV from wt and ko synapses have two main
Hsc70 pools, a hyper- and a hypo-phosphorylated pool, each of them contains Hsc70
proteins with different phosphorylation patterns. Only the Hsc70 homodimerization
and activation of hypo-Pi Hsc70 proteins associated with the stCCV is inhibited by
their binding of CaM/Ca?* and most likely also by their binding of CaM. The regulation
of Hsc70 and Pacsinl activities via phosphorylation and the stimulation of AAK1
kinase activity led us to analyze the CCV class specific kinome. The amounts of
DYRK1A, CaMK-118, STK38L and SPAK(STK39)/CAB39 kinases are specifically
reduced in ko stCCV, suggesting their involvement in the destabilization of AP2 CCV.
Of all 12 investigated kinases, only AAK1 levels and its activity are specifically
increased in ko stCCV, while being reduced in ko canCCV. Thus, AAK1 appears to
be one of the master kinases regulating the AP2 CCV life cycle. Lastly, among the
investigated neuronal cell adhesion proteins, only CHL1 and Neurocan are identified
as novel, specific stCCV cargo proteins emphesizing particular functions of the AP2
stCCV pathway in synaptic plasticity. Overall, our findings will contribute to better
understandings of diverse functions and mechanisms of AP2 CME pathways.
Eventually, these data will provide more insights for developing treatments against
neurological disorders caused by altered protein transport in endocytic routes.

Key words: AAK1, AP1l/c1B ko mice, AP2, Calmodulin, clathrin-mediated
endocytosis, CCV life cycle, Hsc70, ITSN1, kinases, NCAMs, stabilized CCV,
synaptic platicity, Synaptojaninl, X-linked mental retardation disorder.
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CHAPTER 1

1. INTRODUCTION

1.1. The vesicular transport of proteins between organelles

Protein synthesis takes place either at soluble ribosomes in the cytoplasm or at the
rough endoplasmic reticulum (RER) [1], [2]. Proteins that are newly synthesized have
to be to be further processed and transported to the organelles in which they fulfill their
cellular functions [1], [3]. After mRNAs are translated into proteins at the RER and
then, they have received their core-glycosylation in the RER, they are exported into
the Golgi apparatus, in which the carbohydrate side chains are further glycosylated.
From the Golgi apparatus, proteins are transported into the trans-Golgi network, in
which they receive their final chemical modifications, including phosphorylation,
acetylation, methylation and sulfation etc. [1], [4], [5]. In addition, biologically
inactive, pro-forms of proteins, like inactive receptors and hormones, are
proteolytically matured by endoproteinases of the convertase family and subsequently
by amino- and carboxy-exopeptidases [6], [7]. A subset of post-translational
modifications (PTMs) function as protein targeting signals along their transport route
into their final organelles [1], [4]. Proteins will be transported retrogradely, if they are
RER-resident proteins or if they are incorrectly folded or processed [1], [4]. The
correctly processed proteins continue their way through the organelles of the late
secretory pathway, which intersects with endocytic pathways, and finally reach either
to the plasma membrane (PM) of target cellular compartments, or to the lysosome or
to the lysosome-related organelles [4], [8]. All transport steps of these membrane
bound proteins along the compartments of secretory and endocytic pathways are
mediated via vesicular intermediates, that bud off from the donor compartment and
fuse with the membrane of the acceptor compartment, releasing their content [1], [8].
There are four main types of transport vesicles, which are named based on their
proteinaceous vesicle coat composition (Figure 1.1) [8], [9]. The two types of transport

vesicles that function in the early secretory pathway are the coatomer or COP (coat
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protein complex) coated vesicles, COP-l and COP-II. The COP-II vesicles mediate
anterograde protein trafficking from the RER to the Golgi apparatus and through the
Golgi apparatus, while COP-I coated vesicles retrieve proteins and mediate retrograde
protein transport through the Golgi apparatus and back into the RER [8], [9]. The third
and fourth types of transport vesicles are named as clathrin-coated-vesicles (CCV).
The clathrin protein is bound to these vesicles by two different adaptor-protein
complexes (AP). The AP1 CCV mediate the transport of proteins between the trans-
Golgi network (TGN) and endosomes and the AP2 CCV mediate protein endocytosis
at the PM and protein transport into early endosomes [9], [10]. The vesicular protein
transport is essential for maintaining the cellular protein homeostasis and cell
signalling pathways [11].
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Figure 1.1. The intracellular membrane transport pathways via coated vesicles. The endocytic
routes of COPI (green), COPII (blue) and clathrin-coated vesicles (red) in the intracellular protein
transport pathways are demonstrated as schematic diagram. The scheme is modified from the original
presented in Szul and Stzul et al. 2011 [4]. Abbreviations, endoplasmic reticulum (ER), ER exit sites
(ERES), ER-Golgi intermediate compartments (ERGIC), trans Golgi network (TGN), Hepatocyte
growth factor (Hrs), Adaptor protein (AP) and plasma membrane (PM). The original figure is reprinted
with the permission from The American Physiology Society, provided licence number is
5295990674770.
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1.2.Coated vesicles in the membrane trafficking

The biogenesis of COP-1 and COP-IlI protein complexes and vesicles are
evolutionarily conserved among yeast, worm, insect, plants and vertebrates [4]. The
functions of both COP-1 and COP-IlI coated complexes are regulated by Ras-
related/ADP ribosylation factor (Sar/ARF) GTPases and their activating guanine-
nucleotide-exchange factors (GEFs) and their deactivating GTPase-activating proteins
(GAP) and vesicle-organelle membrane tethering factors like the soluble, N-
ethylmaleimide sensitive factor attachment protein receptors (SNARES) [4]. The
formation of COP-1 and COP-1I coated vesicles is mechanistically similar [12]. Firstly,
cytoplasmic coatomer is recruited to the membrane by the small GTPase protein,
ARF1:GTP, as activated by GEFs which replaces ARF1.GDP bound state with
ARF1:GTP bound state [12]. The activated ARF1:GTP is anchored to the the outer
leaflets of the organelle membrane via its N-terminal amphipathic helix and stabilizes
membrane binding to the COP complexes, which recruit the vesicle cargo proteins
through the recognition of specific peptide motifs [12]. The dissociation of ARF1 and
of the COP coat proteins requires GTP hydrolysis [12]. Since ARF1 lacks intrinsic
GTPase activity, GAPs are required and regulated for the release of ARF1 from the
membrane [12]. Also the formation of the third type of transport vesicle, the AP1 CCV,
which mediate protein transport between the TGN and early endosomes (EESs) [4],
[12], [13], is regulated by ARF1, but by different ARF1 GEF and GAP proteins [12],
[14]-[16]. In contrast, formation of the AP2 CCV at the PM is not regulated by ARF1
or a related small GTPase. The formation of AP2 CCV is completed via the activity of
large dynamin GTPase which wraps around the neck of vesicles as short helical rings

for the membrane scission process [16].

1.2.1. COP-I1 vesicles in the anterograde vesicular transport

COP-II vesicles orchestrate anterograde protein transport from the RER
towards and through the Golgi apparatus [4]. Selected cargo-engulfing COP-11 coated
vesicles are composed of the three core proteins Sarlp, Sec23/24p and Sec13/31p [17].
The first step in the formation of COP-11 coated vesicles is the activation of Sar1p:GDP
via its GEF Sec12p into Sarlp:GTP [17], [18]. Sarlp:GTP recruits Sec23/24p complex
to the membrane of the RER [17]. Afterwards, Sarlp-Sec23/24p binds to the
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heterotetrameric Sec13/31p complex [17]. The Sec24 subunit is responsible for the
sorting of cargo proteins into the nascent COP-II vesicles [4]. The four different
Sec24a, Sec24b, Sec24c and Sec24d isoforms can bind to the cytoplasmic tails of
transmembrane cargo proteins via specific sorting motifs, thereby increasing the
variety of cargo proteins that can depart the RER [4]. Sec24a and Sec24b captures
cargo proteins via DxE and also via LxxL/ME amino acid sorting motifs, whereas
Sec24c and Sec24d recognizes cargo proteins only via IxM sorting motifs (x stands
for any amino acid) [4]. Additionally, the Sec23 subunit of COP-II, which functions
as a GAP for Sarlp, also plays a role in the sorting of cargo proteins [4]. The Sarlp
GTPase activity is triggered by the incorporation of the heterotetrameric Sec13/Sec31p
complex, so that the polymerization of the COP-II coat protein complex is finalized
after engulfment of the selected cargo into the nascent COP-II vesicles [4].
Deformation of the donor membrane into a pit requires Sarl and Sec23/24 complex,
which is globally kept stable through the Sec13/31p complex [4]. In vitro studies
indicated that Sarl is required for the pinching off the COP-II vesicles from the donor
membrane [19] by the insertion of the amphipathic NH2-terminal helix of Sarl, which
is activated when bound by GTP, lowering the energy required for the vesiculation of
the donor membrane [4], [19], [20]. Experimental blockage of GTP hydrolysis does
not inhibit the formation of COP-11 vesicles [20], however, the formed COP-11 vesicles
are unable to detach from the RER membrane [20].

Following the disassembly of the COP-I1I vesicle coat, the initial interactions
between the cargo-carrying vesicle and Golgi membrane are carried out by tethers and
then by SNARE-complexes to promote the fusion of vesicles with the recipient Golgi
membrane [4], [21]. The initial studies regarding tethering mechanism were performed
in yeast cells [4]. It has been shown that yeast Usolp (homologue of mammalian p115)
is responsible for the tethering of vesicles with the Golgi membrane [4], [22].
Activated small GTPase Yptlp (ortholog of mammalian Rabl) recruits Usolp to COP-
Il vesicles [4], [22]. It has been demonstrated that mammalian ortholog of yeast Usolp
pl15, associates with SNAREs for the fusion of the vesicle with the Golgi [4], [22],
[23]. Therefore, one can assume that Usolp fulfills the same function by binding to
SNAREs, like Boslp, Sec22p, Betlp and Ykt6p, in yeast [4], [22]. Besides Usolp,
yeast Grhlp (ortholog of mammalian GRASP65) has been proposed to interact with
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Sec23/24p subunits of COP-II coat [4], [24]. Even though the exact function of yeast
Grhlp is not known, it is supposed that the interaction of Grh1p with Buglp (ortholog
of mammalian GM130) is involved in the tethering of COP-II vesicles with the
acceptor membrane [4], [24]. However, the binding partners of the Usolp, Grhlp and
Buglp on the Golgi membrane are not identified, yet [4]. Furthermore, it could be also
possible that Usolp-Grhlp-Buglp form a tripartite complex to facilitate the tethering
of COP-II vesicles with the Golgi membrane [4]. Further experiments are required to
elucidate the novel mechanisms behind the tethering and fusion of COP-II vesicles

with the Golgi membrane.

1.2.2. COP-I vesicles in the retrograde vesicular transport

COP-I vesicles mediate the retrieval of proteins from the distal Golgi stack through
the Golgi apparatus, to the endoplasmic reticulum-Golgi intermediate compartment
(ERGIC) and all the way back to the RER [4]. COP-I coatomer complex is a
heptameric complex and consists of o, B, B,y, 8, € and £ protein subunits, which form
a trimeric and a tetrameric subcomplex [4], [25]. The trimeric subcomplex contains o,
" and ¢ protein subunits and the tetrameric subcomplex contains y, 8, B and ¢ proteins
[4], [25]. The trimeric o, B~ and & subcomplex is homologous to the Sec13/31p
complex of the COP-1I complex [4]. Based on this structural analysis, it can be
suggested that trimeric complex is responsible for the formation of the outer layer of
the COP-I coat [4], [26]. The y subunit of COP-I complex is structurally similar to the
large a and B adaptin subunits of the AP2 complex, which mediates the formation of
CCV and forms the inner protein layer of that coat [4], [27]. Also the tetrameric
subcomplex of y, 3,  and ¢ forms the inner core of the COP-I1 coat [4], [27]. Activated
small ARF GTPases are involved in the recruitment of the COP-I complex to the
membrane [4], [28]. Sec7p is responsible for the activation of ARFs in yeast [4], [29].
The mammalian orthologs of Sec7p were identified as five families of ARF GTPases
based on sequence similarity, comprehensive structure and domain organization:
GBF1/BIG, cytohesins, EFA6, BRAGs and F-box [4], [30]. Of all ARF GTPases,
GBF1 is sufficient and required to activate ARFs for the recruitment of COP-I to the
membrane and eventually for the formation of COP-I coated vesicles [4], [31].
Additionally, the formation of COP-I coated vesicles is also regulated by ARF GAPs,
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because they have a scaffolding function to support the assembly of the huge protein
complexes [4], [32], [33]. The recruitment of ARF GAPs to the budding COP-I coated
vesicles is conducted by their direct interaction with activated ARF GTPases, cargo
protein (via its cytoplasmic tail) and the COP-I1 coat (via the y and "subunits), which
leads to the formation of tetrapartite ARF-ARF GAP-COP-I coat-cargo complex [4],
[34], [35]. COP-I coat proteins and the cargo trigger the activity of the ARF GAP,
leading to ARF:GDP and the exclusion of ARF from the tetrapartite complex [4], [34],
[35]. It has been proposed that cargo-COP-1 coat-ARF GAP complex ensures the
formation of cargo loaded COP-I1 vesicles [4]. However, it is not known whether ARF
GAPs still retain this interaction in the mature COP-I vesicle [4]. Moreover, the
mechanisms behind the disassembly of COP-I coated vesicles are not well-established
[4]. Initial studies suggested that ARF-mediated GTP hydrolysis is not solely enough
to induce disassembly of the COP-I coat [4]. Therefore, further scientific studies are
necessary to uncover the novel regulatory mechanisms in the dissociation of the COP-
| coated vesicles [4]. The final two steps in the transport of cargo to the recipient
compartment require tethering and fusions of COP-I coated vesicles with the target
[4]. The tethering and fusion mechanisms of COP-I vesicles are more complicated than
those of COP-II vesicles, because COP-I vesicles can bud off from multiple distinct
cellular compartments including different Golgi stacks and as well as ERGIC and they
can fuse with several others containing the distinct Golgi stacks, the ERGIC and
eventually the RER [4]. In contrast, COP-II vesicles are needed to be pinch off only
from the RER and fuse with just two cellular compartments, the ERGIC and the cis-
Golgi to deliver their cargo content [4]. For example, trimeric Dsl1 is responsible for
the tethering of COP-1 vesicles to the RER [4], [36], [37]. Afterwards, RER-SNAREs
such as Ufel, Usel and Sec20 are bound by Dsl, thereby assembling the SNARE
complexes [4], [36], [37]. As it can be predicted, medial-Golgi COP-I vesicles and/or
cis-Golgi COP-I vesicles are tethered and fused to their target membranes via multiple
different tethers and SNARE proteins [4].
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1.2.3. Clathrin-coated-vesicles in late secretory and endosomal pathways

Clathrin coated vesicles (CCV) transport proteins between TGN and EE and also
mediate protein traffic from the PM to early endosomes [38]-[40]. Three clathrin-
heavy-chains (CHC) assemble to a stable clathrin triskelion, to which a maximum of
three clathrin-light-chain (CLC) may bind [38]-[40]. The clathrin triskelia interact
with each other to form a network of pentagonal and hexagonal lattices [38]-[40]. This
clathrin cage forms the outer proteinaceous layer of the CCVs [38]-[40]. Clathrin is
not able to directly interact either with membrane phospholipids or with cargo proteins
[39]. Clathrin is recruited by the adaptor-protein complex 1 (AP1) to form CCVs at
the membranes of TGN, whereas the adaptor-protein complex 2 (AP2) recruits clathrin
to the PM [38], [39]. Protein transport by CCVs regulates lysosome biogenesis, cell-
cell communication and nutrient and ion transport [41]. The detailed structure and

functions of clathrin and CCVs will be described in the sections 1.6 and 1.7.
1.3. The family of AP complexes

Adaptor-protein complexes (AP) are heterotetrameric protein complexes that
control transport of intracellular proteins via vesicles along the secretory and endocytic
pathways [42]-[44]. Five homologous APs, AP1-5 have been described in vertebrates
[45]-[47]. The numbering of AP1-5 was assigned based on the chronological order of
their discovery [45]-[47]. AP1 and AP2 are the only one, which mediate the formation
of CCV, whereas AP3-5 function independently of clathrin [45]-[47]. All AP
complexes are composed of four adaptin subunits, two ~100-130 kDa large subunits,
one ~50 kDa medium-sized p adaptin (i1-5) and one small ~15-20 kDa o adaptin (c1-
5) [42], [45], [48] as indicated in Figure 1.2. The two large adaptin subunits comprise
a N-terminal core domain, a long, proline rich, unstructured hinge domain and a C-
terminal globular, called 'ear’, domain [44]. One of the large adaptins of the AP1-5
complexes are the B-adaptins (f1-5) show the highest sequence homology (up to 85%)
among the AP adaptins [48]. The 'ear' domains of the B adaptins interact with
additional vesicle coat proteins, which recruit cargo proteins not directly recognized
by AP complexes [10], [49]-[54]. The 'ear' domains of Bland 2 adaptins also bind
and recruit clathrin to the site of vesicle formation on the PM [50]-[52]. The other

large adaptins of the five AP-complexes, y1, a, 8, €, and { subunits of AP1-APS5,
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respectively, display the lowest sequence homology among the adaptins of the five AP
complexes [42], [55]. Despite that the y1 and a adaptins of AP1 and AP2, respectively,
they share only 25 % of amino acid sequence homology and their ternary structures
are almost identical [55]. The N-terminal core domains of these five y1, a, 6, €, and {
adaptins target AP1-APS5 to the membranes of the respective donor organelles, e.g. via
binding of phosphatidyl-inositol phosphates, PI4P in the case of y1 and PI-4,5-P2 in
the case of a adaptin. Their C-terminal domains interact with accessory proteins and
co-adaptor proteins to facilitate budding of vesicular membranes and the formation of
the vesicles, however we still know very little in this respect about the more recently
discovered AP-complexes [56]-[58]. The medium-sized adaptins p1-5 and the smaller
adaptins c1-5 of AP1-5 respectively, show an overall ~40 % sequence homology
among each other, while subdomains may have remarkably larger or less sequence
homologies [59], [60]. The p and the o adaptins recognize evolutionarily conserved
short amino acid sequence motifs in proteins to be sorted and transported by them. The
u-adaptins bind tyrosine-based Yxx@ motifs (x refers to any amino acids and @ refers
to a bulky and hydrophobic amino acid e.g. isoleucine or phenylalanine) and o-
adaptins bind dileucine-based D/ExxxLL/l motifs in the cargo proteins [61]-[64]. In
vertebrates, AP1, AP2 and AP3 complexes can also be formed by tissue-specific
adaptin isoforms, which then replace their ubiquitous isoform in a complex, but these
tissue-specific complexes are present in addition to their ubiquitous complexes in a
given tissue [42]-[45].
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Figure 1.2 The family of five homologous adaptor-protein complexes and their adaptins. Each
complex is composed of one large 1-5 adaptin and one large v, a, J, €, and { adaptin in AP1-APS5,
respectively. They all contain one medium sized p and one smaller sized ¢ adaptin. The core domains
of APs are required for their interactions with membranes and cargo proteins, while the appendages of
the two large adaptins, referred to as 'ears', recruit additional vesicle coat proteins [65]. The Figure,
family of five homologous AP complexes and their adaptins courtesy of Prof. Schu.

AP1 complexes form by far the largest AP family. Firstly, there are two ubiquitous
y isoforms y1 and y2. The y1AP1 complexes are found in all eukaryotes, while Y2AP1
complexes are only found in vertebrates and plants. Besides the ubiquitous pu1A
adaptin, mammals contain the polarized epithelial tissue-specific u1B adaptin [42]—
[45]. Zebrafish contains a second isoform pu1C, whose sequence is more similar to ul A
than to u1B [66]. Vertebrates express three ¢1 isoforms, the ubiquitous 1A and the
two tissue-specific isoforms 1B and ol1C, which differ in their tissue-specific
expression pattern [42]-[45]. The y1AP1 and the y2AP1 have essential and
nonoverlapping functions during early developmental processes in vertebrates [66],
[67]. However, y2 does not bind c1C and thus only two yY2AP1/c1A and y2AP1/c1B
complexes are formed. The tissue-specific adaptin isoforms can partially compensate
for the loss of their ubiquitous isoforms, so as documented that knockouts of

ubiquitous adaptins cease embryonic development at different stages [66].

An AP2 complex can be composed by either one of the two ubiquitous oA
(AP2Al/al) and aC (AP2A2/a2) isoforms, however, they do have tissue-specific
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expression levels [42]-[44]. Current knowledge annotated only two splice variants of
oA gene [68]. An AP3 complex contains either the ubiquitous 3, u3 and 63 adaptins
or the brain-specific f3B, u3B or o3B isoforms [42]-[44], [65]. Isoforms of AP4 and
APS5 adaptins are not known, yet and their expression levels are much lower compared
to the other family members [44].

The specificity of AP complex functions is defined by their targeting to the peculiar
intracellular compartments (Figure 1.3) [65]. AP1 complex plays a role in the
formation of CCV at the trans-Golgi network (TGN) and early endosomes (EE) and
mediates protein transport bidirectionally between TGN and EE [69]. This AP1 CCV
pathway is involved in the lysosome biogenesis and in the regulation of PM levels of
receptors [69]. In addition, AP1 performs essential functions in the regulation of
secretory pathways, like the formation of von Willebrand factor containing granules
[70]. The AP2 complex takes part in the formation of CCVs particularly at the PM and
mediates the endocytosis of numerous PM proteins and their transport into EE [38]—
[40]. AP1 and AP2 are indispensable for early embryonic development and survival
of embryos in vertebrates, while a deficiency in any of the additional three AP-
complexes is compatible with life, but mutations in those three AP-complexes causes
severe diseases (will be discussed in detail in Section 1.5) [67], [69].

The AP3 complex mediates protein transport between early and late endosomes
[44], [71], [72]. In the absence of AP3, the lysosomal membrane protein 1 (LAMP1)
recycles repeatedly between the PM and EE before reaching to its final destination, the
lysosome [44], [71]-[73]. The indispensable function of AP3 is the biogenesis of
lysosome-related organelles such as melanosomes and dense-core-vesicles in platelets
[44], [71], [72]. So, AP3 is essential to direct cargo proteins from the TGN into
lysosome-related-organelles [44], [71]-[73], e.g. the transport of the tyrosinase
enzyme into melanosomes [74].

The AP4 complex is found at the membranes of TGN and EE and recruits cargo
proteins with YX[FYL][FL]E endocytic motifs to convey them also from apical into
basolateral endosomes [75], [76]. For example, AP4 has a role in the
basolateral/dendritic  transport of AMPA  (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors in neurons [77]. In AP4/e adaptin deficient cells,
ATGO9A was constrained to the TGN [78], [79]. ATGO9A is the only transmembrane
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protein that regulates autophagy [78], [79]. Therefore, the proper transport of ATG9A
out of the TGN is important for the biogenesis of autophagosomes [78]. Eventually,
defective sorting of axonal ATG9A gives rise to the formation of damaged
autophagosomes [78], [79]. The impaired axonal protein sorting in AP4 deficient
patients causes the Hereditary-Spastic-Paraplegia (HSP) syndrome, due to defects in
motor axon functions [78], [79].

The AP5 complex is the least studied of all complexes. It has been located
primarily on late endosomes, mediates protein sorting from late endosomes to
lysosomes or protein transport from late endosome back to TGN [80]. The mutations
in the AP5/C adaptin is associated with the spastic paraplegia disorder, in which axons
of motor neurons are degenerated [80]. Studies in AP5/C ko mice demonstrated the
accumulation of autophagosomes and autolysosomes. Defects in autophagic flux and
in the reformation of lysosomes from the autophagosomes were observed in cell lines
in vitro [80]. AP4 and AP5 complexes have much lower protein expression levels than
the other three AP1, AP2 and AP3 complexes and this is a limitation in studying their
cellular roles [44]. Therefore, more studies have to be conducted to discover the

molecular mechanisms by which these complexes fulfil their functions.
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Figure 1.3. The subcellular localizations and intracellular protein transport pathways of AP1-5 protein
complexes. The intracellular protein transport pathways of AP1-5 and their subcellular localizations are
demonstrated in the schematic figure. Abbreviations: adaptor protein complexes (AP); lysosome-related-organnels
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1.4. Clathrin

The clathrin-heavy-chain protein (CHC), usually just referred to as clathrin, is the
principal component of the clathrin cage of CCVs. Clathrin forms the outer layer of a
CCV and it engulfs the forming vesicles, thus contributing to the energy required for
membrane vesiculation and determining the size of a CCV [38]-[40], [81]. The
building block of the clathrin cage is a triskelion assembled by three ~190 kDa CHC
proteins [40]. A ~25 kDa Clathrin-light-chain (CLC) interacts with CHC via the CHC
a-helical heptad repeats at the vertex of its proximal domains (Figure 1.4.A) [40],
[82]-[84]. CLC is present at various substochiometrical amounts to CHC in different
tissues, except the brain (the ratio of CLC/CHC in brain is equal to 1). It is believed
that CLC ensures the static stability of the clathrin lattice and therefore, it might also
be involved in the regulation of CCV life cycle [40], [82]-[84]. The vertex proximal
legs of clathrin triskelia wrap around each other forming lattices made of hexagons
and pentagons (Figure 1.4.B) [39], [40], [84]. The clathrin lattices found at the PM are
exclusively formed by hexagons, while the clathrin basket of a CCV is formed by
hexagons and pentagons [39], [40], [84]. The clathrin-cage is stable in-vivo, but it is
not stable in-vitro at the physiological pH 7.4. So, the purification of CCV has to be
performed in slightly acidic buffers at pH 6.4 [40], [85]-[88].
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Figure 1.4. Clathrin triskelia assemble into cages with pentagonal and hexagonal lattices. (A)
Clathrin triskelion (left) and (B) pentagonal and hexagonal lattices forming the clathrin-cage (right) are
indicated in the schematic cartoon. Individual clathrin triskelion of the cage are shown in red, yellow
and green [40]. The pictures are adapted from Fotin er al. 2004. The figure is reprinted with the
permission from Springer Nature, granted licence number is 5295570548100.
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Clathrin is mainly recruited to the site of transport vesicle formation by AP1 or
AP2 complexes, but co-adaptor proteins of a CCV are also able to bind clathrin, like
AP180, Epsl5, Epsin etc. Recently, a specialized class of endocytic CCV have been
identified, which do not contain AP2 and are mainly formed by Eps15 and Epsin [89].
These CCV have a special function in epidermal-growth-factor-receptor (EGFR)
endocytosis [89]. Importantly, clathrin-cage assembly does not require a membrane
and assembly mediating proteins, like AP1 or AP2, because it is an intrinsic property
of the triskelia to form a cage made of hexaogons and pentagons. Such empty clathrin
cages are form readily in the cytoplasm and they have to be continuously disassembled,
because they would limit the availability of clathrin for the formation of CCV [39].
Two genes encode the CLC proteins CLCa and CLCb in vertabrates sharing 60 %
sequence homology [81], [84]. Both CLC isoforms are alternatively spliced in neurons
[81]. CLCa and CLCb interactions with CHC are believed to regulate clathrin triskelia
stabilization and cage rigidity [81], [84]. CLC splicing variants differentially
contribute to the clathrin knee conformations within the clathrin-cage assemblies [81].
It has been shown that neuronal CLC mixtures are much more advantages over single
neuronal isoforms of either CLCa or CLCb for the efficient deformation of membranes
[81]. The electrophysiological recordings from the neurons of mice, which lack either
CLCa or CLCh, revealed defects in SV recycling [81]. Mice exclusively expressing
CLCb have a reduction in SV numbers and also have impaired synaptic transmission
as compared to their wt littermates, whereas mice with exclusively CLCa show
accumulation of SVs and sustain normal neurotransmission [81]. All these results
emphasize the differences between the two CLCs and indicate how their mixture in
clathrin assemblies could be important to control clathrin function in neurons [81]. The
CHC and CLCa of a CCV also bind to peripheral CCV proteins, like the Hungtington-
interacting protein 1 (HiplR), which links CCV with the actin cytoskeleton and
controls intracellular membrane trafficking between the TGN and endosomes by
promoting the budding of CCV in vitro [90], [91]. In addition, CLC isoforms also
contribute to the selection of particular receptor proteins as CCV cargos thereby
regulating the receptor-mediated endocytosis. To exemplify, CLC plays a role in the
endocytosis of G-protein coupled receptors (GPCR), thereby regulating the GPCR
signaling pathway [92]. They have been indicated that CLC KDs (CLCa KD and CLCb
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KD) cause inhibition of GPCR endocytosis, thus inhibition of GPCR signalling [92].
They have further identified the regulatory mechanism showing that the
phosphorylation of CLC by G-protein receptor kinase-2 (GRK2) is necessary for the
efficient uptake of GPCRs [92]. Taken together, clathrin triskelia components do not
only play an important role in the rigidity of clathrin coat but also regulates

intracellular protein trafficking and as well as GPCR signalling [90]-[92].
1.5. The functions of AP1 complexes

The members of the family of AP1 complexes has been introduced in Section 1.3.
The y1 and y2 adaptin isoforms form the two ubiquitous y1AP1 and y2AP1 complexes
together with p1, plA and clA adaptins [44], [66]. Y1AP1 is expressed in all
eukaryotes, whereas y2APL1 is exclusively found in vertebrates and plants [44], [66].
The y1AP1 complex was discovered first, together with AP2, by the biochemical
characterization of CCV purified from bovine, rats and pig brains [13], [38], [93]. The
brain is the tissue with the highest expression levels of AP1 and AP2, followed by the
liver [94], [95]. Therefore, yY1AP1 complex functions have been studied since many
years, while y2 adaptin has been identified much later, based on its sequence homology
to y1 [96]. Each of the two complexes is essential for vertebrate development [67],
[97]. The mouse y1 adaptin knockout ceases embryonic development already at the
blastocyst stage at day 3.5 in-utero, prior to the hatching of the blastocyst out of the
zona pellucida [67]. y2AP1 functions in development has been analyzed in zebrafish
and it is essential for development as well [66]. Interestingly, also heterozygous y1 +/-
mice showed phenotypes. They grew slower than their wt littermates during nursing
and have a defect in T-cell differentiation, demonstrating essential y1AP1 functions
also in post-natal adaptive immune system development [67]. The y1AP1 and y2AP1
complexes bind to the TGN and endosomal membranes and have only a partially
overlapping distribution. A major difference between the two is the regulation of their
membrane binding [96]. As already described in Section 1.3, yY1AP1 membrane
binding is stabilized by ARF1:GTP, besides its binding to PI4P and cargo proteins.
This ARF1 function is regulated by GEF proteins containing a Sec7 domain and their
function can be inhibited by the drug brefeldin A. Therefore, yY1AP1 does not bind to
membranes in the presence of brefeldin A [29]. However, y2AP1 membrane binding
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is not inhibited by brefeldin A and therefore y2AP1 membrane binding either does not
require ARF1:GTP or ARF1:GTP is required, but the respective GEF protein does not
contain a Sec7 domain and thus its function is not inhibited by brefeldin A [96]. Based
on these data, one can assume that the two AP1 complexes have non redundant
functions in parallel secretory and endocytic pathways.

v1AP1 and clathrin were detected on TGN membranes and the TGN is actually
defined as the first compartment in the biosynthetic, secretory pathway which carries
a clathrin coat [53], [66]. The in-vitro binding of the cytoplasmic tail of the mannose-
6-phosphate receptor (MPR) to AP1 and AP2 complexes and the presence of the MPR
in CCV proposed that AP1 CCV transport MPRs, loaded with lysosomal pro-enzymes,
from the TGN to early and/or late endosomes. Afterwards, MPRs are retrieved from
late endosomes back to the TGN for another rounds of protein transport [53], [97]. The
AP1/u1A ko mice cease development during mid-organogenesis (at day 13.5 in-utero)
which enables the establishment of ul1A -/- mouse embryonic fibroblast (MEF) cell
lines [69]. The ulA -/- embryos develop further due to partial compensation of 1A
by the polarized epithelial cells p1B, as demonstrated by the ability of u1B to correct
the protein sorting defects of plA -/- MEF cells [69]. In ulA -/- MEF cells, the y1
adaptin forms y1-B1 dimeric and y1-B1-c1A trimeric complexes, which are not able to
bind stably to membranes and thus cannot mediate protein sorting and transport [69].
In the ulA -/- MEF cells, MPRs accumulate in early endosomes (EE) and are not
transported back to the TGN [69]. The formation of AP1 CCV on endosomes could
not be demonstrated directly, but it has been shown that TGN tethers bind and collect
AP1 CCV [69]. These data demonstrated that yl1AP1 is required for bidirectional
TGN-EE protein transport. Interestingly, due to the accumulation of the entire
intracellular pool of MPRs in EE, their recycling rate between EE and the PM is
increased, specifically the endocytic capacity of the MPR300 is increased by sevenfold
[69]. Thus, the yY1AP1 complex also regulates receptor functions at the PM by the
intracellular sorting of receptor proteins such as MPRs [69].

Polarized epithelial cells contain the ubiquitous y1AP1 complex and the cell type
specific yY1AP1/u1B complex, in which pu1B replaces pl1A [69], [97]. YIAP1/ulB is
located at recycling endosomes, where it supports protein recycling back to the
basolateral PM of the polarized epithelial cells [98], [99]. The y1AP1/u1B ko mouse
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is viable, but suffers from impaired gut development and gut regeneration, leading to
severe bacterial infections and associated disease symptoms. In addition, mice suffers
from impaired renal functions [98], [99].

Three isoforms of o1 adaptin exist in vertebrates, as already described in Section
1.3. Each one is encoded by individual genes which are AP1S1 gene encoding the
ubiquitous c1A, AP1S2 and AP1S3 genes encoding the tissue-specific 1B and c1C,
respectively [63], [100]. Glyvuk et al. 2010 reported the highest expression of c1A
and o1B in the brain, while 1C isoform is highly expressed in the intestine and is
hardly expressed in the brain [100]. In general, tissues contain only two 61 adaptins at
high levels, which are the ubiquitous c1A either with 61B or 61C [100]. In AP1/c1B
ko fibroblast cells, the distribution of MPR were analyzed and the sorting of MPR was
not altered as opposed to AP1/u1A deficient cells [69], [98]. This result suggests that
AP1/c1B adaptin is not required for ubiquitous functions of the y1AP1 complex [69],
[98]. Also, the 1B ko mouse is viable, although the animals were hypoactive. Thus,
the viable 1B ko mice enable to analyze synaptic functions and revealed key
AP1/c1B functions in the regulation of synaptic vesicle (SV) recycling [100].
AP1/c1B deficient synapses contained fewer SVs due to inefficient and slowed-down
SV recycling and enlarged EE and as well as late, multi-vesicular-body (MVB)
endosomes were accumulated in parallel [100]. These results demonstrated the
importance of AP1 function and EE in SV recycling [100]. The further biochemical
characterization of the accumulating EE and the MVB endosomes exclaimed that they
are canonical, Rab5 and PI3P enriched EE and exhibited an increased binding of
v1AP1/c1A, but not Y2AP1/c1A, complexes to these EE. Although these EE were
enriched in PI3P, the Vps34 enzyme (PI3 kinase, PI3KC3) which synthesizes PI3P
out of PI, was present at wt levels [100], [101].

The analysis of the molecular basis for the increased VVps34 catalytic activity
revealed a novel, non-canonical function of Y1AP1 complexes [101]. The work of my
predecessor Ermes Candiello and colleagues revealed that yY1AP1/c1A stimulates the
maturation of EE into MVB endosomes, while Y1 AP1/c1B inhibits this pathway [101].
The activation is achieved by the formation of tripartite AP1/c1A-ArfGAP1-Rabex5
complex [101]. Even though ubiquitous ArfGAP1 can be also incorporated into the
complex, the brain-specific ArfGAP1 isoform binds 61 A with a much higher affinity.
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The formation of this complex increases the amount of EE Rabex5, a GTP/GDP
exchange factor of Rab5 protein [100]-[102]. Rab5:GTP activates the Vps34 kinase
activity via binding to Vps15, which is present as a Vps34/Vps15 complex on EE. The
increase in PI3P leads to enhanced recruitment of ESCRT complex proteins and thus
triggers MVB formation [101]-[104]. In wt synapses, YIAP1/c1B binds to Rabex5
competing with its binding by ArfGAP1 and therefore, prevents the formation of the
stable tripartite AP1/c1A-ArfGAP1-Rabex5 complex [101]. Therefore, Y1AP1/c1A
stimulates maturation of EE into MVB endosomes and also stimulates protein
degradation via this pathway [101].

While diseases have been associated with mutations in the 61C encoding gene,
AP1S3, the molecular functions of its protein product are not known. However, it may
very well be specialized for the binding of a subset of cargo proteins with distinctive
di-leucine based sorting motifs, as it has been shown by our group for 1B [63] . In
addition, much more still has to be learned about the functions of y2AP1 complexes.
However, the absence of 1B in the knockout synapses is compensated by increased
levels of yY2AP1/c1A complexes, which is not the case for yYlAP1/c1A. Therefore, the
functions of the two y2AP1 complexes may be largely redundant unlike the functions

of the Y1 AP complexes, at least in synapses [66].
1.6. The functions of AP2 complexes

The functions of the AP2 complex are also essential for early embryonic
development and survival, like the functions of AP1 complexes [67], [105]. The
composition of its adaptin subunits has already been described in Section 1.3. It has
been shown by Sosa et al. 2012 that distruption of $1/2 gene expression leads to drastic
defects in the developmental, growth and cytokinesis processes in Dictyostelium
discoidium [106]. Moreover, the depletion of 31/2 causes significant decrease in the
amounts of AP1/ul and AP2/p2 proteins which indicates the involvement of (3
subunits in the stabilization of p subunits [106]. Additionally, heterozygous AP2/32
mutant mice are viable and show no phenotypic abnormality but they express
significantly lower amounts of AP2/32 mRNA and proteins as compared to their
expressions in wt mice [107]. However, homozygous AP2/32 mutant mice, expressing

no AP2/B2 mRNA and protein, can continue their development only till prenatal
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periods [107]. Furthermore, mice heterozygous for a targeted disruption of AP2/u2
adaptin are viable and exhibit normal phenotype whereas AP2/u2 homozygous mutant
embryos cease development before day 3.5 post-coitus [105]. All these studies
emphasize the indispensable functions of AP2 complex for the early embryonic
development and survival in different non-animal and animal models [105].

Neuronal communication junctions are known as synapses. Signal transmission are
conveyed either chemically or electrically from one neuron to another along the
synapses. Electrical synapses communicate via ionic currents whereas chemical
synapses transmit signals using chemical messengers, namely called as
neurotransmitters (NTs) [108]-[110]. NTs are packed in the SVs at the pre-synaptic
nerve terminals. In response to action potential (AP), voltage-gated Ca?* channels are
activated so that Ca?* influx stimulates fusion of NTs-filled SVs with PM to release
their contents into synaptic-cleft (synaptic exocytosis). Ultimately, NTs are bound by
their receptors at the post-synaptic neurons. SVs are mainly recycled back from pre-
synaptic PM via clathrin-mediated endocytosis (CME) in order to be re-filled with NTs
for another rounds of exocytosis [108]-[110]. Major clathrin-adaptor protein AP2
complex takes role in the retrieval of SVs directly from the pre-synaptic PM (see
Section 1.7 for detailed information) [111]. Besides recycling of SVs, AP2 CME also
mediates the endocytosis of numerous proteins, such as receptors or cell adhesion
proteins [38]-[40]. The AP2 complex binds exclusively to the PI-4,5-P2 enriched PM
in order to control the endocytosis of cargo and/or SV proteins at synapses [38]-[40].
High affinity membrane binding of AP2 does not involve ARF1:GTP, unlike the AP-
complexes which bind to intracellular membranes. Instead, AP2 membrane binding is
controlled via its interaction with cargo and P1-4,5-P2 PM domain. Besides its P1-4,5-
P2 binding motifs in the o and B2 adaptins, AP2 contains additional PI-4,5-P2 binding
site in p2 adaptin which is under the control of a kinase-stimulated conformational
change. The conformational change in AP2 complex is supported by p2
phosphorylation on Thrl56 by the AAK1 kinase (AP2-associated-kinase) which
removes the steric hindrance of the cargo binding domains in p2 and o2 adaptins and
enables PI-4,5-P2 binding motifs in pu2 to come into close proximity with the PM [85],
[112]-[114]. This transition in AP2 conformation ensures the stable AP2 membrane

association. Therefore, AAK1 activity has been considered to regulate the initiation of
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AP2 membrane and cargo protein binding and thus AP2 CCV formation and CME
[85]. Recent studies indicated the AP2 co-adaptor proteins Eps15 and Epsin are able
to form endocytic CCV independent of AP2. This AP2-independent CME is
specialized for EGFR mediated endocytic sorting as mentioned in Section 1.4 [89].
The alterations in the SV protein sorting and the AP2 CCV coat protein composition
in AP1/c1B ko synapses enable to study the functions of AP2 CME as secondary
phenotypes [85], [100], [102] that are described in detail in section 1.9-11.

1.7.The clathrin-coated-vesicle life cycle

The CCV life cycle starts with the concentration of AP1 or AP2 complexes and
their cargo proteins in a small membrane domain, and then, AP1 or AP2 complexes
recruit clathrin for the formation of a clathrin-coated-pit (CCP). This CCP invaginates
to form a clathrin coated bud, which is connected to the donor membrane by a narrow
membrane neck. After membrane scission via a large dynamin GTPase, the CCV
formation is completed and the CCV can be transported away from the donor
compartment [115]-[117]. The proteinaceous coat of a CCV has to be disassembled
to enable the interaction of vesicle and membrane SNARE proteins, which eventually
leads to the fusion of the vesicle and acceptor organelle membranes and event the
delivery of the CCV cargo proteins [109], [118]. The studies analyzing CCV formation
focused exclusively on AP2 mediated CME, because endocytosis can be more easily
tackled with experiments than CCV formation on intracellular membranes. Despite the
sequence and structural homologies between AP1 and AP2 complexes, differences
exist in molecular mechanisms regulating the life cycles of AP1 and AP2 CCV. They
share in common molecular mechanisms for the recruitment of clathrin and for the
capturing of their cargo proteins, but all other mechanisms regulating their life cycles
are specific for AP1 and AP2 pathways [116].

Advanced scientific techniques, like TIRF microscopy, expanded our knowledge
about the many proteins involved in the CME pathway. More than 60 different proteins
can be involved in CME (Figure 1.5) [119]. However, TIRF microscopy only allows
the analysis of the earliest events in AP2 CCV formation and so, many questions
remain to be answered [115], [116], [119]. AP2 CCV formation can be subdivided into

the four main stages initiation, stabilization, maturation and membrane fission, as
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depicted in Figure 1.5-6 [116], [119]. CME does not only demand AP2 and clathrin,
but also requires several endocytic accessory proteins (EAPS) that can be function in
protein scaffolding, cargo capturing, generation and sensation of membrane curvature
(Figure 1.5-1.6) [116], [117]. The crucial EAPs and the order in which they function
in CME pathway as analysed by TIRF microscopy are provided in Figure 1.7 [116].
Dynamin GTPase is recruited at comparably low amounts to nascent CCPs during
early stages of CME and is recruited in larger amounts only later in the maturation
process [116], [117]. Finally, dynamin forms short helical rings around the neck of
CCPs, that are deeply invaginated, and eventually catalyzes the pinching off CCVs
from the PM at the late stages of CME [116], [117].
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Figure 1.5. The interaction network of endocytic clatrin-coated vesicles in vertabrates. The stages
of CME are depicted with different colors and functionally-related proteins are clustered within
respective modules. Circle represented proteins with black center directly bind to PM PI-4,5-P, domain.
The established protein-protein interactions are indicated with grey nodes. This figure visualizes the
complex interactome behind the CME process and illustrates different binding partners of AP2 and
clathrin throughout the distinct CME stages [119]. This figure is adapted from Traub et al. 2011. The
figure is reprinted with the permission from PLOS open access Creative Commons CC BY provided a
licence for the unrestricted use of any part of the article without special permission.
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mechanisms of CME during CCV formation are demonstrated. The cartoon is obtained from Mettlen et
al. 2018 [116]. The figure is reprinted with the permission from Annual Reviews granted licence number
is 1214991-1.

The participation of numerous proteins, their numerous interactions by a
limited and lower number of interaction mediating domains makes the formation of
AP2 CCV a complicated process (Figure 1.5) [119]. The fact that the same protein
interaction mediating domains connect different proteins suggest that AP2 CCV
formation requires the sequential interactions of several proteins [116], [119].

CCP formation is the first stage of AP2 CCV formation [116]. AP2 interacts
with the PM targeting PI-4,5-P2 domain and as well as with the selected cargo protein
via endocytic amino acid sequence motifs for the stable membrane binding [116].
Thereafter, AP2 forms a tripartite complex with EAPS, consisting of proteins of the
family of Fer/Cip4 homology domain-only proteins 1/2 (FCHo1/2) and the epidermal-
growth-factor-receptor-substrate proteins 15 or 15L1 (Epsl5, Epsl5L1). These
proteins are followed by the scaffolding protein intersectinl (ITSN1), the adaptin-ear-
binding-coat-associated-proteins (NECAP1 and -2) and AP180 or its homologue
clathrin-assembly-lymphoid-myeloid-leukemia (CALM) protein [116], [119]. These
EAP-AP2 clusters are responsible for the initiation and stabilization of the CCP and
they increase the recruitment of clathrin whose lattices contribute to the stabilization
and further maturation of CCPs [116]. The F-BAR (Bin/Amphiphysin/Rvs) domain of
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FCHo01/2 proteins bind specifically to slightly curved membranes and thus shallow
CCP [116], [120]. Therefore, absence of or mutations in EAPs delays the initiation and
stabilization of CCPs and thus slows down the formation of CCV [116], [119]-[122].

Stabilization of CCPs also involves supporting of AP2 conformational shift
from its closed to open state as already described in Section 1.6 [112], [114], [116].
Only the open conformation of AP2 is able to bind cargo proteins and this change in
AP2 conformation is induced and stabilized via u2 adaptin phosphorylation by the
AAKT1 kinase [85], [113], [116]. AAKL1 belongs to Numb-associated kinase (NAK)
family like the Hsc70 co-chaperone and protein kinase cyclin G-dependent
kinase/auxilin2 (GAK/Auxilin2), the bone morphogenic proteins-induced kinase
(BIKE/BMP2K) and the Ark/Prk kinases, the yeast homologs of mammalian AAK1
BIKE/BMP2K [112]-[114], [116], [123].

The maturation of CCPs involves their growth into round, coated buds [116],
[124]. The AP2 complex recruits more clathrin from the cytoplasm and clathrin
assembly into the clathrin cage contributes to the energy required to bend the
membrane into a vesicle [116], [124]. The accumulation of many large proteins and
protein complexes on the membrane and their space requirements also contribute to
membrane binding referred to as 'molecular crowding' [116], [125], [126].
Additionally, it has been shown that high concentrations of cargo proteins also support
the AP2 open conformation and AP2 concentration, thereby stimulating clathrin-coat
polymerization [116], [124].

The final scission of the narrow membrane-vesicle shaft releases the formed
CCV from the PM [116]. The assembly of the large dynamin GTPase into rings and
the constriction of this ring mediates this scission event [116], [127], [128]. The SRC-
homology 3 (SH3) domain of BAR-domain containing proteins such as endophilin,
amphiphysin and sorting-nexin 9 (SNX9), interact with dynamin via its proline-rich
sequence domain [129]-[131]. These interactions recruite dynamin to the neck of the
budding CCV [129]-[131]. It has been shown that dynamin ring assembly around the
neck of the CCVs stimulates dynamin GTPase activity [132], which induces
conformational changes in dynamin [133] and eventually buds off the formed CCV
from the donor membrane [134], [135].
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Figure 1.7. The list of endocytic accessory proteins and their specific functions in the CME
pathway. Abbreviations: activation (A); adaptor protein complex 2 (AP2); clathrin assembly lymphoid
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knockout (ko); mutation (M); not determined (ND); adaptin-ear-binding coat-associated protein
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phosphate (PIP); sorting nexin 9 (SNX9) [116]. The image is obtained from Metleen et al. 2018. The
table is reprinted with the permission from Annual Reviews, provided licence number is 1214991-1.
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After pinching off CCVs from their donor membranes, they are transported
towards their acceptor membranes to release their cargo content [116], [119].
However, before the fusion of cargo containing vesicles with the target membrane can
take place, the CCV coats have to be removed [116], [119]. Currently, there are only
two molecular mechanisms known that regulates the uncoating of the CCV. These two

mechanisms will be described in detail in the sections 1.8.1 and 1.8.2, respectively.
1.8.The disassembly of the CCV clathrin cage

AP2 binds to the PM PI-4,5-P2 domains and recruits clathrin to the inner leaflets
of the PM from the cytosol to initiate CME process. The assembly of clathrin-coat is
supported by the recruitment of other coat-proteins from the cytosol. The selected
cargo proteins are captured while nascent CCPs are continuing to assemble. During
membrane scission stage, the neck of the CCPs is constricted and then, they pinch off
from the donor PM through dynamin GTPase and actin cytoskeleton machinery.
Finally, clathrin-coat has to be removed in order to fuse cargo molecule-filled vesicles
with the recipient compartments and eventually they deliver their content to activate
certain signaling pathways [116], [119], [136]. Furthermore, the disassembly of the
CCV also liberate the endocytic machinery free for the next round of CME cycle [116],
[136]. Two important molecular mechanisms have been identified to regulate the
dissociation of clathrin coat from the endocytic vesicles. First mechanism involves the
disassembly of clathrin-basket by the heat-shock-cognate (Hsc70) and its co-
chaperons auxilinl and GAK/auxilin2 (Section 1.8.1). Secondly, the PI-4,5-P
phosphatase Synaptojaninl is required to support the release of AP2 from the vesicle
membrane (Section 1.8.2), thereby triggering the dissociation of the CCV inner
proteinaceous coat [116], [119], [136].

1.8.1. Hsc70-mediated clathrin-basket disassembly

Hsc70 is a member of 70 kDa heat-shock-protein (Hsp70) family [137], [138].
Hsp70 family proteins function as molecular chaperons and are involved in protein
folding quality control processes, the repair of misfolded proteins and the
solubilization of protein aggregates [139], [140]. These activities require
conformational changes in Hsp70 family members, which are regulated by their ATP

hydrolysis activity, ADP:ATP cycles. The family member Hsc70 has been shown to
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mediate the disassembly of the clathrin-cage of CCV [137], [138]. This Hsc70 activity
requires the two co-chaperones auxilinl and GAKl/auxilin2 [139], [141], [142].
Auxilinl and GAK/auxilin2 are bound by CHC proximal legs and with Hsc70 via their
J- domains [142]. The dissociation of clathrin-coat by Hsc70 and its co-chaperons are
indicated in Figure 1.8. Even though auxilins-dependent Hsc70 recruitment to the
uncoating CCV is well-established, the precise mechanism of Hsc70 mediated
clathrin-cage disassembly is still controversial [142]. Two models are described below
namely, the Brownian/Steric wedge model and the wrecking ball model for Hsc70-
driven coat disassembly [140], [142].
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Figure 1.8. The model of CCV uncoating mechanism mediated by Hsc70 and its co-chaperons
auxilinl and GAK/auxilin2. The inner diagram indicates the Hsc70/clathrin cycle, while the four outer
corner diagrams zoom in the detailed binding events at each clathrin triskelion vertex. Following the
clockwise direction from the top left towards the bottom left side, auxilins (red) bind to the clathrin-
coat and recruit Hsc70:ATP to the clathrin triskelia vertex (Hsc70 ATPase domain is shown in yellow
and Hsc70 substrate binding domain is shown in green). Upon ATP hydrolysis and Hsc70
conformational changes, the dissociation of clathrin-cage takes place and results in the release of
auxilins, clathrin:Hsc70:ADP and Pi. Hsc70 NEF, Hsp110 (turquois) exchanges ADP with ATP, which
causes the dissociation of clathrin:Hsc70:ADP complex. This makes clathrin available for the next
rounds of CCV formation [140]. The figure is modified from Xing Yi et al. 2010 and updated based on
the currently reviewed model by Sousa and Lafer ez al. 2015 [140], [143]. The original figure is reprinted
with the permission from European Molecular Biology Organization provided open access Creative
Commons Attribution Licence for the unrestricted re-use and reproduction of any part of the manuscript
without special permission.
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The Brownian-Steric Wedge model proposes that bound Hsc70 induces the
disassembly of the clathrin-cage [140]. Xing Yi et al. 2010 and colleagues have
suggested that clathrin-coats undergo constantly random fluctuations which are able
to weaken the interactions among the CHC triskelia [140]. However, these fluctuations
are never adequate to induce CHC triskelia dissociation [140]. The binding of
Hsc70:ATP to CHC, just beneath each triskelion vertex, may sterically impede the
reversal of these loosening fluctuations so that the legs of the triskelia are driven apart,
eventually [140].

The wrecking ball model describes how Hsc70 itself disassembles the
clathrin-cage [142], [144], [145]. Sousa et al. 2016 present a model in which Hsc70
does not simply shifts trsikelia-binding equilibria, like in the Brownian-Steric Wedge
model, but actually Hsc70 proteins actively drive the triskelia legs apart [140], [142].
Instead, positioning of Hsc70 proteins right underneath the individual triskelia vertices
by its CCV co-chaperones and by conformational changes on Hsc70 push the triskelia
outwards which then pulls the triskela legs apart [142], [144], [145]. This mechanism
is accompanied with Hsc70 homodimerisation, and even higher Hsc70 order
complexes may be involved, whose collisions with the clathrin basket triskelia produce
the force for the dissociation of the clathrin-cage [142], [144], [145]. It is still
unresolved which of these two models explains the Hsc70-driven clathrin-coat
dissociation best and it is also possible that both contribute to clathrin-cage
dissociation [142].

After the clathrin coat disassembly process is completed, Hsc70:ADP stably
binds to the clathrin triskelia. This prevents recycling of triskelia to reform the just
disassembled clathrin cage [146]. It has been indicated that mutations in Hsc70 cause
defects in the assembly and disassembly of CCV and eventually leads to impairments
in the endocytosis process [147]. Hsc70 Nucleotide-Exchange-Factors (NEFs)
regulate the association of Hsc70 with protein substrates via exchanging ADP with
ATP [143], [148]. Hsp110, which also belongs to the Hsp70 protein family, is one of
the most abundant NEFs in the brains of vertebrates and it is involved in the regulation
of Hsc70 activity in CCV [143], [149]. The activity of Hspl110 is regulated via
phosphorylation of its Ser509 residue by Casein Kinase Il (CKII), which implies the
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regulation of Hsc70-mediated clathrin-coat disassembly mechanism by CKII [143],
[150].

1.8.2. PI-4,5-P2 dephosphorylation and the dissociation of the CCV coat

The function of PI-4,5-P2 in AP2 membrane binding and in CCV coat
formation has been explained in the previous section 1.7 [85], [151]. Therefore,
dephosphorylation of P1-4,5-P2 is required for the release of AP2 from the vesicle
membrane and thus the completion of CCV disassembly [151]. The Synaptojaninl
phosphatase catalyzes the dephosphorylation of PI-4,5-Pzinto PI-4-P and in PI [152].
Synaptojaninl exists as a 170 kDa ubiquitious protein and as a 145 kDa brain-specific
protein, with a truncated C-terminal domain [151]. Synaptojaninl has as functional
domains the N-terminal, Sac1-like domain with 4" -phosphatase activity, the central 5"-
phosphatase domain and a C-terminal, proline-rich domain (PRD) acting as a protein-
protein interaction domain [151]. Microscopic imaging have fluorescently tagged
proteins revealed that these two isoforms are recruited to AP2 CCV just before they
are pinched off from the donor PM [151]. Moreover, the accumulations of CCV and
P1-4,5-P>were also observed in neurons of brain-specific Synaptojaninl ko mice [153].
Furthermore, Synaptojaninl depleted fibroblast cells did not contain a clathrin pool
available for the formation of CCP [154]. It has been also demonstrated that impaired
P1-4,5-P2 metabolism is responsible for the defects in the SV endo- and exocytotic
cycle in the synapses of Synaptojaninl ko mice implying an importance of Pl-4,5-P>
metabolism in the regulation of SV recycling [155].

In addition to Synaptojaninl, the PI-4,5-P2 phosphatase OCRL1 was also
detected in the CME pathway [156] and has a role in the regulation of protein transport
between EE and the TGN [157]. Immunoprecipitation experiments show the direct
interaction of OCRL1 with clathrin as well as with AP2, indicating that OCRL1 may
also dephosphorylate PI-4,5-P for the uncoating of CCV [157], [158].

1.9.Alterations in protein sorting in AP1o1B ko synapses

The AP1/c1B encoding gene AP1S2 is located on the X-chromosome in humans
and in mice [100]. In the AG Schu lab, AP1/61B ko mice were produced by targeted
mutation of the o1B encoding locus [100]. AP1/c1B ko mice replicate the disease
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phenotypes of human patients with mutations in the AP1S2 gene and thus these mice
are a model organism for a severe, X-linked human mental retardation disorder [100].
The AP1S2 gene in human patients contains a premature STOP codon. AP1/61B ko
mice are viable and fertile, but the animals show a severe memory and learning
deficiency and impaired motor coordination, like the human patients, who have
delayed motor development and intellectual disabilities, requiring life-long
comprehensive care [100].

Electron microscopy analysis of AP1l/c1B ko hippocampal synapses have
displayed that they contain fewer SVs. Therefore, SV recycling rate was measured in
AP1/51B ko hippocampal synapses (Figure 1.9). After the SV pool depleting stimulus,
only 45 % of exocytosed SVs were recovered in AP1/61B ko hippocampal synapses
within the first 10 secs, compared to 90 % SV recovery in wt controls. Furthermore,
only 70 % of SVs were reformed in AP1/61B ko hippocampal synapses compared to
the wt. These experiments suggested that reduced numbers of SV are caused due to
slower and inefficient SV recycling [100].
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Figure 1.9. Impaired SV recycling rate in AP1/ ¢ 1B ko hippocampal synapses. The protocol of AP
stimulation is shown above the diagram consisting of test stimulus 100 APs/20 Hz is followed by
depleting stimulus 600 APs/50 Hz with respect to variable delay time for the next rounds of test and
depleting stimulus. The ratio of recovered fluorescence amplitude to test stimulus fluorescence
amplitude (DF./DF)) is plotted over delay time. After depleting AP stimulation within the first 10 secs,
approximately 45 % of exocytosed SVs were recovered in AP1/61B ko hippocampal synapses as
compared to approximately 90 % in wt controls. The figure is adaptod from Glyvuk et al. 2010. [100].
The figure is reprinted with the permission from European Molecular Biology Organization provided
open access Creative Commons Attribution Licence for the unrestricted use of any part of the
manuscript without special permission.
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The microscopic analysis also demonstrated the accumulation of enlarged
endosomes and the presence of MVB endosomes as already discussed in Section 1.5.
Even more surprising was the increase in CCV numbers despite decreased SV numbers
and inefficient SV recycling. Therefore, they were expected to be AP1 CCV, somehow
dysfunctional due to the absence of the AP1/61B complex. However, they turned out
to be AP2 CCV [102]. The increase in synaptic AP2 CCV numbers can be explained
in two ways. Firstly, it could be caused by a stimulation of AP2 CME pathway.
Secondly, the life cycle of AP2 CCV can be extended and AP2 CCV may have longer
life-span [85], [102]. The analysis of the synaptic AP2 CCV pools revealed the
existence of two AP2 CCV classes [85]. Besides canonical AP2 CCV, which undergo
fast CCV uncoating, AP2 CCV with a stabilized CCV coat and thus an extended life
time were identified in wt and in AP1/c1B ko synapses [85]. The size of both AP2
CCV classes are doubled in AP1/61B ko synapses and the AP2 CCV of the pool of
stable AP2 CCV are even more stabilized and therefore, they were named as stCCV
[85]. The changes in AP1/61B ko synapses are summarized in Figure 1.10.

wt o1B -/-
P\ 7B/
AP-2 CCV @é% ) ; AP-2 CCV l‘g‘!‘t,
fast slow < uncoating > fast stabilised

wowmmwe active zone @ synaptic vesicle early endosome MVB endosome

Figure 1.10. The differences between wt and AP1/61B ko synapses. The fast-uncoating canonical
CCV (canCCV) and slow-uncoating stable CCV were shown with lighter and dark blue colors,
respectively. Both AP2 CCV classes are increased in AP1/c1B ko synapses as compared to their wt
levels. The stable CCVs are even more stabilized in AP1/c1B ko synapses thus, named as stCCV.
Cartoon also summarizes the different forms of synaptic plasticity in AP1/c1B ko synapses. Besides
increase in AP2 CCVs, accumulation of enlarged EEs, activation of MVB pathway for the degradation
of SV porteins and lastly the regulation of AZ plasticity via specialized AP2 CME pathway were shown
in AP1/61B ko synapses. The figure is adapted from Candiello ez al. 2017 [85]. The figure is reprinted
with Creative Commons Attribution 4.0 International Licence allows the unrestricted use of any part of
the paper without special permission.
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Comparison of the coat protein composition of wt and AP1/61B synapses CCV
revealed three molecular mechanisms underlying the enhanced stabilization of the
AP2 stCCV [85]. An increase in CCV numbers was only observed in AP1/61B ko
synapses and not in their cortex or their adipocytes, whose numbers are reduced due
to impaired adipogenesis [63], [85]. Therefore, the observed alterations in AP2 CCV

pathways in AP1/c1B ko synapses represent a mechanism of synaptic plasticity [85].
1.10. Mechanisms for AP2 stCCV formation

Three molecular mechanisms have been identified for the enhanced stabilization
of AP2 CCV and stCCV formation [85]. These mechanisms influence all three layers
of a CCV, firstly the outer clathrin basket layer, secondly the middle AP2 layer and
finally the inner layer, the membrane phospholipid composition [85]. It has been
shown that clathrin-coat disassembly protein Hsc70 levels were reduced in AP1/c1B
ko stCCV as compared to its wt stable CCV levels [85]. However, the CCV co-
chapaerons of Hsc70, namely auxilinl and GAK/auxilin2, were not decreased in
AP1/c1B ko stCCV. Apparently, they should be able to activate Hsc70 for the
disassembly of clathrin-cage [85]. There must be additional yet unknown regulatory
mechanisms that regulate recruitment of Hsc70 into CCV, thus delaying the clathrin-
cage dissociation, which results in the extension of their life-span [85]. The second
mechanism is a hyperactivation of AP2 complexes, stabilizing high-affinity AP2
membrane binding [85]. The AAK1 kinase levels and also the levels of phosphorylated
AP2/u2 adaptin are increased in stCCV [85], [113], [114], [123]. This modification
induces the conformational change of the AP2 complex into its open state, which
enable the binding of AP2/u2 to additional PI-4,5-P> domain and as well as to cargo
proteins [85], [112], [159]. Therefore, high affinity AP2-mebrane associations can be
responsible for the stabilization of AP2 CCV, thereby leading to extension in their life
time [85]. Thirdly, a stCCV contains with 10 % of wt stable CCV levels, only trace
amounts of, the P1-4,5-P2 phosphatase Synaptojaninl. As it was described in Section
1.8.2, Synaptojaninl phosphatase activity is required for release of AP2 from the
vesicle membrane and for the completion of clathrin-coat dissociation [151].
Therefore, the recruitment of less Synaptojaninl into AP1/c1B ko stCCV also

enhances their stabilization [85]. The given schematic diagram summarizes three
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molecular mechanisms for the enhanced stabilization and extended half-life of AP2
CCV in Figure 1.11. The regulation of Synaptojaninl recruitment into AP2 CCV and
also the regulation of Hsc70 CCV uncoating activity were studied in my thesis to

reveal the novel molecular mechanisms controlling AP2 CCV life cycle.
AP2 open

O
5@
¢2¢° - —

=

1.) less Hsc70 2.) more AAK1 3.) less synaptojanin1
slow clathrin cage more p2-P; less PI-4,5-P; dephosphorylation
disassembly more open AP2 lasting AP2 membrane binding

lasting membrane & cargo binding

Figure 1.11. The three molecular mechanisms regulating the stabilization and extended life-span
of AP2 CCV in AP1/ ¢ 1B. These mechanisms affect all three layers of a CCV: firstly the outer clathrin
basket layer, secondly the middle AP2 layer and thirdly the inner layer vesicle membrane phospholipid
composition. The figure is sketched based on the published data in Candiello et al. 2017 [85], courtesy
of Prof. Peter Schu.

1.11. Functions of AP2 stCCV in synaptic protein sorting

A major question about the function(s) of stCCV, and eventually of wt stable CCV,
in synaptic protein sorting remains to be answered. In a recent publication of the AG
Schu, Candiello et al. 2017, it has been shown that wt stable AP2 CCV and the stCCV
make up 15% of the total synaptic AP2 CCV pool [85]. The cargo proteins specifically
enriched in stCCV point out their specific functions in the regulation of synaptic
plasticity [85]. Candiello et al. 2017 and his colleagues have shown that structural
active zone (AZ) proteins Gitl and Stonin2 were enriched in AP1/61B ko stCCV as
compared to their wt stable CCV levels [85]. Morever, Muncl3 isoforms, an AZ
protein, which takes part in the regulation of SV fusion at presynaptic AZs [160],
[161], were differentially recruited into AP2 CCV [85]. All these recent findings offer
a novel molecular mechanism for the regulation of AZ plasticity via this specialized
AP2 CME pathway [85]. Therefore, it can be concluded that this AP2 CME pathway

does not simply mediate the uptake of numerous cargo proteins to be transported into
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cellular compartments, but also regulates synaptic PM protein composition as a form
of synaptic plasticity in AP1/c1B ko synapses [85].

1.12.  Aims of the study

In this study, three goals are aimed at to be reached. The first question to be
answered is about the molecular mechanisms regulating the CCV levels of
Synaptojaninl. The second question to be answered is about the molecular
mechanisms regulating the clathrin-cage disassembly activity of Hsc70. Thirdly, it is
also intended to determine the stCCV specific cargo proteins and thus to identify
functions of these specialized AP2 stCCV in synaptic plasticity. Depending on the
progress of these three project parts, also the mechanism regulating AAK1 recruitment
and activity is also studied.

The analysis of the molecular mechanism that determine the amount and activity
of Synaptojaninl had been started by my predecessor. After | learned the biochemical
experimental techniques and data quantification approach, | joined to this project and
completed the experiments. It had been a widely accepted view in the field that
Synaptojaninl is recruited to CCV by Endophilin A1, which is recruited just prior to
the membrane scission event [162], [163]. The Endophilin A1 BAR-domain binds
preferably to highly curved membranes, like the shaft of the budding CCV [162].
Therefore, the levels of Endophilin A1 were compared between wt and AP1/61B ko
cellular fractions by previous PhD students in the AG Schu lab. They showed that the
levels of Endophilin Al are reduced down to 50 % of wt stable CCV levelsin AP1/c1B
ko stCCV [85]. This reduction does not match with the reduction in the Synaptojaninl
levels, which was 10 % of wt stable CCV levelsin AP1/61B ko stCCV [85]. Therefore,
the obtained results suggest that Endophilin A1 does not determine the amount of
Synaptojaninl in stCCV and thus in AP2 CCV in general [85]. However,
modifications of Endophilin Al can change the mode of its association with the
budding CCV, from membrane to protein binding, and this might impair its ability to
recruit Synaptojaninl [164]. Such a modification on Endophilin Al is its BAR-domain
phosphorylation by the Leucine-rich-repeat kinase 2 (LRRK2) [165]. So, | started this
project with the analysis of the CCV levels of LRRK2 and of putative CCV class
specific differences in LRRK2 catalytic activity [164]. After | could rule out a
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participation of LRRK2 and thus of Endophilin Al, | started to analyse the distribution
of additional CCV proteins known to also interact with Synaptojaninl [164]. After the
completion of this project, the paper Mishra et al. 2021 was published in Scientific
Report-Nature journal with me as a co-author.

Secondly, | started to analyze the molecular mechanisms regulating Hsc70 activity
in clathrin-cage disassembly. My predecessors in this project had already shown that
the levels in the Hsc70 co-chaperones auxilinl, GAK/auxilin2 and also in the pre-
synapse specific CCV chaperone CSPa are not altered in a way, that they could be
accepted as the regulators of the Hsc70-mediated increased stability of stCCV [85],
[102]. Therefore, | started to analyze the synapse and CCV levels of other proteins
known to regulate and to interact with Hsc70 including its NEF Hsp110 and its co-
worker, Hsp90 in many cellular peocesses. Moreover, the post-translational
modifications, specifically phosphorylation, on Hsc70 are investigated whether
playing a role in the formation of stCCV. Proceeding analysis leads to the
identification of hypo- and hyper-phosphorylated Hsc70 proteins in wt and AP1/61B
ko synaptic CCVs. Additionally, the inhibition of Hsc70 dimerization, thereby its
activity, due to the association(s) of different Hsc70 phosphorylation patterns with
CaM/Ca?*and/or CaM was also tested to elucidate the reason why stCCV contains less
Hsc70. Furthermore, | also compare the CCV specific kinases including CVAK104,
CK2, DYRKI1A, ACK1, CaMK-I15, DCLK1, SPAK/CAB39, STK38S and STK38L
and phosphatase including PP2A regulatory domains PP2R2B and PP2R2C profiles
between wt-ko synapses to identify the putative mechanism regulating AP2 CCV life
cycle and its stabilization. Furthermore, | also compared the association of several
kinases and phosphatases with CCV, because it has been published that coat protein
phosphorylation patterns are altered during the CCV life cycle.

Previous analysis of AP2 CCV coat composition discovered AZ scaffolding
protein Gitl and its CCV co-adaptor protein Stonin2 as specific cargo proteins of the
AP2 stCCV pathway, suggesting their sorting via stCCV affects AZ and synapse
plasticity [85]. More cargo proteins should be identified in order to develop a model
for the functions of the AP2 stCCV pathway in synaptic plasticity. The analysis of
Hsc70 interacting proteins led me to compare the levels of several neuronal cell

adhesion molecules (NCAMs), between wt and ko synaptic CCV as well as between
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their synapses and cortices. Overall, our experimental aims are not only intended to
give rise to better understandings of the molecular mechanisms regulating the AP2
CCV life cycle and their enhanced stabilization, but also to elucidate the novel

functions of AP2 CME pathway in synaptic plasticity.
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CHAPTER 2

2. MATERIALS AND METHODS

2.1.Materials

2.1.1. Lab equipments and machines

Table 2.1. Lab equipments and machines

Equipment and machines

Manufacturing companies

Agarose gel electrophoresis system

Bio-Rad, Germany

Bachofer Speed Vac Concentrator,
SVC-100H

Savant, Germany

Beckman Coulter Optima MAX-XP
Ultracentrifuge (TLAS5)

Beckman Coulter, US

Beckman Coulter Optima L-90K
Ultracentrifuge (SW60-Ti)

Beckman Coulter, US

Cell homogenizor

Isobiotech, Germany

Electrophoresis power supply

GE Healthcare, Sweden

Eppendorf 5424-R centrifuge

Eppendorf, Germany

Eppendorf 5417-R centrifuge

Eppendorf, Germany

Eppendorf thermomixer comfort

Eppendorf, Germany

Epson Perfection V850 Pro

SilerFast, Germany

Glass tissue homogenizer potter (2 ml)

Wheaton®, US

LAS-300 luminescent image analyzer

FujiFilm, Japan

NanoDrop One

Thermo Scientific, Germany

Gradient station IP

BioComp Instruments, Canada

SDS PAGE mini-gel systems

Bio-Rad, Germany

Sonicator W-220F cell disrubter

Heat Systems Ultrasonics Inc, Canada

Western blot wet transfer system

Bio-Rad, Germany

PCR Labcycler gradient

SensoQuest, Germany

Vortex-Genie 2 mixer

Scientific Industries, Inc., US

UV transilluminator for agarose gel
documentation

Biometra, Germany

Mass Spectrometer ultrafleXtreme™
MALDI-TOF/TOF Systems

Brucker, US
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2.1.2. Buffers and solutions

SDS Running Buffer (10x stock solution)

Components Amount Supplier/distributors

0.25 M Tris 151 g CARL ROTH GmbH, Germany
1.924 M Glycine 720.5¢ CARL ROTH GmbH, Germany
0.1% Sodium dodecyl sulfate (SDS) 509 CARL ROTH GmbH, Germany

The volume of the solution is completed to 5 liter with with ddH-O.

Running Gel Buffer

Components Amount | Supplier/distributors
1.5 M Tris 60.57g | CARL ROTH GmbH, Germany
0.4 % Sodium dodecyl sulfate (SDS) |49 CARL ROTH GmbH, Germany

1.5 M Tris and 0.4% SDS were dissolved in ~800 ml ddH20. After pH was adjusted
to 8.8 with HCI, the total volume was completed to 1 liter with ddH20.

Stacking Gel Buffer

Components Amount | Supplier/distributors
0.5 M Tris 181.7g | CARL ROTH GmbH, Germany
0.4 % Sodium dodecyl sulfate (SDS) |4g CARL ROTH GmbH, Germany

0.5 M Tris and 0.4% SDS were dissolved in ~800 ml ddH20. After pH was adjusted
to 6.8 with HCI, the total volume was completed to 1 liter with ddH20.

Anode buffer recipe (2x stock solution)

Components Amount Supplier/distributors

150 mM Tris 18.2¢g CARL ROTH GmbH, Germany
40 % Methanol 400 ml CARL ROTH GmbH, Germany
HCI fuming 37 % adjust pH 7.4 CARL ROTH GmbH, Germany

After the pH is adjusted to pH 7.4 with HCI, the volume is completed to 1 liter with

ddH20.

Cathode buffer recipe (2x stock solution)

Components Amount Supplier/distributors

40 mM Tris 4.8¢ CARL ROTH GmbH, Germany
80 mM 6- Aminocaproic Acid | 10.5¢g CARL ROTH GmbH, Germany
40 % Methanol 400 ml CARL ROTH GmbH, Germany
HCI fuming 37 % adjust pH 9 CARL ROTH GmbH, Germany

After the pH is adjusted to pH 9 with HCI, the volume is completed to 1 liter with

ddH:20.
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Wet transfer buffer (10x stock solution)

Components Amount Supplier/distributors
0.25 M Tris 30.3¢ CARL ROTH GmbH, Germany
1.924 M Glycine 144 g CARL ROTH GmbH, Germany

After Tris and Glycine are first dissolved in ~800 ml ddH20, total volume is completed
to 1 liter with ddH20. The 10x stock solution is stored at room temperature.

Wet transfer buffer (1x transfer buffer)

Components Amount Supplier/distributors
10x Wet transfer buffer 100 ml
20 % Methanol/Ethanol 200 ml CARL ROTH GmbH, Germany

After mixing 10x transfer buffer and methanol, the total volume is completed to 1 liter
with ddH20. The 1x transfer buffer is stored at 4 °C till transfer process.

Coomassie brilliant blue (CBB) staining solution

Components Amount Supplier/distributors

10 % (v/v) orthophosphoric acid | 100 ml Merck, Germany

45 % (v/v) Ethanol 450 ml CARL ROTH GmbH, Germany
0.125 % (w/v) CBB G-250 1.25¢ CARL ROTH GmbH, Germany

To the glass measure, 450 ml ddH20O is put. Then, orthophosphoric acid, Ethanol and
CCB are added and stirred with magnetic fish till obtaining homogenous staining

solution.

Destaining solution

Components Amount Supplier/distributors
5 % (v/v) orthophosphoric acid | 50 ml Merck, Germany
40 % (v/v) Ethanol 400 ml CARL ROTH GmbH, Germany

To the glass measure, 550 ml ddH2O is put. Then, orthophosphoric acid and Ethanol
is added and destaining solution is mixed properly with magnetic stirrer.

Fixation solution |

Components Amount Supplier/distributors

10 % (v/v) orthophosphoric acid | 100 ml Merck, Germany

40 % (v/v) Methanol 400 ml CARL ROTH GmbH, Germany
10 % (v/v) Ethanol 100 mi CARL ROTH GmbH, Germany

To the glass measure, 400 ml ddH20 is put and orthophosphoric acid, Methanol and
Ethanol are added. The solution is mixed properly with magnetic stirrer.

Fixation solution 11

Components Amount Supplier/distributors
1 % (v/v) orthophosphoric acid | 10 ml CARL ROTH GmbH, Germany
10 % (w/v) ammonium sulfate 100 g CARL ROTH GmbH, Germany
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To the glass measure 990 ml ddH20 is put. Then, orthophosphoric acid and ammonium
sulfate are added and the solution is mixed properly with magnetic stirrer.

6X Laemli buffer for loading proteins for SDS-PAGE gels

loading dye aliquot

Components Amount Supplier/distributors
750 mM Tris 9.09¢ CARL ROTH, Germany
9 % SDS 99 CARL ROTH, Germany
60 % Glycerol 60 ml Sigma Aldrich, Germany
0.15 % Bromophenol blue | 0.15¢g Merck, Germany

HCI fuming 37 % adjust pH 6.8 CARL ROTH, Germany
6 % 2-mercaptoetnanol 60 pl in Iml 6x CARL ROTH, Germany

The volume of the 6x loading dye solution is completed to 100 ml with ddH20 and
60 pl 2-mercaptoethanol was added in 1 ml 6x loading dye aliquot prior to use.

Tris Buffered Saline (TBS) (20x stock solution)

Components Amount Supplier/distributors

0.4 M Tris 242 ¢ CARL ROTH GmbH,
Germany

1.24 M NaCl 362540 AppliChem, Germany

HCI fuming 37 %

adjust pH 7.5

CARL ROTH GmbH,
Germany

After the pH is adjusted to pH 7.5 with HCI, the volume is completed to 5 liter with

ddH20.

Tris Buffered Saline with Tween (TBST)

Components Amount Supplier/distributors
20 mM Tris 12.1¢g CARL ROTH GmbH, Germany
62 mM NaCl 18.1¢g AppliChem, Germany
0.05 % Tween 20 5ml AppliChem, Germany

250 ml 20x TBS is diluted by completing the total volume to 5 liter with ddH20 and 5
ml 0.05 % Tween 20 is added into the solution and is stirred to dissolve it in the

solution properly.

Mild Stripping Buffer

Components Amount Supplier/distributors

1.5 % Glycine 15¢g CARL ROTH GmbH, Germany
0.1 %SDS 1g Serva GmbH, Germany

1 % Tween 20 10 mi AppliChem, Germany

After the pH is adjusted to pH 2.2 with HCI, the volume is completed to 1 liter with

ddH20.

38




Material and Methods

Non-Fat Dry Milk (NFDM) Blocking Buffer

Components

Amount

Supplier/distributors

5 % NFDM

54

Frema Reform GmbH, Germany

5 g NFDM is dissolved in 100 ml 1x TBST to block the membranes for Western

blotting.

Bovine Serum Albumin (BSA) Blocking Buffer

Components

Amount

Supplier/distributors

5 % BSA (Albumin Fraction
V)

5¢

CARL ROTH GmbH, Germany

5g BSA isdissolved in 100 ml 1x TBST to block the membranes for Western blotting.

Enhanced Chemiluminescence (ECL) Detection kits

Kits

Supplier/distributors

Substrate

SuperSignal™ West Pico Plus Chemiluminescence

Thermo Fisher
Scientific, USA

Substrate

SuperSignal™ West Femto Plus Chemiluminescence

Thermo Fisher
Scientific, USA

Substrate

SuperSignal™ West Dura Plus Chemiluminescence

Thermo Fisher
Scientific, USA

Phosphate-Buffered Saline (PBS) (10x Stock Solution)

Components Amount Supplier/distributors
1.4 M NaCl 81.8¢g AppliChem, Germany
25 mM KCI 1.86 g CARL ROTH GmbH, Germany
65 MM NazHPO4 9.2¢ CARL ROTH GmbH, Germany
15 mM KH2PO4 2.04¢g CARL ROTH GmbH, Germany

After the pH is adjusted to pH 7.4-7.5 with HCI, the volume is completed to 1 liter

with ddH20.

Phosphate-Buffered Saline (PBS)

Components Amount Supplier/distributors

140 mM 8.18¢g AppliChem, Germany

NaCl

2.5 mM KCI 0.186 g CARL ROTH GmbH, Germany
6.5 MM NazHPO4 092¢g CARL ROTH GmbH, Germany
1.5 mM KH2PO4 029 CARL ROTH GmbH, Germany

100 ml 10x PBS is diluted in 900 ml ddH20 to prepare 1x PBS solution.

Trypsin-EDTA (0.05 %)

Components Amount | Supplier/distributors
Trypsin 0.5¢g/L Gibco Invitrogen, Germany
EDTA 0.2 g/L | Gibco Invitrogen, Germany
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Clathrin coated vesicle (CCV) isolation buffer (10x stock solution)

Components Amount | Supplier/distributors
10 mM MES 0.976 g | AppliChem, Germany
0.5 mM EGTA 0.0951 g | Sigma Aldrich, Germany
0.5 mM MqgCl: 0.024g | Merck, Germany

1 mM NaNOs 1 ul Sigma Aldrich, Germany
10 mM NaF 10 ml Sigma Aldrich

10 nM Calyculin A 500 pl Abcam, UK

After 10 mM MES, 0.5 mM EGTA and 0.5 mM MgClI: are dissolved in ddHz0, pH is
adjusted to 6.4 for the stabilization of isolated CCVs. Then, 1 mM NaNOs3 10 mM
NaF, 10 nM Calyculin A are added and total volume is completed to 50 ml with

ddH:20.

Clathrin coated vesicle (CCV) isolation buffer (1x CCV buffer)

Components Amount | Supplier/distributors
10x CCV buffer 50 ml
320 mM Sucrose 54.79 CARL ROTH GmbH, Germany

Complete EDTA free Protease
inhibitor cocktail (PIC)

Roche, Germany

10x CCV buffer is diluted in ~400 ml ddH20 and 320 mM sucrose (54.7 g in 500 ml)
is dissolved. The volume is completed to 500 ml with ddH20. CCV buffer is aliquoted
into falcons and prior to use for isolation 5 PIC tablets are dissolved in each 50 ml 1x

CCV buffer.

Cell culture medium

Components Amount | Supplier/distributors

Dulbecco’s Modified Eagle Medium 45g/L | Gibco Invitrogen, Germany

(DMEM)

10 % Fetal Calf Serum (FCS) 0.1g/L PAN, Germany

1 % Penicilin/Streptomycin (100x 100 pl Gibco Invitrogen, Germany

solution)

1 % Glutamine (100x solution) 100 pl Gibco Invitrogen, Germany
Freezing medium

Components Amount | Supplier/distributors

Dulbecco’s Modified Eagle Medium 45g/L | Gibco Invitrogen, Germany

(DMEM)

10 % Fetal Calf Serum (FCS) 0.1g/L | PAN, Germany

1 % Penicilin/Streptomycin (100x 100 pl Gibco Invitrogen, Germany

stock solution)

1 % Glutamine (100x stock solution) 100 pl Gibco Invitrogen, Germany

5 % Dimethyl sulfoxide (DMSO) 50 ml Merck, Germany
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2.1.3. Chemicals

Table 2.2. List of chemicals

Chemicals

Catalog number

Supplier/distributors

Acetonitrile gradient grade for 1000302500 Merck, Germany

liquid chromatography

LiChrosolv® Reagent

Amersham Protran 0.45 um pore GE 10600003 GE Healthcare, Sweden

size nitrocellulose Western blotting

membranes

Ammonium bicarbonate, A6141 Sigma-Aldrich, Germany

ReagentPlus® > 99.0%

Ammonium sulfate (99.5 %) 3746.1 CARL ROTH GmbH,

powder Germany

6-Aminocaproic acid A2504-100 g CARL ROTH GmbH,
Germany

Agarose NEEO ultra quality 2267.3 CARL ROTH GmbH,
Germany

Bovine Serum Albumin (BSA) A6003-100 g Sigma-Aldrich, Germany

Calmodulin agarose beads (CABs) | A6112-5 ml Sigma-Aldrich, Germany

Complete proteinase inhibitor 45148300 Roche, Germany

cocktail tablets

Coomassie brilliant blue (CBB) G- | 9598.2 CARL ROTH GmbH,

250

Germany

Dimethyl sulfoxide (DMSO)

1.02952.1000

Merck, Germany

1,4-dithiothreitol

6908.2

CARL ROTH GmbH,
Germany

DMEM High Glucose w/sodium DMEM-HPSTA Copricorn Scientific

pyruvate

EDTA disodium salt solution 1E23.1 CARL ROTH GmbH,
Germany

EGTA 3054.2 CARL ROTH GmbH,
Germany

Ethanol 9065.4 CARL ROTH GmbH,
Germany

Fetal Bovine Serum SG30070.03 Hyclone laboratories

Glycine 3187.4 CARL ROTH GmbH,
Germany

HEPES HN78.3 CARL ROTH GmbH,
Germany

Hygromycin B 10687010 Invitrogen, Germany

Instant skimmed milk powder 0202Vv01 Frema, Germany

lodoacetemide (IAM) A3221-56 mg Sigma-Aldrich, Germany

Methanol 4627.5 CARL ROTH GmbH,
Germany

MES sodium salt, 3-N-morpholino | 6979.4 CARL ROTH GmbH,

propanesulfonic acid (MOPS)

Germany
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Nonidet™ P 40 (NP40) detergent | 74385-1L Sigma-Aldrich, Germany

Orthophosphoric acid (85 %) 1.00563.1000 Merck, Germany

Potassium chloride (KCI) 6781.1 CARL ROTH GmbH,
Germany

Potassium hydroxide (KOH) 6751.1 CARL ROTH GmbH,
Germany

2-Propanol 6752.4 CARL ROTH GmbH,
Germany

Precision plus protein All blue 1610372 Bio-Rad, Germany

Prestained Protein Standards

Proteinase K 7528.2 CARL ROTH GmbH,

Germany

Protein G Sepharose 4 fast flow
beads

GE17-0618-05

GE Healthcare, Sweden

Puromycin

ant-pr-1 100 mg

Invivogen, Germany

Rotiphorese ® Gel 30 (37, 5:1)

2029.1

CARL ROTH GmbH,

Acrylamide/Bisacrylamide Germany

Roti ® Quant 5x Bradford K015.1 CARL ROTH GmbH,
Germany

SDS pellets CN30.3 CARL ROTH GmbH,
Germany

Sequencing Grade Modified V5111 Promega, Germany

Trypsin

D (+) saccharose 9286.2 CARL ROTH GmbH,
Germany

Tag Man ® Universal PCR Master | 4304437 Applied Biosystems

Mix

N,N,N’,N’- Tetramethylethylene- 2367.1 CARL ROTH GmbH,

1,2-diamine (TEMED) Germany

Trifluoroacedic acid, peptide 15820273 Applied Biosystems™,

synthesis grade uUs

Tris 5429.2 CARL ROTH GmbH,
Germany

Triton ® X-100 1.08643.1000 Merck, Germany

TRIzol ® Reagent 15596018 Ambion

Tween ® 20 9127.2 CARL ROTH GmbH,
Germany

0.05 % Trypsin-EDTA 25300-054 Gibco, Germany

Urea 3941.1 CARL ROTH GmbH,

Germany

Wattman blotting filter paper sheets

FT-2-519-580600N
(580XX699 mm)

Sartorious Stedim,
Biotech, Germany

Zinc chloride

208086

Sigma-Aldrich, Germany
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2.1.4. Primary antibodies

Table 2.3. List of primary antibodies for Western blot experiments

Antibody Species | Source Dilution
ratio
Anti-ACK1 (TNK2) Rabbit | Proteintech, 14304-1-AP 1:1000
Anti-a-adaptin (AP2) Mouse | BD Biosciences, BD 610502 1:1000
Anti-y1-adaptin (AP1) Mouse | BD Biosciences, BD 610386 1:1000
Anti-ArhGEF7 Rabbit | GeneTex, GTX55517 1:1000
Anti-Auxilin (DNAJC6) Rabbit | Proteintech, 21941-1-AP 1:1000
Anti-Auxilin2/GAK Rabbit | Santa Cruz Biotechnology, sc-7864 | 1:500
Anti-CAB39 (MO25a) Rabbit | Bioss Antibodies, bs-3636R 1:1000
Anti-Calmodulin Mouse | Merck Millipore NP_008819 1:1000
Anti-CHL1 Goat R&D Systems, AF2127 1:1000
Anti-CK2pB Rabbit | Origene, AP06515PU-N 1:500
Anti-CVAK104 (SCYL2) | Rabbit | Antibodies, ABIN6567812 1:500
Anti-DCLK1 Rabbit | Proteintech, 21699-1-AP 1:1000
Anti-Dynamin123 Mouse | Synaptic Systems, SySy 115 002 1:1000
Anti-DYRKI1A Rabbit | Cell Signaling Technology, 2771 1:1000
Anti-Endophilin Al Rabbit | Synaptic Systems, SySy 159002 1:1000
Anti-Epsinl Rabbit | Abcam, ab75879 1:500
Anti-Eps15 Mouse | BD Biosciences, BD 610806 1:1000
Anti-Eps15L1 Rabbit | Biorbyt, orb156764 1:500
Anti-Hsc70 Mouse | Synaptic Systems, SySy 149011 1:1000
Anti-Hsp90a. Rabbit | Bioss Antibodies, BS10100R 1:1000
Anti-Hsp110 Mouse | BD Biosciences, BD 610510 1:1000
Anti-Intersectinl (ITSN1) | Mouse | BD Biosciences, BD 611574 1:1000
Anti-LRRK?2 Rabbit | Novus Biologicals, NB300-268 1:1000
Anti-LRRK2 Ser935-Pi Rabbit | Abcam, ab133450 1:1000
Anti-NCAM1 Mouse | Origene, TA323611 1:1000
Anti-Neurocan Rabbit | Origene, TA322754 1:1000
Anti-NrCAM Mouse | Origene, AM60049PU-N 1:1000
Anti-Pacsinl Rabbit | Synaptic Systems, SySy 196002 1:1000
Anti-Pacsinl Ser346-Pi Rabbit | Merck Millipore, ABS39 1:1000
Anti- PTPTZ1 Rabbit | Origene, TA314410 1:500
Anti-PPP2R2B Rabbit | Proteintech, 13123-1-AP 1:1000
Anti-PPP2R2C Rabbit | Proteintech, 12747-1-AP 1:1000
Anti-Sgipl Rabbit | Acris, AP53888PU-N 1:1000
Anti-STK38S (NDR1) Mouse | Origene, AM31888PU-N 1:1000
Anti-STK38L (NDR2) Mouse | Origene, TA505176 1:1000
Anti-Synaptojaninl Rabbit | Synaptic Systems, SySy 159002 1:300
Anti-SynCAM1 Goat Origene, AP21519PU-N 1:500
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2.1.5. Secondary antibodies

Table 2.4. List of secondary antibodies for Western-blot experiments

Antibody Species Source Dilution ratio

Anti-mouse HRP | Goat Dianova, 1:10000
GtxMU-003-DHPRX

Anti-Rabbit Goat Dianova, 1:10000
11-035-045

Anti-Goat Rabbit Jackson ImmunoResearch | 1:5000
Laboratories, INC. 305-
035-003

2.1.6. Mouse embryonic fibroblasts cell lines

Table 2.5. The mouse embryonic fibroblasts cell lines used for cell culture experiments

Cell lines Genetics background Source

MEF S1B111 D5 AP1/c1B +/+ AG Schu (Glyvuk et al. 2010)

MEF S1B111 E8 AP1/c1B -/- AG Schu (Glyvuk et al. 2010)

MEF 24A AP1/ulA-/-::ulA cDNA | AG Schu (Meyer et al. 2000)

MEF 24 AP1/ulA-/- AG Schu (Meyer et al. 2000)
2.2. Methods

2.2.1. Subjects

The AP1/c1B knock-out (ko) mice were generated via homologous
recombination by targeting the X-chromosomal o1B locus to exchange the
endogenous wild-type (wt) gene sequence with the mutated gene insertion as described
in Glyvuk et al. 2010 [100]. Isogenic +/+ wt mice and AP1/c1B ko -/- mice are
generated from heterogeneous +/- matings in order to establish mice colonies and also
conduct tissue isolations for animal experiments. Both established wt and AP1/61B ko
mice lines are kept in the central animal facility of the faculty of medicine in Georg-
August University Gottingen by following the ethical guidelines. Mice are euthanized
with CO2 and subsequent cervical dislocation. The etchical guidelines and protocols
for animal housing and sacrification were approved by the Niederséchsisches
Landesamt flir Verbraucherschutz und Lebensmittelsicherheit” (LAVES). Brains were
dissected from 4-6 mounts-old wt and AP1/c1B ko animals in the late afternoon, were
snap frozen in liquid nitrogen and were stored at -80 °C till further cortex, synaptosome

and synaptic CCVs protein extraction processes.
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2.2.2. Brain subfractionation

2.2.2.1. Extraction of proteins from mice cortices

Proteins were isolated from wt and AP1/c1B ko mice brains in parallel at the
same day in order to take into account unavoidable variations in the sample
preparation. The frozen brains were thawed on ice. After the cerebellum has been
removed, cerebral cortex was chopped into small pieces via scalpel in 1 ml CCV buffer
in a petri-dish. The entire dish content was transferred in to a glass potter with
additional 1 ml CCV buffer. The minced cortex was homogenized first using a 'loose’
piston (~20 strokes) until there were no tissue particles visible. Then a 'tight’ piston is
used until the heavy resistance was defeated (~40 strokes). Homogenized cortices were
transferred into 2 ml eppendorf tubes, and were centrifuged at 3300 rpm (1000x g) for
10 minutes at 4° C. The supernatant (S1) was transferred into a new 2 ml Eppendorf
tube and stored on ice. The pellet (P1) was dissolved in ~1 ml CCV buffer and again
centrifuged at 3300 rpm (1000x g) for 10 minutes at 4° C. The supernatant S2 was
added to the S1, and P2 was discarded. The protein concentrations were determined
with Bradford Assay (ROTI® Quant, K015.1, Roth, Germany). The protein
concentrations of cortex proteins were normalized and were incubated with reducing
SDS-PAGE loading buffer including dye for 5 min at 95° C. Protein solutions were
stored at -20 ° C until they are used in further semi-quantitative Western-blot

experiments.

2.2.2.2. Isolation of synaptosomes from crude cortex extracts

Synaptosomes are isolated, sealed pre- and post-synaptic terminals, which lack
axons and dendrites [166]. Synaptosomes were isolated from the crude cortex
homogenates (as described in Section 2.2.2.1) through differential centrifugation.
Pooled S1 and S2 cortex homogenates were centrifuged at 9200x g (9800 rpm) for 15
min at 4° C. After centrifugation, the supernatant was discarded and the pellet was
dissolved in 1.5 ml CCV buffer. Next, this resuspended pellet was centrifuged at
10200x g (10400 rpm) for 15 minutes at 4° C. After centrifugation, the supernatant was
discarded and the pellet was resuspended in 600-800 pl CCV buffer. The

concentrations of the synaptosomes were normalized, they were incubated with
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reducing loading dye for 5 min at 95 °C and stored at -20° C freezer till they were

analyzed in further semi-quantitative Western-blot experiments.

2.2.2.3. Isolation of synaptic Clathrin-coated vesicles from synaptosomes

Clathrin-coated vesicles (CCV) are isolated from synaptosomes. The clathrin-
coat of a CCV is not stable at the physiologic pH of 7.4 in-vitro and undergoes more
rapid disassembly at slightly higher pH values. The clathrin cage is stabilized at the
slightly acidic pH of 6.4 [40], [85]-[88], [167]. The isolated synaptosomes (as
described in section Section 2.2.2.2) were lysed using a steel ball cell homogenizer
(Isobiotech, Heidelberg, Germany). The gap width used was 12 pm and synaptosomes
were lysed by 40 passages. The lysed synaptosomes were transferred into 1.5 ml
Beckman Eppendorf microcentrifuge tubes and centrifuged at 25.000 x g for 20 min
at 4°C (Beckman Coulter Optima MAX-XP Ultracentrifuge, rotor TLA55, US). The
supernatant was disposed and the pellet was resuspended in 550 pul CCV buffer. The
protein concentration of the synaptosomal membranes was determined using the
Bradford Assay (ROTI® Quant, K015.1, Roth, Germany). The protein concentration
of each sample was adjusted to 2-3 pg/ul in a total volume of 600 pl and loaded onto
a 20-50 % sucrose density gradient. The 20 % and 50 % sucrose solutions were
prepared in CCV buffer. Firstly, 1.75 ml ice-cold 50 % sucrose solution was added
into SW60 Ti centrifuge tubes and then 1.75 ml ice-cold 20 % sucrose solution was
added on top of 50 % sucrose, slowly in order not to disrupt the interphase between
them. Afterwards, 20-50 % continuous sucrose gradient was prepared by mixing the
solutions using a density gradient machine (Gradient Station IP, Biocomp, Canada).
The 500 pl normalized synaptosomal membrane samples were loaded onto the
continuous 20-50 % sucrose density gradient and centrifuged (Beckman Coulter
Optima L-90K Ultracentrifuge, SW60-Ti rotor, US) at 33.000 x g for 1.5 hours at 4°C.
The 4 ml of the total tube volume was fractionated into 10 fractions, 400 ul each. CCV

were enriched in fractions 6-9 [85] and were combined into Eppendorf tubes.

2.2.2.4. Immunoisolation of stabilized CCV

The synaptic CCV purified by density gradient centrifugation (as described in
Section 2.2.2.3) were used for the immunoisolation of the subpopulation of stabilized

CCV. Hsc70 is responsible for the disassembly of the clathrin-cage and it is recruited
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to the clathrin-basket by its co-chaperons auxilinl and GAK/auxilin2. Hsc70 has to
undergo ATP hydrolysis, which triggers collision pressure, thereby leading to the
dissociation of clathrin lattice. Hsc70:ADP binds to additional sites on the clathrin-
coat in a more stable and promiscuous manner [142]. Immunoprecipitation is
performed with the anti-Hsc70 antibody (mouse monoclonal anti-Hsc70 antibody from
Synaptic Systems, Goettingen, Germany). The anti-Hsc70:CCV complexes are
isolated with protein G sepharose beads (Protein G sepharose 4 Fast Flow, GE
Healtcare, Uppsala, Sweden). The stable CCV isolated from wt synaptosomes are
called as wt stable CCV, whereas the stabilized and thus longer lived CCV of AP1/c1B
ko synaptosomes are called as stCCV. Both pools represent 15% of the total pool of
synaptic CCVs. The unstable, shorter lived canonical CCV are abbreviated as
canCCV. The protein G sepherose beads, preserved in 20 % ethanol, were washed with
CCV buffer for 5 times. The protein G sepharose beads were diluted in CCV buffer
and 40-60 pul protein G sepharose beads (50% slurry in CCV buffer) were added into
each tube. The CCV samples were incubated with protein G sepharose beads for one
hour at 4 °C on wheel, were centrifuged at 2000 rpm for 30 seconds at room
temperature (Centrifuge 5254, Eppendorf, Germany). This pre-cleared CCV solution
was transferred into a new tube for stCCV immunoisolation. The pelleted protein G
sepharose beads were discarded. The pre-clearing of synaptic CCV proteins were
optional. If non-specific protein-protein interaction is not a concern for the target
proteins, the isolated canCCV fractions are directly used for the immunoisolation
experiments without pre-clearing step. The CCV solutions were incubated with anti-
Hsc70 antibody at a concentration of 5 mg/ml overnight at 4 °C end-over-end on a
wheel. Protein G sepharose beads were washed in CCV buffer for 5 times and 60 pl
protein G sepharose beads (50 % slurry in CCV buffer) were added into each tube and
incubated on wheel at room temperature for 3 hours or at 4 °C, overnight. The beads
were harvested at 2000 rpm for 30 secs at room temperature (Centrifuge 5254,
Eppendorf, Germany) and the supernatant was discarded. The beads were washed 5
times with CCV buffer, were resuspended in 50 pl 3x SDS-PAGE loading dye and
incubated at 90 °C for 5 min and beads were spun down at 400 rpm in the table top
centrifuge. This supernatant was the first wash or elution fraction and this elution step
was repeated [85]. The elution fractions Elution 1 (Elul) and Elution 2 (Elu2) and the
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washed beads were loaded onto SDS-PAGE and analyzed by semi-quantitative

Western-blot analyses.

2.2.3. CCV coat protein interactions

Protein:protein interactions of CCV coat proteins were analyzed by co-
immunoprecipitation experiments after the disassembly of the coat of purified CCV
(sections 2.2.2.3 and 2.2.2.4). CCV coat disassembly was induced by a pH shift from
the CCV buffer pH 6.4 to a basic pH by adding 500 ul CCV buffer adjusted to pH 8
and by incubating the solution for 15 min at RT. Vesicles were removed from
solubilized CCV coat proteins by centrifugation at 100.000 x g (Beckman Coulter
Optima MAX-XP Ultracentrifuge, rotor TLAS55, US) for 20 min at 4°C. The
supernatants were transferred into fresh tubes and the pH was shifted back to slightly
acidic conditions by adding 500 pul CCV buffer adjusted to pH 6.4, in order to re-
establish the condition of stable CCV protein:protein interactions in-vitro. The
solubilized proteins of wt and ko canCCV and of wt stable CCV and ko stCCV were
incubated with 5 pg of anti-ITSN1 antibody (BD611574, BD Biosciences, US)
overnight at 4°C on an end-over-end rotor. The antibody bound protein complexes
were isolated with protein G Sepharose ® beads (Protein G Sepharose® 4 Fast Flow
GE Healthcare, Uppsala, Sweden) by overnight incubation at 4°C or for 3-4 hours at
room temperature on an end-over-end rotor. The protein G beads containing
interacting proteins were spun down and washed with CCV buffer at pH 6.4 for 3-5
times. The ITSN1-interacting CCV proteins were eluted in 80 ul SDS-PAGE, non-
reducing, 3x loading dye buffer and incubated at 90 °C for 5 min. Eluates from 3 wt
canCCV and 3 ko canCCV and of 3 wt stable CCV and 3 ko stCCV were pooled
respectively, to increase the amounts of CCV proteins [164]. Elution fractions from wt
and ko CCV proteins were loaded next to each other onto SDS-PAGE gels for
subsequent semi-quantitative Western-blot analysis. Beads were also loaded onto the

gels to control the efficiency of the protein elution.

2.2.4. Calmodulin-Hsc70 pull-down experiments of CCV associated Hsc70

To test for a calcium dependence of Hsc70 clathrin disassembly activity,
isolated CCV (described in sections 2.2.2.3, 2.2.2.4 and 2.3) were incubated with
Calmodulin-agarose beads (CABs) (CABs, A6112, Sigma Aldrich). Calmodulin
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(CaM) beads were loaded with calcium (Ca?*) by washing them with EGTA free CCV
buffer supplemented with 1 mM Ca?* and a second fraction was washed with CCV
buffer containing 1 mM EGTA for 3 times to remove any potentially CaM bound Ca?*.
Afterwards, beads were washed with EGTA free CCV buffer in the Ca?* treatment
groups and with regular CCV buffer containing 0.5 mM EGTA in the treatment groups
w/o Ca?* for 3 times. Isolated synaptic wt and ko canCCV and wt stable CCV and ko
stCCV were added to CaM/Ca?* and Ca?* free CaM beads and incubated overnight at
4 °C on an end-over-end wheel. Beads were isolated by centrifugation at 500 x g for
30 sec. Supernatants were transferred into new cups and incubated with reducing 6x
loading dye at 90 °C for 5 min. Beads were washed with EGTA free and regular CCV
buffers for 3 times, respectively, to get rid of proteins bound by weak and non-specific
protein interactions. The washed beads were incubated with reducing 3x SDS-PAGE
loading dye at 90 °C for 5 min. Proteins were separated on the phospho-tag™ SDS-
PAGE gels (see section 2.2.11), on which protein migration was slowed down by the
interactions of phosphorrylated proteins with phospho-tag. Proteins were subsequently
transferred onto nitrocellulose membranes, which were developed with anti-Hsc70
antibody (see section 2.2.8). The Hsc70 proteins bound to isolated canCCV or wt
stable CCV were used as a positive control and as a size marker for hypo- and
hyperphosphorylated Hsc70 proteins.

2.2.5. Determination of the protein concentration with the Bradford Assay

The concentration of the isolated total cortex and synaptosome proteins were
determined using the Bradford Assay (ROTI® Quant, K015.1, Roth, Germany). The
reactions were prepared by mixing 800 ul of distilled water, 4 pl of protein sample and
200 pl of 5x Bradford reagent (ROTI® Quant, K015.1, Roth, Germany) in an
eppendorf tube. The solution was mixed very-well, transferred into a UV spectroscopy
cuvette and incubated for 5 minutes at room temperature. The blank solution was
prepared in parallel by mixing distilled water and the Bradford reagent. Firstly, the
blank was read to set the machine to zero absorbance at 595 nm and then the
absorbance of each individual sample was detected. The concentrations of the protein

samples were calculated based on Bovine Serum Albumin (BSA) standards. The 2-16
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pg of BSA dilutions were prepared from 1 mg/ml BSA main stock and the absorbance

of the BSA samples were measured at 595 nm.

2.2.6. Protein separation by electrophoresis

Sodium dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-PAGE)
analysis was used in order to separate proteins based on their molecular mass. Sodium
Dodecyl Sulfate (SDS pellets, CN30.3, Roth, Germany) is a detergent, which unfolds
proteins by binding to their amino acid hydrocarbon chains and this results in a uniform
negative charge of each protein. Reducing agents such as dithiothreitol (DDT, Roth,
6908.2) or 2-mercaptoethanol cleave disulfide bonds to enable full protein unfolding.
The gel matrix is composed of polyacrylamide (acrylamide/bisacrylamide
(Rotiphorese® Gel30, 37 5:1, Acrylamide/Bisacrylamide, 2029.1, Roth, Germany).
The cross-links between two acrylamide molecules is formed by bisacrylamide and
the polymerization of the gel is initiated by Ammonium persulfate (APS, 3746.1, Roth,
Germany) a free radical, and the radical buffer compound N,N,N',N'-
Tetramethylethylene-1,2-diamine (TEMED, 2367.1, Roth, Germany) [168]. The SDS-
PAGE gel is a discontinuous polyacrylamide gel. The top part is a stacking gel, which
has lower acrylamide concentration and lower pH (pH 6.8) than the bottom resolving
part of the gel, with a higher acrylamide concentration and with a higher pH (pH 8.8).
The concentration of the acrylamide and thus the the pore size is adjusted to optimally
separate proteins within the molecular mass range of interest. A 7.5 % acrylamide
resolving gel is used to separate proteins ranging from 100 kDa to 250 kDa, a 10-12.5
% acrylamide resolving gel is used to separate proteins ranging from 50 kDa to 100
kD and a 15 % acrylamide resolving gel is used to separate proteins of masses lower
than 50 kDa. The acrylamide gel was run in SDS-PAGE buffer containing 50 mM
Tris, 400 mM Glycine and 0.1 % (w/v) SDS in 10x stock solution which was diluted
into 1x prior to use and pH of the SDS-PAGE running buffer should be 8.3. The protein
samples were pre-mixed with 6x Laemmli buffer with 2-mercaptoethanol as a reducing
agent and incubated at 95 ° C for 5 minutes. They were cooled down to room
temperature and then were loaded onto gels or stored at -20 ° C till performing
Western-blot analysis. The samples were loaded onto the gel together with protein

ladder (Precision plus protein All blue Prestained Protein Standards, 1610372, Biorad,
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Germany) to mark the reference molecular weights thereby estimating the molecular
weight of the protein of interest. The samples were run at 20 mA constant current (for
2 gels) till reaching to the resolving part for 30-45 minutes. After the proteins reached
to resolving part, the current was increased to 30-40 mA (for 2 gels) and run for
additional 2-3 hours till the samples appeared at the bottom part of the gels and about
to leak out of the gels [102], [168].

2.2.7. Semi-dry and wet Western blot transfer

After proteins were run on SDS-PAGE, they are transferred onto nitrocellulose
membranes (Amersham Protran 0.45 pum pore size nitrocellulose Western blotting
membranes, GE 10600003, GE Healthcare Life Sciences, Sweden). The transfer
sandwiches were assembled as indicated below in Figure 2.1. Three Wattman filter
papers (Sartorius Stedim Biotech, Géttingen, Germany) and nitrocellulose membranes
were pre-wetted in Anode buffer. The polyacrylamide gel was equilibrated in Anode
buffer in order to remove running buffer’s salts and detergents and then it was placed
onto the nitrocellulose membrane avoiding air bubbles. Afterwards, three Wattman
filter papers were pre-wetted in cathode buffer and layered on top of the
polyacrylamide gel. In order to remove the excessive moisture and air bubbles trapped
in between filter papers and nitrocellulose membrane, the stack was gently pressed
using a plastic roller. The protein transfer in a semi-dry blotting chamber was run as
1 mA/cm? per gel, which required 90 mA current (for 2 gels). The transfer duration
varies between 30 to 120 minutes depending on the molecular mass of the proteins,
which ranged from 25 kDa to 250 kDa.

Cathode ()

Transfer

Direction = = Gl

=
.’ Anode (+)

Figure 2.1. The semi-dry transfer sandwich assembly order. The cartoon representation of semi-dry transfer
sandwich is shown. The transfer chamber is carefully closed and the transfer of proteins onto nitrocellulose
membranes takes place under constant current. The image is obtained from LI-COR webpage (Transfer options,
Wet tank vs. Semi-dry) [169]. The figure is reprinted with the permission from LI-COR Inc. provided a copyright
permission for the unrestricted use of any substantial part of the paper upon special request.
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The Wet protein transfer system is recommended for proteins of high
molecular mass and for proteins resolved in phos-tag™ SDS-PAGE (see section
2.2.11). The stack of nitrocellulose membrane, the gel and Watmann papers were
pressed together in a cassette (see Figure 2.2) and proteins are blotted onto membranes
in transfer buffer at a constant 150 mA (300 V; 75 mA per gel of 9 by 6 cm) for 10
hours at 4 °C.

10 Clear cassette face
9 | Fiber pad

7.8 Two filter papers

6 ¢ 1 Transfer membrane
S [ - I ZZ7]SDSPAGEgel

3. 4 Two filter papers

2 | | Fiber pad

Figure 2.2. Wet transfer cassette assembly order. Wet transfer cassettes are assembled as indicated,
from bottom (cathode side) to top direction (anode side). Wet fiber pad is placed onto the black cassette
face. Secondly, two pre-wetted Wattman filter papers are put onto the fiber pad. Polyacrylamide gel is
put onto the Wattman papers. Nitrocellulose membrane, pre-wetted in transfer buffer, is placed onto the
gel. Two more pre-wetted Wattman filter papers are put onto the gel subsequently and possibly trapped
air bubbles are pressed out using a plastic roller. The assembled cassettes are closed and they are placed
into the transfer chamber. The electrotransfer of proteins onto the nitrocellulose membranes is
performed under the constant current. The image is obtained from [170]. The figure is reprinted with
Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence for the
unrestricted use of the any part of the paper without special permission.

2.2.8. Immunoblot detection of the transferred proteins

After proteins were transferred onto the nitrocellulose membranes as described
in Sections 2.2.7, the membranes were blocked in 5 % non-fat dry milk (NFDM,
instant skimmed milk powder, 020201, Frema, Germany) or 5 % Bovine Serum
Albumin (BSA, A6003-100 g, Sigma, Germany), both diluted in TBS-T, for 1 hour at
RT on the shaker. The blocking solution was discarded and the membranes were
incubated with a primary antibody (diluted in 5% blocking solution as 1:250-1:5000
ratio) for 3-4 hours at room temperature or overnight (for 16 hours) at 4 °C on shaker.
Membranes were washed three times with TBS-T or with 5 % NFDM 3 times over 10
minutes each. Next, membranes were incubated with HRP (Horseredish peroxidase)-
conjugated secondary antibodies (diluted in 5 % NFDM as 1:5.000-1:10.000 ratio) for
1 hours at RT on the shaker. The list of used primary and secondary antibodies were

given in Table 2.3-2.4. After the secondary antibody incubation, the membranes were
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washed three times with TBS-T for 10 minutes each. The membranes were developed
with Femto (SuperSignal™ West Femto Maximum Sensitivity Substrate, 34095,
Thermo Fisher Scientific, US) or Pico PLUS (SuperSignal™ West Pico PLUS
Chemiluminescent Substrate, 34580, Thermo Fisher Scientific, US) enhanced
chemiluminescent (ECL) kits and then the protein bands were imaged in LAS-300

luminescent image analyzer (FujiFilm, Japan).

2.2.9. Stripping of Western-blot membranes for re-immunoblotting

Stripping refers to the removal of primary and secondary antibodies from the
Western-blot membranes to enable the repeated use of the membranes. Therefore, re-
probing of the same membrane can be advantageous to save precious samples,
materials and time. In order to avoid potential loss of transferred proteins, a mild
stripping protocol from Abcam [171] was carried out. The membranes were incubated
twice with mild-stripping buffer (containing 1.5 % Glycine, 0.1 % SDS and 1 % Tween
20) adjusted to pH 2.2 for 10 min on shaker at room temperature. Afterwards,
membranes were washed twice with PBS for 10 min on the shaker at RT. The stripped
membranes were ready for the incubation with different antibodies according to the

protocol described in Section 2.2.8, after blocking.

2.2.10. Analysis of protein phosphorylation by phos-tag SDS-PAGE

Phos-tag ™ SDS-PAGE is used to discriminate protein phosphorylation levels.
The phosphate chelating phos-tag ™ (Phos-tag™, AAL-107, Wako Pure Chemicals
Corp., Japan) group is attached to acrylamide, which can be added at variable
concentrations to regular SDS-PAGE acrylamide solutions. Due to the binding of the
phosphate groups of proteins with the phos-tag ™ group, phosphorylated proteins
migrate slower than their non- or lower phosphorylated variants on the gel [10]. The
basics SDS-PAGE protocol for 7.5% or 10% acrylamide gels (Section 2.6) was
followed in the presence of 20 UM phos-tag ™ acrylamide (from 5 mM stock solution)
and 50 uM MnClz (from 10 mM stock solution) [172]. A range of 20-80 pg of proteins
were loaded and separated at constant 20 mA (for 2 gels) for 1 hour until proteins were
reached to resolving gel. The current was increased to constant 30-40 mA for 3-4
hours. Before transferring the proteins onto nitrocellulose membranes, phos-tag gels

were washed in transfer buffer with 10 mM EDTA for 10 min twice at RT to remove
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Mn?* salts. This step significantly increases protein transfer efficiency [172].
Afterwards, gels were washed in transfer buffer to remove EDTA. The wet Western-
blot protein transfer system is recommended for phos-tag gels (Section 2.2.7) [172].
The membranes were immunoblotted with primary and secondary antibodies as
described in Section 2.2.8.

2.2.11. Coomassie brilliant blue SDS-PAGE staining

The isolated cortex, synapse and/or synaptic CCV proteins were separated on
the SDS-PAGE. After the run, gels were incubated with fixation solution I, to
immobilize the proteins in the gel, for 1 h on a shaker at room temperature. The
Fixation solution | was discarded and the gels were incubated with Fixation solution
Il for 2 hours on a shaker at room temperature. The Fixation solution Il was discarded
after 2 hours and the gels were incubated with Coomassie protein staining solution
overnight on a shaker at room temperature. After discarding the staining solution, the
gels were washed with destaining solution for 3-4 hours on a shaker at RT. The
destaining solution was changed 2-3 times during the incubation period. Afterwards,
the gels were destained in ddH20 for 16-24 hours on a shaker at RT [173], [174]. The
gels were scanned (Epson Perfection V850 Pro, SilverFast, Germany) and the stained
proteins were labelled based on the expected molecular weight. Proteins of interest
were excised from the gels and gel slices were stored in Eppendorf tubes at -20°C for

the subsequent proteomic analysis.

2.2.12. Protein Mass Spectrometry Analysis

Mass Spectrometry (MS) is a technique to determine the mass of molecules
based on their mass-to-charge ratios. MS provides a qualitative and also a quantitative
profiling of chemical substances [175]. MS methodology allows to identify proteins,
peptides, DNA or RNA sequences within the investigated target chemicals (qualitative
MS analysis). A protein quantification is achieved by different methods, e.g.
comparing the relative signal intensities of mixed samples (quantitative MS analysis)
[176], [177]. The proteins isolated from phos-tag™ SDS PAGE gels were prepared
for the MS analysis by Olaf Bernhard (Department of Cellular Biochemistry, Medical
Faculty, University Gottingen) and the MS analysis was performed by Dr. Oliver
Valerius (Department of Molecular Microbiology & Genetics, University Gottingen).
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The purified synaptic canCCV isolated from wt and AP1/c1B ko mice were loaded
onto the phos-tag™ SDS-PAGE. The hyper- and hypo-phosphorylated Hsc70 bands
were excised and the gel pieces were further proceeded for the MS Analysis including
steps: reduction and alkylation of cysteine amino acids to irreversibly break the
disulfide bonds between cysteines [178]; digestion of the proteins with trypsin [179]
to generate peptides [178], [179]; extraction and resuspension of the peptides for MS
measurements. The excised gel pieces were incubated with 100 pul 25 mM Ammonium
bicarbonate/water (Ammonium bicarbonate, ReagentPlus® > 99.0%, A6141, Sigma,
Germany) for 15 min at 37 °C at 1000 rpm in a thermo shaker (Eppendorf®
Thermomixer Comfort, T1317, Eppendorf, Germany). Gel pieces were spun down by
a quick centrifugation and the supernatant was discarded. Gel pieces were washed
twice with 100 pl 50 % Acetonitrile (AcN) (Acetonitrile gradient grade for liquid
chromatography LiChrosolv® Reagent, 1000302500, Merck, Germany) in 25 mM
Ammonium bicarbonate/water for 30 min each at 37 °C with gentle shaking. The gel
pieces were spun down quickly with a table-top centrifuge and the supernatant was
removed. The gel pieces were incubated with 100 pl 100 % AcN for 10 min at 37 °C
with gentle shaking. Gel pieces were harvested by centrifugation and the supernatant
was discarded. Gel pieces were left to dry for 5 min at RT by opening the lid of the
eppendorf tubes. Gel pieces were incubated for 1 hour at 56 °C with gentle shaking in
10 pul 10 mM DTT (DTT BioChemica BC, A1101, Applichem, Germany), in 25 mM
Ammonium bicarbonate/water, to cleave disulfide bonds between peptides. At the end
of this incubation, the tubes were cooled down on ice, gel pieces were centrifuged and
the supernatant was discarded. Gel pieces were incubated with 25 mM 10 ul
lodoacetamide (IAM) (lodoacetemide single use vial of 56 mg, A3221, Sigma,
Germany), dissolved in 25 mM Ammonium bicarbonate/water, for 30 min at room
temperature with gentle shaking for the alkylation of cysteine residues. 1AM
covalently binds to the thiol groups on the cysteine amino acids and prevents the
reformation of disulfide bonds [180], [181]. At the end of the incubation time, the gel
pieces were spun down and the supernatant was discarded. The gel pieces were again
incubated with 10 pl reducing reagent (10 mM DTT in 25 mM Amonium
bicarbonate/water) for 10 min at 37 °C with gentle shaking. After discarding the
supernatant, the gel pieces were washed firstly with 100 pl 50% AcN (in 25 mM
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Ammonium bicarbonate/water) and then with 100 % AcN for 10 min each at 37 °C
with gentle shaking. After quick centrifugation, the supernatant was discarded and the
gel pieces were allowed to dry at RT for 5 min by opening the lid of the Eppendorf
cups. For the digestion of proteins, 6 ul 20 ng/ul trypsin (Sequencing Grade Modified
Trypsin, V5111, Promega, Germany), in 25 mM Ammonium bicarbonate/water, was
added onto dried gel pieces and incubated for 15 min on ice. Afterwards, they were
further incubated at 37 °C for at least 4 hours or over-night. After quick centrifugation,
the supernatant was transferred into fresh 500 pl eppendorf cups and the gel pieces
were incubated with 20 ul 1% Trifluoroacetic acid (TFA) (Trifluoroacedic acid,
Peptide Synthesis grade, 15820273, Applied Biosystems™ 400137, US), dissolved in
water, for 30 min 37 °C with gentle shaking. The gel pieces were quickly spun down
and the supernatant was transferred to the new 500 ul Eppendorf cups. Extracted
peptides were pooled and dried completely in a Speed Vac vacuum concentrator
(Bachofer Speed Vac Concentrator, SVC-100H Vakuumzentrifuge, Germany). The
dried peptides were dissolved in 10 pl 0.1% TFA/water by vortexing (Vortex-Genie
2, Scientific Industries, Inc., US) and sonication. The peptide solutions were either
directly used for MS Analysis (Mass Spectrometer ultrafleXtreme™ MALDI-
TOF/TOF Systems, 259900, Bruker, US) or stored at -20 °C for later MS

measurements.

2.2.13. Mouse embryonic fibroblast cell culture

2.2.13.1. Mouse embryonic fibroblast cell lines

Mouse embryonic fibroblasts (MEFs) cells had been established from isogenic
wt AP1/c1B+/+ and ko AP1/c1B -/- mice. AP1/u1A-/- MEF cells were rescued via
ectopic expression of u1A cDNA [69], [100]. The cell lines used are provided in the
Table 2.5.

2.2.13.2. Thawing the frozen MEF cell lines

The frozen MEF cell lines are stored in liquid nitrogen for long-term
cryopreservation. In the liquid nitrogen tanks, the cells can be kept for years without
losing their viability [182]. The protocol for the preservation of cell lines in the liquid

nitrogen will be provided in Section 2.2.13.5. The frozen resuspended MEF cells
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containing vials were removed from the liquid nitrogen tanks and cell vials were
thawed in 70 % EtOH at 37 ° C in a water bath in order to protect the cells from any
source of contamination. The thawed cells were cultured and maintained as described

in detail in the following sections.

2.2.13.3. Cultivation of MEF cells

After the frozen MEF cells were thawed as mentioned earlier in Section
2.2.13.2, they were transferred into a falcon tube. Since the freezing medium contains
5 % dimethyl sulfoxide (DMSOQO), 10 ml pre-warmed Dulbecco’s Modified Eagle
Media (DMEM) was added into the falcon tube to prevent the toxic effect of DMSO
by diluting DMSO down to 0.1-0.5 % (v/v) DMSO, which is nontoxic for the cell
viability and proliferation [183]. The cells were spun down at 300 x g for 5 min at
room temperature (Centrifuge 5804 R, Eppendorf, Germany). The supernatants were
discarded and the cell pellets were resuspended in 5 ml fresh DMEM and then the cells
were seeded into a sterile 25 cm? flask. Additional 10 ml fresh DMEM were added and
cells were incubated at 37 °C, 5 % (v/v) CO2 and at >90 % humidity. Cell adherence
and growth were controlled approximately two hours after the initial seeding process.
Cells were grown in the incubator for 2-3 days after which they reached up to 90-95

% confluency.

2.2.13.4. Subculturing of MEF cells

After the MEF cells reached up to 90-95 % confluency, they were diluted into
new flasks or to a bigger flask. First, the cell culture medium was discarded and then
the cells were washed with 1x PBS for three times. For the detachment of adherent
MEF cells from the 25 cm? cell culture flask, 500 pl Trypsin-EDTA (0.05 % Trypsin-
EDTA, 25300-054, Gibco, Germany) were added. Cells were incubated with Trypsin-
EDTA for 5 min at 37 °C, 5 % (v/v) COzand at >90 % humidity. At the end of the
incubation period, 4.5 ml pre-warmed DMEM was added to solubilize the cells and
the cells were distributed among three new 25 cm? flasks or transferred into larger

culture dishes or flasks.
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2.2.13.5. Long-term cryopreservation of MEF cells

MEF cells are stored in liquid nitrogen at -196 °C for long-term
cryopreservation. After cells reach 90-95 % confluency, they were detached from the
flask using Trypsin-EDTA as described in Section 2.2.13.4. The cell suspension was
transferred into a falcon tube and centrifuged at 300xg for 5 minutes at room
temperature (Centrifuge 5804 R, Eppendorf, Germany). The supernatant was
discarded and the pelleted cells were dissolved in 1 ml freezing medium. The freezing
medium was supplemented with 5 % DMSO to prevent formation of large ice crystals
during the process of cell freezing as well as during their long-term storage in the liquid
nitrogen [184]. The resuspended cells were aliquoted in 250 pl volumes per 1 ml
cryotube and the tubes were chilled on water ice, then they were transferred to -20 °C
for 1-2 hours, then to the -80 °C freezer for additional 2 hours and finally they were

transferred into liquid nitrogen for long-term storage.

2.2.13.6. Extraction of CCV and proteins from MEF cells

After MEF cells reached 90-95 % confluency, the growing medium was
discarded and the cells were rinsed in 1x PBS for three times. Then, 1 ml PBS was
added to the 25 cm?flask and cells were scraped off with a cell scraper. The cells were
transferred into 2 ml Eppendorf tubes and centrifuged at 200x g for 10 minutes at room
temperature (Centrifuge 5805 R, Eppendorf, Germany). The supernatants were
discarded and the pelleted cells were resuspended in PBS with proteinase inhibitor
cocktail (PIC). The cells were centrifuged at 200x g for 5 minutes at 4 °C (Centrifuge
5417 R, Eppendorf, Germany) and the washing step was repeated one more time.
Finally, cells were resuspended in 1.5 ml cell lysing or CCV buffer. The resuspended
cells were homogenized by passing them several times through a 22G needle. After
homogenization, additional 500 pl cell lysis or CCV buffer was added into each
eppendorf tube and after mixing they were centrifuged at 500x g for 10 minutes at 4
°C (Centrifuge 5417 R, Eppendorf, Germany). The supernatant was transferred into
fresh tubes and pellets were discarded. The concentrations of proteins were determined
via Bradford assay and normalized as described previously in Section 2.2.5. Protein
lysates were stored at -20 °C freezer after they were incubated in loading dye at 95 °C

for 5 minutes until further use for semi-quantitative Western blot analysis. The cell
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culture experiments were mainly performed for the initial optimization of the

experimental conditions for the semi-quantitative Western blot analysis.

2.14. Statistical analysis

The experiments comparing the protein levels between wt and AP1/c1B ko
mouse tissue samples were repeated at least three times with independent biological
samples. The processing of wt and AP1/c1B ko cortex, synapse and synaptic CCV
preparations were handled in parallel and only the protein contents of these samples
were compared with each other on the same Western-blot membrane. The Western-
blot signal values from wt protein samples were defined as 100 % and the values of ko
samples were calculated relative to wt. Only the data sets in which all ko values were
either below or above their respective wt values were accepted as significant.
Statistical analysis of the quantified data were shown as box-plot diagrams, which
were calculated by the DataGraph software tool (Visual Data Tools, USA) [85], [164].
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CHAPTER 3

3. RESULTS

3.1. Endophilin Al and LRRK2 do not regulate Synaptojaninl CCV levels

It has been shown that Endophilin A1 and Synaptojaninl are recruited at the
same time to budding CCV, at the very end of CCV budding stage [162], [185], [186].
This has convinced people that Endophilin Al regulates the levels of Synaptojaninl in
CCV and thereby the CCV life time [162], [185], [186]. So, in our first characterization
of the alterations in the composition of the stCCV coat, we found the levels of
Endophilin Al to be reduced in ko synaptic canCCV and stCCV down to ~40 % and
~50 % of the respective wt CCV levels [85]. However, the reduction of Endophilin Al
level in stCCV compared to the wt stable CCV level does not match the reduction in
Synaptojaninl stCCV level, which is 10 % of wt stable CCV Synaptojaninl levels
(Figure 3.1) [85], [164]. This suggests that Endophilin A1 may not regulate the amount
of Synatojaninl in a CCV. However, regulatory mechanisms may inhibit the binding
of Synaptojninl by Endophilin Al in stCCV. Leucine-rich-repeat-kinase 2 (LRRK2)
phosphorylates Endophilin Al in its Bin/Amphiphysin/Rvs (BAR) domain at residue
Ser75 and this is predicted to inhibit BAR domain membrane binding [165]. In this
scenario, Endophilin A1 would be recruited to CCV via binding of its SH3-domain to
either ITSN1, Dynamin, Pacsin, VGLUT1, N-type Ca?*-channels or Parkin. This sets
up a competition among Synaptojaninl and these other proteins for the binding of the
Endophilin A1 SH3 domain, thereby impairing the recruitment of Synaptojaninl
[165]. So, LRRK?2 level and its catalytic activity should be increased in stCCV, if
Endophilin Al determines Synaptojaninl CCV levels. The levels of LRRK2 are
reduced down to 60 % and 65 % of wt CCV levels in AP1/61B ko canCCV and stCCV,
respectively (Figure 3.2.A) [164]. However, these changes do not match with the
alterations in Endophilin A1/Synaptojaninl CCV ratios [85], [164]. The binding of
ArhGEF7 to LRRK2 leads to the formation of LRRK2:GTP and this stimulates
LRRK?2 kinase activity [187]. The level of ArhGEF7 is slightly increased in the
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AP1/c1B ko synapses compared to wt synapses, 110 % of wt ArhGEF7 synapse levels.
ArhGEF7 levels are reduced down to ~60 % and ~42 % of wt levels per CCV in ko
canCCV and stCCV, respectively (Figure 3.2.B) [164]. The phosphorylation of
LRRK?2 on Ser935 leads to inhibition of the kinase activity [188]. The LRRK2 Ser935
phosphorylation, e.g. by PKA, results in 14-3-3 protein binding and eventually leads
to LRRK2 inactivation [188]. The LRRK2 Ser935-Pi level is 85 % of wt in ko canCCV
(Figure 3.2.C.) [164]. So, the LRRK2 activity is slightly inhibited in ko canCCV as
compared to wt canCCV. However, stCCV are expected to have increased LRRK?2
activity, if Endophilin Al recruitment is mainly regulated by its SH3 domain and
protein-protein interactions [165]. There is only 55 % of wt Pi-LRRK2 levels in ko
StCCV (Figure 3.2.C.) [164]. Even though LRRK2 seems less inhibited in ko stCCV,
its level is reduced and it is not more activated by ArhGEF7 [164] . However, it could
be inferred from the cumulative effect of LRRK2 activation/inhibition cycles, that
LRRK?2 kinase activity is reduced in ko stCCV, which suggests that it may contribute
to the shortening of the CCV half life [164]. Collectively, these data demonstrate that
Endophilin A1 does not determine the amount of Synaptojaninl in CCV[164].
Furthermore, the level of LRRK2 is reduced down to 65 % of wt levels and the Pi-
LRRK2 amount is increased to 140 % of wt levels in AP1/c1B ko synapses (Figure
3.2.A, C). This decreased synaptic LRRK2 kinase activity is in consistency with the
stimulation of endosomal protein transport in AP1/c1B ko synapses, as LRRK2
suppresses many Rab proteins, that are essential players in endolysosomal protein
trafficking [189].
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Figure 3.1. The changes in the coat composition and lifespan of AP2 CCV classes in ko synapses
and the interaction network of Synaptojaninl CCV coat proteins. (A) The alterations in the AP2
CCV classes in AP1/61B ko synapses are shown. Both ko canCCV and stCCV numbers are increased
two-folds. Additionally, wt stable CCV become more stabilized in ko synapses, the stCCV. Due to both
synaptic CCVs are doubled in size, the reduction in Endophilin A1 and Synaptojanin 1 levels are given
per CCV. The published data in Candiello ef al. 2017 is summarized in Mishra et al. 2021 as bar
diagrams [85], [164]. (B) The CCV proteins interactome of Synaptojaninl and their interactions with
each other are shown. The order of proteins from top to bottom indicates their appearance during CCV
formation, from CCP formation till pinching off CCVs from the PM. The figure is obtained from
Mishra, R., Sengiil, G.F. et al. 2021. The figure is reprinted with the permission from Springer Nature,
Scientific Reports open access Creative Commons CC BY provided a licence for the unrestricted use
of any part of the manuscript without special permission.
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Figure 3.2. The protein domain organization of Synaptojaninl, Endophilin A1 and LRRK2 and the
comparison of LRRK2 protein and its kinase activity levels between wt-ko synapses and between wt-ko
synaptic AP2 CCV. (A) The cartoon demonstrates the protein domain organizations of Synaptojaninl, Endophilin
Al and LRRK2. Endophilin Al interacts with Synaptojanin via its SH3 domain and with LRRK2 via its BAR
domain. The binding of the Endophilin A1 BAR domain to the neck of budding CCV can be inhibited by LRRK?2.
In this case, Endophilin A1 could still be recruited to budding CCV via binding of its SH3-domain to either ITSN1,
Dynamin, Pacsin, VGLUTI, N-type Ca?'-channels or Parkin. These interactions would compete with
Synaptojaninl for its binding to the Endophilin A1 SH3 domain. (B) The levels of LRRK2 protein (240 kDa) and
its activity (stimulated by ArhGEF7; 74 kDa, shown with green arrow and inhibited by LRRK2 Ser935-Pi ;240
kDa shown with red arrow) are compared between wt and AP1/61B ko synaptosomes, canCCV and the wt stable
and AP1/61B ko stCCV. The quantified band intensities from wt samples are defined as 100 % and signal intensities
of ko samples are expressed relative to wt. The numbers below each box-plot in the diagrams denote the numbers
of independent biological replicates for a given data set. (C) Representative Western-blot images used for the
quantifications are shown. (D) The alterations in the levels of each protein per CCV in AP1/61B ko canCCV and
stCCV compared to their relative wt levels are depicted as bar diagram [164]. The figure is adapted from Mishra,
R., Sengiil, G.F. et al. 2021. The figure is reprinted with the permission from Nature Springer, Scientific Reports
open access Creative Commons CC BY provided a licence for the unrestricted use of any part of the paper without
special permission. Author contribution: R. Mishra contributed to the synapse (LRRK2) and stabilized CCV
(LRRK2), E. Candiello contributed to the canCCV (LRRK2) and G.F. Sengiil contributed to the synapse (LRRK2,
ArhGEF7, LRRK2 Ser935-Pi), canCCV (LRRK2, ArhGEF7, LRRK2 Ser935-Pi) and stabilized CCV (ArhGEF7
and LRRK?2 Ser935-Pi).
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3.2. Compensation of reduced Pacsinl CCV levels by its enhanced activation

The CCV protein Pacsinl, also known as syndapinl, is composed of a F-BAR
(Fes/CIP4 homology-Bin/Amphiphysin/Rvs) and a SH3 (Src-homology) domains
[190], [191] (Figure 3.3.A) [164]. The F-BAR domain of Pacsinl regulates the
membrane curvature by interacting with PM phospholipids and its SH3 domain
initiates membrane scission via its interaction with Dynamin, which mediates vesicle-
PM scission, and with N-WASP, which induces actin polymerization [190], [191]. The
intramolecular interactions between the F-BAR and SH3 domains of Pacsinl lead to
its autoinhibition. The intermediate sequence between F-BAR and SH3 domains of
Pacsinl is separated by 100 amino acid residues. This intermediate sequence is not
structured [191]. The NPF (Asparagine-Proline-Phenylalanine)-motifs in this
sequence are responsible for the interaction with CCV co-adaptor proteins via their
EHDs (Epsin-homology domains) [191].

There are wt levels of Pacsinl in AP1/61B ko synapses and in their canCCV
(Figure 3.3.B) [164]. However, stCCV have only 30 % of wt Pacsinl levels (Figure
3.3.B) [164]. This 70 % reduction in the levels of Pacsinl could be also responsible
for the reduced incorporation of Synaptojaninl into stCCV [85], [164]. The
autoinhibition of Pacsinl is released through its phosphorylation on Serine residues
[192]. The Ser343 residue on Pacsinl is phosphorylated by Pak5, which can also
phosphorylate Synaptojaninl on its proline-rich domain (where Synaptojaninl binds
to Endophilin A1 SH3 domain) [192]. Either of these two protein phosphorylations
can stabilizes the interaction between Pacsinl and Synaptojaninl [192]-[196]. So, the
levels of phospho/activated-Pacsinl are also analyzed by performing Western-blot
experiments with anti-Pacsinl Ser346-Pi antibody [164]. While the levels of Pacsinl
is reduced down to 30 % of wt levels in stCCV, there are 65 % of wt levels of Pi-
Pacsinl in stCCV (Figure 3.3.B) [164]. Thus, the fraction of Pi/activated-Pacsinl in
stCCV is two-fold higher than in a wt stable CCV [164]. This result can not completely
exclude a contribution of the reduced Pacsinl stCCV level in the reduced
Synaptojaninl recruitment into stCCV. However, the compensation of the reduced
Pacsinl levels by its enhanced activation does not suggest a regulatory function of
Pacsinl in Synaptojaninl recruitment [164]. These Pacsinl data demonstrate the

complexity behind the regulation of the CCV life cycle.
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3.3. CCV class specific ITSN1 levels

ITSN1 can interact directly with both Synaptojaninl and Endophilin Al as
indicated in Figure 3.3.A [164]. Pechstein et al. 2015 suggests that ITSN1 acts as a
platform to coordinate the recruitment of Synaptojaninl by Endophilin Al [186].
ITSN1 can also bind to N-WASP, regulating actin organization [197], [198] and other
CCV coat proteins [186], [198] such as AP2 [199], Dynamin [198], [200], SGIP1
[199], [201], Epsin [198] and Stonin2 [198]. There are two predominantly expressed
transcripts of ITSN1 in mammals, the ubiquitously expressed short ITSN1 isoform
(ITSNS1) and the long ITSN1 isoform (ITSNL1), specifically expressed in the brain
[198], [202], [203]. ITSNS1 is composed of two N-terminal Eps15 homology (EH)
domains, one central coiled-coil (CC) domain and five SH3 (A-E) domains, whereas
ITSNL1 contains additional extensions at its C-terminus, including Dbl homology
(DH)/RhoGEF domain, Pleckstrin homology (PH) domain and C2 domain [198],
[202], [203] (Figure 3.3.A) [164]. The evolutionarily inclusion of five amino acid
residues into the ITSNL1 SH3A domain prevents an autoinhibitory conformation and
makes brain ITSNL1 constitutively active [204]. ITSN1 proteins binds to the PM at
early stages of the CCV budding process and its level elevates throughout this process
[198], [199]. As it has been already mentioned above, ITSN1 interacts with
Synaptojaninl via its SH3A domain [198], [199] and with Endophilin Al via its SH3B
domain [186] and it binds to AP2 via the SH3A-SH3B linker domain [199]. There are
80 % of wt ITSN1 levels in AP1/61B ko synapses as compared to its wt levels (Figure
3.3.B-D) [164]. Commercially available anti-ITSN1 antibody recognizes two bands of
ITSN1 proteins exclusively in the synapses. The 20 % reduction in ko synapses as
compared to wt synapses is detected in the both, the slow and fast migrating ITSN1-
protein bands [164]. Even though a canCCV in AP1/61B ko synapses contains wt
levels of ITSN1, its level is reduced down to 30 % of wt stable CCV levels in ko stCCV
(Figure 3.3.B-D) [164]. As already explained, the level of Synaptojaninl was reduced
down to 10 % of wt stable CCV levels in ko stCCV [164]. These reductions are quite
close to each other. Therefore, it can be strongly suggested that ITSN1 determines the
amount of Synaptojaninl in stCCV and thus the CCV life time (Figure 3.3) [164].
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experiments with independent biological samples. (C) Representative Western-blot images used for
quantifications are shown. (D) Bar diagrams indicate the changes in protein levels of Pacsinl, activated
Ser346-Pi Pacsinl and ITSN1 per CCV in both ko AP2 CCV classes relative to wt CCV [164]. The
estimated molecular weight of Pacsinl is 52 kDa; activated Ser346-Pi Pacsinl is 52 kDa; ITSN1 is 200
kDa. The figure is adapted from Mishra, R., Sengiil, G.F. ef al. 2021. The figure is reprinted with the
permission from Nature Springer, Scientific Reports open access Creative Commons CC BY provided
a licence for unrestricted use of any part of the manuscript without special permission. Author
contribution: E. Candiello contributed to the canCCV (Pacsinl, activated Ser346-Pi Pacsinl), stabilized
CCV (Pacsinl, activated Ser346-Pi Pacsinl). R. Mishra contributed to synapse (ITSN1), canCCV
(ITSN1), stabilized CCV (ITSN1). G.F. Sengiil contributed to the canCCV (Pacsinl, activated Ser346-
Pi Pacsinl).
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3.4. The regulation of Synaptojaninl CCV levels by ITSN1

CCV have to be purified at slightly acidic conditions at pH 6.4, because the
CCV coat is unstable at physiological pH 7.4 in-vitro [85]-[88], [164]. In order to
verify preferential ITSN1-Synaptojaninl binding, the CCV coat proteins were
solubilized via a pH shift from 6.4 to 8 [164]. The vesicles were removed via
centrifugation and the pH of the protein solution was re-adjusted to pH 6.4 to stabilize
the coat protein interactions again. The same amounts of ITSN1 are immunoisolated
by anti-ITSN1 antibody from wt and ko canCCV proteins and also from wt stable CCV
and ko stCCV proteins. Importantly, Dynamin is not co-immunoprecipitated with
ITSN1, which implies that ITSN1 and co-isolated proteins are not a part of a huge
protein network (Figure 3.4.B-C) [164]. The amounts of co-immunoprecipitated
Endophilin A1 with ITSN1 are increased by the same level in ko canCCV and ko
StCCV compared to the respective wt CCV (Figure 3.4.B-C). The amounts of
Endophilin Al in ko canCCV was 40 % of wt levels and it was 55 % of wt stable CCV
levels in ko stCCV [85], but relatively more Endophilin Al has been co-
immunoprecipitated with ITSN1 from both ko CCV classes compared to their
corresponding wt CCVs. This increased interaction may be linked to the increase in
AP2 CCV formation and CME [85], [164]. However, the levels of Endophilin Al are
not differentially regulated between wt and ko canCCV and wt stable CCV and ko
StCCV [85]. The ko stCCV contain only 10 % of wt stable CCV Synaptojaninl levels,
as shown in Candiello et al. 2017 [85]. So, ITSN1 should co-isolate much less of
Synaptojaninl out of ko stCCV. However, ITSN1 co-isolated almost as much
Synaptojaninl from ko stCCV than from wt stable CCV. This enhanced
ITSN1:Synaptojaninl interaction strongly indicates the regulation of Synaptojaninl
CCV levels by ITSN1 [164]. So, these data speak against the established view that
Endophilin Al regulates Synaptojaninl recruitment and thus the uncoating of CCV
[85], [164].
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Figure 3.4. The protein domain organization of Synaptojaninl, ITSN1 and Endophilin A1 and co-
immunoprecipitation of Synaptojaninl and Endophilin A1 with ITSN1 from wt-ko solubilized
synaptic AP2 CCV. (A) The cartoon represents the protein domain organizations of Synaptojaninl,
ITSN1 and Endophilin Al. The interactions of Synaptojaninl with ITSN1 and Endophilin A1 via its
proline-rich domain and the binding of Endophilin A1 with ITSN1 via their SH3 domains are illustrated.
(B) ITSN1:EndophilinAl and ITSN1:Synaptojaninl binding ratios are compared between wt and
AP1/61B ko canCCV and wt stable CCV and ko stCCV by ITSN1 co-immunoprecipitations after CCV
coat protein solubilisation. Samples are immunoblotted with Dynamin as a negative control. Numbers
below each box-plot show the numbers of independent experiments performed in triplicate. (C)
Representative Western-blot images for the quantifications are shown. The estimated molecular weight
of ITSNI1 is 200 kDa; Endophilin A1 is 37 kDa; Synaptojaninl is 145 kDA; Dynamin is 100 kDa. The
figure is adapted from Mishra, R., Sengiil, G.F. et al. 2021. The figure is reprinted with the permission
from Nature Springer, Scientific Reports open access Creative Commons CC BY provided a licence for
the unrestricted use of any part of the paper without special permission. Author contribution: G.F.
Sengiil performed the co-immunoprecipitation experiments and obtained the complete figure.
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3.5. Competition of Synaptojaninl binding to ITSN1 with other ITSN1 binders

As described beforehand, the level of Synaptojaninl is reduced down to 10 %
of wt stable CCV in ko stCCV [85] and the ITSNL1 level is reduced down to 30 % of
wt stable CCV (Figure 3.3.B-D) [164]. This 20% difference needs to be explained, if
ITSN1 is the major, if not sole, protein determining Synaptojaninl CCV levels [164].
Therefore, the next aim is to find out molecular mechanim that could be responsible
for this additional 20 % reduction in Synaptojaninl levels as compared to ITSN1 levels
in ko stCCV [164]. Besides Synaptojaninl, ITSN1 can be also bound by other proteins
that are involved in CCV formation [197]-[201] such as AP2 [199] [22], Eps15,
Eps15L1, Epsin [198] and Sgipl [199], [201], as summarized in Figures 3.1.B [164].

3.5.1. Sgip1 levels are not changed in stCCV

It has been proposed that tripartite Sgipl-AP2-Epsl5 and/or Sgipl-AP2-
Eps15L1 complexes assist and even initiate the AP2 CCV budding process by the
ability of Sgipl, the brain-specific homolog of ubiquitous FcHO1/2 BAR-domain
proteins, to bind especially low curvature membranes with highest affinity [205]—
[208]. Sgipl binds to the ITSN1 SH3A domain as does Synaptojaninl [198], [199],
[201], whereas AP2 binds to the ITSN1 SH3A-SH3B linker domain [199]. Therefore,
Sgipl/AP2 compete with Synaptojaninl for ITSN1 binding and this might explain the
further reduction in the Synaptojaninl stCCV levels (Figure 3.5) [164]. The ratio of
ITSN1 to a Sgipl/AP2 complex should determine how efficiently ITSN1 can bind
Synaptojaninl. Therefore, next the levels of Sgipl in wt-ko canCCV and wt stable
CCV and ko stCCV are compared. In Figure 3.5.B-C, it is shown that AP1/61B ko
synapses contain wt levels of Sgipl [164]. There are also wt levels of Sgipl in both ko
canCCV and ko stCCV as compared to wt canCCV and wt stable CCV, respectively
[164]. However, stCCV contain slightly more Sgipl than wt stable CCV (Figure 3.5.B-
C) [164]. It has been already shown in Candiello et. al 2017 that both ko canCCV and
ko stCCV also contain wt levels of AP2 as compared to respective wt CCV pools [85].
The Sgipl and AP2 levels match, thereby implying identical budding kinetics of
canCCV and stCCV in ko synapses [85], [164]. The excess of Sgip1/AP2 over ITSN1
in ko stCCV can further reduce the binding of Synaptojaninl to ITSN1 [85], [164].
Even though these data clearly indicate that a competition among Sgipl/AP2 and
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Synaptojaninl for ITSN1 binding is responsible for the further reduction (20 %) in
Synaptojaninl levels in ko stCCV, it does not explain the lower amounts of ITSN1 in
stCCV compared to wt stable CCV. Thus, the potential contribution of other ITSN1
binders to the regulation of ITSN1 CCV levels is needed to be investigated [164].

3.5.2. The ITSN1 EH-domain binding proteins Stonin2 and Epsin

Stonin2 and Epsin interact with ITSN1 through its two N-terminal EH-domains
[198]. It is possible that their levels determine the amount of ITSN1 in a CCV.
Therefore, the Stonin2 and Epsin levels are also compared between both CCV classes
from wt and ko synapses [85], [102]. It has been shown in Kratzke et al. 2015 and in
Candiello et al. 2017 that Stonin2 levels were reduced down to 40 % of wt canCCV
levels in ko canCCV [85], [102]. However, the ko stCCV contained the same amount
of Stonin2 as the wt stable CCV [85], [102]. So, the Stonin2 level does not limit the
ITSN1 amount in stCCV [85], [102]. Epsin is the second protein that interacts with
ITSN1 through those two EH-domains [198] as indicated in Figure 3.5.A [164].
Besides interacting with ITSN1, Epsin also interacts with P1-4,5-P2 of the PM, with
AP2 and with clathrin [49], [52], [209]-[211]. Its ubiquitin-interacting motif (UIM)
binds to ubiquitinated cargo proteins [212], [213]. Furthermore, its ENTH domain
binds to the PM and inserts itself into the cytoplasmic leaflet, which pushes the head
groups of the phospholipids apart. This decreases the force required to bend the
membrane into a clathrin-coated pit and to form a vesicle [214]. The key function of
Epsin is defined as being an endocytic clathrin co-adaptor for the selection of specific
cargo proteins in the CME pathway [215], [216]. However, its critical roles in CCV
coat dynamics are still not fully elucidated. In 2014, Messa et al. showed impaired
CME in Epsin ko embryonic fibroblasts and they have also observed an accumulation
of early stage clathrin-coated pits (CCPs) [215]. Moreover, they showed that Epsin
facilitates the interaction of actin cytoskeleton with CCPs suggesting its involvement
in the generation of force for the invagination and fission of the CCPs into a vesicle
[215]. In our previously published data in Kratzke et al. 2015 and Candiello et al.
2017, AP180 endocytic accessory protein, whose ANTH domain acts like the Epsin
ENTH domain, is decreased down to almost 50% of wt levels in both ko canCCV and

in ko stCCV [85], [102]. Thus, it is reasonable to expect an increase in the levels of
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Epsin in both CCV classes of the ko in order to compensate the functionally equivalent
ANTH domain containing AP180 levels in CCVs. The levels of Epsin in AP1/c1B ko
synapses was slightly increased to 115 % of wt levels [102]. In contrast to the expected
results, the levels of Epsin are reduced down to 30 % of wt in ko canCCV [102]. and
to 65 % of wt stable CCV levels in ko stCCV (Figure 3.5.A) [164].
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Figure 3.5. The protein domain organization of Sgip1l, ITSN1 and Synaptojaninl, and the comparision of
Epsin and Sgip1 levels between wt-ko fractions. (A) Epsin, Sgipl/AP2 and Synaptojaninl binding of ITSN1 are
demonstrated. Epsin and Stonin2 bind ITSN1 via its EH-domains, Sgipl binds ITSN1-SH3A, as does
Synaptojaninl, and AP2 a-adaptin ,ear’ domain binds ITSN1 between SH3A-SH3B linker domains and the 2-
adaptin ,ear* domain binds the APA domain of Sgipl. Sgipl/AP2 complex competition with Synaptojaninl for the
binding of ITSN1 SH3A domain is also indicated. (B) For Epsin (85 kDa) only stCCV levels are shown, because
synapse and canCCV data have been published previously in Kratzke ef al. 2015 (see text in Section 3.5.2) [102].
Alterations in the levels of Sgipl (95 kDa) between wt- AP1/61B ko subfractions are shown. The Western-blot
signal intensities from wt brain subfractions are defined as 100% and the values from ko samples are expressed
relative to wt samples. Numbers below the box-plots denote the repeats of experiments with independent biological
wt-ko pairs. (C) Representative Western-blot images used for quantifications are demonstrated. Bar diagrams
indicate changes in protein levels per CCV [164]. The figure is adopted from Mishra, R., Sengiil, G.F. e al. 2021.
The figure is reprinted with the permission from Nature Springer, Scientific Reports open access Creative
Commons CC BY provided a licence for the unrestricted use of any part of manuscript without special permission.
Author contribution: R. Mishra contributed to the synapse (Sgipl), canCCV (Sgip1) and stabilized CCV (Epsin,
Sgipl).
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Alterations in the levels of Epsin in both canCCV and stCCV also do not match
with the levels of ITSN1 in the respective CCVs [102], [164]. Therefore, it can be
concluded that Epsin does not take a role in the recruitment of ITSN1 into a CCV.
Additionally, these data also indicate that specialized pathway of stable and thus longer

lived AP2 CCV is not stimulated to endocytose more Epsin cargos [102], [164].

3.5.3. The ITSN1 binding proteins Eps15 and Eps15L1

Epsl5 and its homologue Eps15L1 bind to the ITSN1 coiled-coil domain,
which is also known as its homodimerization domain [198] as indicated in Figure
3.6.A [164]. In addition, Eps15 and Eps15L1 form a tripartite complex with Sgip1 and
AP2 during early CCP formation [205]-[208]. Therefore, the levels of Eps15 and
Eps15L1 are compared between both wt-ko synaptic CCV classes [164]. Eps15 ko
mice are viable and fertile [217]. These mice do not show a significant neuronal
phenotype even though its ortholog in Drosophila melanogaster plays a key role in
SV recycling [217]-[219]. In contrast, Eps15L1 is essential for neonatal viability.
Eps15L1 ko mice die within the first two days after birth. Eps15L1 has nonredundant
functions for the neonatal survival and it appears that Eps15L1 can compensate the
absence of Epsl5 [217]. Based on these data, it could be expected that Eps15L1
determines the CCV specific ITSN1 distributions rather than Epsl15. The levels of
Eps15 are not changed in AP1/c1B ko synapses and also not in canCCV compared to
the respective wt samples. However, Eps15 levels are reduced down to 50% of wt
stable CCV levels in ko stCCV (Figure 3.6.B-C) [164]. The ko synapses contain
slightly more Eps15L1 than wt synapses and Eps15L1 levels are reduced down to 65
% of wt levels in both ko canCCV and in ko stCCV (Figure 3.6.B-C) [164]. Even
though Eps15L.1 shows clear reduction in ko canCCV and stCCV, the recruitment of
Eps15L1 is not differentially regulated between two CCV classes. Interestingly, Eps15
CCV levels are differentially regulated, but not the CCV levels of its indispensable
homolog Eps15L1. Therefore, Eps15 specific functions exist and it regulates the stably
incorporation of ITSN1 into AP2 CCV [164]. It has been shown that the highly
homologous Epsl5 and Eps15L1 proteins are regulated via numerous post-
translational modifications such as phosphorylation, ubiquitination and acetylation

[220], [221]. So, post-translational modifications may be responsible for the specific
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function(s) of Eps15 in CCV pathway regulation, while the primary function of Eps15
appears to be the recruitment of specific cargo proteins [217], [220], [221]. Overall,
our data propose a model indicating Eps15 determines the levels of ITSN1 stably
incorporated into AP2 CCV and ITSN1 controls the levels of Synaptojaninl stably
incorporated into AP2 CCV. The CCV coat protein interactions regulating ITSN1 and
Synaptojaninl CCV levels and thus CCV stability and half-life are summarized in

Discussion section (in Figure 4.1).
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Figure 3.6. The protein domain organization of Synaptojaninl and I'TSN1, and the comparison
of Eps15 and its homolog Eps15L1 between wt-ko synapse and synaptic AP2 CCV pools. (A) The
protein domain organization of ITSN1 and Synaptojaninl and the interactions of ITSN1 with Eps15
and its homolog Eps15L1 via its coiled coil domain are demonstrated in the cartoon. (B) Changes in the
levels of Eps15 and Eps15L1 are shown between wt and AP-1/c1B ko synapse, canCCV and wt stable
and ko stCCV. The wt protein levels in each cellular fraction are defined as 100 % and AP-1/c1B ko
protein levels are calculated relative to wt. The numbers at the bottom of box-plots in each subfraction
indicate the numbers of wt-ko biological replicates. (C) The representative gel images from Western
blot experiments used for quantifications are shown for Eps15 (140 kDa) and Eps15L1 (75 kDa). The
bar diagrams are drawn to indicate alterations in the levels of Eps15 and Eps15L1 per CCV [164]. The
figure is adapted from Mishra, R., Sengiil, G.F. et al. 2021. The figure is reprinted with the permission
from the Nature Springer, Scientific Reports open access Creative Commons CC BY provided a licence
for the unrestricted use of any part of the manuscript without special permission. Author contribution:
R. Mishra contributed to canCCV (Epsl?), stabilized CCV (Epsl5, Eps15L1) and G.F. Sengiil
contributed to synapse (Eps15, Eps15L1), canCCV (Eps15, Eps15L1).
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3.6. Regulation of the clathrin-cage disassembly ATPase Hsc70 in AP2 CCV

As it was described in the introduction (in Section 1.10), stCCV are more stable
than wt stable CCV, because of the alterations in three CCV proteins. The stCCV have
less of the clathrin-cage disassembly ATPase Hsc70, they have more of the AP2
activating kinase AAK1 and less of the PI-4,5-P2 phosphatase Synaptojaninl [85],
[164]. After we had resolved the CCV protein network, which determines CCV levels
of Synaptojaninl, | focused on the analysis of the molecular mechanisms, which
regulate CCV levels of Hsc70. While AP1/c51B ko canCCYV contain wt levels of Hsc70,
the stCCV contain 50% less Hsc70 compared to wt stable CCV [85], [164]. My
predecessors in this project already demonstrated that the levels of the two Hsc70 J-
domain co-chaperones auxilinl and GAK/auxilin2 and as well as the pre-synapse
specific AP2 CCV chaperone CSPa are not differentially regulated between two AP2
CCV classes [85], [102], [164]. Therefore, | started with the analysis of the CCV levels
of additional proteins, which have been implicated in the regulation of Hsc70 functions
in CCV. These are the neuronal cell adhesion protein CHL1 [222], the Hsc70
nucleotide-exchange-factor (NEF) and chaperone Hsp110 [223] and also the Hsc70
working-partner chaperone Hsp90 [224].

3.6.1. CHL1 does not recruit Hsc70 into AP2 CCV

Pre-synaptic neuronal cell adhesion molecule (NCAM) close homolog of L1
(CHL1), also called as NCAM-like 1 (NCAM-L1) protein, has been identified as a
binding partner for the clathrin-uncoating ATPase, Hsc70. A Hsc70 binding motif was
detected at the intracellular domain of CHL1 [222]. Furthermore, CHL1 deficiency
leads to decrease in the levels of Hsc70 on SVs. The subsequent distruption of
CHLZ1:Hsc70 complexes causes the accumulation of CCVs in the synapses of CHL1
deficient mice [222]. Based on these data, a model was proposed by Leshchyns'ka et
al. 2006 and colleagues, that CHL1 determines the levels of Hsc70 in synapses and,
most importantly, also in synaptic CCV, thereby regulating the uncoating of synaptic
CCVs [222]. To test the correctness of their model, the alterations in the levels of
CHL1 in AP1/61B ko synapses and in synaptic CCVs are were investigated. Previous
published work of our group showed that Hsc70 levels were not changed in AP1/c1B

ko synapses [102]. Therefore, it was expected to detect no changes in the AP1/61B ko
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synapse levels of CHL1 compared to wt levels, based on the model proposed by
Leshchyns'ka et al. 2006 [222]. However, the CHL1 level is increased in AP1/c1B ko
synapses to 130 % of wt levels (Figure 3.7). If the proposed synaptic function of CHL1
by Leshchyns’ka et al. 2006 was correct, there would be wt levels of CHL1 in ko
canCCV, but ko stCCV would contain less CHL1 than the wt stable CCV. The ko
canCCV contain 70 % of wt CHL1 levels. However, in contrast to the expected
reduction in stCCV CHL1 levels, the obtained results clearly demonstrate an
enrichment of CHL1 in ko stCCV to 230 % wt stable CCV levels (115 % wt CHL1
levels per CCV). Therefore, our data speak against the suggested function of CHL1 in
the regulation of Hsc70 levels in synapses and in synaptic CCV.
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Figure 3.7. The comparison of CHL1 levels between wt-ko subcellular fractions. (A) The changes
in the levels of CHL1 protein in AP1/61B ko cellular fractions relative to the corresponding wt samples
are displayed. The quantified band intensities from wt proteins are set to 100 % and ko protein levels
are expressed as compared to wt values. Numbers of biological replicates are denoted at the bottom part
of the box-plot for each wt-ko subfractions (B) Representative semi-quantitative Western-blot images
used for the quantifications are indicated for each wt-ko cellular fraction. The estimated molecular
weight of CHL1 is 175 kDa. G.F. Sengiil performed all the experiments to generate the complete figure.
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3.6.2. The Hsc70 NEF, Hsp110 and Hsc70 co-worker Hsp90 are not involved in
the stabilization of AP2 CCV

Hsc70 is recruited to the center of clathrin triskelia by its co-chaperons auxilinl
and GAK/auxilin2 for the uncoating of CCV. Clathrin basket disassembly takes place
upon ATP hydrolysis. However, clathrin forms a stable complex with Hsc70*ADP
[53]. This persistent clathrin:Hsc70*ADP complex can be dissociated by nucleotide
exchange factors (NEFs) that release ADP from Hsc70 and allow ATP to bind and to
induce the distruption of Hsc70 and clathrin associations [143]. Hsp110 is a NEF for
Hsc70 and it has been shown that Hsp110 regulates the amount and ATPase activity
of Hsc70 in CCV uncoating process [143], [223], [225], [226]. Therefore, next the
levels of Hsp110 are compared between wt and AP1/61B ko cortex, synaptosome and
both CCV fractions. Whilst there are 130 % of wt Hsp110 levels in AP1/61B ko
cortices, its levels are decreased down to 40 % of wt levels in AP1/c1B ko synapses
(Figure 3.8.A). This was surprizing since the level of Hsc70 in AP1/61B ko synapses
was maintained at the wt levels [102]. Even though any details are not known yet,
appearently Hsp110 functions are altered in AP1/c1B ko synapses. A reduction in
Hsp110 levels is also sustained in AP1/61B ko synaptic CCVs. It is reduced down to
50 % of wt levels in AP1/61B ko canCCV whereas ko stCCV contain only 30 % of wt
stable CCV levels (Figure 3.8.A). However, there were wt levels of Hsc70 in AP1/c1B
ko canCCV and it was reduced down to 50 % of wt stable CCV levels in AP1/c1B ko
StCCV [85], [102]. In Figure 3.8.B, it can be easily detected that the ratios of
Hsc70:Hsp110 are maintained in ko stCCV as compared to ko canCCV. Therefore, the
amount/activity of Hsp110 in ko canCCV is sufficient or in other words is not limiting
the activity of Hsc70 for CCV uncoating. Furthermore, the reduction in the levels of
Hsp110 in ko stCCV exclaims that it is not responsible for the formation of stabilized
CCV in AP1/61B ko synapses.
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Figure 3.8. The comparison of Hsc70 NEF Hsp110 levels between wt-ko subcellular fractions and
the comparison of Hsc70:Hsp110 ratios in AP2 CCV. (A) Changes in the amunts of the Hsc70 NEF,
Hspl10 and representative semi-quantitative Western blot images are shown in wt and AP1/61B ko
cellular fractions. The band signal intensities from wt proteins are defined as 100 % and ko values are
calculated relative to wt. Numbers below each box-plot diagram denote the numbers of independent
biological wt-ko replicates for each data set. The estimated molecular weight of Hsp110 is 110 kDa.
(B) Bar plots summarizes the changes in the levels of Hsc70, Hsc70 bar diagrams are drawn based on
the published data in Kratzke et al. 2015 and Candiello ef al. 2017 [85], [102], and Hsp110 in canCCV
and stCCV levels, in % per CCV. Hsc70:Hsp110 ratios in canCCV and in stCCV are shown in black
arrow-lines. Data contribution: R. Mishra contributed to cortex (Hsp110), synapse (Hsp110), canCCV
(Hsp110) and stabilized CCV (Hsp110) and G.F Sengiil contributed to canCCV (Hsp110).

Heat shock protein 90 (Hsp90) is also one another CCV chaperon with intrinsic
ATPase activity like Hsc70 and Hsp70, which takes role in the folding and remodeling
of the proteins. Therefore, both Hsp90 and Hsc70 or Hsp70 are accepted as the key
players of protein homeostasis in several cellular pathways. They can either work
together or separately in many protein refolding processes [224]. The interaction of
Hsp90 with Hsc70 [224], [227] makes it a strong candidate to discover novel
regulatory mechanism(s) behind the Hsc70-mediated CCV uncoating. It could be
highly possible that Hsc70 activity in the uncoating of AP2 CCV is regulated by Hsp90
protein. In order to test this assumption, the levels of Hsp90 in cortex, synapse and
CCV fractions from wt and AP1/c1B ko mice are assesed. The Hsp90 levels are

increased to 150 % of wt levels in AP1/c1B ko cortices, but its level slightly reduced
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down to 80 % of wt Hsp90 levels in AP1/c51B ko synapses (Figure 3.9). The levels of
Hsp90 are not changed in AP1/c1B ko canCCV, there are wt canCCV Hsp90 levels in
AP1/61B ko synapses. Similiarly, Hsp90 is also present at almost the wt levels in ko
stCCV which contains 80 % of wt stable CCV levels (Figure 3.9). In contrast to the
expected results, the levels of Hsp90 in ko stCCV are not reduced to or even below
Hsc70 levels, which were reduced down to 50 % of wt stable CCV levels [85].
Therefore, it can be assumed that Hsp90 does not collaborate with Hsc70 for the
regulation of the AP2 CCV life cycle, thereby stabilization of AP2 CCV. However, it
is still possible that Hsp90 does it indirectly by interacting with intrinsically disordered
domains of CCV coat and/or endocytic cargo-adaptor proteins such as Epsinl, CALM
and AP180 [228].

A 300

250 1

3 3 3 2

Cn;tax Syné.pse canf:c‘v' stCICV

B wt  o1B -/
Corex  s————

SYNAPSE o —

canCCv | S

stCCV - -

Figure 3.9. The comparisons of Hsc90 between wt-ko subcellular fractions. (A) Alterations in the
amount of the Hsc70 co-chaperone Hsp90 are demonstrated in AP1/c1B ko cellular fractions as
compared to wt samples. The quantified band signal intensities from wt samples are defined as 100 %
and ko values are expressed relative to wt. Numbers below each box-plot diagram designate the numbers
of biological wt-ko replicates for each subfractions. (B) Representative semi-quantitative Western-blot
images used for quantifications are illustrated for each cellular fraction; Hsp90 MW is 90 kDa. Data
contribution: R. Mishra contributed to cortex, synapse and stabilized CCV and E. Candiello contributed
to canCCV experiments for Hsp90 protein.
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3.7. CCV class specific Hsc70 phosphorylation patterns

All known Hsc70 activity regulators were tested, as discussed in detail above,
but none of them has CCV class specific protein levels, which would indicate their
involvement in the enhanced stabilization of stCCV by reducing Hsc70 CCV levels.
Therefore, we speculated that post-translational modifications (PTM), specifically
phosphorylation (Pi), of Hsc70 and also of its two co-chaperons auxilinl and
GAK/auxilin2 might regulate Hsc70 recruitment into AP2 CCV. Therefore, | compare
the Pi levels of them between the two wt and ko AP2 CCV classes. For this purpose,
synaptosome and purified CCV proteins are separated on phos-tag ™ SDS- PAGE (see
Material and Methods section 2.2.10). The immobilized phos-tag ™ functional group
and Mn?* bind to a phosphate group of a protein, which results in slower migration of
a phosphorylated protein compared to its non-phosphorylated variant or even between
hyper-Pi and hypo-Pi versions of a protein [172]. Proteins separated in this gel system
can be transferred onto membranes as described in Material and Methods section 2.2.7
and proteins can be identified by immunoblotting as described in Material and
Methods section 2.2.8. The migration behaviors of two co-chaperons auxilinl and
GAK/auxilin2 (auxilins) do not show significant differences between wt and AP1/c1B
ko synapses and canCCV under the tested phos-tag™ SDS-PAGE conditions.
However, Hsc70 migrates as two well-separated and strong bands in wt and AP1/c1B
ko synaptosomes, and in wt and AP1/c1B ko synaptic canCCV as well as wt stable
CCV and ko stCCV. The positions of hypo-Pi Hsc70 and of hyper-Pi Hsc70 bands are
identical in wt and AP1/61B ko synapse proteins and in all AP2 CCV classes. The
intensities of hyper-pi Hsc70 bands are higher than the hypo-Pi Hsc70 bands in all
protein samples. The fractions of hypo-Pi Hsc70 in wt and AP1/c1B ko synapses are
22 % and 17 % of total Hsc70, respectively (Figure 3.10.A-B). The wt canCCV have
~8 % and the AP1/c1B ko canCCV have ~18 % of hypo-Pi Hsc70 (Figure 3.10). This
difference does not lead to a measurable difference in their stability. However, wt
stable CCV and ko stCCV have larger hypo-Pi Hsc70 protein fractions. The wt stable
CCV contain 33 % hypo-Pi Hsc70 and AP1/c1B ko stCCV contain 37 % hypo-Pi
Hsc70 (Figure 3.10.A-B). These results from wt and AP1/c1B ko canCCV and wt
stable CCV and AP1/61B ko stCCV suggest that hypo-Pi Hsc70 might be responsible
for the stabilization of wt stable CCV and of the ko stCCV. Additionally, the hypo-
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Pi:hyper-Pi Hsc70 ratio of 18%:82% in AP1/c1B ko canCCV enables fast CCV
uncoating, while a 33%:67% ratio contributes to an increased stability of wt stable
CCV (Figure 3.10.A-B). However, the ratio in AP1/61B ko stCCV is with 37%:63%
relatively similar, questioning whether such a small difference can be responsible for
the comparably increased stability of the AP1/61B ko stCCV. The study of Sousa et
al. 2016 demonstrates that clathrin cage disassembly requires Hsc70 homodimers
(shown in Figure 3.10.C-D) and possibly even larger Hsc70 homooligomers, which is
in line with the excess of Hsc70 over clathrin in CCV [142]. Therefore, it is possible
that modifications of Hsc70 inhibit its homodimerization, even with its unmodified
version. Given these circumstances, the 4 % differences between hyper-Pi:hypo-Pi
Hsc70 ratios of wt stable CCV and AP1/61B ko stCCV would double and lead to 8 %
less Hsc70 for clathrin cage disassembly. The ko canCCV have 15 % less hypo-Pi
Hsc70 than wt stable CCV and this leads to a difference in their stability. Therefore,
the further increase of 8% hypo-Pi Hsc70 in stCCV compared to wt stable CCV could
be responsible for the increased stability of stCCV. As a result, the phosphorylation
level of Hsc70 can be proposed to be one mechanism regulating the Hsc70 uncoating
activity in AP2 CCV.

3.8. Regulation of Hsc70 by binding of CaM/Ca?* and CaM

Stevenson and Calderwood et al. 1990 identified a CaM/Ca?* binding sequence
motif within a 20 amino acid long helical domain in Hsc70. Interestingly, this sequence
motif in the 257-277 amino acid residues of Hsc70, did not interact with CaM. Binding
of CaM/Ca®** to this Hsc70 domain blocks Hsc70 homodimerization [229].
PhosphoSitePlus summarizes the phosphoprotein mass spectrometry screens, which
identified a total of 49 Pi sites in Hsc70. Among these 49 residues is also the T265
residue, which is located in the center of the CaM/Ca?* binding domain of Hsc70 and
it is also one of the most frequently detected Pi sites on Hsc70 [230]. Therefore, it is
possible that phosphorylation of Hsc70 T265 by a yet unknown kinase regulates the
formation of a Hsc70-CaM/Ca?* complex and thus Hsc70 homodimerization and
Hsc70 enrichment in AP2 CCV (Figure 3.10).

In order to answer the question whether CCV associated Hsc70 proteins are

regulated by CaM/Ca?* binding, | incubated Ca?* loaded and Ca?* free CaM agarose
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beads (CABs) with purified wt and AP1/61B ko canCCV and as well as with wt stable
CCV and AP1/61B ko stCCV. CCV Hsc70 proteins associated with Ca*? treated and
Ca*? free CABs and as well as the proteins that remained in the pull-down supernatants
were separated on phos-tag™ SDS-PAGE and upon the transfer of proteins,
membranes are immunoblotted with anti-Hsc70 antibody (see Material and Method
section 2.2.4, 2.2.7-8, 2.2.10).

The CaM/Ca?* beads isolate from wt and from AP1/c1B ko canCCV
comparable amounts of hyper-Pi Hsc70 CCV, and only trace amounts of hypo-Pi
Hsc70 (Figure 3.10.E). However, the majority of Hsc70 proteins are detected in the
supernatants of the pull-down experiments (Figure 3.10.E). These data suggest, that
the majority of hyper-Pi and hypo-Pi Hsc70 proteins of wt and ko canCCV are T265-
Pi Hsc70 proteins and that CaM/Ca?* does not inhibit the activity of canCCV
associated hyper-Pi and hypo-Pi Hsc70 proteins (T265-Pi). Surprisingly, also the Ca?*
free CaM beads immunoisolated a second fraction of wt and AP1/61B ko canCCV,
which also do not differ between the two genetic backgrounds. Also, CaM isolate more
hyper-Pi Hsc70 from wt and AP1/61B ko canCCV than hypo-Pi canCCV, but less
canCCV compared to CaM/Ca?*. Importantly, the CaM beads isolate hypo-Pi and
hyper-Pi Hsc70 from wt and AP1/c1B ko canCCVs which migrated slightly faster than
those isolated by CaM/Ca?* beads (Figure 3.10.E). The difference in their migration is
small and within the band widths of total hyper-Pi and hypo-Pi Hsc70 protein bands
and thus these proteins may differ in just one phosphorylation side (Figure 3.10.E).
This difference in Hsc70 phosphorylation uncovers a previously unknown and
uncharacterized CaM binding motif in Hsc70, because the CaM/Ca?* motif is not
bound by CaM. However, the differences in canCCV Hsc70 phosphorylation patterns
are more complex, because the Hsc70 proteins in the supernatants also migrate as fast,
but are not bound by CaM (Figure 3.10.E). As aresult of this experiment, four different
Hsc70-Pi variants within the particular fractions of wt and AP1/61B ko canCCV are
identified via CaM/Ca?* and CaM beads binding.

These results about the differential Pi patterns of CCV Hsc70 proteins can be
interpreted as canCCV in different maturation stages. The canCCV with hyper-Pi and
T265 Hsc70 could be inhibited by CaM/Ca?* and CaM to prevent clathrin cage

disassembly before cage assembly is completed so that a CCV can be formed. So, these
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canCCV could be younger canCCV. The other fraction of canCCV containing hyper-
Pi and T265-Pi Hsc70 and hypo-Pi and T265-Pi Hsc70 proteins is not inhibited by
CaM/Ca?* and so, these canCCVs are presumably fully matured canCCV, whose coat
can be readily disassembled so that their vesicles can fuse with early endosomes.

Contrary to the experiments with wt and AP1/61B ko canCCV, only hypo-Pi
and no hyper-Pi Hsc70 proteins have been isolated by CaM/Ca?* and by CaM beads,
when wt stable CCV and AP1/61B ko stCCV were incubated with the beads (Figure
3.10.E). In addition, all these hypo-Pi Hsc70 proteins from longer-lived CCV migrated
slightly faster than those of the hypo-Pi Hsc70 proteins of canCCV isolated
specifically by CaM/Ca?* beads. They migrated to the same positions of hypo-Pi
Hsc70 of canCCV isolated by CaM beads and those which are not bound at all (Figure
3.10.E). Thus, the dimerizations of hypo-Pi Hsc70 proteins of wt stable CCV and ko
stCCV are inhibited by CaM/Ca?* (T265) and by CaM.

However, pull-down supernatants of both CaM/Ca?* and CaM experiments
with wt stable CCV and AP1/61B ko stCCV contain neither hyper-Pi, T265-Pi, Hsc70
nor hypo-Pi, T265-Pi Hsc70 proteins (Figure 3.10.E). This could be due to the fact that
these proteins weakly interact with CaM/Ca?* and CaM beads, so that hyper-Pi Hsc70
proteins are isolated, but they are lost in the wash fractions. However, hyper-Pi Hsc70
proteins are not also detected in the wash fractions. Even though the Western-blot
membranes are overexposed for a longer period of time, only negligible amounts of
hyper-Pi Hsc70 proteins are observed in the wash fractions. Therefore, it is most likely
that hyper-Pi Hsc70 proteins of wt stable CCV and ko stCCV are dephosphorylated
during the pull-down experiments and converted into hypo-Pi Hsc70 proteins, which
exhibit increased binding affinity towards CaM/Ca?* and CaM beads. Apparently,
phosphatase activities are not sufficiently inhibited in wt stable CCV and ko stCCV,
whereas this is not the case for canCCV. Thus, this demonstrates that wt stable and ko
stCCV show higher Hsc70-Pi phosphatase activities than canCCV. Furthermore, the
small differences in migration behaviour indicate additional Pi Hsc70 residues, which
weaken Hsc70 binding to CaM/Ca?* and CaM. The Hsc70 residue S275-Pi is a
candidate, because it is positioned at the end of the helical Hsc70 domain to which
CaM/Ca?* binds (Figure 3.10.C-D). This domain does not bind CaM and thus another
Hsc70 residue should interfere with CaM binding.
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Figure 3.10. The regulation of Hsc70 uncoating activity in AP2 CCV via phosphorylation. (A) CCV class
specific changes in Hsc70 Pi levels are analysed by phos-tag™ SDS-PAGE in wt and AP1/c1B ko synapse and
AP2 CCV. The numbers below the box-plot indicates the numbers of wt-ko independent biological replicates. (B)
Representative semi-quantitative Western-blot images are demonstrated for each tested condition in wt-ko canCCV
and wt stable and ko stCCV. (C) The structure of Hsc70 as obtained from Protein Data Bank (2kho.pdb) is
indicated. Color codes: yellow shows CaM/Ca?" binding domain involving T265 and S275 side chains, orange
shows nucleotide binding domain, pink shows J-domain binding domain, cyan and green show substrate binding
domain o and B, respectively. (D) The structure of Hsc70 dimer as obtained from Protein Data Bank (4jne.pdb) is
indicated. Color codes: dimer is formed between red and green Hsc70s and the CaM/Ca®* binding domain is shown
with yellow in each Hsc70. (E) Representative semi-quantitative Western blot images of CaM/Ca?" and CaM pull-
down experiments with wt-ko canCCV and wt stable and ko stCCV are shown. Protein fractions are separated on
phos-tag SDS-PAGE and then membarnes are developed with anti-Hsc70 antibodies. Arrow heads are drawn to
point out the retention differences within the groups of hyper- and hypo-Pi Hsc70 proteins. All experiments and
data analysis were performed by G.F. Sengiil to obtain the figure.
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Collectively, these data suggest that the phosphorylation of multiple of the 49
documented Hsc70 residues can alter the Hsc70 function in clathrin cage disassembly.
This result unravels a much more complicated regulatory network as expected and
makes it impossible to come up with a simple Hsc70 model. Therefore, the levels of
CCV-associated kinases and as well as of phosphatases are compared between the AP2
CCV classes in order to reveal the novel mechanisms behind the regulation of CCV
assembly and disassembly processes. The sequence specificities of differentially
regulated kinases and/or phosphatases can point to the Hsc70 residues which regulate

its activity in clathrin-cage disassembly.

3.9. Identification of CCV-specific Hsc70 phosphorylation sites using protein

mass spectrometry

We also used protein mass spectrometry (MS) to identify CCV class specific
phosphorylation sites in hyper-Pi and hypo-Pi Hsc70 proteins. The mouse Hsc70
sequence is 646 amino-acid long and contains 36 serine residues (50 % lower
frequency than on average in the mouse proteome), 47 threonine residues (50 % higher
frequency than on average in the mouse proteome) and 15 tyrosine residues
(corresponding to the average frequency in the mouse proteome). As already
mentioned in sections 3.7 and 3.8, a total of 49 Pi sites have been identified in Hsc70
in protein MS screens [230], which means that 50 % of its serine, threonine and
tyrosine residues are substrates for kinases. The CaM/Ca?* and CaM CCV Hsc70
binding assays revealed complex Pi-patterns of CCV associated Hsc70 proteins (See
sections 3.8) and therefore, several of these 49 Pi sites should play a regulatory role(s)
in Hsc70 activity, either alone, but more likely, in a combinatory manner. A 100%
sequence coverage of Hsc70 is required to identify the Pi-patterns of CCV associated
hypo-Pi Hsc70 and hyper-Pi Hsc70 proteins. This is of cause difficult to achieve and
indeed previous studies analyzing regulatory Hsc70 Pi-residues were without success
[231].

The hyper-Pi and hypo-Pi Hsc70 proteins of wt and ko canCCV are isolated
out of phos-tag™ SDS-PAGE gels (see Materials and Methods section 2.2.10). The
isolated proteins were digested with trypsin and the generated peptides were analyzed

by MS, as described in section 2.2.12. Indeed, we also did not achieve a 100%
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sequence coverage of the hyper-Pi and hypo-Pi Hsc70 proteins. Therefore, we are
unable to identify the various Hsc70 Pi-patterns or even single residues important for
the regulation of CCV associated Hsc70 proteins.

Several of the previously identified 49 Pi sites on Hsc70 could affect the
homodimerization of Hsc70, thereby determining its concentration under each vertex
of the clathrin cage and thus regulating Hsc70 activity in clathrin cage disassembly
and the initiation of AP2 CCV uncoating. It has been shown that Hsc70 is able to
homodimerize in more than one orientation. So, different Hsc70 homodimers can take
part in the regulation of CCV uncoating. The structure of a dimer may affect the extent
of Hsc70 volume change during its ADP/ATP cycle. In order to determine which
Hsc70 residues play a key role in the regulation of CCV life cycle, in-vitro and in-vivo
assays with Hsc70 mutants have to be performed. These sets of experiments can also
enable to quantify the influence of specific Hsc70 residues on its homodimerization
and the disassembly of the clathrin cage. The involvement of multiple Pi sites of Hsc70
also strengthens the idea that its activity in the CCV life cycle can be regulated by
several kinases and/or phosphatases. Our data on CCV-associated kinases and PP2A
phosphatases will be helpful to verify Hsc70 residues regulating its concentration in
AP2 CCV in-vivo. These enzymes may also support the identification of Hsc70

regulation in clathrin-cage disassembly in other cell types and tissues.

3.10. The levels of PP2A regulatory subunits are not differentially regulated
between two AP2 CCV classes

Current knowledge is still unable to fully explain the regulatory mechanisms
behind the CCV assembly and disassembly processes. However, most of the studies
indicated that phosphorylation and dephosphorylation cycles of coat proteins
determine the CCV lifespan [232]. The AP2 complex itself is also modified via
phosphorylation of its subunits. Phosphatases hold an equally important role as kinases
for the dynamics between the phosphorylation and dephosphorylation ratios of AP2
subunits. Previously performed studies indicated that Protein phosphatase 2A (PP2A)
dephosphorylates AP2 B2 and p2 adaptins [232], [233]. PP2A is a holoenzyme
phosphatase which comprises a scaffolding A subunit, a regulatory B subunit and a

catalytic C subunit. Whilst scaffolding A and catalytic C subunits share a high degree
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of sequence homologies among eukaryotes, the most variable regulatory B subunits
determine the substrate specificity of the various PP2A enzymes [233], [234].
Alterations in the levels of two regulatory subunits of CCV associated phosphatase
PP2A namely, PP2R2B (B55p) and PP2R2C (B55y), are analyzed between wt and
AP1/61B ko cellular fractions. The levels of PP2R2B and PP2R2C are with 110-120
% of wt levels, slightly increased in both AP1/c1B ko cortex and synapse. This
upregulation in the protein levels of PP2A regulatory domains appears not to be for
synapse-specific plasticity, because such an increase is also observed in AP1/61B ko

cortices as well (Figure 3.11).
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Figure 3.11. The comparison of PP2A regulatory subunits between wt-ko subfractions.
(A) Changes in PP2A phosphatase regulatory subunits PPP2R2B (B55p) and PPP2R2C (B55y) protein
levels in wt and AP1/61B ko subfractions are indicated. The signal intensities of wt proteins are set to
100% and ko protein signals are expressed relative to wt. Numbers below each box-plot diagram
indicate the numbers of independent biological wt-ko replicates for each data set. (B) Representative
semi-quantitative Western-blot images used for quantifications are shown for each wt and AP1/51B ko
cellular fractions. The molecular weight of PPP2R2B (B55f3) is 50 kDa and of PPP2R2C (B55y) is 50
kDA. Data contribution: R. Mishra contributed to canCCV (PPP2R2B, PPP2R2C), E.C. contributed to
stable CCV (PPP2R2B) and G.F. Sengiil contributed to cortex (PPP2R2B, PPP2R2C), synapse
(PPP2R2B, PPP2R2C), stable CCV (PPP2R2C).
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Both ko canCCV and ko stCCV contain almost the same amount of PPP2R2B
(B55p) relative to their corresponding wt CCV levels (Figure 3.11). There are 75 % of
wt PPP2R2B (B55p) levels in ko canCCV and in ko stCCV. Our results also indicate
that ko canCCV contain almost wt levels of PP2R2C (B55y) and ko stCCV have 70 %
wt stable CCV PP2R2C (B55y) levels (Figure 3.11). Apparently, the levels of
PPP2R2B and PPP2R2C in both AP2 CCV classes are not differentially regulated.
Therefore, the regulatory subunits of PP2A do not take role in the extension of the
StCCV life span.

3.11. Kinases in the regulation of AP2 CCV stability and life span

To identify the protein kinases that are responsible for the regulation of AP2
CCV lifespan, the levels of six known CCV kinases are screened between wt and
AP1/61B ko synaptic CCVs. Kratzke et al. 2015 and Candiello et al. 2017 revealed
the differential recruitment of AAK1 between two CCV classes (Figure 3.12.A) [85],
[102]. Both the amount and activity of AAKL1 kinase were enriched in ko stCCV [85],
[102]. As it was elaborately described in the introduction (Section 1.10), the
hyperactivation of AAK1 ensures high-affinity AP2 membrane binding. Therefore, it
has been proposed as one of the mechanisms that is responsible for the stabilization of
AP2 CCV thereby regulating the AP2 CCV life cycle [85], [102]. Cyclin-G-associated
kinase (GAK), also known as auxilin 2, serves as a co-chaperon for the CCV uncoating
ATPase Hsc70 together with auxilin 1. Unlike auxilinl, GAK/auxilin2 contains a N-
terminal kinase domain which can phosphorylate AP1 and AP2 on their pl and p2
subunits, respectively [235]. Also because of this property, the changes in the levels
of GAK/auxilin2 were checked in two synaptic CCV pools. Even though its levels
were enriched in both ko canCCV and ko stCCV as compared to respective wt CCVs,
GAK/auxilin2 levels were not differentially regulated between two CCV classes
(Figure 3.12.B) [85], [102]. Thus, current data do not suggest the involvement of
GAK/auxilin2 kinase in the AP2 CCV stabilization [85], [102].

3.11.1. The CCV kinases LRRK2, CVAK104, CK2 and DYRK1A

One candidate kinase proposed to be a regulator of the CME pathway is
LRRK?2 [165], [189], [223], [236]. As it is described in the context of the analysis of
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an Endophilin Al function in the regulation of Synaptojaninl CCV levels (Section
3.1), neither LRRK2 levels nor its activity is differentially regulated between the two
wt and AP1/c1B ko synaptic CCV classes (Figure 3.12.A) [164]. Three more
established CCV Kkinases, namely coated vesicle-associated kinase of 104 kDa
(CVAK104) [237], Casein Kinase 2 (CK2) [238], [239] and Dual specificity tyrosine

phosphorylation-regulated serine-threonine kinase 1A (DYRK1A) [240], [241] were
studied in this thesis.
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Figure 3.12. The summary of AAK1, LRRK2 and GAK/auxilin2 kinases and their activities in wt-
ko AP2 CCYV. (A) Summary of AAK1 and LRRK2 kinases and their activities in wt-ko AP2 CCVs are
shown as bar-plots based on the published data in Candiello et al. 2017 and Mishra ef al. 2021 [85],
[164]. (B) Summary of Hsc70, its co-chaperons and pre-synaptic chaperone CSPa levels in wt-ko
synaptic CCVs are displayed as bar-diagrams based on the published data in Kratzke ef al. 2015 and
Candiello ef al. 2017 [85], [102]. Changes in the levels of proteins are given in % per CCV.

CVAK104, also known as SCYL2, is a member of SCY1-like family
(Saccharomyces cerevisiae-like pseudokinase 1) protein kinases. Based on the MS
analysis of CCV preparations from isolated CCV proteins, CVAK104 was identified

as a CCV serine-threonine kinase. Furthermore, a direct interaction of CVAK104 with
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clathrin and as well as with AP2 has been shown. Besides its autophosphorylation
capability, in-vitro kinase assays indicated CVAK104-mediated phosphorylation of
the AP2 adaptin 2 in the presence of poly-L-lysine [237]. Even though the  subunits
of AP2 and AP1 complexes share 85 % amino acid sequence homology [48],
CVAK104 does not phosphorylate 1 adaptin of the AP1 complex [237]. This result
was surprising given the high conservation of 3 adaptins, which are even functionally
redundant as they can compensate the absence of one another in many cellular
pathways [48]. Furthermore, CVAK104 also associates with AP1 CCV [237], but AP1
CCV are not stabilized in AP1/61B ko synapses [66], [102]. So, CVAK104 was a
candidate kinase that may regulate the AP2 CCV life cycle. CVAK104 levels are not
changed in AP1/61B ko cortices compared to the wt, whereas it is slightly increased
to 110 % of wt levels in AP1/61B ko synapses (Figure 3.13.A). Since the alterations
in the protein levels of CVAK104 are AP1/c1B ko synapse-specific, this also suggests
that CVAK104 has a function in AP2 CCV life cycle regulation and most likely also
in other pathways of the synaptic plasticity. The levels of CVAK104 are reduced down
to 45 % of wt canCCV levels in ko canCCV and are decreased to 60 % of wt stable
CCV in AP1/61B ko stCCV (Figure 3.13.A). The fact that CVAK104 is not recruited
extra into the canCCV formed in ko synapses, but is actively recruited into stCCV,
even so not to the levels of wt stable CCV, indicating CVAK104 may be involved in
AP2 CCV life cycle regulation, but not so much in the extension of the AP2 CCV
lifespan.

Casein Kinase 2 (CK2) has been identified as a Ser/Thr kinase that
phosphorylates several CCV-associated proteins after their isolation in-vitro. Unlike
many other CCV kinases such as GAK/auxilin2, CK2 is inactive when it associates
with the PM enriched PI-4,5-P2. However, it should become active during uncoating
of CCV, because of the dephosphorylation of PI-4,5-P2 [238], [239]. This suggests that
its activity is required for the uncoating of CCV [238], [239]. CK2 forms a tetramer,
which is composed of two o catalytic subunits and two B regulatory subunits [242]
Since regulatory f domain of CK2 mediates its kinase activity [242], the levels of
CK2p are investigated between wt and AP1/51B ko cortex, synapse and CCV fractions
in the current study. CK2p levels are increased to 130 % of wt in AP1/c1B ko cortices

as well as in ko synapses (Figure 3.13.B). So, the alterations in the CK2p levels may

89



Results

not be related to AP1/61B ko-induced synaptic plasticity, because they are not synapse
specific. The recruitment of CK2p into two CCV classes are not differentially
regulated. Both AP1/61B ko canCCV and ko stCCV contain approximately 70 % of
wt CK2p levels per canCCV and per stCCV, respectively (Figure 3.13.B). Therefore,
it seems that CK2[3 may not take on a role in the regulation of the AP2 CCV lifespan.

Dual-specificity tyrosine phosphorylation regulated-kinase 1A (DYRK1A) is
a member of a proline-directed Ser/Thr protein kinase family. Its homologue in
Drosophila melanogaster is highly conserved, also known as minibrain kinase, and
regulates neuroblast proliferation during neurogenesis [240], [241]. It has been also
shown that DYRK1A plays an important role in neurodevelopmental processes in
vertebrates. Moreover, the discovery of the location of the Dyrk1A gene on human
chromosome 21 revealed its association with Down Syndrome (DS) [243], [244]. The
upregulation of Dyrk1A gene expression in patients with DS and also the
overexpression of this gene in transgenic mice with certain DS phenotypes, including
neurodevelopmental delay, cognitive decline and problems in memory and learning,
further supported this finding with experimental evidences [243], [244]. Furthermore,
the significant increase in the Dyrk1A mRNA expression in the hippocampus of
Alzheimer’s Disease (AD) individuals convinces the scientists that DYRKZ1A is also
important for adult brain functions [243], [244]. The later analysis of DYRKZ1A protein
kinase led to the identification of its several substrates in the rat brain, ranging from
microtubule-associated protein tau to transcription factors (TFs) such as forkhead TF
family member FKHR [241], [245], in addition to R-synuclein and caspase 9 [241],
[246], [247]. Intriguingly, DYRKZ1A kinase has been proposed to inhibit CME via the
phosphorylation of endocytic proteins such as Dynaminl, Synaptojaninl and
Amhiphysinl [240], [241]. Besides the putative inhibitory action of DYRK1A on the
CME pathway, it has also been shown to trigger the uncoating of synaptic CCVs [240],
[241]. Bearing all these publications in mind, DYRK1A is included into the
investigated CCV kinase list. The levels of DYRK1A are not changed in AP1/c1B ko
cortices compared to the wt (Figure 3.13.C). However, it is increased to 140 % of wt
DYRKI1A levels in AP1/61B ko synapses (Figure 3.13.C). This ko synapse-specific
upregulation of DYRKZ1A may alter its functions in SV exocytosis [240], [241] and in

cytoskeleton organization [243], [244]. In contrary to literature about the inhibitory
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effect of DYRK1A on CME, this increase does not prevent the stimulation of AP2
CME in AP1/c1B ko synapses [85], [102]. The ko canCCV have 95% essentially wt
DYRKI1A levels (Figure 3.13.C). Since DYRK1A enhances CCV uncoating, ko
stCCV should contain less DYRKZ1A than wt stable CCV. In ko stCCV, the levels of
DYRKZ1A are reduced down to 50 % wt stable CCV levels (Figure 3.13.C). These
results indicate that DYRKZ1A does not play an inhibitory role in the formation of
CCV, but that it triggers the uncoating of CCV.
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Figure 3.13. The alterations in the levels of of CVAK104, CK2p and DYRKI1A CCYV kinases in
wt-ko subcellular fractions. Changes in the levels of (A) CVAK104/SCYL2, (B) CK2p and (C)
DYRKI1A kinases are shown in wt and AP1/G1B ko cellular fractions. The signal intensities of protein
bands in wt samples are set to 100 % and ko protein levels are calculated relative to wt. Numbers below
each of the box-plots denote the numbers of the independent biological wt-ko replicates used for the
quantifications. Representative semi-quantitative Western blot images used for quantifications are
demonstrated below the diagrams for CVAK104/SCYL2 (75 kDa), CK2p (25 kDa) and DYRK1A (75
kDa) kinases. Data contribution: G.F. Sengiil contributed to cortex (CVAK104, DYRK1A), synapse
(CVAK104, CK2B, DYRK1A), canCCV (CVAK104, CK2B, DYRK1A), stabilized CCV (CVAK104,
CK2B, DYRK1A) and R. Mishra contributed to cortex (CK2p), synapse (CK2).

3.11.2 The roles of novel CCV kinases in AP2 CCV life cycle regulation

Previously performed MS analysis of synaptic CCV proteins identified kinases
which did not belong to the group of well-characterized CCV-associated kinases. In
our study, I have also analyzed these putative CCV kinases to reveal their involvement
in the regulation of AP2 CCV life cycle. Therefore, the levels of Activated Cdc42-
associated kinase 1 (ACK1), whose protein encoding gene is also known as Tyrosine-
kinase non-receptor protein 2 (TNK2) [248], [249], of Doublecortin-like kinase 1
(DCLK1) [250], [251], of Calcium/Calmodulin-dependent kinase 11 5 (CaMK-115), of
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Ser/Thr protein kinase 39, which is also called as STE20/SPS1-related proline-alanine-
rich protein kinase (SPAK) [252], and of its activator Calcium-binding protein 39
(CAB39), also known as Mouse protein 25 o (MO25a) [253], [254], were tested as
well.

ACKZ1 protein levels are elevated to 140 % of wt levels in both AP1/c1B ko
cortices and synapses (Figure 3.14.A). Since ACK1 has been shown to phosphorylate
a myriad of synaptic proteins [248], the increases in its levels in AP1/c1B ko cortices
and synapses imply the involvement of this kinase in neuronal plasticity. The pool of
AP1/61B ko canCCV contain 130 % of wt ACK1 levels, corresponding to 65 % of wt
ACK1 levels per canCCV (Figure 3.14.A). The ACK1 protein is found in the ko
StCCV pool at 110 % of wt stable CCV levels, corresponding to 55% of wt ACK1
levels in a single stCCV (Figure 3.14.A). All these findings support the notion that
ACKZ1 maintains its neuronal functions in AP1/c1B ko brains, but it appears not to
regulate the AP2 CCV life cycle. Interestingly, a ACK1 ko mouse model shows no
apparent phenotype, while in-vitro and cell line studies revealed its association with
distinct cellular processes [249]. Furthermore, there is no homologous kinase known
and many of the binding partners and/or substrates of ACK1 have been implied to play
a role in endosomal protein transport and in endocytosis processes [255]. Therefore,
the elevated levels of ACK1 in AP1/61B ko brain can be linked to the stimulated CME
and endolysosomal protein trafficking [66], [85], [102].

Next, the protein levels and the distribution of DCLK1 kinase are compared
between wt and AP1/c1B ko cellular fractions. DCLK1 levels are almost doubled to
170% of wt levels in AP1/61B ko cortices. In stark contrast, AP1/c1B ko synapses
contain with 40% of wt, less than half the amount of wt DCLK1 levels (Figure 3.14.B).
The lower level of DCLK1 in ko synapses does not cause lower levels of it in synaptic
CCV, but DCLKU1 is not recruited into the enlarged pools of ko synaptic CCV (Figure
3.14.B). A ko canCCV contains 70 % and a stCCV contains 60 % of DCLK1 wt
canCCV and wt stable CCV levels, respectively (Figure 3.14.B). This small difference
between ko canCCV and stCCV strongly suggests that DCLKZ1 is not responsible for
the stabilization of AP2 CCV. As it was reported in Chen et al. 2015 and Lipka et al.
2017, DCLK1 takes part in cytoskeletal organization to steer selective axonal and

dendritic cargo transport [250], [251]. Based on the literature, the drastically decreased
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DCLK1 levels in AP1/c1B ko synapses may stabilize cytoskeletal networks so that
transport of the fewer SV and as well as the endosomal maturation are promoted [102],
[250], [251].

One other MS-detected candidate kinase was the CaMK-II isoform CaMK-113.
The alterations in the levels of CaMK-I115 in AP1/c1B ko cortices and synapses were
published previously [102]. As it was shown by Kratzke, M. et al. 2015, CaMK-115
was increased to 120 % wt levels in AP1/c1B ko cortices, whereas it was elevated to
160 % of wt levels in AP1/c1B ko synapses [102]. The activity of CaMK-Il enzymes
is regulated via their binding of CaM/Ca?* and their subsequent autophosphorylation
[256]. After the CaMK-II enzymes are activated, they take on roles in the regulation
of multiple cellular processes such as Ca?* homeostasis [256], SV exocytosis [256],
[257], cytoskeleton organization [256], [257] and memory and learning [256], [258],
[259]. Therefore, the changes in the levels of CaM were also compared between wt
and AP1/c1B ko cellular fractions. As it was expected, the CaM levels are also
elevated to 120 % of wt levels in AP1/61B ko cortices and to 135 % of wt levels in
AP1/61B ko synapses. Intriguingly, this enrichment in the levels of CaMK-I15 is not
sustained in synaptic CCV. The levels of CaMK-I15 are reduced down to 60 % of wt
levels in AP1/61B ko canCCV. The recruitment of CaMK-118 into ko stCCV is further
decreased and thus inhibited down to 33 % of a wt stable CCV (Figure 3.14.C). These
data suggest that synaptic CCV require CaMK-116 for CCV uncoating and that
reduced CaMK-I115 levels are responsible for the extended stabilization of AP2 stCCV
in AP1/c1B ko synapses. As it is described in the Material and Methodology chapter,
CCV isolation requires the inclusion of EGTA in the buffer solution (Section 2.1).
Therefore, only the levels of Ca?*-free CaM can be determined in synaptic CCV. In
AP1/51B ko canCCV, CaM are reduced down to 64 % of wt, but CaM is recruited into
ko stCCV reaching 82 % of wt stable CCV levels (Figure 3.14.D). This relative
increase in stCCV CaM levels compared to ko canCCV may be linked to its enhanced
binding to the hypo-Pi Hsc70 proteins of stCCV, however it may bind to other CCV
proteins as well. Taken together, the synapse and CCV protein level data support a
CaMK-IIs function in AP2 CCV lifespan regulation, especially via the regulation of
the activity of synaptic Hsc70 proteins.

93



Results

A B
1501 200 4 —I—
- —
T . F 150
B 00 e s
2 £
g < 100+ - Wt
< 8
504 :
50 - ”"'""'"i""""'""
H H i i rt i
3. 33 2 33 4 2
0 T i T i 0 T : T T
Cortex Synapse canCCV stCCV Cortex Synapse canCCV stCCV
wt ol1B -/ wt olB /-
COMex e a— Corex =y a—
Synapse e Synapse S —
CANCCV e — canCCy & & E—y
SICOV — — SICCV - —
C D
T 200
= H 3 150 T Ca?tfree T
2 & ] ; i
o E i £ 1001 SR R s s ™ L
= H H = ) 4
o 100 i e 5""-""1Wt 2 ]
> L E ]
504 ) :
4 4 1 3 4 5 4
0 T i 0 T T T T
canCCV  stCCV Cortex Synapse canCCV stCCV
wt oiB--
Wi o8 Cortex e
canCOV e —-— SYNAPSE . a—
THICCY e CanClV  emm——

Figure 3.14. The comparison of ACK1, DCLK1, CaMKII$ kinases and CaM levels between wt-
ko cellular fractions. Changes in the levels of (A) ACK1, (B) DCLK1 (C) CaMKIId kinases and (D)
CaM in wt and AP1/61B ko cellular fractions are shown. The signal intensities of protein bands in wt
samples are set to 100 % and ko protein levels are calculated relative to wt. Numbers below each box-
plot diagram denote the numbers of independent biological wt-ko replicates used for quantifications.
Representative semi-quantitative Western-blot images used for quantifications are demonstrated below
the diagrams for ACK1 (75 kDa), DCLK1 (70 kDa), CaMKII6 (55 kDa) and CaM (20 kDa). Data
contribution: G.F. Sengiil contributed to cortex (ACK1), synapse (ACK1), canCCV (ACK1), stabilized
CCV (ACKI1). R. Mishra contributed to cortex (DCLK1, CaM), synapse (DCLK1, CaM), canCCV
(DCLK1, CaM). E. Candiello contributed to canCCV (CaMKIIJ), stabilized CCV (DCLK1, CaMKIIS,
CaM).
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The sterile20/SPS1 (Ste20)-related proline alanine rich kinase SPAK, also
called as serine-threonine kinase 39 (STK39), is a member of the mitogen-activated
protein kinase family [252]. The Ste20-related protein kinases comprise highly
conserved protein sequences among fungi, plants and animals, thereby emphasizing
their important regulatory roles [252]. Previous scientific research have described the
expression pattern, the protein interactome, altered signaling pathways and
physiological functions of SPAK (STK39) in different organ systems [252]. Based on
the published works, SPAK (STK39) is involved in the modulation of excitatory and
inhibitory neurotransmission [260], [261], Na*-K*-CI- ion cotransport [262], motor
movement coordination and balance [252], [260]-[262] and is also in schizophrenia
[262]. However, the substrates of SPAK (STK39) protein kinase in these distinct
cellular processes are yet unidentified. Therefore, it is interesting that we have detected
SPAK (STK39) in our previously performed MS analysis in isolated synaptic CCV.
The semi-quantitative Western-blot analysis indicates that, SPAK (STK39) is slightly
increased in AP1/61B ko cortices compared to wt, but that it is reduced down to 40 %
of wt levels in AP1/61B ko synapses (Figure 3.15.A). However, the lower level of
SPAK (STK39) in synapses does not hamper its recruitment into synaptic CCVs.
There are 80 % and 95 % of wt SPAK (STK39) canCCV and of wt stable CCV levels
in AP1/61B ko canCCV and in ko stCCV, respectively (Figure 3.15.A). Even though
these data do not clearly suggest a role of SPAK (STK39) activity in the extension of
the AP2 CCV lifespan these results still imply its involvement in the formation of AP2
CCV. Published in-vitro studies indicated that CAB39 stimulates the catalytic activity
of SPAK (STK39) [253], [254]. Therefore, the levels of CAB39 are also compared
between wt and AP1/61B ko cellular fractions. The increase in the levels of CAB39
in AP1/61B ko cortices are consistent with the SPAK (STK39) cortex data (Figure
3.15). However, there is only a 10 % reduction in the levels of CAB39 in AP1/61B ko
synapses, which does not match the 60 % reduction of SPAK (STK39) in ko synapses
(Figure 3.15). The ko canCCV contain 80 % of wt canCCV CAB39 levels. So, CAB39
is recruited into the ko canCCV to levels comparable with those of SPAK (STK39)
and the wt ratio of SPAK (STK39)/CAB39 is maintained in ko canCCV. However, the
ko stCCV contain only 60 % CAB39 of a wt stable CCV. So, it can be inferred that
the reduced recruitment of CAB39 into ko stCCV leads to lower activation of SPAK
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(STK39), even though its amount is not limited in ko stCCV. However, the recruitment
of SPAK (STK39) into synaptic CCV, despite the dramatic decrease in its synapse
levels, indicates its functions in CME, but more so in synaptic functions besides the
CME pathway.
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Figure 3.15. The comparison of SPAK (STK39) kinase and its activator CAB39 between wt-ko
subfractions. Alterations in the levels of (A) SPAK (STK39) and (B) CAB39 in AP1/61B ko cellular
fractions are compared to wt samples. The signal intensities of protein bands in wt samples are defined
as 100 % and ko protein levels are calculated relative to wt. Numbers below each box-plot diagram
denote the numbers of independent biological wt-ko replicates used for quantifications. Representative
semi-quantitative Western blot images used for quantifications are shown below the box-plot diagrams
for SPAK (STK39) (50 kDa) and CAB39 (40 kDa). Data contribution: G.F. Sengiil contributed to cortex
(CAB39), canCCV (STK39, CAB39), stabilized CCV (STK39, CAB39). R. Mishra contributed to
cortex (STK39) and synapse (STK39, CAB39).

3.11.3. Kinases regulating AAK1 as AP2 CCV kinases

As described in the introduction, previously published studies of our lab
demonstrate the crucial function of AAK1 kinase in AP2 CCV life cycle regulation
and AP2 CCV lifespan extension [85]. Not only the amount of AAKL, but also its
activity towards the AP2 p2-adaptin is stimulated in ko stCCV [85]. AAKL1 kinase
activity is known to be regulated by several kinases in other pathways than AP2 CME

and thus | tested whether those kinases are associated with CCV and subsequently

96



Results

whether their levels are altered in CCV of AP1/c1B ko synapses. Naturally, these
kinases may also control the activity of Hsc70 in the CCV uncoating process.

These AAK1 kinases are LRRK2 [263], STK38S (serine-threonine protein
kinase 38), that is also called as nuclear Dbf2-related kinase 1 (NDR1) [264], and
STK38L (STK38-like or also known as NDR2) [264]. As it was already explained,
neither LRRK2 activity nor its levels were differentially regulated between the two
CCV classes [164]. The level of STK38S is elevated to 150 % wt levels in AP1/c1B
ko cortices, whereas it is reduced down to 70 % of wt levels in AP1/61B ko synapses
(Figure 3.16.A). Nevertheless, STK38S is recruited into both ko synaptic CCV classes
to wt canCCV and wt stable CCV levels, respectively (Figure 3.16.A). These results
suggest that STK38S plays a crucial role in the regulation of AP2 CCV formation,
even though the data cannot clearly depict the involvement of this kinase in the
extension of the AP2 CCV lifespan. In addition to STK38S, the levels of STK38L are
also compared between wt and AP1/c1B ko cortices, synapses and the synaptic CCV.
Its changes in AP1/c1B ko cortex and synapse levels exhibit a similar profile to
STK38S levels, but the changes are marginal (Figure 3.16.B). The levels of STK38L
are increased to 110 % of wt in AP1/c1B ko cortices and slightly reduced down to 90
% of wtin AP1/c1B ko synapses (Figure 3.16.B). There are 80 % wt levels of STK38L
(almost wt levels) in ko canCCV, as in the case of STK38S. However, a ko stCCV
contains only 55 % STK38L of a wt stable CCV. The STK38L kinase is not actively
recruited into stCCV and therefore, it can be responsible for a destabilization of AP2
CCV. This suggests that CCV STK38L modifies and inhibits CCV AAK1 activity,
which may cause the reduced recruitment of AAK1 into ko canCCV. Furthermore,
these data suggest that STK38S and/or STK38L may regulate the AP2 CME pathway
via phosphorylating other CCV proteins including Hsc70.
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Figure 3.16. The levels of AAK1 regulating STK38S and STK38L kinases in AP2 CME pathway.
Changes in the levels of (A) STK38S and (B) STK38L kinases in AP1/c1B ko cellular fractions as
compared to wt samples are shown. The signal intensities of protein bands in wt samples are set to 100
% and ko protein levels are calculated relative to wt. Numbers below each box-plot diagram designate
the numbers of independent biological wt-ko replicates used for quantifications. Representative semi-
quantitative Western blot images used for quantifications are illustrated below each box-plot diagram
for STK38S (50 kDa) and STK38L (50 kDa). Data contribution: G.F. Sengiil contributed to canCCV
(STK38S, STK38L), stabilized CCV (STK38S, STK38L). R. Mishra contributed to cortex (STK38S,
STK38L) and synapse (STK38S, STK38L).

3.12. Stabilized AP2 CCV specific cargo proteins

A major question remains to be answered, is the question about specific
functions of stabilized and thus longer lived AP2 CCV in protein sorting and protein
transport. Previously, my predecessors in this project have shown that the scaffolding
active zone proteins Gitl and Stonin2 are specific cargo proteins of stCCV [85]. Both
surround the AZ in synapses and take part in the regulation of SV recycling [187],
[265], by yet unknown molecular mechanisms. The analysis of a CHL1 function in
Hsc70 regulation (described in Section 3.6.1) revealed that CHLL1 is also a specific
cargo protein of stCCV. These data suggested to test whether the specialized AP2 CCV
endocytic route is preferentially followed by the other NCAM proteins as well.
Therefore, the levels of the 1g-L1 NCAM family member NrCAM [266], and Ig-
NCAM proteins NCAML (alias TenascinR) [266] and SynCAML1 [266], [267] are also
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compared between wt and AP1/c1B ko cellular fractions. Moreover, two additional
chondroitin sulfate proteoglycan (CSPG)-NCAM proteins, namely Neurocan [268]
and phosphotyrosine phosphatase receptor-type protein (PTPRZ1, alias PTPRp) [268]
are also included to this study as they have been identified as cargo proteins of synaptic
AP2 CCVs in previously performed MS analysis (P.Schu unpublished data).

The levels of NCAM1 are not changed in isolated cortices and synapses from
AP1/c1B ko brains as compared to the corresponding wt fractions (Figure 3.17.A).
However, SynCAML1, the master regulator of synapse formation [267], is slightly
increased to 130 % of wt cortex and as well as wt synapse levels (Figure 3.17.B) while,
NrCAM is slightly decreased to 85 % of wt cortex levels and to 95 % of wt synapse
levels in AP1/61B ko mice (Figure 3.17.C). Even though the cortex levels of CHL1
from AP1/61B ko brains are not altered as compared to wt cortex levels, it is elevated
to 130 % of wt levels in AP1/c1B ko synapses (Figure 3.7). Therefore, it could be
concluded that CHL1 is the only Ig-NCAM proteins analyzed whose level is
specifically increased in AP1/c1B ko synapses (Figure 3.7, Figure 3.17). Moreover,
the levels of other Ig-NCAM proteins are slightly elevated (Figure 3.17) due to the
stimulated AP2 CCV mediated-endocytosis in both synaptic CCV classes [85]. The
levels of NCAM1 and NrCAM in ko canCCV are 120 % of wt canCCV levels,
corresponding to 60 % of wt levels per CCV whereas their levels are slightly higher in
ko stCCV which contains with 75 % and 70 % of wt stable CCV NCAM1 and NrCAM
levels, in per CCV, respectively (Figure 3.17.A, C). Although ko canCCV has almost
identical amounts of NCAM1, NrCAM, and SynCAM1, 60 % of their wt canCCV
levels, ko stCCV contains less SynCAML levels than NCAM1 and NrCAM, 55 % of
wt stable CCV SynCAML levels, in per CCV (Figure 3.17). Therefore, these data
suggest that all of the analyzed neuronal cell adhesion proteins show a preference for
their sorting via stCCV, while SynCAM1 is the only one which tends to be
endocytosed via canCCV. Overall, CHL1 is the only 1g-NCAM protein specifically
endocytosed via the stabilized AP2 stCCV pathway.
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Figure 3.17. The alterations in the levels of Ig-NCAM proteins in wt-ko subfractions. The changes
in the levels of (A) NCAM1, (B) SynCAMI and (C) NrCAM in AP1/c1B ko cellular fractions as
compared to wt samples are shown. The signal intensities from protein bands in wt samples are defined
as 100 % and ko protein levels are calculated relative to wt. Numbers below each box-diagram denote
the numbers of independent biological wt-ko replicates used for quantifications. The representative
semi-quantitative Western blot images used for quantifications are shown below each box-plot diagram
for NCAM1 (170 kDa), SynCAM1 (37 kDa) and NrCAM (150 kDa). Data contribution: G.F. Sengiil
performed the cortex (NCAMI, SynCAMI1, NrCAM), synapse (NCAM1, SynCAMI1, NrCAM),
canCCV (NCAMI, SynCAMI1, NrCAM) and stabilized CCV (NCAMI1, SynCAMI1, NrCAM)
experiments and data analysis to obtain the complete figure.

The levels of the CSPG-NCAM proteins, Neurocan and PTPRZ1 are not
changed in AP1/61B ko cortices compared to wt cortices (Figure 3.18). However, the
levels of Neurocan and PTPRZ1 are elevated to 140 % and 120 % of wt levels in
AP1/c1B ko synapses, respectively (Figure 3.18). So, there is a synapse specific
increase in their levels as in the case of CHL1 (Figure 3.7, 3.18). The levels of PTPRZ1
in both ko CCVs are comparable to those of NCAM1 and NrCAM, which are 60 % of
wt canCCV and 80 % of wt stable CCV, in per CCV, respectively (Figure 3.17, 3.18).
So, also PTPRZ1 is preferentially sorted via stCCV like the 1g-NCAM proteins.
However, endocytosis of Neurocan is increased due to the stimulated AP2 CME
pathway [85], and it is enriched in stCCV as in the case of CHL1. The ko canCCV
contains 60% of the wt canCCV, but ko stCCV contains 110 % of wt stable CCV
Neurocan levels, in per CCV (Figure 3.18.A).
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Figure 3.18. The changes in the levels of CSPG-NCAM proteins in wt-ko cellular fractions. The
alteration in the levels of (A) Neurocan and (B) PTPRZ1 proteins in AP1/61B ko cellular fractions as
compared to wt samples are shown. The signal intensities from protein bands in wt samples are set to
100 % and ko protein levels are expressed relative to wt. Numbers below each box-plot denote the
numbers of independent biological wt-ko replicates used for quantifications. The representative semi-
quantitative Western blot images used for quantifications are indicated below each box-plot diagram
for Neurocan (140 kDa) and PTPRZ1 (250 kDa). Data contribution: G.F. Sengiil performed the cortex
(Neurocan, PTPRZ1), synapse (Neurocan, PTPRZ1), canCCV (Neurocan, PTPRZ1) and stabilized
CCV (Neurocan, PTPRZ1) experiments and data analysis to obtain the complete figure.

The analysis of NCAM proteins revealed that all of the investigated proteins,
except SynCAML1, are preferentially sorted via stCCV. However, the Ig-NCAM
protein CHL1 and the CSPG-NCAM protein Neurocan are specifically endocytosed
via stabilized AP2 stCCV. The endocytosis of certain NCAM proteins via stCCV
strongly supports our previously proposed function of this specialized AP2 CME

pathway in synaptic function-related plasticity [85].
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CHAPTER 4

4. DISCUSSION

4.1. Regulation of AP2 CCV life cycle

The AP2 CCV mediated endocytosis of PM proteins starts with the stable
binding of AP2 to the PM phospholipid PI-4,5-P2 and to the cytoplasmic domain of a
cargo protein, which is bound by the AP2/u2 or AP2/c2 adaptins [116]. The tripartite
AP2-Eps15/ Eps15L1-Sgipl complex accelerates CCV formation [208]. AP2 co-
adaptors, like Eps15 and Eps15L1, collect additional cargo-proteins, which are not
recognized by AP2 to expand the repertoire of AP2 CCV cargo proteins [89]. After
the recruitment of clathrin, mostly but not exclusively by AP2, a shallow clathrin-
coated-pit is formed [116]. This pit grows and invaginates into a round clathrin-coated-
vesicle, which is connected with the PM via a narrow membrane neck. This process is
driven by the continuous recruitment of coat proteins and clathrin [116]. The assembly
of a large GTPase Dynamin into rings around the nascent CCV neck and the
subsequent constriction of these rings pinch off the AP2 CCV from the donor
membrane [116], [127], [128]. The formation of AP2 CCV involves more than 60
additional proteins, which can be part of the vesicle coat during this process [119].
However, the numbers of interaction domains in the coat proteins are limited.
Moreover, they are often in a close proximity, thereby restricting different
protein:protein interactions due to steric hindrance [119]. Therefore, coat
protein:protein interactions must be strictly regulated in time [115], [119]. This makes
CCV formation a highly complex process. Eventually, the AP2 CCV disassembly
starts with the most outer coat, the clathrin cage [116]. Clathrin cage uncoating
requires the Hsc70 ATPase, its two co-chaperones auxilinl and GAK/auxilin2, and its
NEF protein Hspl10 [143]. While the molecular mechanisms of clathrin cage
disassembly by these proteins have been studied in detail, the knowledge about the

regulation of this process is quite restricted. We also do not know how exactly the
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protein:protein interactions of coat proteins are released, but numerous protein
phosphorylations and dephosphorylations take place for the regulation of AP2 CCV
life cycle [232]. Lastly, the activity of the Synaptojaninl phosphatase is known to be
essential for the dissociation of AP2 and additional P1-4,5-P2 binding coat proteins
from the vesicle membrane [151]. Only after the uncoating of AP2 CCV, the vesicle
will be able to fuse with the membrane of the acceptor organelle, usually an early
endosome, to deliver its cargo content [116]. As mentioned above, a given coat protein
interacts with several different proteins and thus the consequences of the absence of
one protein for CCV formation can be difficult to envision. Therefore, the data
obtained from the perturbation of protein functions using knockdown, knockout, or
overexpression approaches can only be interpreted in the context of AP2 CCV

formation but is not applicable in terms of AP2 CCV stability and lifetime.

In our group, a mouse knockout model of the AP2 homologous AP1 complex,
AP1/61B ko mice, had been generated [100], which has multiple alterations in synaptic
protein sorting [102]. The alterations in tissue specific AP1/c1B ko mice are induced
as secondary phenotypes in AP2 CME. These synapse-specific phenotypes are the
upregulation of AP2 CME and the formation of a class of AP2 CCV with enhanced
stability thereby with an extended lifetime [85]. The analysis of the alterations in the
coat protein composition of these AP2 CCV enabled us to study and to identify the

molecular mechanisms regulating AP2 CCV uncoating and thus their life-span [85].

Neurons contain the ubiquitous AP1/61A complex, whose protein sorting and
transport functions between the TGN and endosomes are indispensable for embryonic
development and tissue-functions. Additionally, neurons and a limited number of cell
types in other tissues, also contain the tissue-specific AP1/61B complex. The absence
of this complex is compatible with life [100]. However, the deficiency of the X-
chromosome encoded AP1/c1B gene leads to severe impairments in memory and
learning in mice and as well as in human [100], [269]. Additionally, AP1/c1B ko mice
exhibit problems in motor coordination and human patients show delayed motor
development. They start to walk only at the age of 4-6 years [100], [269]. These
patients require life-long comprehensive care. The AP1/61B ko mice serve as a model

organism for this severe human X-linked mental retardation disorder [100], [269]. The
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hippocampal synapse of the AP1/c1B ko animals contains less SVs compared to the
wt due to slowed down and inefficient SV recycling [100]. At the same time, enlarged
endosomes and AP2 CCV accumulate in the AP1/c1B ko synapses. Moreover,
numerous synaptic proteins are degraded in the endolysosomes [100], [102]. These
disturbances in protein sorting induce secondary phenotypes which are the
upregulation of AP2 CME and the formation of a subclass of AP2 CCV with a more
stable coat and thus with an extended lifetime [85]. These phenotypes enabled us to
work on the molecular mechanisms behind the AP2 CCV life cycle regulation without
having to mutate AP2 CME proteins [85]. Our group identified two AP2 CCV classes
in synapses. Firstly, the class of canonical CCV, canCCV, corresponding to the 85 %
of the total synaptic AP2 CCV pool. The second class contains AP2 CCV with a
comparably more stable coat and they form the remaining 15 % of the total synaptic
AP2 CCV pool [85]. Both AP2 CCV classes are doubled in size in AP1/c1B ko
synapses. Moreover, the latter class of AP2 CCV is more stable than canCCV, even
more stabilized in AP1/61B ko synapses, named as stCCV [85]. This AP2 CCV
phenotype is only established in AP1/c1B ko synapses and thus it is a form of synaptic
plasticity [85]. Due to the extended life-span of stCCV, there will be delay in the fusion
of these endocytic vesicles with their acceptor membranes, mostly early endosomes.
Therefore, the transported cargo and its recycling between endosomes and the PM will
be slowed down also the activation of receptor signaling cascades will be comparably
slower [270].

The comparison of AP2 CCV coat composition between wt and AP1/61B ko
synapses led my predecessors in this project to the identify three molecular
mechanisms regulating the enhanced stabilization thereby extended life-span of AP2
CCV [85]. Firstly, stabilized stCCV contain less of the disassembly ATPase, Hsc70
[4]. Second mechanism suggests that hyperphosphorylation of AP2/u2 subunit by
AAK1 stabilizes high-affinity AP2-membrane binding. Thirdly, the reduced
recruitment of Synaptojaninl, the PI-4,5-P2 phosphatase, into these AP2 stCCV also
leads to their enhanced stabilization [85]. To understand the molecular mechanism that
determine the amount and activity of Synaptojaninl in AP2 CCV is not only important
for the regulation of the AP2 CCV life cycle. Synaptojaninl has additional functions
in membrane and protein transport and its defects are associated with the development
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of several neurological diseases such as PD, AD and Down-syndrome [164], [271]-
[273]. Therefore, the mechanisms regulating its recruitment into AP2 CCV is studied
first in this Thesis.

4.2. Regulation of Synaptojaninl recruitment into stCCV

The Synaptojaninl CCV protein interactome consists of 9 proteins implying
that the regulation of its recruitment depends on several protein-protein interactions
[85], [164]. Moreover, most of these proteins also bind to one another, which does not
only emphasize the complexity of its protein network, but also makes it difficult to
come up with a simple explanation for the regulatory mechanisms behind its
recruitment into stCCV. Of all Synaptojaninl interacting CCV proteins, Endophilin
Al was proposed to play the most important role in the regulation of Synaptojaninl
recruitment and its activity in CCV uncoating [162], [163], [186]. However, our data
did not show the differential regulation of Endophilin Al recruitment into the different
AP2 CCV classes [164]. Moreover, Endophilin Al is not differentially phosphorylated
by LRRK2 in its BAR-domain between two CCV classes, a modification which would
impair Synaptojaninl binding [164]. The comparison of LRRK2 levels and of its
activity between wt and ko AP2 CCV did not support the regulation of Synaptojaninl
recruitment by Endophilin Al [164]. The previously suggested Endophilin Al
function in the regulation of Synaptojaninl activity in uncoating CCV was shown in
neuronal cell cultures of triple Endophilin A1-3 isoform ko mice, because a single
Endophilin Al ko exhibit no apparent phenotypes [162], [163], [186]. The cumulative
protein sorting defects in the triple Endophilin A1-3 isoform ko can be responsible for
the changes in the CME pathway and eventually in the CCV uncoating process. Our
data indicated that other CCV proteins than Endophilin Al regulate the CCV life cycle
[164]. The enhanced ITSN1-Endophilin Al interaction in both ko AP2 CCV classes
as compared to the respective wt CCV is most likely associated with the stimulation
of the AP2 CME pathways [85], [164]. Pacsinl is another Synaptojaninl interacting
protein. Its level did not change in ko canCCV as compared to wt canCCV levels,
while it was decreased down to 30 % of wt levels in ko stCCV. However, more of
these Pacsinl proteins were activated in the ko stCCV via a higher phosphorylation

level [164]. Therefore, the compensation of reduced Pacsinl levels by its increased

105



Discussion

activity excluded its potential involvement in the regulation of Synaptojaninl levels in
ko stCCV [164]. The affinity of the Pacsinl antibody was insufficient for the analysis
of a CCV class specific Pacsinl:Synaptojaninl interaction, in contrast to the ITSN1
antibody (Figure 3.4). The activation of Pacsinl via phosphorylation was also a reason
to determine the master regulatory kinase(s) and/or phosphatase(s) in the AP2 CME
pathway that will be discussed throughly in Section 4.4. It could be also possible that
the Pacsinl level in ko stCCV might be limited by the increased transportation of CCV
coat or cargo proteins, like the AZ scaffolding Gitl protein [85]. These Pacsinl data

demonstrate one more time the complexity of CCV life cycle regulation.

The reduction of the ITSN1 protein in ko stCCV closely resembles the
reduction in Synaptojaninl levels [164]. This suggested that ITSN1 might be the major
regulator of the Synaptojaninl amount in AP2 CCV. This conclusion was verified by
the co-immunoprecipitation experiments of Synaptojaninl and of Endophilin Al with
the anti-ITSN1 antibody [164]. In the solubilized coat protein mixtures of two different
AP2 CCV classes, ITSN1 bound preferentially to Synaptojaninl in a CCV class
specific manner, but not to Endophilin Al [164], [186]. It has been proposed that
ITSN1 coordinates the binding of Synaptohaninl with Endophilin A1, which is based
on the fact that ITSN1 is able to interact with both proteins independent of each other
[186]. However, the co-immunoprecipitation experiments are not in line with such a
scaffolding function of ITSN1 [186]. Collectively, we can conclude that ITSN1
determines the amount of Synaptojaninl incorporated into an AP2 CCV so that it plays
a role in the regulation of the AP2 CCV life cycle [164]. The excessive amount of
AP2/Sgipl complex over ITSN1 can be responsible for the further reduction in the
recruitment of Synaptojaninl below the ITSN1 level in ko stCCV. Sgip1l interacts with
ITSN1 via its SH3A domain [201], like Synaptojaninl [198], and AP2 binds to ITSN1
via its SH3A-SH3B linker domain [199]. The excess amount of the Sgipl/AP2
complex over ITSN1 competes with Synaptojaninl for ITSN1 binding, which further
lower the levels of Synaptojaninl in ko stCCV [164], [186]. Next, it was intended to
investigate why the level of ITSN1 is reduced in ko stCCV. The analysis of several
potential ITSN1 recruiters, selected based on the well-established ITSN1 CCV protein
interactome, showed that only Eps15 levels are differentially regulated between the
two AP2 CCV classes in line with the alteration in the ITSN1 CCV amounts. Eps15
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and its homolog Eps15L1 bind ITSN1 via its coiled-coil domain. Those interactions
restrain the homodimerization of ITSN1, thereby preventing its inactivation [164],
[198], [274]. It is quite interesting that not Eps15L1, but Eps15 determines the ITSN1
AP2 CCV level [164]. Since Epsl5L1 ko mice are lethal and display strong
neurological defects, whereas Eps15 ko mice have no severe neurological phenotypes,
suggesting the compensation of Epsl5 deficiency by its homolog Eps15L1 in the
converging cellular pathways [164], [275]. Numerous phosphorylation and
ubiquitination sites in the less conserved regions of Eps15 and Eps15L1 imply the
regulation of their functions via modifications, which could also alter their
incorporation into an AP2 CCV coat [220], [276]. These modifications may not only
play a role in the regulation of the AP2 CCV life cycle, but also in the selection of
specific AP2 CCV cargo proteins [220], [221], [276]. Eps15 functions as a cargo co-
adaptor CCV protein, so that its level is also dependent on the sorted CCV cargo
protein(s) [275]. It could be also possible that cargo and/or other coat proteins may
impede the recruitment of Eps15 into a CCV or those proteins can efficiently distrupt
the interaction between Epsl5 and ITSN1 [164]. In the light of our results, we
developed a model in which Eps15 regulates the levels of ITSN1 stably bind to a CCV,
which then controls the levels of Synaptojaninl stably incorporated into AP2 CCV
[164], as summarized in Figure 4.1. The proposed model in our study collectively
accounts for the regulation of AP2 CCV lifespan by its co-adaptor proteins and thus
by its cargo proteins [164].
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Figure 4.1. Model for the regulation of Synaptojaninl levels stably incorporated into AP2 CCV.
(A) The alterations in the coat composition and extended life-span of AP2 CCV in wt and AP1/c1B ko
synapses are demonstrated. (B) The protein domain organization and interaction sites of ITSN1 and
Synaptojaninl are depicted. (C) The analysis of Synaptojaninl recruitment into canCCV (left) and
stCCV (right) by its CCV protein interactome is summarized. Eps15 regulates the ITSN1 levels stably
bind to a CCV which then, determines the levels of Synaptojaninl stably incorporated into AP2 CCV.
The competition among Sgipl/AP2 complex and Synaptojaninl for the ITSN1 binding further reduces
the recruitment of Synaptojaninl into stCCV. Proteins written in bold letters represent 100 % wt levels,
in regular letters are reduced down to 50 % wt levels and in italic letters are reduced well-below 50 %
of wt levels in the drawn interaction schemes. The bar-diagrams show the changes in the protein levels
in two AP1/c1B ko AP2 CCV classes relative to wt, given in % per CCV. The figure is adapted from
Mishra, R., Sengiil, G.F. et al. 2021. The figure is reprinted with the permission from Nature Springer,
Scientific Reports open access created common CC BY provided a licence for the unrestricted use of
any part of the manuscript without special permission. The schematic summary diagram figure (model)
is drawn based on the obtained experimental results by R. Mishra, G.F. Sengiil and E. Candiello in the
referred paper [164]. Individual contributions are described in detail for each figure (see Results section
3.1-3.5).
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4.3. Regulation of Hsc70 for clathrin-cage disassembly

Another molecular mechanism which has been found to be responsible for the
stabilization of AP2 CCV coat was a reduction of the uncoating ATPase, Hsc70, in ko
StCCV [85]. Hsc70 levels were reduced down to 50 % of wt levels, although its CCV
co-chaperons auxilinl and auxilin2/GAK were present almost at the wt levels in ko
StCCV [85]. Plenty of Hsc70 proteins, which is present in molar excess over clathrin
in CCV, are required to initiate clathrin-cage disassembly. Hsc70s are positioned under
each clathrin triskelia vertex [142], [143]. The Hsc70:ADP complex is stably
associated with clathrin triskelia [146]. The well-known regulator of the Hsc70 ADP-
ATP cycle is the nucleotide exchange factor (NEF) Hsp110, which replaces ADP for
ATP, inducing the release of Hsc70 from clathrin [142], [143], [146]. As described in
result section 3.7, the Hsp70:Hsp110 ratio in short-lived canCCV is maintained in the
longer-lived stCCV (Figure 3.8). Therefore, Hsp110 most probably does not take part
in the extension of the stCCV life-span. Hsp90 is another CCV chaperon protein and
it works together with Hsc70 in numerous cellular pathways [224], [231] [20-21]. The
analysis of Hsp90 reveals that its level is not changed in ko stCCV as compared to wt
stable CCV (Figure 3.9). Therefore, Hsp90 also appears not to be involved in the
regulation Hsc70 activity in the stabilized AP2 CCV. Next, we hypothesized that the
AP2 CCV class specific phosphorylation patterns of Hsc70 itself and of the two
auxilins might control Hsc70 recruitment. Two major Hsc70-Pi variants in wt-ko AP2
CCV and in wt-ko synapse were separated by phos-tag™ SDS PAGE (Figure 3.10.B
demonstrates the upper, hyper-Pi Hsc70 and the lower, hypo-Pi Hsc70 proteins), but
no such differences were detected for the two auxilins. In wt stable AP2 CCV and in
ko stCCV, an increase in hypo-Pi Hsc70 relative to hyper-Pi Hsc70 proteins compared
to wt and ko canCCV were detected. This implies that hypo-Pi Hsc70 proteins are not
concentrated by their Hsc70 homodimerization in stable, longer-lived AP2 CCV.

The homodimerization of Hsc70 is shown to be inhibited by the formation of
a Hsc70:CaM/Ca?* complex [229]. The phosphorylation of Hsc70 on its T265 residue,
which is located in the central CaM/Ca?* binding domain, hinders the formation of a
Hsc70:CaM/Ca?* complex [229]. The Hsc70 T265 amino acid has been found to be
among the most frequently modified residue of Hsc70 [230]. The pull-down

experiments demonstrated that hypo-Pi Hsc70 proteins in wt stable and ko stCCV can
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bind to CaM/Ca?*, while the hypo-Pi Hsc70 proteins in wt and ko canCCV cannot.
This indicates the important point that hypo-Pi Hsc70 proteins of wt and ko canCCV
are phosphorylated on the T265 residue, whereas hypo-Pi Hsc70 proteins of wt stable
AP2 CCV and ko stCCV are not phosphorylated on T265 residue. This conclusion is
also supported by the fact that hypo-Pi Hsc70 proteins of long-lived CCV migrates
slightly further in the phos-tag™ SDS-PAGE than the hypo-Pi Hsc70 proteins of wt
and ko canCCV. The Hsc70 proteins of canCCV which bind CaM migrate faster than
those bound by CaM/Ca?*. Therefore, the phosphorylation patterns of these Hsc70
proteins of canCCV are complex and reveal the existence of a previously unnoticed
and uncharacterized CaM binding motif(s) in Hsc70. These data strongly suggest that
the reduced levels of Hsc70 in ko stCCV are caused by the inhibition of Hsc70
homodimerization by binding of CaM/Ca?*and most likely also by CaM. The detected
differences in the hypo-Pi/hyper-Pi Hsc70 ratios between wt stable AP2 CCV and ko
StCCV are so small that their involvement in the enhanced stability and extended life-
span of AP2 stCCV might be insignificant. However, a modified Hsc70 is not able to
form a Hsc70 homodimer with an unmodified Hsc70 version (Figure 4.2) [21].
Therefore, the reduction in the Hsc70 CCV level will be two times more than the
modified Hsc70 proteins. It also must be kept in mind that clathrin-cage disassembly
requires the coordinated Hsc70 activity under each clathrin vertex of the cage.
Therefore, even such small differences between the hypo-Pi Hsc70 proteins of wt
stable CCV and ko stCCV can lead to an extension in the CCV life-span.

0 60 _00_
—> —>
Hsc70 (‘J
T265-Pi
B CaM/Ca* canCCV wt stable CCV StCCV

Figure 4.2. Model for the regulation of Hsc70 homodimerization in wt-ko synaptic AP2 CCV. The
cartoon displays CaM/Ca®" and T265-Pi dependent regulation of Hsc70 homodimerization and thus its
concentration in synaptic AP2 CCV.
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Empty clathrin-cages, containing no vesicle inside, are formed spontaneously
in the cytoplasm. This self-assembly property of clathrin triskelia has been shown to
limit the availability of clathrin for the CME cycles, if these clathrin-cages will not be
disassembled by Hsc70 and its co-chaperones auxilinl and auxilin2/GAK [277], [278].
Even though AP1/c1B ko synapses contain wt levels of Hsc70 [85], relatively more
hyper-Pi Hsc70 than hypo-Pi Hsc70 are present in ko synapses compared to wt
synapses. This may be because the activation of CME requires also a stimulation of

the constitutive clathrin-cage disassembly activity of Hsc70 in the cytoplasm.

4.4. CCV kinases in the regulation of CCV coat-stability and CCV lifetime

extension

Our data repeatedly pointed out the necessity to look for alterations in the AP2
CCV class specific association of kinases and phosphatases, which might be linked to
the increase in AP2 CCV stability and thus their life span extension. Furthermore, the
changes in the levels of such enzymes enable prediction of their sequence specificities
for potential substrates. This might also assist in the identification of the Hsc70
residues whose phosphorylation controls the recruitment and activity of Hsc70 in
uncoating CCV. Based on the literature and our previously performed CCV MS
analysis, a total of 12 protein kinases were determined to be studied. The data from
three of these kinases, the AP2 kinases AAK1, auxilin2/GAK and LRRK2 have been
already published by our group [85], [102], [164]. The other nine kinases and two
PP2A phosphatase regulatory domains were investigated in this thesis. Our findings
suggest that the associations of eight of these 12 kinases with AP2 CCV are tightly
regulated. These are AAK1l, CVAK104, DYRKI1A, DCLK1, CaMKII5, SPAK
(STK39)/CAB39, STK38S and STK38L. The levels of DCLK1 and STK38S are two-
fold increased in the pools of both ko AP2 CCV classes and thus a single CCV has wt
levels of these two kinases (Figures 3.14.B and 3.16.A). Even though they apparently
play key roles in the regulation of the two AP2 CME pathways, they are not shown to
be involved in the extension of the AP2 CCV life span. The levels of DYRKI1A,
CaMKI18, SPAK (STK39)/CAB39, and STK38L are specifically decreased in ko
stCCV compared to wt stable AP2 CCV, while they are present at wt canCCV levels

in ko canCCV. These results imply that these kinases stimulate the destabilization of
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AP2 CCV thereby shortening the AP2 CCV half-life. Exclusively the levels of AAK1
are increased in ko stCCV, whereas its recruitment into ko synapse canCCV is
inhibited [85], [102]. CVAK104 levels exhibits a similar pattern as AAK1 levels.
However, the changes in the CVAK104 levels are minimal compared to AAKL.
Overall, our kinase data set suggests that AAK1 is the major kinase, whose activity
directly serves AP2 CCV coat stabilization and AP2 CCV life-span extension [85],
[102].

What could be the CCV protein substrates of DYRK1A, CaMKIIj,
SPAK(STK39)/CAB39 and STK38L? AAKL is characterized as a substrate for
STK38L kinase in another AAK1 dependent pathway [264]. Our data suggest that
CCV STK38L inhibits the activity of AAK1 in AP2 CCV. The CaMKIId and
DYRKZ1A levels are elevated in ko synapses and not in ko cortices compared to the wt
fractions [102]. As just mentioned above, ko synapses contain a larger fraction of
hyper-Pi Hsc70 proteins than wt synapses. This suggest that CaMKI15 and DYRK1A
are of the strongest candidates for the formation of hyper-Pi Hsc70 and the stimulation
of Hsc70 activity for the disassembly of the clathrin-cage. The sequence specificity of
CaMKI16 and of SPAK(STK39)/CAB39 indicate that both are able to phosphorylate
Hsc70 on its T265 residue to prevent inhibition of Hsc70 homodimerization by
CaM/Ca?*. GPS 5.0 kinase-specific phosphorylation site prediction database reported
18 more kinases which are able to phosphorylate Hsc70 on its T265 residue out of the
total of 479 kinases in the database [279]. Therefore, more than one kinase may modify
the Hsc70 activity to ensure the robustness of the regulation. Furthermore, DYRK1A
has been demonstrated to phosphorylate several CCV coat proteins in-vitro, but the
functions of these modifications for the dynamics of the AP2 CCV life-cycle remain
unknown [240], [241]. Even though the levels of PP2A regulatory subunits PPP2R2B
(B55p) and PP2R2C (B55y) were not differentially regulated between two AP2 CCV
classes, their levels in ko stCCV should be synergistic with the reduced activities of

these four kinases.

112



Discussion

4.5. The preferential sorting of specific neuronal cell adhesion proteins by AP2
stCCV

The wt stable CCV and ko stCCV correspond to 15 % of the total synaptic AP2
CCV pools in wt and AP1/c1B ko brains, which due to the small pool sizes, one may
consider being irrelevant for synaptic function and plasticity. Therefore, an important
point that needs to be addressed is what could be the physiological function(s) of these
longer-lived AP2 CCV? In order to answer this question, stCCV specific cargo
protein(s) should be identified first. Secondly, the physiological consequences of the
altered trafficking of these cargo protein(s) should be further investigated, which
would of cause be limited by the current knowledge of their functions. My
predecessors have identified the AZ scaffolding protein, Gitl and AP2 CCV co-
adaptor protein, Stonin2 as being cargo proteins of AP2 CCV [85]. Both of these
proteins form a ring around the AZ [187], [265]. Therefore, it is very likely that the
stimulated endocytosis and transport of Gitl and Stonin2 via stCCV play a role in AZ
plasticity [85], [164], [265]. However, Gitl is a scaffolding protein functioning in
numerous signal transduction pathways [187], [265]. Moreover, the specific sorting
of Gitl by AP2 CCV may alter its functions in remodeling of focal adhesions, dendritic
spine morphogenesis and synapse formation [187], [265], [280], [281]. Indeed, two
new AP2 stCCV-specific cargo proteins, namely CHL1 and Neurocan, which belong
to the neuronal cell adhesion molecule (NCAM) superfamily, were identified in the
current study.

Leshchyns'ka et al. 2006 proposed that CHL1 regulates the amounts of Hsc70
in synapses and as well as in synaptic CCVs [222]. The comparison of CHL1 and
Hsc70 levels in wt and ko synapses and its content in wt-ko synaptic AP2 CCV are not
in line with the model proposed by Leshchyns'ka et al. 2006 [222]. The CHL1
AP1/51B ko synapse level is increased relative to the wt, but Hsc70 is present at the
wt level in ko synapses. Moreover, CHL1 is enriched in stCCV of AP1/c1B ko
synapses, while their Hsc70 content is reduced down to 50% of wt levels. Therefore,
it can be concluded that CHL1 is not involved in the regulation of the AP2 CCV life
cycle. However, we wondered whether stCCV are specialized for the sorting of
NCAMs due to the enrichment of CHL1 in stCCV.

113



Discussion

Besides CHL1, vertebrates also express three other members of the 1g-family
NCAM proteins namely, NCAM1, NrCAM and SynCAML. These are not enriched in
the ko stCCV (Figures 3.17). Moreover, CSPG NCAM protein PTPRZ1 is not
increased in stCCV, but the CSPG Neurocan is also enriched in ko stCCV, just like
CHL1 (Figure 3.7-3.18). Although the endocytosis of other NCAMs is not stimulated,
they all exhibit a preference for their sorting via stCCV. The only exception is
SynCAM, which is preferentially sorted by canCCV. SynCAM is able to direct
synapse formation in non-neuronal cells and is thus a master regulator of
synaptogenesis [267]. It enhances synapse stability and strength, while other Ig-
NCAM nproteins restrict synapse formation and stability [282]. These novel data
corroborate our previously proposed function of long-lived AP2 CCV in synaptic
plasticity [85].

CHL1 and the I1g-NCAM family members NrCAM, NCAM-L1 and
Neurofacsin form numerous complexes with integrins, receptors and ion channels. The
formation of such complexes induces the recruitment of ankyrins to anchor these
proteins to the actin cytoskeleton [283]-[287]. CHL deficient mice cannot immobilize
many PM proteins, and thus they are endocytosed constitutively by AP2 CCV and
recycled repeatedly between the PM and endosomes [284]. Therefore, the
accumulation of AP2 CCV in CHL1 ko synapses is most likely a secondary phenotype
of CHL1 deficiency [222].

It is interesting that the endocytosis of CHL1 and Neurocan via ko stCCV is
stimulated. Neurocan inhibits homodimerization of CHL1 and thus, its inactivation
[288]. This relation can explain the correlative increase in their stCCV levels.
Neurocan also regulates NrCAM and NCAML1 in the same manner. Therefore, the
interdependent regulations of NCAMSs can remodel the dendritic spine and modify the
synaptic activity and functioning [288], [289]. The specific enrichment of just CHL1
and Neurocan in stCCV strengthens our model that stCCV-mediated sorting fulfills
particular functions in synaptic plasticity [85].

What might be the specific functions of Neurocan and CHL1 proteins
transported by stCCV? CHLL1 is the only member of the L1 family of Ig-class NCAMSs
which exclusively forms cis homo- and heterodimers. The key function of CHL1 is to
organize the distribution of proteins at the presynaptic PM [266], [290], [291]. The
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loss of CHL1 function is associated with 3p-deletion syndrome, which is caused by a
chromosomal truncation, a disease characterized by intellectual disability,
developmental delay in motor skills, autism and schizophrenia [292], [293].
Importantly, parents who carry the mutated CHL1 gene may not develop the disease
symptoms, but their children can have intellectual disabilities due to mutations in
CHL1 gene locus [294]. CHL heterozygous mice also exhibit variable phenotypes
[293]. The variability in the disease phenotype penetrance could be due to the
differences in the levels of CHL1 expression among mice and/or the compensation of
CHL1 function through the other cell adhesion proteins [293], [294]. The functional
redundancies among the NCAMs stipulated even the generation of quadruple
knockouts mice, which showed only mild alterations in synaptic transmission [295]—
[297]. Therefore, it is quite difficult to develop a model for the functional
consequences of specialized CHL1 sorting via the AP2 stCCV pathway. The
transportation of CHL1 and Neurocan via longer-lived stCCV would enable their
transport to the sites distal from their site of endocytosis. This would allow their
incorporation into different pre-synaptic PM domains. In addition, the endocytosis of
these proteins within the pro-longed stCCV could lead to relatively slow recycling of
these cargos between PM and EE. So, there would be inevitable delay in the activation
or inhibition of signaling pathways which require these proteins [102]. It could be also
possible that stCCV protect these proteins from being degraded. The endolysosomal
degredation of SV proteins were upregulated in AP1/c1B ko synapses [102]. EEs
mature into MVB endosomal compartments where some cargo proteins are destined
for their degradation. The transportantion of these cargo proteins within the stabilized
AP2 CCV may prevent their fusion with EE so that those proteins would not be
conveyed to endolysososmes for their degredation. The higher levels of CHL1 and
Neurocan in AP1/c1B ko synapses as compared to their wt levels strongly suggest that
the transportation of these cargo proteins within the stCCV prevents their degradation
[102]. Collectively, all these modifications can rearrange the cell-to-cell and cell-to-
ECM interactions of AP1/c1B ko synapses, which can be suggested as a mechanism
of synaptic plasticity suppressing the memory and learning deficiencies caused by the
absence of AP1/c1B complex [100], [298]-[300].
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The improvements in microscopic technologies and computational power
allowed scientists to visualize the dynamics of CME, that are CCP growth, and CCV
formation and CCV life time [301]. However, determining the life time of CCV would
require to follow a given CCV along its way from the PM into the cell and through the
cytoplasm. This is technically challenging as it would require automatic tracking of a
single CCV by the microscope [302]. Therefore, we do not have in-vivo life span
measurements of CCV [164]. Moreover, to follow specific AP2 CCV classes enriched
in certain cargos and those AP2 CCV with an extended life span requires their specific
labelling to discriminate them from the canCCV. The fact that these represent the
minority of CCV, 15% in the case of longer lived AP2 CCV, makes a microscopic
approach even more challenging, if not impossible. Even though we determined the
differences between the coat composition of wt and ko canCCV and between wt stable
and ko stCCV in our study, the data do not point to biomarker protein(s) suitable to
differentiate the AP2 CCV classes. Those proteins only differ in their levels; moreover,
none of them is unique for a given CCV class. For example, the significant reduction
in the levels of Synaptojaninl makes it a candidate to differentiate between the two
AP2 CCV classes in ko synapses [85], [164]. However, the immunoreactivity of the
antibody on the brain slices must be validated first. If the previously obtained
biochemical results are confirmed, then it can be used to differentially label and
analyze these two AP2 CCV. Alternatively, a fluorescently tagged Synaptojaninl
could be expressed. However, it is questionable whether the differences in its
incorporation levels in stCCV would allow to identify stCCV and canCCV
unequivocally. Therefore, future studies should identify additional differences in CCV
coat protein compositions that enable the microscopic analysis of CCV class-specific
life times and transport functions.

Which mechanisms decide whether an AP2 canCCV or an AP2 stable CCV or
StCCV is being formed? The lipid and protein composition of PM micro domains can
determine the type of AP2 CCV being formed by coordinating the association of the
regulatory proteins, e.g., the kinases, with AP2 CCV [270], [303]. AP2 CME does not
take place randomly. For instance, AP2 CME is stimulated at specific PM domains in
the axonal growth cone, whereas it can be suppressed in other regions of PM at the

tips of growing axons [304]. Finally, AP2 CCV coat and/or cargo proteins might also
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regulate the recruitment of kinases and/or phosphatases into a CCV. Even though this
study investigates the regulation of AP2 CME pathways exclusively in synapses, the
comparable pathways can also exist in other tissues and cell types because these
enzymes and proteins are not solely expressed in neurons. However, detecting such
specialized AP2 CME pathways could be more difficult in other tissues due to their

lower activation as compared to synapses.
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CHAPTER 5

5. CONCLUSIONS AND PERSPECTIVES

Three molecular mechanisms that regulate AP2 CCV coat stabilization and
life-span extension were identified and two of them have been studied in this PhD
thesis. Firstly, we analyzed the molecular mechanism that determines the AP2 CCV
levels of Synaptojaninl. It has been indicated by previous publications that
Synaptojaninl is recruited to the neck of budding CCV via Endophilin Al right before
the membrane scission [162], [163]. However, the changes in the levels of Endophilin
Al in AP1/c1B ko AP2 CCV relative to their wt counterparts indicated that
Endophilin Al is not involved in the regulation of Synaptojaninl AP2 CCV levels
[164]. However, phosphorylation of Endophilin A1 BAR domain by LRRK2 is
expected to switch the mode of Endophilin Al recruitment from the membrane binding
to protein binding. Its interaction with different CCV proteins would reduce its ability
to recruit Synaptojaninl [165]. Nevertheless, the LRRK2 CCV levels as well as its
kinase activity are not regulated in a CCV class specific manner and thus we conclude
that Endophilin A1 does not regulate Synaptojaninl CCV levels [164]. Next,
distributions of additional CCV proteins belonging to the Synaptojaninl CCV
interactome were compared between wt and AP1/c1B ko synaptic AP2 CCV. Based
on our results, ITSN1 is indicated as being the major regulator of Synaptojaninl AP2
CCV levels. Moreover, it is also indicated that excessive Sgipl/AP2 complexes over
ITSN1 can efficiently impede Synaptojaninl binding to ITSN1, which causes a further
reduction in Synaptojaninl stCCV levels. Furthermore, Eps15 determines the levels
of ITSN1 stably incorporated into AP2 CCV. Interestingly, its homolog Eps15L1,
which apparently can substitute Eps15 functions in several pathways, does not play a
role in the extension of the AP2 CCV half-life. Additionally, the fact that a reduction
in the level of Pacsinl in stCCV is compensated via its higher activation demonstrates

the tight regulation of stCCV formation. We published these data and proposed a
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model for the regulation of Synaptojaninl AP2 CCV levels by coat and cargo proteins
in Mishra et al. 2021 with myself as a second co-author [164].

| continued with the analysis of another molecular mechanism contributing to
the increased stability and thus extended lifetime of stCCV, the regulation of Hsc70
activity in clathrin-cage disassembly. Numerous Hsc70 proteins are required for
clathrin-cage disassembly, because Hsc70 proteins have to be simultaneously active
under each of the vertices of the clathrin-cage [142]. Therefore, the 50% lower Hsc70
levels in ko stCCV will result in enhanced CCV coat stabilization and CCV life time
extension [85], [102]. None of the CCV proteins known to regulate Hsc70 activity,
like its co-chaperons, auxilinl and GAK/auxilin2 [85], [102] and its NEF Hsp110 and
its co-worker Hsp90, appears to be responsible for the reduction in Hsc70 association
with stCCV. Therefore, | focused on Hsc70 itself and searched for CCV class specific
Hsc70 phosphorylation patterns(s), which might regulate its levels and uncoating
activity in AP2 CCV. This analysis revealed the association of hyper-Pi and hypo-Pi
Hsc70 proteins in wt and ko synaptic AP2 CCV. Both, wt stable CCV and ko stCCV
contain more hypo-phosphorylated Hsc70 proteins than wt and ko short lived canCCV.
The hypo-Pi Hsc70 proteins present in stCCV cannot homodimerize and cannot
concentrate Hsc70 proteins, because their dimerization is inhibited by the formation
of Hsc70-CaM/Ca?* and most likely also by Hsc70-CaM complexes. These Hsc70
CaM/Ca?* and CaM binding specifities are controlled by the unique phosphorylation
pattern of these Hsc70 proteins. Regulation of Hsc70 and of Pacsinl activities via
phosphorylation and the stimulation of AAK1 Kkinase activity stipulated the
involvement of kinases and phosphatases in AP2 CCV life cycle regulation. Of all 12
kinases analyzed, only the amounts of DYRK1A, CaMK-II5, STK38L and
STK39/CAB39 are specifically reduced in ko stCCV suggesting these kinases take
role in the destabilization of AP2 CCV thereby shortening their life span. Even though
the PP2A phosphatase regulatory subunit PPP2R2B (B55p) and PP2R2B (B55y) levels
are not differentially regulated between two AP2 CCV pools, their ko stCCV levels
possibly support low phosphorylation levels of the substrates of these four kinases.
The analysis of all investigated kinases revealed that only the AAK1 level and its
kinase activity were specifically elevated in ko stCCV. Therefore, AAK1 appears to
be the master kinase in the regulation of the AP2 CCV life cycle [85], [102].
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An important question is remained to be answered is about the functions of the
AP2 stCCV pathway in synaptic plasticity. Previously, the AZ scaffolding protein Gitl
and its CCV co-adaptor protein Stonin2 had been identified as specific cargo proteins
of AP2 CCV [85]. I identified the 1g-NCAM family member CHL1 and the CSPG
NCAM family member Neurocan as novel specific cargo proteins of ko AP2 stCCV,
while the transport other NCAMSs via this specialized pathway is not stimulated.
Overall, through these new findings the functional association of AP2 stCCV with
synaptic plasticity is fortified. In conclusion, we have successfully clarified the
involvement of two molecular mechanisms for the regulation of AP2 CCV life cycle
and suggested the functional relation of this specialized AP2 CME pathway in the
synaptic plasticity.

Even though we obtained data which explain the reduced recruitment of the
Synaptojaninl phosphatase and of the Hsc70 uncoating ATPase into stCCV, there are
still open questions to be answered. In the model for Synaptojaninl regulation, the
reasons for the specificity of Eps15 in the recruitment of ITSN1 have to be studied. In
our model about the Hsc70 regulation, (Section 3.8) in-vitro and in-vivo assays have
to be established to determine the phosphorylated residues in Hsc70, which are
responsible for the regulation of the AP2 CCV life-cycle.

The second molecular mechanism is the hyperactivation of stable AP2
membrane binding by AAKL phosphorylation. My predecessors in this project
identified an inhibition of AAK1 recruitment in ko canCCV and a stimulation of
AAK1 recruitment into the stCCV, accompanied with an increase in its catalytic
activity towards the AP2 u2-adaptin [85], [102]. They also found CCV class specific
Pi patterns of AAK1 (unpublished data, P. Schu). These specific changes are expected
to regulate AAK1 recruitment and activity. Therefore, wt and AAK1 mutants have to
be expressed in E.coli to perform in-vitro kinase assays. Afterwards, the expression of
AAK1 mutants in cells should clarify their functions in AP2 CCV stabilization and in
life-cycle regulation. Furthermore, it has to be tested whether one or more of the CCV
class specific regulated kinases identified in this study take part in the regulation of
AAKL.

Finally, the analysis of AP2 CME pathway functions should be supported by a

more detailed characterization of the cargo proteins enriched in stCCV. Since the CCV
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coat-proteins are numerous and present in high copy numbers, a proteome analysis by
a quantitative MS of uncoated, stripped AP2 CCV should be screened. The obtained
results might enable the identification of additional stCCV enriched cargo proteins.
All these suggested experiments will definitely extend our knowledge about
the novel functions and regulatory mechanisms of AP2 CME pathways. Overall, they
will not only contribute to the better comprehension of protein sorting functions and
mechanisms in neurons and neuronal cell types, but also in cell types of other tissues.
Ultimately, these data will lay the basis for the treatment of diseases caused by altered

protein sorting in endocytic routes.
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