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1 Abstract

Clathrin is a unique scaffold protein, which forms polyhedral cages at the plasma membrane.
Adaptor proteins recruit clathrin to the plasma membrane where the triskelion-shaped clathrin
units interact with each other and assemble into flat and curved lattices. The function of the
curved clathrin-coated pits in forming clathrin-coated vesicles via dynamin-dependent scission
during endocytosis is well studied. On the contrary, the role of the flat hexagonal clathrin arrays

remains ambiguous and has been a controversial topic for decades.

In this PhD thesis, we used different microscopic techniques (live-cell confocal microscopy,
stimulated emission depletion nanoscopy, transmission electron microscopy, correlative light
and electron microscopy) combined with mathematical modelling or micrometre-scale
manipulation of substrates to unravel the role of flat clathrin lattices during two cellular

processes: 1) Endocytosis and 2) Cell migration.

1) We describe a novel clathrin-coated pit formation mechanism in which clathrin arrays first
assemble as flat clathrin-coated structures until they reach around 70% of the final clathrin
content. At that point a change in the adaptor/clathrin ratio marks the conversion from a flat to
curved lattice and further addition of clathrin triskelia leads to the creation of a complete and
invaginated clathrin-coated pit. We could show that the flat-to-curved transition of the clathrin
coats is sensitive to the biophysical properties of plasma membrane and can be block by

elevated plasma membrane tension.

2) We found a so far undescribed spatial relation between disassembling focal adhesions and
newly forming larger flat clathrin lattices, called clathrin-coated plaques, during cell migration.
We demonstrated that clathrin-coated plaques containing the extracellular matrix receptors
integrins are generated at topographical cues of remodelled extracellular matrix and regulate

cell migration as novel adhesive unit.

These specific functions put a new focus on the poorly understood flat clathrin coats and

highlight the multiple cellular applicability of clathrin arrays.




Zusammenfassung

Clathrin ist ein einzigartiges Gerustprotein, welches polyedrische Kafige an der
Plasmamembran bildet. Adapterproteine rekrutieren Clathrin zur Plasmamembran wo die
dreibeinigen Clathrin-Bausteine miteinander interagieren und sich zu flachen und
eingekrummten Gittern aneinanderlagern. Die Funktion der gekrUimmten clathrin-coated pits
wahrend der Endozytose zur Bildung von clathrin-coated vesicles mittels Dynamin-abhangiger
Abschnirung ist gut erforscht. Hingegen bleibt die Rolle der flachen hexagonalen Clathrin-

Strukturen noch unklar und ist seit Jahrzehnten ein kontroverses Thema.

In dieser Doktorarbeit benutzten wir unterschiedliche mikroskopische Methoden (konfokale
Lebendzell-Mikroskopie, stimulated emission depletion nanoscopy, Transmissionselektronen-
mikroskopie, korrelative Licht- und Elektronenmikroskopie) in Kombination mit mathematischen
Modellierungen und Manipulation von Substraten im Mikrometerbereich um die Aufgabe von
flachen Clathrin-Gittern in zwei zellularen Prozessen aufzudecken: 1) Endozytose und 2)

Zellmigration.

1) Wir beschreiben einen neuen Entstehungsmechanismus flr clathrin-coated pits, in welchem
sich Clathrin zunachst zu flachen Strukturen zusammenlagert bis diese ungefahr 70% der
endgultigen Clathrin-Trimeren enthalten. An diesem Punkt wird die Umwandlung von einem
flachen zu einem gekrimmten Gitter durch eine Anderung im Adapter/Clathrin-Verhaltnis
angezeigt und die weitere Anlagerung von Clathrin-Triskelia fuhrt zur Bildung eines fertigen und

eingestulpten clathrin-coated pit.

2) Wir entdeckten einen bislang unbeschriebenen rdumlichen Zusammenhang zwischen dem
Abbau von Fokalen Adhasionen und der Entstehung von gréReren flachen Clathrin-Gittern, den
so genannten clathrin-coated plaques, wahrend der Zellmigration. Wir wiesen nach, dass
clathrin-coated plaques, welche Integrine (Rezeptoren flir die extrazelluldre Matrix) enthalten,
an topografischen Markierungen von umorganisierter extrazellularer Matrix gebildet werden und

als neuartiges Anheftungselement die Zellmigration regulieren.

Diese spezifischen Funktionen setzen einen neuen Schwerpunkt auf die kaum verstandenen
flachen Clathrin-Strukturen und zeigen die vielfaltige zellulare Einsetzbarkeit von Clathrin-

Gittern auf.
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2 Introduction

2.1 Clathrin-mediated endocytosis (CME)

2.1.1 Endocytosis: Different internalization routes to the endosomal pathway

The lipid bilayer of the plasma membrane (PM) surrounding cells separates the cytoplasma
from the extracellular space. This barrier is necessary to generate a compartmentalized
intracellular milieu where enzymatically catalysed chemical reactions take place. While small
molecules (e.g. O,, N,, CO,, and ethanol) can pass the PM by diffusion, cells had to develop
different uptake mechanisms for larger and charged molecules that cannot pass the lipid bilayer.
Passive and active transport of molecules over the PM is facilitated by transmembrane proteins,
which serve as channels or transporters within the lipid bilayer (Yang and Hinner, 2015). Other
molecules can be internalized by engulfment and further trafficking of PM-derived vesicles to the
endosomal pathway (Doherty and McMahon, 2009). Such uptake pathways are commonly
referred to endocytosis (Doherty and McMahon, 2009).

The mechanisms by which cells manage to form these endocytic vesicles can be separated in
dynamin-dependent or -independent pathways according to their mechanism of membrane
scission (Fig.2.1). Dynamin, a large GTPase, can mediate fission of vesicles from the PM by
polymerizing around the neck of invaginated PM parts (Ferguson and De Camilli, 2012). In
contrast, dynamin-independent endocytic pathways are often facilitated by actin polymerization,
which helps to generate endocytic carriers of different size (Ferreira and Boucrot, 2017). For
example, phagocytosis (Freeman and Grinstein, 2014; Gordon, 2016) and macropinocytosis
(Mercer and Helenius, 2012; Marques, Grinstein and Freeman, 2017) are used to engulf large
PM parts for the uptake of large particles and fluid, respectively. Other dynamin-independent
uptake pathways like clathrin-independent carrier (CLIC)/glycosylphosphatidylinositol-anchored
protein enriched early endosomal compartment (GEEC)-type endocytosis (Sabharanjak et al.,
2002; Kirkham et al., 2005; Lundmark et al., 2008), flotillin- (Glebov, Bright and Nichols, 2005)
or Arf6-dependent endocytosis (Naslavsky, Weigert and Donaldson, 2004) are associated with
smaller vesicular or tubular invaginations for specific cargo uptake. During dynamin-dependent
endocytosis like clathrin-mediated endocytosis (CME) (McMahon and Boucrot, 2011), caveolae-
dependent endocytosis (Parton and del Pozo, 2013; Cheng and Nichols, 2016), interleukin-2
receptor B (IL-2RB) pathway (Lamaze et al., 2001; Sauvonnet, Dujeancourt and Dautry-Varsat,




Dynamin-independent Dynamin-dependent

Phagocytosis ) ) CLIC/GEEC o Arfé Caveolae Clathrin
Macropinocytosis Flotillin IL-2RB FEME

extracellular

= = _ fm"l
€ ]
o
= Dynamin
. intracellular
~  Clathrin

Figure 2.1: Different endocytic pathways. Schematic illustration of vesicle formation at the PM via dynamin-
dependent and -independent mechanisms. Colour code: Actin (orange), dynamin (red), clathrin (black).

2005; Basquin et al., 2015), and fast endophilin-mediated endocytosis (FEME) (Boucrot et al.,
2014), small pits (<200nm in diameter) are formed at the PM.

Classically, endocytic routes are also separated in clathrin-dependent and -independent. While
CME is a well-studied process, other endocytic pathways are less understood and even
controversially discussed. Some of the so far described endocytic pathways might not work
autonomous but only in combination with other uptake pathways (e.g. flotillin (Amaddii et al.,
2012; Sorkina, Caltagarone and Sorkin, 2013)) or might even not contribute to endocytosis at all
(e.g. caveolae (Parton and del Pozo, 2013; Cheng and Nichols, 2016)). Although it is clear that
clathrin-independent endocytosis includes regulated uptake mechanisms for special cargo,
clathrin-dependent endocytosis is considered the most important constitutive and regulated
uptake pathway for a broad variety of cargo proteins and receptors (Bitsikas, Corréa and
Nichols, 2014).

2.1.2 The clathrin triskelion

Endocytic clathrin-dependent vesicles are formed by a complex scaffolding coat consisting of
multiple clathrin-associated proteins and clathrin molecules themselves. Together, they
assemble at precise PM sites and drive the formation of clathrin-coated pits (CCPs) by complex
mechanisms, which ultimately lead to the generation and stabilization of PM invaginations and

dynamin-driven release of vesicles into the cytosol.

The building block of the clathrin-dependent uptake pathway is the clathrin triskelion, which is
composed of three clathrin heavy chains (CHCs) and three clathrin light chains (CLCs)
(Kirchhausen and Harrison, 1981; Ungewickell and Branton, 1981) (Fig.2.2a). There are two
human isoforms of CHC. The ubiquitously expressed CHC17, and the CHC22, mostly
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expressed in muscle and fat tissue, which show 85% amino acid similarity (Liu et al., 2001;
Wakeham et al.,, 2005). While CHC17 is involved in CME as well as other intracellular
processes, CHC22 has been shown to be important in muscle cells and fat cells in which it
specifically mediates the intracellular traffic of glucose transporter type 4 (GLUT4) from its
storage compartments to the PM (Vassilopoulos et al., 2009; Dannhauser et al., 2017). Since
this PhD thesis focuses on the process of CME, this work only relates to CHC17 and this heavy
chain will be referred to as CHC. For CLC, two human isoforms have been described, CLCa
and CLCb, with 60% amino acid identity (Wakeham et al., 2005). Both of these light chains
associate with CHC17 but not with CHC22 (Liu et al., 2001; Towler et al., 2004). Although
general CME is not affected by depletion of CLCs (Huang et al., 2004; Poupon et al., 2008),
internalization of specific cargo (i.e. G-protein coupled receptors (GPCRs)) (Ferreira et al.,
2012), recruitment of proteins involved in actin polymerization to clathrin-coated structures
(CCSs) (Chen and Brodsky, 2005), intracellular trafficking of mannose-6 phosphate receptor
(Poupon et al., 2008) as well as trafficking processes regulating cell migration (Majeed et al.,
2014; Chen et al., 2017) have been linked to CLCs.

Within a clathrin triskelion, each CHC represents one leg with three domains: A globular
terminal domain at the N-terminus, a bent distal segment, and a proximal region close to the
tripod region (also called vertex), where CHCs trimerize (Kirchhausen and Harrison, 1984; Fotin
et al., 2004) (Fig.2.2a). CLCs associate with the proximal segment of CHCs via their ordered
central a-helical domain (Ungewickell, 1983; Chen et al., 2002). The unique geometry of clathrin
triskelia enables them to assemble into polyhedral cages by interacting with their proximal and
distal segments (Smith, Grigorieff and Pearse, 1998; Musacchio et al., 1999) (Fig.2.2b). In such
a lattice, one CHC leg from a triskelion runs from its own tripod region along two vertices of
neighbouring triskelia. While the proximal and distal segments are facing outwards on such a

Figure 2.2: The clathrin triskelion as the

N Distal

segment j"-?".'

unit of clathrin scaffolds. (a) Structure of a

knee/ & - b)) clathrin triskelion built up by three CHCs and
ight chain P )
pmx.ma\% Tem""al 4 ‘f ’ three CLCs. Distinct domains of CHC are
cogmant \R domain ‘\
_._T,,pod #(\;\\\ labelled. CLCs are represented by the
i Jg” \ ordered a-helical segments. (b) Packaging of
% = f-"‘; »~ clathrin triskelia into a polyhedral basket. One

triskelion is highlighted in blue. Three vertices

are marked by the centre of the blue

triskelion and the green and orange dot.
lllustrations were taken from Xing et al
(2010).




cage, the terminal domain turns inwards to be able to interact with proteins between the clathrin
coat and the PM (Kirchhausen and Harrison, 1984; ter Haar et al., 1998). For that purpose,
there are different protein binding sites at the N-terminus of CHC that can interact with specific
motifs of clathrin adaptors (e.g. clathrin-box motifs (LOX®P[D/E]; ®: bulky hydrophobic amino
acid) of adaptor protein 1,2, and 3 (AP1, AP2, and AP3), B-arrestin, amphiphysin, AP180, and
epsin (ter Haar, Harrison and Kirchhausen, 2000) and W-box motifs (PWXXW, X: any amino
acid) of amphiphysin and sorting nexin 9 (SNX9) (Ramjaun and McPherson, 1998; Miele et al.,
2004)).

Besides its function during CME at the PM, clathrin has been described to be involved in other
processes. The proposed functions of larger flat clathrin lattice at the PM in signalling and cell
adhesion will be introduced in paragraph 2.2.3. CCSs have been observed at intracellular
membranes of the trans-Golgi network (TGN) (Mogelsvang et al., 2004; Klumperman, 2011),
endosomes (Raiborg et al., 2002; Bonifacino and Rojas, 2006; Johannes and Popoff, 2008;
Shields and Piper, 2011) as well as multivesicular bodies (Hurley and Hanson, 2010; Henne,
Buchkovich and Emr, 2011), where they act in cargo sorting and intracellular traffic routes. Apart
from these functions at membranes, clathrin is involved in regulatory processes during cell
division. During mitosis, clathrin localizes to the mitotic spindle (Okamoto, McKinney and Jeng,
2000; Royle, Bright and Lagnado, 2005; Booth et al., 2011). As a part of the transforming acidic
coiled protein 3 (TACC3)/colonic hepatic tumour overexpressed gene (ch-TOG)/clathrin
complex, clathrin helps crosslinks and stabilizes microtubular kinetochor fibres to regulate the
segregation of chromosomes (Booth et al., 2011; Royle, 2012). A separate clathrin pool at the
spindle pole is important for to reassembly of fragmented mitotic Golgi clusters after mitosis
(Radulescu, Siddhanta and Shields, 2007; Radulescu and Shields, 2012).

2.1.3 The molecular mechanism of CME

The process of CME involves a coordinated recruitment and assembly of numerous proteins. It
can be separated into four different steps: 1) Nucleation, 2) CCP assembly, 3) scission, and 4)
uncoating (Fig.2.3). Each step is characterized by the recruitment of different, often specific,
clathrin-accessory proteins involved in regulating various molecular and ultrastructural steps of
CME. While some steps are tightly linked to one crucial protein (e.g. scission and dynamin
(Ferguson and De Camilli, 2012)), other functions are shared between several proteins (e.g.
function in coupling of the clathrin coat to the actin cytoskeleton is mediated by the three epsin

proteins (Messa et al., 2014) or membrane-remodelling at early stages of CME is mediated by
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Figure 2.3: Steps of CME. Schematic illustration of the four steps during CME. The sequence of nucleation (1),
CCP assembly (2), scission (3), and uncoating (4) with key proteins as well as PIP levels during each step are
shown. Colour code: Clathrin (black), PM (grey), receptor (blue), ligand (turquois), nucleators (orange), clathrin
adaptors (green), and dynamin (red).

Fer/Cip4 homology domain-only (Fcho) proteins and epidermal growth factor substrate 15
(EPS15) (Wang et al., 2016)).

During the initial nucleation step of CME, the clathrin adaptor AP2 needs to be recruited to
specific PM parts to drive clathrin recruitment and assembly (Collins et al., 2002). AP2 can bind
to the PM by interacting with transmembrane cargo proteins and phosphoinositides (Pls) (Ohno
et al., 1995; Collins et al., 2002; Honing et al., 2005). By the help of early clathrin nucleators
(like Fcho1/2 and EPS15/R), AP2 gets into its open conformation and can bind to specific motifs
on cargo proteins (i.e. tyrosine-based motifs (YXX®) (Collawn et al., 1990; Jadot et al., 1992)
and dileucine-based motifs ([DEJXXXL[LI]) (Letourneur and Klausner, 1992; Pond et al., 1995))
and phosphatidylinositol 4,5-bisphosphate (PI1(4,5)P,) (Henne et al., 2010; Umasankar et al.,
2014; Ma et al., 2016). Other clathrin adaptors can help to recruit certain cargo to CCS
assembly sites (e.g. the alternative clathrin adaptors disabled homolog 2 (Dab2), Numb, and
autosomal recessive hypercholesterolemia (ARH) protein, which bind to NPXY-signals of the
low-density lipoprotein receptor (LDLR) and the B integrin subunit) (Sorkin, 2004; Traub, 2009;
Reider and Wendland, 2011). Subsequently, clathrin is recruited to the PM by interacting with
AP2 and other adaptors mainly via its terminal domain (ter Haar, Harrison and Kirchhausen,
2000; Reider and Wendland, 2011; Traub and Bonifacino, 2013; Kelly et al., 2014).

Additional clathrin triskelia and numerous accessory proteins are recruited to the assembling
CCP and drive the formation and scission of CCV from the PM through very complex
coordinated actions (McMahon and Boucrot, 2011; Taylor, Perrais and Merrifield, 2011). During
the assembly of clathrin into polyhedral cages, other proteins help to build and form the soccer
ball shaped CCPs. For example, BIN/Amphiphysin/Rsv (BAR)-proteins like amphiphysin,




SNX9, and endophilin play a role in membrane bending and dynamin recruitment (Qualmann,
Koch and Kessels, 2011; Daumke, Roux and Haucke, 2014). Actin nucleation proteins like
huntingtin interacting protein 1 related (HIP1R) and cortactin recruit the actin polymerization
machinery to CCSs (Kaksonen, Toret and Drubin, 2006). Kinases like AP2 associated kinase 1
(AAK1) (Conner and Schmid, 2002; Ricotta et al., 2002), coated-vesicle-associated kinase of
104 kDa (CVAK104) (Conner and Schmid, 2005), and dual specificity tyrosine-phosphorylation-
regulated kinase 1A (DYRK1A) (Murakami et al., 2012) phosphorylate and thereby regulate the
functions and activation status of different proteins within the clathrin coat. Beside the
orchestrated recruitment of proteins, the conversion and turnover of Pls is crucial and is
regulated by Pl-kinases and -phosphatases during CCP formation (Posor, Eichhorn-Griinig and
Haucke, 2015) (Fig.2.3). The initial PI(4,5)P, involved in adaptor accumulation (Boucrot et al.,
2006; Antonescu et al., 2011) is turned over by PI-5’-phosphatases, for example synaptojanin
(Chang-lleto et al., 2011), Src homology 2 (SH2)-containing tyrosine phosphatase-1 (SHIP)
(Nakatsu et al.,, 2010), and oculocerebrorenal syndrome of Lowe (OCRL) (Erdmann et al.,
2007). The concomitant generation of phosphatidylinositol 3,4-bisphosphate (PI(3,4)P,) by the
PI-3’-kinase PI3K-C2a is involved in SNX9 recruitment (Posor et al., 2013; Schoneberg et al.,
2017). While the dynamic sequence of protein recruitment can be followed with live-cell
microscopy, the ultrastructural changes of the clathrin coat during CCP formation only visible in
EM is technically difficult to address. The topic of ultrastructural changes of the clathrin coat

during CCP formation will be introduced in paragraph 2.2.1.

For scission, the neck of CCPs needs to be constricted by membrane bending proteins like
SNX9 or endophilin (Gallop et al., 2006; Ferguson et al., 2009; Schéneberg et al., 2017).
Afterwards dynamin can be recruited and assembles in a ring-link structure around the
constricted PM neck (Reubold et al., 2015). By the use of GTP-hydrolysis, dynamin mediates
the final fission process (Sweitzer and Hinshaw, 1998; Stowell et al., 1999). Although actin is
generally not necessary for CCV formation in mammalian (Fujimoto et al., 2000; Boucrot et al.,
2006), under certain conditions (for example elevated plasma membrane tension (PMT)
(Boulant et al., 2011) or big cargo proteins (Cureton et al., 2010)) actin polymerization facilitates

membrane invagination and scission.

The clathrin scaffold around CCV needs to be uncoated to allow vesicle trafficking to the
endosomal pathway. The chaperon heat shock cognate 71kDa protein (Hsc70) (Schlossman et
al., 1984; Rothman and Schmid, 1986) together with its co-chaperone G-associated kinase
(GAK) (Greener et al., 2000; Umeda, Meyerholz and Ungewickell, 2000) or auxilin (Ungewickell
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et al., 1995; Xing et al., 2010) help to disassemble the clathrin coat rapidly after CCV formation
(Ehrlich et al., 2004; Merrifield, Perrais and Zenisek, 2005; Massol et al., 2006).

Although, we have gained valuable information about the temporal and dynamic recruitment and
functions of many proteins involved during CME using live-cell microscopy, the precise
regulation of the complex interplay between cargos, endocytic accessory proteins, lipids and the

main player clathrin is still under investigation.
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2.2 Flat clathrin lattices

2.2.1 The role of flat clathrin coats in CCP formation

Shortly after the first description of vesicles with a clathrin coat by Pearse in 1975 (Pearse,
1975), CCSs were studied at the PM by transmission electron microscopy (TEM) of metal
replicas from unroofed cells (Heuser, 1980; Maupin and Pollard, 1983). This experimental
approach revealed the presence of both curved as well as flat clathrin lattice at the PM. While
curved CCSs display polyhedral coats compose of hexagons and pentagons, flat CCS display
mostly hexagons. By chronologically ordering CCSs of different morphology into a logical
sequence as well as visualizing newly forming CCSs after removal of clathrin coats from the PM
by potassium depletion, flat CCSs have been historically proposed to represent precursors of
invaginated CCPs (Heuser, 1980, 1989; Larkin, Donzell and Anderson, 1986). But the fixed
samples imaged by TEM could not provide direct proof for the sequence of structural changes
from a flat to a curved clathrin lattice. With the use of fluorescently tagged fusion proteins, it
became possible to follow the course of CME but with the cost of lower resolution compared to
TEM (Gaidarov et al., 1999; Merrifield et al., 2002; Ehrlich et al., 2004). During that time, the
idea of a flat-to-curved conversion during CCP formation was challenged. The general notion
took over that this flat-to-curved conversion would not be energetically favourable since it would
involve a dramatic rearrangement of the flat hexagonal lattice to introduce pentagons at the right
positions (Kirchhausen, 2009). A constant curvature model for the formation of CCPs was
proposed which involves CCS assembly as curved structures right from initiation of coat
formation (Kirchhausen, 2009; Lampe, Vassilopoulos and Merrifield, 2016) (Fig. 2.4a top). While
the curvature would be kept constant, the CCS would grow by adding more clathrin molecules
at the rim of the coat to ultimately form a CCP. The flat CCSs seen in TEM were assumed to be
rather associated with unproductive abortive structures that would form at the PM and rapidly
disassemble without forming a CCV (Kirchhausen, 2009; Loerke et al., 2009; Aguet et al.,
2013).

In the recent years, multiple evidence was gathered for a mechanism of CCP formation
involving restructuration of the clathrin coat. Fluorescence recovery after photobleaching
(FRAP) experiments provided evidence for a high turnover of molecules within the clathrin coat
(Wu et al., 2001, 2003; Avinoam et al., 2015). It was shown that clathrin molecules as well as
adaptors underneath the clathrin lattice layer rapidly exchange. This proofed that clathrin coats

are not ridged but highly dynamic, which is a prerequisite for major rearrangements
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Figure 2.4: Putative involvement of flat clathrin lattice in CCP formation. (a) Schematic of the constant
curvature and constant area models. The constant curvature model describes CCP formation from a CCS, which
forms as a curved structures from the start of assembly and keeps the degree of curvature constant during the
growth of the clathrin coat. The constant area model assumes the assembly of an initial flat clathrin lattice
containing all clathrin molecules in this configuration. By the rearrangement of this flat coat, curvature is gradually
achieved while keeping the surface area of the lattice constant. The stages of different curvature (flat (blue), dome
(red), and pit (green)) are marked for both growth models. lllustration was taken from Bucher et al. (2018). (b) TEM
image from metal replica of unroofed U373 cells showing flat clathrin lattice connected to curved dome and pit

structures at the rim. Clathrin (green) and actin (red) are pseudo-coloured.

necessary for flat structures to transform into curved pits. A recent correlative light and electron
microscopy (CLEM) study by Avinoam et al. (2015) brought back the idea of flat to-curved
conversion. They showed that flat CCSs can have the same clathrin content as CCPs. They
reconstructed the sequence of CCP formation from EM snapshots using the presence of
dynamin as indication of the progression in CME. In this way, they suggested a constant area
model in which CCSs would first assemble as flat structures with the complete clathrin molecule
content of a CCP (Avinoam et al., 2015; Lampe, Vassilopoulos and Merrifield, 2016). This flat
lattice would then rearrange to convert into a curved pit (Fig.2.4a bottom). Although the
improvement of correlating the clathrin coat morphology to fluorescence microscopy (FM)
helped to interpret the coats seen in electron microscopy (EM) in a temporal series, more work
is still needed to proof this model and to understand the mechanism of restructuring clathrin

lattice.

2.2.2 Endocytic functions of larger flat clathrin arrays

While CCPs are uniform in diameter (around 100nm), flat clathrin coats differ in size (up to
1 pm2 in area) (Heuser, 1980; Maupin and Pollard, 1983; Grove et al., 2014). In TEM images, it

was observed that some of the larger flat structures, called clathrin-coated plaques, could even
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have invaginated CCPs at their rim (Heuser, 1980; Maupin and Pollard, 1983) (Fig. 2.4b). This
suggests that flat structures can serve as budding platform for CME. From a theoretical point of
few, the rearrangement of a flat coat into a curved pit would be most likely at the rim of a
hexagonal lattice (den Otter and Briels, 2011). These flat structures were often brought in
context with non-terminal events seen in live-cell FM. (Merrifield, Perrais and Zenisek, 2005;
Taylor, Perrais and Merrifield, 2011) The pinching of CCPs from a CCS that stays at the PM
was proven with an elegant pH sensitive cargo to monitor fission of CCPs from the PM by
Merrifield et al. (2015). Recently improvements in FM made it even possible to visualize
formation of CCP at flat clathrin structures using lattice light sheet super-resolution microscopy
(Li et al., 2015).

It was also suggested that clathrin-coated plaques could be internalized as a flat lattice by a
different mechanism compared to canonical CCPs (Saffarian, Cocucci and Kirchhausen, 2009).
This internalization pathway is assumed to take longer than the canonical CME, occurs only at
attached PM parts and is actin-dependent. How exactly the membrane underneath a large flat
clathrin lattice would be sufficiently constricted to allow dynamin-mediated scission is not clear
and so far, it was not possible to visualize endocytic carrier formation following such a

mechanism using EM.

Although there exists strong evidence that larger flat CCSs play a role in endocytic processes
either through CME using a non-canonical pathway or as persistent budding platform for CCP
formation, the molecular and structural mechanism of CCV generation from flat clathrin lattices

as well as the physiological relevance are still unclear.

2.2.3 Non-endocytic functions of flat clathrin lattices

The function of clathrin cages in the formation of vesicles for endocytosis is well established, but
especially flat clathrin coats have been associated with other cellular functions (Lampe,
Vassilopoulos and Merrifield, 2016). Generally, a coat at the PM could allow for functions like
clustering of transmembrane proteins and generating of microdomains, which would give

clathrin coats the potential for a multifunctional structure.

Early EM studies showed clathrin-coated membrane parts in close contact with the substrate
suggesting an adhesive function (Maupin and Pollard, 1983). The extracellular matrix (ECM)
receptors integrins have been shown to localize to flat clathrin coats where they might be
involved in anchoring the membrane to the substrate (De Deyne et al., 1998; Chetrit, Ziv and
Ehrlich, 2009; Vassilopoulos et al., 2014; Lampe, Vassilopoulos and Merrifield, 2016; Elkhatib et
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al., 2017). Such adhesive CCSs were suggested to stabilize costameres, which are specialized
attachment sites of sarcomeres to the PM found in skeletal muscle (Vassilopoulos et al., 2014)
(Fig. 2.5a). Together with integrins and a-actinin, flat clathrin coats seem to play a crucial role in
the organization of costameres structures, which might explain a link of autosomal-dominant
centronuclear myopathy to a mutation in the gene encoding for dynamin2 (Bitoun et al., 2005;
Bohm et al.,, 2012). A recent study revealed the involvement of tubular clathrin coats in cell
adhesion and migration in a three-dimensional (3D) collagen matrix (Elkhatib et al., 2017)
(Fig.2.5b-c). While focal adhesions (FAs) are the main adhesive structures on a two-
dimensional (2D) substrate, tubular clathrin/AP2 lattices seem to take over the adhesive
function in a 3D context by pinching collagen fibres and stabilizing cell protrusions. Although
these studies strongly suggest a role of CCSs in cell adhesion, the regulatory mechanism of
such adhesive patches as well as the physiological relevance in different cells and tissues is still
unclear. Furthermore, the localization of integrins to CCSs might also result in endocytosis of
these receptors and thereby removal of adhesive complexes. Although CME is not the only
uptake pathway described for endocytic uptake of integrins, several studies associate the
colocalization of integrins and clathrin coats to FA disassembly (Nishimura and Kaibuchi, 2007;
Caswell, Vadrevu and Norman, 2009; Ezratty et al., 2009; Teckchandani et al., 2012; Yu et al.,
2015; De Franceschi et al., 2016).

Figure 2.5: Non-endocytic functions of CCS. (a) a-actinin and actin organization on large flat CCS in primary
myotubes. (A-C) Immunofluorescence staining of primary mouse myotubes. A: a-actinin, B: CHC, C: merged
image. Scale bars: 5um (D) Adherent plasmalemmal sheet from primary myotubes labelled with a-actinin
antibodies. Fold particles are pseudo-coloured yellow. Scale bar: 100nm. Image was taken from Vassilopoulos et
al. (2014). Republished with permission of The Rockefeller University Press. (b-c) Adhesive tubular clathrin/AP2
lattices pinching collagen fibres in a 3D matrix. (b) FM image. Collagen fibres (red), CCS (green). Scale bar:
10um, 3um (box) (c) EM image. Scale bar: 500nm. Images (b and c) were taken from Elkhatib et al. (2017).
Reprinted with permission from AAAS.
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Not only integrins but also other transmembrane receptors have been reported to be enriched at
flat clathrin coats (e.g. C-C chemokine receptor type 5 (CCR5) (Grove et al., 2014), epidermal
growth factor receptor (EGFR) (Garay et al., 2015; Leyton-Puig et al., 2017), low-density
lipoprotein-related protein 6 (LRP6) (Kim et al., 2013), and lysophosphatidic acid receptor 1
(LPAR1) (Leyton-Puig et al., 2017)). While internalization of receptors by CME can lead to
desensitization or signalling from intracellular compartments, the stabilization of receptors at the
PM can also modulate receptor signalling. Flat clathrin coats have been suggested to perform
efficient endocytosis of receptors after stimulation (Leyton-Puig et al., 2017). Other studies show
receptor clustering and stabilization at the PM at flat CCSs without internalization (Kim et al.,
2013; Grove et al., 2014; Garay et al., 2015). Both possibilities can have a dramatic effect on
the downstream signalling events and might be differentially regulated in a receptor- and ligand-
dependent manner. The multiple impacts of flat CCSs on receptor localization add an additional
layer of complexity to receptor signalling. It is still unclear what determines if a CCS serves for
internalization or stabilization of receptors at the PM and how this is regulated on the molecular

level.




Introduction | 15

2.3 Cellular interactions with the ECM

2.3.1 Molecular composition of FAs

Multicellular organisms rely on organization of cells into ordered tissue by cell-to-cell as well as
cell-to-substrate contacts (Abedin and King, 2010). Such contacts mediate the connection
between the extracellular environment (ECM or neighbouring cells) and the cytoskeleton via
transmembrane receptors and are involved in many signalling processes (Cavallaro and
Dejana, 2011; Horwitz, 2012). Integrins are the main transmembrane proteins linking the
complex ECM to the actin cytoskeleton (Barczyk, Carracedo and Gullberg, 2010). Together with
adaptor, scaffold and signalling proteins, they assemble into multi-layered adhesive units, called
FAs, which allow cells to transmit force across the PM for processes like cell migration and ECM
remodelling (Vicente-Manzanares, Choi and Horwitz, 2009; Parsons, Horwitz and Schwartz,
2010; Geiger and Yamada, 2011; Sun, Guo and Fassler, 2016). Additionally, FAs provide
information by chemical and physical sensing of the ECM which allow cells to adapt to their
environment (Parsons, Horwitz and Schwartz, 2010; Geiger and Yamada, 2011; Sun, Guo and
Fassler, 2016).

The network of proteins interacting and building the linkage between integrins and the actin
stress fibres is called integrin adhesome, which contains over 200 described proteins in different
layers (Horton et al., 2016). The composition of FA has been investigated for years (Zamir and
Geiger, 2001; Horton et al., 2016) and the information gained from proteomics (Manninen and
Varjosalo, 2016) as well as structural studies (Case and Waterman-Storer, 2015; Xia and
Kanchanawong, 2017) contributed to a detailed picture of its multiprotein complex. Structural
studies using cryo-electron tomography revealed organisation of FA proteins into doughnut-
shaped particles, which are connected to actin stress fibres via shorter actin filaments (Patla et
al., 2010) and interferometric photoactivation and localization microscopy (iPALM) helped to
understand the vertical organization of protein layers within FAs (Kanchanawong et al., 2010)
(Fig.2.6a).

The first layer consists of integrin receptors, which span over the PM into the extracellular
space. Integrins are heterodimers of transmembrane proteins with one a and one [ subunit
(Hynes, 2002; Barczyk, Carracedo and Gullberg, 2010). In mammals, there have been 24
heterodimers reported made from 18 a and 8 B subunits with distinct as well as overlapping
ECM ligands (Takada, Ye and Simon, 2007; Barczyk, Carracedo and Gullberg, 2010). While the

extracellular part binds to ECM molecules, the intracellular tails of integrins are linked to the
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Figure 2.6: Composition and dynamics of integrin-based adhesion complexes. (a) Scheme of FAs with
nanoscale position of FA proteins as determined by iPALM. lllustration was adapted from Kanchanawong et al.
(2010). Reprinted by permission from Springer Nature, Kanchanawong et al. (2010), copyright (2010). (b) Dynamics
of integrin-based adhesions during cell migration. Initially nascent adhesions (magenta) form at the lamellipodium.
They can either be turned over or mature into adhesion complexes (orange) and further into stable FAs (red). FAs

can convert into elongated fibrillar adhesions (dark red) associated with ECM remodelling.

actin stress fibres via integrin-actin linkers like talin (Campbell and Ginsberg, 2004; Critchley,
2009) and vinculin (Ziegler, Liddington and Critchley, 2006). Other layers contain FA-associated
proteins involved in processes like actin regulation and bundling (e.g. vasodilator-stimulated
phosphoprotein (VASP) (Holt, Critchley and Brindle, 1998), a-actinin (Otey and Carpen, 2004),
zyxin (Hirata, Tatsumi and Sokabe, 2008)) and signal transduction (e.g. focal adhesion kinase
(FAK) (Parsons, 2003), paxillin (Brown and Turner, 2004)).

2.3.2 Adhesion dynamics

Adhesion complexes need to be dynamic to allow mechanotransduction and signalling involved
in cellular processes like cell adhesion and cell migration (Parsons, Horwitz and Schwartz,
2010; Geiger and Yamada, 2011; Vicente-Manzanares and Horwitz, 2011). New contacts have
to be formed and stabilized at locations where they are needed whereas old obstructive
adhesions have to be disassembled. While Rho GTPases (i.e. Rac, Rho, and Cdc42) control
the formation and maturation of FAs by regulating actin-mediated protrusions and myosinlI-
mediated contractility (Nobes and Hall, 1995; Jaffe and Hall, 2005; Machacek et al., 2009),
integrin signalling regulates the actin cytoskeleton via Rho GTPase regulators (i.e. Guanine
nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs)) (Tomar and
Schlaepfer, 2009; Lawson and Burridge, 2014). This generates a complex interplay of feedback
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loops that is influenced by multiple extracellular and intracellular factors resulting in adhesion

dynamics.

During the course of FA establishment, first small, short-lived (turnover around 60 seconds)
adhesion sites called nascent adhesions are formed at the lamellipodium (Parsons, Horwitz and
Schwartz, 2010; Geiger and Yamada, 2011) (Fig.2.6b). It is not clear how they are nucleated.
Probably an interplay between extracellular clustering of integrins by binding to ECM molecules
(Miyamoto et al., 1995) and/or intracellular actin polymerization as template for integrin
activation initiates nascent adhesions (Alexandrova et al, 2008; Choi et al., 2008). These
dynamic attachment sites can either be disassembled within seconds or mature while moving
further back from the leading edge to larger, dot-like focal complexes stable for several minutes
(Parsons, Horwitz and Schwartz, 2010; Geiger and Yamada, 2011). This maturation depends
on myosin lI-dependent generation of tension as well as linkage of integrins to actin filaments
(Choi et al., 2008). The adhesion complexes can then mature further to larger (3-10um long),
persistent FAs connected to actin stress fibres (Dubash et al, 2009; Geiger, Spatz and
Bershadsky, 2009). FA can convert into fibrillar adhesions, another kind of adhesion sites
involved in remodelling of ECM, which are highly elongated adhesions and located under the
cell body (Zamir et al., 2000). During adhesion maturation, the serial conversion of different
adhesive complexes is a continuous process in which the molecular composition of adhesions
changes (Zamir et al., 1999; Zamir and Geiger, 2001). The abundance of the different kinds of
adhesions heavily depends on the cell type as well as on the protein composition and physical
features of the ECM (Parsons, Horwitz and Schwartz, 2010; Geiger and Yamada, 2011).

2.3.3 ECM assembly and remodelling

The ECM is an essential part of multicellular organisms present in all tissue not only to support
physical shape but also to regulate morphogenesis, differentiation as well as homeostasis by
providing biochemical and mechanical signals (Bonnans, Chou and Werb, 2014; Humphrey,
Dufresne and Schwartz, 2014). Composed of water, polysaccharides and proteins, the ECM is a
highly complex and dynamic network (Frantz, Stewart and Weaver, 2010; Mouw, Ou and
Weaver, 2014). The molecular composition that determines the chemical and mechanical
properties of the ECM is very specific to its purpose and identity (Mouw, Ou and Weaver, 2014).
There are two main types of ECM: 1) The interstitial matrix, that surrounds cells as a fibrous
mesh, and 2) the basement membrane, a sheet-like network which serves to separates epithelia
from the underlying tissue and stroma (Singh, Carraher and Schwarzbauer, 2010; Mouw, Ou

and Weaver, 2014). The ECM is constantly remodelled by deposition, rearrangement, and
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degradation of components and misregulation of this process is associated with diseases like
fibrosis, osteoarthritis or cancer (Butcher, Alliston and Weaver, 2009; Frantz, Stewart and
Weaver, 2010; Bonnans, Chou and Werb, 2014; Zhen and Cao, 2014; Nagelkerke et al., 2015).

ECM proteins and associated factors collectively called matrisome comprise more than 300
proteins, including fibrous proteins, glycoproteins, and proteoglycans (Hynes and Naba, 2012).
Mostly produced by fibroblasts, they are assembled into a mesh of intertwined protein fibres
(Humphrey, Dufresne and Schwartz, 2014). For example collagen, the most abundant fibrous
protein within interstitial matrix, is a triple helical protein built of three peptide chains (Ricard-
Blum, 2011). During collagen synthesis, first procollagen ftriple helices are assembled and
modified in the endoplasmatic reticulum and golgi apparatus (Myllyharju, 2005; Mouw, Ou and
Weaver, 2014). After secretion, the procollagen is cleaved into collagen in the extracellular
space where it can self-assemble into collagen fibrils (Hulmes, 2002; Mouw, Ou and Weaver,
2014). Collagen fibrils are further cross-linked by lysyl oxidases to build supramolecular
structures (Lucero and Kagan, 2006), which can be organized and combined with other ECM
molecules into cables and sheets by cell-mediated force transmission to the matrix (Velling et
al., 2002; Li et al., 2003; Meshel et al., 2005; Dahlmann-Noor et al., 2007). The glycoprotein
fibronectin is another fibrous component of the ECM (Singh, Carraher and Schwarzbauer, 2010;
Schwarzbauer and DeSimone, 2011). Fibronectin is secreted as a soluble dimer that can bind to
integrins to initiate fibronectin tethering to the cell surface and the further interaction of
fibronectin dimers (Hocking, Sottile and McKeown-Longo, 1994; Hocking, Smith and McKeown-
Longo, 1996; Garcia, Schwarzbauer and Boettiger, 2002; Singh, Carraher and Schwarzbauer,
2010). By applying force, cryptic binding sites of the fibronectin molecules get exposed by
conformational change, which leads to fibronectin assembly into fibrillar structures (Zhong et al.,
1998; Baneyx, Baugh and Vogel, 2002; Yoneda et al., 2007). This process, which is often
associated with a5B1 integrins and fibrillar adhesions, is called fibronectin fibrillogenesis
(Pankov et al., 2000; Ohashi, Kiehart and Erickson, 2002; lli¢ et al., 2004; Singh, Carraher and
Schwarzbauer, 2010).

The process of ECM degradation involves several proteases and regulatory proteins (Bonnans,
Chou and Werb, 2014). Matrix metalloproteinases (MMPs) are the main enzymes cleaving ECM
components (Mott and Werb, 2004; Bonnans, Chou and Werb, 2014). They are produced as
soluble as well as membrane-anchored proteases and mostly need to be activated by
proteolytic cleavage (mediated by either other MMPs or Ser proteases) (Mott and Werb, 2004;
Bonnans, Chou and Werb, 2014). Besides MMPs, adamalysins (a disintegrin and
metalloproteinases (ADAM) and ADAM with thrombospondin motifs (ADAMTS)) and meprins
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are other families of ECM proteases which help and regulate the process of ECM
deconstruction (White, 2003; Apte, 2009; Singh, Carraher and Schwarzbauer, 2010; Prox,
Arnold and Becker-Pauly, 2015). Cleavage of ECM proteins is further regulated by factors like
tissue inhibitor of metalloproteinases (TIMPs) and reversion-inducing Cys-rich protein with Kazal
motif (RECK), which inhibit ECM protease activity (Baker, Edwards and Murphy, 2002; Cruz-
Munoz and Khokha, 2008; Khokha, Murthy and Weiss, 2013).

The ECM provides chemical as well as physical cues that regulate cell behaviour during
development, wound healing and disease. The protein composition of each ECM is important
for integrin signalling and proper cell adhesion. During enzymatic cleavage, protein fragments
with different properties compared to the original protein can be generated and factors
immobilized on the ECM (e.g. growth factors and chemokines) can be released (Murphy, 2008;
Bonnans, Chou and Werb, 2014). The mechanical aspects of the ECM, which are linked to its
protein composition, represent another layer of signals, which can be sensed by cellular
mechanotransduction (Humphrey, Dufresne and Schwartz, 2014; Iskratsch, Wolfenson and
Sheetz, 2014; Sun, Guo and Fassler, 2016). The mechanical properties of the ECM are
detected via force transmission between FAs and the ECM (Sun, Guo and Fassler, 2016). This
information is then converted into biochemical signals via enzymatic reactions (i.e. extension-
induced phosphorylation of p130 Crk-associated substrate (p130Cas) through Src family
kinases (Sawada et al., 2006) and regulation of FAK activation (Zhou et al., 2015)) or changes
in conformation of stretchable proteins (e.g. talin (del Rio et al., 2009) and filamin (Ehrlicher et
al., 2011; Rognoni et al., 2012)). Mechanotransduction can lead to rapid cellular responses (e.g.
cell stiffening through the regulation of RhoA (Guilluy et al., 2011)) and ultimately long-term
changes in gene expression (e.g. through transcription factors like Yes-associated protein
(YAP)/ transcriptional coactivator with PDZ-binding motif (TAZ) (Dupont et al., 2011; Aragona et
al., 2013) or myocardin related transcription factor-A (MRTF-A) (Olson and Nordheim, 2010;
O’Connor and Gomez, 2013) or linker of the nucleoskeleton and cytoskeleton (LINC complex)
(Isermann and Lammerding, 2013)) as well as epigenetic regulation (Yang et al., 2014).
Through the combination of these mechanically induced signalling pathways, the stiffness,
elasticity, and topography of the ECM network influences important cellular processes like cell
differentiation in stem cell niches (Engler et al., 2006; Ahmed and Ffrench-Constant, 2016) and
cell migration during development and wound healing (Gasiorowski, Murphy and Nealey, 2013;
Charras and Sahai, 2014).

It became clear that the ECM is not only a scaffold for tissue organization but has great impact

on cell behaviour. Since cells are driving the constant ECM renewal and remodelling, this
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generates a feedback loop in the overall regulation and homeostasis of an organism. To
understand the relationship between cells and the ECM will help to fight diseases and will be a

huge step forward in tissue engineering.
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3 Aim of this thesis

Although frequently observed in EM since the 1980’s, the function of flat clathrin lattices remains
still elusive. For a long time, they have been considered artefacts of culturing cells on substrates
but recent studies point to potential roles in CCP formation and cell adhesion. This PhD thesis
investigates the function of flat clathrin lattice in endocytosis and cell migration. For this
purpose, this work is divided into three topics: 1) Cell line-specific characteristics of clathrin
coats, 2) Investigation of structural changes of the clathrin coat during CCP formation, 3) Role of

clathrin-coated plaques in cell migration.

1) CME has been studied using diverse cell types showing differences in the dynamics and
ultrastructural organisation of CCSs. Since most of the studies rely on limited use of methods,
the connection between dynamical and structural observations are still poorly defined.
Therefore, we comprehensively characterized the dynamics and ultrastructure of CCSs formed
in different cell lines (BSC-1, Swiss3T3, and U373) as well as at different PM parts (attached
versus non-attached, bottom versus top). We used live-cell confocal microscopy, stimulated
emission depletion (STED) nanoscopy, TEM and CLEM to reveal cell type-specific features of
CME.

2) Flat clathrin coats have been suggested to represent precursors of curved CCPs. However,
the dynamics of the structural rearrangement of flat clathrin lattices during CCP formation
remains unclear. We used a combination of microscopy (live-cell confocal FM, TEM and CLEM)
and mathematical modelling to gain new insight into the sequence allowing the ultrastructural
conversion from flat to curved lattices during CCP assembly. Additionally, we addressed the

impact of PMT on curvature acquisition of clathrin coats.

3) CCSs associated with integrins have been implicated in FA disassembly as well as cell
adhesion. Especially larger flat arrays called clathrin-coated plaques found at the bottom PM are
assumed to be involved in such processes but their role in regulating adhesion dynamics during
cell migration is poorly understood. Here, we investigated the temporal relationship of CCSs and
FAs during cell migration and ECM remodelling. Additionally, we addressed the putative role of
clathrin-coated plaques in cell adhesion and migration using live-cell FM. Furthermore, we
investigated the extracellular signals, which induce clathrin-coated plaque formation by

visualizing ECM remodelling and providing defined substrate topography.
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4 Results

4.1 Cell line-specific characteristics of clathrin coats

CME is a well-studied process and is important in many cellular uptake processes at the PM
(McMahon and Boucrot, 2011). Cells from different parts of an organism use CME for
specialized purpose (McMahon and Boucrot, 2011; Saheki and De Camilli, 2012; Antonescu,
McGraw and Klip, 2014). Therefore, CME might be regulated in a cell type-specific manner to
fulfil the needs of different functions. In the past 40 years, a range of different cell types was
used to investigate CME and the overall conclusion of these studies is that there are major
differences in the mechanisms of CME between cell types (Saffarian, Cocucci and Kirchhausen,
2009; Grove et al., 2014) as well as within cell types (Snijder et al., 2009) and even within the
same cell (e.g. differences between the leading edge and the trailing tail of migrating cells) (Liu
et al., 2009; Batchelder and Yarar, 2010; Kural et al., 2015).

To characterize CME in different cell lines as well as within the same cell, we chose three cell
lines widely used in the field: 1) BSC-1, a green monkey kidney epithelial cell line (Ehrlich et al.,
2004; Boucrot et al., 2006; Saffarian, Cocucci and Kirchhausen, 2009), 2) Siwss3T3, a mouse
fibroblast cell line (Merrifield et al., 2002; Merrifield, Perrais and Zenisek, 2005; Yarar,
Waterman-Storer and Schmid, 2005; Saffarian, Cocucci and Kirchhausen, 2009), and 3) U373,
a human glioblastoma cell line (Massol et al., 2006; Saffarian, Cocucci and Kirchhausen, 2009;
Kural et al., 2015). We used 1) live-cell microscopy to investigate the dynamics of CME and to
compare CME at different regions of the PM, 2) STED nanoscopy to visualize CCSs with high
resolution, 3) EM to gain information about clathrin coat morphology, as well as 4) CLEM to

correlate fluorescence signals to the ultrastructure of clathrin coats.

4.1.1 Cell type-specific dynamics of CME

To investigate the dynamics of CME, we used cell lines stably expressing the sigma 2 subunit of
the clathrin adaptor AP2 fused to enhanced green fluorescent protein (eGFP), further called
AP2-eGFP. Live-cell spinning disc microscopy of the three cell lines revealed large differences
in the dynamics and lifetime of CME (Fig.4.1). BSC-1 cells showed only transient CCSs with a
short lifetime (around a minute) (Fig.4.1a-b). Swiss3T3 cells had transient CCSs with short and
longer lifetime (up to 5 minutes), whereas U373 cells additionally exhibited persistent CCSs

(over 10 minutes) (Fig.4.1a-b).
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Figure 4.1: Live-cell microscopy of CME. (a) Live-cell spinning disc confocal microscopy of BSC-1 (right),
Swiss3T3 (middle), and U373 (left) stably expressing AP2-eGFP growing of poly-D-lysine (PDL)-coated coverslips.
Imaging was performed 12-16 hours after seeding. Scale bar: 10um. (b) Representative kymograph from a
10 minute long movie with a frame rate of 3 seconds for each cell line to follow CCSs over time. Scale bar: 1 min.
(c) Serial zoom-ins on selected events of CME to highlight difference in the dynamics of CME between the cell

lines. Frame rate 6 seconds, 30 second or 1 minute. Panels a-c of (right) were taken from Bucher et al. (2018).

To analyse the fluorescence intensity profiles of AP2-eGFP during CME in these cell lines, we
performed tracking of CCSs using a probabilistic particle tracking method (Godinez and Rohr,
2015). The short transient CCSs in BSC-1 showed a relatively homogeneous population of CME
regarding both lifetime and maximal fluorescence intensity (Fig.4.2a). In contrast, CME in
Swiss3T3 had a much broader distribution in lifetime with similar maximal fluorescence intensity
(Fig.4.2a). In U373 cells, we found a huge variability in lifetime as well as maximal fluorescence
intensity (Fig.4.2a). A closer look at the differences in lifetime showed that 95% of the CME in
BSC-1, Swiss3T3, and U373 possessed a lifetime under 75 seconds, 120 seconds, and
141 seconds, respectively (Fig. 4.2b-c). In U373, the characteristically persistent CCSs

represented 1.2% of all CCSs tracked in a 10 minute long movie. In contrast, this CME
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Figure 4.2: Distinct dynamics of CME in different cell lines. Analysis of tracking of AP2-eGFP in BSC-1,
Swiss3T3, and U373 cells. Tracking using a probabilistic particle tracking method (Godinez and Rohr, 2015) was
performed by Jan-Philip Bergeest and William J. Godinez. Analysis of the tracks has been performed with
automated workflows using KNIME. (a) Lifetime versus maximal fluorescence intensity of AP2-eGFP of CME tracks
for BSC-1 (left, blue), Swiss3T3 (middle, red), and U373 (right, green). Persistent clathrin-coated plaques are
marked by a grey circle. Shown are plots of a representative cell of each cell line. Each dot represents one tracked
CME event of a 10 minute long movie. Number of tracks: 14,694 (BSC-1), 13,313 (Swiss3T3), and 11,252 (U373)
(b) Average lifetime frequency of CME in the three cell lines. Shown is the mean frequency of 5 cells.
(c) Cumulative average lifetime frequency of CME in the three cell lines. Shown is the mean cumulative frequency
of 5 cells. (d) Lifetime cohort analysis of the maximal fluorescence intensity of CME in the three cell lines. The
tracked CME events were grouped into six lifetime cohorts (9-16's, 21-54 s, 57-78 s, 81-1205s, 123-597 s, and 600s).
The maximal fluorescence intensity was normalized to the mean maximal fluorescence intensity of each 10 minute
long movie. For each cohort the mean of the normalized maximal fluorescence intensity from 5 cells of each cell
line is shown; the error bars represent the SD. (b, ¢, and d are computed from 81,545 (BSC-1), 68,164 (Swiss3T3),
and 50,865 (U373) tracks) (e) Average fluorescence intensity profile of AP2-eGFP during CME of the three cell
lines. Shown is the mean fluorescence intensity of each time point for tracks with the same lifetime from one
10 minute long movie. Panels a,c, and e concerning BSC-1 were adapted from Bucher et al. (2018).
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population represented under 0.1% in the other two cell lines (Fig. 4.2b-c). By dividing CME
tracks into lifetime cohorts, we found that the maximal fluorescence intensity of CME correlates
with the lifetime of CCSs (Fig.4.2d). In other words, the longer the lifetime of a CCS, the bigger
(the more fluorescent) the structure is. By computing average curves of fluorescence intensity
profiles of CME with the same lifetimes, we found that the transient CCSs (from
12 to 102 seconds) have a similar initial rate of fluorescence increase (initial growth rate of
CCSs) (Fig.4.2¢e). For longer-lived structures, a plateau phase was observed with a duration
correlating with the CCS lifetime (Fig.4.2e). The persistent CCSs in U373 cells showed similar

fluorescence intensity over the whole imaged time (Fig.4.2e).

In summary, live-cell microscopy of AP2-eGFP showed cell type-specific characteristics of
lifetime as well as fluorescence intensity of CME. When distinguished by their lifetime, we will
from now on differentiated between transient CCPs (lifetime <5min) and persistent clathrin-

coated plaques (lifetime >10min).

4.1.2 Differences of CME at attached and non-attached PM parts

It has been described that the dynamics of CME is dependent on the biochemical and
biophysical properties of the PM part from which CCVs are formed (Liu et al., 2009; Saffarian,
Cocucci and Kirchhausen, 2009; Boulant et al., 2011). These properties are influenced by the
identity of the PM (dorsal vs. ventral), the lipid composition and the actomyosin cortex
underneath the PM (Shewan, Eastburn and Mostov, 2011; Ibarguren, Lépez and Escriba, 2014;
Kdster and Mayor, 2016). All these factors affect the properties of the PM and as a

consequence the processes that occur there.

We addressed the question if adhesion of the PM affects the dynamics of CME in the three cell
lines. Therefore, we used two approaches to separately analyse dynamics of CME at attached
and non-attached PM parts within the same cell: 1) Imaging of the bottom and top PM and 2)

Growing cells on adhesive micropatterns.

To separately analyse CME at the bottom and the top PM, we imaged AP2-eGFP at the bottom
PM of cells in a single focal plane and at the top PM by taking small z-stacks to cover the top
2um of the cells (Fig.4.3a). For the top PM, tracking of CME was performed on a z-projection of
the images. In all three cell lines, we found transient CCPs at all PM parts (Fig.4.3b-c). The
maximal fluorescence intensity of transient CCPs at the top PM was comparable to the one at
the bottom PM (Fig.4.3b). A direct comparison of CME at the bottom and top PM showed
overall shorter lifetime at the top (Fig.4.3c). Particularly for U373, we found that the persistent
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Figure 4.3: Comparison of CME at bottom and top PM. (a) Schematic of imaging strategy. AP2-eGFP was
imaged at the bottom PM, in a single focal plane, for 10 minutes with a frame rate of 5 seconds. The top PM was
imaged by taking a z-stack of 5 images with a spacing of 0.5um at the very top of the same cell. For tracking of
CME on the top PM, a maximal intensity z-projection was used. Scale bar: 10 um. (b) Lifetime versus maximal
fluorescence intensity of AP2-eGFP of CME tracks from the top (blue) and the bottom (black) PM of the same cell
for BSC-1 (left), Swiss3T3 (middle), and U373 (right). Shown are plots of a representative cell of each cell line.
Each dot represents one tracked CME event of a 10 minute long movie. Persistent clathrin-coated plaques are
marked by a grey circle. Number of tracks at bottom PM: 5,479 (BSC-1), 2,872 (Swiss3T3), and 1,874 (U373).
Number of tracks at top PM: 746 (BSC-1), 359 (Swiss3T3), and 118 (U373). (c) Box and whiskers plot showing the
lifetime distributions of CME at the top (blue) and the bottom (black) PM of the three cell lines computed from three
cells of each cell line. Whiskers represent 10-90 percentile, box represents second and third quartile, the line marks
the median, and the cross marks the mean. Number of tracks at bottom PM: 13,594 (BSC-1), 8,117 (Swiss3T3),
and 4,472 (U373). Number of tracks at top PM: 1,814 (BSC-1), 877 (Swiss3T3), and 587 (U373).

clathrin-coated plaques were only formed at the bottom PM and not at the top (Fig.4.3b, right
panel).

Since monitoring of CME at the top PM is challenging due to imaging and tracking of objects in
a 3D-volume, we decided to generate attached and non-attached PM parts in the same focal

plane. This was achieved by growing cells on adhesive micropatterns (Théry, 2010). The
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Figure 4.4: Comparison of CME at attached and non-attached PM parts using adhesive micropatterns.
(a) Schematic illustrates the production of adhesive micropatterns using photo-patterning. First, glass coverslips
were passivated by coating with Atto633-labelled PLL-g-PEG. Spatially controlled UVO-cleaning through a
chromium/quartz mask was performed to generate a micropattern of adhesive and non-adhesive regions. Left:
Image of the adhesive micropattern used in this experiment consisting of 10 umx10pum squares of PEG with a
spacing of 10 um. Scale bar: 10 um. (b) Example of a U373 cell stably expressing AP2-eGFP (green) growing on an
adhesive micropattern of Atto633-labelled PEG (red). Adhesive (black) and non-adhesive (red) PM parts were
separated by the PEG signal for further analysis of CME dynamics. Some clathrin-coated plaques on the attached
PM part at the border to non-adhesive areas are marked by white arrowheads. Scale bar: 10 um. (c) Lifetime versus
maximal fluorescence intensity of AP2-eGFP of CME tracks from adhesive (black) and non-adhesive (black) PM
parts of the same cell for BSC-1 (left), Swiss3T3 (middle), and U373 (right). Shown are plots of a representative cell

of each cell line. Each dot represents one tracked CME event of a 10 minute long movie imaged with a frame rate of
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3 seconds. Persistent clathrin-coated plaques are marked by a grey circle. Number of tracks at attached PM parts:
5,851 (BSC-1), 2,360 (Swiss3T3), and 2,849 (U373). Number of tracks at non-attached PM parts: 573 (BSC-1),
157 (Swiss3T3), and 87 (U373). (d) Box and whiskers plot showing the lifetime distributions of CME at
attached (black) and non-attached (red) PM parts of the three cell lines computed from four to six cells for each cell
line. Whiskers represent 10-90 percentile, box represents second and third quartile, the line marks the median, and
the cross marks the mean. Number of tracks at attached PM parts: 25,832 (BSC-1), 16,842 (Swiss3T3), and
8,672 (U373). Number of tracks at non-attached PM parts: 1,655 (BSC-1), 1,148 (Swiss3T3), and 388 (U373).

adhesive micropatterns were produced using photo-patterning (Théry, 2010; Pitaval et al.,
2013). They consist of non-adhesive parts passivated with polyethylene glycol (PEG) and
adhesive parts where PEG was oxidized using ultraviolet/ozone (UVO)-cleaning through a
chromium/quartz photomask to render them adhesive (Fig.4.4a). We produced micropatterns
with non-adhesive squares with the dimensions of 10pumx10um and a spacing of 10um in x
and y. We used Atto633-labelled PEG for visualization of the passivated regions. Therefore, the
labelled fluorescent parts correspond to the non-adhesive areas. Cells growing on these
patterns could attach only to the non-passivated adhesive parts but stretched over non-
adhesive parts without affecting their physiological cell morphology (Fig.4.4b). Using this
approach, attached and non-attached PMs parts could be found at the bottom PM of the same
cell. By imaging AP2-eGFP dynamics at the bottom PM of cells growing on such adhesive
micropatterns, the dynamics of CME at adhesive and non-adhesive areas could be measured
(Fig.4.4b). Tracking and analysis of CME showed that in all three cell lines only transient CCPs
were formed at non-adhesive areas (Fig.4.4c-d). The maximal fluorescence intensity of CME at
attached PM parts was comparable to CME at non-attached PM parts (Fig.4.4c). Overall, the
transient CCPs at adhesive and non-adhesive parts were similar in lifetime (Fig.4.4c).
Importantly, the characteristic persistent clathrin-coated plaques found in U373 cells were found
exclusively at the attached PM parts (Fig.4.4c, right panel). Strikingly, we found that clathrin-
coated plaques often aligned at the border between adhesive and non-adhesive areas
(Fig.4.4b).

Together these studies of CME at attached and non-attached PM parts revealed that transient
CCPs can form at all parts of the PM in the three cell lines independent on its nature (adhesive
vs. non-adhesive or ventral vs. dorsal). On the contrary, U373 cells possess a very specific kind
of CCSs, the persistent clathrin-coated plaques, which form exclusively at attached PM parts

(ventral or adhesive parts).
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4.1.3 Cell type-specific size and morphology of CCSs

Live-cell confocal FM is a powerful tool to investigate dynamic processes in living cells but has
disadvantages regarding resolution (Kirchhausen, 2009). Since the size of CCSs is most of the
time below the diffraction limit of FM, confocal FM cannot resolve their size and separate CCSs
that are closer than half of the wavelength of the light used for imaging (roughly around 250nm
for green light) (Abbe diffraction limit) (Abbe, 1873). Additionally FM does not provide

information about the ultrastructural organization of the clathrin coat (Kirchhausen, 2009).

To gain information about the ultrastructural size and morphology of CCSs in the three cell lines

we used: 1) STED nanoscopy, 2) TEM of metal replicas from unroofed cells, and 3) CLEM.

For STED nanoscopy, we used an immunofluorescence staining with an anti-CLC antibody of
wild type BSC-1, Swiss3T3, and U373 cells (Fig.4.5a-c). With this approach, we could image
CCSs with resolution below the diffraction limit. We were able to see ring structures, which
represent invaginated CCP, since its spherical shape leads to an accumulation of CLC signal at
the rim (Fig.4.5d). Analysis of the size of CCSs found in the different cell lines revealed that the
size distribution in all cell lines had similar median values around 30,000nm? (Fig.4.7b). In

a BSC-1 b  Swiss3T3

confocal overview STED zoom confocal overview STED zoom

¢ U373

confocal overview STED zoom

T T 1
0 200 400 600

Distance (nm)

Figure 4.5: STED nanoscopy of CCS in intact cells. STED nanoscopy of (a) BSC-1, (b) Swiss3T3, and (c) U373.
CCS were immunostained with an anti-CLC antibody (red) antibody. Left: confocal overview, scale bar: 5um.
Right: STED view of CLC, scale bar: 1 um. (d) Example of the CCP marked by the grey box in (a) and its intensity
line profile. Yellow line marks the axes measured for the intensity line profiles. The data of this figure has been

produced jointly with Susann Kummer, Heidelberg University. Panel a and d were adapted from Bucher et al.(2018).
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Figure 4.6: STED nanoscopy of CCS
on unroofed PM sheets. STED
nanoscopy of unroofed PM sheets from
(a) BSC-1, (b) Swiss3T3, and (c) U373.
BSC-1 cells were unroofed by

confocal overview STED zoom

sonication; the remaining attached PM
was stained with WGA (grey). CCS

STED zoom \Were immunostained with an anti-CLC

b Swiss3T3 confocal overview
antibody (red). Left: confocal overviews,

scale bar: 5um. Right: STED view of
CLC, scale bar: 1um. The data of this
figure has been produced jointly with
Susann Kummer, Heidelberg University.
Panel a was taken from Bucher et al.
(2018).
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contrast to the relatively small CCSs found in BSC-1 (only 5% of all clathrin structures were
bigger than 80,000nm?), we could measure bigger structures in Swiss3T3 and U373 (around
15% of all clathrin structures were bigger than 80,000 nm? in both cell lines) (Fig.4.7a-b). The
broader size distribution of CCSs found in Swiss3T3 and U373 compared to BSC-1 is consistent
with the broader distribution of maximal fluorescence intensity of AP2-eGFP found in live-cell

microscopy (Fig.4.2).

Although we could identify spherical shaped CCPs with STED nanoscopy, the morphology of
clathrin coats was still not completely resolved with this technique. Furthermore, the use of
immunolabelling with a primary and secondary antibody distorts the size measurements due to
the size of the antibody complex (Huang, Bates and Zhuang, 2009). To gain more detailed
structural information of CCSs, we investigated the clathrin coats in the three cell lines by TEM
of metal replicas from unroofed cells (Heuser, 1980). This method enables us to look at the
morphology of CCSs with very high resolution revealing the 3D structure of the polyhedral
cages. The TEM method involves an unroofing step, in which sonication is used to remove the
cell body to leave behind only the attached PM sheet (Heuser, 1980). We first investigated

using STED nanoscopy if this unroofing procedure affects CCS. Cells were unroofed and
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Figure 4.7: Comparative STED nanoscopy analysis of CCS in intact vs. unroofed cells. (a) Analysis of the size
distribution of CCS in intact (black) and unroofed (grey) cells of BSC-1 (left), Swiss3T3 (middle), and U373 (right).
Analysis was performed with CCS from five cells per conditions with three STED pictures per cell. Number of CCS
for intact cells: 820 (BSC-1), 822 (Swiss3T3), and 1,162 (U373). Number of CCS for unroofed cells: 1,169 (BSC-1),
627 (Swiss3T3), and 1,431 (U373). (b) Box and whiskers plot showing the size distributions of CCS in intact (black)
and unroofed (grey) cells of the three cell lines. Whiskers represent 10-90 percentile, box represents second and
third quartile, the line marks the median, and the cross marks the mean. The data of this figure has been produced

jointly with Susann Kummer, Heidelberg University. Panel a was adapted from Bucher et al. (2018).

stained with an anti-CLC antibody and fluorescently labelled wheat germ agglutinin (WGA), a
lectin that binds to glycoconjugates (Chazotte, 2011), to identify PM sheets (Fig.4.6). Using
STED nanoscopy, we could not detect a difference in the morphology nor in the size between
CCSs found in intact and unroofed cells in any of the cell lines (Fig.4.6-7). Therefore, we
concluded that the unroofing step in the sample preparation for TEM does not alter the size of
CCSs. Sample preparation was performed as depicted in Fig.4.8, and imaging of montages
covering whole PM sheets to observe several hundreds of CCSs in the three cell lines was
performed by TEM (Fig.4.9a). The investigation of CCSs on the PM sheets revealed different
morphologies of clathrin coats: flat, slightly curved dome, deeply invaginated pit structures as
well as flat structures with budding dome or pits at the edge (Fig. 4.9b). Strikingly, the three cell
lines showed different ratios between these morphologies and some of the structural shapes
were unique for certain cell lines. In BSC-1, we found only flat, dome, and pit structures with a
ratio of around 5:2:3, respectively (Fig.4.9b-c). The majority of CCSs in Swiss3T3 was flat
(around 70%) and the abundance of dome and pit structures was similar (around 15%)

(Fig.4.9b-c). In contrast, U373 showed the highest percentage of pit structures
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Figure 4.8: CLEM using TEM of metal replicas from unroofed cells. Schematic representation of the CLEM
approach (Upper part). For TEM imaging only, the immunolabelling step was skipped. Cells growing on poly-D-
lysine (PDL)-coated coverslips were unroofed by sonication. Attached PM sheets were immunostained and imaged
using FM. Samples were then critical-point dried and a metal replica was created and lifted from the sample onto a
TEM grid for imaging in TEM. (Lower part) The FM and TEM pictures were then correlated to combine their
information. The white inset box represents the area observed by TEM. The figure was taken from Bucher et al.

(2018).

(approximately 50 %), around 25% flat and 15% dome structures as well as around 10% flat
structures with domes or pits budding from the edge of the array, a morphology that was almost

not present in the other two cell lines (Fig.4.9b-c).

By measuring the projected area of each clathrin coat, we estimated and compared the size of
the different CCS morphologies in the different cell lines. While BSC-1 had flat, dome, and pit
structures with similar projected areas of around 15,000 nm?, CCSs in the other cell lines could
grow much bigger in size (Fig. 4.10a). We found large flat and dome structures in Swiss3T3 with
mean projected areas of 65,000 nm? and 55,000 nm?, respectively (Fig.4.10a). In U373, only flat
structures were large (mean projected area of 22,000nm?) especially when they displayed

budding structures on the edge, which had a mean projected area of 55,000 nm? (Fig. 4.10a).

To further describe the CCSs, we calculated the circularity of their shape (circularity of 1
corresponds to a perfect circle). Flat, dome, and pit structures in BSC-1 cells were nearly
circular with mean circularities of over 0.98 for all three morphologies (Fig.4.10b). The circularity
of CCS in Swiss3T3 was less robust. In particular, pits in Swiss3T3 were frequently elongated in
shape (Fig.4.10b). Although dome and pit structures in U373 exhibited a high circularity with a

mean over 0.99, flat structures, especially those with budding structures at the edge, were less
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Figure 4.9: Ultrastructural characterisation of CCS by TEM. (a) TEM of metal replica of unroofed PM sheets
from of BSC-1 (left), Swiss3T3 (middle), and U373 (right). Overview of whole membranes, scale bar: 10pum.
(b) Representative examples of morphological categories found in the three cell lines: Flat, dome, pit, and flat with
budding dome/pit. Scale bar: 100nm. (c) Fraction of flat (blue), dome (red), pit (green), and flat with budding
dome/pit (magenta) CCS on PM sheets. Results are calculated from three to four different membranes for each cell
line. Total number of CCS: 2,384 (BSC-1), 1,208 (Swiss3T3), and 3,627 (U373). Means with SD are shown. The
data of this figure has been produced jointly with Kem A. Sochacki, NIH Bethesda. The panels a-c concerning BSC-
1 cells were adapted from Bucher et al. (2018).

circular with means of 0.96 and 0.72 respectively (Fig. 4.10b). Overall, we found a universal
negative correlation between projected area and circularity: the bigger the clathrin structure gets
the less circular it becomes. This observation was most striking for flat clathrin structures with

and without budding domes or pits (Fig. 4.10c, blue and magenta dots).

To correlate fluorescence signal with coat morphology, we performed CLEM using

immunofluorescence staining against CHC (Fig. 4.8 and 4.11). We could correlate fluorescence
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Figure 4.10: Comprehensive ultrastructural analysis of CCS in by TEM. (a) Projected area distribution of the
different clathrin morphologies (flat (blue), dome (red), pit (green), and flat with budding dome/pit (magenta)) found
in BSC-1 (left), Swiss3T3 (middle), and U373 (right). Means with SD are shown. (b) Circularity of CCS with different
morphologies of BSC-1 (left), Swiss3T3 (middle), and U373 (right). Line (red) represents the mean with SD. Each
dot represents one CCS. Results of (a) and (b) are calculated from three to four different membranes for each cell
line. Total number of CCS: 2,384 (BSC-1), 1,208 (Swiss3T3), and 3,627 (U373). (c) Circularity and size of CCS with
different morphologies (flat (blue), dome (red), pit (green), and flat with budding dome/pit (magenta)). Each dot
represents one CCS. Shown are the results of one representative PM sheet of BSC-1 (left), Swiss3T3 (middle), and
U373 (right). The data of this figure has been produced jointly with Kem A. Sochacki, NIH Bethesda.

signal to CCSs of different morphology (Fig.4.11a). We found a positive correlation between
size and fluorescence signal of CCS in all three cell lines (Fig.4.11b). Some of the clathrin coats
that could be identified in TEM were so close together that they could not be distinguished by
FM due to the diffraction limit. We classified them as multiple structures (Fig.4.11a). This
phenomenon was more severe in Swiss3T3 and U373 compared to BSC-1 (around 40 % of all
fluorescence signal in Swiss3T3 and U373 compared to 17 % in BSC-1), which makes BSC-1

cells a good cell line to study single CCSs by FM. The persistent clathrin-coated plaques with
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Figure 4.11: CLEM of CCS. (a) Examples of flat, dome, pit, flat with budding dome/pit, and multiple structures,
which cannot be distinguished by FM, observed with CLEM. Top panel: CLEM, lower left: FM, lower right: TEM;

scale bar: 100nm. (b) Correlation of size and fluorescence intensity (CHC antibody, X22) of all CCSs sorted by their
different morphologies (flat (blue), dome (red), pit (green), flat with budding dome/pit (magenta), and multiple

structures (orange)). Graphs show representative CLEM analysis of one PM sheet for BSC-1 (top left),

Swiss3T3 (top right), and U373 (bottom). Total number of CCS: 559 (BSC-1), 407 (Swiss3T3), and 456 (U373). The
data of this figure has been produced jointly with Kem A. Sochacki, NIH Bethesda. The panel a and b (BSC-1) were

adapted from Bucher et al. (2018).

high fluorescence intensity found in U373 using live-cell microscopy (Fig.4.2a) are most likely
flat clathrin structures with or without budding domes or pits since they show the highest
fluorescence intensity in CLEM (Fig.4.11b). Furthermore, the persistent clathrin-coated plaques
(Fig.4.2a) as well as the flat structures with budding domes or pits (Fig.4.9c) are unique for

U373 cells when compared to the other cell lines used in this study, which indicates that they

are the same CCSs.
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Overall, the structural analysis of clathrin coats uncovered cell type-dependent size and
morphology distributions of CCSs that are most likely a consequence of differential regulation of
coat formation and growth behaviour. When distinguished by their ultrastructure, we will from
now on describe and differentiate between small deeply invaginated CCP and large flat clathrin-
coated plaques, which can pinch off CCPs from their rim.
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4.2 Investigation of structural changes of the clathrin coat during CCP

formation

The ultrastructural steps during CCP formation have been a controversial topic for many years
(Heuser, 1980; Larkin, Donzell and Anderson, 1986; Kirchhausen, 2009; Avinoam et al., 2015;
Lampe, Vassilopoulos and Merrifield, 2016). On the basis of EM and FM data, two assembly
models have been proposed: The constant curvature model and the constant area model
(Fig.2.4a) (Lampe, Vassilopoulos and Merrifield, 2016). We challenged these two models by
using a combination of experimental data (FM, TEM, and CLEM) and mathematical growth
modelling to evaluate their possibility and refine our current understanding of the structural

changes of CCSs during CCP assembly.

The text and figures of the following paragraphs (4.2.1-4.2.4) have been adapted from Bucher et
al. (2018). This corresponds to a co-first author accepted manuscript resulting directly from my

PhD research project.

4.2.1 EM and CLEM analysis of CCSs do not support existing growth models

To address whether CCP formation follows the constant curvature model or the constant area
model (Fig.4.12a) (Lampe, Vassilopoulos and Merrifield, 2016), we chose BSC-1 cells, a widely
used cellular model to study CME (Ehrlich et al., 2004; Boucrot et al., 2006; Saffarian, Cocucci
and Kirchhausen, 2009). BSC-1 cells present homogenous CME events in regard to both
lifetime as well as intensity profiles and lack the long-lived flat clathrin-coated plaques (Fig.4.1-
2, 4.9-10) (Saffarian, Cocucci and Kirchhausen, 2009; Grove et al., 2014). Both models predict
different growth profiles for the surface and projected area of CCSs during CCP formation. The
constant curvature model implies that the projected area will quickly be smaller than the surface
area. In contrast, the constant area model proposes that both projected and surface area initially
show similar growth but then the projected area should drop significantly as bending starts
(Fig.4.12b).

To comprehensively characterise the ultrastructural organisation of CCSs in BSC-1 cells, we
performed TEM of metal replicas from unroofed PMs (Fig.4.9 and 4.12c-e). CCSs in TEM
images of whole PM sheets were counted, categorised as flat, dome or pit structures and their
size was measured as projected area (Fig.4.12c-e). For the constant curvature model, we
would expect no flat structures at all and no dome structures that exceed the projected area of
pits (Fig.4.12a-b). In contrast, our EM data reveals that around 50% of the CCSs in BSC-1
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Figure 4.12: Comprehensive ultrastructural characterisation of CCSs in BSC-1 cells by TEM. (a) Schematic of
the constant curvature and constant area models. The stages of different curvature (flat (blue), dome (red),
pit (green)) and the variation of projected area, which can be assessed during TEM imaging, is depicted for both
growth models. (b) Difference between projected area (black) and surface area (blue) during the course of CCP
formation according to the two models. The schematic illustrates the relationship between projected area and surface
area for flat, dome (approximately a hemisphere), and pit (approximately a complete sphere) CCSs. (c) Fraction of
flat (blue), dome (red) and pit (green) CCSs in whole PM of BSC-1 cell. (d) Projected area distribution of all
CCSs (black) measured by TEM. (e) Projected area distribution of the different clathrin morphologies (flat, dome, pit).
A box/whiskers plot of the projected area is shown in the inset. Mid-line represents median, cross represents the
mean and the whiskers represent the 10 and 90 percentiles. Results are calculated from three different membranes
(number of CCSs per membrane: 746, 869, and 739); means with SD are shown. The data of this figure has been
produced jointly with Kem A. Sochacki, NIH Bethesda. This figure has been adapted from Bucher ef al. (2018).
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correspond to flat CCSs (Fig.4.12c) and that a large fraction of the flat and dome structures has
a projected area larger than the projected area of the pits (Fig.4.12e). Since BSC-1 cells do not
have clathrin-coated plaques (Fig.4.1-2, 4.9-10) (Saffarian, Cocucci and Kirchhausen, 2009;
Grove et al., 2014), these results demonstrate that the constant curvature model cannot explain
the CCS size distribution, in agreement with the recent results by Avinoam et al. (2015). Since
the existence of flat CCSs seems to argue in favour of the constant area model, we would
expect that some flat structures have the same projected area as the surface area of fully
formed pits (Fig. 4.12a-b). Since the surface area of a spherical pit (4nr?, Fig.4.12b) is four times
larger than its projected area (nr?, Fig.4.12b), we would expect the mature flat structures to
have around four times the projected area of pits (Fig.4.12b). Instead, we found no flat
structures at all with a projected area four times larger than the mean projected area of CCPs
(Fig.4.12e). Additionally, the constant area model would imply that the projected area of dome
structures (which resembles a hemisphere) is reduced by a factor of two when converting to
CCPs. Instead we found only a slight increase of the mean projected area of domes compared
to pits (Fig.4.12e, distribution and inset box/whiskers). Together, these observations argue

against the constant area model.

To further challenge the two growth models, we used a CLEM approach (Sochacki et al., 2014,
2017) (Fig.4.8). BSC-1 cells were immunostained with a clathrin heavy chain antibody and the
fluorescence intensity of CCSs was correlated to their size and ultrastructural organisation
measured using TEM of metal replicas (Fig.4.13). CCS were classified according to their
ultrastructural organization observed by TEM as flat, dome and pit structures. Some of the CCS
could be separated and identified by TEM but not by FM due to its lower resolution (i.e. multiple
CCSs appearing as one fluorescent object). We classified them as “multiple structures”
(Fig.4.11a) and excluded them from further analysis. Since fluorescence intensity correlates to
the surface area of CCSs, we would expect the intensity to increase with increasing contact
angle for the constant curvature model (Fig.4.12a-b). In case of the constant area model, we
would expect equal intensity for the largest flat, domes, as well as all pit structures (Fig. 4.12a-
b). However, our CLEM analysis clearly revealed that flat and dome structures have similar
fluorescence intensities while pits tend to display higher fluorescence intensities (Fig.4.13a and
c). These flat CCSs had a mean fluorescence intensity of around 70 % of the pits (Fig.4.13a
box/whiskers; mean fluorescence intensity for flat CCSs: 1.6 x 10%; pits: 2.3x10°). In conclusion,
our TEM and CLEM analyses argue that neither of the proposed growth models fully explains
the observed ultrastructural distribution and corresponding fluorescence intensities of CCSs in
BSC-1 cells.
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Figure 4.13: CLEM of CCSs. (a) Fluorescence intensity distribution (clathrin heavy chain antibody, X22) of all
CCS (black line, left panel) and of flat (blue), dome (red), pit (green) CCSs, and multiple structures which cannot be
distinguished by fluorescence microscopy (orange) (right panel). A box/whiskers plot of the fluorescence intensity is
shown in the inset. Mid-line represents median, cross represents the mean and the whiskers represent the 10 and
90 percentiles. (b) Projected area distribution of all CCSs (black line, left panel) and of the different clathrin
morphologies (right panel). (c) Correlation of size and fluorescence intensity of all CCSs sorted by their different
morphologies. Graphs show one representative CLEM result with a total of 347 CCSs from one PM. The data of this
figure has been produced jointly with Kem A. Sochacki, NIH Bethesda. This figure has been adapted from Bucher et
al. (2018).

4.2.2 Modelling of CCP assembly reveals bending of the coat before reaching full

surface area

Although EM of metal replicas is a high-resolution microscopy technique revealing detailed
information about the size and ultrastructure of CCSs, it only provides snapshots of the dynamic
process of CCP assembly (Higgins and McMahon, 2017). In contrast, live fluorescence
microscopy (FM) of CME mostly allows the characterisation of the dynamics of different proteins
during the formation of CCSs but does not provide ultrastructural information (Kirchhausen,
2009). To obtain a more comprehensive dynamical picture, we used mathematical modelling of
clathrin growth behaviour to combine the ultrastructural information from EM with the dynamic
information obtained from total internal reflection fluorescence (TIRF) microscopy of
fluorescently tagged CLC. Our approach is to estimate the morphology distribution of CCSs by

fitting growth curves to individual CME fluorescence profiles. As the formation of CCSs is a
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complex process with numerous yet unknown variables, here the modelling approach is used
only to combine and compare the different data sets (FM, TEM and CLEM), with minimal
assumptions on the underlying mechanisms. To correlate the temporal information of CCS
dynamics obtained by live FM to the size information of these CCSs obtained by TEM we used
CLEM to convert the fluorescence signal into surface area (see Materials and methods 6.3.3-5).
Since we found a substantial number (around 50 %) of flat CCSs with projected areas similar to
pits (Fig.4.12c and e), we rule out the possibility that the constant curvature model might be the
dominant growth behaviour in BSC-1 cells. We therefore modelled the growth of CCSs
according to the constant area model. For this, CCSs first initiate as flat circular planar discs
that grow to a finite size before bending (Fig.4.14a). We assume growth of a CCS to be
possible only at its edge, because incorporation of new triskelia in the area is expected to be
energetically and topologically unfavourable. To avoid explosive growth and to lead to a stable
situation, however, this process has to be balanced by another process. Geometrically the
simplest possible model is that growth is limited by a process coupled to the area of the planar
disc. Dissociation over the area would be such a process, but alternatively one could think of
negative biochemical feedback increasing in proportion to the area (Fig.4.14a and Materials and
methods 6.3.1-2 and 8). By fitting the resulting growth equation (Fig.4.14a Equation 1) and
assigning the three different morphologies to the individual intensity profiles obtained by TIRF
microscopy (Fig.4.14b), we could calculate the size and morphology distribution of CCSs as
predicted by the constant area model (Fig.4.14c). As we are following the constant area model,
CCSs grow flat to their final size, which is represented by the plateau phase of the growth
curves (blue area in Fig.4.14b). Within the constant area model, the ratio of domes and pits is
directly proportional to their transformation dynamics. We exploited the distribution of domes
and pits observed in EM (40:60%, respectively) (Fig.4.12¢c and in Avinoam et al. 2015
(Fig.6.1)), to define the time necessary to ultrastructurally rearrange a flat CCS to dome (red
area) and a dome to CCP (green area) (Fig. 4.14b and see Materials and methods 6.3.1). To
calculate the size and morphology distribution of CCSs, we have to neglect the predicted
objects for which sizes fall under the detection limit of TEM which we have determined as being
the smallest object that can be confidently identified as clathrin coat by TEM (Fig.4.14b, dashed
line). This ensures that both the calculated and measured data sets are similarly restricted.
Comparison of the calculated distribution to the acquired EM data reveals that the ratio between
the flat, dome, and pit structures is biased toward flat structures compared to the EM data
(Fig.4.149). Additionally, the means of the predicted size distributions of flat and pit structures

are clearly separated with a shift of the flat projected area towards bigger sizes (Fig.4.14c and |,
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Figure 4.14: Mathematical modelling of CCS growth from intensity profiles of individual CME events.
(a) Mathematical representation of the constant area model, flat-to-curved transition happens at the time when
clathrin reaches its final content. (b) Example of a clathrin intensity track fitted by the constant area model. Blue
dots represent measured intensity of a single CME event; black line represents the fit with equation 1, dashed grey
line marks the EM detection limit. The schematic on the top illustrates the calculated projected area and assigned
curvature, flat (blue), dome (red), and pit (green). (c) Calculated projected area and curvature distributions of the
CCS according to the constant area model for 4927 FM tracks of four different cells. P-value of Welch'’s t-test to
compare the predicted to the measured distribution in panel h. A box/whiskers plot of the projected area is shown in
the inset. Mid-line represents median, cross represents the mean and the whiskers represent the 10 and
90 percentiles. (d) Mathematical representation of the updated growth model where a flat clathrin patch grows and
the flat-to-curved transition happens before reaching the final clathrin content. (e and f) same as (b and c) but using
equation 2. (g) Comparison of the predicted ratio of flat, dome, and pit structures from both growth model
(equation 1 (a) and equation 2 (d)) and the distribution obtained from TEM imaging. Results are calculated for
4927 FM tracks of four different cells; means with SD are shown. (h) Direct comparison of the projected area
distribution of flat and pit structures calculated by equation 1 and 2 as well as measured in EM, box/whiskers plot.
(i) TEM data as shown in Fig. 4.12e. Modelling has been performed by Felix Frey, Heidelberg University. This figure

has been taken from Bucher et al. (2018).
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box/whiskers and Fig.4.14h). In agreement with our TEM and CLEM results, our mathematical
modelling approach thus demonstrates that the constant area model does not correctly describe

the assembly process of CCPs in BSC-1 cells.

Given the high proportion of flat structures (Fig.4.12c), we reasoned that CCSs start as flat
structures and then acquire curvature before reaching the full clathrin content (Fig.4.14d and
Materials and methods 6.3.9-11). In contrast to the constant area model (Fig.4.14a), now the
system has an intrinsic mechanism to stop growth, namely formation of a sphere and therefore
needs no balancing mechanism (no regulation by the area) besides the regulation by curvature
in a minimal model. As we previously observed that the clathrin content of flat structures
represents 70% of the clathrin content of CCPs (Fig.4.13a, box/whiskers), we reasoned that
transition from flat to dome occurs at 70 % of their final clathrin content (Fig.4.14e, blue area).
Similar to the constant area model we defined conversion to domes (red area) and pits (green
area) according to their relative ratio observed in TEM. The resulting growth equation was again
fitted to the individual intensity profiles of CME events (Fig.4.14e). To test the different models,
we compare them on the level of size and morphology distributions (instead of single
trajectories). Our approach therefore represents the typical statistics of the system and is not
meant to describe single trajectories that are prone to depend strongly on molecular details. As
a matter of fact, the calculated ratio between the flat, dome, and pit structures is similar as
before and biased towards flat structures (Fig.4.14g), but in contrast now the calculated size
and morphology distribution fit the EM data better than the distribution according to the constant
area model. The means of the predicted projected area of both the flat and pit have similar sizes
(Fig.4.14f and h, box/whiskers). These findings strongly support a model where assembly of a

CCP initiates flat and then acquires curvature at around 70 % of its final clathrin content.

4.2.3 Starting point of acquiring curvature is marked by a change in the AP2/clathrin

ratio

The flat-to-curved transition of a CCSs requires major ultrastructural reorganisation of the coat
(den Otter and Briels, 2011). To acquire curvature, according to Euler's theorem the hexagonal
organisation of the clathrin triskelia needs to reorganise into a polyhedral assembly including 12
pentagons (den Otter and Briels, 2011). The clathrin lattice in flat structures is mostly composed
of hexagons (Heuser, 1980; Maupin and Pollard, 1983). Although it has been shown using

FRAP that the clathrin coat is highly dynamic, which is a prerequisite for such rearrangement
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Figure 4.15: The relative amount of AP2 and clathrin molecules per surface unit of a CCS is curvature
dependent. CLEM analysis of CCS labelled with AP2-eGFP (a) or clathrin heavy chain antibody (b). Flat (blue),
dome (red), and pit (green). Lines in the corresponding colour show linear regression of the projected area and of
the fluorescence intensity. CLEM analysis of CCSs corrected according to the regression of flat structures labelled
with AP2-eGFP (c) or clathrin heavy chain antibody (d). Projected areas of dome and pit structures of the CLEM
analysis were multiplied by a correction factor to fit the linear regression of flat CCSs. Lines in the corresponding
colour show linear regression of the calculated surface and the fluorescence intensity. (e) Table shows correction
factors for dome and pit structures for AP2-eGFP or clathrin heavy chain labelling used in (c) and (d). Calculations

have been performed by Felix Frey, Heidelberg University. This figure has been taken from Bucher et al. (2018).

(Wu et al., 2001, 2003; Avinoam et al., 2015), it is still puzzling what regulates the organisation
of triskelia in the coat and what coordinates the flat-to-curved transition. It was proposed before
that the ratio of the adaptor AP2 to clathrin changes within the growth of CCPs (Saffarian and
Kirchhausen, 2008; Loerke et al., 2011; Sochacki et al., 2017). Therefore, we correlated the
relative amount of AP2 and the ultrastructural organisation of CCS. We performed CLEM
analysis using BSC-1 cells expressing AP2-eGFP (Fig.4.15a) and correlated these results to
clathrin immunostaining CLEM (Fig.4.15b). To find the relationship between fluorescence
intensity and the surface of CCSs, the measured projected area needs to be corrected for the
curvature to obtain the surface area of the CCSs (Fig. 4.12b). For flat structures, projected area
and surface area are identical, thus we used the linear regression of flat coats as a reference to
correct the projected area of both domes and pits. Assuming the geometry of a hemisphere for
domes and an almost complete sphere for pits we expect a correction factor of <2 for domes

and 2<x<4 for pit structures if the relationship between fluorescence intensity and surface area

is independent of curvature (Fig.4.12b). The correction factors inferred for domes and pits were
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Figure 4.16: Change in the AP2/clathrin ratio is associated with flat-to-curved transition. (a) Example of an
AP2 (blue) and clathrin (red) intensity profile from an individual CME event. The AP2 profile was fitted to equation 1
to find the time when AP2 signal plateaus. The fluorescence intensity of AP2 and clathrin were normalised to the
fluorescence intensity of the time when the fitted AP2 profile reaches its plateau. Time offset (difference between the
time AP2 plateaus and clathrin reaches its maximum intensity) and intensity offset (excess of maximal clathrin signal
over AP2 maximum intensity) are indicated in the profiles. Quantification of the time offset (b) and the intensity
offset (c) for 754 tracks of one single cell. (d) Quantification of the clathrin content at the time when AP2 reaches its
plateau from 4927 FM tracks. The clathrin signal was normalised to the maximal clathrin signal in each track.
(e) Example of an AP2 (blue) and clathrin (red) profile fitted to equation 1 and 2, respectively. These fits were used to
calculate the size and curvature distributions of the CCSs in (f and g). (f) Comparison of the calculated ratio of flat,
dome, and pit structures to the measured ratio in TEM. Results calculated from 4927 FM tracks from four different
cells; means with SD are shown. (g) Calculated projected area of the CCSs using a growth model where the flat-to-
curved transition corroborates with the change of clathrin/AP2 ratio (when AP2 signal reaches its plateau phase) for
4927 FM tracks of four different cells. P-value of Welch'’s t-test to compare the predicted to the measured distribution
in panel f. A box/whiskers plot of the projected area is shown in the inset. (h) TEM data as shown in Fig. 4.12e
(i) Direct comparison of the projected area distribution of flat and pit structures calculated according to the
AP2/clathrin ratio as well as measured in EM, box/whiskers plot. Modelling has been performed by Felix Frey,
Heidelberg University. This figure has been taken from Bucher et al. (2018).
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1.4 and 2.8, respectively, which are within the expected ranges (Fig.4.15d-e and Fig.4.12b).
Strikingly, the correction factors for AP2 CLEM were smaller than expected, especially for the pit
structures (domes: 1.2; pits: 1.7) (Fig.4.15¢c and e). This reveals that the AP2/clathrin ratio in a
CCS differs depending on its curvature and that this ratio is reduced within the coat as curvature

increases.

As the AP2/clathrin ratio depends on the curvature of CCSs (Fig.4.15) and as AP2 partitions at
different nanoscale zone in relation to the edge of the clathrin lattice during the different stages
of CCS formation (Sochacki et al., 2017), we hypothesised that the change in the AP2/clathrin
ratio correlates with the stage at which a flat CCS bends to form a CCP. Using cells expressing
both AP2-eGFP and CLC fused to the fluorescent protein tdtomato, we analysed the intensity
profiles of AP2 and CLC during CME. While AP2 profiles often show a distinct plateau phase,
the intensity of CLC continues to increase until the end of an endocytic event (Fig.4.16a). By
normalising the fluorescence intensities of AP2 as well as CLC to the time point when the AP2
signal plateaus, we can calculate the time offset between the time AP2 signal reaches its
plateau and the time point CLC reaches its maximal intensity (Fig.4.16a-b). Similarly, we
defined the intensity offset of clathrin over AP2 (Fig.4.16a and c). We found that the time offset
was around 10 second (Fig.4.16b) and that the intensity offset of clathrin over AP2 was around
15% (Fig.4.16¢c). We hypothesised that the time point when AP2 reaches its plateau and
therefore the AP2/clathrin ratio changes marks the starting point of bending. We performed
another round of CCP assembly modelling, this time using both AP2 and CLC intensity profiles
and defining the time point of flat-to-curved transition when AP2 reaches its plateau phase
(Fig.4.16e and Materials and methods 6.3.12-13). At this precise time, the mean clathrin
content reached around 70 % of its maximal value (Fig.4.16d). Using these new parameters, the
predicted ratio of flat, dome, and pit structures perfectly matched the EM data (Fig. 4.16f) and
the means of the predicted projected area of both the flat and pit CCS have similar sizes
(Fig.4.16g-h, box/whiskers and 4.16i). This AP2/clathrin ratio model better resembles the
parameters measured in EM compared to both the constant curvature and constant area
models (Fig.4.14h and 4.16i). These findings strongly support a model where flat-to-curved

transition correlates with the concomitant change in the AP2/clathrin ratio.

4.2.4 High membrane tension inhibits the flat-to-curved transition of CCSs

By inducing curvature to the PM, the CCS needs to act against the PMT. Higher PMT has been
shown to increase the lifetime of clathrin events at the PM (Boulant et al., 2011; Ferguson et al.,

2016) and modelling of the energetic cost of membrane bending suggests that it affects the
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Figure 4.17: Osmotic shock induces stalling of CCSs. (a) lllustration of the effect of osmotic shock on BSC-1
cells. Hypotonic medium was applied to BSC-1 cells, inducing osmotic swelling that results in an increase in PMT.
The same BSC-1 expressing fluorescently tagged clathrin light chain and AP2 proteins was followed from
5 minutes prior (internal control) until 30 minutes post hypotonic medium application using spinning disc confocal
microscopy. (b) Kymograph of AP2-eGFP (green) and clathrin light chain a-tdtomato (red) expressing BSC-1 cells.
The dynamics of CCP was recorded during 5 minutes prior to osmotic shock until 30 minutes post-osmotic shock.
The time after applying the hypotonic medium can be divided into latency, stalling, and osmotic shock reversion
time depending on the effect on CME dynamics. Scale bar: 5min. (¢) Representative AP2 (blue) and clathrin (red)
intensity profile from an individual CME event during the time of stalling fitted to equation 1 to quantify the plateau
time. (d) Quantification of the lifetime of CME events during osmotic shock experiments for 1607 tracks of one
single cell. CME events were binned in 3 minute intervals in respect to the onset of osmotic shock. Red line
indicates lifetime of CME prior to osmotic shock. (e) Quantification of the plateau time of AP2 of individual CME
events during osmotic shock experiments (as defined in Fig.4.16a) for 1607 tracks of one single cell. CME events
were binned in 3 minutes intervals in respect to the onset of osmotic shock. Red line indicates plateau time of CME
prior to osmotic shock. (f) Quantification of the time offset between AP2 plateau and clathrin maximum of individual
CME events during osmotic shock experiments (as defined in Fig.4.16a) for 1607 tracks of one single cell. CME
events were binned in 3 minutes intervals in respect to the onset of osmotic shock. Red line indicates time offset of
CME prior to osmotic shock. Calculations have been performed by Felix Frey, Heidelberg University. This figure
has been taken from Bucher et al. (2018).
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morphology of the CCS (Saleem et al., 2015; Hassinger et al., 2017). But the effects of
increasing PMT on the ultrastructural organisation of CCSs have not been investigated in living
cells. We monitored the dynamics of clathrin and AP2 during osmotic shock in which the PMT
was increased by applying hypotonic medium inducing osmotic swelling of the cells (Boulant et
al., 2011) (Fig.4.17a). Following a short latency period, we observed that CCS stalled at the
PM. This effect was transient and cells quickly reverted to normal clathrin dynamics (Fig.4.17b
and d). Since the growth dynamics of clathrin is stalled under osmotic conditions we now
determined the flat-to-curved transition time not by determining the time when AP2 reaches is

plateau but by calculating when CLC intensity exceeds the AP2 intensity by 5%, which we
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Figure 4.18: Osmotic shock blocks flat-to-curved transition of CCSs. (a) Predicted ratio of flat (blue),
dome (red), and pit (green) structures calculated from the binned AP2 and clathrin profiles of CME events
(Fig.4.17c) during osmotic shock for 1357 tracks. (b) Examples of CCS under normal and osmotic shock conditions.
Blue arrows point to flat structures. (c) Comparison of measured and predicted frequency of flat, dome, and pit
structures under normal and osmotic shock conditions. (d) Projected area distribution of the different clathrin
morphologies under normal and osmotic shock conditions. A box /whiskers plot of the projected area is shown in
the inset. Mid-line represents median, cross represents the mean and the whiskers represent the 10 and
90 percentiles. (e) Comparison of projected area distributions of flat CCS under normal and osmotic shock
conditions. Results are calculated from four different membranes (number of CCS per membrane: normal
conditions 267, 308, 229, and 323; osmotic shock: 395, 99, 351, and 201); means with SD are shown. The EM data
of this figure has been produced jointly with Kem A. Sochacki, NIH Bethesda. Modelling has been performed by
Felix Frey, Heidelberg University. This figure has been taken from Bucher et al. (2018).
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controlled to yield similar results under unperturbed isoosmotic conditions (Materials and
methods 6.3.14). Using fitted AP2 and unfitted CLC intensity profiles under osmotic shock, we
showed that the CCSs display a longer AP2 plateau phase (Fig.4.17c and e) and that the time
offset was increased compared to normal conditions (Fig.4.17f and 4.16b). According to our
findings that the change in AP2/clathrin ratio coordinates the flat-to-curved transition of CCS,
the delayed offset in the AP2/clathrin ratio under higher PMT suggests that the flat-to-curved

transition is suppressed and that the coats are flat under this condition.

By looking at the AP2/clathrin ratio during osmotic shock, we predicted that during the stalling
phase, 70% of the CCS would be flat (Fig.4.18a). To test this notion, we performed EM of metal
replica of CCSs under osmotic shock (Fig.4.18b). We found an accumulation of flat CCSs under
osmotic shock compared to normal conditions and the frequency was comparable to our
predictions from the AP2 and CLC profiles (Fig.4.18c). These flat structures, as well as the
dome and pit structures, have the same size distribution as under normal conditions (Fig.4.18d
box/whiskers and 4.18e). The EM data confirms that under higher PMT the flat-to-curved
transition of CCS is inhibited. Using mathematical modelling and individual clathrin and AP2
intensity profiles acquired under osmotic shock, we could predict the morphology of the stalled
CCSs. This finding is in agreement with our proposed growth model, which describes that a
change in AP2/clathrin ratio represents the precise moment at which the flat-to-curved transition

OCcurs.
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4.3 Role of clathrin-coated plaques in cell migration

The role of transient small, invaginated CCPs in cargo uptake during CME is well established
(McMahon and Boucrot, 2011). The persistent larger flat clathrin-coated plaques are less
characterized and their function is still unclear. To investigate the role of clathrin-coated
plagues, we chose U373 as a model cell line since they form characteristic clathrin-coated
plagues as shown in paragraph 4.1. We used live-cell FM, inhibition of FAs as well as chemical
and physical extracellular cues to unravel the signals that induce clathrin-coated plaque

formation and their role during cell migration.

4.3.1 Switch from FAs to clathrin-coated plaques during cell migration

Clathrin-coated plaques form exclusively at attached PM parts, which are in contact with a
substrate (Fig.4.3 and 4.4). One difference between attached and non-attached PMs is the
formation of FAs. To test if clathrin-coated plaques are involved in FA formation or disassembly,
we looked for colocalization with FA proteins. FAs consist of three main layers: 1) Integrins
spanning the PM to serve as ECM receptors; 2) adaptor proteins which link integrins to the
3) actin stress fibres (Fig.2.6a). Actin stress fibres did not colocalize with clathrin-coated
plagues (Fig.4.19a-c), however we could detect actin patches at clathrin-coated plaques
(Fig.4.19c), but actin puncta are generally no marker for FAs. Different markers of FAs (such as
the adaptor proteins vinculin, zyxin, paxillin, and FAK were also not detected at clathrin-coated
plaques (Fig.4.19a-c and 4.20). Interestingly, only certain integrins (1 and av35) could be
detected in clathrin-coated plaques but in the absence of other FA markers (Fig.4.19d-f and
4.25a-c). Together the lack of clear colocalization between FAs and clathrin-coated plaques and
the spatial separation of their locations (clathrin-coated plaques are found rather central within a
cell whereas FAs at the periphery of the cells) do not support a role of clathrin-coated plaques in
FA formation or disassembly. However, the fact that some integrins were found at clathrin-
coated plaques might suggest a function at late stages of FA disassembly namely the recycling

of integrins.

FAs are highly dynamic complexes that mature over time and their turnover is crucial for cell
migration (Parsons, Horwitz and Schwartz, 2010; Geiger and Yamada, 2011; Vicente-
Manzanares and Horwitz, 2011). To further investigate the role of clathrin-coated plaques during
FA disassembly, we used long-time live-cell FM to follow FA together with clathrin dynamics
during cell migration. In U373 expressing AP2-eGFP and mcherry-fusion proteins of FA

adaptors (vinculin, zyxin, paxillin, and FAK), we could observe that the positions where FA
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Figure 4.19: Clathrin-coated plaques do not colocalize with FAs. Representative images from total internal
reflection fluorescence (TIRF) microscopy of U373 stably expressing AP2-eGFP (green) and transiently expressing
mcherry-zyxin (red) stained for (a-c) actin with Alexa Fluor 647-labelled phalloidin (blue) or (d-e) integrin B1 (blue).
(b and €) Zoom on FAs marked by mcherry-zyxin. (c and f) Zoom in on clathrin-coated plaques marked by AP2-
eGFP. Scale bar: 10pm (a and d) or 2um (b, c, e, and f).

disassembled often marked the location of newly formed persistent clathrin-coated plaques
(Fig.4.20). A merge of the FA signal from earlier time points and the AP2 signal at later time
points highlights those FAs that got replace by CCS (Fig.4.20). Quantification of the fluorescent
signals of both the FA and the CCS markers revealed that the signal for the FA adaptors always
completely disappeared before the clathrin-coated plaques started to form at that location (data
not shown). This was true for all FA adaptors tested (zyxin, vinculin, FAK, and paxillin). Since
FAs are larger than clathrin-coated plaques (around 5uym (Kanchanawong et al, 2010)
compared to around 1um (Fig.4.10) in length, respectively), the position formerly covered by a

FA was often occupied by several clathrin-coated plaques in close vicinity (Fig.4.20b, d, f, h).
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Figure 4.20: Switch from FAs to clathrin-coated plaques during cell migration in U373. Long-time live-cell
confocal spinning disc microscopy of U373 stably expressing AP2-eGFP (green) and transiently expressing FA
proteins fused to mcherry: mcherry-zyxin (a and b), mcherry-vinculin (c and d), mcherry-FAK (e and f), or mcherry-
paxillin (g and h) (red). (a, c, e, and g) Overview of a representative migrating cell at time 0 (left) and a later time
point (140, 190, 100, or 170 minutes, respectively) (middle). (Right) Merged images of the FA protein signal at time
0 (red) and the AP2-eGFP signal at the later time point (green). Scale bar: 10um. (b, d, f, and h) Zoom in on FAs
that switch to clathrin-coated plaques. (Left) Time point 0, (middle) later time point, and (right) merged image of the
FA protein signal at time 0 and the AP2-eGFP signal at the later time point. Scale bar: 2 um.
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Figure 4.21: Switch from FAs to clathrin-coated plaques during cell migration in U20S and HT1080. Lifetime
versus maximal fluorescence intensity of AP2-eGFP of CME tracks for U20S (a) and HT1080 (b). Shown are plots
of a representative cell of each cell line. Each dot represents one event in a 10 minute long movie. Number of
tracks: 5,492 (U20S) and 3,287 (HT1080). (c) Box and whiskers plot showing the lifetime distributions of CME in
U373, U20S, and HT1080 computed from three to four cells for each cell line. Whiskers represent 10-90 percentile,
box represents second and third quartile, the line marks the median, and the cross marks the mean. Number of
tracks: 4,472 (U373), 19,366 (U20S), and 7,144 (HT1080). Long-time live-cell confocal spinning disc microscopy of
U20S (d and e) and HT1080 (f and g) stably expressing AP2-eGFP (green) and transiently expressing mcherry-
zyxin (e and g) (red). (d and f) Overview of a representative migrating cell at time 0 (left) and a later time point
(4 hours and 60 minutes for U20S and HT1080, respectively) (middle). (Right) Merged image of the FA protein
signal at time 0 (red) and the AP2-eGFP signal at the later time point (green). Scale bar: 10 um. (e and f) Zoom in
on FAs that switch to clathrin-coated plaques. (Left) Time point 0, (middle) later time point, and (right) merged

image of the FA protein signal at time 0 and the AP2-eGFP signal at the later time point. Scale bar: 2 um.

Analysis of their dynamics revealed that the clathrin-coated plaques formed during such a
process were very persistent and stayed at that position up to several hours (data not shown).
The main reason for the disassembly of such plaques was that cells migrated away from their

original positions.
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To control that this observation is not cell type-specific, we performed long-time live-cell
microscopy of AP2-eGFP and mcherry-zyxin of other cell lines known to form clathrin-coated
plaques (Fig.4.21). We found that the human osteosarcoma cell line U20S as well as the
human fibrosarcoma cell line HT1080 showed CCS dynamics similar to U373 cells with
characteristic persistent clathrin-coated plaques (Fig.4.21 a-c). Using a similar approach as
described above for the U373 cells, we could observe clathrin-coated plaque formation at

positions where FAs got disassembled in both of these cell lines (Fig.4.21 d-g).

Together, our long-time live-cell FM approach revealed a so far undescribed process in which
FAs are disassembled at the PM and are replaced by CCSs that we have identified from their
dynamic and fluorescence intensity characteristics as clathrin-coated plaques. We call this novel
process switch from FAs to clathrin-coated plaques. We propose that this is a general process
since we observed this switch in all tested cell types, which form clathrin-coated plaques.
Although a lot of the clathrin-coated plaques found in a cell could be associated with this switch
there were also clathrin-coated plaques, which did not have a clear correlation to FA
disassembly. These plaques might be formed by another mechanism and might serve different

functions.

4.3.2 Drug-induced switch from FAs to clathrin-coated plaques

FA maturation during cell migration is a relatively slow process (several minutes to hours) and
the location and timing of FA disassembly are unpredictable during random migration (Petrie,
Doyle and Yamada, 2009; Parsons, Horwitz and Schwartz, 2010; Vicente-Manzanares and
Horwitz, 2011). To be able to induce and quantify the switch from FAs to clathrin-coated
plagues, we tested if this process also occurs during drug-induced FA disassembly. For this
assay, we tested two drugs: the Rho-associated protein kinase (ROCK) inhibitor Y-27632
(Riento and Ridley, 2003) and Blebbistatin, a myosinll inhibitor (Vicente-Manzanares et al.,
2009). Both of this drugs lead to the disassembly of actin stress fibres and thereby recycling of
FAs (Riento and Ridley, 2003; Vicente-Manzanares et al., 2009) (Fig.4.22a-b). We studied the
kinetics of stress fibre and FA disassembly under ROCK inhibitor (10uM) and Blebbistatin
(20 uM) treatment and found similar kinetics for both inhibitors (Fig.4.22c-d). After around
10 minutes treatment with either of the two inhibitors, more than half of the cells did not show
stress fibres and FAs. This number could even be reduced to less than 25 % after 20 minutes of
drug treatment (Fig. 4.22c-d).
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Figure 4.22: Kinetics of drug-induced FA disassembly. Representative images of widefield microscopy of
untreated (a) and inhibitor treated (b) U373 cells stained for actin with Alexa Fluor 647-labelled phalloidin (red),
vinculin (green) and DNA with DAPI (blue). Scale bar: 10 um. Kinetics of stress fibre (c) and FA (d) disassembly by
treatment with ROCK inhibitor (10 uM, black) or Blebbistatin (20 uM, green). The graph shows the mean with SD of
each time point. The results are computed from three independent experiments with over a hundred cells per

experiment. The data of this figure has been produced by Veronika Saharuka, Heidelberg.

To investigate if the drug-induced disassembly of FAs leads to a switch to clathrin-coated
plaques, we performed live-cell microscopy of U373 expressing AP2-eGFP and mcherry-zyxin
under drug treatment (Fig.4.23). To be able to identify the position where FAs have been
disassembled, cells were imaged first before drug treatment and then followed under drug
treatment for 30 minutes. We observed the switch from FAs to clathrin-coated plaques by
treatment with ROCK inhibitor as well as Blebbistatin (Fig.4.23a and e). The merge of the FA
signal before drug treatment and of the AP2 signal after drug treatment highlights those FAs
that got switched to clathrin-coated plaques (Fig.4.23a, b, e, and f). The CCSs that formed at
the position of previously found FAs were very persistent as they stayed for the rest of the drug
treatment (Fig.4.23 c and g). Even when the drug was washed out, clathrin-coated plaques that
formed during the drug-induced switch were persistent while new FAs and actin stress fibres
were formed (data not shown). Analysis of the fluorescence intensity during the switch process
revealed that zyxin was almost fully removed from the specific membrane location before being
replaced by AP2 (Fig.4.23 d and h).

To quantify the switch from FAs to clathrin-coated plaques, we check for colocalization of FAs
before and clathrin-coated plaques after drug treatment (Fig.4.24a). We developed an

automated workflow to quantify the switch by object-based colocalization. Since we know that
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Figure 4.23: Drug-induced switch from FAs to clathrin-coated plaques. Live-cell confocal spinning disc
microscopy of representative U373 cells stably expressing AP2-eGFP (green) and transiently expressing mcherry-
zyxin (red) treated with ROCK inhibitor (10uM) (a-d) or Blebbistatin (20 uM) (e-h). (a and e) Overview of a
representative cell before (left) and 30 minutes after drug treatment (middle). (Right) Merged image of the mcherry-
zyxin signal before (red) and the AP2-eGFP signal after drug treatment (green). Scale bar: 10 um. (b and f) Zoom in
on a FA that switches to clathrin-coated plaques. (Left) Before, (middle) 30 minutes after drug treatment, and

(right) merged image of the mcherry-zyxin signal before and the AP2-eGFP signal after drug treatment.
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Scale bar: 2um. (c and g) Kymograph of the switch from FA to clathrin-coated plaques shown in b and f during the
30-minute drug treatment. Scale bar: 5min. (d and h)Normalized fluorescence intensity profiles of AP2-

eGFP (green) and mcherry-zyxin (red) of the switch from FA to clathrin-coated plaques shown in b and f.
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Figure 4.24: Quantification of drug-induced switch from FAs to clathrin-coated plaques. (a) lllustration of the
analysis workflow used to automatically quantify the switch from FAs to clathrin-coated plaques using KNIME. Live-
cell spinning disc confocal microscopy of U373 stably expressing AP2-eGFP (green) and transiently expressing
mcherry-zyxin (red) was performed before and after drug-treatment. For the quantification, a binary mask of the
mcherry-zyxin signal before the treatment was used to count the number of FAs and to perform colocalization
analysis between FAs and CCSs after the treatment defined by a binary mask of the AP2-eGFP signal. FAs were
categorized into switching (magenta) and non-switching (blue) and the percentage of FAs that switch to clathrin-
coated plaques was calculated. For this analysis, only FAs were considered which position was still covered by the
cell after drug treatment. The AP2-eGFP signal of the image before the drug treatment was used as a detection
control. Scale bar: 10uym. (b) Quantification of the switch from FAs to clathrin-coated plaques during ROCK
inhibitor (10uM, grey) and Blebbistatin (20uM, green) treatment. Whiskers represent 10-90 percentile, box
represents second and third quartile, and the line marks the median. Results are computed from three repetitions.
Statistical analysis: t test, n=28 (ROCK inhibitor) or n=30 (Blebbistatin), P<0.01.
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FAs and CCSs do not colocalize at any time, we used the AP2 signal from the same time point
as the FA signal before the drug treatment as a negative control. The analysis of the negative
control showed that the automated workflow detected that around 10 % of FAs colocalized with
CCSs in the same time point before drug treatment, we considered that value as background,
which was due to false detection by CCSs in close proximity to FAs (Fig.4.24 b, before
treatment). After drug treatment the percentage of FAs before treatment colocalizing with CCSs
after treatment increased significantly (Fig.4.24b). Already after 10 minutes, over 35% of the
FAs switch to clathrin-coated plaques and this number increased further for longer time of

treatment (over 40 % after 20 minutes of drug treatment) (Fig. 4.24b).

In summary, we could show that the switch from FAs to clathrin-coated plaques happened not
only during the disassembly of FAs during cell migration but can also be induced on-demand by
pharmacological compound-mediated FA disassembly (Fig.4.23 and 4.24). This inhibitor
approach provides us with a powerful tool to study the role of this switch from FA to clathrin-
coated plaques. In the rest of this work, we decided to mostly use ROCK inhibitor treatment as a

highly reproducible way of inducing the switch process.

4.3.3 Integrins recruit and stabilize clathrin-coated plaques

CCSs form after recruitment of clathrin adaptors to transmembrane proteins at the PM (Reider
and Wendland, 2011; Traub and Bonifacino, 2013). Given our observation that integrins display
partial colocalization with clathrin-coated plaques (Fig.4.19), these ECM receptors might remain
at the position where FAs have been disassembled and subsequently recruit the clathrin
machinery to form clathrin-coated plaques. To test the role of integrins in clathrin-coated plaque
formation and stabilization, we first checked for colocalization of different integrins at clathrin-
coated plaques. Like observed in Fig.4.19, we could find B1 and avB5 integrins but no 3
integrins at clathrin-coated plaques under normal conditions (Fig.4.25a-c). To investigate the
role of integrins in stabilizing clathrin-coated plaques, we treated cells with the integrin
antagonist, Cilengitide. The cyclic RGD (Arg-Gly-Asp) peptide Cilengitide specifically inhibits
avB3, avpB5, and a5B1 integrins by binding to the extracellular domain of integrins and
competing with RGD motifs found in ECM proteins (Dechantsreiter et al., 1999; Mas-Moruno,
Rechenmacher and Kessler, 2010). We performed live-cell microscopy of U373 expressing
AP2-eGFP under Cilengitide treatment. We could show that clathrin-coated plaques that were
persistent before, started to disassemble during Cilengitide treatment after around 10 minutes
(Fig.4.25d and e). During the disassembily, clathrin-coated plaques formed smaller and transient
CCSs, which resembled CCPs (Fig.4.25e).
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Figure 4.25: Clathrin-coated plaques are stabilized by integrins. (a-c) TIRF microscopy of U373 stably
expressing AP2-eGFP (green) immunostained for integrin (a) 1, (b)B3, and (c)avp5 (red). Shown is a
representative cell (left) with zoom-in on clathrin-coated plaques (right). Scale bar: 10 um (left), 2um (right). (d) Live-
cell spinning disc confocal microscopy of U373 stably expressing AP2-eGFP treated with Cilengitide (10 uM) for
20 minutes. Shown is a representative cell before (left) and after 20 minutes treatment with Cilengitide (right). Scale
bar: 10 um. (e) Serial zoom-in (top) and kymograph (bottom) of clathrin-coated plaques marked in d. Serial zoom-in
with a time frame of 5 minutes and kymograph following clathrin-coated plaque disassembly over 20 minutes of
Cilengitide treatment. Clathrin-coated plaques were imaged 5 minutes before treatment to show their persistence.

Scale bar: 2um (zoom-in), 5min (kymograph).
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To investigate if integrins are also involved in recruiting clathrin-coated plaques to the former
position of disassembled FAs, we check for colocalization of integrins with clathrin-coated
plagues after ROCK inhibitor treatment. We focused our analysis on clathrin-coated plaques at
the periphery of the cells where the switch from FA to clathrin-coated plaques often takes place
and where normally less conventional clathrin-coated plaques are found. We could find 1 and
avp5 integrins but no B3 integrins colocalizing with clathrin-coated plaques at the cell periphery
formed after ROCK inhibitor treatment (Fig.4.26 a-c). This suggests that these integrins were
left from the FAs, which disassembled during the drug treatment, and in turn, these integrins

were responsible for the recruitment of clathrin-coated plaques.

Integrin heterodimers are considered to mediate adhesion to different ECM substrates. Although
integrin-ligand binding is rather promiscuous, there are some binding motifs in ECM proteins,
which are recognized only by certain integrin receptors (Humphries, Byron and Humpbhries,
2006; Barczyk, Carracedo and Gullberg, 2010). Since we found only specific integrins at
clathrin-coated plaques, we tested if certain substrates would be more efficient for the switch
from FAs to clathrin-coated plaques. B1 found in clathrin-coated plaques is forming
heterodimers with a broad range of a subunits resulting in integrins binding to a variety of ECM
proteins (Brakebusch and Fassler, 2005). Of note, almost all collagen binding integrins contain
the B1 subunit (Zeltz and Gullberg, 2016). The other integrin we identified at clathrin-coated
plagues, avp5, is an RGD-binding integrin with vitronectin as main ligand (Cheresh et al., 1989;
Freed et al., 1989; Smith et al., 1990). While B3, which we could not detect at clathrin-coated
plagues, is mainly found in the avp3 heterodimer that binds to RGD motif containing ECM
proteins like fibronectin and vitronectin (Boettiger et al., 2001). We compared the efficiency of
the drug-induced switch from FAs to clathrin-coated plaques on glass, collagen, and fibronectin.
Since we use fetal bovine serum (FBS)-containing medium for our assay, the main adhesive
protein on glass substrate is vitronectin (Hayman et al., 1985). Glass and collagen as substrate
were similarly efficient in promoting the switch process as determined using our quantification
approach described in Fig.4.24. Precisely, we found that the same percentage of FAs got
replace by clathrin-coated plaques after 20 minutes of ROCK inhibitor treatment on both
substrates (Fig.4.26d). On the contrary, on fibronectin coating, cells showed a reduced number

of FAs switching to clathrin-coated plaques in the drug-induced assay (Fig.4.26d).

Together, these experiments revealed the association of integrins with clathrin-coated plaques
and suggest integrins being the main transmembrane protein recruiting clathrin- coated plaques
during the switch from FAs to clathrin-coated plaques. Our results suggest that 31 and av35

integrins but not B3 integrins are directly involved in this process. The fact that not all integrins
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Figure 4.26: Integrins colocalize with clathrin-coated plaques during drug-induced switch from FAs to
clathrin-coated plaques. (a-c) TIRF microscopy of U373 stably expressing AP2-eGFP (green) immunostained for
integrin (a) B1, (b) B3, and (c) avB5 (red) treated with ROCK inhibitor (10uM) for 20 minutes. Shown is a
representative cell (left) with zoom-in on clathrin-coated plaques (right). Scale bar: 10um (left), 2um (right).
(d) Normalized quantification of the switch from FAs to clathrin-coated plaques after 20 minutes of ROCK
inhibitor (10 uM) treatment on different substrate: glass (grey), collagen (green), and fibronectin (red). Data was
normalized to the mean on glass. Shown is the mean with SD computed from three repetitions. Statistical analysis:
t test, n=25 (glass), n=24 (collagen), and n=28 (fibronectin), P<0.05.
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are equally involved in the switch, suggests substrate specificity for this process. We found that
the ROCK inhibitor-induced switch from FAs to clathrin-coated plagues was more efficient on
substrates like glass and collagen then on fibronectin, which verifies the importance of the
substrate for this process. Clathrin-plaques are stabilized at the PM by integrins. These integrins
at clathrin-coated plaques might still act as ECM receptors and as such might provide cells with
additional adhesive units. Therefore, clathrin-coated plagques might serve as FA-like adhesion

structures.

4.3.4 Remodelling of ECM as a signal for clathrin-coated plaque formation

Although the switch from FAs to clathrin-coated plaques is a highly reproducible process, which
is found in almost all cells, not all FAs promote the recruitment of clathrin-coated plaques to the
place where they disassemble. In the drug-induced assay around 50 % of the FAs do not switch
to clathrin-coated plaques (Fig.4.24b). From long-time live-cell microscopy, we saw that the
position of a clathrin-coated plaque could be recognized again by the same cell. When a cell left
a precise position and returned later to this location, clathrin-coated plaques could be often
found at the same position where they were previously observed (Fig.4.27a). Even another cell,
which replaced a cell at a certain position, often formed clathrin-coated plaques at the same
spots as the cell that was there before (Fig.4.27a). Therefore we tested if there is an

extracellular signal, which induces clathrin-coated plaque formation at specific positions.

For this we used gridded coverslips to perform a correlative sequential seeding approach to find
back precisely specific positions (Fig.4.27b). First, U373 expressing AP2-eGFP were imaged on
gridded coverslips to identify the position of clathrin-coated plaques. Then these cells were
removed from the gridded coverslip by ethylenediaminetetraacetic acid (EDTA) treatment and,
in a second step, new U373 expressing AP2-eGFP were seeded on the same grid to analyse
the position of clathrin-coated plaques in those cells. We found that clathrin-coated plaques
formed in the second round of seeded cells at the same position where they were identified in
the first round of seeded cells (Fig.4.27c-d). When the gridded coverslip was cleaned with
trypsin or KOH after removing the cells, there were less clathrin-coated plaques in the second
round of seeded cells forming at the same place where they have been in the first round of
seeded cells (Fig.4.27c). In summary, our results strongly suggest that there is an extracellular
signal that induces clathrin-coated plaque formation at specific positions. This signal appears to
be left in the extracellular environment by clathrin-coated plaques or FAs that converted to
clathrin-coated plaques. This signal is likely proteic as it can be removed from surfaces by

trypsin digestion.
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Figure 4.27: Extracellular signal induces clathrin-coated plaque formation. (a) Long-time live-cell confocal
spinning disc microscopy of U373 stably expressing AP2-eGFP (green) and transiently expressing mcherry-
zyxin (red). (Top) Snapshots of a time series of two representative cells moving over the same area. Arrows point in
the direction of cell migration (first cell: yellow, second cell: blue). (Bottom left) Merged images of the AP2-eGFP
signal at three time points (first cell at t=0: red, first cell at t=4.4 h: green, second cell at t=7.7 h: blue). Zoom-in on

CCSs found at the same positions in all three time points marked by arrow heads. (b) The schematic illustrates the
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sequence of the experiment using gridded coverslips. A first round of cells (red) was imaged to identify the position
of CCSs and cells were then removed by EDTA solution. The gridded coverslip was either left untreated or treated
with trypsin to digest proteins or cleaned with a sequence of KOH, acetone, and ethanol to remove organic material.
Afterwards a second round of cells (green) was seeded on the same gridded coverslip and imaged to identify the
position of CCSs and to compare it with the position of CCSs identified within the first round of seeded cells.
(c) Quantification of overlapping CCSs in the first and second round of cells using gridded coverslips. Results were
normalized to the mean of the overlap of untreated gridded coverslips. Shown are the normalized mean with SD.
Statistical analysis: ttest, number of analysed images: n=31 (untreated), n=16 (trypsin), and n=15 (cleaning),
P<0.01. (d) Live-cell spinning disc confocal microscopy of two rounds of U373 stably expressing AP2-eGFP on the
same position of a gridded coverslip with no treatment before seeding the second round of cells. AP2-eGFP signal
of first (top left) and second (top middle left) round of cells. The panels underneath show the corresponding
brightfield image of the grid. (Top middle right) Merged image of AP2-eGFP in first cell (red) and second cell (green).
(Top right) Binary mask of AP2-eGFP overlap. (Bottom right) Zoom-in on representative overlapping CCSs from
both rounds of seeded cells. Kymographs of a 5 minute long movies of a representative CCS from both rounds of

seeded cells. Scale bar: 10 um (overviews), 2um (zoom-in), and 1 min (kymograph).

It is known that cells use FAs to remodel their surrounding ECM (Singh, Carraher and
Schwarzbauer, 2010; Bonnans, Chou and Werb, 2014; Mouw, Ou and Weaver, 2014). To test
the hypothesis that clathrin-coated plaques recognize ECM remodelled by FAs, we visualized

two kinds of ECM remodelling processes: fibronectin fibrillogenesis and gelatine digestion.

Cells build up their surrounding ECM by bundling proteins like fibronectin and collagen (Singh,
Carraher and Schwarzbauer, 2010; Mouw, Ou and Weaver, 2014). In case of fibronectin, this
process is referred to fibronectin fibrillogenesis and is mediated by FAs (Singh, Carraher and
Schwarzbauer, 2010). We visualized fibronectin fibrillogenesis by the use of medium containing
labelled fibronectin. Long-time live-cell microscopy of U373 expressing AP2-eGFP and mcherry-
zyxin in medium containing labelled fibronectin showed that U373 cells take fibronectin from the
medium and bundle it with their FAs into fibres (Fig.4.28a). We could observe the switch from
FAs to clathrin-coated plaques at such fibronectin fibres (Fig.4.28a-d). During the switch, the
fibores were partially degraded during the disassembly of FAs and the degradation continued
when clathrin-coated plaques were formed (Fig.4.28b-d). To investigate if fibronectin fibres
recruit clathrin-coated plaques, we performed drug-induced FA disassembly assay on U373
cells grown in medium containing labelled fibronectin (Fig.4.28e-h). By quantifying the
percentage of FAs switching to clathrin-coated plaques in respect to whether the FAs displayed
or not fibronectin fibres, we found that the switch is much more efficient when fibronectin fibres
are detected at FAs (Fig.4.28h). This experiments revealed that the formation of fibronectin
fibres by FA-mediated bundling of soluble fibronectin generates a proteic structure left after FA

disassembly, which seems to efficiently induce clathrin-coated plaque formation.
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Figure 4.28: Clathrin-coated plaques are recruited to fibronectin fibres formed by FA-mediated
fibrillogenesis. (a-d) Long-time live-cell confocal spinning disc microscopy of migrating U373 stably expressing
AP2-eGFP (green) and transiently expressing mcherry-zyxin (red) on cellular fibronectin (cFN)-coated coverslips
with medium containing Alexa Fluor 647-labelled plasma fibronectin (pFN) (blue). (a) Representative cell which
shows labelled fibronectin fibres on which switch form FA to clathrin-coated plaques occurs at time 0 (left) and a
later time point (120 minutes) (right). Scale bar: 10 um (b) Zoom-in on time 0, 60 minutes, and 120 minutes to follow
switch from FA to clathrin-coated plaques on the fibronectin fibre underneath. Scale bar: 2 um (c) Kymograph of the
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switch from FA to clathrin-coated plaques on the fibronectin fibres underneath shown in c. Scale bar: 30 min.
(d) Normalized fluorescence intensity profiles of AP2-eGFP (green), mcherry-zyxin (red), and Alexa Fluor 647-
labelled pFN (blue) of the switch from FA to clathrin-coated plaques shown in c. (e-h) Live-cell confocal spinning
disc microscopy of U373 cells stably expressing AP2-eGFP (green) and transiently expressing mcherry-zyxin (red)
on cFN-coated coverslips with medium containing Alexa Fluor 647-labelled pFN (grey, right) treated with ROCK
inhibitor (10 uM). (e-h) ROCK inhibitor treatment of cells growing on cFN-coated coverslips with medium containing
Alexa Fluor 647-labelled pFN. (e) Representative cell before (left) and after 30 minutes ROCK inhibitor
treatment (middle) and the corresponding Alexa Fluor 647-labelled pFN signal (right). Scale bar: 10 um (f) Zoom-in
on the area marked by the box in e to illustrate drug-induced switch from FA to clathrin-coated plaques on
fibronectin fibres. Scale bar: 2um. (g) Quantification of the switch from FAs to clathrin-coated plaques during ROCK
inhibitor treatment (10 uM). Whiskers represent 10-90 percentile, box represents second and third quartile, and the
line marks the median. Results are computed from two repetitions (n=9). (h) Analysis of percentage of switching FAs
for FAs without and with pFN signal. Shown is the mean with SD. Statistical analysis: paired t test, n=9, P<0.01.

For processes like cell migration and development, it is necessary to locally remove ECM by
enzymatic degradation (Bonnans, Chou and Werb, 2014). Digestion of ECM is mainly done by
MMPs (Mott and Werb, 2004; Bonnans, Chou and Werb, 2014). In this protein family, we can
find soluble and membrane bound members (Mott and Werb, 2004; Bonnans, Chou and Werb,
2014). MMP14, a transmembrane MMP found among others in FA complexes, can digest ECM
proteins as well as process soluble pro-MMPs to activate them (Sato, Takino and Miyamori,
2005; Itoh, 2006; Wang and McNiven, 2012). To investigate if U373 digest ECM, we performed
a gelatine degradation assay, in which cells were cultured on a labelled gelatine layer to
visualise local degradation spots (see approach schematic in Fig.4.29a). U373 cells showed
digested spots in the gelatine layer already after 24hours post seeding (Fig.4.29c). The
digestions were mainly done in small stripes often colocalizing with FAs. Knockdown of MMP14
(shMMP14) dramatically reduced the ability of U373 to degrade gelatine whereas cells
overexpressing MMP14 (MMP14) digested gelatine to a greater extent (Fig.4.29b-d). This
showed that U373 locally digest ECM at FAs and this degradation is mediated and/or regulated
mostly by MMP14.

To investigate whether ECM digestions act as a signal for the induction of clathrin-coated
plaques, we first looked for colocalization of MMP14 and clathrin-coated plaques. Under normal
conditions, we found MMP14 enriched at clathrin-coated plaques (Fig.4.30a). This enrichment
was even more pronounced at clathrin-coated plaques at the cell periphery when FAs were
disassembled by ROCK inhibitor treatment (Fig.4.30b). By performing the drug-induced FA
disassembly assay on labelled gelatine, we saw that the switch from FAs to clathrin-coated

plaques is happening preferentially at FAs where gelatine has been noticeably digested
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Figure 4.29: MMP14 is important for gelatine digestion in U373. (a) Schematic illustration of the gelatine
degradation assay. Cells (green) growing on labelled gelatine (red) as a substrate to perform local enzymatic
degradation of the gelatine layer, which can be visualized as loss of fluorescence signal at this spots (black).
(b) Western blot showing the protein level of MMP14 of U373 cell lines stably expressing shscrambled (shscr),
shMMP14, and overexpressing MMP14. The protein level of actin was used as loading control. (c) Representative
images of widefield microscopy of U373 stably expressing AP2-eGFP (green) wild-type (wt), stable knock down for
MMP14 (shMMP14), or stable overexpression of MMP14 (MMP14) on coverslips coated with Alexa Fluor 647-
labelled gelatine (red). Scale bar: 10 um. (d) Analysis of the digested gelatine area from experiment shown in a.
Shown is the mean with SD. Statistical analysis: t test, n=20 (wt), n=15 (shMMP14), n=5 (MMP14) P<0.01.

(Fig.4.31a-d). To further investigate the role of ECM digestion in the switch of FAs to clathrin-
coated plaques, we looked at the efficiency of this process in U373 with knockdown or
overexpression MMP14. We could see a significant reduction in the efficiency of the switch
process when MMP14 was knocked down. This reduction was even more pronounced by
overexpression of MMP14 (Fig.4.31e). Our results demonstrate that the switch from FAs to
clathrin-coated plaques happens at regions that have been specifically modified (fibrillogenesis
or digestion) by FAs. Additionally, these experiments show a tight connection between the
enzymatic activity of MMP14 and the switch from FAs to clathrin-coated plaques. This strongly
supports a model where FAs modifies the extracellular environment generating or depositing

“anchoring” sites that are recognized by the clathrin machinery.
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Figure 4.30: Clathrin-coated plaques associated with MMP14. TIRF microscopy of untreated (a) and ROCK

inhibitor treated (10puM, 20 minutes) (b) U373 stably expressing AP2-eGFP (green) immunostained for
MMP14 (red). Shown is a representative cell (left) with zoom-in on clathrin-coated plaques (right). Scale bar:
10 um (left), 2um (right).

To check the relevance of ECM digestion as an extracellular signal for the switch from FAs to
clathrin-coated plaques during cell migration, we performed long-time live-cell microscopy to
follow the sequence of these processes. U373 expressing AP2-eGFP and mcherry-zyxin on
labelled gelatine started to digest the ECM layer around 10 hours post seeding at FAs
(Fig.4.32a). The switch from FAs to clathrin-coated plaques was preferentially occurring at
digestions spots (Fig.4.32a-b). These degradations of gelatine were exclusively generated by
FA and almost no further degradation was detectable after clathrin-coated plaque recruitment
(Fig.4.32c-d). The digested spots were stable features of the gelatine layer and could be
recognized not only by the cell that generated them but also by other cells that migrated toward
this area (Fig.3.32e-g). Using long-time live-cell microscopy, we could observe, in some
instances, cells remodelling the gelatine layer by local degradation and moving away from the
digested spot. Cells covering these degradations at later time points were found to form clathrin-

coated plaques at these precise digested spots (Fig.4.32e and g).

Altogether these results reveal that ECM remodelling is an important extracellular signal for
clathrin-coated plaque formation. In the context of the switch from FAs to clathrin-coated
plaques, the local formation of ECM protein fibres as well as enzymatic ECM digestions, both

generated by FAs, are responsible for clathrin-coated plaque formation at these spots after FA
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Figure 4.31: Clathrin-coated plaques are recruited to gelatine digestions formed by FA during drug-induced
switch from FAs to clathrin-coated plaques. Live-cell confocal spinning disc microscopy of U373 cells stably
expressing AP2-eGFP (green) and transiently expressing mcherry-zyxin (red) on coverslips coated with Alexa Fluor
647-labelled gelatine (grey) treated with ROCK inhibitor (10 uM). (a) Overview of a representative cell, which shows
labelled fibronectin fibres before (left) and after 30 minutes ROCK inhibitor treatment (middle). (Right) Overview of
the Alexa Fluor 647-labelled gelatine signal. Scale bar: 10 um (b) Zoom in on the area marked by the box in a to
illustrate drug-induced switch from FAs to clathrin-coated plaques on gelatine digestions. Scale bar: 2pum.
(c) Quantification of the switch from FAs to clathrin-coated plaques during ROCK inhibitor treatment (10 uM).
Whiskers represent 10-90 percentile, box represents second and third quartile, and the line marks the median.
Results are computed from two repetitions (n=6). (h) Analysis of percentage of switching FAs for FAs without and
with gelatine digestion. Shown is the mean with SD. Statistical analysis: paired t test, n=7, P<0.05. (e) Normalized
quantification of the switch from FAs to clathrin-coated plaques after 20 minutes of ROCK inhibitor (10puM)
treatment of U373 knock down for or overexpressing MMP14. Data was normalized to the mean of U373 stably
expressing shscrambled (shscr). Shown is the mean with SD computed from three repetitions. Statistical analysis:
t test, n=28 (shscr), n=50 (shMMP14), and n=24 (MMP14), P<0.05.
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Figure 4.32: FA-induced digestions of gelatine can be sensed by clathrin-coated plaques in an intra- and
intercellular manner. Long-time live-cell confocal spinning disc microscopy of migrating U373 stably expressing
AP2-eGFP (green) and transiently expressing mcherry-zyxin (red) on coverslips coated with Alexa Fluor 647-
labelled gelatine (blue). (a-d) Switch from FAs to clathrin-coated plaques on FA-induced gelatine digestions in

migrating cells. (a) Representative cell which shows gelatine digestions generated by FAs on which switch form FA
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to clathrin-coated plaques occurs. Shown at time 0 (left) and a later time point (130 minutes) (right). Scale bar:
10um (b) Zoom-in on time 0 and 130 minutes to follow switch from FA to clathrin-coated plaques on the gelatine
digestions underneath. Scale bar: 2um (c) Kymograph of the switch from FA to clathrin-coated plaques on the
gelatine digestion underneath shown in c. Scale bar: 30 min. (d) Normalized fluorescence intensity profiles of AP2-
eGFP (green), mcherry-zyxin (red), and Alexa Fluor 647-labelled gelatine (blue) of the switch from FA to clathrin-
coated plaques shown in c. (e-g) Gelatine digestions recognized by two individual cells. (e) Two representative cells
migrating over gelatine digestions. Shown at time O (left) and a later time points (120 minutes (middle) and
185 minutes (right)) (right). Arrows (first cell: yellow; second cell: turquois) point in the direction of migrations. Scale
bar: 10 um. (f) Overview of the Alexa Fluor 647-labelled gelatine signal. Scale bar: 10 pm. (g) Zoom-in on time 0 and

185 minutes showing clathrin-coated plaques at gelatine digestions in both cells. Scale bar: 2 um

disassembly. Furthermore, locally remodelled ECM could act as stable features that induce
clathrin-coated plaque formation not only in the producer cell but also in other cells in an

intercellular manner.

4.3.5 Clathrin-coated plaques form at topographical cues

Remodelled ECM can be seen as a chemical signal from restructured or degraded protein but
also as physical cues providing cells topographical signals (Singh, Carraher and Schwarzbauer,
2010; Gasiorowski, Murphy and Nealey, 2013; Bonnans, Chou and Werb, 2014; Mouw, Ou and
Weaver, 2014). To test the hypothesis that digested/remodelled ECM might provide cells
topographical cues that induce clathrin-coated plaque formation, we investigated clathrin-coated
plague formation on 3D-micropatterns. For this aim, we established the production of optically
clear micropatterns by soft lithography (Fig.4.33a). With this method, the micrometre size
features of a polydimethylsiloxane (PDMS) master template were imprinted on a viscous
optically clear adhesive, which could be cured by UV-light. We produced the PDMS master from
diffraction gratings and evaluated the generated optically clear 3D-micropatterns by comparing
the topography of the micropattern to the diffraction grating precursor using atomic force
microscopy (AFM) (Fig.4.33b-f). Both surfaces showed an expected wave-like topography of
lines with a frequency (peak to peak distance) of around 2um and a peak height of around
200nm (Fig.4.33f). No difference between the topography of the precursor and the resulting
micropattern were observed, as such we used this method to reproducibly generate 3D-

micropatterns with defined topographical features.

To investigate topographical cues as potential signals for clathrin-coated plaque formation, we
grew U373 expressing AP2-eGFP on 3D-micropatterns. Cells reacted to the grating by
stretching in the direction of the lines (Fig.4.34a). For instance we found FAs as well as actin

stress fibres frequently aligned with the grating. Even CCSs were found in line with the 3D-
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Figure 4.33: Production of optically clear 3D-micropatterns by soft lithography. (a) Schematic illustrates the
production of optically clear 3D-micropatterns. First, a drop of optically clear adhesive (NOA, turquois) was added
on a glass coverslip and sandwiched by a PDMS grating (grey) generated from a diffraction grating. The optically
clear adhesive was cured by UV-irradiation and finally, the PDMS grating was peeled from the optically clear 3D-
micropatterns. (b-d) Comparison of the topography of the diffraction gratings (b-c) and the optically clear 3D-
micropatterns (d-e) by atomic force microscopy (AFM). (b and d)3D-representation of the topography found on
diffraction gratings (b) and optically clear 3D-micropatterns (d). (c-e) Line profile of the topography shown in b and
d. Frequency and peak height (grey) are shown. (f) Table lists the average frequency of lines and the peak height
found on diffraction gratings and optically clear 3D-micropatterns. Shown are the mean with SD, computed from
three AFM measurements, with n=25 (frequency) and n=28 (peak height). The 3D-micropattern used for this figure
has been produced by Veronika Saharuka, Heidelberg. The AFM measurement has been performed jointly with

Christian Huck, Heidelberg University.

micropatterns (Fig.4.34a-b). The alignment of the CCSs could be emphasized by an x-
projection along the lines to sum up the signal of all aligned CCSs (Fig.4.34c). The analysis of
the intensity profile of such an x-projection showed that the peaks of the fluorescence signal and
the peaks from the 3D-micropattern imaged with differential interference contrast (DIC)
microscopy were shifted by a quarter of the frequency (Fig. 4.34d). Depending on the change in
the optical path length, DIC microscopy results in a relief-like image of unstained samples. By
comparing the signal of the DIC image with known topography (data not shown), we could relate

the DIC signal to the topographical changes of the 3D-micropattern (Fig.4.24e). In our set up,
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Figure 4.34: Position of clathrin-coated plaques is determined by topographical cues of the substrate.

(a) Spinning disc confocal microscopy of U373 stably expressing AP2-eGFP (green) growing on optically clear 3D-

micropatterns (grey, DIC, left) stained for actin using labelled phalloidin (blue) and vinculin (red). Scale bar: 10 um.

(b) Zoom-in on the 3D-micropattern and the AP2 signal in the boxes marked in a. Scale bar: 5um (c) X-projection

from the zoom-in shown in b. (d) (Right) Normalized intensity profile from the x-projection shown in c. (Left) Zoom-in

on a smaller y scale highlighting the frequency shift of the peaks from the signal of AP2 and the grating.

(e) lllustration of the relationship between topography of the 3D-micropattern (top) and the DIC signal (bottom).

(f) Live-cell spinning disc confocal microscopy of U373 stably expressing AP2-eGFP (middle) growing on optically

clear 3D-micropatterns (DIC, left). Scale bar 10 um. (Right) Kymograph from a 10 minute long movie to follow
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persistent clathrin-coated plaques 3D-micropatterns. Scale bar: 1min. (g) (Right) Overview of x/y-position of the
tracking results from the cell shown in e. CME tracks were categories as pits (transient, black dot) and plaques
(persistent for >10 minutes, red squares). (Left) Zoom-in on a smaller y scale. CME tracks were colour-coded
according to their lifetime from yellow (0s) to red (600s). The data of this figure has been produced jointly with

Veronika Saharuka, Heidelberg.

the peaks of the DIC signal were shifted compared to the peaks of the 3D-micropattern by a
quarter of the frequency, which means that CCSs aligned at the top of the linear topographical
cues. To discriminate if the aligned CCSs were persistent clathrin-coated plaques or transient
CCP, we performed live-cell microscopy on 3D-micropatterns. This revealed that aligned CCSs
were persistent on top of the gratings (Fig. 4.34f). Transient CCPs could be found all over the
attached PM with no preference to specific areas. However, persistent clathrin-coated plaques

were exclusively formed on top of linear topographical cues (Fig.4.349).

The use of optically clear 3D-micropatterns showed that the formation of persistent clathrin-
coated plaques could be guided by artificially generated topographical cues. This suggests that
topographical changes in the substrate by ECM remodelling could be an important signal for the

recruitment of clathrin-coated plaques to the former positions of the FAs.

4.3.6 Switch from FAs to clathrin-coated plaques regulates cell migration

Clathrin-coated plaque formation shows a strong connection to FA dynamics and location. It has
been shown that direction of cell migration on a 2D-substrate is influenced by the orientation of
FAs and the cytoskeleton (Petrie, Doyle and Yamada, 2009; Tamiello et al., 2016). Likewise, we
hypothesize that the formation of clathrin-coated plaques as additional adhesive structures
might influence cell migration. To test this hypothesis, we performed migration assays on 3D-
micropatterns (Fig.4.35a). U373 expressing AP2-eGFP and mcherry-zyxin were allowed to
migrate on gratings and their migration behaviour was characterized by tracking individual cells
(Fig.4.35a-c). Overall, U373 showed a tendency to migrate along the lines of the gratings
(Fig.4.35b). We measured the direction of the overall migration by determining the angle
between the start and end point and found that almost 50 % of the cells migrated with an angle
of less than 15° along the lines (Fig.4.35c). In contrast, fewer than 5% of the cells migrated
across the lines (angle between 45-90°) (Fig.4.35c). It is important to note that in this migration
assay, we found that FAs as well as clathrin-coated plaques were in line with the grating (data

not shown).
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Figure 4.35: Cell migration is directed by topographical clues. Long-time live-cell spinning disc confocal
microscopy of U373 stably expressing AP2-eGFP (green, left) and transiently expressing mcherry-zyxin (red, left)
on optically clear 3D-micropattern (grey, DIC, right). Tracks of single cells are shown by multi-coloured lines Scale
bar: 20 um. (b) Migration trajectory map of U373 on 3D-micropattern, n=42. (c) Angular histogram of the direction of
cell migration. Shown is the angle between start and end position of the tracks, n=29. The data of this figure has
been produced jointly with Veronika Saharuka, Heidelberg.

To further investigate the role of clathrin-coated plaques in cell migration, we studied the
influence of ECM remodelling on cell migration. First, we quantified the effect of local gelatine
degradation on migration (Fig.4.36a-c). We seeded U373 expressing AP2-eGFP on labelled
gelatine layers and tracked cell migration in context of gelatine degradation. We found that the
overall velocity of cell migration reduced when noticeable digestion of ECM was detectable
(Fig.4.36a and d). In general, the velocity of cell migration after the start of degradations was
reduced to around 50% of the initial velocity (before start of degradation) (Fig.4.36c).
Furthermore, we analysed the behaviour of cell migration as cells face pre-existing gelatine
digestions (Fig.4.36d-e). U373 overexpressing MMP14 were used to pre-digest labelled
gelatine layers. After removing the MMP14 overexpressing cells, U373 expressing AP2-eGFP
were seeded on the pre-digested substrate. We found that the velocity of cell migration
depended on the digestion status of the ECM. Cells migrating on non-digested gelatine

displayed a certain velocity, which was reduced by more than half when cells encountered the
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Figure 4.36: Velocity and direction of cell migration is affected by gelatine digestions. (a) Migration of U373
stably expressing AP2-eGFP (green) on Alexa Fluor 647-labelled gelatine (red) before and after digestions of the
gelatine layer. Shown are snapshots of a representative cell from long-time spinning disc confocal microscopy. Blue
arrows point into the direction of migration. The resulting gelatine digestions are shown in an extra panel (grey,
bottom right). Scale bar: 20 um. (b) Velocity of cell migration from the example shown in a. The mean before (red)
and after (blue) the start of gelatine digestions were calculated and shown as coloured lines. (c) Comparison of
mean velocity of cells before and after the start of gelatine digestions. Shown are the means with SD. Statistical
analysis: paired t test, n=9, P<0.05. (d) Migration of U373 stably expressing AP2-eGFP (green) on pre-digested
Alexa Fluor 647-labelled gelatine (red). The labelled gelatine layer was pre-digested by U373 overexpressing
MMP14 and the cells were removed by lysis. Then U373 stably expressing AP2-eGFP were seeded on the pre-
digested gelatine layer and imaged by long-time live-cell spinning disc confocal microscopy. Blue arrows point into

the direction of migration. The gelatine digestions are shown in an extra panel (grey, top right). Scale bar: 20 um.
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(e) Velocity of cell migration from the example shown in d. The mean before (red) and after (green) as well as

while (blue) facing the digestions were calculated and shown as coloured lines.

digested area (Fig.4.36d-e). Importantly, upon facing the digested gelatine area, we found that
cells formed clathrin-coated plaques on digested spots (Fig.4.36d-e). After cells migrated to
areas where naive non-digested gelatine was present, the overall velocity increased back to the

initial migration speed (Fig.4.36d-e).

By the generation of the gelatine digestion spots, cells produce extracellular signals for clathrin-
coated plaque formation. The additional adhesive clathrin-coated plaques might slow down cell
migration and retain cells at the digested areas. These extracellular cues might even direct cell
migration in a similar manner as 3D-micropatterns of lines by orienting FAs as well as clathrin-

coated plaques.
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5 Discussion and conclusion

5.1 Differential regulation of CME dynamics and clathrin coat morphology

by cell type-specific factors and PM identity

Over the past 40 years, clathrin-dependent uptake mechanisms have been studied using a
broad range of biochemical and microscopic techniques (Robinson, 2015; Maib, Smythe and
Ayscough, 2017). The development and enhancements of methods like cryo-EM (Fotin et al.,
2004), genome editing (Doyon et al, 2011; Cocucci, Gaudin and Kirchhausen, 2014;
Umasankar et al., 2014), super-resolution microscopy (Huang et al., 2008; Li et al., 2015; Aguet
et al., 2016), and CLEM (Sochacki et al., 2014, 2017; Avinoam et al., 2015) helped to unravel
more and more details regarding the mechanism of CME. It became clear that although CME is
a widely used endocytic pathway, it might be regulated slightly different between cell lines
(Saffarian, Cocucci and Kirchhausen, 2009; Grove et al., 2014). However, most studies were
conducted only in one cellular system, which makes it difficult to draw general conclusions. The
purpose of this study was to compare and link the dynamical and structural bases of CME in
different cell. We were able to define clear cell type-specific differences in CME providing us
functional arguments to choose appropriate cell lines for further studies and characterization on

specific CCSs.

In this work, we chose to compare BSC-1, Swiss3T3 and U373 cells. These three cell lines are
widely used in the field of CME (Merrifield et al., 2002; Ehrlich et al., 2004; Merrifield, Perrais
and Zenisek, 2005; Yarar, Waterman-Storer and Schmid, 2005; Boucrot et al., 2006; Massol et
al., 2006; Saffarian, Cocucci and Kirchhausen, 2009; Kural et al., 2015) and showed striking
differences regarding CME dynamics and ultrastructural organization of the clathrin coat. BSC-1
form transient CCPs with a narrow distribution of short lifetime all over the PM (Fig.4.1-4). The
morphology of the relatively small clathrin coats in BSC-1 can range from flat, dome, to pit
shape (Fig.4.5, 9, and 10) and the individual CCSs are most of the time clearly distinguishable
even with the resolution of confocal microscopy (Fig.4.11). CCSs in Swiss3T3 are transient all
over the PM but with a broader lifetime distribution compared to BSC-1 (Fig.4.1-4). Most of the
CCSs show large and flat morphology (Fig.4.5, 9, and 10) and are often in close proximity to
each other (Fig.4.11). Beside transient CCPs with a broad range in lifetime, U373 form very
persistent clathrin-coated plaques exclusively at the attached PM (Fig.4.1-4). CCSs in U373 are

diverse in their morphology and size; furthermore, flat CCSs are often connected to curved
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structures (Fig.4.9-10). We believe these flat clathrin-coated plaques form budding pits at the
rim. Although our approaches (live-cell FM and CLEM) cannot provide direct proof for CCP
budding at a flat clathrin lattice, this process has been observed by pH-sensitive cargo
(Merrifield, Perrais and Zenisek, 2005; Lampe et al., 2014) and lattice light sheet microscopy (Li
et al., 2015) in other cell lines. In U373, we find regions with several CCSs closely together,

which cannot be separated by confocal microscopy (Fig.4.11).

During CME, a coordinated interplay of over 50 described endocytic adaptor and accessory
proteins are recruited to form and pinch off CCVs from the PM (McMahon and Boucrot, 2011).
Several of these proteins have been described to control and regulate different steps during
CME. For example the GTPase dynamin seems to play a dual role during CME. Besides its
importance for membrane fission at late stage, dynamin is already recruited early during CCS
formation and serves as an endocytic checkpoint during maturation (Loerke et al., 2009; Aguet
et al., 2013). During this checkpoint, the recruitment of either of the two dynamin isoforms
(dynamin 1 or dynamin2) causes differences in the speed of CCP maturation as well as later
trafficking events (Reis et al., 2015). The accessory protein epsin has been shown to be
important for generation of PM curvature (Ford et al., 2002), linking the clathrin coat to the actin
cytoskeleton (Messa et al., 2014) as well as fission (Boucrot et al., 2012; Messa et al., 2014).
While a triple knockout of all epsin isotypes has a dramatic effect on CME (Messa et al., 2014),
differences in their expression levels might affect only the dynamical or structural level of CME.
The muscin proteins Fcho1 and Fcho2 play a crucial role in activation of AP2 (Hollopeter et al.,
2014; Umasankar et al., 2014) and regulation of coat morphology and size (Mulkearns and
Cooper, 2012; Umasankar et al., 2014). Cells lacking both Fcho isotypes display clustered flat
clathrin coats together with decelerated CME (Umasankar et al., 2014; Ma et al., 2016).
Therefore, cell lines with predominant planar clathrin lattice might have reduced Fcho protein
levels. In general, differential regulation of important proteins for CME by posttranslational
modifications or expression levels in a cell type-specific manner might lead to difference in the

dynamics or morphology of CCSs.

Not only proteins that are involved in building the clathrin coat, but also cargo proteins have
been described to influence the maturation of CCSs. By directly affecting the rate of
endocytosis, receptors can modulate signalling events. This regulation is best described for a
subset of GPCRs. For example the GPCR B1-adrenergic receptor (31AR) increases the CCS
residence time at the PM by linkage to the actin cytoskeleton and a delayed recruitment of
dynamin (Puthenveedu and von Zastrow, 2006). B1AR has been shown to also increase CCS

lifetime in an indirect manner by dissociation from (-arrestin and promoting B-arrestin
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recruitment to CCSs where it increases the lifetime of CCSs to drives efficient mitogen-activated
protein (MAP) kinase signalling from the PM (Eichel, Jullié and von Zastrow, 2016). For the
cannabinoid receptor 1 (CB1R) a ligand-bias arrest of CCSs with CB1R-B-arrestin clusters leads
to robust MAP kinase signalling (Flores-Otero et al., 2014). The y-opioid receptor (MOR),
another GPCR, stalls CCSs during their maturation and controls the final scission by receptor
ubiquitination (Henry et al., 2012; Soohoo and Puthenveedu, 2013; Lampe et al., 2014). For the
LDLR it has been shown that expression levels of the receptor affect size and dynamics of
CCSs in an adaptor-specific manner (Mettlen et al., 2010). Although, we looked at constitutive
CME, different expression levels of certain receptors as well as their specific adaptors might

influence the overall dynamics and morphology of CCSs in a cell type-specific manner.

By comparing CME at different PM parts within the same cell, we revealed a slight reduction in
the lifetime of CCSs formed at the top PM compared to the bottom PM in all three cell types
(Fig.4.3). Additionally, the persistent clathrin-clathrin coated plaques in U373 cells only form at
attached PM parts (Fig.4.4). This shows that CME is differentially regulated in a PM identity-

dependent manner.

Differential regulation of CME at different PM parts has been described during various cellular
processes. Most of the time, this spatiotemporal effect has been attributed to variations of the
actin cortex as well as effective membrane tensions. Different mechanisms of CME at the top
and bottom PM have been suggested in certain cell types and generally have been associated
with differential requirement of actin to complete CCV formation (Saffarian, Cocucci and
Kirchhausen, 2009; Boulant et al., 2011). For example transient CCSs with longer lifetime at the
bottom PM have been reported in some cell types (Saffarian, Cocucci and Kirchhausen, 2009).
They have been described as flat clathrin coats that get internalized by an invert movement of
the planar array in an actin-dependent manner (Saffarian, Cocucci and Kirchhausen, 2009). In
specialized polarized epithelial cells, transient long-lived CCSs are found at the apical PM
where the PMT is increased by microvilli rendering CME actin-dependent (Hyman, Shmuel and
Altschuler, 2006; Boulant et al., 2011). Even temporal changes of the PMT can modulate CCS
dynamics and size. We showed that an increase in PMT leads to stalling of CME in a flat
morphological state (Fig.4.17-18) (Bucher et al., 2018). During cell spreading, PMT gets
reduced which is accompanied by a reduction in the size as well as lifetime of CCSs (Willy et
al., 2017). A reverse effect has been observed for the impact of spreading area on CCSs. In this
context, CCS dynamics and size was reduced by enlargement of the spreading area which
influences cortical membrane tension as well as actin organization (Tan, Heureaux and Liu,

2015; Irajizad et al., 2017). During cell migration, gradients of PMT are generated which leads to
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a high heterogeneity of CCS dynamics (Willy et al., 2017). This effect is most striking in the
asymmetric CCP formation at the leading edge, where CCPs are only formed at the top PM
(Kural et al., 2015). Sites of cell adhesion have been suggested to regulate dynamics of CME in
an integrin-mediated manner (Liu et al., 2009; Batchelder and Yarar, 2010). Integrin adhesion
modifies the actin cortex at adhesive PM parts, which leads to spatial modulation of cortical
tension that might affect CME (Liu et al., 2009; Batchelder and Yarar, 2010). Spatiotemporal
regulation of the mechanism of CME might lead to controlled uptake of certain cargo. In this
context, it has been shown that transferrin uptake occurs preferentially from adhesive PM parts
although the PM distribution of transferrin receptor (TfR) was not spatially restricted (Grossier et
al., 2014). All these studies reveal a strong connection between CME regulation and membrane
tension. Overcoming technical limitations in measuring spatiotemporal differences in membrane
tensions with high resolution as well as separating the membrane tension from cortical tension
will be a future challenge to shed light on differences of CME at certain PM parts due to local

effective membrane tension.

Even less understood is the impact of differential lipid composition of certain PM parts on the
regulation of CME. Pls play a crucial role in the maturation of CCSs (Posor, Eichhorn-Griinig
and Haucke, 2015). During the progression of CME, generation and turnover of PI(4,5)P,
regulates CCS nucleation as well as growth (Boucrot et al., 2006; Zoncu et al., 2007; Antonescu
et al., 2011). Later on PI(3,4)P is needed to recruit BAR-proteins and complete the formation of
a CCV (Posor et al., 2013; Schdneberg et al., 2017). Although local PI production and turnover
are coordinated by the recruitment of Pl kinases and phosphatases to the CCS (Posor,
Eichhorn-Griinig and Haucke, 2015), this sequence might be influenced by Pls already present
at the PM. The formation of Pls at the PMs is important for different signalling processes and
membrane trafficking (Di Paolo and De Camilli, 2006; Schink, Tan and Stenmark, 2016). At the
PM of polarized cells found in epithelia or during cell migration, gradients of PI(4,5)P, and
phosphatidylinositol (3,4,5,)-trisphosphate (PI1(3,4,5)P3) are used to establish polarized identity
(Shewan, Eastburn and Mostov, 2011; Schink, Tan and Stenmark, 2016). The difference of the
ratio between these signalling lipids and their metabolic intermediates might influence CME in a
spatial manner. Although the role of PI(3,4,5)P; on CME is not clear, there seem to be
enhanced endocytosis of certain receptors under elevated PI(3,4,5)P; levels (Nakatsu et al.,
2010; Laketa et al., 2014). Furthermore, cholesterol has been shown to be important for CME
and its abundance at certain PM parts might influence dynamics and size of CCSs (Rodal et al.,

1999; Subtil et al., 1999; Ferguson et al., 2016). Due to the abundance and turnover of lipids at
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certain PM parts as well as the polarization state of cells, CME might be differentially influenced

and regulated between cell lines.

With this work, we revealed differences of CME dependent on the cell type and the PM part at
which the process occurs. The reasons for this discrepancy are still elusive. Further work needs
to address the impact of multiple factors like protein expression levels, specific cargo as well as
chemical and physical properties of the PM on CME to explain the observed differences and to

understand the link to specific cellular functions.
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5.2 Flat-to-curved transition during clathrin-mediated endocytosis
correlates with a change in clathrin-adaptor ratio and is regulated by

membrane tension

The text of the following paragraph (5.2) has been taken from Bucher et al. (2018).

The complex coordination of CCS formation during CME has been investigated for decades
(Robinson, 2015; Maib, Smythe and Ayscough, 2017) and the field has been driven by the
competition between the constant curvature versus the constant area models (Lampe,
Vassilopoulos and Merrifield, 2016). Recent technological advances, in particular in CLEM,
favoured the constant area model (Avinoam et al., 2015). In this work, we implemented a
multidisciplinary approach to combine information from EM, fluorescence intensity profiles of
individual endocytic events and mathematical modelling of CCS growth to integrate different
data sets into one common framework for the analysis of the ultrastructural rearrangement of
CCS during CME.

By modelling the growth behaviour according to the two proposed growth models, we could
calculate the expected size and morphology distribution of CCS (Fig.4.13). We could clearly
demonstrate that neither of the proposed models explains the ultrastructural organisation and
size distribution of CCS present in BSC-1 cells. Instead, our data supports a model in which
CCSs first grow flat and then the flat-to-curved transition occurs at around 70 % clathrin content
(Fig. 5.1). Importantly, we demonstrated that this transition is directly linked to PMT and
correlates with a change of the AP2/clathrin ratio within the coat. Increasing PMT results in
inhibition of the change in AP2/clathrin ratio and the subsequent stalling of the ultrastructural
rearrangement. Our conclusion that a change in AP2/clathrin ratio drives the flat-to-curved
transition is consistent with our recent observation that AP2 (and other adaptor/accessory
proteins) partitions in different nanoscale area of the clathrin coat and that the concentration of

AP2 varies within these zones at various stage of CCS assembly (Sochacki et al., 2017).

The growth behaviour of CCP assembly, determined in this work in BSC-1 cells, may also apply
for other cell types. To test whether our growth model could explain the ultrastructural
distribution of CCSs described in previous studies, we extended our mathematical model and
calculated the predicted contact angle between the clathrin cage and the PM, the coated
surface area and the radius of tip curvature of the CCSs (Fig.5.2). By comparing the model to

the data set presented by Avinoam et al. (2015) describing the distribution and ultrastructural
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Figure 5.1: Model of CCP assembly. Schematic representation of the growth model of CCSs. CCSs initiate as flat
clathrin array. They first grow in size in a flat morphology with a constant AP2/clathrin ratio. When they reach
around 70 % of their full clathrin content, the AP2/clathrin ratio starts to decrease and the CCSs start acquiring their
curvature. CCPs keep growing by adding additional clathrin molecules until formation and release of CCVs into the
cytoplasm. The flat-to-curved transition of CCSs can be inhibited by increasing PMT resulting in an accumulation of
flat structures. We propose that flat-to-curved transition is concomitant with bypassing the energy barrier necessary
to curve the PM and that this critical step in CME is coordinated by the uncoupling of clathrin and AP2 characterised

by their abrupt ratio decrease. This figure has been taken from Bucher et al. (2018).

organization of CCS in SK-MEL-2 cells, we could demonstrate that our growth model could also

explain their observed distribution.

It was proposed earlier that the physical properties of the PM are influencing the morphology of
CCSs because PMT energetically acts against curvature acquisition of the clathrin array
(Boulant et al., 2011; Saleem et al., 2015; Hassinger et al., 2017). We demonstrated the effect
of increased PMT on CCS assembly in cells. Under high PMT, the accumulation of stalled flat
CCSs at a stage prior to the change in AP2/clathrin ratio reveals an important step of CCP
formation to overcome the PMT to acquire curvature. It is tempting to speculate that this change
of AP2/clathrin ratio is a key event mandatory for curvature acquisition. The demonstrated
interplay between AP2 and PMT shows that both biochemical and physical factors regulate
CME. Surprisingly, the increase in PMT only changes the ratio between the different
morphologies of CCS in favour of flat structures but does not affect their size (Fig.4.18d-e). One
could assume that a higher energy barrier of the PM might be counteracted by the clathrin
system by the formation of larger flat CCSs, which could accumulate more energy for the
bending process by molecular crowding of clathrin itself as well as BAR proteins incorporated in
the coat (Rao and Haucke, 2011; Stachowiak et al., 2012; Saleem et al., 2015; Mim and Unger,
2017). Since under high PMT the flat CCSs still have the same size as under normal PMT, we
suggest that there is an internal limitation of the coat size that might be regulated by certain
components of the coat. Proteins that regulate the size of CCVs have been reported (Ritter et
al., 2013; Miller et al., 2015) and it might be possible that the size of a flat clathrin lattice is
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Figure 5.2: Updated growth model explains the CLEM data from Avinoam et al. (a) Clathrin coated surface
area as a function of the growth angle ¢. The constant area model where we assume A=22,000nm?, corresponding
to the most probable surface area(Kumar and Sain, 2016) is plotted (blue). Our updated model where we assume
that the surface starts to bend when 70% of the final clathrin content is reached and grows the last 30% linear with
¢ plotted (red). The data (black dots) were extracted from Avinoam et al.(Avinoam et al., 2015). (b) Radius of tip
curvature as a function of the growth angle ¢. Again, the constant area model (blue) and our updated model (red)

are plotted. The radius of the tip curvature is given assuming that the clathrin structure exhibits the shape of a

spherical cap. Then the tip curvature reads R = \/A(e)/(er(l — cos(0))). The data (black dots) were extracted

from Avinoam et al. (2015). Calculations have been performed by Felix Frey, Heidelberg University. This figure has
been taken from Bucher et al. (2018).

controlled in a similar way. The fact that other cell types show much larger flat CCS under
normal conditions, commonly referred to as clathrin-coated plaques (Fig.4.9) (Saffarian,
Cocucci and Kirchhausen, 2009; Grove et al., 2014), illustrates that the clathrin machinery is
capable of forming large flat structures under certain conditions. But the factors necessary for
clathrin-coated plaque formation have not been described so far. These clathrin-coated plaques
might contribute to CME. Live-cell FM (Merrifield, Perrais and Zenisek, 2005; Li et al., 2015) and
EM (Heuser et al., 1987) of such structures support budding of CCV from such plaques most
probably from the edge, again illustrating the ability of a flat CCS to rearrange into a CCP further
supporting that our observed flat-to-curved transition is indeed possible.

We could show that during coat assembly the AP2/clathrin ratio changes. This finding is in
agreement with other FM (Saffarian and Kirchhausen, 2008; Loerke et al., 2011; Ferguson et
al., 2016) and CLEM (Sochacki et al., 2017) studies. Combining mathematical reasoning and
CLEM demonstrated the correlation between the change in the AP2/clathrin ratio and the time
of coat bending. We found that the biggest flat structures contain the same amount of AP2
compared to fully formed CCPs, while the clathrin content still increases an additional 30 % as

the coat rearranges from flat to CCPs. This suggests that acquisition of curvature is not linked to
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addition of additional AP2 in the coat and strongly suggests that other proteins, in conjunction
with clathrin might be involved in driving the ultrastructural rearrangement of the coat. Several
other adaptor and accessory proteins have been proposed to influence the ultrastructure of the
clathrin coat. Depletion of Fcho1 and 2 has been reported to alter the ordered hexagonal
organisation of the flat clathrin lattices (Umasankar et al., 2014). Other proteins like CALM and
NECAP have been proposed to regulate the final size of a CCV (Ritter et al., 2013; Miller et al.,
2015).

Our approach provides a unifying view on the process of CCP assembly where we demonstrate
that CCPs initially grow as flat lattices and that change in clathrin/adaptor ratio correlates with
the onset of coat curvature acquisition prior to the completion of coat polymerization. We
propose that the proportion of different coat proteins could ultimately define the morphology of a
clathrin structure and temporal changes of this proportion might initiate bending of the coat,

allowing for dynamical regulation by the cell.
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5.3 Clathrin-coated plaques are adhesion structures involved in regulation

of cell migration

Clathrin has the ability to assemble into scaffolds of different size and shape. Endocytosis, the
most studied function of clathrin, is associated with the transient formation of small deeply
invaginated pits and subsequent fission of CCVs from the PM (McMahon and Boucrot, 2011). A
different type of clathrin coats, namely the persistent larger flat clathrin-coated plaques, have
been described for a long time but their function is still under debate (Lampe, Vassilopoulos and
Merrifield, 2016). Here we provide evidence for a role of these clathrin-coated plaques in cell
adhesion and migration by stabilizing integrins after FA disassembly at the PM (Fig.5.3). The
formation of clathrin-coated plaques is induced by topographical cues generated by ECM
remodelling. The sensing of this topography by spatial organization of clathrin-coated plaques

might be involved in regulating cell migration through contact guidance mechanisms.

We describe a new process of initiating clathrin-coated plaque formation by the switch from FAs
to clathrin-coated plaques (Fig.4.20 and 23). While FAs disassemble by disengaging integrins
from actin stress fibres, FA adaptors get replaced by clathrin coats. The localization of integrin
receptors in either FA or clathrin-coated plaques during this process is mutually exclusive. The
so-formed integrin containing clathrin-coated plaques are persistent at the PM and seem to

serve as additional adhesive structures.

Integrin trafficking is crucial for regulating cell adhesion and migration (Caswell, Vadrevu and
Norman, 2009). Clathrin-dependent as well as clathrin-independent pathways have been
associated with the internalization of integrin heterodimers (Caswell, Vadrevu and Norman,
2009). Localization of CCSs to FAs and integrins by the use of integrin-specific clathrin adaptors
has been described and most of the time has been attributed to integrin endocytosis during FA
disassembly. Integrin 8 subunits recruit the clathrin machinery by binding of the specific
adaptors Dab2 (Chao and Kunz, 2009; Ezratty et al., 2009; Teckchandani et al., 2009, 2012; Yu
et al., 2015), Numb (Nishimura and Kaibuchi, 2007; Yu et al., 2015), and ARH (Ezratty et al.,
2009) to NPXY-motifs in their cytoplasmic tail (Calderwood et al., 2003). Recently, even some
integrin a subunits have been shown to recruit the clathrin by an AP2 binding motif (De
Franceschi et al., 2016). In a more indirect way, the clathrin adaptor Stonin1 seems to regulate
FA turnover by endocytosis of the proteoglycan neural/glial antigen 2 (NG2) as a co-receptor for
integrins (Feutlinske et al., 2015). Inconsistent with integrin endocytosis, integrins in clathrin-

coated plaques seem to be stable at the PM, which speaks rather for a negative regulation of
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integrin uptake. Upon integrin inhibition by cyclic RGD peptides, clathrin-coated plaques
disassemble rapidly and presumably integrins are endocytosed by smaller transient endocytic
CCSs (Fig.4.25d and e). Interestingly, we saw a similar disassembly process of clathrin-coated
plaques at the rear end of migrating cells (data not shown), which suggests regulated integrin
disengagement from the ECM and their internalization at clathrin-coated plaques to break these

FA-independent adhesion sites at the rear end and to allow for cell migration.

Few studies relate integrins in complex with CCSs to a function in cell adhesion. Large CCSs
containing integrins have been observed in myotubes where they stabilize costameres, protein
complexes linking the sarcomeres to the PM (De Deyne et al., 1998; Vassilopoulos et al., 2014)
(Fig.2.5a). CCSs containing Dab2 and integrin 1 were described to play a role in initiating early
cell-matrix contacts during cell spreading (Chetrit, Ziv and Ehrlich, 2009). In a 3D environment,
specialized dynamic tubular CCSs containing integrins support attachment to collagen fibres
(Elkhatib et al., 2017) (Fig. 2.5b-c). Surprisingly, the exclusive adhesive function of these tubular
CCSs is mediated rather by the engagement of clathrin adaptors to integrins than by the clathrin
lattice itself since knock down of CHC does not abrogate their adhesion. Although the clathrin-
coated plaques that we observe after FA disassembly seem to share some similarities to the
integrin-containing CCSs observed so far, clathrin-coated plaques show novel important
properties not described in this context. In contrast to the CCSs in myotubes that seem to serve
a very specific function in muscle organization, clathrin-coated plaques are widely used by
different cell types highlighting their potentially universal function in adhesion (Fig.4.21).
Although we see clathrin-coated plaques forming early during cell spreading (data not shown),
we observe them also later during cell migration with a clear connection to former positions of
FA. This argues for an additional adhesive function in parallel to FAs. Persistent clathrin-coated
plagues form in a 2D environment but accumulate on topographical cues (Fig.4.34). Besides
their adhesive function, clathrin-coated plaques frequently form CCPs at the edge of the flat
lattice pointing to an additional function as endocytic and/or signalling platform (Fig.4.9-11). The
combination of local adhesion as well as signalling might be important for modulating cell

migration.

Besides a proposed adhesive function, clathrin-coated plaques have been implicated in
signalling processes. The recruitment of receptors to the clathrin-coated microdomains is
supposed to generate a signalling platform, which alters downstream signalling events as well
as receptor internalization. Stable association of receptors with CCSs after ligand stimulation at
the PM has been described for several receptors. During Wnt-signalling, the formation of stable

LRP6 signalosomes is dependent on recruitment of the clathrin machinery by PI(4,5)P, while
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LRP6 internalization is dispensable for further signalling events (Kim et al., 2013). Stable
clathrin lattice has been shown to recruit the chemokine receptor CCR5 after activation (Grove
et al.,, 2014). Furthermore, signalling of receptor tyrosine kinases like EGFR and Met via Akt
activation is dependent on the location of the receptor to CCSs but not on receptor endocytosis
(Garay et al., 2015; Lucarelli et al., 2016). The clustering of certain receptors in CCSs might
serve an additional endocytic purpose. Several studies describe CCP formation at persistent flat
clathrin lattice by EM (Heuser, 1980; Maupin and Pollard, 1983) (Fig.4.9-11) as well as live-cell
microscopy (Merrifield, Perrais and Zenisek, 2005; Lampe et al., 2014; Li et al., 2015). The
specific internalization of receptors like LPAR1 and the regulation of down-stream signalling
events by the disassembly of clathrin-coated plaques induced by receptor stimulation illustrates

their putative combined function in endocytosis and signalling (Leyton-Puig et al., 2017).

During CME, the membrane needs to be deformed to generate highly invaginated CCPs.
Several proteins associated with membrane bending activity are recruited during different
stages of the CCS assembly to implement curvature during CCP formation (McMahon and
Boucrot, 2011; Qualmann, Koch and Kessels, 2011). While binding of BAR domains containing
proteins can induce membrane curvature, they are also able to sense externally induced
membrane deformation (Baumgart et al., 2011; Simunovic et al., 2015). Several N-BAR proteins
have been shown to be recruited to inward deformations of the PM by cell adhesion to
substrates with nanostructures (Galic et al., 2012). With the right positive curvature, the
formation of CCS hot spots at the PM can be triggered in a cargo-independent manner (Zhao et
al., 2017). This has been shown using artificial nanostructures like nanocones (Galic et al.,
2012), nanopillars(Zhao et al., 2017), and beads as well as with collagen fibres (Elkhatib et al.,
2017). So far only transient CCPs or tubular clathrin lattice have been shown to be induced by
sensing of membrane curvature. Here we show the generation of external topographical cues
by different kinds of ECM remodelling to induce persistent flat clathrin-coated plaque formation
(Fig.4.28, 32 and 34). While it might sound contradictory that membrane curvature would induce
a flat clathrin lattice, BAR-proteins are involved in early steps of clathrin nucleation. Some of
these early BAR-proteins have only shallow curvature and have been found at the rim of flat
clathrin structures (Qualmann, Koch and Kessels, 2011; Sochacki et al., 2017). Fcho, one of the
early F-BAR proteins in CME, has been suggested to participate in CCS nucleation as well as
clathrin coat organization (Umasankar et al., 2014; Ma et al., 2016). Therefore, membrane
curvature sensing proteins recruited during early steps of CCS assembly would be good

candidates to induce clathrin-coated plaques at topographical cues.
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The directionality of cell migration can be influenced by many external stimuli: Soluble chemical
gradients (chemotaxis), substrate-bound chemical gradients (haptotaxis), substrate stiffness
gradients (durotaxis), electric fields (electrotaxis) or aligned structures (contact guidance)
(Petrie, Doyle and Yamada, 2009). By remodelling of the ECM for instance into fibres, cells
generate structures that might serve as contact guidance cues. Since clathrin-coated plaques
sense such external structures, they might be involved in establishing directionality of cell
migration through contact guidance. Little is known of how cells sense topographical guidance
cues and transfer this information into directed movements. It has been shown that cells align
along microgrooves shortly after spreading (Tamiello et al., 2016). This alignment on anisotropic
substrates seem to be more efficient in certain cell lines than in others and dependent on
groove height as well as groove and ridge width (Clark et al., 1990, 1991; Kim et al., 2009).
Generally, this phenotype is suggested to be mediated by orientation of FAs and
mechanotransduction through the actin cytoskeleton to the nucleus, which seems to control cell
shape and direction of migration (Tamiello et al., 2016). Details of the molecular process of cell
alignment are still unclear and even the involvement of the actin cytoskeleton is under debate
(Gerecht et al., 2007; Provenzano, Inman, Eliceiri, Trier, et al., 2008; Kubow et al., 2017; Ray et
al., 2017). The arrangement of clathrin-coated plaques along the microgrooves as additional
adhesive structures might be involved in orienting cell migration (Fig.4.34-35). Since clathrin-
coated plaques are more stable over time then the dynamic FAs, the persistent attachment to
microgrooves might be important for keeping cells on this track. Furthermore the putative
function as local signalling platform might be involved in establishing alignment of cells on
anisotropic external cues. Besides helping to modulate directionality of intrinsic motility, clathrin-
coated plaques seem to negatively influence the velocity of cell migration (Fig.4.36). By serving
as persistent adhesive structures, the induction of clathrin-coated plaques by external cues can
slow down cell migration. The dual impact of clathrin-coated plaques on directionality and

velocity might be important for the complex control of contact guidance in cell migration.

Although we studied migration on 2D substrates, contact guidance along topographical cues of
ECM is important in 3D tissue environment. ECM is often organized in oriented fibres as seen
for collagen (Mouw, Ou and Weaver, 2014) and fibronectin (Singh, Carraher and Schwarzbauer,
2010). The 3D topography of the ECM is crucial in development (Nakatsuji and E. Johnson,
1984; Yim et al., 2010), axon outgrowth (Tysseling-Mattiace et al., 2008) as well as tumour cell
progression (Amatangelo et al, 2005; Provenzano, Inman, Eliceiri, Knittel, et al., 2008;
Provenzano, Inman, Eliceiri, Trier, et al., 2008; Erdogan et al., 2017). Since cell migration in a

3D environment is supposed to be FA-independent, other mechanisms need to provide
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Figure 5.3: Role of clathrin-coated plaques in sensing remodelled ECM and modulating cell migration.
Schematic representation of the formation of clathrin coated-plaques during cell migration and their impact on this
process. (1) During cell migration, cells remodel the ECM at FA by (1a) the creation ECM fibres or (1b) the
enzymatic digestion of ECM proteins and thereby generate topographical cues. (2) After FA disassembly, clathrin-
coated plaques containing integrin receptors can form at such topographical cues. The sensing of remodelled ECM
by clathrin-coated plaques can (3) modulate cell behaviour and migration by enhancing directionality and reducing

velocity.

adhesion to ECM fibres (Paluch, Aspalter and Sixt, 2016). Since clathrin-coated plaques contain
integrins, well established ECM receptors, they would fit the requirements for such adhesive
structures. Tubular clathrin lattices have been proposed to pinch collagen fibres and promote
cell migration by stabilizing cell protrusions (Elkhatib et al., 2017). Flat persistent clathrin-coated
plagues and tubular transient clathrin lattices might be related structures in promoting adhesion

to complex 3D environment in a FA-independent manner.

Altogether we propose that clathrin-coated plaques are participating in the complex regulation of
cell migration (Fig.5.3). ECM remodelling mediated by force transduction as well as enzymatic
reactions at FAs generates topographical cues. These cues can comprise fibres of bundled

ECM proteins (e.g. fibronectin or collagen) or digested ECM and modulate cell migration by
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contact guidance. Clathrin-coated plaques are involved in sensing these extracellular cues and

regulate directionality and velocity of cell migration.

The interplay between ECM organization and regulation of cellular behaviour by clathrin-coated
plagues might be important for many processes like organ development, wound healing, and
cancer progression. Further work needs to address the molecular mechanism of their adhesive
function and signalling events at clathrin-coated plaques as well as the cause of their cell type-

specific formation.
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5.4 Conclusion on the functions of flat clathrin lattices

Flat clathrin lattices have been ignored or considered unproductive artefacts of cell culture for a
long time. Since EM has been the only way to unambiguously identify this type of CCS, studies
based on fluorescent microscopy only were insufficient to distinguish different curvature of
clathrin coats. This limitation of the main microscopy method used in the field of CME led to the
ignorance of the flat clathrin structures. Recent development of new methods like super-
resolution microscopy as well as the combination of techniques, paved the way to better

investigate the curvature-dependent function of clathrin coats.

Together with recent work in the field, we shaped a new awareness of the ultrastructural
morphology of CCSs and their functional diversity. On the one hand, flat clathrin lattice can be
involved in endocytosis by either serving as precursors of curved CCPs or as stable budding
platform for CCV formation at the PM. On the other hand, larger flat clathrin coats associated
with integrins regulate cell migration as adhesive units, which sense topographical cues of the
extracellular environment. The formation and usage of the multiple functions of the clathrin
lattice are regulated in a cell type-specific manner, which might be involved in specialized
cellular functions. Since we only started to unravel the impact of flat clathrin coats at the PM on
diverse cellular functions, more work is needed to understand their impact on health and

disease.
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6 Materials and methods

6.1 Materials

6.1.1 Buffers, solutions and reagents

All Buffers were made using ultrapure water (conductivity <0.05uS). Buffers, solutions and

reagents not listed below are described together with the method for which they were used.

Table 6.1: General buffers, solutions and reagents.

Buffer/Solution/Reagent

Composition/Source

2-Propanol

Sigma (#33539-2.5L-R)

Acetone

Fisher Chemicals (A/0600/17)

Albumin Fraction V (pH7.0)

AppliChem (A1391,0250)

DMSO Desiccate

Life technologies (D12345)

Ethanol

Fisher Chemicals (E/0650DF/C17)

Formaldehyde solution (37 %)

Roth (#4979.1)

Glutaraldehyde solution (25 %)

Sigma (G5882)

Lysis buffer 84 mM NaxHPO4, pH9.6

1% NP-40
Methanol Fisher Chemicals (M/40000/PC17)
PBS Sigma (P4417-100TAB)

Poly-L-lysine (PLL) solution

Sigma (P8920)

Stabilization buffer

30mM HEPES, pH7.4
70mM KCI
5mM MgCl;

TE Buffer

10mM Tris-HCI, pH7.5
1mM EDTA

Wash buffer |

100mM NazHPO4, pH9.6
2mM MgClz
2mM EGTA

Wash buffer Il

300mM KCl
10mM NazHPO4, pH7.5




Table 6.2: Buffers, solutions and reagents for SDS-PAGE

Buffer/Solution/Reagent Composition/Source

Acrylamide/bis-acrylamide Rotiphorese Gel 30 (37,5:1), Roth (#3029.1)

APS 10% (wiv) APS in H20, Roth (#9592.2)

ECL Western Blotting Detection Reagents GE Healthcare (RPN2106)

Laemmli buffer (4 x)

0.2M Tris-HCI, pH6.8
0.05M EDTA

40% (v/v) glycerol
8% (w/v) SDS

4% (v/v) B-mercaptoethanol
0.08 % (w/v) bromophenol blue

NP-40 lysis buffer

50mM Tris, pH8.0
150 mM sodium chloride
1% (viv) NP-40

+ Protease Inhibitor (complete, EDTA-free,

Roche, #11873580001)

Precision Plus Protein Dual Color Standards

BioRad (#1610374)

SDS-Tris-Glycine buffer (1x)

25mM Tris-base
200mM Glycine
1% (w/v) SDS

Separating buffer (4 x)

1.5M Tris, pH8.8
0.4% (w/v) SDS

Stacking buffer (4 x)

0.5M Tris, pH6.8
0.4% (wiv) SDS

TBS 50mM Tri-HCI, pH7.5
150 mM NaCl

TBST 50mM Tri-HCI, pH7.5
150mM NaCl
0.1% Tween

TEMED Roth (#2367.1)

Transfer buffer

20mM Tris-base
160mM Glycine

20 % methanol

Western Bright Chemilumineszenz Substrate Sirius

Biozym (#541021)




Materials and methods | 97

Table 6.3: Buffers, solutions and reagents for agarose gel electrophoresis

Buffer/Solution/Reagent

Composition/Source

1kb Plus DNA Ladder

Invitrogen (#10787018)

Agarose Standard

Roth (#3810.3)

DNA loading dye (6x)

60 % Glycerol

10mM Tris, pH7.5
60mM EDTA

0.03 % bromphenol blue

Ethidium bromide (10 mg/ml)

MP Biomedicals (#£ETBC1001)

TBE buffer (0.5%)

50 mM Tris-base
50mM boric acid
1mM EDTA-Na;

6.1.2 Enzymes, primer, oligonucleotides, plasmids, antibodies, and fluorescent
reagents
Table 6.4: Enzymes
Enzyme Source Application
Agel-HF NEB (R3552S) Restriction digestion
BamHI NEB (R0136S) Restriction digestion

EcoRl

NEB (R0101S)

Restriction digestion

Gateway BP Clonase Il Enzyme Mix

Invitrogen (#11789)

BP recombination

Gateway LR Clonase Il Enzyme Mix

Invitrogen (#11791)

LR recombination

Phusion Hot Start Il High-Fidelity DNA Polymerase

Thermo Scientific (#F-549L)

PCR

Proteinase K Solution

Invitrogen (AM25438)

Termination of clonase

reactions

T4 DNA Ligase

NEB (M0202S)

Subcloning
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Primer/ Oligonucleotide

Table 6.5: Primers and oligonucleotides

Sequence

mcherry-zyxin forward

GGGGACAAGTTTGTACAAAAAAGCAGGCTCAACCATGGTGAGCAAGGG
CGAGGAGGATA

mcherry-zyxin reverse

GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACGTCTGGGCTCTAGCA
GTGTG

M13 forward

TGTAAAACGACGGCCAGT

M13 reverse

CAGGAAACAGCTATGACC

shMMP14 forward

CCGGCATTGCATCTTCCCTAGATAGCTCGAGCTATCTAGGGAAGATGCA
ATGTTTTTG

shMMP14 reverse

AATTCAAAAACATTGCATCTTCCCTAGATAGCTCGAGCTATCTAGGGAAG
ATGCAATG

shscrambled forward

CCGGCAACAAGATGAAGAGCACCAACTCGAGITGGTGCTCTTCATCTTG
TTGTTTTTG

shscrambled reverse

AATTCAAAAACAACAAGATGAAGAGCACCAACTCGAGTITGGTGCTCTTC
ATCTTGTTG

U6 primer AGATATTAGTACAAAATACG
Table 6.6: Primary antibodies

Primary antibody Source Species Application

anti-av 5 integrin (P1F6) Abcam (ab177004) monoclonal mouse IF: 1:100 (methanol/saponin)

anti-B actin Sigma (A5441) monoclonal mouse WB: 1:5,000

anti-B1 integrin (anti-CD19) BD (#552828) monoclonal rat IF: 1:1,000
(formaldehyde/TritonX)

anti-B3 integrin Millipore (MABT27) monoclonal mouse IF: 1:100

(anti-LIBS2, clone ab62) (formaldehyde/TritonX)

anti-CHC (X22) Abcam (ab2731) monoclonal mouse IF: 1:500-1,000
(formaldehyde/TritonX)

anti-CLC (CON.1) Sigma (C1985) monoclonal mouse IF: 1:500-1,000
(formaldehyde/TritonX)

anti-MMP14 (EP1264Y) Abcam (ab51074) monoclonal rabbit WB: 1:5,000
IF: 1:100
(formaldehyde/TritonX)

anti-vinculin (hVIN-1) Sigma (V9131) monoclonal mouse IF: 1:800
(formaldehyde/TritonX)

WB: Western blot, IF: immunofluorescence
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Table 6.7: Plasmids

Plasmid Application Prokaryotic Eukaryotic
resistance resistance
BacMam pCMV-DEST Gateway vector to generate CMV-driven mammalian Amp, CAM, -
expression plasmid to generate recombinant bacmid Gen
DNA for BacMam production
BacMam pCMV-DEST CMV-driven mammalian expression plasmid to Amp, Gen -
mcherry-zyxin generate recombinant bacmid DNA for BacMam
production
mcherry-FAK CMV-driven mammalian expression of fusion protein Kan G418
mcherry-paxillin CMV-driven mammalian expression of fusion protein Kan G418
mcherry-vinculin CMV-driven mammalian expression of fusion protein Kan G418
mcherry-zyxin CMV-driven mammalian expression of fusion protein Kan G418
pDONR 221 Gateway vector to generate entry clones Kan -
pENTR mcherry-zyxin ~ Gateway entry vector for LR reaction Kan -
pENTR MMP14 Gateway entry vector for LR reaction Kan -
pLKO.1 puro Empty vector for UG6-driven mammalian shRNA Amp Puro
expression for lentivirus production
pLKO.1 shMMP14  U6-driven mammalian shRNA expression for lentivirus  Amp Puro
puro production
pLKO.1 shscr puro U6-driven mammalian shRNA expression for lentivirus  Amp Puro
production
pMDG.2 VSV-G envelope expressing plasmid for lentivirus Amp -
production
psPAX 2nd generation lentiviral packaging plasmid for Amp -
lentivirus production
pWPI MMP14 EF1a-driven mammalian expression vectors for Amp Puro
lentivirus production
pWPI puro Gateway vector to generate EF1a-driven mammalian Amp, CAM Puro
expression vectors for lentivirus production
sigma2-eGFP CMV-driven mammalian expression of fusion protein Kan G418
tdtomato-CLCa CMV-driven mammalian expression of fusion protein Kan G418

Amp: ampicillin, CAM: chloramphenicol, Gen: gentamicin, Kan: kanamycin, Puro: puromycin
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Table 6.8: Secondary antibodies

Secondary antibody Source Species Application

anti-mouse 1gG (H+L) Alexa Fluor 568 Invitrogen polyclonal goat IF: 1:1,000
(A-11004)

anti-mouse 1gG (H+L) Alexa Fluor 647 Invitrogen polyclonal goat IF: 1:1,000
(A-21235)

anti-mouse 1gG-Atto594 Sigma polyclonal goat IF: 1:200
(76085-1ML-F)

anti-rabbit IgG (H+L) Alexa Fluor 568  Invitrogen polyclonal goat IF: 1:1,000
(A-11011)

anti-rabbit IgG (H+L) Alexa Fluor 647  Invitrogen polyclonal goat IF: 1:1,000
(A-21244)

anti-rat IgG (H+L) Alexa Fluor 647 Invitrogen polyclonal goat IF: 1:1,000
(A-21247)

ECL anti-mouse IgG HRP GE Healthcare (NA931) polyclonal sheep  WB: 1:5,000

ECL anti-rabbit IgG HRP GE Healthcare (NA934) polyclonal donkey WB: 1:5,000

Table 6.9: Fluorescent reagents

Fluorescent reagents

Source Application

Alexa Fluor 647 NHS ester (succinimidyl ester)

Invitrogen (A37573)  Protein labelling

Alexa Fluor 647 Phalloidin

Invitrogen (A22287)  Staining: 1:50-200

Wheat germ Agglutinin, Alexa Fluor 647 conjugate

Invitrogen (W32466) Staining: 1:200
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6.1.3 Bacterial culture

All media for bacterial culture were made using ultrapure water (conductivity <0.05uS) and

were sterilized by autoclaving. Antibiotics for selection were added after sterilization.

Table 6.10: Media and antibiotics for bacterial culture

Medium/Solution/Reagent Composition/Source
Ampicillin (Amp) (1,000 x) 100mg/ml in H20
Roth (K029.2)
Kanamycin (Kan) (1,000x)  50mg/ml in H,O
Roth (T832.3)

LB-agar Roth (X969.2)
LB-medium Roth (X968.1)
SOB-medium Roth (AE27.1)

Table 6.11: Bacteria strains

Bacteria strain Source Application

MAX Efficiency DH10Bac Competent Cells Invitrogen Generation of recombinant bacmid
(#10361012)

Subcloning Efficiency DH5a. Competent Cells Invitrogen Subcloning, Plasmid amplification

(#18265017)
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6.1.4 Cell culture

Table 6.12: Media, solutions and reagents for cell culture

Medium/Solution/Reagent

Composition/Source

0.05% Trypsin-EDTA

Gibco (#300-05425)

Cellfectin Il Reagent

Invitrogen (#10362100)

DMEM Gibco (#41965-039)
DMEM without phenol red Gibco (#21063-029)
Cryomedium 45 % growth medium
45% FBS
10% DMSO
FBS Biochrom (S0615)
Geneticin (G418) Gibco (#10131-027)
IMDM Gibco (#21980-032)

Lipofectamin 2000 Transfection Reagent

Invitrogen (#11668027)

Opti-MEM, reduced Serum Media

Gibco (#31985062)

Polyethylenimine (PEI) solution

1mg/ml in H20O

Penicillin Streptomycin (Pen/Strep)

Gibco (#15140)

Puromycin 10mg/ml in H20, Sigma (P9620)
Sf-900 Il SFM Gibco (#12658019)
Table 6.13: Cell lines
Cellline  Description Culture medium Subculturing
BSC-1 African green monkey kidney epithelial cells DMEM, 10% FBS, 1:5-1:20
1x Pen/Strep
Hek293T Human embryonic kidney cells, transformed IMEM, 10% FBS, 1:5-1:20
with large T antigen 1x Pen/Strep
HT1080 Human fibrosarcoma cells DMEM, 10% FBS, 1:5-1:10
1x Pen/Strep
Swiss3T3 Mouse embryonic fibroblasts DMEM, 10% FBS, 1:5-1:10
1x Pen/Strep
Uu20Ss Human bone osteosarcoma DMEM, 10% FBS, 1:5-1:10
1x Pen/Strep
U373 Human glioblastoma astrocytoma DMEM, 10% FBS, 1:3-1:5
1x Pen/Strep
Sf9 Insect cells developed from ovaries of Sf-900 Il SFM 1:5-1:10

Spodoptera frugiperda



https://en.wikipedia.org/wiki/Spodoptera_frugiperda
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6.2 Methods

The text of the paragraphs 6.2.13, 6.2.18-20, 6.2.22-25, and 6.2.27 has been adapted from
Bucher et al. (2018).

6.2.1 Bacterial transformation

For transformation of DNA into bacteria, a heat shock using chemically competent bacteria was
performed. In brief, subcloning reaction or plasmid DNA was mixed with appropriate bacteria
and incubated for 20 minutes on ice. Afterwards a heat shock for 30 seconds at 42°C was
performed and bacteria were put back on ice for 2 minutes. Bacteria were plated on LB agar

plates with appropriate antibiotics for selection and incubated at 37 °C overnight.

To test plasmid DNA, single colonies were picked to inoculate 5ml LB media with appropriate
antibiotics for selection and incubated at 37°C overnight while shaking. Plasmid DNA was
isolated and tested by restriction digestions and DNA sequencing using GATC sequencing
service. To generate plasmid DNA stocks, positive bacteria colonies were used to inoculate
100ml LB media with appropriate antibiotics for selection and incubated at 37 °C overnight while

shaking. Plasmid DNA was isolated, dissolved in H,O and stored at -20 °C.

6.2.2 DNA isolation

Isolation of plasmid DNA from bacteria was done either with NucleoSpin Plasmid (Macherey-
Nagel, 740588.250) for 5ml bacteria culture or with NucleoBond PC100 (Macherey-Nagel,
740573.100) for 100ml bacteria culture, according to manufacturer’s instructions. Extraction of
DNA from agarose gel, exchange of buffer, or clean-up was done with NucleoSpin Gel and PCR

Clean-up (Macherey-Nagel, 740609.250), according to manufacturer’s instructions.

6.2.3 Agarose gel electrophoresis

DNA fragments were separated by agarose gel electrophoresis. First, 0.8-1.2 % (w/v) agarose in
TBE buffer was heated until agarose was fully dissolved. The solution was cooled down to
around 60°C and then ethidium bromide was added (1:10,000). The solution was poured into
electrophoresis slides. When the agarose gel was solidified, it was directly used for gel
electrophoresis. The DNA samples were mixed with DNA loading dye and separated using 100-
120V for 1-2 hours. The DNA fragments were visualized by UV light.
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6.2.4 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) was performed using Phusion Hot Start Il High-Fidelity DNA

Polymerase following the manufacturer’s protocol.

6.2.5 Restriction digestion

Restriction digestions were performed for subcloning purpose or for testing colony-isolated
plasmids after cloning. For subcloning, 3-5ug of plasmid DNA was used to set up a 50l
restriction digestion reaction. For testing of cloning success, 1ug of plasmid DNA was used to
set up a 20 ul restriction digestion. For the restriction digestion reactions, appropriate restriction

enzymes from NEB were used following the manufacturer’s protocol.

6.2.6 Ligation

Ligation reactions were performed using T4 DNA Ligase form NEB. A 20yl ligation reaction was

set up following the manufacturer’s protocol and incubated for 1 hour at room temperature.

6.2.7 Gateway cloning

The Gateway Technology (Invitrogen) was used for generating entry and expression plasmids.
This highly efficient cloning system is based on site-specific recombination reactions using
recombination sequences (att-sites) and enzymes, which catalyse recombination reactions
(Clonases). This system uses a set of donor and destination vectors to quickly move DNA
sequences between multiple vectors. Donor and destination vectors contain a cassette flanked
by att-sites, which hold the ccdB gene for negative selection after recombination reaction and a
chloramphenicol resistance gene (CMF) for counterselection during propagation. Therefore,
donor and destination vectors need to be propagated in E.coli strains resistant to CcdB effects.
This cassette is removed by the recombination reactions and replaced by the gene of interest.

More details on the system and the procedure can be found in the manufacturer’s manual.

To generate entry vectors Gateway BP Clonase Il Enzyme Mix was used. In brief, BP-
recombination reactions between PCR products containing attB-sites and pDONR221
containing attP-sites were set up by mixing 150ng of PCR product with 150 ng of pDONR 221.
TE buffer was added to reach a final volume of 8 ul. Finally 2l of BP Clonase Il Enzyme Mix
were added and incubated for 1-3 hours at 25°C. 1 pl of Proteinase K was added to the reaction

mix and incubated for 10 minutes at 37°C. The reaction mix was transformed into DH5a as
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described in paragraph 6.2.1. Plasmid DNA was isolated and sequenced with M13 forward and

reverse primers.

To generate expression vectors Gateway LR Clonase Il Enzyme Mix was used. In brief, LR-
recombination reactions between Gateway entry vectors containing attL-sites and Gateway
destination plasmids containing attR-sites were set up by mixing 150 ng of the entry vector with
150 ng of the destination vector. TE buffer was added to reach a final volume of 8 pl. Finally 2 ul
of LR Clonase Il Enzyme Mix were added and incubated for 1-3 hours at 25°C. 1yl of
Proteinase K was added to the reaction mix and incubated for 10 minutes at 37 °C. The reaction

mix was transformed into DH5a as described in paragraph 6.2.1.

6.2.8 Cloning of short hairpin RNA (shRNA) encoding vector for lentivirus production

Forward and reverse oligonucleotides containing short hairpin RNA (shRNA) sequence were
designed according to RNA interference (RNAI) consortium (TRC)
(https://www.broadinstitute.org/scientific-community/science/projects/rnai-consortium/rnai-

consortium) and ordered from Eurofine. Complementary oligonucleotides were designed to
generate 5 and 3’ overhangs after annealing complementary to Agel and EcoRI restriction
sites, respectively, for direct ligation into linearized vectors. While the EcoRI restriction site was
kept intact by the oligonucleotide insertion, the Agel restriction site was destroyed, which was
used for test digestions as described later. Oligonucleotides were diluted in H,O at a
concentration of 1 ug/pl. 2.5 pl of forward and reverse oligonucleotides were mixed with 5 ul NEB
Buffer 2 and 40 pl H,O. The oligonucleotide mix was heated at 95°C for 5 minutes and slowly
cooled down to room temperature for annealing of both strands. For the ligation reaction, 150ng
of pLKO.1 backbone, which has been sequentially digested with EcoRI and Agel, and 2l
annealed oligonucleotides were used. The whole ligation mix was used for transformation into

DH5a as described in paragraph 6.2.1.

Colonies were tested by digestion with Agel and BamHI. Insertion of oligonucleotides containing
shRNA led to the loss of Agel restriction site. Therefore plasmids with successful insertion
showed only one linearized vector band whereas religated plasmids were recognized by a

double band. Plasmids were further controlled by sequencing with U6 primer

6.2.9 Lentivirus production

For lentivirus production, Hek293T cells were cultures in 10cm dishes until 80% confluence.
The cells were transfected with pMDG.2, psPAX, and the shRNA encoding pLKO.1 vector or the




106

pWPI vector containing the gene of interest using PEI. 50ul of PEI (1mg/ml) was diluted in
200 pl Opti-MEM and mixed well. 4 ug pMDG.2, 4 ug psPAX, and 8 ug pLKO.1 or pWPI were
mixed with Opti-MEM to a final volume of 250 pyl and mixed well. After 5 minutes, both solutions
were mixed and vortexed and incubated for 20 minutes at room temperature. Then the
transfection mix was added dropwise to cells. Culture medium was exchanged the next day.
After another two days, the supernatant was harvested and centrifuged (10 minutes, 4,000xQ)
and filtered through a syringe filter (Millex-HA, 0.45um, Millipore, SLHA033SS). For short time
storage, the lentivirus containing supernatant was kept at 4°C; for long time storage, the

supernatant was aliquoted and stored at -80°C.

6.2.10 BacMam production

Markus Mukenhirn designed the BacMam expression system for mcherry-zyxin and produced

the BacMam stock used in this work.

ViraPower BacMam Expression System (Life Technologies, A34227) was used to design and
produce BacMam mcherry-zyxin for transduction of mammalian cell lines following the user

guide.

In brief, the Gateway cloning system was used to generate the Gateway expression plasmid
BacMam pCMV-DEST mcherry-zyxin. First, a Gateway entry plasmid containing the mcherry-
zyxin sequence (PENTR mcherry-zyxin) was generated. The gene was amplified form the
mammalian expression plasmid mcherry-zyxin using the primers mcherry-zyxin forward and
reverse to flank the sequence with attB-sites by PCR. The PCR product was used to generate
the pENTR mcherry-zyxin by BP-recombination reaction. pENTR mcherry-Zyxin was then used
to generate the BacMAM pCMV-DEST mcherry-zyxin expression plasmid by LR-recombination

reaction.

For transposition of the mcherry-zyxin gene into the bacmid, DH10Bac were transformed and
incubated for two days at 37°C. Using a blue white screen, positive colonies were selected
which contained the recombinant bacmid. The bacmid DNA was isolated following the protocol

described in the user guide.

To produce BacMam mcherry-zyxin, insect cells were transfected with the bacmid mcherry-
Zyxin using Cellfectin |l reagent to generate a P1 viral stock. This P1 baculoviral stock was used
to amplify BacMam mcherry-Zyxin by infection of insect cells. This time, the infected insect cells

were culture in a spinner flask to produce a high viral titre. Two rounds of amplification were
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performed to produce a P2 and a P3 baculoviral stock. 3% FBS was added to the P3

baculoviral stock of BacMam mcherry-zyxin and stored in aliquots at -80 °C.

6.2.11 Subculturing of mammalian cells

Mammalian cells were cultured in appropriate growth medium at 3707C and 5% CO,. For
subculturing, cells were rinsed with PBS and incubated for 3-5minutes with
0.05% Trypsin/EDTA at 3711C and 5% CO,. After detaching, the cells were resuspended in

complete medium. Subculturing was done every 2-3 days in an appropriate ratio.

6.2.12 Freezing and thawing of mammalian cells

Mammalian cells were cultured until reaching 80 % confluence. Cells were detached as
described before and pelleted by centrifugation (300xg, 3 minutes). The cells were
resuspended in cryomedium at a concentration of 2-3x10° cells per ml. Cells were frozen at a
rate of -1°C per minute in aliquots of 1ml in cryotubes to -80°C. After three days cells were

transferred to a liquid nitrogen tank.

To thaw mammalian cells, an aliquot of frozen cells was quickly thawed and transferred in
10ml growth medium. Cells were pelleted and resuspended in growth medium and transferred
to a T25 flask for culturing. The growth medium was exchanged every 1-2 days until the cells

recovered form thawing and then subculturing was performed as described above.

6.2.13 Transfection

Transfection of cells was done using Lipofectamine 2000 if not stated otherwise. Cells were
plated in 6-well plates one day before transfection. The next day, cells were transfected at 70-
80% confluence. 2ug DNA and 4-8pl Lipofectamine 2000 were separately mixed with 100 pl
OptiMEM. The two solutions were mixed together. After incubation for 20 minutes at room

temperature, the transfection mix was added drop-wise onto the cells.

For generation of stable cell lines, the growth medium was exchange for fresh growth medium

after 8 hours. The cells were put under selection two days after transfection.

For live-cell imaging of BSC-1 AP2-eGFP transiently expressing tdtomato-CLCa, cells were

seeded 8 hours after transfection and imaged 12-16 hours after seeding.
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For live-cell imaging of cells transiently expressing fluorescently tagged FA proteins, the growth
medium was exchange for fresh growth medium after 8 hours. The transfected cells were

seeded 24 hours after transfection and imaged 6-8 hours after seeding.

6.2.14 Transduction

For transduction with lentivirus for generation of stable cell lines, 10,000 cells per well were
seeded into 6-well plates together with 500 ul of lentivirus containing supernatant. After 2 two
3 days, growth medium was exchange to selection medium with appropriate antibiotics. Cells

were subcultured in selection medium for 2 weeks and then used for experiments.

For transduction with BacMam mcherry-zyxin, cells were seeded with BacMam mcherry-zyxin
and were used for experiments 1 day after seeding. 30 ul or 7yl BacMam mcherry-zyxin were
used with 80,000 or 20,000 cells per well in 6-well or 24-well plates, respectively. 5ul BacMam

mcherry-zyxin were used with 12,000 cells per well in y-Slide 8 Well Glass Bottom dishes.

6.2.15 Cleaning of coverslips for microscopy

Coverslips were purchased from Thermo Scientific (diameter 12mm, #1.5) or Marienfeld
(diameter 24 mm, #1.5). Before usage, coverslips were cleaned first by 10 minutes sonication in
50ml KOH (1 M), followed by 10 minutes sonication in Acetone, 10 minutes sonication in
Ethanol and finally 10 minutes sonication in millipore H,O. Between the different solutions,
coverslips were shortly rinsed with millipore H,O. Coverslips were put on a tissue in a desiccator

for drying overnight and then stored in a clean petri dish.

6.2.16 Coating of coverslips

For coating of coverslips with different proteins, clean coverslips with the appropriate size were
used. First, the coverslips were sterilized with ethanol and washed three times with PBS. For
cellular fibronectin (cFN) coating, cFN (from foreskin fibroblasts, stock 1 mg/ml; Sigma, F2518)
was diluted in PBS. Coverslips were inverted on a drop containing 5 pug/cm? cFN and incubated
for 1 hour at room temperature followed by three washes with PBS. For poly-D-lysine (PDL)
coating, the coverslips were inverted on a drop of PDL hydrobromide (mol wt 70,000-15,000,
0.01% (w/v) in H,O; Sigma, P6407) and incubated for 5 minutes at room temperature followed
by three washes with H,O. For collagen coating, coverslips were covered with collagen solution
(from rat tail, 0.01mg/ml in Ethanol; Sigma, C7661) overnight at 4°C or 1-2 hour at 37°C

followed by three washes with PBS. Coated coverslips were directly used for experiments.
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6.2.17 Western blot (WB)

For Western blot (WB) analysis, protein samples from cell lysates were produced. Cells were
detached and pelleted (300xg, 3 minutes). After one time washing with PBS, cells were pelleted
again and the cell pellet was lysed with appropriate volume of NP-40 buffer for 30 minutes on
ice. The cell lysate was spinned down for 20 minutes at 12,000xg and the supernatant was

transferred to a fresh tube.

To measure the protein concentration of protein samples, DC (detergent compatible) Protein
Assay Kit Il (BioRad, #5000112) was used and compared to a bovine serum albumin (BSA)
protein standard. To compare amounts of proteins of interest in different samples, the
concentration of the samples was adjusted by diluting higher concentrated samples with NP-40
buffer.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels were prepared
with appropriate concentrations of the separating gel. Protein samples were mixed with Laemmli
buffer, heated for 10 minutes at 95°C and spinned down for 1 minute at 12,000xg before
loading. As molecular weight marker 10yl Precision Plus Protein Dual Color Standards was
separated together with the protein samples in SDS-Tris-Glycine buffer. SDS-PAGE was first
performed at 80V until samples moved through the stacking gel and then turn up to 100V until
loading dye run out of the gel. Proteins were transferred to a nitrocellulose blotting membrane
(0.45um; GE Healthcare, #10600003) by wet blot using transfer buffer at 100V for 1 hour. Then
membranes were blocked with 5% milk in TBST for 1 hour at room temperature. Incubation with
primary antibody diluted in TBST with 5% milk was performed overnight at 4°C. After four
washes for 5 minutes with TBST, membranes were incubated with secondary antibody diluted in
TBST with 5% milk for 1 hour at room temperature. The membranes were washed four times for
5 minutes with TBST and developed with ECL Western Blotting Detection Reagents or Western
Bright Chemilumineszenz Substrate Sirius using high performance chemiluminescence films
(GE Healthcare, #28906837).

6.2.18 EM and CLEM of clathrin structures using metal replicas of unroofed membrane

sheets

Cells were seeded on PDL-coated coverslips (25mm). Unroofing was performed 16 hours after

seeding. The cells were washed three times with stabilisation buffer. Unroofing was performed
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in 2% paraformaldehyde (PFA) in stabilisation buffer using two short sonication pulses. Sample

was immediately put into fresh 2% PFA solution and fixed for 20 minutes at room temperature.

For CLEM, PMs of AP2-eGFP expressing cells were used or clathrin structures were stain with
an antibody against CHC. Widefield epifluorescence microscopy of unroofed PMs was
performed with a Nikon N-STORM microscope with a 100x oil immersion objective and an
EMCCD camera (Andor Ixon Ultra DU-897). To cover an area of 1mm? a montage of
15x15 images with an overlap of 15% for stitching was taken. The imaged area was marked
with a circle (4mm in diameter) around the centre of the imaged area using an objective
diamond scriber. The immersion oil was carefully removed from the bottom of the glass

coverslip and the sample was prepared for EM.

Coverslips with unroofed membranes were fixed with 2 %glutaraldehyde in PBS overnight.
Samples were incubated with 0.1 % tannic acid for 20 minutes at room temperature. After four
washes with water, the samples were incubated with 0.1 % uranyl acetate for 20 minutes at
room temperature. After two washes with water, samples were dehydrated with a series of
ethanol solutions (15%-100%). Samples were placed in each ethanol solution for 5 minutes.
After replacing the 100 % ethanol solution, the samples where dried in a critical point dryer. The
samples were then put under vacuum until they were coated. The samples were coated with
JFDV JOEL Freeze Fracture Equipment with a first layer of platinum with an angle of 17 [ while
rotating and with a second layer of carbon with an angle of 90° while rotating. For better
orientation, the marked area of the coated samples was imaged with a phase contrast
microscope. The samples were then cut to fit on EM grids (TED PELLA, 75 Mesh Copper,
Support Films Formvar/Carbon). 5% hydrofluoric acid was used to remove the glass from the
metal replica. The floating metal replica was extensively washed with water and then carefully
placed on a glow discharged EM grid. Samples were dried on filter paper and again imaged with
a phase contrast microscope. TEM imaging was performed using a JEOL 1400 equipped with
SerialEM freeware for montaging. Montages of large membrane sheets at 12,000 magnification

(1.82nm per pixel) with 10 % overlap were imaged.

6.2.19 Transformation of images for CLEM

The FM image and the EM montage of the same membrane sheet were first manually and
roughly overlaid using Photoshop. MATLAB was used to transform the fluorescence image

according to the EM montage using three manually identified CCS. For the transformation, the
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centre of the clathrin structure in the electron microscope montage and the centre of the

fluorescence signal determined by a Gaussian fit were used as landmarks.

6.2.20 TEM and CLEM analysis of CCSs

For the TEM analysis, CCSs were manually identified. The projected area was measured by
outlining their surrounding using ImagedJ/Fiji (https://fiji.sc). Classification into flat, dome and pit
structures was done by visual evaluation of their curvature. Flat structure could be distinguished
from curved structures. Within the curved coats, pit structures were discriminated from dome
structures by the existence of a highly contrasted surrounding ring, which represents a
constricted neck. The circularity of the outlines of CCSs was measured using the shape
descriptors tool in ImageJ/Fiji. For the CLEM analysis, the fluorescent intensity was correlated
to CCSs identified in TEM.

6.2.21 Widefield epifluorescence microscopy

If not stated otherwise, widefield epifluorescence microscopy was performed with an inverted Ti
microscope (Nikon) with a 20x (0.75 numerical aperture, Plan Apo A, Nikon) dry objective or a
40x (1.3 numerical aperture, Plan Fluor, Nikon) oil immersion objective and a digital camera
(DS-QiI1MC, Nikon) equipped with LED (Lumencor-Sola) as light source.

6.2.22 Spinning disc confocal microscopy

Confocal live-cell imaging was performed with an inverted spinning disc confocal microscope
(Nikon, PerkinElmer) with a 60x (1.42 numerical aperture, Apo TIRF, Nikon) or
100x (1.4 numerical aperture, Plan Apo VC, Nikon) oil immersion objective and a CMOS
camera (Hamamatsu Ocra Flash 4) or an EMCCD camera (Hamamatsu C9100-23B). An
environment control chamber was attached to the microscope to keep 37 1C and 5% CO,. If not
stated otherwise, live-cell imaging was performed in DMEM without phenol red containing
10% FBS.

6.2.23 Total internal reflection fluorescence (TIRF) microscopy

TIRF microscopy was performed with an inverted Ti microscope (Nikon) with objective TIRF
illumination, with a 60x (1.49 numerical aperture, Apo TIRF, Nikon) oil immersion objective and
an EMCCD camera (Andor iXon Ultra DU-897U). For live-cell imaging, an on-stage incubation
chamber was used to keep 3711C and 5% CO,. Live-cell TIRF imaging was performed in
DMEM without phenol red containing 10 % FBS.
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6.2.24 STED nanoscopy

STED nanoscopy was carried out using the Two-color-STED system (Abberior Instruments
GmbH, Goéttingen). Image acquisition was performed using a 100x Olympus UPlanSApo
(NA 1.4) oil immersion objective and 70% nominal STED laser power (A =775 nm, max.
power = 1.2W). Line accumulation was set to 4 and a pixel size of 15nm was used.
Deconvolution of acquired images was done using imspector software (Abberior Instruments
GmbH, Géttingen). Richardson-Lucy deconvolution with a regularisation parameter of 0.001

was used and stopped after 30 iterations.

6.2.25 Immunofluorescence

Cells growing on glass coverslips or glass-bottom dishes were washed once with PBS and fixed
with PFA, formaldehyde, or methanol. Precisely, cells were incubated either with 2% PFA or
4% formaldehyde in PBS for 20 minutes at room temperature or overnight at 4 °C or with ice
cooled methanol for 10 minutes at -20°C. All following steps were performed at room
temperature. After three washes with PBS, cells were permeabilized with either 0.5 % TritonX in
PBS for 15 minutes or 0.05% saponin in PBS for 10 minutes followed by a blocking step with
1% BSA in PBS for 1 hour. Samples were incubated with appropriate primary antibody dilution
in 1% BSA in PBS for 1 hour. After three washes with PBS, samples were stained with
appropriate secondary antibody and/or labelled phalloidin or WGA for 45 minutes followed by
four washes with PBS. For normal microscopy, samples were washed with H,O and mounted
with ProLong Gold antifade reagent with DAPI (Invitrogen, P36931). For STED microscopy,
samples were washed with H,O and mounted with Mowiol. For TIRF microscopy, samples were
fixed with 4 % formaldehyde solution for 20 minutes, washed three times with PBS and kept in
PBS.

6.2.26 Live-cell microscopy of CME at bottom and top PM

For live-cell microscopy of CME at the bottom and top PM, cells stably expressing AP2-eGFP
were seeded on PDL-coated coverslips. CME dynamics at bottom and top PM of the same cell
were imaged with live-cell spinning disc confocal microscopy 12 hours post seeding. Therefore,
first AP2-eGFP dynamics were monitored for 10 minutes with a frame rate of 5 seconds at the
bottom PM. Afterwards CME dynamics of the top PM were imaged by taking a z-stack of five

images covering 2um in height of the very top of the cell with a rate of 5 seconds between the
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z-stacks. Maximum projections of each z-stack were generated and further used for tracking of
CME at the top PM.

6.2.27 Osmotic shock experiment

For live-cell microscopy of cells under osmotic shock, one cell was imaged for 5 minutes under
normal conditions. Afterwards the medium was change to hypotonic medium (1:1 ratio of

medium to water with 10 % FBS) and the same cell was imaged for an additional 30 minutes.

For TEM of cells under osmotic shock, cells were put into hypotonic medium and unroofed after
10 minutes of osmotic shock. For unroofing, a 1:1 ratio of stabilization buffer to water was used.

The samples were then prepared for TEM as described before.

6.2.28 Inhibitor-induced disassembly of FAs

For inhibitor-induced disassembly of FA either the ROCK inhibitor Y-37632.dihydrochloride
(Enzo, ALX-270-333) or Blebbistatin (Sigma, B0560) were used. The inhibitors were diluted in
medium with 10 % FBS.

To check the effect of these inhibitors on FAs and the actin cytoskeleton, cells were incubated
with pre-warmed inhibitor-containing medium and fixed with formaldehyde. FAs and the actin
cytoskeleton were stained using an antibody against vinculin and phalloidin, respectively.
Widefield epifluorescence microscopy was used to quantify the presence of FAs and actin

stress fibres.

To quantify the inhibitor-induced switch from FAs to clathrin-coated plaques, cells expressing
AP2-eGFP as well as mcherry-zyxin were used. 10 cells per sample were imaged before and
after treatment with pre-warmed inhibitor-containing medium. To correct for lateral shift (pixels
shifts) of the samples during the exchange of medium, the images before and after the inhibitor
treatment were re-aligned using clathrin-coated plaques as reference landmarks. An automated
image analysis workflow by KNIME (https://www.knime.com) was used to perform object-based
colocalization analysis of FAs and clathrin structures to quantify the switch. A binary mask for
the mcherry-zyxin signal before and the AP2-eGFP signal after the inhibitor treatment was used
to check for overlapping objects. Only FAs that were at a position still covered by the cell after
the treatment were analysed. As a control for thresholding, the number of overlapping objects of
the mcherry-zyxin and the AP2-eGFP signal before the inhibitor treatment was determined and

subtracted for normalization.
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6.2.29 Inhibition of specific integrins

For inhibition of integrins, the cyclic pentapeptide Cilengitide (Selleckchom, S7077) was used.
The inhibitor was diluted in medium containing 10 % FBS at a final concentration of 10 uM. Live-
cell spinning disc confocal microscopy of CME dynamics of the same cell was performed before
and after drug treatment with a frame rate of 3 seconds to follow clathrin-coated plaque

disassembly.

6.2.30 Imaging of fibronectin fibrillogenesis

The protocol described by Pankov and Momchilova (Pankov and Momchilova, 2009) was used

to image fibronectin fibrillogenesis.

To produce labelled fibronectin, plasma fibronectin (pFN) (1 mg/ml, from human plasma; Sigma,
F2006) was dialyzed against PBS using a Slide-A-Lyzer MINI Dialysis Device (20k MWCO,
0.5ml; Thermo Scientific, 88402) for 2 hours at room temperature. After changing the PBS, pFN
was further dialyzed overnight at 4°C. To label pFN with Alexa Fluor 647, 100 ul of pFN in PBS
were mixed with 1.2yl of Alexa Fluor 647 NHS Ester (10mg/ml) and incubated for 1 hour at
room temperature protected from light. To remove the free dye, the labelling mix was dialyzed

against PBS protected from light using the protocol described above.

To remove unlabelled fibronectin from FBS, we used Gelatine Sepharose 4B (Amersham
Biosciences, #17095601) to prepare fibronectin-depleted fetal bovine serum (FNAFBS).
Gelatine Sepharose 4B solution were washed three times with PBS. Between the washings
steps, the beads were centrifuged at 200 xg for 1 minute to exchange PBS. After the third wash,
beads were incubated with 10ml FBS in at 1:2 ratio on a rocking platform for 30 minutes at
room temperature. Afterwards, the beads were pelleted and the FBS was incubated with fresh
beads as described above to remove residual fibronectin. Afterwards the beads were removed
by pelleting and the FNdFBS was collected. FNdFBS was aliquoted and stored at -20°C.

To label fibronectin fibrillogenesis, cells were detached, washed once with PBS and
resuspended in medium containing 10% FNdFBS and 10pug/ml labelled pFN. The cells were
seeded on cFN-coated coverslips (80,000 cells per 24 mm coverslip). Live-cell imaging was
performed in DMEM without phenol red containing 10 % FNdFBS and 5 pug/ml labelled pFN and
started 4 hours after seeding. For drug-induced disassembly of FAs on labelled fibronectin
fibres, experiments were performed one day after seeding. For the quantification, each FA was

evaluated manually for pFN signal.
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6.2.31 ECM degradation assay

The protocol described by Artym, Yamada, and Mueller (Artym, Yamada and Mueller, 2009)

was used to perform ECM degradation assays.

To prepare labelled gelatine, a gelatine (from porcine skin; sigma (G-2500)) solution of
0.2% gelatine in PBS was prepared. To dissolve the gelatine, the solution was heated up to
37 °C for 30 minutes. For sterilization, the solution was filtered using a syringe filter membrane
(Millex-GS, 0.22um, Millipore, SLGS033SB). To label the gelatine with Alexa Fluor 647, 500 ul
of 0.2% gelatine solution was preheated to 37 °C for 30 minutes. 5ul of Alexa Fluor 647 NHS
Ester (10mg/ml) was added and incubated for 1 hour at room temperature protected from light.
To remove the free dye, the labelling mix was dialyzed with a Slide-A-Lyzer MINI Dialysis
Device (20k MWCO, 0.5ml; Thermo Scientific (88402)) against PBS for 2 hours at room
temperature. After changing the PBS, the mix was dialyzed overnight at 4°C. During dialysis,

the labelled gelatine was protected from light.

To coat coverslips with labelled gelatine, washed coverslips were first coated with PLL using a
50 pg/ml solution in PBS for 20 minutes at room temperature. The coverslips were washed three
times with PBS. Then the PLL coat was fixed with 0.5 % glutaraldehyde in PBS for 15 minutes at
room temperature. The coverslips were washed three times with PBS. Mixture of 0.2 % labelled
and unlabelled gelatine in a ratio of 8:1 was preheated to 37 °C for 30 minutes. Coverslips were
inverted on a drop of gelatine mix (80ul for 12mm diameter coverslips; 120ul for
25mm diameter coverslips) and incubated for 10 minutes at room temperature. Coverslips were

washed three times with PBS. The coated coverslips were directly used for experiments.

To seed cells on coverslips coated with labelled gelatine, detached cells were resuspended in
DMEM containing 10% FBS. The cells were pelleted by centrifugation (300xg, 3 minutes) and
washed with PBS to remove residual Trypsin. Cells were pelleted again and resuspended in
DMEM containing 10% FBS and plated on coverslips with fluorescent gelatine matrix
(20,000 cells for 12mm diameter coverslips; 80,000 cells for 25mm diameter coverslips). Cells

were cultured for one day on the gelatine matrix and then used for experiments.

An automated image analysis workflow by KNIME was used to quantify the area of digested

gelatine. A binary mask for the labelled gelatine signal was used to measure the digested area.

For drug-induced disassembly of FAs on labelled gelatine matrix, each FA was evaluated

manually for gelatine digestion.
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For long-time live-cell spinning disc confocal microscopy on pre-digested gelatine matrix, cells
overexpressing MMP14 were cultured on labelled gelatine matrix for one day and removed by
lysis. For this, the samples were washed once with PBS and twice with wash buffer I.
Afterwards the sample was incubated with lysis buffer for 15 minutes at 37 °C. The lysis buffer
was replaced with fresh lysis buffer and incubated until cells were lysed completely at 37 °C.
The remaining labelled gelatine matrix was washed with wash buffer Il twice and three times
with PBS. Cells for migration assay were seeded on the pre-digested gelatine layer and imaging

was started 1 hour post seeding.

6.2.32 Generation of adhesive micropatterns by photo-patterning

The protocol descripted by Pitaval et al. (Pitaval et al., 2013) was used to generate adhesive

micropatterns by photo-patterning.

An UVO-cleaner (Model 342, Jelight) was used to illuminate samples with deep UV. A synthetic
quartz mask with customized features was purchased from Toppan. Coverslips were activated
by illuminating with deep UV for 10 minutes. For passivation, the coverslips were inverted on a
drop of 0.1mg/ml Poly(L-lysine)-graft-poly(ethylene glycol) co-polymer (PLL-g-PEG) (SuSoS
Surface Technology, PLL(20)-g[3.5]-PRG(2)) in 10mM HEPES (pH7.4) (50ul for
12 mm diameter coverslips; 100 pl for 24 mm diameter coverslips) and incubated for 30 minutes.
To visualize passivated areas, a 1:1 mix of unlabelled and Atto633-labelled PLL-g-PEG (SuSoS
Surface Technology, PLL(20)-g[3.5]-PRG(2)-Atto633) was used. Passivated coverslips were

washed with H,O for 10 minutes.

Before usage the quartz mask was washed with acetone and isopropanol and dried. The quartz
mask was activated by illuminating with deep UV for 5 minutes on the metal bearing side to
clean the surface and make it hydrophilic. A Drop of 4 ul of millipore H,O was put on the quartz
mask and the coverslip was placed on the drop with the pegylated side facing down. Air bubbles
were removed by pressing the coverslip against the mask. Deep UV was illuminated for
3 minutes through the mask with the quartz side facing up. After illumination, an excess of H,O
was used to remove coverslips from quartz mask by floating. The coverslips were washed with

PBS before and directly used for experiments.

6.2.33 Production of 3D-micropatterns by soft lithography

To prepare 3D-micropatterns suitable for microscopy, soft lithography with a PDMS master and

optical clear glue was performed. The protocol for PDMS master production was adapted from
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Licker et al. (Licker et al., 2014) and the protocol for 3D-micropattern production with optical

clear glue from Ray et al. (Ray et al., 2017).

To produce the PDMS master, diffraction gratings (Edmund Optics, #54-510) with a groove
density of 500 grooves per mm were glued in a 10cm petri dish using double-faced adhesive
tape. One clip-pack PDMS (SYLGARD 184, 109 clip-pack; Sigma, #761036) was mixed, poured
in the petri dish, and degased for 1 hour. The PDMS was cured at 50°C overnight. The PDMS

was cut into small squares (approximately 1x1cm) and peeled off the diffraction grating.

These PDMS masters were used to generate 3D-micropatterns made of Norland optical
adhesive (Norland Products, NOA73). A drop of NOA 73 was put on a coverslip and the PDMS
master was placed on top of this drop. NOA 73 was cured by UV light (UV Stratalinker 1800,
Stratagene) for 15 minutes and the PDMS master was peeled from the coverslip leaving behind
the micropatterned optical clear NOA 73 film. 3D-micropatterns were sterilized with ethanol

before usage.

6.2.34 Surface topography measurements using AFM

AFM measurements were performed on a MultiMode 8 (Bruker). For topography
measurements, an area of 12umx12um of the surface was scanned in peak force tapping
mode with a scanasyst-air cantilever (resonant frequency 70kHz, spring constant 0.4, tip
radius 5-10nm; Bruker). AFM images were processed using gwyddion (http://gwyddion.net).

Line profiles were computes by averaging profiles of 1-3 um along the gratings.

6.2.35 Sequential seeding of cells on gridded coverslips

80,000 cells were seeded in p-Dish 35mm (high Grid-50 Glass Bottom; ibidi #81148). 12 hours
after seeding, cells on grid were imaged by live-cell confocal microscopy. Afterwards, cells were
removed with 15mM EDTA in PBS for 10 minutes. After the removal of cells, the gridded
coverslip were either left untreated, treated with 0.05% Trypsin/EDTA for 20 minutes at 37°C or
washed according to the protocol described before. Another round of cells was seeded as
described above. Live-cell confocal imaging was performed at the positions imaged in the first
round of cells. To evaluate the amount of clathrin structures formed at the same position in both
rounds of cells, the images were aligned with ImageJ/Fiji using the landmarks plugin. Three
landmarks from the grid were selected in both pictures and the second image was registered to
the first image with the Best Rigid Registration method. An automated image analysis workflow

by KNIME was used to perform object-based colocalization analysis of clathrin structures for
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quantification. A binary mask for the AP2-eGFP signal in both images was used to check for
overlapping objects. Only clathrin structures at regions covered by cells in both images were

analysed.

6.2.36 Tracking of clathrin structures

For tracking clathrin structures, we used ilastik (http://ilastik.org) if not stated otherwise. First the
images were segmented using the pixel classification and object classification workflow. For
tracking, the automatic tracking workflow was used. The maximal distance was put to 5 to avoid
merging of close tracks. Tracking results were further analysed by automated workflows using
KNIME.

Automatic tracking of clathrin structures using AP2-eGFP expressing cell lines was performed
using a probabilistic particle tracking method (Godinez and Rohr, 2015). The method combines
Kalman filters with particle filters and probabilistic data association with elliptical sampling
(PDAE). For particle detection, a Laplacian-of-Gaussian filter and connected-component
labelling was used. Based on the computed trajectories, the signal intensity of each tracked
object (normalized to the background intensity) was determined and intensity statistics over all
trajectories were computed. Also, the object size was determined for each time. In addition, the

lifetime of CCS was quantified and classified into different ranges.
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6.3 Modelling of growth behaviour of CCPs

The text of the following paragraphs (6.3) has been taken from Bucher et al. (2018).

6.3.1 Constant area model

As the fluorescence intensity of labelled clathrin triskelia is proportional to the number of
incorporated clathrin triskelia or equivalently to the size of clathrin covered membrane area, we

model the assembly of CCV as surface growth.

Our mathematical description of the constant area model considers growth of a flat circular
patch with radius r only at its edge (L) with rate k,,. To ensure limited growth there has to be
some balancing process to prevent a runaway-process. Mathematically the simplest idea is that
growth is regulated by the size of the domain area (A). Effectively we model this as dissociation
over the area of the patch with rate k¢, which can be expressed by Z—f = konL — kogeA. IN
Fig.4.14a a sketch of the growth schematics is shown. The growth equation can be simplified by

plugging in the surface of a circular patch A = nr?, it follows % =kon — koffg with steady state

radius rys = 2kon /koss- By integrating this equation, we find the patch area as a function of time

2
— [ ZFon (1 _ a—(kofe/2)t
Alt) =m < Fott (1 e~ \off )) .

In the observed fluorescence intensity tracks the intensity decreases after some time until the
intensity vanishes completely. Biologically, this indicates that the clathrin coated vesicle pinches
off the cell membrane and therefore, moves out of the focus of the microscope. We model this

by assuming an exponential decay of the area with time constant t, starting at time tgecrease

2
T <2kﬂ (1 — e—(koff/z)t)> t S tdecreasep
A - (Eq. S1)

2
T <2kﬂ(1 _ e—(koff/z)t)> ettt tdecrease-

We note that modelling the pinching as an exponential decay only serves as a measure to
robustly define the end-point of a fluorescence track. No further information is extracted from
this.

As the steady state is only reached approximately we define an area plateau at 95% of the

steady state area and the corresponding time tpjateay. The constant area model assumes that a
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Figure 6.1: Dome and pit transformation time deduced from Avinoam et al. (a) Histogram of the growth angle
@ (red) extracted from Avinoam et al. (2015) (b) The growth angle ¢ as a function of the normalised sum of all
structures with growth angle smaller or equal to ¢ (red) which is proportional to a time assuming a linear time
relationship between ¢ and time. From the linear fit to the data with ¢ smaller than /2 for domes (blue) and with
@ larger than m/2 for pits (green) we compute the ratio of transformation times for domes and pits and obtain
roughly 2:3. Calculations have been performed by Felix Frey, Heidelberg University. This figure has been taken
from Bucher et al. (2018).

flat patch transforms into a spherical pit as soon as the patch reaches the area plateau. Here,
we neglect the exact details of the transformation process but classify the CCSs as flat, dome
(less than a half sphere) or pit according to time. Before reaching the plateau, the area is
considered flat. After reaching the plateau we classify CCS in the first 40 % of the remaining
time until tgecrease 10 be domes and in the last 60 % of time to be pits. For the exact choice we
use our EM data and the data set of Avinoam et al.(Avinoam <i>et al.</i>, 2015)(Avinoam <i>et
al.</i>, 2015)(Avinoam <i>et al.</i>, 2015)(Avinoam <i>et al.</i>, 2015) (2015) and calculate the
histogram p(¢) of the growth angle ¢. The number of structures which one finds between ¢ and
¢ + do should be proportional to the time it takes for a structure to evolve from ¢ to ¢ + do,
assuming a linear time course. Therefore, ¢ as a function of the integral should give a measure
of the time course. Since we are mostly interested in the number of domes and pits, we
approximate the time course of ¢ for domes and pits by assuming a different linear relationship
between ¢ and time. By dividing the time, which it takes to form a half sphere, by the time it
takes to from a full sphere we end up with a forming ratio time of domes and pits of roughly 2:3
(Fig.6.1).

6.3.2 Data fits

To test whether the constant area model correctly describes the shape and size of clathrin
coated vesicles we fitted Eq. 1 to 4927 FM tracks of four different cells (Fig.4.14b) and

calculated from the fitted area surface growth curves histograms which we could compare to EM
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histograms. Therefore, we related the intensity of an FM track to its corresponding area.
Furthermore, the FM dataset was filtered before the fitting. The exact details of our procedure

are described in the following.

6.3.3 Relate fluorescence intensity and surface area by means of CLEM

To relate the fluorescence intensity of a clathrin FM track to the corresponding clathrin covered
membrane area we use our clathrin CLEM data, relating the projected surface size of CCSs to
their fluorescence intensity. We analyse flat CCSs for which the projected area directly
corresponds to their surface. By fitting a line through the origin to the clathrin CLEM data we get
the slope S providing us with a linear relation between size and intensity. As the local intensity

background is removed from the CLEM data we find
1(A) = B4, (Eq. S2)

where | is the intensity of the FM data, A is the area of the clathrin structure and g is the
proportionality constant. Fig.4.15b shows the intensity of flat structures as a function of their
projected area (blue). We find § = 4085nm?.

6.3.4 Relate different FM datasets

To calculate a size histogram from fluorescence intensity tracks we analyse live cell FM data
that have a different intensity level than the fluorescence intensity of the CLEM data. Therefore,
we need to relate these two different data sets. As the CLEM intensity | and the live cell FM
intensity I' are both proportional to the number of labelled clathrin triskelia, both intensities,

which are background corrected, can be related only by some factor «

/

I" =al »a=({")/I), (Eq. S3)

which can be calculated by dividing the means (indicated by () ) of both data sets.

6.3.5 Relate EM and FM datasets

We next restricted the live cell FM data set to ensure that the calculated size histogram is
comparable to the EM histogram. In EM we only detect structures that reach a threshold size.
However, in the live cell FM data set we register only detectable intensities, which exceed the

local background signal. Therefore, we relate the minimal detectable size in CLEM (4t) to a
threshold intensity (I1), which we relate to a threshold intensity (IT/ ) that we use on the live cell

FM tracks. As I’ = al we find
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()= (v ) _ (D~ (i)
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As (1/ ) is a function of (IT/ ) we can find the root of

/

_ (I > /
0=h=p5 =k

by iteratively increasing (IT/ ).

In EM we find that the minimal sized clathrin structure has an area of A = 5644nm?,
corresponding to a calculated intensity of It = 2.305 - 107 arb. unit. We find the mean intensity in
the clathrin CLEM data of all structures (I) = 1.766 - 108arb. unit. To measure the mean intensity
in the live cell FM data set we sample from each FM track that lasts a least 24 seconds a
number of intensities proportional to its lifetime. From these sampled intensities, which we

restrict to be larger than the threshold value IT/ , we then compute the mean intensity. We obtain

Iy =5.450-103arb.unit, (I ) = 4.148 - 10*arb. unit. By combining the Eq. S2 and Eq. S3 we
finally arrive at

/ 7/ I

according to which we compute the surface of a clathrin structure from its intensity in the live

cell FM. Furthermore, we filter all FM tracks showing a mean intensity which is smaller than IT/ ,

as those tracks would not be observable in EM.

6.3.6 Data filtering

Many CCSs at the plasma membrane represent abortive structures that will not commit to form
a CCP. To ensure that abortive structures are not analysed in our study, dynamic tracks with a
lifetime inferior to 24 seconds were excluded (presented data). Of note, we also repeated our

analysis using a minimal lifetime of 12 seconds and found similar results (data not shown).

We filter our data set for FM tracks with multiple structures (defined as a FM track that shows at
least two clear intensity maxima) to allow for direct fitting of single tracks. Precisely, we check
for each data point of an intensity track if its intensity exceeds 80 % of the mean intensity to find
a first plateau®. If a data point after a ,first plateau” falls below 40 % of the mean intensity we

find a ,first low". If a data point after the ,first low" exceeds the mean again by 20 % we found a
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structure with multiple intensity maxima. Such tracks are filtered out. Furthermore, we filter

tracks that start already with a mean intensity level I (t=0)> 0.5(1/ ).

6.3.7 Parameter choice and data fitting

The parameters for the fit are restricted by assuming that growth curves should at least reach
90 % and at most 120 % of the maximal area value. Additionally, we assume that vesicle pinch
off (corresponding to a decrease in the intensity to 10%) takes between 0 seconds to
20 seconds. Additionally, we require the fit to reach 99 % of the steady state area before the
area decrease happens and at least 10 % of that time until the 99 % area level are reached. We
implement the Python module ‘Imfit’ for fitting the area tracks where we use the method ‘nelder’
of the minimiser function. In this way we obtain for each track three parameters with mean
values (r,s= 65 nm (as sphere), kqe = 0.5 1/s, tgecrease= 46 S) that characterise the growth

curve.

6.3.8 Calculation of the size histogram

From the growth curves, we calculated a histogram (Fig.4.14c) to compare the constant area

model to the measured projected size EM histogram (Fig.4.14h). We proceeded as follows:

e From each of the fitted growth curves we uniformly drew a number of time points,
proportional to the time until the structure pinches off the cell membrane, that is given by
tqecrease (Fig.4.14a and b). We used 4927 FM tracks of 4 different cells giving us

4 million time points, which we used to calculate the size histogram.

e We classified the chosen times and corresponding areas into three categories. If
t < tplateau the structure is flat (blue region in Fig.4.14b). We assume that the

transformation process from flat to dome takes 40 % of the plateau time whereas from

dome to pit it takes 60% (see above). Therefore, if tpjateau < t < tplateau +§(1:decrealse -

tplateau) the structure is a dome (red region in Fig.4.14b) and otherwise it is classified as

a pit (green region in Fig.4.14b).

o We computed the projected area by assuming that the transformation within the dome

and pit phase is a linear function of time. Therefore, we divided the area by 1+

2
5 t_tplateau _tplateau_g(tdecrease_tplateau)

t
-———————for domes and 2+§

2 tdecrease™ tplateau

2 for pits. This factor

tdecrease_tplateau
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equals 1 for a flat patch, 2 for a completed dome (half sphere) and 4 for a completed pit

(full sphere).

o We excluded times for which the corresponding area is below the area threshold, since
the corresponding structures fall under the detection limit of TEM determined as being
the smallest object that can be confidently identified as clathrin coat by TEM (Fig. 4.14b,
white region and dashed line) or where the area already decreases (Fig.4.14b, white
region). This ensures that both the calculated and measured data sets are similarly

restricted.

e From the calculated projected areas, we then determined the size histogram (Fig.4.14c),

which we compare to the EM data (Fig.4.14h).

6.3.9 Curvature acquisition during growth: updated model

In the updated growth model we assume that CCSs first grow flat, start to invaginate as they
reach 70 % of their final size (which we determine by taking the inverse of the intensity ratio of
pit and flat structures in clathrin CLEM, which is 1.44) and finally grow as a spherical cap until a
full pit has formed. As before we model the assembly of clathrin coated vesicles as surface

growth.

Our mathematical description of the “curvature acquisition during growth model “ considers a

spherical cap with area A = 2rR?(1 — cos(¢)) and radius R that grows again only at its edge (L)
with rate k,,, which can be expressed by % = k,nL. Now the system has an intrinsic mechanism

to stop growth, namely formation of a sphere and therefore needs no balancing mechanism
anymore. In Fig.4.14d a sketch of the growth schematics is shown. In the limit of a small growth
angle ¢ = k,,t/R < 1 we recover the growth equation of a flat patch A(t) = m(k,,t)?. For an
almost complete pit the growth equation also holds perfectly. However, the mathematical
description of the growth model approximates the flat patch by a spherical cap for intermediate
flat patch sizes. In this case, the error is negligible as the model interpolates between the

correctly addressed limiting cases and is not used to assign the shape of the CCS.

In contrast to the constant area model now no dissociation mechanism is included in the growth
equation because of two reasons. First, the system has an intrinsic mechanism to stop growth
and second, any area-related dissociation mechanism would imply that one could never close

the sphere completely. Therefore, to obtain simple growth law such a mechanism is neglected.
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We note that this choice does still allow for turnover of the clathrin coat, which does not imply a

net area loss.

To define the ultrastructural organisation of the clathrin lattice, we neglect, as before, the exact
details of the transformation process but classify the CCS as flat, dome (less than a half sphere)
or pit according to time relative to the time when reaching the maximal area. Before reaching
70% of the maximal area the coat is flat. After reaching 70 % of the maximal area we classify

CCSs in the first 40 % of the remaining time to be domes and pits otherwise (as above).

As before we model that vesicles pinch off the membrane by an exponential decay of the area
with time constant t, starting at time tgecrease = TR/kon. We note that tgecrease Carries the unit of
a time since the rate k,, carries the unit of a velocity. The full growth equation for the area as a

function of time A(t) reads

kon
2mR? (1 — CoS (Tt)> t < tgecreaser (Eq. S4)

4rR2%eYT t > tgecrease-

A ={

As before we note that modelling the pinching as an exponential decay only serves as a

measure to robustly define the end-point of a fluorescence track.

6.3.10 Data fits, parameter choice and data fitting

To test whether the “curvature acquisition during growth” model correctly describes the shape
and size of clathrin coated vesicles we fitted Eq. S4 to 4927 FM tracks of 4 different cells
(Fig.4.14e) and calculated from the fitted area surface growth curves histograms which we
could compare to EM histograms. Therefore, we related the intensity of an FM track to its
corresponding area. Furthermore, the FM dataset was filtered before the fitting. The exact

details of our procedure are the same as before.

The parameters for the fit are restricted by assuming that growth curve should at least reach
90% and maximal 120% of the maximal area value and that the vesicle pinching off
(corresponding to a decrease in the intensity to 10 %) takes between 0 seconds to 20 seconds.
We implement the Python module ‘Imfit’ for fitting the area tracks where we use the method
‘nelder’ of the minimiser function. In this way we obtain for each track two parameters with mean

values (R = 69 nm, tgecrease= 42 ) that characterise the growth curve.
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6.3.11 Calculation of the size histogram

From the growth curves we calculated a histogram (Fig.4.14f) to compare “the curvature
acquisition during growth model” to the measured projected size EM histogram (Fig. 4.14h). We

proceeded in principle as before and only mention changes:

o We classified the chosen times (around 4 million time points) and corresponding areas
into three categories. If A(t) < 0.7A4,,a2« the structure is flat (blue region in Fig.4.14e) and
we call this time tiransformation- VW€ assume that the transformation process from flat to
dome takes the first 40% of the remaining time until the maximal area is reached

whereas from dome to pit it takes the rest of the time (as above).

o We computed the projected area by assuming that the transformation within the dome

and pit phase is a linear function of time. Therefore, we divided the area by 1+

2
5 t—ttransformation _g(tdecrease —ttransformation)

E t—ttransformation for domes and 2 +
1

2 tgecrease —ltransformation 3 ttransformation_tplateau

2 for pits.

This factor equals 1 for a flat patch, 2 for a completed dome (half sphere) and 4 for a

completed pit (full sphere).

6.3.12 Curvature acquisition during growth: Flat-to-curved transition corroborates with

the change of clathrin/AP2 ratio

Here, the only thing that changes compared to the updated model is that the transition time
tiransformation 1S NOW given by the time when the AP2 intensity plateaus, which we calculated by
fitting eq. 1 to the AP2 FM intensity tracks. We use eq. 1 for the AP2 tracks as they show a clear
plateau phase, which is reached prior to the onset of coat curvature. Therefore, the growth of
the AP2 patch is limited and eq. 1 is a simple representation of such a situation. This
assumption is supported by the experimental finding that AP2 is highly dynamic throughout the
coat. Indeed FRAP experiments have demonstrated the high recovery rate of AP2 within CCSs
(data not shown and (Wu et al., 2003)).

6.3.13 Live cell FM analysis resampling

To determine the ratio of clathrin and AP2 during the process of CME, we performed TIRF
microscopy of BSC-1 AP2-eGFP cells transiently expressing CLCa-tdtomato. We analysed the
excess of clathrin in comparison with AP2 during the formation of CCVs. Therefore, we

calculated the ratio of the maximum clathrin intensity divided by the intensity of clathrin at the
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time when AP2 shows an intensity plateau (95 % intensity level) and subtract this ratio from the

ratio, which we get for AP2.

In detail: we set a threshold for the AP2 intensity underneath fluorescence intensity tracks are
excluded (as before). We calculate the plateau time, defined as the time when 95 % of the AP2
plateau intensity is reached by fitting the constant area model to the AP2 FM data. Additionally,
we normalise all intensity values to the intensity value when 95 % of the AP2 intensity (clathrin
intensity) is reached. For each track (in total 754 tracks of one single cell) we calculate the
difference of the time when AP2 plateaus and clathrin reach the maximum intensity and
determine the corresponding histogram (cf. Fig4.16b). Furthermore, we calculate the intensity
offset given by the normalised maximum clathrin intensity divided by the normalised maximum
AP2 intensity (cf. Fig.4.16c¢).

6.3.14 Calculation of the ratio histogram during the osmotic shock

To determine the ratio histogram of flat, dome and pit CCS during the osmotic shock (Fig.4.18a
and 4.18c) we first defined a transition time ti ansformation, When flat CCSs start to invaginate,
where the normalised clathrin intensity exceeds the normalised AP2 intensity by 5% (blue
region in Fig.4.17c). We assumed that the transformation process from flat to dome takes the
first 40 % of the remaining time until the vesicle pinches of the PM, given by tgecrease (red region
in Fig.4.17c) whereas from dome to pit it takes the remaining 60 % of time (green region in
Fig.4.17c). Next, we started 50s after the osmotic shock and determined the morphology of all
tracks present at that time depending on the description above. We repeated this procedure in
steps of 5 seconds and average the number of structures over time intervals of 100 seconds. In
total we used 1356 FM tracks of one cell. The found ratios of flat, dome and pit CCSs were then

plotted as a function of the time after the osmotic shock (Fig.4.18a).

To test the consistency of this approach we used it to calculate the ratios for flat, dome and pit
structures on the data without osmotic shock consisting of 4927 FM tracks of 4 different cells.
Averaging over all tracks and considering only tracks with lifetimes shorter than 90s and with
AP2/clathrin discrepancy we obtained 47.8% flat CCSs, 18.0% dome CCSs and 34.2% pit
CCSs which is very similar to the determined ratios in Fig.4.16g.

6.3.15 Quantification of agreement between measured and predicted size histograms

To determine the level of agreement between measured (Fig.4.14h) and predicted size

§ (Nij—npij)?

i=1 Py

histograms (Fig.4.14c and f, Fig.4.16e) we calculated chi-squared )(]2 = where we
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sum over all bins k the occurrences N; of measured CCSs and compared it with the number of
expected occurrences np;, where p; is the predicted normalised frequency per bin, which we
deduced from our models (CAM=constant are model, UM=updated model and AP2=transition
flat/dome determined by the time when the AP2 intensity plateaus) and n = }N;. We repeated

this for all CCSs j = {flat, dome, pit} such that we found three values for X} for each model and

cell. We averaged these values for all CCSs and four cells and found: y2,y = 1018, x3y = 649

and yip, = 632 which shows that the model plotted in Fig.4.16e describes the data best.

Additionally, we performed a Welch’s t-test to calculate p-values for the null hypothesis that the
measured and predicted size distributions of CCSs have identical mean values. We averaged

over all CCSs and four cells and found pcam = 0.60, pym = 0.75 and pcam = 0.78.
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