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ABSTRACT

Clathrin light chains (CLCs) control selective uptake of a range of G protein-coupled receptors (GPCRs),

although the mechanism by which this occurs has remained elusive thus far. In particular, site-specific

phosphorylation of CLCb controls the uptake of the purinergic GPCR P2Y1,, but it is dispensable for the

constitutive uptake of the transferrin receptor (TfR). We demonstrate that phosphorylation of CLCb is

required for the maturation of clathrin-coated pits (CCPs) through the transition of flat lattices into

invaginated buds. This transition is dependent on efficient clathrin exchange regulated by CLCb

phosphorylation and mediated through auxilin. Strikingly, this rearrangement is required for the

uptake of P2Y1; but not TfR. These findings link auxilin-mediated clathrin exchange to early stages of

CCP invagination in a cargo-specific manner. This supports a model in which CCPs invaginate with

variable modes of curvature depending on the cargo they incorporate.
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1 INTRODUCTION

1.1 Ma, H., E. SMYTHE, AND K. AYSCOUGH. 2017. “FORTY YEARS ON:
CLATHRIN-COATED PITS CONTINUE TO FASCINATE”. MoL BioL CELL. 28:843-
847.

Cells are surrounded by a lipid bilayer that separates them from their surroundings and the formation
of this barrier has been an essential step for the development of life. However, for particles and
nutrients to be taken into the cell, they have to cross this barrier without disrupting it. One of the key
pathways that regulates this uptake is called Clathrin Mediated Endocytosis (CME) and has been
studied extensively over the past four decades. In order to give a brief overview into the development
of this field, we wrote a retrospective. This review focuses on key developments in the field of CME
that have led to conceptual advances as well as future directions of CME and its importance to heath
and disease. The initial draft was devised by me (as apparent by position of authors) with major
contributions of Elizabeth Smythe and Kathryn Ayscough towards the finalisation of the manuscript.
The article was aimed for a general audience, has been peer reviewed and was published in the journal
“Molecular Biology of the Cell” in April 2017. Following this general introduction into CME, a more in
depth introduction section will follow in order to prepare the reader for the research that has been

conducted in this thesis.

Hannes Maib Elizabeth Smythe

Kathryn Ayscough



Forty years on: clathrin-coated pits continue
to fascinate

Hannes Maib, Elizabeth Smythe, and Kathryn Ayscough®
Department of Biomedical Science, Centre for Membrane Interactions and Cynamics, University of Sheffiald,
Shefield 510 2TM, United Kingdom

ABSTRACT Clathnn-mediated endocstosis (CME) is a fundamental process in cell biclogy
and has been extensively investigated over the past several decades. Every cell biclogist
learns about it at some point during his or her education, and the beauty of this process has
led many of us to go deeper and make it the topic of our research. Great progress has been
made toward elucidating the mechanisms of CME, and the field is becoming increasingly
complex, with several hundred new publications every year. This makes it easy to get lost in
the vast amount of iterature and forget about the fundamentals of the field, which are based
on the careful interpretation of simple observations made =40 years ago, as exemplified by a
stucky performed by Anderson, Brown, and Goldstein in 1977. We examine how this seminal
stucky was pivotal to our understanding of CME and its progression into everindareasing com-
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plexity over the past four decades.

THE PATH FROM THE PLASMA MEMERANE TO THE
LYSOSOME

In their landmark study, Roth and Porter (1954) were the first to
describe the uptake of yolk protein through small "bristle-coated
pits" at the plasma membrane of mosquito cocytes and righthully
predicted their importance for the uptake of extracellular material.
In March 1977, when understanding of the process of endocytosis
was =till in its infancy, Andersan, Brown, and Goldstein performed
a study that described the uptake of the low-density-lipoprotein
{LOW) receptor from coated regions on the plasma membrane into
endocytic vesicles that subsequently fuse with lysozomes (Anderson
et al., 19773). In an era before the advent of flucrescently tagged
proteins, relatively little was known about the uptake of cargo pro-
teins by receptors. Goldstein and his colleagues realized the im-
portance of specific cell surface receptor interactions from their
studies following the intemalization of feritin-labeled LDL mole-
cules. In a series of beautifully detailed electron micrographs, they
observed that -70% of LDL was located in small coated regions
that made up only -2% of the total surface (Figure 1). These regions
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would later become known as clathrin-coated pits (CCPs). By allow-
ing LDL to bind to cells at 4*C (blocking receptor uptake) and sub-
sequently warming the cells back to 37°C for various times before
fixation, they we able to follow the uptake of LDL from these coated
regions into the cell. By aranging the electron micrographs into a
logical order, they concluded that LDL binds to its receptor in
coated regions of the plasma membrane, which become deesply
imaginated and then are pinched off to form intracellular vesicles.
These vesicles are then rafficked through the cell to fuse with lyso-
somes, where LDL is degraded. As a control, they also visualized
the uptake of horseradish peroxidase in the same manner. This pro-
tein i= not recognized by specific receptors on the plasma mem-
brane and so does not become concentrated i coated pits but is
still taken wp by the cell to some degree. These findings and the
use of cells from a patient with hyperchalesterolemia, whose fibro-
blasts were unable to bind LOL, led Goldstein and his colleagues to
postulate the model of receptor-mediated endocytosis in a pre-
scient review 2 years later (Goldstein et al., 1979). This basic traf-
ficking pathway is commaon knowledge for many of us today, but at
the time it took tremendous conceptual insight and creativity to
postulate it from a series of simple observations. Moreaver, this
madel is still valid and includes the notiom of high-affinity recep-
tors, cargo selection, and recycling pathways. Strikingly, it also sug-
gested the existence of additional, dathrin-independent endocytic
pathways, which are increasingly recognized as having key physio-
logical roles (Mayeor et al, 2014). i has become the framework for
a whole field of research and has inspired scientists throughout the
past 40 years.
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FIGURE 1: Key steps in our understanding of the CCV cycle. Clockwise from top: original
images showing LDL-ferritin being internalized through coated structures on the surface of
niormal fibroblasts (Anderson et al,, 1977a); SD5-PAGE gel showing clathrin and adaptor
proteins purified from pig brain (Pearse, 1975% x-ray crystallography studies revealing how
tyrosine-based motifs interact with AP2 (Owen and Evans, 199E); in vitro studies showing that
dyniamin assembles into ring structures that suggest a mechanism by which dynamin might
pinch off coated pits (Hinshaw and Schmid, 1995); studies in yeast pioneering live-cell imaging
to understand dynamics of endocytic patch assembly (Kaksonen et al., 2003); structured
illumination imaging allowing unprecedented resolution to visualize the relationship of dathrin-

coated structures (green) to the actin oytoskeleton (red; L et al., 2015).

KEY STEPS TO UNDERSTANDING THE MOLECULAR
MACHINERY OF CCPs

The key protein component of these coated regions was purified by
Pearse (197 5}, who named it clathrin (from the Latin datratus, mean-
ing "like a lattice™). This marked the beginning of the molecular era,
and the key components of clathrin-medisted endocytosis (CME)
were identified. Through bicchemical purifications, "assembly”™ or
"accessory” proteins (APs) were isolated (faremba and Keen, 1983;
Pearse and RHobinson, 1984; Ahle and Ungewickell, 1985), and by
reconstituting clathrin-coated vesicles {CCVs) in vitro, it was shown
that they connect the clathrin cost to the membrane, acting as
adaptors (Vigers etal., 1984). Progress in molecular biclogy made it
pozsible to express and purify modified versions of proteins, and
after years of painstaking research and contradictony results, invest-
gators were able to identify intermnalization signals in cargo molecules
and how they are recognized by the APs. This led to the discovery
of a simple tyrosine motif as the first intemalization sequence that is
recognized by the adaptor molecule AP2 (Traub and Bonifacing,
2013). Elegant structural studies revealed that when APZ is recruited
to the plasma membrane, it undergoes a conformational change to
enable it to bind to cargo-sorting signals and dathrin [Kelly et al.,
2014; reviewed in depth by Robinson, 2015). All of these discoveries
are perfectly in line with the postulated model from Goldstein and
colleagues, which predicted the existence of such a sorting moftif
after their study in 1977.

B44 | H. Mabetal

Crespite these advances, the mechanism
by which CCPs are pinched off from the
membrane remained wnrescheed. The solu-
tion to this came from understanding why a
temperature-zensitive  Drosophila melano-
gaster mutant (called shibire) is paralyzed at
high temperatures {Poodry et al, 1973).
Electron microscopy studies of this mutant
revealed that coated pits at the neuromus-
cular junction were stalled at a late stage of
CME az deep invaginations in the plasma
membrane that could not be pinched off.
After identification and cloning of the re-
sponsible gene, a defact in the GTPase dy-
namin was shown to be responsible for this
phenotype ([Chen et al, 19%1; Vanderbliek
and Meyerowitz, 1991 It tock additicnal
years to discover that dynamin assembles
into  ring-ike stuctures [Hinshaw and
Schmid, 1995) around the nedk of deeply
invaginated coated pits (Takei et al, 1995),
and indeed the precise mechanism by which
dynamin causes the final scission of CCPs is
still ot fully resolved and remains a major
research focus (Antonny et al., 2018). Hav-
ing identified the key components of the
fundamental madel, from the concentration
of cargo into CCPs by adaptor proteins, to
their scission by the GTPase dynamin, more
detailed analysis led to the discovery of
many new fectors that influence CME. This
included many more adaptors, regulatony
prateins, and components that sculpt the
membirane, promoting and sensing increas-
ing curvature as the pit buds inward to form
a vesicle {Merrifield and Kaksonen, 2014).

A DYNAMIC PERSPECTIVE THROUGH

UVE-CELL IMAGING

The availability of flucrescent protein tags and the wse of real-ime
fluorescence microscopy greatly affected how CME could be inves-
figated. For the first ime, the dynamics of the endocytic machinery
and recruitment of several key components to growing CCPs could
be vizualized in real ime. This meant that all the pieces of the model
proposed by Goldstein and his colleagues could be put together to
form a complete picture of CME in live cells. The ease of genatic
manipulation of S5accharomyoes cerevisiae made this madel system
exiremely amenable to this new technology. Even though the pro-
cess of endocytosis in yeast initially seemed to differ in some as-
pects from that of mammalian cells, the insights gained through
these studies had a significant effect on understanding fundamental
aspects of CME. In mammalian cells as well as in yeast, the sequen-
tial assembly and disassembly of protein modules during the early
stages of endocytosis holds true and is similar in both systems
(Goode et al., 2015). By flusrescently labeling multiple key compo-
nents of the endocytic pathway, kymaographs of single endooytic
patches could be assembled to visualize coat invaginations in real
time for the first ime (Kaksonen et al,, 2003). Through these early
stdies, the lifetime dynamics of single endocytic events were re-
vealed and the dynamics and contribution of multiple endocytic
proteins could be investigated. In particular, these approaches
highlighted the importance of actin polymerization and filament
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organization to driving membrane invagination when the plasma
membrane is under pressure [Aghamohammadzadeh and Ay-
scough, 20090, In mammalian cells, although the role of actin is not
fully resolved, = critical need for actin when the plasma membrane
is under tension has also been demonstrated (Boulant et al,, 2071).

For the investigation of CME in mammalian cells, the develop-
ment of total intemal reflection fluorescence (TIRF microscopy
proved to be an extremely valusble tool, which allows the basal
membrane of live cells to be imaged with a very low signal-to-noise
ratio while keeping a high temporal resolution. This method was
pioneered by Merrifield and his colleagues, who were able to detect
single endocytic events and confirm that the GTPase dynamin is
recruited to CCPs, peaking at the end of their [fetime and mediat-
ing thieir scission (Memifield et al., 2002). Shordy thereafter, many
different investigators used this experimental approach to predsely
dissect the lifetime dynamics of CCPs from their nudeation at the
membrane to their uncoating in the cytoplasm (Ehrdich et al., 2004;
Perraiz and Memifield, 2005, Cocwecd et al,, 2012; Aguet et al,
2013). This allowed further refinement of the model proposed by
Goldstein and colleagues and demonstrated the recruitment of dif-
ferent components to the growing clathrin lattice at different stages
during its lifetime (Taylor et al., 2011), thus helping to elucidate their
mechanisms of action. It also became apparent that different cango
molecules can regulate CME through posttranslational modifica-
tions of the endocytic machinery for their efficient uptake (Ferreira
et al., 201 2). This added an extra layer of intricacy to the system and
resulted in the cument situation in which the intemalization of par-
ticular carge molecules is sufficiently complex to warrant its own
TEVIEW.

FUTURE DIRECTIONS
After the uze of eleciron microscopy to determine the momphology
of CCPs and live-cell fluorescence imaging to dissect their dynamic
behavior, the development of superresclution light microscopy en-
abled scientists to visualize CME in unforeseen detail. The resoclution
of conventional light microscopy is imited to <200 nm in the hori-
zontal and =400 nm in the vertical direction. However, with a diam-
eter of =150 nm, CCPs are just below this resclution limit and have
been a useful benchmark for the application of many novel super-
resolution methads, with each technigue in tum being immensely
useful to investigate new details of CME (Huang et al., 2008; Miller
et al, 2015). This development has been very valuable for gaining
muore detailed insight into the organization of different components
of the endocytic machinery and has been used to investigate the
interplay of dathrin with the actim cytoskeleton in besutiful detail
{Li et al., 2015). Although supemesolution micrescopy is a powerful
tool to inmvestigate CME, the comventional methods used by Gold-
stein and his colleagues are still being used. One approach combin-
ing visualization of the morphaology of CCPs by electron microsoopy
with the detection of coat components by fluorescent markers is
comelative light and electron microscopy (CLEM). This method en-
gbles researchers to comelate the morphology of CCPs with the
presence of different coat components and has been used with
great effect to investigate the transition of flat clathrin lattices into
spherical CCVs (Avinoam et al., 2013). This shows that even 40 years
after the article by Goldstein and colleagues, the methods that they
used are still immensely valusble. With the use of bischemical puri-
fication, x-ray crystallography, live-cell fluorescence imaging, and
supemesolution micrescopy researchers are able investigate almost
every element of CME.

Motwithstanding the great advances that have been made in re-
cent years, many challenging questions about CCVY assembly and
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disassembly remain unanswered. One of these challenges is to un-
derstand precisely how the membrane is bent and curvature is gen-
erated to deform a flat membrane into a CCV The delicate design
and complex geometry of these vesicles has fasdnated researchers
since the first eleciron microscopy images were published. |t was
soon realized that the conversion of hexagonal arrangemenits into
pentagons is essential for the transition of a flat clathrin lattice into a
spherical veside (Kanaseki and Kadota, 19469). However, how this
rearrangement takes place s stll unclear, and understanding the
generation of curvature during CME has proven o be a complex
challenge. Two models have been proposed that aim to explain this
process. Im the model of “constant curvature,” the CCF grows
through the continuous polymenzation of coat components and
steadily increases in size with constant curvature, whereas in the
"constant-area” model, the CCP starts as flat lattice that is continu-
ously deformed into a vesicle (Lampe et all 2014). In vitro, the step-
wise polymerization of dlathrin is sufficient to drive curvature in
reconstituted membranes into vesicles [Dannhauser and Ungewick-
ell, 2012; Kirchhausen, 2013, whereas in vivo, the clathrin lattice
seams to start as a flat coat that = continuously deformed into a
CCV [Avinoam et al., 2015). Among the main differences between
these systems is that the membrane composition of live cells differs
in some aspects to that of in vito model membranes and many
compeonents of the membrane cannot be effectively madeled in
these systems. It is therefore possible that the different properties of
the plasma membrane and the presence of different cargo mole-
cules could influence the way it can be deformed. Answering these
challenging questions will greatly improve our understanding of
CME and will require the collaborative effort of biologists, physi-
cists, and mathematicians.

IMPORTANCE OF CME IN DISEASE
Brown and Goldstein were motivated to understand the reasons
why their patients suffered from hypercholesterolemia. The use of
patient fibroblasts suggested the importance of high-affinity recep-
tors (Anderson et al,, 1977a). Some patients with this disorder have
a mutation in the cargo recognition sequence of the LDL receptor
such that the protein is unable to bind to adaptor proteins and wn-
dergo endocytosis. This inability to take up LDL leads to an exces-
sive amount of cholestercl in the bloodstream, which can cause
coronary heart disease [Anderson et al., 197 7b; Marks et al., 2003).
It iz therefore no surprise that the regulation of CME became crucial
in understanding and battling some major healthcare challenges.
Une of many examples of the importance of CME is in the devel-
opment of Alzheimer’s disease (AD; Nordstedt et al, 1993; Cossec
et al., 2010). Differential processing of the amyloid precursor protein
[APP) i crucial for the development of AD and the disposition of
amyloid plaques that are found in the brains of AD patients. The
subcellular localization of APP is an important factor for its process-
ing and determines whether it iz cleaved into its amyloidogenic
[pathogenic) or nonamyloidogenic  (nonpathogenic) product
Whersas amyloidogenic processing takes place after uptake
through CME, the nonamyloidogenic deavage coours at the plasma
membrane (Haass et al., 2013). Inhibition of CME shifts the process-
ing of APF toward the nonamyloidogenic pathway, and endooytic
factors have been identified as risk factors for development of AD
(Harold et al., 2009; Kanatsu et al., 2014). In the future, it will be in-
teresting to see whether argeting endooytic upke of AFP could
be a promising way to interfere with the development of AD
[Schreiber et al., 20121, In addition, CME is involved in many other
diseases, such as cancer (Mellman and Yarden, 2013), viml uptake,
and bacterial infections (Cossart and Helenius, 2014). This makes it
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clear that the model of receptormediated endocytosis proposed by
Goldstein and his colleagues is still at the core of developments that
have the potential to affect the lives of many people.

CONCLUDING REMARKS

Anderson, Brown, and Goldstein observed the uptske of LOL
though coated regions on the plasma membrane into the oyto-
plasm. From these simple cbearvations, they were able to postulate
a model of receptor-mediasted endocytosis that has provided the
conceptual framework for this pathway for researchers ever since.
Understanding the pathway is of interest not only to those involved
in elucidating fundamental endocytic processes but also to many
other researchers. Owing to its central rele in cell biology, CME is
intimately connected to key advances in fields such as neurosci-
ence, cell signaling, and immunology, as well as for mechanisms of
development and adult homeostasis. Gaining a better understand-
ing of it will benefit all of these fields. A challenge for the future is to
understand how this key cellular pathway is regulated in cell- and
tissue-specific contexts. Tremendous progress has already been
made, and, with the development of new methods to investigate
CME, the field is sure to progress even further. However, the find-
ings from Goldstein and his colleagues will always be the founda-
tions upon which this progress is being made. Therefore, when we
feel overwhelmed by the everincreasing complesdty of the field, it is
good to remind ourselves that its foundation is the clever interpreta-
tion of simple observations made =40 years ago.
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1.2 CLATHRIN

The short review article was meant to give a brief overview about the last four decades of research
regarding clathrin mediated endocytosis and was targeted at a general audience. In order to give a
more precise introduction into CME, it is important to first delineate the structure and function of the
core protein in CME: Clathrin. As mentioned in the review article, it is the main constituent of the
vesicles purified by Pearse in 1975 (Pearse, 1975) and is the key component during CME; forming
coated vesicles that appeared as baskets composed of a mixture of hexagons and pentagons, similar
to the shape of a football. Using electron microscopy combined with rotary shadowing, it was
discovered in 1981 that clathrin forms a three legged structure, forming the basic building blocks for
these complex baskets (Ungewickell and Branton, 1981). It was proposed at that time that the
triskelion is made out of three copies of the 180kDa clathrin heavy chain, associated with the three
copies of the much smaller (25kDa) clathrin light chains. Therefore, in order to give a complete picture
of CME, the structure and function of the clathrin heavy chain will be discussed first, followed by the

roles of the clathrin light chains and the assembly of the complete triskelia.
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Figure 1.1 Structure and domains of the Clathrin triskelia A) Schematic overview of the
CHC and CLC domains. B) Assembly of clathrin triskelia C) Position of triskelia within a CCV
D) Side view of the triskelia pucker with attached light chains as well as the trimerization
domain with the QLMLT motif that mediates auxilin binding. Figure from Fotin et al 2004.
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1.2.1 Clathrin heavy chain

The clathrin heavy chains (CHCs) make up the largest part of the triskelia and are made up of 1675
amino acid residues which can be divided into seven functional domains (Kirchhausen, Owen, &
Harrison, 2014. Fig.1 a) which shall be discussed in detail. From N- to C-terminus they are the: Terminal
domain (aa 1-330), Linker domain (aa 330-542), Ankle domain (542-838), Distal segment (838-1133),
Knee (1133-1279), Proximal segment (aa 1279-1597) and the Tripod domain containing the disorder

carboxy-terminal segment (aa 1597-1675).

The terminal domain (TD) is made up out of the seven-bladed B-propeller, containing seven WD40
repeats (Fotin, Cheng, Sliz, et al., 2004). These WD40 repeats are common folding patterns in proteins
such as G-Proteins, transcription factors and ubiquitin ligase and are characterised by the position of
Tryptophan (W) and aspartic acid (D) in the B sheets (Xu and Min, 2011). The B-propeller of the clathrin
heavy chain is of particular significance since it mediates contact with a range of adaptor proteins that
link cargo proteins to the clathrin lattice. Since clathrin is not able to bind membranes directly, binding
to these adaptor proteins is required to initiate the formation of clathrin coated pits at the plasma
membrane (Unanue, Ungewickell and Branton, 1981). These interactions take place at the terminal
domain and currently four distinct binding sites are known which bind to a variety of adaptor proteins
(Smith et al., 2017). It is noteworthy, that these interactions are comparatively weak and show a high
level of promiscuity, allowing for the interactions with a range of different adaptor proteins during the
lifetime of a clathrin coated pit. This flexibility of the TD to bind to different adaptor proteins is key for
the adaptability of CME during the uptake of a range of different cargo proteins. This is supported by
the observation of redundancies of the four different binding sites. Even if three of these sites are
mutated to block adaptor binding, binding of the remaining site(s) is still sufficient to progress through

CME (Willox and Royle, 2012).

The terminal domain is followed by the 42 a-helical linker domain composed of opposing a-helixes in
a “zigzag” of ~30residues each (ter Haar et al., 1998; Fotin, Cheng, Sliz, et al., 2004). This linker domain
is crucial for the formation of the clathrin lattices because it allows for different orientations of the
terminal domain with the following ankle segment which is immobilized and reinforced through
contacts with neighbouring triskelia in the lattice. Therefore, the flexibility of the linker region allows
for the adaptation of different shapes in the clathrin lattice during formation of pentagons and

hexagons.

The linker region is followed by the “ankle” segment which connects to the distal segment of the heavy
chain. During auxilin and Hsc70 mediated uncoating of the clathrin lattice the terminal domains twist

outward which is attributed to a change in the position of the ankle (Fotin, Cheng, Grigorieff, et al.,



2004). Therefore, the ankle region is important to mediate the long range changes in the clathrin
lattice, which are initiated in the proximal domains, down to the terminal domain. This distal segment
of the heavy chain is an important structural feature, as it connects with the proximal legs of
neighbouring triskelia, giving rise to a spherical clathrin lattice (Fotin, Cheng, Sliz, et al., 2004). The
distal segment is followed by the “knee” region, which is crucial during lattice assembly and
disassembly. The knee region controls the orientation of the distal segment and can adopt a bent or
straight configuration. It is believed that under conditions where assembly is disfavoured, the knee
adopts a straight configuration which is incompatible with lattice assembly. Additionally, it could be
shown that auxilin mediated uncoating of CCVs also leads to a straightening of the knee angle which
would lead to the exclusion of the triskelia from the clathrin lattice (Musacchio et al., 1999; Wilbur et

al., 2010).

The proximal segment of the heavy chains is also in close contact with the distal segments of
neighbouring triskelia in CCVs. In addition to its structural role in connecting neighbouring triskelia
with each other, it is also the main binding site of the clathrin light chains (Kirchhausen et al., 2008).
This interaction with the light chains occurs along the whole proximal segment with the formation of
three critical salt bridges through the basic residues (R1161KKAR1165 or KR loop) of the heavy chains
with the three acidic residues E20ED22 at the n-terminus of the light chains (Ybe et al., 1998). The
interaction of the light chains with the heavy chains through these three salt bridges were shown to
regulate the aforementioned change in the knee angle to regulate lattice (dis)assembly (Wilbur et al.,

2010).

The final segment of the CHC is the trimerization (or Tripod) domain which connects the three CHCs
and their associated CLCs into the complete clathrin triskelion. It is mediated through the tripod helix
domain and followed by a short unstructured region. This site joins three individual CHCs together by
forming a distinct pucker with the short unstructured region pointing inwards (towards the
membrane). This pucker is a crucial feature of the triskelia and determines the curvature of the
assembled lattice (Kirchhausen, Harrison and Heuser, 1986). Some data suggest that the CLCs reach
all the way from the proximal segment into the trimerization domain, although this interaction could
not be verified thus far it could be an important factor in understanding how the CLCs modify lattice
assembly (Ybe et al., 2003). The internal site of the trimerization domain is an important hub for
adjacent triskelia in a clathrin lattice and is associated with three terminal domains of the “nearest
neighbour” triskelias. It is also the binding site for Auxilin and Hsc70, mediating lattice disassembly

and uncoating (Rapoport et al., 2008).



It is important to note, that the above section only describes one of the two isoforms of the CHCs. In
many vertebrates, two isoforms of the CHC exists, CHC17 and CHC22. While CHC17 is the classical
isoform discussed above and mediates CME, and the functions of CHC22 are very distinct of those of
CHC17. Its expression is tissue specific and, while it also forms triskelia, it does not associate with CLCs
and does not participate in receptor mediated uptake from the plasma membrane. Rather it is
specialised for the intracellular transport of GLUT4 in muscle cells and adipocytes and is implicated in

type 2 diabetes (Vassilopoulos et al., 2009; Dannhauser et al., 2017).

1.2.2  Clathrin light chains

The CLCs are a crucial feature of the clathrin triskelia, however their role during CME has remained
elusive thus far, with some receptors requiring the contributions of the CLCs for their uptake while
others do not. Since this thesis is focused on their role in cargo specific uptake of receptors from the

plasma membrane, they will be discussed in detail below.

The clathrin light chains are 25kD small accessory proteins that bind to each of the CHCs in the triskelia,
spanning from the knee segment into the trimerization domain (Fig. 1 A and D). In most mammalian
cells, two different isoforms (CLCa and CLCb) are expressed with varying expression patterns in
different tissues, as well as neuronal splice variants of both CLCa and CLCb (Jackson et al., 1987,
Kirchhausen et al., 1987). The sequence of both isoforms are highly conserved, ~60% identical in
protein sequence and with conservation of key residues, mediating interaction with the huntingtin-
interacting proteins (mammalian Hipl and Hip1R), in both CLCa and CLCb (Brodsky, 1988; Chen and
Brodsky, 2005). Even though CLCb has a slightly higher affinity for binding to CHCs in vitro, most
triskelia in vivo have a random distribution of both CLCa and CLCb bound, depending on the local
expression level of the isoforms (Brodsky et al., 1991). Whether CLCa or CLCb differentially modify the
process of CME is an ongoing topic of research and it was shown that high expression of CLCb
correlates with cells and tissues that maintain a regulated pathway of secretion, suggesting a role of
CLCb in post Golgi trafficking (Acton and Brodsky, 1990). However, in mice deficient in CLCa, the
expression of CLCb is upregulated in some tissues, suggesting a compensatory role and functional
redundancies between these two isoforms (Wu et al., 2016). Intriguingly it was recently shown that
CLCb is specifically upregulated in non-small-cell lung cancer cell and that genome edited cells that
only express CLCb (at a high level) show a migratory phenotype and altered CME dynamics (Chen et
al., 2017). This regulation of CME by the CLCb was termed “adaptive Clathrin-mediated endocytosis”

through altered interactions of CLCb with Dynamin 1, leading to changes in Epidermal Growth Factor



Receptor (EGFR) trafficking with subsequent implications for cancer prognosis. Additionally, it was
shown that CLCb is preferentially phosphorylated at multiple residues at its N-terminus (Hill et al.,
1988) and that phosphorylation of CLCb is a crucial regulatory role, controlling the uptake of multiple
GPCRs from the cell surface and will be discussed in detail below (Ferreira et al., 2012). Therefore, it
seems the two different isoforms of the CLCs might finely regulate specific aspects of CME, however

the mechanism(s) by which this occurs is still somewhat unclear.

The role of the CLCs in CME has been a challenging topic of research over the last four decades. The
depletion of both CLC isoforms does not seem to have any significant effect on the uptake of classical
receptor cargoes and does not seem to effect the structure of assembled clathrin cages in vitro either
(Hinrichsen et al., 2003; Fotin, Cheng, Sliz, et al., 2004) . Therefore, it was long thought that they serve
as accessory proteins that mainly modify some aspects of CME by interacting with different interaction
partners on the cytosolic face of the clathrin lattice. Indeed, their position at the vertices of the
triskelia would place them at the ideal position to interact with a range of different effector proteins
(such as Hip1R, GAK and Auxilin) that modify lattice dynamics. In agreement with this, early studies
have implied the CLCs to be crucial for the uncoating of the clathrin coat from clathrin cages after
internalization (Schmid et al., 1984; Deluca-Flaherty et al., 1990). However, these findings where
challenged in 1995 when Ungewickell and Eisenberg demonstrate that the CLCs are not required for
Auxilin mediated uncoating of clathrin cages (Ungewickell et al., 1995). These contradictory results
could be rectified recently by demonstrating that the CLCs modify the dynamics of vesicle uncoating,
depending on the concentration of Auxillin (Young et al., 2013). Therefore, it is possible that the
contradictory results from earlier studies could be due to differences in the experimental setups,

including the concentrations of Auxillin used in the different assays.

This role of the CLCs in the process of CCV uncoating is in line with the hypothesis that the light chains
modify the stability and assembly of the clathrin lattice. This idea goes back to early observations that
demonstrated that the CLCs regulate lattice assembly in a pH dependent manner (Ungewickell and
Ungewickell, 1991; Ybe et al., 1998). In vitro, lattice formation occurs spontaneously at low pH (6.5)
but is inhibited by the presence of light chains. This pH sensitive self-assembly is regulated by the
formation of the three critical salt bridges of the CLCs with the heavy chains. Intriguingly, these three
salt bridges are also implicated in the uncoating process after Hsc70 binding, by inducing a
conformational change of the knee segment in the CHC (Wilbur et al., 2010). It is therefore feasible
that the same mechanism that controls the pH sensitive assembly of the clathrin lattice is also
important in the disassembly of the lattice during vesicle uncoating. Thus, it is likely that the CLCs act

as important regulators of lattice dynamics.



In a seminal paper from 2012 Dannhauser and Ungewickell demonstrated that the formation of CCVs
from model membranes in cell free systems does not require the presence of CLCs and only relies on
adaptor proteins that recruit the CHCs to membranes, followed by dynamin for the scission of the
neck from the deeply invaginated bud (Dannhauser and Ungewickell, 2012). Therefore, in these
minimal systems, the CHCs are sufficient to deform the membrane from a flat plane into an
invaginated bud, without the assistance of any other curvature inducing proteins (such as the BAR
proteins CALM and Epsin2). However, in a follow up study in 2015 it was shown that when the model
membranes were cooled down to 15°C, the CHCs alone were not sufficient to deform the membranes
but formed large, flat lattices and which could only be deformed into spherical buds in the presence
of the CLCs (Dannhauser et al., 2015). This effect was shown to be due decreased tensile strength of
the triskelia in absence of the CLCs which is required to deform model membranes with higher rigidity
due to the decreased temperature. The effect of the CLCs on the mechanical properties of the clathrin
lattice is also apparent in their requirement for the uptake of large particles, such as bacteria, as well
as under conditions of increased membrane tension (Bonazzi et al.,, 2011; Boulant et al., 2011).
Therefore, the CLCs are crucial for the stability of the clathrin lattice and its correct (dis)assembly, as
well as giving it enough tensile strength for the deformation of membranes that are difficult to deform

due to high rigidity or tension.

The requirement of the CLCs for the deformation of the plasma membrane for uptake of these
“difficult” cargoes is further supported by the observation that they serve as adaptors to link the actin
cytoskeleton to the clathrin lattice (Chen and Brodsky, 2005; Wilbur et al., 2008). This is mediated
through binding of Hip1R to the CLCs, which in turn acts as local organiser of the actin cytoskeleton at
the site of CME. This is supported by the observation that, in cells depleted of the CLCs, the actin
cytoskeleton appears to be disorganized into local aggregates and is not connected to the clathrin
lattice (Poupon et al., 2008). The role of actin polymerization on CME is a complex topic of ongoing
research. However, in general it is believed that the additional force of actin polymerization is required
for CME to occur under conditions of increased membrane tension, and for large cargoes such as
bacteria (Bonazzi et al., 2011; Boulant et al., 2011). In yeast actin is a crucial factor during CME to
overcome the high turgor pressure (Aghamohammadzadeh and Ayscough, 2009), but in mammalian
cells actin polymerization is only required under some circumstances and results differ between cell
types (Fujimoto et al., 2000). The factors that determine whether actin is required for CME to progress
in mammalian cells are still somewhat unclear but most evidence points towards actin recruitment
being crucial for the generation of additional force to push invaginated CCPs away from the plasma
membrane and into the cytoplasm (Collins et al., 2011; Picco et al., 2015; Almeida-Souza et al., 2018).

Therefore, the initial deformation of the plasma membrane from flat into U- and Q-shape seems to be



independent of actin polymerization. The observation that the CLCs are required for the initial
deformation of rigid membrane in vitro into spherical buds, as well as for the recruitment of actin at
late stages of vesicle formation, suggests multiple roles of the CLCs during the deformation of the

plasma membrane under increased tension and/or rigidity.

Given these important regulatory roles of the CLCs, it is somewhat surprising that their depletion did
not seem to affect the uptake of classical receptor cargoes such as the Transferrin or EGF receptor.
However, work in our lab could show that the phosphorylation of CLCb at point specific residues is
required for the uptake of certain GPCRs from the plasma membrane (Ferreira et al., 2012). In detail,
it was shown that overexpression of a CLCb version where all 19 serines where exchanged for alanine
(CLCb-SallA) and could therefore not be phosphorylated, resulted in a complete block in the ligand
stimulated uptake of the two purinergic receptors P2Y; and P2Y1,, as well as the mu-opioid receptor
(MOPr), while only mildly affecting transferrin uptake. Furthermore, overexpression of a CLCb
construct in which only a single serine at position 204 was exchanged for alanine (CLCb-S204A) led to
a specific block for the uptake of the P2Y1, receptor but not the P2Y; receptor. The phosphorylation
of serine 204 was shown to be mediated by the G-protein coupled receptor kinase 2 (GRK2) which is
recruited by P2Y1; but not P2Y;. Therefore, the site specific phosphorylation of serine 204, mediated
by GRK2, controls uptake of the P2Y1; receptor, while the phosphorylation site required for uptake of
P2Y; is some other serine(s) that is phosphorylated by a different kinase and has not been
characterized thus far. The mechanism(s) by which phosphorylation of CLCb can control cargo
selectivity uptake has remained elusive. However, the data presented by Ferreira et al in 2012
suggested an altered interaction of the clathrin rearranging and uncoating protein GAK with
phosphorylation deficient CLCb. Suggesting that GAK might be implied in the uptake of these CLC
dependent GPCRs.

Importantly, the requirement of the CLCs for the uptake of a subset of GPCRs was subsequently
verified in vivo by the generation of KO mice, deficient in CLCa (Wu et al., 2016). As stated previously,
the different isoforms of the CLCs are capable of compensating for the loss of the other; however, B-
Lymphocytes do not produce any CLCb and therefore cannot compensate for the loss of CLCa. These
knockout mice displayed a deficiency in the formation and organization of germinal centres in the gut
as well as an increased isotype switching of B lymphocytes towards IgG-A production. These
alterations were shown to be due to a deficiency in the uptake of a subset of GPCRs, leading to
increased signalling of transforming growth factor B receptor 2 (TGFBR2) at the cell surface due to
defective endocytosis. Additionally, the uptake of the of C-X-C chemokine receptor 4 (CXCR4), but not
CXCRS5, was reduced and in cell lines depleted of both CLCa and CLCb. As well as the uptake of the &-

opioid receptor, but not the P2-adrenergic receptor. Taken together, these results clearly



demonstrated a role of the CLCs in cargo selective uptake, something that has previously only been

attributed to adaptor proteins.

One of the main aims of this thesis was to define the mechanism by which the CLCs can control the
uptake of a subset of receptors. As discussed above, the CLCs do not directly interact with cargo
proteins, but are a crucial feature of the clathrin lattice and regulate the kinetics of both, its assembly
as well as disassembly. Therefore, the next part of the introduction will briefly introduce the different
forms of clathrin lattices that can be observed at the cell surface and how they might serve as distinct

entry points for a subset of surface receptors.

1.3 THE CLATHRIN LATTICE

Ever since the pioneering work from John Heuser in the 1980s depicted the presence of different
forms of clathrin lattices at the plasma membrane of unroofed cells, it was realised that they are
remarkably heterogeneous and can adopt various different shapes and conformations (Heuser, 1980).
Next to the already established clathrin coated vesicles, generated from brain homogenate (Crowther,
Pinch and Pearse, 1976), a variety of different clathrin lattices were observed at the plasma
membrane. These ranged from shallow, circular indentations to deeply invaginated CPPs, but also a
large amount of flat clathrin lattices that were predominantly composed of hexagonal arrays.
Strikingly, a lot of these large flat clathrin lattices displayed small circular CCPs, budding at their edges.
These observations first suggested that curvature could be generated from initially flat lattices,
however the mechanism(s) of curvature generation during CME will be discussed in detail in later
sections of the introduction. Importantly, these early studies set the foundations for the studies of flat

clathrin lattices which have gained a lot of attention in recent years.

Before focusing on the emerging roles of flat clathrin lattices, the different structures of the spherical
clathrin coated vesicles shall briefly be discussed. As mentioned in the short review article at the
beginning of the introduction, CCVs were first observed as coated vesicles just below the plasma
membrane and were generated from pig brain homogenate on large scale. Early studies using electron
microscopy demonstrated the formation of three different vesicles types made out of 12 pentagons
with a variable number of hexagons, purified from these brain homogenates (Crowther, Pinch and
Pearse, 1976). Later work was able to characterize these three types of CCVs in great detail using cryo
EM and termed them “Mini-coat” for CCVs containing 28 triskelia, “Hexagonal (or D6) barrel” with 36
triskelia and the “Soccer ball” with 60 triskelia (Fotin, Cheng, Sliz, et al., 2004) (Fig.2a). These

differences in cage geometry highlights the ability of the clathrin lattice to adapt to different shapes.



Indeed the size of CCVs in vivo, as well as in vitro, is greatly modified by the presence of adaptor and
cargo proteins (Ehrlich et al., 2004; Miller et al., 2015). When polymerization of clathrin into vesicles
is initiated without the presence of adaptor proteins mainly mini-coats are formed. However, in the
presence of the adaptor protein AP2, the larger hexagonal barrel is favoured (Fotin, Cheng, Sliz, et al.,
2004). In fact, the presence of the adaptor protein CALM (or AP180 in neuronal cells) also greatly
influences the geometry of CCVs formed during CME (Miller et al., 2015). In cells depleted of this
adaptor, CCPs and CCVs appear to be almost twice as large. Highlighting the role of adaptor proteins
in the generation of CCVs of different geometries. For these different geometries to occur, the clathrin
triskelia has to be somewhat flexible regarding its arrangement in the vesicle. The curvature of
differently sized vesicles is highly variable, with smaller vesicles requiring a higher curvature of the
lattice than larger ones. The differences in curvature can be attributed to a change in the pucker angle
as well as the “straightening” of the knee segment of each individual triskelion. How the growth of
differently sized CCVs is regulated in vivo is still somewhat unclear but the current understanding is
that the size and geometry of the cargo as well as the presence of different adaptor proteins during
CCP formation are among the deciding factors for the generation of CCVs of different geometries. This
is also the case for the uptake of large virus particles, which leads to the formation of unusually large
CCVs encompassing the whole viral particle (Cossart and Helenius, 2014). Therefore, the clathrin
lattice is a highly adaptable polymer that is able to change its geometry depending on the cellular

function that is required.

It is important to note, that all of these structures described above are the result of clathrin
polymerisation in vitro and that formation of these small clathrin cages is independent of the presence
of the CLCs (Fotin, Cheng, Sliz, et al., 2004). However, it is also important to state that these vesicles
are unlikely to represent the actual structures of CCVs formed in vivo. This becomes apparent in the
fact that these cages often do not contain any lipid vesicles inside of them and are often too small to
enclose vesicles as well as cargo proteins. The development of new tomography cryo EM has enabled
researchers to visualise actual CCVs isolated from cells, containing a lipid vesicles and cargo.
Interestingly, these cargo containing CCVs had a much more irregular shape and geometry, including
heptagons, and multiple asymmetries in their lattices (Cheng et al., 2007) (Fig 2b). How the clathrin
lattice is able to adapt to such different geometries will be an interesting topic of research as the

development of cryo EM microscopy techniques improves.
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Figure 1.2 Geometries of CCVs: a) The regular structures of in vitro generated CCVs (Fotin et
al.) varies significantly from those isolated from cells (b), containing whole vesicles (Cheng et
al. 2006)

The existence of flat clathrin lattices at the plasma membrane of cultured cells has been a
controversial topic of debate within the community since their description by John Heuser in the 1980.
Their formation was long thought to be an artefact due to growing cells on the stiff surfaces of tissue
culture plastic and were therefore termed “clathrin coated plaques” to distinguish them from the
canonical and “well behaved” clathrin coated pits (Kirchhausen, 2009; Saffarian, Cocucci and
Kirchhausen, 2009) (Fig 3 a and b). This distinction, however, was largely arbitrary and mainly due to
the fact that these large flat lattices did not fit well with the canonical model of CCP maturation which
argued that they would assemble directly into spherical vesicles, starting as shallow invaginations.
However, a vast amount of evidence throughout the last decades was able to demonstrate that these
flat lattices are important features of the plasma membrane, incorporate cargo, are important for
adhesion and migration and are unlikely to be a mere artefact of cultured cells. (Aggeler and Werb,
1982; Akisaka et al., 2008; Maupin and Pollard, 1983; Miller et al., 1991; Nicol and Nermut, 1987;
Pumplin and Bloch, 1990; Sanan and Anderson, 1991; Signoret et al., 2005; Grove et al., 2014; Elkhatib
et al., 2017; Leyton-Puig et al., 2017; Baschieri et al., 2018)
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Figure 1.3: Different forms of clathrin lattices at the basal membrane of unroofed fibroblast as
shown by unroofing and metal replica EM. (Jennifer Hirst and Margaret Robinson 1998)
The mechanism(s) behind the formation of flat clathrin lattices is still somewhat unclear, however a
recent study argues that they form as a consequence of “frustrated” endocytosis, when ligands are
immobilized on the extracellular substrate and cannot be taken up into the cell (Baschieri et al., 2018).
In this model, clathrin lattices serve as mechanism to detect substrate stiffness. Especially the
interaction of transmembrane receptors (such as B5-Integrin) with the surrounding extracellular
matrix would lead to tight connections of the receptors with the substrate and thereby inhibit
membrane deformation, leading to the formation of a clathrin flat lattice. However, when the
connections of these transmembrane receptors with the extracellular substrate are broken, these flat
lattices start to internalize again. This notion of flat clathrin lattices as mechano-sensors and
transducers is well in line with another study by Franck et al. (Franck et al., 2018) demonstrating their
role in the anchoring of desmin intermediate filaments in skeletal muscle as well as acting as signalling
platforms, promoting translocation of YAP into the nucleus after mechanical stress. In agreement with
this, actin filaments are often associated with these flat clathrin lattices and they are also present in
podosomes highlighting their role in adhesion (Akisaka et al., 2003, 2008). Alternatively to classical
podosomes, clathrin and integrin avp5 dependent adhesions (termed “reticular” adhesions in this
recent publication) were also shown to mediate the connection of cells with the extracellular matrix
during cell division, independently of actin (Lock et al., 2018). In agreement with this, integrin aVB5
was shown to readily cluster into flat clathrin lattices in a tension dependent manner (Zuidema et al.,

2018).
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These reported roles for flat clathrin lattices in adhesion and organization of actin at the plasma
membrane seem to be in stark contrast to its canonical role in CME described initially. However, it is
important to understand, that these flat lattices are also endocytically active and are crucial for the
uptake of a range of cargo proteins (Grove et al., 2014; Lampe, Vassilopoulos and Merrifield, 2016;
Leyton-Puig et al., 2017). It was first observed using electron microscopy that cargo proteins, such as
Transferrin Receptor and LDL Receptor are concentrated in these structures and cluster at their edges
(Sanan and Anderson, 1991; Keyel et al., 2006). Through the development of live cell fluorescent
imaging it was also shown that all the adaptor proteins that are recruited during canonical CME are
also present at these flat clathrin lattices. Indeed, recruitment of the GTPase dynamin and GAK to
these flat clathrin lattices is followed by a sudden decrease in the fluorescent intensity of the clathrin
signal from these structures, indicating that parts of the larger lattices are internalized (Lampe,
Vassilopoulos and Merrifield, 2016). This was further verified using an elegant technique developed
by the late Christian Merriefield, which utilizes pulsing of different pH solutions to visualize the
budding of freshly formed CCVs containing cargo proteins. Using this pulsed pH assay, it was shown
that multiple CCVs bud consecutively from larger clathrin lattices (Lampe, Vassilopoulos and
Merrifield, 2016). This is very much in line with the early observations from John Heuser, that multiple
spherical CCPs and CCVs appeared at the edges of large flat clathrin lattices and clearly demonstrates
that these structures actively take up cargo proteins by continuous budding of CCVs from their edges
(Lampe, Vassilopoulos and Merrifield, 2016). This observation is in direct contrast to another study
from the Kirchausen lab that argues for the complete uptake of these flat lattices into the cell through
actin polymerization (Saffarian, Cocucci and Kirchhausen, 2009). However, several recent studies
could show that most of these flat lattices stay immobile at the plasma membrane for several hours

and their complete uptake seems to be a rare event.

These different roles of flat clathrin lattices places them at the perfect position for the interplay of
membrane dynamics with signalling. Indeed, it was shown that flat lattices were crucial for uptake and
signalling of different G-protein coupled receptors, such as the LPA receptor and CXCR5 (Grove et al.,
2014; Leyton-Puig et al., 2017). In the case of the LPA receptor, its uptake from these flat lattices was
shown to be dependent on local actin polymerization, driven by the Arp2/3 complex. Interestingly, it
was also shown that recruitment of B-arrestin into CCPs leads to MAP kinase signalling from these
clathrin structures even after the GPCR has disassociated from its B-arrestin (Ranjan, Gupta and
Shukla, 2016). Flat clathrin lattices are therefore also signalling platforms that facilitate interactions
of a range of different transmembrane receptors with intracellular interaction partners. This is also
the case for the vast family of receptor tyrosine kinases that signal from clathrin coated structures at

the plasma membrane (Miaczynska, 2013). How the signalling from these long lived flat clathrin



lattices is controlled and differs from that of the canonical short lived CCPs will be an exciting topic of

future research.

1.4  MATURATION OF CLATHRIN COATED PITS

As stated in the short review article in the beginning of the introduction, clathrin is not able to bind to
membranes directly and requires adaptor proteins to connect the growing clathrin lattice to the
plasma membrane. The mechanism by which CCPs mature and grow after their initiation at the plasma
membrane has been the topic of extensive research throughout the last four decades and has led to
passionate discussions in the research community. Generally speaking, two distinct models of CCP
growth and curvature generation have been postulated with compelling evidence for both models. A
major aim of the work conducted in this thesis was to evaluate how cargo identity influences the mode
of curvature generation of the clathrin lattice. Therefore, both models will be discussed in detail

below, before focusing on how cargo proteins modulate the process of clathrin mediated endocytosis.

1.4.1  Constant curvature model
The constant curvature model of CCP initiation and curvature generation argues that formation of
nascent CCPs is initiated by the chance encounter of the adaptor protein complex AP-2 with
phosphatidylinositol-2-bisphosphate (PIP2) at the plasma membrane. After binding of this signalling
lipid, as well as the cargo recognition sequence within cargo proteins, a conformational change occurs
within the AP-2 complex that allows the terminal domains of the clathrin triskelia to bind (reviewed
in: Kirchhausen, Owen and Harrison, 2014). Indeed, a lot of structural work has shown nicely that
these structural changes, as well as phosphorylation of the AP-2 complex, lead to initiation of CCPs.
The minimal components believed to be sufficient for the nucleation of CCPs consist of one clathrin
triskelia, binding to two AP-2 complexes (Cocucci et al., 2012). The contribution of additional adaptor
proteins in the initiation of CCPs is somewhat unclear but it could be shown that a complex of Eps15
together with the F-BAR domain proteins FCHO1 and FCHO2 are also implicated in AP2 activation and
CCP nucleation (Ma et al., 2016). Their role in this process is still unresolved but it could be shown that
there are functional redundancies for CCP initiation between Esp15 and FCHO1/2 (Wang et al., 2016),
which might explain why no severe effect on CCP initiation was observed upon FCHO1 knockdown
(Cocucci et al., 2012) as well as the mild effects of FCHO1 knockout in zebrafish (Umasankar et al.,

2012).



Once these minimal components nucleate a CCP, additional adaptor proteins and clathrin triskelia are
recruited to form a clathrin lattice. In the constant curvature model of CCP maturation, the generation
of curvature is intrinsic to the clathrin triskelia and occurs throughout the polymerization process with
the same curvature. Therefore, the clathrin lattice directly adopts the shape of a spherical bud as the
CCP grows and new triskelia are incorporated into the lattice. In this process, pentagons are directly
formed as the lattice grows, circumventing the need of clathrin exchange and lattice rearrangements.
This model of CCP maturation is certainly very elegant since it does not require the complex bonds
and interactions of neighbouring triskelia to be broken and reformed throughout maturation. Indeed,
in in vitro systems, model membranes can readily be deformed by the direct polymerization of clathrin
into spherical buds without the need of lattice rearrangements (Dannhauser and Ungewickell, 2012).
In these systems, the physical properties of the model membranes directly counteract their
deformation by clathrin polymerization. This becomes apparent by the observations that increases in
membrane tension or rigidity, lead to the formation of shallow invaginations that are unable to
progress into deep buds (Saleem et al.,, 2015). This is consistent with the model that the
polymerization energy of the clathrin triskelia directly drives invagination of the membrane and, that
in cases where the counteracting forces are higher than the inbuilt polymerization energy of the
clathrin lattice, invagination is stalled. Interestingly, flat lattices were not observed under these

conditions (Saleem et al., 2015).

The fluorescent intensity signals from lifetime data of CCP initiation, growth and scission have been
used to argue for this model (Kirchhausen, 2009). Indeed, the intensity traces of fluorescently labelled
clathrin light chain, using TIRF microscopy, show and gradual increase in intensity as the CCP grows,
followed by a plateau phase and terminate in their sudden disappearance from the TIRF field. This
growth phase was argued to represent the polymerization of the clathrin lattice, directly into curved
vesicles. Additionally the “dimming” of fluorescently labelled AP2 as well as Epsin during the growth
phase was argued to represent gradual displacement of these adaptor proteins into the cell as the
coat matures (Saffarian and Kirchhausen, 2008; Saffarian, Cocucci and Kirchhausen, 2009). However,
fluorescence intensity traces alone are unable to provide any information about curvature generation
and it was shown in great detail that a range of adaptor proteins are excluded from the growing
clathrin lattice during coat invagination, explaining their dimming during CCP maturation (Sochacki et
al., 2017). In agreement with this, recent advances in microscopy enabled Scott et al. to
simultaneously determine the Z-displacement as well as the fluorescent intensity traces of the
growing clathrin coat. In their landmark study, they were able to demonstrate that some CCPs indeed
gained curvature directly as the CCP assembles but that at the same time other CCPs first assembled

as flat lattices before gaining curvature (Scott et al., 2018). Therefore, the constant curvature model



of CCP assembly can only partially explain the data obtained from studies in cells. The most compelling
argument in favour of the constant curvature model for membrane deformation lies in its simplicity
and from the observations that clathrin is sufficient to drive curvature generation in vitro. However, a
lot of cell biological processes are too complex to be faithfully represented by in vitro systems and the

simplest answer is not necessarily the correct one.

1.4.2 Constant area model
As an alternative to the canonical pathway of constant curvature described above, the model of
constant area for CCP maturation and curvature generation has been proposed. This model has been
around since the first electron microscopy images of differently shaped clathrin lattices have been
published by John Heuser in the 1980s. In this model, a CCP assembles initially as a flat, hexagonal
lattice and subsequently gains curvature through incorporation of pentagons into the array (Kanaseki
and Kadota, 1969). Importantly, this model is also able to explain how CCPs can bud off the edges of
the large flat clathrin lattices described above. The debate about which of these two models best
describes CCP maturation in vivo has long been going on but due to its elegance and simplicity, the
model of constant curvature has been adapted as the canonical pathway. However, due to recent
advances in both electron and fluorescent microscopy, the debate has been reignited, with ever more

data supporting the constant area mode of curvature generation.

The seminal study that sparked new life into this old debate was performed by Avinoam et al. in 2015
(Avinoam et al., 2015). In this study, the authors used fluorescence microscopy combined with
electron tomography to show convincingly that in SK-MEL-2 cells, CCPs start as initially flat lattices
that subsequently gain curvature while keeping a constant area. By using fluorescently labelled
clathrin light chain as well as dynamin2, they could additionally demonstrate that clathrin exchange
occurs throughout the entire maturation process of CCPs. These findings were supported by a recent
publication that used a combined approach of fluorescence microscopy with the established method
of metal replica EM, to demonstrate that CCPs grow initially as flat lattices to approximately 70% of
their final size before generation of curvature is initiated (Bucher et al., 2018). Furthermore, this
generation of curvature is inhibited by an increase in membrane tension as evident by large number
of flat lattices after hypo-osmotic swelling of the cells. These findings both directly support the model
of constant area for CCP maturation. However, using an imaging technique that combines TIRF
imaging with polarized illumination, it is possible to simultaneously detect the fluorescence intensity
traces of labelled clathrin light chain and it's Z-displacement over time with nanometre precision.
Using this imaging setup it was shown that in SK-MEL-2 cells, both modes of curvature generation can
be observed in CCPs in the same cell, with about ~50% following the constant curvature model and

~50% the constant area model (Scott et al., 2018). The authors of this study suggest that the local



energy landscape of the plasma membrane could be the determining factor for which model of
membrane deformation is followed. Intriguingly, they were also able to show that CCPs following the
constant area pathway of membrane bending tended towards longer lifetimes than those following
the constant curvature model. Therefore, it seems that both models of CCP maturation can occur in

parallel; however, the deciding factors for which mode is followed are still unclear.

1.4.3 Clathrin lattice rearrangement

For flat lattices to gain curvature, complex rearrangements of the hexagonal array are required to
convert hexagons into pentagons. This rearrangement requires multiple bonds between neighbouring
triskelia to be broken and reformed. Due to the complex nature of these rearrangements it was long
thought to be unlikely to occur in nature. In an influential review article by T Kirchhausen it was stated
that: “Repeated suggestions in the literature that flat arrays can rearrange into curved lattices ignore
the molecular properties of the clathrin trimer and the specificity of contacts between triskelions
within a coat. (Kirchhausen, Owen and Harrison, 2014)”. However, in light of the recent data, clearly
demonstrating that flat lattices can gain curvature, this statement has to be reconsidered. In fact, it
has been known for a while that CCPs are very dynamic structures with extensive exchange between
clathrin triskelia at endocytic sites and the cytosol (Wu et al., 2001). This exchange is a prerequisite
for complex lattice rearrangements to occur and demonstrates that bonds between triskelia in a
clathrin lattice are constantly broken and reformed. Otherwise an exchange of triskelia would not be
possible. Computational modelling has been able to demonstrate that it is possible for curved lattices
to arise from large flat structures by partial rupture of the lattice followed by lattice bending (den
Otter and Briels, 2011). However, the problem behind lattice rearrangement and pentagon formation
was not resolved in these simulations. A recent simulation performed by Sorokin et al. was able to
demonstrate that lattice rearrangement and pentagon formation can occur within a lattice, if triskelia
are allowed to associate and disassociate from the lattice (as seen in vivo). Under these conditions,
the rate of 5-ring formation/dissociation and the 6-ring formation/dissociation are the determining

factors whether curvature is generated or not (Sorokin et al., 2018).

The mechanism by which lattice rearrangement occurs is still unclear, however the same factors that
mediate uncoating of CCVs have shown to also mediate clathrin exchange. This process is energy
dependent on requires the hydrolysis of ATP by Hsc70 as well as the molecular chaperon, auxilin (or
GAK) (Yim et al., 2005; Eisenberg and Greene, 2007). GAK is the ubiquitously expressed isoform of the
neuronal Auxilin and differs from it in the expression of an N-terminal kinase domain. Both proteins

have a PTEN lipid binding domain, a central domain that binds clathrin, AP2 and dynamin and J-domain



that recruits Hsc70 and mediates clathrin uncoating (Zhang et al., 2005). Structural data from CCVs,
bound with auxilin could show that it binds to the trimerization domain of the clathrin triskelia, just
below the vertex of the clathrin basket and recruits Hsc70 which in turn mediates the ATP dependent
release of the triskelia from the lattice (Rapoport et al., 2008). Elegant experiments could show that
they are key mediators of clathrin lattice dynamics and mediate both, the terminal removal of the
clathrin coat from CCVs as well as the constant exchange of clathrin at clathrin coated structures at
the plasma membrane (Ungewickell et al., 1995; Yim et al., 2005). Even though clathrin exchange is a
prerequisite for the generation of curvature from a flat lattice, it is not a deterministic consequence
of it. This becomes clear from experiments performed by Lois Greene that could show that in
cholesterol depleted cells, clathrin is still freely exchange at endocytic sites (Wu et al., 2003). However,
under these conditions CCPs do not gain curvature but still exchange clathrin, therefore the clathrin
lattice is a highly dynamic structure with high plasticity, able to adapt to (but not necessarily drive)

changes in curvature through local rearrangements.

Depletion of both GAK and auxilin has been shown to abolish exchange of clathrin at the plasma
membrane and also leads to the formation of clathrin microcages in the cytosol (Hirst et al., 2008).
Therefore, they are implied in both, the correct assembly of the clathrin lattice as well as its
disassembly and rearrangement. How these different functions are controlled by the same proteins is
still an ongoing topic of research, however the lipid binding domain of auxilin has a high affinity for
both monophosphoinositol derivatives and phosphatidylinositol (4,5)-bisphosphate (PIP2) (He et al.,
2017). During the maturation of CCPs, the local lipid composition changes though conversion of PIP2
into both PI(3)P and PI(4)P, mediated by diverse lipid kinases and phosphatases such as synaptojaninl
and OCRL. During the end of the lifetime of CCPs, they become enriched in monophosphoinositol with
the highest levels present in closed CCVs. It is argued that this change in the local PIP levels led to a
burst in auxilin recruitment and to the complete removal of the clathrin coat from the vesicles (He et
al., 2017). It is therefore possible that the local lipid composition of CCPs could be a deciding factor in

regulating the balance between clathrin exchange at CCPs and complete uncoating of CCVs.



1.5  CARGO SPECIFIC MODULATION OF CLATHRIN MEDIATED ENDOCYTOSIS

As discussed in previous sections of the introduction, a great variety of different receptor proteins are
present at the plasma membrane and CME is an important pathway for their uptake into the cell.
However, most research has focused on the trafficking of a small subset of these different cargo
proteins with the LDL, EGF and Transferrin receptors being among the most widely researched. The
trafficking of GPCRs has also gained a lot of attention over the last few decades and it has been
established that the uptake of these receptor cargoes differs in many aspects to those of other cargoes
such as Transferrin or EGF receptor. A major focus of this Thesis was to delineate how the nature of
the cargo incorporated into CCPs dictate their dynamics and assembly. Therefore, the differences
between the constitutive uptake of the Transferrin receptor and the ligand stimulated uptake of

GPCRs shall briefly be outlined below.

1.5.1 Constitutive uptake of Transferrin receptor

The transferrin receptor (TfR) has long been used as model cargo to study general mechanisms of CME
and has been a valuable tool for researchers. Iron homeostasis is a key physiological trait for all cell
types and transferrin is the main route that facilitates its uptake. After binding of iron in the
extracellular media, transferrin binds to the transferrin receptor on the cell surface, gets internalized
through CME and is then recycled back to the cell surface where it is released back into the
extracellular space to undergo constant cycling and iron uptake (Gkouvatsos, Papanikolaou and
Pantopoulos, 2012). The robustness of this cycling as well as the ease of biochemical modifications of
transferrin and its receptor have led to many key discoveries in the field of CME. Internalization of the
TfR is initiated by the four amino acids YXRF at the N-Terminus binding to the AP-2 complex to initiate
formation of nascent CCPs (Collawn et al., 1990). This internalization sequence follows the classical
Yxxo type (b= bulky hydrophobic side chain) motif that is often found in cargo proteins to initiate CME
(Ohno et al., 1995). Artificial clustering of the TfR has also been shown to increase formation of CCPs
and incorporation of TfR into nascent CCPs stabilizes their assembly and increase the amount of
productive CCPs that mature into complete CCVs (Liu et al., 2010). Due to the high abundance and
constant cycling of the TfR, it is incorporated into most (if not all) CCPs during their lifetime (Keyel et
al., 2006) and has therefore been a valuable tool for researchers to investigate the steady state
dynamics of CME. Importantly, the TfR is taken up almost exclusively through clathrin dependent

pathways and is trafficked independently of binding to its ligand (Watts, 1985).



1.5.2 Ligand stimulated uptake of GPCRs

The ligand stimulated uptake of GPCRs through CME differs in many ways from that of the constitutive
cycling of the TfR. GPCRs are very important signalling molecules at the plasma membrane with 7
transmembrane domains that signal though activation of G-Proteins at their cytosolic domains. The
detailed signalling of GPCRs is a highly complex and important topic of research but has not been the
focus of this thesis. Therefore, it will only be described in brief: GPCRs are able to bind to a range of
extracellular ligands which leads to their activation and conformational changes. These changes lead
to the activation of the G-Proteins through exchange of GDP to GTP. The activated G-Protein is than
able to induce a unique signalling cascade depending on the GPCR and its ligand. The signalling is
terminated by hydrolysis of the GTP and reassociation with the GPCR (Tuteja, 2009). Endocytic uptake
of GPCRs has long thought to be the main pathway to terminate signalling but recent evidence
suggests that GPCRs continue to signal along the endocytic pathway and that their uptake leads to a
modified signalling response (see (Irannejad and von Zastrow, 2014) for an excellent review on the
details of this process). Importantly, after ligand stimulated activation, the intracellular domain of
GPCRs are phosphorylated though the family of G-protein coupled receptor kinase (GRK) which leads
to the recruitment of arrestins. The arrestins are a small family of scaffolding proteins that that bind
to activated GPCRs and regulate their uptake through CME as well as acting as signalling molecules
themselves (Ebisuya, Kondoh and Nishida, 2005). Uptake of activated GPCRs is then facilitated by the

terminal domain of the clathrin heavy chain binding to the arrestins as well as AP2 to initiate CME.

The GPCR superfamily is one of the major targets of pharmaceutical treatment with over 800 different
genomic sequences encoding different GPCRs (Kochman, 2014). Due to the complexity of this vast
family of receptors, the research conducted in this thesis focused on the trafficking of the purinergic
P2Y;, receptor due to the availability of previous studies as well as reagents and cell lines. The P2Y;;
receptor belongs to the family of purinergic receptors, that respond to extracellular nucleotides and
specifically binds to ADP as extracellular ligand (review in: Erb and Weisman, 2012). It is most well
known for its role in platelet aggregation during wound healing but is also expressed in astrocytes and
microglia in the brain (Mamedova, Gao and Jacobson, 2006; Moore et al., 2015). After binding of ADP
the receptor becomes activated, undergoes conformational changes, binds to cholesterol and forms
high order oligomers. Consistent with this, it has been found to be present in “detergent resistant
membranes” and to be partitioned into so called “lipid rafts” (Savi et al., 2006). Even though the nature
of “lipid rafts” is still a controversial topic, the formation of high order oligomers as well as binding of
cholesterol will lead to a change in the local lipid composition of oligomeric complex, compared to the

surrounding plasma membrane. After activation though binding of ADP, the P2Yi, receptor is



phosphorylated by GRK2 and signals though the specific G(i)-protein complex. Signalling of activated
P2Y1; is terminated by recruitment of either Arrestin2 or Arrestin3 and uptake though CME (Mundell
et al., 2006).

Importantly, the mechanisms of CME of the P2Y1, (and other GPCRs) receptor differs in many aspects
to that of the Transferrin receptor (TfR). While the TfR is continuously taken up into the cell and
recycled back to the cell surface, internalization of the P2Y1; receptor only occurs after receptor
activation through ligand binding. Data obtained from investigation of other GPCRs has established
that that the lifetime dynamics of CCPs trafficking either the TfR or ligand stimulated GPCRs are also
different, with CCPs trafficking GPCRs having a significantly longer lifetime than those trafficking TfR
(Henry et al., 2012; Soohoo and Puthenveedu, 2013). These differences in CCPs dynamics were
proposed to be due to receptor ubiquitination, however if the P2Y1, receptor also undergoes
ubiquitination is unclear (Nisar et al., 2011). Additionally, many GPCRs (but not the TfR) contain PDZ
domains in their C-Terminal parts that mediate interactions with the cytoskeleton and it could be
shown that the PDZ domain in the C-Terminus of the P2Yi, receptor is essential for its clathrin
mediated uptake after ligand stimulation (Nisar et al., 2011). Most importantly for this Thesis, the
uptake of the P2Y:, receptor is dependent on the capacity of clathrin light chain B to be
phosphorylated while this is dispensable for CME of the TfR (Ferreira et al., 2012). Since the focus of
this thesis was to investigate the mechanism(s), by which CLCs control the uptake of specific cargo

proteins, the Transferrin and P2Y,; receptors were used as model systems to study this phenomenon.



2 MATERIALS AND METHODS

Most of the materials and methods performed in this thesis are already described in the methods
section of the published article. However, due to the concise nature of the manuscript, some of the
methods will be described in more detail as well as the methods of the experiments that were not

part of the manuscript.

2.1 TRANSFECTION USING ELECTROPORATION

Transient transfection of Hela cells expressing CLCb, WT, and mutants with constructs encoding
dynamin2-mCherry, GAK-mCherry, epsl5-mCherry, CALM-mCherry, and epsin2-mCherry was
performed using electroporation with the NeonR system as follows: 3*10° cells were resuspended in
125 pl of “R electroporation buffer” from the Neon® transfection system to which 5ug plasmid DNA
was added. Cells were taken up with a Neon® pipette tip and the tip inserted into an electroporation
tube filled with 3ml electrolytic E2 buffer connected to the transfection device. Electroporation was
carried out using one 1200V pulse of 50ms. The electroporated cells were added to 3 ml equilibrated
growth medium without antibiotics and 500 pl of the cell suspension was seeded as a meniscus on top
of a poly-L-lysine coated cover slip. Cells were allowed to attach to the coated cover slip surface for

30 to 60 minutes at 37°C before an additional 1,5ml growth medium with antibiotics was added.

2.2  COATING OF COVERSLIPS WITH POLY-L-LYSINE

Coating of cover slips with Poly-L lysine Glass cover slips (radius 25 mm, Marienfeld, Germany) were
gently rocked for 1h in 1 M HCI, and washed 3x with ddH20. Afterwards, they were gently rocked for
1 h with 1 M NaOH. The coverslips were then washed again 3x with ddH20. Finally, they were rocked
for 2 hiin 100 % EtOH and after discarding the EtOH, baked at 100°C for 1h. The clean cover slips were
then dispersed in 6-well plates and coated with 500 ul of a 1x poly-L-lysine solution. After 20 min of
incubation, the solution was aspirated and coverslips were washed 3x with ddH20, dried and exposed
to ultraviolet light for 20min under the sterile hood. The 6-wells were stored at 4 °C until needed for

experiments.



2.3 \WESTERN BLOT

Cells were washed and detached from the flask with trypsin/EDTA at 37°C for 5 min and centrifuged
(1000 x g, 3 min), the pellet was washed twice with 1x PBS. Then, the pellet was resuspended in 80 pl
RIPA buffer (1ImM EDTA, 1% TritonX-100, 0.1% Sodium Deoxycholate, 0.1% SDS, 140mM NacCl, 1 mM
Phenylmethylsulfonyl fluoride) and kept on ice for 30 min. After lysis, the sample was centrifuged at
10min 4 °C at 14000 x g and the supernatant was transferred into a new tube.4X Laemmli buffer (4%
SDS, 20% glycerol, 0.004% bromphenol blue, 0.125M Tris-CL pH 6.8, 10% 2-mercaptoethanol added
immediately before use) was added to 30ug of the protein lysate in a 3:1 ratio boiled for 10min at
95°C and loaded onto an 8% SDS gel. Gels were immersed in SDS running buffer and run at 70 V until
the running front had left the stacking gel, then the voltage was increased to 100 V and the gels were
run until the running front left the end of the gel. The proteins from the gel were then transferred
onto a Roti-NC nitrocellulose membrane using the “wet-blot” method. Briefly, the membrane was
placed on top of the gel, between two Whatman papers in transfer buffer and an electric field of 100V
as applied for 1h at RT. The membrane was then blocked with 10% milk powder in PBS solution for 1h
and incubated with a-Auxilin (abcam: ab103321) and a-GAK antibody [1C2] (abcam: ab115179) and
antibodies 10% milk powder in PBS overnight. After this, the membrane was washed 3x15 min with
PBS-T and incubated with the corresponding secondary antibodies conjugated to IRDye® 800 and
IRDye® 680 for 1h and again washed 3x15min with PBS with 2% Tween-20. The fluorescent signal was

detected with the Odyssey Infrared Imaging System.

2.4 BRADFORD ASSAY

Protein concentration was determined using Bio-Rad Protein Assay Reagent based on the Bradford
method (1976). The cell lysate was diluted in 800 pl ddH,O with 200ul Bradford Reagent and
absorbance was measured at 595nm using a spectrometer and compared to known BSA standard

curve.

2.5  GENERATION OF BIOTINYLATED TRANSFERRIN

200 pl of 10mg/ml solution of holo transferrin (Sigma-Aldrich T0O665) was desalted at 14000g for 5 min
in a Vivaspin 20, 10kDa MWCO column (GE healthcare) and absorbance was measured at 208nm to
determine final protein concentration. From the solution, 1mg was biotinylated using a 20-fold molar

excess of EZ-Link SulfoNHS-LC-Biotin (Thermo Scientific™) at 30°C for 30min. The reaction was



quenched by addition of Tris (pH 6.5) and free biotin was removed by centrifugation at 14000g for
5min in a Vivaspin 20, 10kDa MWCO column (GE healthcare). The solution was diluted to Img/ml in

PBS with 0.2%BSA, aliquoted, snap frozen in liquid nitrogen and stored at -20°C.

2.6 TRANSFORMATION OF E coul

In-house chemically competent DH5a E. coli were thawed on ice and ~10ng of plasmid DNA was added
and cells were incubated on ice for 20min followed by a heat shock at 42°C for 45 seconds and
returned back on ice for 2min. 500 pl of pre warmed LB media (950ml ddH,0, 10g Tryptone, 10g NaCl,
5g Yeast extract) without antibiotics was added and cells were grown at 37°C for 1h. Different amounts
of this cell solution were spread onto LB agar plates containing the appropriate selection antibiotics

and incubated for 24-48h at 37°C.

2.7  PLASMID PURIFICATION

Plasmids from transformed E. coli were purified by picking single colonies of transformed E.coli using
either the Miniprep Kit (Qiagen #27104), for small scale purifications or the Maxiprep Kit (Invitogen

#K210017) for large scale purifications according to the manufacturer’s instructions.

2.8 Atomic FORCE MICROSCOPY

Expression of the CLCb-WT-GFP construct in Hela cells was by addition of 10ug/ml Doxycycline
overnight and fixed with 4% PFA (Paraformaldehyde) in PBS for 20min followed by washing and
guenching of PFA with 50mM NH4Cl in PBS for 20min and sent to JPK Berlin via mail. Cells were grown
in u-Dishes 35 mm, low (ibidi #80136), to allow the AFM head to fit into the dish. Images were acquired
using a Nanowizard 4 (JPK Berlin) mounted onto an Epifluorescence microscope (Zeiss) with filter set
for GFP. For AFM measurements a qp-BioAC-50 scanning probe tip for soft measurements
(Nanosensors™) was used and the spring constant was calibrated using the thermal tune method,
based on Measuring Thermal Noise (Butt et al. 1995). Once the spring constant was determined,

measurements in Ql mode were taken using the following settings:

e Z-length: 800nm
e Setpoint: 600pN
e Data Rate: 25k Hertz



e Scan speed: 66.67 um/s

e Duration 12ms

For an overview a 20x20 um area was imaged followed by higher resolution measurements in 10x10
pm and 5x5 pm areas. A fluorescent imaged was taken before each round of AFM measurements and

correlated using the “Direct Overlay” settings in the imaging software.

The Young’s modulus was calculated for each force curve after setting the baseline update to 70% of
the slope, correcting for the vertical tip position due to bending of the cantilever and fitting an

elasticity fit according to the hertz model.

2.9  SAMPLE PREPARATION THIN SECTION ELECTRON MICROSCOPY

Hela cells expressing either CLCb-WT-GFP or CLCb-SallA-GFP were grown in 60mm dishes to ~80%
confluence and 10pg/ml Doxycycline was added to full growth media containing 10% FCS overnight to
induce expression of the CLCb constructs. The next morning cells were fixed with EM grade 2%PFA
mixed with 0.25% EM grade Glutaraldehyde for 1-2h in PBS. Cells were detached with cell scraper and
pelleted at 500g for 5min. 1% EM grade Osmium in 0.2M Cacodylate buffer (pH 7.4) was added for 1h
on ice in the dark and washed 3x with Cacodylate buffer followed by three washes with ddH20.
Afterwards, 0.5% freshly prepared Uranyl Acetate in ddH,0 was added at 4°C O.N. in the dark. On the
next day, 10% Gelatine (weight/Volume) was prepared in PBS at 37C, centrifuged at 5000g for 5min
and the supernatant was used. The stained pellet was resuspended in 1ml of Gelatine and spun down
again at 5000g and left to harden for ~1h at 4°C. The pellet was cut out of the Eppendorf and
depending on the size of the pellet, it was cut into smaller fragments to make it more permeable in
the following steps. The pellets was transferred into cold 50% EtOH for 10min, followed by 70%, 80%,
90% and 100% EtOH for 10min each. Fresh Epoxy Resin (EMbed 812 20 ml, DDSA 16ml, NMA 8ml,
DMP-30, BDMA 1.1ml) was prepared and the pellet was transferred into Epoxy Resin in EtOH (1:1) for
1-2h, exchanged for pure Epon after 1-2h and exchanged again for pure Epon for 2h at RT, followed

by a final exchange into Epon and cured at 60°C for 24h in a dry capsule.

The sample were sectioned into 70nm slices and mount on EM grids. Washed 3x10 min with ddH,0
and stained with 5% freshly prepared Uranyl Acetate for 10min followed by 3x10 min washes with
ddH,0. Grids were stained with Lead citrate for 10min and washed 3x10min with ddH,0. The lead

citrate was prepared as follows: 1.33 g lead nitrate, 1.76 g sodium citrate was added to 30 ml CO,-free



double-distilled water giving rise to a milky solution of lead precipitate, 5 to 7 ml of 1 N NaOH was

added dropwise to the suspension while stirring until it turned clear and free of precipitates at pH 12.

2.10 Fluorescence activated cel/ sorting (FACS) of live cells

1321N1 cells, isolated in 1972 from human brain (astrocytoma), were genetically modified to stably
overexpress the P2Y1; receptor with N-Terminal HA tag and are described in (Mundell et al. 2006)
were a kind gift of S. Mundell (University of Bristol). However, visual inspection revealed that only a
small proportion of cells we received still expressed the receptor. To increase the amount of P2Y3;

expressing cells, FACS sorting was as performed as follows:

Anti HA antibody (rat; clone 3F10; Roche) was directly conjugated with Alexa 555 fluorophore using
the APEX® Antibody Labeling Kits (ThermoFisher A10494) according to the manufactures instructions.
Cells were grown in 60mm dishes, chilled at 4°C in PBS and stained with the directly conjugated anti
HA antibody (1:1000) for 45min on ice. Cells were washed 3X with ice cold PBS and transferred back
to 37°C for 10min to allow for internalization of surface bound antibodies. Cells were detached with
Trypsin and transferred into ice cold PBS and FACS sorting was performed by the Flow Cytometry Core.
Photo multiplier tube (PMT3) measuring the intensities of the Alexa 555 signal. After two rounds of
cell sorting, two distinct populations of P2Y1, expressing and non-expressing cells were detected and
cells positive for P2Y, (Fig 2.1) were sorted into a fresh flask, grown in the presence of Gentamicin

and frozen for future use.
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Figure 2.1 FACS sorting of P2Y1, positive 1321N1 cells: 1321N1 cells stably overexpressing HA-
tagged P2Y12 receptor were stained against the HA epitope and sorted by flow cytometry. 10.44%
of the total cell population were positive for the P2Y1, receptor and used for further experiments.
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As stated throughout the Introduction section, the main aim of this study was to decipher the
differential requirements for CLCb phosphorylation in the uptake of GPCRs vs. TfR. The main results
of this research have been published in the Journal of Cell Biology on September 18, 2018 and went
through a peer review process. | apologize to the reader for repetitions of some parts of the
introduction in the article. However, in this format of the Thesis, some repetitions are inevitable due

to the word limit and concise nature of the article.

All of the experiments in the article were performed be me (Hannes Maib) with the exception of the
metal replica EM of unroofed Hela cells. These experiments were performed by our collaborator
Stéphane Vassilopoulos at the Sorbonne Université in Paris after receiving the cell lines by mail. The
stable cell lines as well as the constructs encoding CLCb-WT-GFP, CLC-S204A-GFP and CLCb-SallA-GFP
were produced by Felipe Ferreira who left the lab shortly after | arrived. The 1321N1 cells stably
expressing the HA-Tagged P2Y;, receptor were a kind gift of S Mundell from Bristol. The construct
encoding Arrestin3-GFP was a kind gift of Mark von Zastrow and the other constructs for, Dynamin2-
GFP, GAK-GFP, Eps15-GFP, Epsin2-GFP and CALM-GFP were purchased from Addgene. Elizabeth

Smythe and | devised the experiments and wrote the manuscript together.

Hannes Maib Elizabeth Smythe
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Cargo regulates clathrin-coated pit invagination via
clathrin light chain phosphorylation

Hannes Maib'®, Filipe Ferreiral, Stéphane Vassilopoulos?®, and Elizabeth Smythe!®

Clathrin light chains (CLCs) control selective uptake of a range of G protein-coupled receptors (GPCRs), although the
mechanism by which this occurs has remained elusive thus far. In particular, site-specific phosphorylation of CLCb controls
the uptake of the purinergic GPCR P2Yy,, but it is dispensable for the constitutive uptake of the transferrin receptor (TfR).
We demonstrate that phosphorylation of CLCb is required for the maturation of clathrin-coated pits (CCPs) through the
transition of flat lattices into invaginated buds. This transition is dependent on efficient clathrin exchange regulated by CLCb
phosphorylation and mediated through auxilin. Strikingly, this rearrangement is required for the uptake of P2Y;, but not TfR.
These findings link auxilin-mediated clathrin exchange to early stages of CCP invagination in a cargo-specific manner. This
supports a model in which CCPs invaginate with variable modes of curvature depending on the cargo they incorporate.

Introduction

Clathrin-mediated endocytosis (CME) is a major pathway that
controls receptor uptake from the plasma membrane and is
essential for physiological processes including synaptic vesi-
cle recycling, developmental signaling, and immune responses
(McMahon and Boucrot, 2011; Mettlen et al., 2018). A triskelion is
composed of three units of clathrin heavy chain, each associated
with a clathrin light chain (CLC; Brodsky, 2012; Maib et al., 2017).
Clathrin triskelia assemble onto the plasma membrane to form
clathrin-coated pits (CCPs), which trap receptor cargoes and
invaginate, becoming spherical clathrin-coated vesicles (CCVs)
that are pinched off and deliver their cargoes into the cell (Lampe
et al., 2016; Kaksonen and Roux, 2018).

How the clathrin coat deforms the membrane from a flat
patch into a spherical vesicle has long been a matter of debate.
Currently, two distinct models have been proposed to explain this
process. In the first, the constant curvature model, the clathrin
coat directly polymerizes into curved lattices driving invagina-
tion, while in the second model, clathrin initially assembles as a
flat lattice and is continuously rearranged into a spherical bud
while keeping its area constant. In vitro data (Kirchhausen and
Harrison, 1981; Dannhauser and Ungewickell, 2012; Kirchhausen
et al., 2014) largely support the first model, while cellular data
favor the second (Heuser, 2000; Avinoam et al., 2015). Most
recently, however, it was shown that both modes of curvature
can happen in the same cell, suggesting that cooperating and
competing forces will define which model of invagination is
followed (Scott et al., 2018). Such forces will include the local
protein and lipid content of the CCP and how they contribute to

the energetic costs of membrane deformation (Stachowiak etal.,
2013; Sorokin et al., 2018).

Flat clathrin lattices are hexagonal arrays, and to gain cur-
vature, rearrangement is needed to convert hexagons into pen-
tagons (Kanaseki and Kadota, 1969), and this in turn requires
clathrin exchange (den Otter and Briels, 2011). FRAP experi-
ments have shown that there is extensive exchange between
membrane-associated and cytoplasmic clathrin (Wu et al., 2001).
This is mediated by cyclin G-associated kinase (GAK; Lee et al.,
2006), which is the ubiquitously expressed form of the neuronal
protein, auxilin, both of which also act as cofactors for clathrin
disassembly during CCV uncoating (Ungewickell et al., 1995;
Eisenberg and Greene, 2007). Consistent with this, these pro-
teins have been implicated functionally in early stages of CCP
formation (Newmyer et al., 2003).

The energy of clathrin polymerization contributes to mem-
brane deformation (Dannhauser and Ungewickell, 2012; Saleem
et al., 2015), and in vitro research showed that CLCs contribute
to the tensile strength of the lattice and are required for the de-
formation of artificial membranes with high bending rigidity
(Dannhauser et al., 2015). This impact of the CLCs on the me-
chanical properties of the clathrin lattice is also reflected in their
requirement for CME of large particles such as bacteria (Bonazzi
et al., 2011) as well as at sites of increased membrane tension
(Boulant et al., 2011). Our recent research revealed that CL.Cs and
specific phosphorylation sites are required for the ligand-stimu-
lated uptake of a subset of G protein-coupled receptors (GPCRs;
Ferreira et al., 2012), which contrasted with their dispensable
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role for uptake of single-pass transmembrane proteins such as
transferrin receptor (TfR) and epidermal growth factor receptor
in some (Hinrichsen et al., 2003; Huang et al., 2004) but not all
cases (Chen et al., 2017). The requirement for CLCs for the up-
take of some GPCRs was subsequently verified in vivo (Wu etal.,
2016). Importantly, CME of ligand-stimulated GPCRs differs in
certain respects from that of constitutive uptake of cargoes such
as TfR (Irannejad and von Zastrow, 2014). However, the mecha-
nism or mechanisms by which CLCs contribute to cargo-selective
uptake have remained elusive thus far.

In this study, we provide evidence that clustering of cargoes
such as the multimembrane-spanning GPCR P2Yj; can influence
the mode of curvature generation by the clathrin lattice. For
CCPs with high amounts of P2Y,, this process is dependent on
the transition of flat clathrin lattices into spherical CCVs though
clathrin rearrangement regulated by phosphorylation of CLCb
and is mediated though auxilin in neuronal cells. However, this
process is not required for the uptake of TfR, leading us to pro-
pose that CCPs invaginate using variable modes of curvature de-
pending on the composition of the cargo that they incorporate.

Results

CLCb phosphorylation controls cargo uptake from CCPs

Our previous research (Ferreira et al., 2012) using an ELISA-
based assay showed that expression of a nonphosphorylatable
mutant CLCb where all 19 serines had been mutated to alanines,
CLCb%!4, inhibited internalization of both the GPCR purinergic
receptors P2Y; and P2Y, in 132IN1 astrocytoma cell lines, which
stably expressed HA-tagged receptors. By contrast, expression
of a mutant with a single point mutation converting serine,o, to
alanine, CLCb%2044, inhibited P2Y,, uptake but did not affect P2Y,;
uptake (Ferreira et al., 2012). This indicated that although CLCb
phosphorylation is important for the uptake of P2Y), the rele-
vant site is not serine,o, but some other site or sites. HeLa cells
are a well-established model for exploring general mechanisms
of endocytosis applicable to multiple cargoes, while 1321N1 cells,
because of their neuronal origin, are likely to have specialized
machinery required for P2Y;, uptake. For this reason, in the ex-
periments described below, we compared CLCb%2!* with CLCbWT
in HeLa cells when we tested effects on endocytosis that were
likely to affect a range of cargoes, and CLCbS204* with CLCbWT
when we were specifically measuring P2Y;, uptake in 1321N1 as-
trocytoma cells. It is of note that we see similar results with CL-
Cb%l4 and CLCbS?%4A when we measure uptake of P2Yy, further
indicating that phosphorylation of serine,, is the key residue in
phosphorylation-mediated regulation of uptake of this receptor
(Fig. 1; Ferreira et al., 2012).

To more precisely define the requirement for CLCb phosphor-
ylation in P2Y;, uptake, we expressed CLCb WT and phosphory-
lation-deficient mutants in 1321N1 astrocytoma cells that stably
express HA-tagged P2Y,. Following incubation in serum-free
medium and stimulation with 10 mM ADP, the agonist for the
P2Y), receptor, cells expressing CLCbWT-GFP internalized P2Yy,
from the plasma membrane into EEAl-positive endosomes (Fig. 1,
a-c). In contrast, expression of CLCb%!!A-GFP led to a decreased
colocalization of P2Y;, with EEAl after 10 min ligand stimulation.

Maib et al.
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Consistent with our previous research (Ferreira et al., 2012), ex-
pression of CLChS20#A-GFP resulted in the same phenotype. Ex-
pression of phosphorylation-deficient mutants caused increased
colocalization with clathrin at the plasma membrane compared
with expression of CLCb"T (Fig. 1, a-c). The increased colocaliza-
tion of P2Y}, with clathrin at the plasma membrane indicates that
reduced internalization in the presence of phosphorylation-defi-
cient mutants is likely due to defects in CCP dynamics.

Ligand-stimulated CME of GPCRs differs in certain aspects
from that of housekeeping cargoes such as TfR. Arrestins are
specialized adaptor proteins that facilitate GPCR uptake, and
arrestin3 is specifically required for P2Yy, internalization (Kelly
etal., 2008). To address whether CLCb phosphorylation affected
arrestin3 recruitment, we expressed arrestin3 fused to mApple
(mApple-arrestin3) in 1321N1 cells expressing either CLCbVT-GFP
or CLCbS294A-GFP and assessed its ligand-dependent clustering
into CCPs. In the absence of ligand, mApple-arrestin3 localized
diffusely in the cytoplasm, and it was recruited into CCPs imme-
diately after stimulation regardless of the phosphorylation state
of CLCb (Fig. 1 d). Therefore, the receptor is able to enter into
CCPs and recruit an essential adaptor protein but is not endocy-
tosed if CLCb cannot be phosphorylated at serine,o,.

Previous studies (Hinrichsen et al., 2003; Huang et al., 2004)
have established that CLCs are dispensable for TfR uptake in
contrast with their essential role for GPCR uptake (Ferreira et
al., 2012; Wu et al., 2016). In our previous work, expression of
phosphorylation-deficient mutants resulted in a mild effect on
transferrin internalization when measured at 31°C (Ferreira
et al., 2012). However, when measured at 37°C, expression of
phosphorylation-deficient mutants in HeLa cells did not affect
internalization of biotinylated transferrin compared with cells
expressing CLCb"WT-GFP (Fig. 2 a). In this experiment, we first
serum starved the cells, and then we measured internalization
of biotinylated transferrin in serum-free medium. This is usual
for such assays (Smythe et al., 1992, 1994) because it allows the
uptake of a single cargo to be measured in the absence of other
cargo molecules. However, cells grown in the presence of serum
are exposed to a range of molecules, including GPCR agonists and
growth factors, that could stimulate uptake of their cognate cell
surface receptors. We were curious as to whether the presence
of such cargo molecules might affect TfR uptake in HeLa cells
expressing CLCbS!A-GFP compared with those expressing CLC-
bWT -GFP. To test this, we measured uptake of biotinylated trans-
ferrin in the presence of media containing 10% FCS. Under these
conditions, we observed a decrease in the rate of biotinylated
transferrin uptake in cells expressing phosphorylation-deficient
CLCb (Fig. 2 b). This indicated that in the presence of other car-
goes, efficient TfR internalization becomes dependent on CLCb
phosphorylation.

This raised the question as to whether TfR and P2Y), are co-
packaged in the same CCPs. When we analyzed the colocaliza-
tion of the P2Y, receptor with TfR in CCPs, after short ligand
stimulation with ADP, we found that they partially colocalize into
the same clathrin-coated structures (CCSs), albeit to different ex-
tents (Figs. 2 c and S1 a; ~22% of TfR was present in structures
positive for P2Yy,). This suggests that TfR is stochastically packed
into most, if not all, CCPs but also that it may be outcompeted
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Figure 1. CLCs control P2Yy, uptake. (a) 1321N1 cells stably expressing HA-tagged P2Yy, receptor were transfected with CLCb"WT-GFP, CLCbS!A-GFP, or
CLCbS24A-GFP, and following incubation in serum-free medium for 1 h and treatment with 10 mM ADP for 10 min, stained with antibodies against the HA tag
and EEAL White boxes show the indicated area at higher magnification. Bars, 5 um. (b) Colocalization measured by Pearson’s coefficient of P2Yy, with CLCb"T-
GFP, CLCb%-GFP, and CLCbS29%A-GFP at the plasma membrane. n = 50-55 from 24-27 cells. Error bars are mean + SD. ***, P < 0.001. (c) Percent signal over-
lap between P2Y;, with EEAL from whole Z stacks using image segmentation. n = 24-27 cells. Error bars are mean = SEM. **, P < 0.01. (d) 1321N1 cells were
transfected with arrestin3-mApple together with CLCb"WT-GFP or CLCb>294A-GFP and imaged with TIRF microscopy before and after treatment with 10 mM ADP;

fluorescence was analyzed using line scans. Bars, 5 um.

by high levels of P2Yj,. Therefore, stimulation of P2Y), uptake
should make TfR uptake sensitive to CLCb phosphorylation
at serine,, (the site specific for P2Y,, uptake). To test this, we
measured the uptake of transferrin-Alexa Fluor 568 following
costimulation of 1321N1 cells with ADP to stimulate P2Y}, uptake.
We found that there was a decrease in transferrin-Alexa Fluor

Maib et al.
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568 uptake in 1321N1 cells expressing CLChS204A-GFP compared
with those expressing CLCbW-GFP (Fig. 2 c). Together, these data
indicate that TfR and P2Y), receptors can be copackaged in the
same CCPs following stimulation with ADP, and when this hap-
pens, uptake of these endocytic structures becomes dependent
on CLCb phosphorylation.
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CLCb phosphorylation and cargo influences lifetime

dynamics of CCPs

Total internal reflection fluorescence (TIRF) microscopy is a
well-established technique to measure the dynamics of CCP
initiation and growth. The lifetime of CCPs is indicative of their
functionality, and it has been shown that bona fide CCPs that re-
cruit cargo, grow, invaginate, and pinch off to form CCVs have
a broad lifetime distribution (20-60 s). By contrast, short-lived
CCPs with a lifetime of 10-20 s are predominately abortive events
that disassemble rapidly before they can capture cargo, gain cur-
vature, or recruit dynamin (Merrifield et al., 2002; Ehrlich et al.,
2004; Loerke etal., 2011; Taylor et al., 2012; Aguet et al., 2013). We
compared the lifetime dynamics of CCPs in the absence and pres-
ence of arrestin3 (as a measure of P2Y;, recruitment to CCPs) and
transferrin. As observed previously (Aguet et al., 2013), the in-
corporation of transferrin stabilized nascent CCPs as evidenced
by their broad lifetime distribution, while CCPs that failed to
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5min +ADP  10min +ADP

take up this housekeeping cargo displayed a predominately
short lifetime of <20 s (Fig. S1b). Stimulation with ADP resulted
in recruitment of arrestin3 to ~50% of CCPs, which showed a
similar broad lifetime distribution (Fig. S1 c). It is noteworthy
that the productive CCP population containing arrestin3 was al-
most twice as long lived as the population containing transferrin
(63.09 s versus 31.52 s). Therefore, CCPs that mainly internalize
TfR have a higher turnover rate and could compensate for the de-
creased uptake of TfR that is copackaged with the P2Y, receptor
and is slower to internalize. It was recently shown that CCPs with
longer lifetimes tend to gain curvature using the constant area
mode, while CCPs with shorter lifetimes tend more toward the
constant curvature pathway (Scott et al., 2018). Therefore, the
difference in the lifetime dynamics of CCPs trafficking transfer-
rin or arrestin3 suggests different modes of CCP assembly.
Previous studies have implicated the CLCs in the stability of
the clathrin lattice (Schmid et al., 1982; Ungewickell, 1983; Ybe
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et al., 1998, 2007; Wilbur et al., 2010), and their depletion was
shown to affect the lifetime dynamics of CCPs (Mettlen et al.,
2009; Boulant et al., 2011). We confirmed that CLCs affect lat-
tice stability in 132IN1 cells by depleting both CLCa and CLCb
using siRNA and analyzing the lifetime dynamics of CCPs after
addition of fluorescently labeled transferrin. Depletion of both
CLCs caused an increase in those short-lived events that fail to
incorporate transferrin (Fig. S2 a). There was also an increased
number of short-lived CCPs in HeLa cells expressing CLCb32!4
or 1321N1 cells expressing CLCbS204* under ligand-stimulated
conditions compared with cells expressing CLCB"WT-GFP (Fig. S2,
b and c). Consistent with previous results (Loerke et al., 2009;
Aguet et al., 2013), these short-lived events failed to recruit dy-
namin, cargo, and adaptor proteins including eps15, epsin2, and
CALM, all of which have been shown to have important roles in
CCP maturation (Figs. S2 and S3; Chen et al., 1998; Benmerah et
al., 1999; Tebar et al., 1999; Meyerholz et al., 2005; Boucrot et al.,
2012; Sahlenderetal., 2013; Messa et al., 2014; Holkar et al., 2015;
Miller et al., 2015; Ma et al., 2016). Additionally, the short-lived
events also failed to recruit arrestin3 when P2Y;, uptake was
stimulated in 1321N1 cells (Fig. S2 c). Strikingly, when we inves-
tigated the recruitment of the ubiquitously expressed GAK, we
found that it was recruited to short-lived events (Fig. S2 d). GAK
regulates clathrin lattice rearrangement as well as uncoating,
and its presence at these short-lived events could indicate that
they are either abortive CCPs that fail to mature and get actively
disassembled or that they are CCVs that have recruited GAK but
fail to uncoat and transiently visit the TIRF field. Together, these
data show that phosphorylation of CLCb is required for the mat-
uration of a population of CCPs when cells are stimulated with
ligand and that inability to phosphorylate CLCb increases the
number of short-lived clathrin structures that recruit GAK.

CLCb phosphorylation controls invagination

To gain a better understanding of how CLCb phosphorylation
controls maturation of a proportion of CCPs, we wanted to inves-
tigate whether there was a correlation between CLCb phosphor-
ylation and CCP invagination. HeLa cells expressing CLCb"WT and
CLCb%!4 were grown in media containing 10% FCS, processed
for thin-section EM, and the morphology of CCPs was assessed.
As expected, CCPs from cells expressing CLCb"WT showed a broad
distribution of morphologies ranging from shallow to U shaped
and constricted (Fig. 3 a). Conversely, CCPs in cells expressing
CLCb%!4 showed a shift in distribution toward shallow CCPs
compared with CLCb"T (Fig. 3 b). Failure to phosphorylate CLCb
is thus reflected in an increased population of CCPs that fail to
invaginate in the presence of FCS, where uptake of a range of
cargoes is stimulated, some of which are dependent on CLCb
phosphorylation.

Thin-section EM is a powerful tool to investigate CCP mor-
phologies, but it is unable to detect flat clathrin lattices. The
latter are larger and longer lived than classical CCPs and have
been shown to control the uptake of lysophosphatidic acid (LPA;
Leyton-Puig et al., 2017) and CCR5 receptors (Grove etal., 2014). It
is noteworthy that LPA is a major constituent of serum (Eichholtz
et al., 1993) and might contribute to the effect of serum on TfR
uptake in the presence of phosphorylation-deficient CLCh. To
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investigate flat clathrin lattices, we employed metal replica EM
of the plasma membrane from unroofed HeLa cells grown in the
presence of FCS and expressing either CLCb"T or CLCb%2!4, We
found that flat lattices as well as deeply invaginated CCPs were
present in both CLCb"WT- and CLCb%-expressing cells (Fig. 3,
c and d). In cells expressing CLCb%!4, there was an increase in
the percentage of the plasma membrane that is covered by flat
lattices (Fig. 3 e). Interestingly, although there was no signifi-
cant difference in the mean area of flat lattices in either CLC-
bWT- or CLCb%!A-expressing cells (Fig. 3 f), the lattices formed
in the presence of the phosphorylation-deficient CLCb mutant
had a more irregular shape, which is apparent in a significant
decrease in their circularity (Fig. 3 g). The increase in shallow
CCPs is therefore also reflected in an increase in flat clathrin lat-
tices of more irregular shapes. These flat lattices are unlikely to
represent the short-lived events observed by TIRF microscopy
but rather point to defects in lattice rearrangement and curva-
ture generation likely due to altered interactions of GAK with
phosphorylation-deficient CLCb.

CLCb phosphorylation is required for rapid clathrin exchange
To convert a flat lattice to a more invaginated CCP, clathrin needs
to be rearranged to allow the incorporation of pentagons, which
increases curvature (Kanaseki and Kadota, 1969; den Otter and
Briels, 2011). To address whether the decrease in receptor uptake
and curvature generation might be due to a defect in clathrin re-
arrangement, FRAP experiments were performed on individual
CCSs at the plasma membrane of HeLa cells expressing either
CLCbWT-GFP or CLCb%!A-GFP in the presence of 10% FCS (Fig. 4,
aandb). In HeLa cells expressing CLCb"T-GFP, the fluorescence
signal recovered rapidly with a t;,, of 3.83 s, in agreement with
previous research (Avinoam et al., 2015). However, this rapid
recovery was greatly reduced in HeLa cells expressing CLCb%-
IA_GFP as evident by the increased t,/, of 10.45 s with no signifi-
cant effect on the mobile fraction (MF; Fig. 4, cand d), indicating
a defect in clathrin exchange and lattice rearrangement.

We have previously shown that phosphorylation of serineyq,,
mediated by GPCR kinase 2 (GRK2), is a specific requirement
for the uptake of the P2Y, receptor (Ferreira et al., 2012). We
therefore wanted to address whether defects in clathrin rear-
rangement in the presence of CLCbS20A could be responsible for
the reduction in P2Y;; uptake. In the absence of ligand, the P2Y),
receptor is retained at the plasma membrane and is only endo-
cytosed upon ADP stimulation. We therefore treated 1321N1 cells
expressing the P2Y);, receptor with ADP and performed FRAP ex-
periments before and directly after ligand stimulation. In 1321N1
cells expressing CLCbWT-GFP, ADP stimulation only mildly af-
fected the recovery half-time, with a change in the t;,, from 7.46 s
to 9.33 s and no apparent change in the MF (Fig. 4, e and g). In
the absence of ADBP, the t;, in cells expressing CLCS294A-GFP was
similar to that of cells expressing CLCWT-GFP, with a t;, of 8.27 s
(Fig. 4, f and g). The difference in the half-time of recovery in
HeLa cells expressing CLCb"T-GFP (3.83 s) and 1321N1 cells ex-
pressing CLCb"WT-GFP (7.46 s) is likely due to differences in the
expression of endocytic factors such as auxilin and GAK, which
have both been implicated in clathrin exchange (Wu et al., 2001;
Yim et al., 2005; Lee et al., 2006). Strikingly, however, upon
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a CLCbWT b CLCbsaa Figure 3. CLCb phosphorylation regulates
; ; CCP invagination. (a and b) Hela cells express-
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nm (insets). (e) Percent membrane area cov-
ered by flat lattices. n = 35-41. ***, P < 0.001.
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different membranes. n = 278-461. (g) Circu-
larity of all individual flat lattices as defined by

Circularity = 4m x (%), with a value of

1.0 indicating a perfect circle. n = 278-461.
***¥¥ P < 0.0001. Values represent mean + SD.

16%

g 5 & 025 91_2
o
—
2 1o g S0
8 P 3 T 020 ﬁ
s 88 * = =08
= ©
o= . 1 &= 0.15 2
T o > - =
Q% 6. i 3 506
S« Eot0 =z
5 >4 S04
-g a o = ©
= |
5 2 r g oo Bo2
° < o
X o > — 0.00 0.0
N o
o IoX
e o

ligand stimulation in cells expressing CLChS204A-GFP, the t;,
increased significantly to 16.23 s, while the MF remained unaf-
fected (Fig. 4, f and g). The effect on clathrin rearrangement is
thus ligand dependent in cells expressing CLCbS2°4A-GFP and is
only manifest once uptake of the P2Y, receptor is stimulated.

Auxilin is required for P2Y, uptake

Since auxilin and GAK are required for efficient clathrin rear-
rangement and since auxilin expression is high in neuronal cells
(Fig. 5b), a prediction of these results is that auxilin and/or GAK
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should also be required for P2Y}, uptake in 1321N1 astrocytoma
cells. To test this, we depleted 1321N1 cells of auxilin using siRNA
(Fig. 5 b), and P2Y,, uptake was stimulated by addition of ADP
for 10 min. In cells treated with nontargeting (NT) control siRNA,
the receptor was readily taken up into EEAl-positive endosomes,
while in cells depleted of auxilin, the P2Y;, receptor was mainly
localized at the plasma membrane (Fig. 5, aand c), similar to cells
expressing either CLCbS!A-GFP or CLCbS?*#A-GFP (Fig. 1 c). To
verify these results biochemically, we used an ELISA assay to de-
termine the level of receptor uptake after ADP stimulation. In
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agreement with the microscopy data, cells treated with NT siRNA
readily internalized the P2Y;, receptor from the plasma mem-
brane, while receptor uptake was almost completely abolished
in cells depleted of auxilin (Fig. 5 f). By contrast, depletion of
auxilin had only a very mild effect (evident in an ELISA assay
after 5 min only) on transferrin uptake when measured under
serum-free conditions (Fig. 5, d, e, and g). This indicates that
auxilin-mediated clathrin rearrangement is a requirement for
the uptake of the P2Y}, receptor but not for the classical CME
cargo transferrin in this cell line. Interestingly, in 1321N1 cells,
GAK is expressed at levels comparable with those found in HeLa
cells, where auxilin is expressed at almost undetectable levels
(Fig. 5 b). However, GAK does not appear to be capable of com-
pensating for loss of auxilin in the astrocytoma cells. This is con-
sistent with in vivo research, which supports independent and
overlapping functions of GAK and auxilin (Yim et al., 2010).

Discussion

Cargo regulates CCP invagination

The aim of our study was to understand the underlying mecha-
nism for the differential requirement for CLCs and their phos-
phorylation in the uptake of the GPCR P2Y, versus TfR. It has
been well established that CLCs are not generally required for
the uptake of transferrin (Hinrichsen et al., 2003; Huang et al.,
2004), which is often used as a canonical measure of CME be-
cause the route followed by receptor and ligand has been so well
defined (Hopkins and Trowbridge, 1983; Watts, 1985). However,
we show that uptake of transferrin is sensitive to the presence
of other cargoes when they are copackaged into the same endo-
cytic structures. Stimulation of 1321N1 cells with ADP results in
the clustering of P2Y}, in CCPs, and we have shown that TfR can
be copackaged with P2Yy,. In line with our previous research
(Ferreira et al., 2012), we show that uptake of P2Y, is regulated
by CLCb phosphorylation at serine,os. When P2Y, uptake is
stimulated, transferrin uptake is also decreased in cells express-
ing CLCbS204A, A similar result is observed in HeLa cells express-
ing CLCb3!4, where all 19 serine residues are mutated to alanine.
Cells expressing this phosphorylation-deficient CLCb mutant
show a delay in transferrin uptake in the presence of FCS, which
contains ligands for other transmembrane receptors. While the

Figure 4. CLCb phosphorylation regulates clathrin lattice rearrange-
ments. (a and b) Fluorescence from individual CCSs at the plasma mem-
brane of HeLa cells grown in the presence of 10% FCS and expressing either
CLCbWT-GFP (a) or CLCb%!A-GFP (b) was photobleached, and recovery of the
signal was measured for 30 s at one frame per second. Bar, 2 um. () Normal-
ized recovery traces were fitted to cumulative data from three repeats with a
hyperbola function of y(t) = offset + MF * t/(t + t;,, ) with Offset = bleaching
efficiency and t;; = halftime of recovery. Error bars are mean + SD. (d) Aver-
age values from each of the three separate repeats from c. n = 3 with 16-23
traces from each repeat. Error bars are mean + SEM. (e and f) 1321N1 cells
were transfected with either CLCbWT-GFP or CLCbS204A-GFP, and fluorescence
recovery of a single CCS was measured following incubation in serum-free
medium before and directly after addition of 10 mM ADP. Top: Typical traces
with the cumulative data from three independent repeats. Error bars are mean
+ SD. (g) Average values from each of the repeats shown in e and f. Error bars
show mean + SEM. n = 3 with 16-26 traces from each repeat. *, P < 0.05.
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Figure 5. Auxilin is required for efficient P2Y;, uptake. (a) 1321N1 cells were treated with control NT siRNA or siRNA targeting auxilin, treated with 10 mM
ADP for 10 min to stimulate P2Y;, uptake, and stained with antibodies against auxilin, P2Y3,, and EEAL. White boxes show an enlarged area. (b) Western blots
showing levels of auxilin and GAK in HeLa cells and in 1321N1 cells following treatment with NT siRNA and siRNA targeting auxilin. Equal amounts of protein
were loaded in each lane. (c) Quantification of the percent signal overlap between P2Yy, with EEAL from whole Z stacks using the image segmentation tool
SQUASSH. **, P < 0.01. (d) 1321N1 cells were treated with control NT siRNA or siRNA targeting auxilin, treated with Alexa Fluor 568 transferrin (5 pg/ml) for
10 min, and stained with antibodies against auxilin and EEAL White boxes show an enlarged area. Bars, 10 um. (e) Quantification of the percent signal overlap
between Alexa Fluor 568 transferrin with EEAL from whole Z stacks using the image segmentation tool SQUASSH. (f) ADP-induced (10 mM) loss of surface
P2Y1, receptor was measured by ELISA in 1321N1 cells treated with NT siRNA or auxilin siRNA. n = 3. (g) Uptake of biotinylated transferrin was measured by
ELISAin 1321N1 cells treated with NT siRNA or auxilin siRNA. Numbers represent mean + SEM. n = 3.

phosphorylation sites required for uptake of other cargoes are
not yet defined, our data show that transferrin uptake can be-
come more dependent on phosphorylation of CLCb when the
local cargo composition of CCPs is changed (e.g., by clustering of
GPCRs that are dependent on CLCs).

The sorting of cargo proteins into distinct CCPs has been a
matter of debate (Keyel et al., 2006). In this study, we show that
TfR and P2Y), partially colocalize into the same CCPs, albeit to
different extents. This is consistent with previous studies that
showed that receptors are stochastically recruited into CCPs
(Keyel et al., 2006; Lampe et al., 2014). However, high levels of
P2Y), are likely to outcompete TfR from CCPs due to their oligo-

Maib et al.

Cargo and clathrin light chains determine curvature

meric nature (Fig. 6). Under ligand-stimulated conditions, ~50%
of productive CCPs recruited arrestin3 with a lifetime of ~60 s,
while CCPs trafficking TfR had a mean lifetime of ~30 s. There-
fore, itis possible that TfR uptake “catches up” through CCPs that
do not recruit P2Yj; or arrestin3 and have a higher turnover rate.
This may explain why TfR uptake is reduced and not abolished in
cells expressing phosphorylation-deficient CLCb mutants.

Our study has revealed that CLC phosphorylation plays an es-
sential role in CCP invagination, leading to efficient internaliza-
tion of CCS containing high amounts of P2Y},. The two models of
membrane curvature generation during CCP invagination, constant
area versus constant curvature, are conceptually quite different,
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requiring different mechanisms of lattice assembly. Both behaviors
have however been observed in CCPs in SK-MEL-2 cells (Scott et
al., 2018). Furthermore, a recent study argues for the assembly of
flat lattices to ~70% of their final size before curvature is initiated
(Bucher et al., 2018). Curvature generation during CME is likely
to be a complex process with different modes of membrane bend-
ing occurring in parallel, reflecting the energetics of coat assembly
relative to competing forces. It has been shown in vitro that high
membrane tension as well as rigidity directly opposes polymeriza-
tion of clathrin into curved vesicles (Saleem et al., 2015). However,
increased membrane tension in cellular systems is overcome by
the actin cytoskeleton and requires CLCs to allow CME to occur
(Boulantetal., 2011). Itis reasonable to propose that in cases where
the polymerization energy of the clathrin triskelia is not sufficient
to deform the membrane directly, it will initially assemble as a flat
lattice, whereas membranes that are easier to deform might follow
the path of constant curvature, directly polymerizing into spherical
vesicles. This is consistent with results from a recent study showing
that increased tension of the plasma membrane inhibits its defor-
mation and leads to an increase in flat clathrin lattices that fail to
generate curvature (Bucheretal., 2018).

The two main factors that oppose local membrane deformation
are its lateral tension as well as its rigidity. Membrane rigidity
will depend on the local lipid and protein composition, and thus,
cargo composition inside a CCP will have a significant impact on
the biophysical properties of the membrane (Stachowiak et al.,
2013). It is therefore possible that ligand-stimulated clustering
of multimembrane-spanning GPCRs alters the local properties of
the plasma membrane and biases the mechanism of invagination
of CCPs toward the constant area mode. Rearrangement of the
lattice is then driven by auxilin (in neuronal cells) and is depen-
dent on the capacity of CLCb to be phosphorylated. CLCs could
be needed to increase lattice rigidity, similar to the role of Secl3
in the incorporation of GPI-linked cargoes, predicted to drive
opposing curvature, into COPII vesicles on the secretory path-
way (Copic et al., 2012). An alternative, although not mutually
exclusive, role for CLCb phosphorylation would be to efficiently
recruit GAK for lattice rearrangement (see below).

It is also possible that recruitment of specialized endocytic
effector proteins influences which mode of invagination is
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Figure 6. Model for cargo regulation of CCP
assembly mode regulated by CLC phosphor-
ylation and auxilin. CME of single-pass trans-
membrane proteins such as TfR that are consti-
tutively internalized is independent of CLCs and
lattice rearrangement when measured in the
absence of other cargo. Following ligand stimu-
lation, cargo such as P2Yy, will recruit specialized
adaptor proteins and oligomerize, packing tightly
into CCPs, which will result in some exclusion
of other cargo. Maturation of these CCPs then
becomes dependent on CLCs and their ability to
be phosphorylated as well as auxilin-mediated
clathrin exchange, likely by contributing to the
flat-to-curved transition of CCPs containing high
amounts of P2Y,.

followed. Ligand-stimulated uptake of GPCRs requires the re-
cruitment of the adaptor family of arrestins as well as ubiquiti-
nation and interactions of PDZ domains with the cytoskeleton
(Hanyaloglu and von Zastrow, 2008). Notably, ligand-stimulated
endocytosis of GPCRs results in altered CCP dynamics, with an
increased lifetime of CCPs positive for arrestin3 compared with
those that are positive for TfR as demonstrated in this study and
in previous ones (Henry et al., 2012; Soohoo and Puthenveedu,
2013). Strikingly, a recent study has shown that even though
both modes of curvature coexist in SK-MEL-2 cells, CCPs with
longer lifetimes tend to gain curvature using the constant area
mode, while CCPs with shorter lifetimes tend more toward the
constant-curvature pathway (Scott et al., 2018). This further
supports the notion that cargo proteins influence the mode of
curvature generation of CCPs.

Phosphorylation of CLCb alters interaction with GAK and
lattice rearrangement

How does CLCb phosphorylation control cargo uptake? The re-
cruitment of cargo into CCPs as well as the recruitment of a wide
range of adaptor proteins is unaffected by CLCb phosphorylation.
Therefore, the defect in receptor uptake is likely to occur during
CCP maturation. Lifetime analysis of CCPs revealed an increase
in short-lived events with a lifetime of 10-20 s in the background
of phosphorylation-deficient CLCh. The nature of these eventsis
somewhat unclear, and they could either be abortive CCPs that
fail to mature or they could be CCVs that transiently visit the TIRF
field and have not yet uncoated. Importantly, these short-lived
events were positive for the clathrin rearranging and uncoating
protein GAK but did not recruit the GTPase dynamin?2 or a wide
array of adaptor proteins (such as epsl5, CALM, arrestin3, or
epsin2). Their increased appearance in the CLCb mutant could
be due to altered interactions with GAK, leading to a delay in
uncoating. This is in agreement with previous results showing
that CLCb phosphorylation modulates GAK binding to clathrin
cages (Ferreira et al., 2012) as well as studies that have implicated
CLCs in the uncoating of CCVs (Schmid et al., 1984; Young et al.,
2013). However, it is also possible that these short-lived events
are abortive events and recruit GAK in its capacity as clathrin
chaperone and/or to promote rapid disassembly in the absence
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of cargo and dynamin. In support of this, depletion of GAK in-
creases the turnover of abortive CCPs (Mettlen et al., 2009). De-
pletion of both GAK and auxilin in HeLa M cells, where both are
expressed, reduces CCP formation at the cell surface by 50% and
increases nonproductive cage assembly in the cytoplasm (Hirst
et al., 2008), further supporting a role for GAK and auxilin in
chaperoning clathrin to the cell surface. Both possibilities point
toward an altered interaction of GAK with short-lived CCPs that
are increased when CLCb cannot be phosphorylated.

The altered interaction of phosphorylation-deficient CLCb
mutants with GAK appears to have a profound effect on clathrin
rearrangements during the invagination of maturing pits. This
rearrangement is crucial for flat lattices to gain curvature, and in
line with this, cells expressing phosphorylation-defective CLCb
mutants have an increased number of shallow CCPs as well as
an increased number of flat clathrin lattices of more irregular
shape. Flat lattices have been shown to be active sites of endocy-
tosis by continuous budding of CCVs from their edges (Lampe et
al., 2016) and to be important for the uptake of GPCRs (Grove et
al., 2014; Leyton-Puig et al., 2017). For these lattices to invaginate,
pentagons have to be incorporated into the flat hexagonal array,
and this requires clathrin rearrangement mediated by GAK and
auxilin (Lee et al., 2006). Our FRAP data indicate that the half-
time of recovery of CLCbS2!!A-GFP is significantly slower than that
of CLCbWT-GFP. Cells expressing CLCbS204A reveal a similar delay
in FRAP but, strikingly, only after stimulation of P2Y), internal-
ization, indicating that CLCs are important for clathrin exchange
and that following ligand-induced clustering, lattice rearrange-
mentis required for receptor uptake. Auxilin and GAK are crucial
factors for clathrin exchange, and their depletion has been shown
to drastically reduce exchange of clathrin at endocytic sites
(Greeneretal.,2001; Lee et al., 2006). The reduction in P2Y;, up-
take after auxilin depletion in 1321N1 cells further reinforces the
requirement for clathrin exchange for the maturation of these
endocytic sites. It also links auxilin-mediated clathrin exchange
to early stages of CCP maturation in a cargo-specific manner.

By defining a molecular mechanism by which CLCb phos-
phorylation and GAK can regulate cargo-specific invagination,
our data support a model whereby cargo can determine the mode
of CCP assembly. Additionally, the recruitment of adaptor pro-
teins during ligand-stimulated CME could also influence the
mode of CCP assembly (Keyel et al., 2006). This idea is supported
by a recent study showing that high levels of AP2u2 lead to the
formation of flat lattices (Dambournet et al., 2018). High con-
centrations of cargo within CCPs would also lead to an increased
recruitment of AP2 and bias curvature toward the constant area
model compared with CCPs with lower amounts of cargo loading.
The assembly of flat lattices followed by lattice rearrangement,
regulated by CLCb phosphorylation, would then be required for
invagination. This is further supported by the specific effect of
auxilin knockdown on P2Y;, uptake in 132N1 cells compared with
avery mild effect on transferrin and explains why previous stud-
ies may not have detected significant effects of auxilin or GAK
knockdown on transferrin uptake in other cell types (Zhang et
al., 2005; Hirst et al., 2008).

Taken together, these data support a model in which the local
concentration and composition of cargo inside a CCP modulates
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the way it can be deformed (Fig. 6). For cargo such as the P2Y), re-
ceptor, CCPs would assemble as flat lattices that require clathrin
rearrangement and CLCb phosphorylation. However, for cargo
such as transferrin, CCPs could invaginate independently of
lattice rearrangement and the CLCs. Importantly, we did not ob-
serve separation of cargoes into specialized CCPs, as evidenced by
the decrease in transferrin uptake under ligand-stimulated con-
ditions in the background of phosphorylation-deficient CLCb.
This suggests that depending on the environment in which the
cell finds itself, CCPs will form by variable curvature (Scott etal.,
2018), which would be defined, at least in part, by the nature of
the cargo incorporated by CCPs.

Materials and methods

Cell culture and transfection

HeLa cells and 1321N1 cells were cultured in DMEM supple-
mented with 10% FCS, glutamine, and penicillin/streptomycin.
1321N1 cells stably expressing the P2Y, receptor with N-terminal
HA tag were a gift from S. Mundell and were grown in the pres-
ence of G418 as described by Mundell et al. (2006). HeLa cells
stably expressing CLCb"W-GFP and CLCbS2!!A-GFP were cultured
as described previously (Ferreira et al., 2012), and expres-
sion of CLCb was induced by addition of 1 mg/ml doxycycline
overnight before each experiment. The construct encoding
arrestin3-mApple was a gift from M. von Zastrow (University of
California, San Francisco, San Francisco, CA). Constructs encod-
ing dynamin2-mCherry, GAK-mCherry, eps15-mCherry, CALM-
mCherry, and epsin2-mCherry were gifts from C. Merrifield
and acquired from Addgene as described by Taylor et al. (2011).
Transient transfection of HeLa cells expressing CLCb, WT, and
mutants with constructs encoding dynamin2-mCherry, GAK-
mCherry, eps15-mCherry, CALM-mCherry, and epsin2-mCherry
was performed using electroporation with the NeonR system the
day before imaging. Transfection of 1321N1 cells with constructs
encoding CLCb"T-GFP, CLCb%!A-GFP, CLChS204A-GFP, AP2-GFP, or
arrestin3-mApple was performed using Polyfect according to the
manufacturer’s guidelines.

For CLC siRNA experiments, 1321N1 cells were split into 6-cm
dishes, and the next day, when ~50% confluent, they were trans-
fected with CLC or NT siRNA (final concentration, 200 nM) using
Lipofectamine 2000 and left overnight. The next day, the cells
were transfected again with siRNA as before, together with plas-
mid DNA encoding AP2-GFP. Cells were left for two more days
before TIRF imaging. For knockdown of auxilin, 1321N1 cells were
grown in 10-cm dishes, and the following day, at ~30% conflu-
ency, cells were transfected with auxilin or NT siRNA at 200 nM
final concentration using oligofectamine. Cells were left for 48 h
and transfected again with the same siRNAs and used for ELISA
assays the following day. Auxilin was detected by immunofluores-
cence and Western blotting using anti-auxilin antibodies (rabbit;
anti-DNAJC6; ab103321; Abcam). EEAl was detected using mouse
anti-EEA1 antibodies (ab70521; Abcam). GAK was detected on
Western blots using rabbit antibody from Abcam (ab115179).

The siRNAs had following sequences and were characterized
previously: siRNA CLCa, 5-AAAGACAGUUAUGCAGCUAUU-3’
(Ferreira etal., 2012); siRNA CLCb, 5'-~AAGCGCCAGAGUGAACAA
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GUA-3' (Ferreira etal., 2012); and siRNA auxilin, 5'-UAUGUUACC
UCCAGAAUUA-3' (Hirst et al., 2008).

Confocal immunofluorescence and colocalization
1321N1 cells were grown on coverslips and transfected with either
CLCb"T-GFP, CLCh3!A-GFP, or CLChS204A-GFP as described above.
On the following day, cells were serum starved for 1 h in the pres-
ence of 0.1U/ml apyrase, stimulated with 10 mM ADP for 10 min,
and immediately fixed with 4% PFA. The PFA was quenched using
50 mM NH,Cl in PBS, and nonspecific binding was blocked with
1% BSA. Cells were permeabilized using 0.1% Triton X-100. Cells
were treated with antibodies against HA (rat; clone 3F10; Roche)
and EEA1 (rabbit; clone 1G11; Abcam), and then they were stained
using the corresponding secondary antibodies conjugated to Alexa
Fluor 561 or Alexa Fluor 647 (Thermo Fisher Scientific). Coverslips
were mounted onto microscopy slides and imaged using a Zeiss
LSM880 AiryScan confocal microscope with a Plan Apochromat
63x 1.4 NA oil lens. Whole Z stacks were taken at 200-nm intervals.
Colocalization of the HA signal with the CLCb signal was ana-
lyzed at the plane of the plasma membrane by choosing three to
five random regions (depending on cell size) of 250 x 250 pixels
in each channel and determining the Pearson’s correlation coeffi-
cient between them using Image] (National Institutes of Health).
Overlap of the HA signal with EEA1 was determined by image
segmentation using the Image] plugin SQUASSH (Rizk et al.,
2014) on maximum-intensity projections of collapsed Z stacks.
For colocalization of P2Y;, and TfR with 1321N1, cells were
stimulated with 10 mM ADP for 3 min and stained against the
HA (rat; clone 3F10; Roche), TfR (mouse; B3/25; ATCC), and CLCb
(rabbit; sc-28277; Santa Cruz Biotechnology, Inc.) with the cor-
responding secondary antibodies conjugated to Alexa Fluor 488,
Alexa Fluor 561, or Alexa Fluor 647. Coverslips were mounted
onto microscopy slides and imaged using an LSM880 AiryScan
confocal microscope with a Plan Apochromat 63x 1.4 NA oil lens
at the plane of the plasma membrane. Colocalization of P2Yj,
with TfR was determined by image segmentation using the Im-
ageJ plugin SQUASSH (Rizk et al., 2014).

Live-cell TIRF imaging and data analysis

For live-cell imaging, cells were transfected as described above
and split into an eight-well microscopy chamber on the day be-
fore imaging. Cells were imaged in an environmental controlled
chamber at 37°C in the presence of CO,-independent media.
Cells were imaged using a Zeiss Cell Observer with TIRF3 fitted
with an a Plan Apochromat 100x 1.46 NA lens controlled by Ax-
iovision. To reduce phototoxicity, cells were imaged at low laser
power of <1% in two channels by sequential excitation at 1 Hz
and were detected with a charge-coupled device camera with a
pixel size of 16 um. The depth of the evanescent field was 60-70
nm. For arrestin3 clustering, 132IN1 cells were serum starved
for 1 h in the presence of 0.1 U/ml apyrase and imaged directly
before and after addition of 10 mM ADP into the imaging media.
Lifetime dynamics of CCPs and recruitment of adaptor proteins
was determined using the MATLAB script cmeAnalysis (Aguet
et al., 2013). Multiple cells from different repeats were pooled
to account for cell to cell variability, and outliers were removed
according to the criteria of the program.

Maib et al.

Cargo and clathrin light chains determine curvature

FRAP imaging

For FRAP measurements, 1321N1 cells were transfected with
CLCH"WT-GFP or CLCbS?0*A-GFP as described above, while HeLa
cells stably expressing CLCb"T-GFP or CLCh3*!IA-GFP were treated
with 10 mM doxycycline and transferred into Ibidi glass-bot-
tomed 35-mm dishes the day before imaging. For 1321N1 cells,
recovery traces were determined without the presence of ADP
in serum-free media and again directly after addition of 10 mM
ADP within a 10-min window. Cells were imaged in an environ-
mentally controlled chamber at 37°C in the presence of CO,-in-
dependent media using a Nikon Al confocal system with a CFI
Plan Apochromat VC 60x 1.4 NA oil lens. An area of 256 x 256
pixels at the plasma membrane of transfected cells was imaged
at 0.1-um pixel size. Single CCSs were identified and imaged for
3 s at 1 Hz before bleaching the GFP signal for 1 s at 100% laser
power using the 403 nm and 488 nm laser lines. Recovery of the
signal was recorded over 30 s at1 Hz at laser powers <1% to reduce
photobleaching. Recovery traces were determined in two regions
of interest (ROIs) of 7 x 7 pixels containing a single CCS and a con-
trol ROI devoid of CCS to determine the background signal. Back-
ground signal was subtracted from each CCS trace. The first three
background-corrected frames were averaged and set to 100% for
normalization, while the signal from the background ROI at the
time of bleaching was set to 0% to account for recovery from out-
of-focus GFP signal, unrelated to the signal from the CCS. The
background-corrected signal directly after photobleaching was
defined as bleaching efficiency and represents t = 0 of the recov-
ery trace. Only traces with a bleaching efficiency of 280% were
used for further analysis. All normalized recovery traces were
averaged, the SD was determined, and a hyperbola curve of y(t)
= offset + MF* t/(t + t ;) was fitted based on the minimal squared
difference. The offset was determined as the average bleaching
efficiency from all traces, with t;, being the halftime of recovery.

EM

Resin-embedded sections

HeLa cells expressing CLCb"WT-GFP or CLCh3!A-GFP were grown
inmedia containing 10% FCS and embedded in resin according to
standard protocols (Smythe etal., 1989). In brief, cells were grown
on 60-mm dishes, fixed with 4% PFA, pelleted, and postfixed with
1% glutaraldehyde and 4% tannic acid. Pellets were staining with
1% osmium for 1 h and 0.5% uranyl acetate overnight, embed-
ded in epon resin, cut into 70-nm sections, and stained en bloc
with uranyl acetate and lead citrate before imaging using an FEI
Tecnai T12 Spirit at 80 kV. Samples were processed blind, and
CCPs were analyzed by determining the width of the neck and the
depth of each CCP using ImageJ as well as tracing around their
contours manually using Adobe Illustrator.

Unroofed cells

Adherent plasma membrane from HeLa cells plated on glass cov-
erslips were grown in DMEM containing 10% FCS and disrupted
by sonication as described previously (Heuser, 2000). Glutaral-
dehyde/PFA-fixed cells were further sequentially treated with
Os0,, tannic acid, and uranyl acetate before dehydration and
hexamethyldisilazane drying (Sigma-Aldrich). Dried samples
were then rotary shadowed with platinum and carbon with a
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high-vacuum sputter coater (Leica Microsystems). Platinum
replicas were floated off the glass by angled immersion into hy-
drofluoric acid, washed several times by flotation on distilled
water, and picked up on 200 mesh formvar/carbon-coated EM
grids. The grids were mounted in a eucentric side-entry goniom-
eter stage of a transmission electron microscope operated at 80
kV (CM120; Philips), and images were recorded with a Morada
digital camera (Olympus). Images were processed in Adobe
Photoshop to adjust brightness and contrast and presented in
inverted contrast.

Endocytosis assays
Endocytosis of the P2Y;;, receptor was determined as described
by Ferreira et al. (2012). In brief, the extracellular HA tag on the
P2Y), receptor was used in an ELISA to determine the surface
receptor level after various time points following stimulation
with 10 mM ADP. The level of surface receptor without stimula-
tion was set to 100%. Endocytosis of biotinylated transferrin was
measured by its loss of accessibility to exogenously added avi-
din following internalization as previously described (Smythe
et al., 1992). Briefly, cells were incubated with 1 pg/ml bioti-
nylated transferrin either in serum-free media following serum
starvation for 1 h before the experiment or in media containing
10% FCS without prior serum starvation. At different times, as
indicated in figure legends, cells were washed 2x with ice-cold
PBS/0.2% BSA and incubated for 30 min with 50 pg/ml avidin
dissolved in PBS/0.2% BSA. Cells were then washed and incu-
bated in PBS/0.2% BSA containing 1 mg/ml biocytin for 10 min
before solubilization in buffer A (20 mM Tris, pH 7.5, 100 mM
NaCl, 1 mM MgCl,, 1% Triton X-100, and 0.1% SDS). Lysates were
applied to ELISA plates coated with antitransferrin antibody (a
gift from the Scottish Antibody Production Unit) and incubated
overnight at 4°C. ELISA plates were washed 3x with buffer A
and incubated with streptavidin-HRP for 1 h. Following wash-
ing, 200 pl HRP substrate, o-phenylenediamine (Sigma-Aldrich;
25 mg in 25 ml assay buffer: 51 mM sodium citrate and 27 mM
sodium phosphate, pH 5.0, plus 10 pl H,0,) was added to each
well. The reaction was terminated by addition of 50 ul of 2 M
sulphuric acid. Absorbance at 492 nm was read on an ELISA plate
reader. The total amount of internalized biotinylated transferrin
was determined from samples that were not treated with avidin.
Forinternalization of fluorescently labeled transferrin, 1321N1
cells were transfected with either CLCWT-GFP or CLCS2!A-GFP
using PolyFect and serum starved as well as ATP depleted with
0.1U/ml apyrase for 1h. 5 pg/ml transferrin conjugated to Alexa
Fluor 568 was added in the presence of 10 mM ADP for the in-
dicated time points and chilled on ice, and then surface-bound
transferrin was stripped with acid wash (2 x 5-min washes with
50 mM glycine, 100 mM NacCl, and 2 M urea, pH 3, interspersed
with 5-min washes with PBS/0.2% BSA). Coverslips were mounted
onto microscopy slides, and whole Z stacks were imaged with a
DeltaVision/GE OMX optical microscope with a 60x 1.42 NA oil
Plan Apochromat lens in widefield mode with a step size of 400
nm with subsequent deconvolution. Mean fluorescent intensity
of internalized transferrin in transfected cells was measured in
Image] by using the GFP signal as mask on maximum-intensity
projections of Z stacks.
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Online supplemental material

Fig. S1 shows cargo influences the properties of CCPs. Fig. S2
shows lifetime dynamics of CCPs. Fig. S3 shows dynamics of
epsl5, CALM, and epsin2 recruitment to CCP cohorts.
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Figure S1.

Cargo packing influences the properties of CCPs. (a) Colocalization at the plasma membrane of P2Y;, with TR after 3 min ligand stimulation.

Images were quantified using the image segmentation tool SQUASSH. n = 22 cells. Box and whiskers plot with 25th to 75th percentiles and range.
Bars: 10 pm (main images); 1 um (insets). (b) 1321N1 cells were transfected with AP2-GFP, and the lifetime of CCPs was determined in the presence of Alexa
Fluor 568-labeled transferrin and binned for traces with and without detection of transferrin using cmeAnalysis script (Aguet et al., 2013). n = 18,700 traces
from 32 cells from three independent repeats. Mean lifetime of CCPs was determined by Gaussian fits. The dataset was reused in Fig. S2 a (left). (c) 1321N1
cells were transfected with CLCbWT-GFP together with arrestin3-mApple, and the lifetime of CCPs was determined and binned for traces with and without
detection of arrestin3 directly after 10 mM ADP stimulation. n = 3,040 traces from 18 cells from three independent experiments. Mean lifetime of CCPs was
determined by Gaussian fits. The dataset was reused in Fig. S2 c (left).
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Figure S2. Lifetime dynamics of CCPs. (a) 1321N1 cells stably expressing HA-tagged P2Y;, receptor were treated either with NT control siRNA or siRNA
targeting both CLCa and CLCb and then transfected with AP2-GFP, and the lifetime of CCPs was determined in the presence of Alexa Fluor 568-transferrin
and binned for traces with (+Alexa-568transferrin, NT siRNA = 71.3 + 8.1%; CLCa+b siRNA = 65.1 + 6.6%) and without (-Alexa568-transferrin, NT siRNA =
28.7 + 7%; CLCa+b siRNA = 34.9 + 6.8%) detection of transferrin using cmeAnalysis script (Aguet et al., 2013). n > 18,700-25,139 traces from 32 cells each
from three independent experiments. The left panel reuses the dataset from Fig. S1 c. (b) Hela cells stably expressing either CLCb"WT-GFP or CLCbS!A-GFP
were transfected with dynamin2-mCherry, and the lifetime of CCPs was measured and binned for traces with (+dynamin2-mCherry, CLCb"T-GFP = 59.9 +
11.7%; CLCbS'A-GFP = 47.9 + 13.5%) and without (-dynamin2-mCherry, CLCb"T-GFP = 40.1 + 9.7%; CLCb%?!A-GFP = 52.1 + 9.5%) detection of dynamin2. n =
6,721-8,050 traces from 21 cells each from three independent experiments. (c) 1321N1 cells were transfected with either CLCbWT-GFP or CLCbS294A-GFP
together with arrestin3-mApple, and the lifetime of CCPs was determined and binned for traces with (+arrestin3-mApple, CLCbWT-GFP = 50.7 + 16.6%;
CLCbS204A-GFP = 44.8 + 14.6%) and without (-arrestin3-mApple, CLCbWT-GFP = 49.3 + 10.8%; CLCbS?%4A-GFP = 55.2 + 14.6%) detection of arrestin3 directly
after 10 mM ADP stimulation. n = 3,040-3,069 traces from 18-24 cells from three independent experiments. The left panel reuses the dataset from Fig. S1d.
(d) HeLa cells expressing either CLCb"T-GFP or CLCb%!A-GFP were transfected with GAK-mCherry and imaged by TIRF microscopy, and detection of produc-
tive CCPs and GAK recruitment was determined using cmeAnalysis script (Aguet et al., 2013). Lifetime of CCPs was binned for traces with (+GAK-mCherry,
CLCHYWT-GFP = 74.6 + 12.9%; CLCb%!A-GFP = 76.5 + 12.9%) and without (-GAK-mCherry, CLCbWT-GFP = 25.4 + 8.3%; CLCb%2!A-GFP = 23.5 + 7.9%) detection of
GAK. n =5,438-8,379 traces from 20-27 cells from three independent experiments.
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Figure S3. Dynamics of eps15, CALM, and epsin2 recruitment to CCP cohorts. (a) HeLa cells stably expressing either CLCbWT-GFP or CLCb?!A-GFP were
transfected with eps15-mCherry, and the lifetime of CCPs was measured and binned for traces with (+eps15-mCherry) and without (-eps15-mCherry) detec-
tion of epsl5. n = 9,397-11,848 traces from 31-34 cells from three independent experiments. (b) HeLa cells stably expressing either CLCbWT-GFP or
CLCb%A-GFP were transfected with CALM-mCherry, and the lifetime of CCPs was measured and binned for traces with (+CALM-mCherry) and without
(-CALM-mCherry) detection of CALM. n = 7,211-8,605 traces from 29-31 cells from three independent experiments. (c) Hela cells stably expressing either
CLCbYT-GFP or CLCb®!A-GFP were transfected with epsin2-mCherry, and the lifetime of CCPs were measured and binned for traces with (+epsin2-mCherry)
and without (-epsin2-mCherry) detection of epsin2. n = 5,656-7,351 traces from 22-24 cells from three independent experiments. Percentages refer to the
traces in each binned cohort. Lifetimes were measured using cmeAnalysis script (Aguet et al., 2013).
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4 PHYSICAL PROPERTIES OF CCPS MIGHT INFLUENCE CLC DEPENDENCY

As discussed in the manuscript, the physical properties of the plasma membrane might be a major
factor that influences the mode of curvature generation of CCPs. Additionally, the mechanisms by
which the CLCs control clathrin exchange is still not known. Therefore, this experimental chapter will
focus on attempts to investigate the effects of changing the physical properties of the plasma
membrane on CME, as well as the addressing the molecular mechanism by which the CLCs control
clathrin exchange. Finally, attempts to measure the physical properties of CCPs by atomic force

microscopy will be presented.

4.1 Low TEMPERATURES BUT NOT HYPOTONIC MEDIA MAKES TRANSFERRIN
UPTAKE SENSITIVE TO CLCB PHOSPHORYLATION

One of the hypotheses that emerged from the results of our published work is that different cargo
compositions might alter the physical properties of CCPs and lead to the formation of flat clathrin
lattices. Since efficient clathrin exchange and therefore curvature generation from flat lattices seemed
to be dependent on the capacity of CLCb to be phosphorylated, we asked whether changes to the
physical properties of the plasma membrane might also make uptake of TfR sensitive to CLCb
phosphorylation. As shown in the article, at 37°C and in the absences of other cargo proteins, uptake,

of TfR is not dependent on CLCb phosphorylation.

Hypotonic media has often been used in published studies to induce swelling of cells; this increases
their surface area and is therefore argued to increase membrane tension (Bucher et al., 2018). Hela
cells, overexpressing either CLCb-WT or CLCb-SallA were pre-incubated with serum free media diluted
with 50% ddH20 for 10min. The uptake of biotinylated Transferrin was then measured over 2, 5, 10
and 20 min in the presence of diluted media at 37°C (Fig 4.1a). No noticeable difference in the uptake

of biotinylated Tf was observed for cells expressing either CLCb-WT or CLCb-SallA.

In a previous study by Ferreira et al. a slight decrease in the kinetics of Tf uptake was observed in Hela
cells overexpressing CLCb-SallA at 31°C. Additionally, work by Dannhauser demonstrated that the CLCs
are required for the deformation of in vitro membranes at low temperatures (Dannhauser et al.,
2015). Low temperatures increase the bending rigidity of the plasma membrane and we therefore
wondered whether CLCb phosphorylation would be required for the uptake of Tf at lower
temperatures. To test this, we repeated the experiments of Tf uptake in serum free media at 25°C and

19°Cin cells overexpressing CLCb-WT or CLCb-SallA. At 25°C there is a slight delay in Tf uptake in CLCb-



SallA expressing cells after 2 and 5min, but no difference after 10 or 20min (Fig 4.1b). This data
indicates that there is an initial lag time in Tf uptake that “catches up” after longer timepoints. When
measured at 19°C, there is no difference in the initial rate of Tf uptake after 2 and 5min but a decrease
after 10 and 20min (Fig 4.1c). Therefore, while at 25°C the initial rate of Tf uptake is decreased but is
compensated after longer timepoints, at 19°C the difference is only apparent after longer timepoints
and might need longer to reach the same level of receptor uptake. These differences in the kinetics at
lower temperatures support the notion that CLCb phosphorylation is required for efficient ligand

uptake under conditions of increased membrane rigidity.

50% atonic madia
A e — CLCb-WT 1(: — CLCbWT

25°C _ clepsan ] 19°C — CLCb-SallA

— CLCB-WT
— CLChk-SallA

o
- =
= ~00
PR

s =

w =
N

=

-]
= o
-
L 1

i
1

55
Transferrin uptake
o

s 5
ke
=
L
h

=
(X}

Transferrin uptake (‘. of total)
Z
Transferrin uptake

=
>
=
=

=
C

N
=]
en
<
w

10 15 10 15 20 10 15 20
Time Iminl Time (min) Time (minl

o
o«

Figure 4.1 Low temperatures effect Transferrin uptake in Hela cells overexpressing CLCb-SallA:
Uptake of biotinylated Transferrin in Hela cells overexpressing either CLCb-WT or CLCb-SallA was
measured using an ELISA assay. A) Uptake was measured in the presence of serum free media
diluted with 50% ddH,0 or in the presence of serum free media at 25°C (B) or 19°C (C). n=3
independent repeats, error bars + SEM

4.2  TRANSFERRIN UPTAKE AT LOW TEMPERATURES DOES NOT REQUIRE AUXILIN

The effect of lower temperature on the rate of Tf uptake in the background of phosphorylation
deficient CLCb, suggests that there might be a dependence on clathrin exchange and lattice
rearrangements for CME to occur under these conditions. Auxilin is one of the key proteins that
regulate this process and should therefore also be required for efficient Tf uptake at low
temperatures. To test this, we depleted 1321N1 cells of Auxilin as described before and measured Tf
uptake at 19°C (Fig. 4.2b). No difference in the rate of Tf uptake could be observed in 1321N1 cells
depleted of Auxilin at either 37°C or 19°C. Therefore, Auxilin does not seem to be required for the
efficient uptake of Tf at low temperatures. However, in 1321N1 cells GAK is expressed at similar levels

to auxilin and might be able to compensate for its loss.
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Figure 4.2 Auxilin is not required for Transferrin uptake at low temperatures: Uptake of
biotinylated Transferrin was measured using an ELISA assays in 1321N1 cells treated with siRNA
against Auxilin or non-Targeting control in Serum free media at 37°C (left) or 19°C (right). n=3
independent repeats, error bars + SEM

4.3  THE PRESENCE OF EGF DOES NOT AFFECT EFFICIENT TRANSFERRIN UPTAKE

In our published work (Maib et al., 2018), we were able to show that presence of a wide array of
ligands in media containing full serum (with 10% FBS) leads to a decreased rate of Transferrin uptake
in the background of cells overexpressing CLCb-SallA (Fig 4.3 a). We therefore wanted to investigate
what ligands might be responsible for this phenotype and tested the effect of EGF on the rate of Tf
uptake in Hela cells overexpressing either CLCb-WT or CLCb-SallA (Fig. 4.3 B). EGF was added to serum
free media at a concentration of 10ng/ml, which was shown to lead to uptake through CME. Under
these conditions, no change in the rate of Tf uptake was observed in cells overexpressing CLCb-SallA
compared to those expressing CLCb-WT. Therefore the presence of EGF does not seem to influence

the uptake of Tf.
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Figure 4.3 Full growth media but not EGF effects rate of transferrin uptake in CLCb-SallA
expressing cells: Uptake of biotinylated Transferrin in Hela cells overexpressing either CLCb-WT or
CLCb-SallA was measured using an ELISA assay in the presence of full growth media containing 10%
FBS (left) or serum free media supplemented with 10ng/ml EGF (right). n=3 independent repeats,
error bars + SEM

4.4 BURSTS OF GAK RECRUITMENT CAN BE DETECTED THROUGHOUT THE
MATURATION OF BONA FIDE CCPs

One of the predictions of the published results is that GAK (or auxilin) is recruited at early stages
throughout CCP maturation to mediate clathrin exchange and lattice rearrangements. To test for this,
we reanalysed the lifetime data of GAK recruitment to CCPs and focused on the fluorescent intensity
traces of GAK recruitment to bona fide CCPs. Hela cells overexpressing CLCb-WT-GFP were
transfected with GAK-mCherry, imaged by life cell TIRF microscopy and the traces were analysed using

the MATLAB script cmeAnalysis as previously described.

When binned into three different lifetime cohorts of 20-40s, 40-60s and 60-80s, the fluorescent
intensity traces of CLC-GFP are well in line with published data, showing an initial growth phase,
followed by a plateau and terminating in the sudden disappearance from the TIRF field. Intriguingly,
the fluorescent intensity traces of GAK-mCherry differ between the different lifetime cohorts, while it
seems to be present at early stages in 20-40s cohort, it is mainly recruited at bursts at the end of the
CLC traces in the 40-60s and 60-80s cohorts. However, in these longer lived cohorts, transient peaks
of GAK recruitment can be detected throughout their lifetime (Fig 4.4 a). This becomes more apparent
when single traces of GAK recruitment are observed. In one example trace, GAK is recruited in
transient bursts through the lifetime of a single CCP, starting 28s after CCP initiation, before
terminating in a strong burst of recruitment, just prior to scission (Fig 4.4 b and c). Importantly, Scott
et al were able to demonstrate that generation of curvature of CCPs, along the constant area pathway,

starts with a lag time of several seconds in which the clathrin assembles as a flat lattice. It is therefore



possible, that the transient peaks of GAK recruitment, starting after 28s, represent the curvature

generation and lattice rearrangements of the CCP.

These transient peaks throughout CCP maturation have not been reported thus far. The interaction of

GAK with the clathrin lattice during rearrangement is likely to be very transient and short lived and

therefore difficult to detect. To reduce phototoxic effects, the cells were imaged at 0.5Hz with an

acquisition time of 50-100ms, therefore these transient interactions are easily lost. The strong burst

of GAK recruitment just prior to the disappearance of the CCP from the TIRF field is in agreement with

previously published studies. This is similar to the recruitment of dynamin2 which is also present at

early stages of coat maturation with a strong burst just prior to scission (Sochacki et al. 2017).
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4.5 Hip1R RECRUITMENT TO PHOSPHORYLATION DEFICIENT CLCB IS UNALTERED

The work conducted in this thesis thus far was clearly able to demonstrate an important role for CLCb
phosphorylation in the uptake of the P2Y;, receptor, likely through altered interactions with GAK,

leading to defects in lattice dynamics and rearrangements.

An alternative role for CLCb phosphorylation could be in the regulation of actin organization and
polymerization at endocytic sites. The regulation of actin polymerization during CME in mammalian
cells is a complex process, however it has been shown that Hip1R is a crucial regulator of actin at CCPs
and links it to the clathrin lattice through binding of the CLCs. Therefore, we tested whether Hip1lR
recruitment to CCPs is altered in cells expressing CLCb-SallA. Hip1R fused to mCherry was transiently
transfected into Hela cells expressing either CLCb-WT-GFP or CLCb-SallA-GFP and recruitment to CCPs
was determined using life cell TIRF microscopy and analysed with the cmeAnalysis package in MATLAB
as described previously. In both cell lines Hip1R is readily recruited to bona fide CCPs (Fig. 4.5 A). In
agreement with the previous results, there is an increase in short lived, abortive, CCPs expressing
CLCb-SallA-GFP. Reminiscent to the recruitment of the adaptor proteins shown earlier, these short
lived CCPs also do not recruit HiplR. However, unlike recruitment of GAK, there is no noticeable
difference in the lifetime dynamics of CCPs that were positive for Hip1R (Fig 4.5 A). In agreement with
this, there is no noticeable difference in the fraction of CCPs that recruit Hip1R, nor in the fluorescent
intensity traces between CLCb-WT and CLCb-SallA (Fig 4.5B). Noticeably, Hip1R seems to be recruited
at early stages of CCP formation in this cell line, which disagrees with observations by Taylor et al who
showed that Hip1R is recruited at late stages during CCV formation. This discrepancy might be due to
different levels of overexpression and use of different cell lines. Importantly, there does not seem to

be a difference in Hip1R recruitment between cells expressing CLCb-WT or CLCb-SallA.
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Figure 4.5 Hip1R recruitment to CLCb-SallA-GFP expressing cells is unaltered: A) Hela cells stably
expressing either CLCb-WT-GFP or CLCb-SallA-GFP were transfected with HiplR-mCherry, and
imaged by TIRF microscopy. The lifetime of CCPs was measured and binned for traces with (+Hip1R-
mCherry) and without (-Hip1R-mCherry) detection of HiplR B) Fluorescent intensity traces of
different lifetime cohorts of cells overexpressing CLCb-WT-GFP or CLCb-SallA GFP with and without
detection of HiplR-mCherry. Lifetimes were analysed using the MATLAB script cmeAnalysis.
n= 6488 (WT), 5418 (SallA) traces from 19-16 cells from three independent experiments.

pg. 62



4.6  ACTIN DYNAMICS ARE NOT REQUIRED FOR P2Y1, UPTAKE

To further address whether actin polymerization would be required for the uptake of the P2Y;;
receptor, we used Latrunculin A (LatA) to depolymerize the actin cortex and measured P2Y1, uptake.
We first verified that treatment with 2.5 uM LatA leads to robust depolymerisation of the actin cortex
by transfecting 1321N1 cells with fluorescently labelled LifeAct as marker for actin cytoskeleton.
1321N1 cells were then treated with 2.5 uM LatA or DMSO and imaged by life cell TIRF microscopy.
Treatment with LatA lead to fast collapse of the actin cortex with complete depolymerisation after
600 s, whereas treatment with 2.5 uM DMSO had no effect (Fig 4.6 A). We therefore treated 1321N1
cells that stably overexpress the P2Y1; receptor with either 2.5 uM LatA or DMSO for 10 min,
stimulated P2Y12 uptake for 10 min with ADP and immunostained against the P2Y;, receptor and
EEAL. In both treatments, the P2Y1; receptor is taken up into EEA1 positive endosomes to the same
degree, as analysed by image segmentation using the Imagel plugin SQUASSH (Fig 4.6C). Therefore,
actin polymerization is unlikely to be a major contributor for ADP stimulated uptake of the P2Y1;

receptor into EEA1 positive endosomes in these cells and under the specific conditions tested.

A
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Figure 4.6 Actin dynamics are not
required for P2Y;, uptake: A)
1321N1 cells were transfected with
LifeAct-mRuby and imaged with TIRF
microscopy in the presence of either
2.5uM Latrunculin A or DMSO. B)
1321N1 cells were treated with
2.5uM Latrunculin A or DMSO for
10min prior to stimulation of P2Y1,
uptake with 10mM ADP for 10min
and stained against P2Y12 and EEA1.
Colocalization was quantified using
the Imagel plugin Squassh from 20-
30 different cells from 2 independent
repeats. Mean + SEM

DMSO

Latrunculin A

pg. 63



4.7  THREE CRITICAL SALT BRIDGES IN THE CLCB ARE REQUIRED FOR P2Y1,
UPTAKE

CLCb phosphorylation does not seem to alter Hip1R recruitment and actin polymerization does not
appear to be required for P2Y1, uptake either. The previous results suggest that the mechanism by

which the CLCs control cargo specific uptake is through controlling auxilin (or GAK) mediated lattice

rearrangements.

The interactions of CLCb with the CHCs were shown to be mediated through three critical salt bridges
at their N-Terminus and to regulate lattice (dis)assembly though alteration of the CHC knee angle
(Wilbur et al., 2010). We therefore sought to identify whether these interactions are also required for
P2Y1, receptor uptake. To test this we overexpressed a mutant version of CLCb tagged with GFP in
which the three charged residues EED, which form the salt bridges with the CHC, were mutated to the
uncharged amino acids QQN. The 1321N1 cells overexpressing this CLCb mutant failed to take up the
P2Y1, receptor into EEA1 positive endosomes after 10 min of ADP stimulation (Fig. 4.7). Therefore, the
formation of these three critical salt bridges between the CLCs and the CHC seem to also regulate the

uptake of this CLC dependent receptor.
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Figure 4.7 CLCb®/QN_GFP overexpression leads to block of P2Y:, uptake: 1321N1 cells were
transfected with either CLCb-WT-GFP or CLCb-EED/QQN-GFP and P2Yi, uptake was stimulated with
10mM ADP for 10min or unstimulated as control. Cells were fixed and immunostained against the P2Y,
receptor and EEAL. Colocalization was measured using the Imagel plugin Squassh from 20-30 cells for
each timepoint from three independent repeats. Error bar + SEM



4.8 TIGHT INTERACTIONS OF CLCB WITH CHC ARE REQUIRED FOR EFFICIENT
CLATHRIN EXCHANGE

The three salt bridges between the CLCs and the CHC have been shown to be important for HiplR
binding and organization of the actin cytoskeleton at sites of CME (Chen et al., 2005). However, actin
polymerization does not seem to be required for P2Y;, uptake and CLCb phosphorylation does not
affect HiplR recruitment but alters the exchange rate between membrane bound and cytosolic
clathrin. We therefore wondered whether the effect on P2Y;, uptake in cells expressing EED/QQN
mutant of CLCb might also be due to altered clathrin exchange. Consequently the FRAP experiments
were repeated in 1321N1 cells expressing CLCb-EED/QQN-GFP before and directly after stimulation of
P2Y1; uptake by ADP. In the absence of ligand, the fluorescent signal of clathrin coated structures at
the plasma membrane recovered rapidly, with a ti/; of 5.3s. However, after ligand stimulation, the
exchange rate slowed down drastically with a ti; of 10.02s, while the mobile fraction remained
unchanged (Fig. 4.8). This increase in the halftime of recovery is similar to that observed in 1321N1
cells expressing CLCb-S204A-GFP and suggests that the formation of the three critical salt bridges of
CLCb with the CHC might be a deciding factor that regulates clathrin exchange and lattice

rearrangement.
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4.9 ATOMIC FORCE MICROSCOPY IS A SUITABLE TOOL TO INVESTIGATE THE
MECHANICAL PROPERTIES OF CCPs

What determines whether the CLCs are required for the uptake of some cargo vs others? This question
was discussed in the article published in JCB and one of the deciding factors could be the local
properties of the plasma membrane inside of CCPs. Differences in the physical properties of individual
CCPs are difficult to determine but one method to measure them could be atomic force microscopy
(AFM). AFM relies on the contact of a small cantilever tip with the surface of the sample. Once the
cantilever is in close proximity to the sample, it will be deflected, which provides information about
the height profile of the sample with nanometre precision. Additionally, AFM is able to provide
information about the deformability of the sample. This is done by pushing the cantilever past the
point of contact with the sample and measuring the force it is experiencing. The force withstanding
deformation by the cantilever is the elasticity of the sample and is measured in Pascal (Pa= kg m™ s7).
By combining the information of the initial contact point of the cantilever with the sample as well as
its deformability, a map of cell surface can be obtained that describes its height profile as well as the
local Young’s modulus. By combining this method with fluorescence microscopy, it should be possible

to determine the local deformability of individual CCPs.

To set up this method, the AFM Nanowizard4 from JPK (Berlin) was used in Quantitative Imaging (Ql)
mode to simultaneously determine the height profile and Young’s modulus of live Hela cells. Due to
the slow acquisition time of AFM in QI mode, a low resolution of 311nm step size was chosen for an
overview of the cell (Fig. 4.9.1). At higher magnifications, individual structures at the plasma
membrane of the cell became apparent. These include filamentous structures as well as small
indentations of ~311nm diameter and ~200nm depth. These regions also showed a decrease in the

local Young’s modulus (Fig. 4.9.1 inserts).

The size and depth of these structures is well in line with that of CCPs at the cell surface and the
decrease in the local Young’s modulus compared to the surrounding membrane is an intriguing
observation. However, to test whether these structures are really CCPs, optical microscopy must be
correlated to the AFM measurements. Since the AFM cantilever approaches the sample from the
“top”, it is easily combined with an optical lens that images the sample from below. Hela cells
expressing CLCb-WT-GFP were grown in glass bottom petri dishes, fixed with 4% PFA and imaged using
a fluorescence microscopy combined with AFM. Due to the slow acquisition time of AFM in Ql mode
and the fast dynamics of CME, the cells had to be fixed in order to correlate the fluorescence signal
with AFM measurements. Since the cells were fixed, images were acquired at a high resolution of

18nm step size and a 20um x 20um region on the edge of a cell was chosen for imaging overnight.



Using the imaging software from JPK instruments, the optical images were aligned with the AFM
measurements (Fig 4.9.2 A) and clathrin puncta were detected using ImagelJ and overlaid onto the
AFM measurements. It is important to note, that not all spots detected are actual CCPs at the apical
cell surface. Due to the nature and poor Z-resolution of epifluorescence imaging, a lot of these clathrin
spots are from intracellular structures as well as from CCPs at the basal cell surface. In order to
qguantify which structures are corresponding to CCPs, the AFM measurements where clathrin puncta
were detected were manually examined for small circular indentations in the height profile that agree
with the known dimensions of CCPs (Fig 4.9.2 B and C (circular regions with asterisk are potential
CCPs)). Through this low-throughput approach, 23 potential CCPs of ~50nm depth, were identified
and the Young’s modulus was determined and normalized to the surrounding membrane. In
agreement with the results from the life cell measurements, the Young’s modulus inside these
putative CCPs was decreased compared to the surrounding membrane. Intriguing, the local Young's
modulus of the individual CCPs differs greatly from each other, as apparent by the large error bars.

Thus it is conceivable that the local properties of individual CCPs could be quite variable.

It is therefore possible to determine the Young’s modulus of CCPs. However, due to the tremendous
technical challenges und low throughput of this approach, | was not able to take this work further.
Combining multicolour fluorescent imaging of differently labelled cargo proteins together with
fluorescent CLCb would be required to correlate differences in the Young’s modulus of CCPs to
different cargo compositions. Even though this is theoretically possible, it is practically very difficult
and requires proper expertise in atomic force imaging and data analysis. Additionally, the low scan
speed of AFM in QI mode and the fast dynamics of CCP maturation, makes it almost impossible to
perform these measurements on live cells. Chemical fixation is required to identify CCPs and to
correlate them with AFM measurements in Ql mode and the effect of PFA fixation on the physical
properties of CCPs and the surrounding plasma membrane is a problem that would need to be
resolved. Furthermore, the plasma membrane is only ~4nm thick and for determination of the Young's
modulus, Cells need to be indented several times the thickness of the plasma membrane. Therefore,
the resulting Young’s moduli represent more the measurements the actin cortex, just below the
membrane, than the actual properties of the plasma membrane itself. Therefore, it was decided not
to pursue this method of determining the physical properties of CCPs. Alternative approaches are
discussed in the Discussion section of this thesis but they were not able to be tested due to time

constraints.
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Figure 4.9.1 AFM measurements on life Hela cells: Live Hela cells were probed by AFM in Ql mode
to simultaneously measure the height profile as well as local Young’s modulus at 311nm step size.
Top panels show two example measurements heights (left) and Young’s modulus (right) obtained
from the linescans of potential CCPs shown in the middle panels. Bottom panels show overview of
the measured cell region with heights profile (left) and Young’s modulus (right).
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Figure 4.9.2 Correlative fluorescence and AFM measurements on fixed Hela cells: A) Hela cells
overexpressing CLCb-WT-GFP were imaged using an Epifluorescence microscope with a mounted AFM
head. Left panel show fluorescent signal from CLCb-WT-GFP, middle panel shows the height profile and
right panel the local Young’s modulus at 18nm step size. B) High magnification overview of three
potential CCPs that were correlated with fluorescent detections from CLCb-WT-GFP. Left panel shows
height profile and right panel the Young’s modulus. C) Fluorescent detections (pink circles) were
overlaid onto AFM data with asterisks marking potential CCPs at the cell surface. Left panel shows
height profile and right panel the Young’s modulus. D) Cumulative linescan profiles of 23 potential
CCPs, normalized to regions outside of the CCP with height profile (left) and Young’s modulus (right).
Error bars are +SD.
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5 DISCUSSION

Most of the major results of this thesis have been published and the discussion section of the article
covers the main points that needed to be addressed. However, due to the word limit of the article and
the generation of new data, after its publication, not all ideas could be discussed. Additionally, the
discussion in the article had to be of a more “conservative” nature, and therefore some of the more
explorative ideas will be discussed in this section. | apologize to the reader for some repetitions in this

discussion section with that of the published article.

5.1 REGULATION OF CLATHRIN EXCHANGE BY THE CLCs

The data presented thus far highlights a requirement for CLCb phosphorylation for efficient clathrin
exchange and lattice rearrangement. Intriguingly, this process seems to be required for the uptake of
the P2Y1; receptor but not the Transferrin receptor. The major reasons why these two different cargo
proteins may require differential mechanisms of lattice assembly have been discussed extensively in
the manuscript. However, the mechanism(s) by which the CLCs can control lattice rearrangement are
less well understood. One possibility is that the phosphorylation status of CLCb modulates the
interaction of GAK (or auxilin) with the clathrin lattice. This notion is supported by the increase in
short-lived clathrin coated structures that are positive for GAK, as well as the previously published
observation that GAK binding to reconstituted clathrin cages is altered in the background of
phosphorylation deficient CLCb (Ferreira et al., 2012). Both of these points have been discussed in the

manuscript and will therefore not be further addressed in this section.

Strikingly, the results from overexpressing the phosphorylation deficient CLCb could be phenocopied
by overexpression of mutated CLCb (CLCh-EED/QQN) which cannot form the three critical salt bridges
with the CHCs. As described in the introduction section, these three salt bridges are crucial for the
regulatory functions of the CLCs on lattice assembly and regulate the alteration of the knee angle of
the CHCs after Hsc70 binding. Using fluorescent microscopy, we could show that overexpression of
this CLCb mutant also led to a decrease in P2Y1; uptake after ligand stimulation. Previous studies were
able to demonstrate that overexpression of CLCb-EED/QQN leads to an altered interaction with Hip1R,
resulting in disorganization of the actin cytoskeleton at sites of CME (Chen et al., 2005). Importantly,
actin polymerization does not seem to be required for the uptake of the P2Y;; receptor as evidenced

by the unchanged receptor uptake after Latrunculin A treatment. Additionally, Hip1R recruitment is



unchanged in cells overexpressing phosphorylation deficient CLCb. These observations argue against
a strong contribution of actin polymerization in P2Y;; uptake. Therefore, the observed deficiency in
P2Y1, uptake in cells overexpressing CLCb-EED/QQN is unlikely to be due to altered interactions with

the cytoskeleton.

Overexpression of phosphorylation deficient CLCb leads to a drastic decrease in the exchange rate of
clathrin at the plasma membrane with the cytosolic pool. Importantly, this effect was only apparent
after stimulation of P2Y;, uptake with ADP. We repeated these experiments for cells expressing CLCb-
EED/QQN and could observe a similar delay in the exchange rate of clathrin. Therefore, these distinct
mutations in CLCb lead to the same result for P2Y1; uptake and clathrin exchange, making it likely that
they are involved in the same process. However, the Serine residue that needs to be phosphorylated
for uptake of the P2Y1; receptor is at aa204, close to the C-terminus of CLCb and in proximity to the
trimerization domain of the triskelia. This places it in proximity to the regions that bind the
auxilin/Hsc70 complex and could alter their interaction with the lattice. The EED/QQN mutation on
the other hand is located between aa22-41 of CLCb, at the N-terminus, close to the knee segment of
the CHC, far away from the trimerization domain and GAK binding sites. It is therefore unlikely that
these residues directly interact with the Auxilin/Hsc70 complex. Structural data however, was able to
demonstrate that upon Hsc70 binding to clathrin cages, structural changes occur at the C-terminus of
the CLCs, close to the position of the CHC knee (Wilbur et al., 2010, Young et al., 2013). Furthermore,
the salt bridges at these positions have been shown to regulate the alterations of the knee angle of
the CHCs and to control the pH-dependent control of clathrin assembly by the CLCs (Ybe et al., 1998).
It is therefore likely that these salt bridges are also required for efficient clathrin exchange and lattice
rearrangement at endocytic sites. This places the CLCs at an important intersection in the regulation

and fine tuning of lattice dynamics.

A potential model of how the CLCs could regulate lattice dynamics is presented in Figure 5.1.1. After
formation of a flat clathrin lattice, auxilin (or GAK) bind sub stoichiometrically to the internal site of
the trimerization domain of the CHCs. These interactions of the uncoating complex with the lattice are
modulated by the phosphorylation status of CLCb. The removal of the triskelia from the lattice then
requires breaking the connections with neighbouring triskelias through complex conformational
changes of the CHCs. These involve the straightening of the knee angle, which requires the tight
interactions with the CLCs through the three salt bridges. The conformational state of the CHCs with
“straight” knees is incompatible with being part of the clathrin lattice and would be removed from the
structure. After removal of the individual triskelia, new triskelia can be incorporated into the array
and the lattice is able to rearrange and form either hexagons or pentagons, according to the local

curvature of the membrane. Here it is important to note that clathrin exchange does not necessarily



lead to the generation of curvature. This becomes apparent by elegant experiments by Lois Greene
that were able to show that clathrin constantly exchanges at CCPs even when curvature cannot be
generated. Therefore, flat clathrin lattices are very plastic and dynamic structures that are able to
locally rearrange in order to adapt to changes in local curvature. The mechanism(s) by which curvature
is generated from these flat lattices is still somehow unclear but recruitment of adaptor proteins with
membrane bending properties, like CALM and Epsin, could be major factors for the deformation of
the membrane. If the clathrin lattice is not able to adapt to these changes in curvature, through rapid

clathrin exchange and local rearrangements, then CCVs might not be able to form from flat lattices.

a) Auxilin / Hsc70 binding

b) Straightening of knee angle
v A

c)

Clathrin exchange and
rearrangement
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Figure 5.1 Potential model for CLC and auxilin dependent rearrangement of flat clathrin
lattices: A) Auxilin and Hsc70 bind to the trimerization domain of some triskelia in the
lattice. B) Binding of the uncoating complex leads to long range conformational changes
in the triskelia, including straightening of the knee angle. C) Individual triskelia are
removed from the clathrin lattice and new triskelia are incorporated. Leading to
rearrangement of the lattice, if necessary. D) The rearranged lattice allows for generation
of curvature through incorporation of pentagons into the array.



In this model, it is important that the Auxilin/Hsc70 complex only binds to some of the triskelias in the
lattice, if the amount of auxilin/Hsc70 recruitment is too high, the lattice would disassemble
completely. This is in line with the observation that transient peaks of GAK recruitment could be
observed throughout the lifetime of CCPs. However, at the stage of CCVs uncoating, a burst of strong
GAK recruitment initiates the complete removal of the clathrin coat. This high level of GAK binding is

most likely due to the altered PIP composition of CCVs vs CCPs (Kangmin et al., 2017).

5.2 INFLUENCE OF CARGO IDENTITY ON THE LOCAL PROPERTIES OF CCPs

The data presented in this thesis has established a link between the CLCs, clathrin exchange and
curvature generation from flat lattices. Previous work has clearly demonstrated that the CLCs are
required for the uptake of a subset of GPCRs, while being dispensable for uptake of the Transferrin
receptor. Although several possible explanations for this differential requirement have been discussed

in the published article, here alternative and more explorative ideas will be discussed.

As mentioned earlier, in in vitro systems, the CLCs are required for the deformation of membranes
with high bending rigidity. These findings lead to the initial hypothesis, that ligand induced clustering
of GPCRs could modify the local rigidity of the CCP that they reside in. One of the main factors that
modulates the rigidity of the lipid bilayers is their lipid content. High levels of sphingolipids and
cholesterol increase the bending rigidity of the membrane and thereby counteract its deformation.
Intriguingly, numerous GPCRs that are CLC dependent, also bind to cholesterol and have historically
been associated with the so-called “lipid rafts”. There are currently 5 GPCRs known to be dependent
on the CLCs for their uptake: The P2Y;and P2Y1; receptors, the 6-opioid receptor, transforming growth
factor B receptor 2 (TGFBR2) and C-X-C chemokine receptor 4 (CXCR4). However, both the C-X-C
chemokine receptor 5 (CXCR5) and the B2-adrenergic receptor, also GPCRs, do not require the CLCs
for their uptake. What could be the reason behind these differential requirements? The family of the
purinergic receptors (of which both P2Y; and P2Y1; are a members of) have been shown to bind to
cholesterol and form high order oligomers after ligand activation (Savi et al., 2006). The interactions
of GPCRs with cholesterol has been a controversial topic for a while, with most of the data depending
on cholesterol depletions with beta cyclodextrin or extraction of detergent resistant membranes.
However, both of these techniques are highly debatable and depletion of cholesterol from the plasma
membrane has detrimental effects on the structural integrity of the plasma membrane and the
extraction of detergent resistant membranes has been shown to be highly prone to artefacts.

Nevertheless, cholesterol appears to have differential effects on different GPCRs. While it facilitates



formation of high order oligomers for the P2Y1; receptor, it inhibits dimerization of the f2-adrenergic

receptor (Prasanna, Chattopadhyay and Sengupta, 2014).

These differences in lipid binding and oligomerizations of GPCRs could have a significant effect on the
local properties of the membrane inside CCPs. In an elegant computational study Stachowiak et al
were able demonstrate that high cholesterol concentrations as well as cargo crowding inside a CCP
increase the local bending rigidity of the membrane (Stachowiak, Brodsky and Miller, 2013).
Therefore, it is possible that the oligomerization as well as the lipid binding properties of distinct
GPCRs could determine the local properties of CCPs. For GPCRs that form high order oligomers and
reside in cholesterol enriched microdomains the local membrane rigidity would be increased due to
high cargo loading, compared to those that do not form high order oligomers or are excluded from
these microdomains. The deformation of these membranes, with higher rigidity, would then require
the contributions of the CLCs to bend the membrane during CME, as discussed in the article.

Along the line of this hypothesis, two “extreme” scenarios are plausible when comparing the uptake
of the Transferrin and P2Y1, receptors. As mentioned above, the P2Y1, receptor forms high order
oligomers, binds cholesterol and is partitioned in cholesterol enriched microdomains after ligand
binding. The TfR on the other hand does not form high order oligomers, nor binds to cholesterol and
is continuously cycled between the plasma membrane and endosomal recycling compartments,
independently of ligand binding. Additionally, the structure of these two transmembrane proteins is
highly different; while the P2Y,, receptor is a classical seven-(pass)-transmembrane receptor with
small extracellular domains, the TfR is a single pass transmembrane receptor with a large extracellular
domain that binds to two Transferrin molecules. Therefore, under normal conditions, only few TfRs
are packed into CCPs due to the steric hindrance of their ectodomains. Interestingly, when TfRs are
artificially crosslinked, through a sophisticated biotin-streptavidin approach, the cargo loading of
individual CCPs is increased, which leads to an increased lifetime of CCPs (Liu et al., 2010). Unlike the
TfR, the P2Y;; receptor naturally forms oligomers and is able to pack tightly into CCPs, which also have
a longer lifetime compared to those that traffic non-crosslinked TfRs. As discussed in the article, the
lifetime of CCPs is indicative towards the mode of lattice assembly, further supporting the notion that

high cargo loading could influence the mode of curvature generation by CCPs.

In line with this notion, when measured in serum free media, TfR uptake does not require the presence
of the CLCs. Under these conditions the TfR cycles continuously between the plasma membrane and
endosomal compartments, while ligand dependent receptors are retained at the plasma membrane.
However, if measured in the presence of full media, several agonists in the serum trigger the uptake
of a wide array of cargo proteins that will be partially co-packed into the same CCPs as the TfRs. This

would increase the cargo loading of CCPs and possibly raise the rigidity of the membrane, making it



dependent on the CLCs for membrane deformation. In line with this, the rate of transferrin uptake is
reduced in the presence of full media in cells expressing phosphorylation deficient CLCb. To
understand which ligands in the serum could be responsible for this effect, we tested the presence of
10ng/ml EGF on the rate of TfR uptake in Hela cells expressing phosphorylation deficient CLCb. The
rate of TfR uptake under these conditions was only mildly affected. Making it unlikely that the
copacking of TfR with EGF Receptors has a significant effect on cargo loading and membrane rigidity.
An alternative approach to modulate the physical properties of the plasma membrane is by increasing
its tension. Addition of hypotonic media to cells, leads to their swelling which is thought to increase
membrane tension. However, no difference in the rate of Tf uptake was detectable between Hela
cells expressing CLCb-WT or CLCb-SallA under these conditions. Treatment with hypotonic media is a
complicated because it alters the ion homeostasis and cells have been show to adapt quickly to the
increase in membrane tension (Bucher et al., 2018). This adaptation is most likely due to Caveolae
(Sinha et al., 2011), which act as membrane reservoirs and flatten out after hypotonic shock.
Therefore, we measured the uptake of Tf in serum free media at lower temperatures. At lower
temperatures the bending rigidity of the membrane will be increased and in agreement with our
hypothesis, the rate of Tf uptake was decreased under these conditions in cells expressing CLCb-SallA.
At increased membrane rigidity the constant area model should be favoured for curvature generation
of CCPs. As discussed, both Auxilin and GAK are required for CCPs to gain curvature along the constant
area pathway. To test this, we depleted 1321N1 cells of auxilin using siRNA and measured Tf uptake
in serum free media at 19°C. Contrary to our expectations, no difference in the rate of Tf uptake was
observed under these conditions. However, 1321N1 cells express high levels of both Auxilin and GAK
and it is therefore possible that GAK is sufficient to compensate for the loss of Auxilin for the uptake
of Tf at low temperatures. Intriguingly, GAK is not able to compensate for the loss of Auxilin for the
uptake of the P2Yi:, receptor. These differential requirements might point towards differential
functions of Auxilin and GAK for the trafficking of different receptors and hence warrants further

inspections.

A potential model of how cargo packing could influence the local properties of CCPs is presented in
Figure 5.2. If the extreme cases are considered of CCPs only trafficking low amounts of TfR compared
to CCPs trafficking ligand activated P2Y1, receptors, then two different scenarios are plausible. CCPs
with low amount of cargo loading, trafficking only few TfRs, would have a lower bending rigidity due
to low cargo crowding and low amounts of cholesterol. Due to the low bending rigidity, the membrane
could then directly be deformed by polymerization of the clathrin triskelias into spherical buds, along
the constant curvature pathway. This mode of curvature generation would be independent of the

CLCs and does not require auxilin/GAK mediated clathrin exchange and rearrangement. In the other



case, CCPs that traffic ligand activated P2Y1, receptors will show high cargo crowding, due to the
oligomeric nature of the P2Y,; receptor and higher concentrations of cholesterol. These factors are
predicted to increase the local bending rigidity and counteract the polymerization energy of the
clathrin triskelia, leading to the formation of a flat clathrin lattice. Curvature generation from these
CCPs is than dependent on the phosphorylation of CLCb and efficient clathrin exchange and lattice
rearrangement mediated by auxilin and/or GAK. Of course, as shown in the article, in cellular systems
cargo composition of CCPs will be more complex, with a mix of different receptors incorporated into
CCPs. Therefore, the mode of curvature generation and dependency on the CLCs could differ between

CCPs, depending on the local cargo composition and the cellular context.
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Figure 5.2 Model for cargo dependent curvature generation: Cargo composition determines mode
of clathrin assembly. Curvature generation of CCPs containing low amounts of TfR could occur
directly through clathrin polymerization along the constant curvature mode while CCPs with high
cargo crowding and higher cholesterol content would follow the constant area mode. This mode is
dependent on CLC phosphorylation and GAK/Auxilin mediated clathrin exchange and lattice
rearrangements.

pg. 76



5.3 ALTERNATIVE APPROACHES TO MEASURE PHYSICAL PROPERTIES OF CCPs

To test the hypothesis that different amounts of cargo loading could affect the physical properties of
CCPs, an approach using Atomic Force Microscopy (AFM) combined with fluorescence microscopy was
applied. To identify CCPs, Hela cells expressing CLCb-GFP were imaged using an Epifluorescence
microscope with a Nanowizard 3 AFM head. On whole cells AFM is only able to probe the apical surface
of cells, while the fluorescence signal of the CLCb-GFP is a mixture of clathrin structures from the basal
surface, intracellular vesicles as well as apical structures, making it difficult to directly correlate the
fluorescence signal to the AFM measurements. Therefore, the fluorescent structures detected by light
microscopy were overlaid onto the AFM map and the AFM measurements were manually screened
for structures that correspond to the known dimensions of CCPs. Using this somewhat biased
approach, we were able to measure the Young’s modulus of several potential CCPs on the apical
surface of fixed Hela cells. Unsurprisingly, the Young’s modulus of these potential CCPs is decreased
compared to their surrounding area. This is most likely due to the local organization of the Actin cortex
at endocytic sites. Due to the indentation depth of AFM in QI mode, it is nigh impossible to measure
the deformation of the plasma membrane without probing the underlying actin cortex. For CME to
occur, the actin cortex needs to be locally remodelled to make space for the budding CCVs. Therefore,
the decreased Young’s modulus at potential site of CME is likely to represent a less dense actin cortex.
Interestingly, the measurements inside those regions were highly variable when different potential
CCPs are compared with each other. Due to the low throughput and ambiguous nature of these
measurements it is difficult to draw any concrete conclusions, but it is likely that the local Young's

modulus varies between individual CCPs.

As mentioned before, due to the slow acquisition time of AFM and high turnover rate of CME, it is
difficult to correlate the AFM measurements to fluorescent signal in real-time. Therefore, these
measurements were done on cells fixed with 4% PFA, which alters the physical properties of cellular
structures significantly, due to the permanent crosslinking of epitopes. A more elegant and refined
approach to measure the physical properties of CCPs at different stages of maturation is presented in
Figure 5.3. 1321N1 cells expressing CLCb-GFP and Dynamin2-mCherry, grown on coverslips, could be
treated with or without ADP for short timepoints and unroofed by sonification as to standard
protocols. The unroofed cells could then be analysed using a combined approach of fluorescence
imaging with AFM as before, but with several advantages. Firstly, the internal site of the basal
membrane is accessible for AFM and the fluorescent signal can easily be correlated with the
measurements because they are bound to be from the basal membrane. Secondly, by comparing

clathrin coated structures with and without detection of dynamin-2, information about the differences



of the mechanical properties of CCPs throughout their maturation is available. Finally, by comparing
the measurements of cells treated with or without ADP, information about the effect of high cargo
loading on the deformability of CCPs would also be assessed. Additionally, this approach does not
necessarily require chemical fixation of the sample if the measurements are performed directly after

unroofing.

Unfortunately, due to time constraints these exciting experiments could not be performed.

a)

Ultrasound

R

Dynamin2-mCherry

CLCb-GFP
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Coverslip

b)

Unroofed cell

c) / \

AFM cantilever AFM cantilever

Figure 5.3 Potential approach to measure physical properties of CCPs: A) Cells are grown on
coverslips, treated with or without ADP and unroofed by sonification. B) Membrane sheets with
fluorescently labelled clathrin and dynamin are generated. C) AFM measurements on either
conditions would allow to detect changes in the physical properties of CCPs with different cargo
loading.

pg. 78



6 SUMMARY

To conclude this Thesis, in this thesis | have demonstrated novel mechanisms by which the CLCs and
cargo influence the process of clathrin mediated endocytosis. The role of the CLCs for CME has long
been elusive, partly because the field has focused on trafficking of the Transferrin and EGF receptors
as readout for CME. However, we (and others) could show that, while the CLCs were not needed for
the uptake of these classical receptor proteins, they are required for the uptake of a range of GPCRs,
such as the P2Y1; receptor. The aim of this work was to investigate the mechanism(s) behind this
differential requirement. Firstly, we addressed whether the recruitment of cargo and adaptor proteins
is affected by the phosphorylation state of the CLCs and demonstrate that cargo as well as adaptors
are recruited normally, whether CLCb can be phosphorylated or not. We then investigated the lifetime
dynamics of bona fide CCPs and could observe an increase in short lived CCPs with lifetimes of 10-20s
in the background of phosphorylation deficient CLCb. By testing the recruitment of a range of adaptor
proteins to these short lived events, we could identify the clathrin uncoating and rearranging protein
GAK, to be involved in this process. This led us to investigate the morphologies of CCPs in the
background of phosphorylation deficient CLCb, which showed an increase in the number of shallow
CCPs as well as large, flat clathrin lattices. For these flat lattices to gain curvature, pentagons have to
be incorporated into the flat hexagonal array, which requires clathrin exchange and rearrangement.
We therefore tested whether CLCb phosphorylation affected this process and detected a decreased
rate of exchange between cytosolic and membrane bound clathrin if CLCb cannot be phosphorylated.
Intriguingly, this process was cargo specific following stimulation of P2Y1; uptake. To further test the
requirement of clathrin exchange on the uptake of P2Y1; vs Transferrin receptor, we depleted 1321N1
cells of Auxilin and were able to show that P2Y;, uptake was abolished while the TfR was trafficked
normally. These findings lead us to postulate a model in which the cargo that is incorporated into CCPs
dictates the way it can be deformed. For cargo such as the P2Y;, receptor, CCPs would assemble as
flat lattices that require clathrin rearrangement (mediated by GAK and/or Auxilin) and CLCb
phosphorylation. However, for cargo such as transferrin, CCPs could invaginate independently of

lattice rearrangement and the CLCs.

Additionally, we have shown that the three critical salt bridges between the CLCs and the CHCs, that
regulate alterations in the knee angle of the CHCs, are also required for the uptake of the P2Y;;
receptor and regulate lattice dynamics and clathrin exchange in a similar manner to CLCb
phosphorylation. These findings place the CLCs at an important position to fine tune and regulate

clathrin lattice dynamics in a cargo dependent manner.



In future work, it would be exciting to further address whether the nature of cargo incorporated into
CCPs, changes the physical properties of it. AFM is a promising tool to investigate the physical
properties of individual CCPs and initial findings as well as alternative approaches have been
discussed. Finally, it would be exciting to properly investigate the mechanisms of lattice
rearrangement during CME and exactly how it is possible to rearrange a flat hexagonal array into a
curved lattice without dissembling the lattice completely. This requires a fine balance between
exclusion and incorporation of triskelia and is properly regulated through the CLCs and Auxilin/GAK. A
potential approach to address this challenging topic would be the use of an assay that uses unroofed
cells expressing fluorescently labelled CLCs with in vitro purified clathrin triskelia labelled with a
different fluorescent tag (Fig 6.1). One of the advantages of this approach would be that the clathrin
lattices on the unroofed cells are directly accessible to a wide range of biochemical manipulations. By
incubating the membrane sheets with cell lysate depleted of out single components of the rearranging
machinery (e.g. Auxillin, GAK or HSC70) the effect on these factors on the rearranging of the lattice
could be address by monitoring the change of fluorescent signal of individual lattices. In an orthogonal
approach, the minimal components for lattice rearrangement could be identified in a bottom up
approach, where only reconstituted proteins are added to the membrane sheets along with the
fluorescently labelled triskelia (Fig 6.1). Finally, by combining super resolution microscopy with
platinum EM replicas (as demonstrated by the Taraska lab the NIH) it would also be possible to
determine at what positions in the lattice, rearrangement occurs by staining for the newly

incorporated triskelias.

~rk € ¢
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Figure 6.1: Microscopy based approach to determine clathrin exchange. Membrane
sheets of cells expressing fluorescently labelled CLC are incubated with differently labelled
triskelia in the presence or absence of components of the rearranging machinery to
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characterise clathrin exchange and lattice rearrangement in real time
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