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Abstract

Early endosomes constitute a major sorting platform of eukaryotic cells. They re-
ceive endocytic carrier vesicles from the plasma membrane and trafficking vesicles
from the Golgi complex and distribute both membrane-bound and soluble cargo, via
vesicular carriers, to different intracellular destinations. Thus, the elementary steps
underlying endosome function are fusion with incoming vesicles, cargo sorting and
budding of new vesicles. While endosomal fusion is well understood, sorting is less
characterized; the two processes are generally thought to be effected by different,
unrelated machineries. I developed a novel cell free assay for sorting and budding
from early endosomes, by taking advantage of their ability to segregate different
cargoes (such as transferrin, cholera toxin subunit B, and low-density-lipoprotein,
LDL). Cargo separation required both carrier vesicle formation and active matura-
tion of the endosomes. Sorting and budding were insensitive to reagents perturbing
clathrin coats, COPI coats, dynamin, and actin, but were inhibited by anti-retromer
subunit antibodies. In addition, the process required the endosomal proteins Rabh,
phosphatidylinositol-3-phosphate, and, surprisingly, the docking factor EEA1. It
also required the function of the N-ethylmaleimide-sensitive factor (NSF), a well-
known fusion co-factor, while it did not depend on preceding fusion of endosomes.
[ therefore conclude that fusion, docking and sorting/budding, although serving

different purposes, are strongly interconnected at the molecular level.
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“It is theory that decides what can

be observed.”

(Albert Einstein)

1

Introduction

1.1 Membrane Traffic

All eukaryotic cells are comprised of different organelles, which exhibit relatively
defined localizations within the cell and serve specific functions. Within the secretory
pathway, the Endoplasmic Reticulum (ER), for example, is responsible for protein
biosynthesis and quality control; the Golgi apparatus deals with posttranslationally
modifying and processing the proteins, as well as their proper sorting to different
target destinations. The endosomes and lysosomes of the endocytic pathway are

required for sorting and processing of molecules that were internalized by the cell.

Despite their functional separation, which demands a specific lipid and protein com-
position, the organelles from the secretory and endocytic pathway communicate with
each other and exchange material extensively (see arrows in Figure 1.1). The work
by (Palade, 1975) led to the hypothesis that this exchange and transport between
organelles is mediated by small trafficking vesicles, which bud from the donor com-
partment, travel to the correct acceptor compartment, and then dock and fuse with
it. These processes are mediated by specific soluble and membrane resident proteins
and are subject to high degrees of regulation. First, budding of trafficking vesicles re-
quires the selective incorporation of cargo into the newly forming vesicle (cargo sort-
ing) and is mediated by coat proteins (Bonifacino and Lippincott-Schwartz, 2003;
Kirchhausen, 2000). The coat components are recruited from the cytosol to the

membranes, form large assemblies and deform flat membrane patches into round
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buds, finally leading to the release of vesicles. Second, fusion with the acceptor
compartment requires the function of so-called SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) proteins, which are present on the
two opposing membranes, interact with each other and bring the two membranes
in close apposition, finally leading to their lipid- and content-mixing (Jahn et al.,

2003; Jahn and Scheller, 2006).

The concept of membrane trafficking, with the basic reactions of docking/fusion and
sorting/budding, was the subject of several detailed review articles in the past years
(Bonifacino and Glick, 2004; Pfeffer, 2007) and will be discussed in greater detail in

the sections 1.3 and 1.4, with a focus on endosomal trafficking.
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Figure 1.1: The key events in membrane traffic are cargo sorting, budding of trafficking vesicles

from a donor compartment, transport, and fusion of the vesicles with the acceptor compartment.
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1.2 The Endocytic Pathway

The endocytic pathway processes material that is taken up by the cell via different
modes of endocytosis. It involves a variety of different organelles, such as early
(or sorting) endosomes, recycling endosomes, multivesicular bodies (MVBs, or late
endosomes) and lysosomes. They are in constant exchange with each other and ad-
ditionally interact with the trans-Golgi network (TGN) as one part of the secretory
pathway (Clague, 1998; Maxfield and McGraw, 2004).

1.2.1 Internalization: Different Modes of Endocytosis

Cells are shielded from the extracellular environment by the plasma membrane,
which represents an efficient protective barrier for the chemically distinct cytoplasm
within the cell. Small molecules such as ions, sugars or amino acids can cross this
membrane mainly by using specialized transporters or channels. Macromolecules on
the other hand need to be engulfed by the plasma membrane, leading to the forma-
tion of carrier vesicles that bud of from the inner side of the membrane. This process
is referred to as endocytosis and is essential for the uptake of nutrients, maintenance
of cellular homeostasis, signalling, intercellular communication, development, neu-
rotransmission and immune responses, while being also used by different pathogens
to enter into the host cells. Several modes of endocytosis have been described in the
past (Conner and Schmid, 2003; Maxfield and McGraw, 2004), including clathrin-
mediated endocytosis, caveolae-mediated endocytosis, macropinocytosis and phago-

cytosis.

Clathrin-Mediated Endocytosis

The best characterized internalization mode is the clathrin-mediated endocytosis
(CME), which occurs constitutively in all mammalian cells [reviewed in detail in

Kirchhausen (2000), McMahon and Mills (2004) and Ungewickell and Hinrichsen

(2007)]. It carries out the continuous uptake of essential nutrients, such as the iron-
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bound transferrin (Tfn) or the cholesterol-bound low-density lipoprotein (LDL), as
well as the uptake of several growth hormones, such as the epidermal growth fac-
tor (EGF). These ligands bind to their receptors (the Tfn-, LDL- or EGF-receptor,
respectively), which triggers a conformational change in their cytosolic part and
thereby leads to the sequential recruitment of several factors, such as AP2, clathrin,

dynamin and synaptojanin.

AP2 is a “classical” clathrin adaptor, which consists of four subunits that link the
cargo to clathrin. With its different subunits it can simultaneously bind to spe-
cial recognition motifs on the cargo receptor, to the plasma membrane-specific lipid
PI(4,5)P, (and sometimes also PI1(3,4,5)P3), as well as to the coat protein clathrin.
Another adaptor, the monomeric AP180, is not able to bind cargo. However, it
seems to play an important role in neuronal endocytosis of synaptic vesicles, since
its disruption leads to strong phenotypes in synaptic vesicle recycling (Morgan et al.,
1999; Nonet et al., 1999; Zhang et al., 1998). The two adaptor molecules promote
the recruitment and self-assembly of clathrin, which forms a triskelion shape that
is composed of three clathrin heavy chains and three light chains. Upon interaction
of the triskelia they form a polyhedral lattice which surrounds the forming vesicle.
Both adaptors and clathrin are necessary but not sufficient to drive vesicle budding
at the plasma membrane. In addition, a large number of accessory proteins have
been described for CME, for example Eps15, epsin, endophilin and amphiphysin are
proteins that can bind clathrin, dynamin (see below) and/or the lipid PI(4,5)P5.
They create membrane curvature in the newly forming vesicle and can partially
accelerate the clathrin assembly. However, their exact spatial and temporal re-
cruitment in CME is still under discussion, at least for several of the components
(Kirchhausen, 2000; McMahon and Mills, 2004; Ungewickell and Hinrichsen, 2007).

The protein that mediates the final budding step is the GTPase dynamin. As a
clathrin-coated vesicle invaginates, dynamin forms a spiral around its neck. GTP-
hydrolysis triggers a conformational change in dynamin, which leads to either con-
striction (Sweitzer and Hinshaw, 1998), helical expansion (Stowell et al., 1999) or

twisting (Roux et al., 2006) of the neck, ultimately causing the vesicle to pinch off
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from the donor membrane. Finally, the phosphatase synaptojanin together with

auxilin and Hsc70 mediate the uncoating of the vesicle (Rapoport et al., 2008).

Caveolae-Mediated Endocytosis

Another entry mode into the cell uses caveolae, which are morphologically defined
plasma membrane invagination that have a characteristic flask shape. In contrast
to the clathrin-mediated endocytosis, they contain no obvious coat. Caveolae de-
fine cholesterol and sphingolipid-rich microdomains of the plasma membrane (also
termed lipid rafts), in which different signalling molecules and membrane trans-
porters are concentrated. The structure and shape of caveolae is provided by the pro-
tein caveolin, which exists in three different isoforms. Caveolin binds to cholersterol,
inserts as a loop into the inner leaflet of the plasma membrane and self-associates,
thereby stabilizing the invagination (Lajoie et al., 2009; Parton and Simons, 2007).
As in clathrin-mediated endocytosis, caveolae use dynamin for budding from the
plasma membrane (Henley et al., 1998; Yao et al., 2005). The resulting vesicles are
then transported to the early endosome or to the so-called caveosome, a distinct
organelle that has been described by Ari Helenius and coworkers (Pelkmans et al.,
2001). In addition to their prominent role in signalling events, caveolae are exploited
by viruses such as the simian virus 40 (Norkin and Anderson, 1996). Furthermore,
the bacterial toxins cholera toxin and shiga toxin use this pathway as an entry into

the cell [reviewed in Pelkmans and Helenius (2002)].

Other Modes of Endocytosis

Apart from clathrin- and caveolae-mediated endocytosis, there are other entries into
the cell. Macropinocytosis (“cell-drinking”) is an endocytosis model which is accom-
panied by membrane ruffling. Fluid-phase markers such as dextran, horseradish-
peroxidase (HRP) or other macromolecules which are functionally irrelevant to the
cell can be taken up by this pathway, even though they may also enter the cell by

the other above mentioned endocytosis pathways. Recent evidence suggests that
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macropinocytosis can be triggered by the activation of the small GTPases Arf6 and
Ras, or the kinase Src (Donaldson et al., 2009). Phagocytosis (“cell-eating”) is the
process by which cells ingest large objects, such as bacteria, viruses or apoptotic

cells. This pathway occurs mainly in specialized cells of the immune system.

1.2.2 Organelles in the Endocytic Pathway

After the uptake of several macromolecules by the different modes of endocytosis,
these compounds are present in small vesicles inside the cell and are further processed
within the endocytic pathways. There, the early endosome plays a central role: it is
responsible for distributing the different macromolecules to other organelles of the
endocytic and secretory pathway, such as the recycling endosome, multivesicular

body/late endosome, as well as the trans-Golgi network.

Early Endosomes

Early endosomes are sorting stations and represent the first endocytic compartment
on which the internalized molecules from almost all above mentioned endocytosis
pathways converge. Depending on the cell type, these incoming vesicles fuse with
the early endosomes a few minutes after internalization. Furthermore, they receive
carrier vesicles from the Golgi complex. Initially, early endosomes have been de-
scribed by Geuze et al. (1983) as the “compartment for the uncoupling of receptor
and ligand” (CURL). This is due to the fact that at their acidic luminal pH (pH
6.0), internalized ligands dissociate from their receptors and are sorted and dis-
tributed separately to different destinations within the cell. Outgoing trafficking
pathways include (a) direct and rapid recycling of transferrin and of receptors (e.g.
those of Tf, LDL and EGF) to the plasma membrane by means of small vesicles,
(b) transport of elongated tubulo-vesicular structures to the microtubule organizing
center where they form a separate compartment, the recycling endosome, (c) deliv-
ery of vesicles to the Golgi apparatus (e.g. the viruses and toxins that are taken

up by caveolae), and finally (d) maturation of early endosomes into multivesicu-
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lar bodies/late endosomes that fuse with lysosomes as the final destination (e.g.
LDL and EGF) [reviewed in Maxfield and McGraw (2004)]. In different cell types,
receptors and other membrane proteins may also be targeted into specialized pos-
tendosomal vesicles, e.g. synaptic vesicles in neuronal cells (Faundez et al., 1998),
transcytotic vesicles in epithelial cells (Mostov, 1993), GLUT4 vesicles in adipocytes
(Karylowski et al., 2004) and MHCII-containing vesicles in antigen-presenting cells
(Brachet et al., 1999). Therefore, early endosomes are highly dynamic organelles

which constantly undergo fusion, sorting and budding.

Due to this high membrane turnover it is a challenge to maintain the identity and
integrity of the organelle. It is believed that this is achieved by several early endo-
somal factors, including the lipid phosphatidyl-inositol-(3)-phosphate (PI(3)P), the
small GTPase Rab5 and the docking factor early endosomal autoantigen 1 (EEAT).

These molecules will be discussed in the following section.

Recycling Endosomes

Apart from a fast recycling route, which connects the early endosomes directly with
the plasma membrane via small trafficking vesicles, receptors can also be recycled
via a slow pathway. This includes the recycling endosomes, organelles which are
localized to the pericentriolar region in the cell. They are usually less acidic (pH
6.5) than the sorting endosomes (pH 6.0). While direct recycling takes only a few
minutes, depending on the cell type, the half time for the indirect recycling via the
recycling endosome is proposed to be approximately 14 min (Maxfield and McGraw,
2004). However, as it is experimentally difficult to distinguish between the two
recycling pathways, it is not clear to which amount these two routes are used and
most likely dependent on the cell type, as well as on the nature of the molecules
that need to be recycled (membrane proteins, soluble proteins and lipids). Apart
from a large amount of transferrin receptors, which seem to recycle steadily via the
slow pathway, the small GTPases Rab4 and Rabll are enriched in the recycling

endosome and thus serve as markers for this organelle (Clague, 1998).
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Late Endosomes/Multivesicular Bodies and Lysosomes

Late endosomes or multivesicular bodies (MVBs) are part of the degradative path-
way. Soluble cargo such as LDL and EGF, as well as membrane proteins that are
to be degraded can be found in MVBs before they fuse with the lysosome, the
final degradative organelle. The internalized membrane proteins are sorted into mi-
crodomains on the MVBs, which are then invaginated as internal vesicles into the
lumen of the MVB (from where the name multivesicular body is derived). Upon fu-
sion with the lysosome these intralumenal vesicles are degraded by hydrolases. Both
organelles of the degradative pathway have an acidic lumen (pH 5.0-6.0 for MVBs
and 5.0-5.5 for lysosomes) and their identity is determined by Rab7 and Rab9.

The relationship between early and late endosomes is controversial, with two main
views being proposed: (a) formation of endosomal carrier vesicles (ECVs) and (b)
endosome maturation. The first model the early endosome would represent a rela-
tively stable organelle which is maintained by a balance of incoming and outgoing
material. The second model of endosome maturation has been favored over the
past years. Here, early endosomes are formed de novo from incoming vesicles, while
MVBs represent the residue of the early endosomes once all budding pathways (to

the TGN or the plasma membrane) have been exhausted (Clague, 1998).

Trafficking in the endocytic pathway and delivery of material to the different or-
ganelles mentioned above is extremely efficient and occurs with almost no errors.
This can only be achieved by regulating the selection of different cargo molecules,
as well as efficiently recognizing the “correct” target compartment, which may be

meditated by different docking/tethering and fusion factors.



1.3 MEMBRANE DOCKING AND FUSION

1.3 Membrane Docking and Fusion

Membrane fusion occurs when two separate lipid membranes merge into a single con-
tinuous bilayer. The molecular machinery that mediates membrane fusion consists
of a large variety of proteins, which mediate (a) the initial recognition of the two
membranes (docking) and (b) the final lipid- and content-mixing (fusion). Despite
the diversity of involved proteins, fusion reactions in eukaryotic cells share many
common features, with a clear requirement for structurally distinct docking/teth-
ering factors, Rab proteins and SNARE proteins. These proteins are described in

more detail in this section, both in general terms, and in early endosomal trafficking.

1.3.1 Docking machineries
Docking or Tethering Factors

Two groups of docking or tethering factors can be distinguished, (a) large multi-
subunit complexes and (b) long coiled-coil proteins. For the first group, eight large
and conserved complexes have been proposed to have roles in vesicle tethering at
distinct trafficking steps [summarized in Cai et al. (2007); Markgraf et al. (2007);
Whyte and Munro (2002)]. Within the secretory pathway the exocyst complex me-
diates exocytosis, while the GARP, COG and TRAPPII complexes act as teth-
ering factors at the Golgi apparatus in the retrograde intra Golgi and endosome-
to-Golgi transport steps. Dsll functions in the retrograde Golgi-to-ER trafficking
and TRAPPI mediates tethering in the anterograde ER-to-Golgi transport. Two
class C Vps complexes, the HOPS and the CORVET complex, function in the en-
docytic pathway at endosomes and they seem to be able to undergo interconversion
(Peplowska et al., 2007). The second group of docking/tethering factors has the po-
tential to form homodimeric (or heterodimeric) coiled-coils with lengths up to several
times the diameter of the vesicle. Crystallographic studies of the early endosomal
autoantigen 1 (EEA1) (Christoforidis et al., 1999a; Simonsen et al., 1999) suggest

that this is indeed the case (Dumas et al., 2001). The same is true for another early
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endosomal factor, Rabenosyn-5, and the Golgi tethering factors “golgins”, such as
GM130, golgin-45, p115 (Barr and Short, 2003; Sonnichsen et al., 1998) or GCC185
(Burguete et al., 2008). Therefore, a model has been proposed in which the large
coiled-coil proteins are anchored at one end to a membrane, while the other end
“searches” the surrounding space for passing vesicles, a model which, however, re-

mains to be confirmed.

The docking/tethering factors may perform their function independently, or through
interactions with Rab proteins. For the long coiled-coil proteins such interactions
appear to be a crucial recognition and targeting mechanism, while they seem less
important for the different multi-subunit complexes, of which only the two TRAPP

complexes and Dsll interact with Rab proteins.

Rab Proteins

Rab proteins constitute the largest family of monomeric small GTPases. While the
yeast Saccharomyces cerevisiae has eleven Rab proteins (Ypt proteins), humans ex-
press at least 60 different isoforms (Bock et al., 2001). They contain a prenyl group
(a lipid anchor) which allows them to bind to membranes. Several studies have
suggested that Rab proteins are distributed to distinct intracellular compartments
and regulate transport between organelles. Apart from vesicle docking, Rabs ex-
hibit pleotropic functions, which involve maintenance of organelle identity, vesicle
budding, vesicle uncoating and vesicle motility through interactions with the cy-
toskeleton (Stenmark, 2009; Zerial and McBride, 2001). This functional diversity
led to the hypothesis that Rab proteins are localized in distinct domains on their

respective membranes (Gruenberg, 2001; Miaczynska and Zerial, 2002).

As in other small GTPases, the regulatory principle of Rab proteins lies in their
ability to function as molecular switches that oscillate between GTP- and GDP-
bound conformations. Even though the GTP-bound form represents the “active”
state and the GDP-bound form the “inactive” one, the most important feature is
their ability to cycle regularly between both states. This cycle imposes temporal

and spatial regulation to membrane transport, in which the Rab proteins act like
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timers, depending on the (intrinsic or catalyzed) rates of nucleotide exchange and
hydrolysis. A guanine nucleotide exchange factor (GEF), which is present in the
target membrane, catalyzes the conversion from GDP-bound to GTP-bound forms.
It thereby activates the Rab protein, allowing it to interact with other proteins and
exert different effects. The GTP hydrolysis is catalyzed by a GTPase-activating
protein (GAP), leading to the inactivation of the Rab protein. Subsequently, the
GDP dissociation inhibitor (GDI) binds the prenyl groups of the inactive, GDP-
bound form of the Rab protein and thereby inhibits its reactivation [reviewed in

Stenmark (2009)].

In each trafficking step, Rab proteins transduce various functions in their GTP-
bound form. In this activated state, they are able to interact with different membrane-
bound proteins and recruit soluble cytosolic factors which act as “Rab effectors”.
Such interactions occur for example with the docking/tethering factors described in
the previous section, as well as the fusion-mediating SNARE proteins (next section).
Thus, Rab proteins may be seen as a molecular link between the docking and fusion

machineries.

1.3.2 SNARE Proteins as Mediators of Membrane Fusion

The step that follows the docking of two membranes is their fusion, which is me-
diated by soluble N-ethylmaleimide-sensitive factor (NSF) attachment receptors
(SNARES). It is believed that special sets of SNAREs ( “cognate SNAREs”) mediate
distinct fusion events, despite the fact that many more other SNARESs ( “non-cognate

SNARESs”) may be present on the same organelle (Bethani et al., 2007, 2009).

SNNARE Structure and Classification

SNAREs are a superfamily of small proteins, with around 100-300 amino acids in
length, and consist of 25 known members in yeast and around 36 distinct isoforms
in mammalian cells (Bock et al., 2001). They represent a highly conserved class of

proteins that are comprised of several domains (Kloepper et al., 2007, 2008). One
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hallmark of this conservation is the so-called SNARE motif, a sequence stretch of
60-70 amino acids in length, which defines all members of the family. It arranges in
eight ampiphatic heptad repeats, which are prone to form coiled coil structures. At
the C-terminus, adjacent to the SNARE motif, the majority of the SNAREs contain
a hydrophobic transmembrane region. Those SNAREs lacking the transmembrane
domain possess hydrophobic post-translational modifications for membrane binding
instead. Additionally, many SNAREs contain independently folded domains which
are positioned at the N-terminus, adjacent to the SNARE motif, and which have

been used as a criterion for further classifications (Jahn and Scheller, 2006).

Initially, SNARE proteins were divided into two subclasses, depending on their com-
partment of residence: v-SNARES (present on the vesicles) and t-SNAREs (present
on the target membrane) (Sollner et al., 1993). However, it became clear that this
classification cannot be be applied to fusion events of two organelles of the same
kind (homotypic fusion). The current, more precise, classification therefore takes
structural features of the SNARE proteins into account. The structures of the neu-
ronal (Stein et al., 2009; Sutton et al., 1998), the late endosomal (Antonin et al.,
2002), the early endosomal (Zwilling et al., 2007) and the yeast plasma membrane
(Strop et al., 2008) SNARE complexes revealed a high degree of conservation and
showed that each complex consists of a twisted bundle of four helices, each one
contributed by a SNARE motif. Along the center of the SNARE complex, these
four helices interact with each other in 16 positions, mainly via hydrophobic inter-
actions. One special position in the center of the complex is the so-called “0”-layer,
in which each SNARE motif contains either a glutamine (Q) or an arginine (R)
residue. Accordingly, the contributing SNARE motifs are classified into Qa-, Qb-,
Qc- and R-SNAREs (Fasshauer et al., 1998; Kloepper et al., 2007).

SNARE-Mediated Fusion: The Zippering Hypothesis

One prerequisite for fusion is the existence of at least one transmembrane-domain-
containing SNARE on each of the opposing membranes. Assembly of the SNARE
complex starts at the N-terminus of the SNARE motifs and then proceeds in a

12
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zipper-like fashion towards the C-terminus (Hanson et al., 1997). This part repre-
sents the formation of the so-called trans-SNARE complex, in which the SNARESs
are still present on opposing membranes. The mechanical force that is exerted on the
membranes by its formation is believed to provide the necessary energy for lipid mix-
ing and fusion (Jahn and Scheller, 2006). After fusion, the assembled SNARE com-
plexes are present on the newly united membrane, in the so-called cis-conformation.
Cis-SNARE complexes are fusion incompetent, and their disassembly is crucial for
the re-use of free, reactive SNARE molecules. The disassembly is mediated by the
enzymatic activity of NSF, a hexameric AAA-ATPase (Block et al., 1988), together
with its co-factor a-SNAP.

1.3.3 Early Endosome Docking and Fusion

In recent years, the sequential recruitment of protein complexes that mediate early
endosomal docking and fusion has been thoroughly described. One crucial factor is
the small GTPase Rab5 whose disruption has a great impact on the fusion rate of
early endosomes. For example, the mutant variant Rab5 (Q79L) stimulates endo-
some fusion in vitro and leads to the formation of large endosomes (Barbieri et al.,
1996), while Rab5 inactivation by the mutant S34N inhibits fusion (Stenmark et al.,
1994). Furthermore, the inactivation of Rab proteins in general (and thus their
removal from the membrane) via addition of recombinant Rab-GDI leads to a de-

creased fusion activity (Ullrich et al., 1994).

Rabb is activated and recruited to the early endosomal membrane by Rabex-5, its
GEF (Delprato et al., 2004; Horiuchi et al., 1997), where it activates a feedback-
loop by recruiting one of its effectors, Rabaptin-5 (Stenmark et al.; 1995). This
factor in return assists Rabex-5, thereby leading to a further increased concen-
tration of Rab-5 on the endosomal membrane (Lippe et al., 2001). Removal of
Rabaptin-5 from the endosomal membrane thus leads to a decreased fusion rate,
while overexpression leads to an activation (Stenmark et al., 1995). Apart from
Rabaptin-5, the classIII phosphatidyl-inositol-(3)-kinase (PI3K) Vps34 represents
another prominent Rab5 effector, which is responsible for creating PI(3)-phosphate
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(Christoforidis et al., 1999b). This increase in PI(3)P concentration leads to the
recruitment of other downstream effectors such as the long coiled coil proteins
Rabenosyn-5 (Nielsen et al., 2000), Rabankyrin-5 (Schnatwinkel et al., 2004) and
EEA1 (Stenmark et al., 1996), which all bind to PI(3)P via their special FYVE

domain (schematic representation in Figure 1.2).

Of these effectors, EEA1 has been the best studied one; it is a known endosomal
docking factor (Christoforidis et al., 1999a) which has two binding sites for Rabb
and one for PI(3)P (Lawe et al., 2002). Yet, it is not entirely clear which of those
domains are required for the docking function: the PI(3)P-binding FYVE domain
alone is not sufficient to localize it correctly to the early endosomes, but it needs the
Rabb-binding domain and a part of the coiled coil domain (Stenmark et al., 1996).
On the other hand, EEA1 can also bind to the early endosomal membrane if the
Rabb-binding site is mutated (Lawe et al., 2002).

Apart from Rabb and its effectors, early endosomes contain a large variety of different
SNARESs (Bethani et al., 2007), which is probably due to the fact that they receive
material from many different endocytosis routes as well as from the TGN. However,
using functional endosome fusion assays as well as reconstitution in liposomes (artifi-
cial vesicles), it has been established that only a distinct set of SNARESs, syntaxin 13,
syntaxin 6, vtila and VAMP4, mediates early endosome fusion (Brandhorst et al.,
2006; Zwilling et al., 2007). These “cognate” SNAREs were shown to be enriched

in the fusion site while the “non-cognate” ones are excluded (Bethani et al., 2007).

The endosomal docking machinery seems to be interconnected with the fusion ma-
chinery: microdomains have been identified which include EEA1, Rab5, NSF and
also the early endosomal SNAREs syntaxin 13 (McBride et al., 1999) or syntaxin 6
(Mills et al., 2001; Simonsen et al., 1999). Further evidence came from the obser-
vation that a knock-down of the endosomal SNARE syntaxin 13 by more than 90%
shows no effect on the endosomal fusion due to an increased recruitment of the

docking factor EEA1 to the endosome membrane (Bethani et al., 2009).

Many assays have been used in the past to directly investigate endosomal fusion.

Most of them are biochemical content mixing systems, in which two populations
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Rabex-5

DP-
Rab.

early endosome

Figure 1.2: Rab5 is a hallmark of early endosomes and required for their docking. It is activated
and recruited to the membrane by Rabex-5 and Rabaptin-5. This leads to a sequential activation
and recruitment of downstream effectors: the PI(3)-kinase generates PI(3)P on the early endosome,
which leads to the recruitment of the docking factors EEA1 and Rabenosyn-5 [modified from
Zerial and McBride (2001)].

of endosomes are labeled with, for example, avidin (or streptavidin) and biotin, or
antibodies and antigen, and the amount of fusion between them is inferred from
the mixing of the markers (Gruenberg and Howell, 1989). Another assay was devel-
oped recently, using fluorescent dyes and microscopy as a readout (Brandhorst et al.,
2006). Similar to the biochemical assays, two populations of endosomes are loaded
separately with different fluorescent dyes (Figure 1.3). Upon fusion of two of those
endosomes, the resulting organelles are double labeled, which can be visualized with
fluorescence microscopy. This assay even has the ability to differentiate between
docked and fused endosomes [see Results section and Geumann et al. (2008)]. The
numerous ¢n vitro fusion assays have defined our current knowledge of fusion dynam-
ics, with cytosolic factors, ATP and calcium (Aballay et al., 1995; Geumann et al.,
2008; Holroyd et al., 1999), as well as the above mentioned factors (such as the Rab-
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EEA1 docking machinery, the correct SNAREs, NSF and a-SNAP) being required
(Mills et al., 1999; Zerial and McBride, 2001).
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Figure 1.3: (A) Schematic overview of an in vitro homotypic early endosomal fusion assay. Two
different sets of PC12 cells are labeled with differently colored fluorescent markers, and post-nuclear
supernatants (PNS) are prepared. Mixing of the two PNS fractions in a reaction containing cytosol
and an ATP-regenerating system results in the formation of double labeled endosomes via organelle
fusion, which can be visualized by fluorescence microscopy. (B) Typical images of reactions with an
ATP-depleting system (left) as negative control or an ATP-regenerating system (right) as positive
control. Images taken in the different fluorescent channels are aligned by multi-colored fluorescent
beads (arrows). Fused endosomes (arrow heads) are only present in the positive control. Size bar

= 2 pm.

1.4 Sorting and Membrane Budding

Vesicle budding represents, together with membrane fusion, a key reaction in mem-
brane trafficking. Even though it can be seen as the reverse reaction of fusion, the
two processes of budding and fusion function via completely different mechanisms.
For budding a complex protein and lipid machinery, involving coat proteins, is re-
quired, which induces local membrane curvature to form a new vesicle. Ultimately,
budding ensures the separation and sorting of material that is present within a highly
heterogeneous donor organelle by the selective incorporation of cargo proteins into

the newly forming vesicle.
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1.4.1 Vesicle Budding

Vesicle budding in eukaryotic cells can occur with or without coat proteins. However,
the vesicles lacking coat proteins are difficult to distinguish from each other, and
therefore, the transport steps they are involved in are largely unknown. As outlined
before, coat proteins function (a) to deform the donor membrane for the budding
of a vesicle and (b) in the selection of the vesicle cargo. There are three “classical”
coat complexes that have been well characterized so far for budding steps in the

secretory pathway: clathrin, coat protein-I (COPI) and COPII.

Clathrin coats are involved in two crucial transport steps, endocytosis from the
plasma membrane to early endosome and transport from the TGN to endosomes.
These two pathways are differently regulated: while endocytosis requires the adaptor
proteins AP2 (and AP180), budding at the TGN uses AP1. In addition to AP1 and
AP2, a large variety of other clathrin adaptors exist; among them are two other
heterotetrameric ones, AP3 and AP4, GGA proteins and Hrs. AP-3 and Hrs are
present on early endosomes and delivers proteins to late endosomes (and possibly
to the TGN), even though the precise pathways are not known. AP4 and GGA
proteins (see below) are localized to the TGN where they seem to be involved in the
transport of lysosomal proteins (Boman, 2001; Newell-Litwa et al., 2007). Adaptor
proteins act as scaffolds, bringing together membrane lipids, sorting motifs present
in the cytosolic domains of membrane proteins, components of the vesicle fusion
machinery and coat components of the budding machinery (Boehm and Bonifacino,
2001; Robinson, 2004; Sorkin, 2004). The classical adaptor complexes AP1, 2, 3
and 4 each comprise four subunits: one highly conserved large subunit ((-adaptin),
one less-conserved large subunit (a-, v- or §-adaptin, depending on the complex),
one medium subunit (pu-adaptin), and the small subunit . The large subunits each
consist of three domains, the body, hinge and ear domain, which can interact with

different proteins and lipids.

Other pathways use the coat proteins COPI and COPII, which share some homol-
ogy to the clathrin machinery: while COPI and clathrin coats exhibit a high degree

of structural and architectural similarity, COPII and clathrin resemble mechanis-
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tic homology in their sequential assembly (Kirchhausen, 2000; McMahon and Mills,
2004; Pucadyil and Schmid, 2009; Stagg et al., 2007). COPI and COPII vesicles
traffic between the ER and the Golgi complex - COPI primarily from the Golgi to
the ER and between Golgi cisternae, and COPII from the ER to the Golgi. Both
coats require the activation of small GTPases, such as Arfl (for COPI) and Sar1 (for
COPII), which represent the link between cargo and coat. In contrast to clathrin,
which is necessary but not sufficient for budding, the COP coats together with their
respective GTPases are both necessary and sufficient to mediate vesicle budding.
The COPI coatomer is a complex of seven proteins, a, 3, 5, 7, 0, €, € and £&. The
COPII machinery consists of the inner coat proteins Sec23 and Sec24, the outer coat
proteins Secl3 and Sec31, as well as GTP-bound Sarl; these purified components
are necessary and sufficient to generate coated vesicles from isolated ER membranes
(Matsuoka et al., 1998). Biochemical and structural studies from William Balch’s
laboratory showed that the COPII coat can form in different conformations, de-
pending on the size of the cargo molecules (Gurkan et al., 2006; Stagg et al., 2006,
2008).

The final pinching step for clathrin-coated vesicles, as well as for several other scis-
sion events in eukaryotic cells, is mediated by the GTPase dynamin or by other

dynamin-like proteins (Hinshaw, 2000; Praefcke and McMahon, 2004).

Apart from the adaptor proteins, clathrin, COPI and COPII, another coat has been
described recently: the retromer complex, which operates on endosomes and medi-
ates the transport to the TGN (Bonifacino and Glick, 2004; Bonifacino and Hurley,
2008). Its core complex is built up by the subunits Vps26, Vps29 and Vps35, which
transiently associate with dimeric complexes of sorting nexin proteins (Collins, 2008;
Seaman, 2005). So far, 33 different mammalian sorting nexins have been identified
(Cullen, 2008), their precise roles and relationship to the core Vps35-Vps26-Vps29

assembly being still under investigation.

Compared to fusion, there are fewer assays available for the investigation of budding.
Most of them use the concept of separating the budded vesicles from purified donor

organelles by centrifugation or density gradients. Instead of using native donor mem-
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branes, some groups have even reconstituted different parts of the above mentioned
budding machineries in artificial vesicles, such as proteoliposomes, giant unilamel-
lar vesicles (GUVs), or supported bilayers with excess membrane reservoir (SUPER
templates). The readout of budding in such systems is either based on biochem-
ical density fractionation or microscopy [see for example Matsuoka et al. (1998),

Pucadyil and Schmid (2008), Sorre et al. (2009) or Manneville et al. (2008)].

1.4.2 Cargo Selection and Sorting

One prerequisite for vesicle budding is protein sorting, which happens in almost every
organelle in eukaryotic cells and is fundamental to proper cellular function. It can in
principle occur by two different mechanisms: (a) by a signal that causes the protein
to be retained within a certain organelle (by either a specific signal sequence on the
protein, or by the induced formation of oligomers or aggregates that would be too
large to enter into the budding vesicle) or (b) by a signal that specifies the protein
as cargo for export, resulting in its selective packaging into a budding transport
vesicle. One well characterized example for the first mechanism uses the retrograde
transport route involving COPI coats, which fulfills several important functions such
as the retrieval of escaped ER-resident proteins, retention of misfolded proteins or
recycling of Golgi glycosyltransferases. This is achieved by a C-terminal KDEL-
sequence present on the ER-resident proteins, which is both necessary and sufficient
for ER-localization. This sequence is recognized by the KDEL receptor, which is
localized to the ER and the Golgi. At the more acidic lumenal pH of the Golgi,
the binding affinity of KDEL motifs to the receptor is higher. Thus, escaped ER-
proteins are captured at the Golgi and retrograde COPI vesicles are formed to return
them back to the ER (Harter and Wieland, 1996). This pathway is also exploited
by some bacterial toxins (e.g. cholera toxin or Pseudomonas exotoxin A), which
also contain a C-terminal KDEL sequence that allows them to reach the ER by
retrograde transport after their uptake by endocytosis. For the second mechanism,
the presence of a transport signal results in selective packaging of a given protein

into a budding transport vesicle. As for a retention signal, certain receptor or
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binding proteins are required that specifically recognize the transport signal for a
particular organelle. These signal sequences are mainly found in the cytoplasmic
part of the transmembrane cargo receptors and are very diverse: for the COPII
coats, for example, several ER export signal sequences can be recognized and bound
by Sec24. Additionally, Sec24 binds active Sarl (and thereby links the cargo to the
coat) (Bonifacino and Glick, 2004).

The concepts of selective incorporation of material into the new vesicle and the re-
tainment of resident proteins into the donor organelle are are not only valid for COPI
and COPII vesicles, but are essential in any other organelle of eukaryotic cells. How-
ever, for some cellular organelles cargo selection and sorting additionally includes the
separation of different cargoes into differently targeted vesicles. This is the case in
the two main sorting stations in eukaryotic cells: (a) the trans-Golgi network (TGN),
which sorts and distributes material from the biosynthetic pathway, and (b) the early
endosomes, which mainly sort and distribute material that is taken up by the cells.
In the TGN, different proteins destined to the plasma membrane have to be sorted
at the level of the TGN, depending on their mode of secretion. For example pro-
teins that are constitutively secreted (such as the heparan sulfate proteoglycane) are
packed into different vesicles than proteins which undergo regulated exocytosis (such
as the secretogranin II) (Tooze and Huttner, 1990). These two mechanisms have to
be again distinguished from those targeting for example hydrolases or other enzymes
to the early or late endosomes, indicating the high complexity of cargo sorting at
the TGN. As key players for this sorting process, the GGA (Golgi-localized, ~-ear
containing, ADP-ribosylation factor binding) proteins GGA1l, GGA2 and GGA3
have been suggested. They are localized predominantly to the TGN (Boman et al.,
2000; Dell’Angelica et al., 2000; Hirst et al., 2000; Poussu et al., 2000) and current
evidence supports an exclusive role in the TGN-to-early endosome or TGN-to-late
endosome pathway, respectively. GGA proteins represent another form of adaptors
proteins and share homology with v-adaptin, one large subunit of the AP1 com-
plex (Dell’Angelica et al., 2000; Hirst et al., 2000). Their domain structure allows
them to interact with (a) lysosomal cargo receptors such as mannose-6-phosphate

receptor (MPR), (b) Arf proteins (e.g. Arfl for GGA1), thereby competing with
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other adaptor proteins, (c) coat proteins, leading for example to the recruitment
of clathrin to the TNG, and (d) other regulatory proteins such as the Rabaptin-
5/Rabex-5 complex (Boman, 2001; Kawasaki et al., 2005). Thereby, GGA-poteins
appear to be important factors in cargo selection and sorting and represent a link

between the correct cargo and coat proteins.

In the early endosome, the material that is destined to the TGN has to be distin-
guished from the one recycled back to the plasma membrane (via the fast, direct
pathway and the slow, indirect one including the recycling endosome) and the ma-
terial destined to the degradation route via the late endosome and lysosome. In
specialized cells, even more sorting pathways need to be distinguished: the routes
leading to the formation of synaptic vesicles in neuronal cells, transcytotic vesi-
cles in epithelial cells, GLUT4 vesicles in adipocytes and MHCII-containing vesicles
in B-lymphocytes requires. As indicated in the next section, sorting at the early

endosome is less understood than sorting at the TGN.

1.4.3 Early Endosome Sorting and Budding

Due to the complexity of trafficking routes leading from the early endosome to dif-
ferent destinations, the endosomes represent highly heterogeneous sorting stations
and it has been difficult to study these different sorting and budding modes. Com-
pared to endosomal docking and fusion, limited information is available about some
of the special sorting and budding events, and almost nothing is known about the

connection and regulation of the different pathways.

An endosomal budding event investigated since many years is the biogenesis of
SLMVs in PC12 cells. There is strong evidence that this budding process differs from
the one occurring at the plasma membrane: Kelly and coworkers found that synaptic
vesicle formation from the endosome is Arfl-dependent (Faundez et al., 1997) and
requires neuronal AP3 (Blumstein et al., 2001; Faundez et al., 1998), while clathrin,
AP2 and dynamin seem to not be involved (Faundez et al., 1997). In contrast, the

formation of synaptic vesicles at the plasma membrane is dependent on clathrin,
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AP2 and dynamin (Schmidt et al., 1997; Shi et al., 1998).

Budding of transferrin-containing vesicles has also been studied using different ap-
proaches, suggesting the requirement of Rab4 (de Wit et al., 2001), syntaxin 13
(Prekeris et al., 1998), AP1, Arfl, clathrin and Rabex-5/Rabaptin-5 (Pagano et al.,
2004).

The best studied pathway of endosome sorting is the targeting of ubiquitinated mem-
brane proteins into multivesicular bodies. This process requires the ESCRT machin-
ery which has been described by Emr and coworkers [for reviews see Saksena et al.
(2007) and Raiborg and Stenmark (2009)]. The ubiquitinated receptor together
with the endosomal lipid PI(3)P act as the two signals that lead to the sequential
recruitment of four complexes, ESCRT-0, ESCRT-I, ESCRT-IT and ESCRT-III. This
mediates the inward budding of lumenal vesicles (and thus the formation of MVBs
from the early endosome) containing the ubiquitinated receptors that can then be

degraded.

Furthermore, it has been shown that the retromer complex (see above) mediates
the endosome-to-TGN transport of the mannose-6-phosphate receptor and bacterial
toxins (Bonifacino and Hurley, 2008; Collins, 2008; Seaman, 2005) and requires the
sorting nexins SNX1 and SNX2 (Carlton et al., 2004; Rojas et al., 2007). Sorting
nexins (SNXs) are a large family of proteins and they are classified by the presence of
a particular type of phox-homology (PX) domain, which mainly binds PI(3)P, thus
leading to the enrichment of SNXs on early endosomes. They have been proposed
to function in endocytosis, endosomal sorting and endosomal signalling. Sorting
and endosome tubule formation is most likely achieved by the 12 members of the
SNX-BAR subfamily, which contain a C-terminal BAR-domain that can induce
membrane curvature and stabilize tubules. Another subclass contains only a SNX-
PX domain and a third class exhibits other special binding domains which might be
involved in endosomal signalling. While SNX1 and SNX2 have been implicated in
the retrograde endosome-to-TGN trafficking, SNX9 seems to be involved in many
plasma membrane remodeling events such as clathrin-dependent and -independent

endocytosis, and SNX4 can interact with the transferrin receptor, suggesting a role
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in receptor recycling. However, many other SNXs are not yet characterized and
may thus function in the regulation of distinct sorting and budding events at the
endosome (Carlton et al., 2005; Cullen, 2008).

Apart from cargo sorting it is unclear how the budding of the cargo-enriched endoso-
mal tubule proceeds. Recent data have suggested that it might function by recruit-
ing dynamin-like EHD (Eps15 homology (EH)-domain) proteins (Grant and Caplan,
2008; Sharma et al., 2008). Mammals express four different isoforms, EHD1, EHD2,
EHD3 and EHD4, all of which consist of a C-terminal EH-domain. They have
been suggested to be part of different trafficking pathways from the early endosome

(Grant and Caplan, 2008), a model which remains to be confirmed.

In summary, of all the different sorting and budding pathways that occur at the early
endosome, only the transport of membrane-bound cargo destined to MVBs and the
TGN has been studied some detail, leading to an emerging picture on how these
processes may work. In contrast, sorting and separation of most soluble cargoes,
as well as molecules targeted to the plasma membrane, is largely unknown. Even
though the identification of some of the involved molecules (see above) is promising,
many of them appear to be only single components in a complex series of required
factors. Thus, many other molecules need to be identified in order to obtain a global
view on one or the other endosomal sorting and budding process. Once several
pathway have been dissected, it will be additionally challenging to understand how
they are regulated.

1.5 Aims of this Work

Given that the endosome acts as a sorting station with many different outgoing
trafficking routes, it is intriguing to understand the molecular and regulatory mech-
anisms underlying these processes. Due to the fact that endosomal sorting and bud-
ding assays are scarce and mainly based on rather complicated or indirect methods,
the aim of this study was to develop convenient in wvitro assays, based on fluores-

cence microscopy and biochemical methods, which allow the investigator to study
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cargo sorting and budding in endosomes. The choice of an in vitro system was based
on the fact that this allows to apply drugs and reagents that would not enter the
cell through the plasma membrane. Unlike genetic knock-down or overexpression
approaches in cells, in vitro assays lead to acute effects when inhibitory reagents are
added and thus expand the flexibility in the type of such inhibitory tools. Further
requirements for such an assay were ease of operation and the ability to investigate

several conditions at one time.

Based on this assay, | wanted to identify molecular players that are required for
the differential cargo sorting within early endosomes. Does budding for differently
targeted vesicles differ in the mechanisms and pathways involved - e.g. do recycling
vesicles and other types of vesicles, such as those targeted to the trans-golgi network,
differ in their formation? Which molecules are involved? How are the different
budding events regulated? Are molecular “budding domains” involved and how are
they organized? Are fusion and budding events mechanistically coupled? Answering
(part of) these questions required a large variety of tools for potentially inhibiting
different known pathways. A significant part of this study was dedicated to the

generation of such tools.

Furthermore, I wanted to validate some of the candidates required in sorting and
budding in living cells. This required the further development of convenient tools

cell-based tools, allowing to study membrane trafficking in living cells.
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“The true method of knowledge is

experiment.”

(William Blake)

2
Materials and Methods

2.1 Materials

2.1.1 Antibodies

Antibodies used in this study are listed in Table 2.1. All antibodies were generated
in our laboratory or were obtained from Abcam (Cambridge, UK), BD Biosciences
(Erembodegem, Belgium), BioRad (Hercules, CA, USA), Calbiochem (San Diego,
CA, USA), Dianova (Hamburg, Germany), Invitrogen (Carlsbad, CA, USA), Jack-
son Immunoresearch Europe (Newmarket, UK) or Synaptic Systems (Gottingen,

Germany).

For fusion or budding reactions (F/B), antibodies were added at a dilution of 1:17
of the total reaction volume. Primary and secondary antibodies for immunofluores-
cence (IF) were used at a 1:100-dilution. For western blotting (WB) or dot blotting
(DB), primary antibodies were used at 1:1000 and secondary antibodies at 1:2000 -
1:5000. For the biochemical fusion assay, antibodies were used at 1:10 for coupling

to protein A beads.

The r-anti-EEA1 antibody (serum) was generated by C. Holroyd against the N-
terminal peptide of EEA1 (CLRRILQRTPGRV). The r-anti-beta-COP antibody
(affinity purified) by Abcam was raised against the peptide EAGELKPEEEITVG-
PVQK (Duden et al., 1991).
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2 MATERIALS AND METHODS

Table 2.1: Antibodies used in this study: IF (Immunofluorescence), WB (Western Blot), DB (Dot

Blot), F/B (Fusion or Budding assay), F (biochemical fusion assay), r: rabbit (affinity purified or

serum) , m: mouse (monoclonal), g: goat (affinity purified).

Antibody Applica- | Reference

tion
r-anti-Alexa 488 (affinity purified) DB, WB | Invitrogen
r-anti-beta-COP (affinity purified) F/B Abcam
r-anti-Clathrin light chain (serum) F/B Takamori et al. (2006)
r-anti-EEA1 (serum) F/B Takamori et al. (2006)
r-anti-SNAP-25 (serum) F/B, IF Synaptic Systems
r-anti-sorting nexin 1 (serum) F/B Haft et al. (2000)
r-anti-sorting nexin 2 (serum) F/B Haft et al. (2000)
r-anti-Synaptobrevin 2 (serum) F/B Synaptic Systems
r-anti-Synaptophysin 1 (serum) F/B Synaptic Systems
r-anti-Syntaxin 1A (serum) F/B Synaptic Systems
r-anti-Syntaxin 6 (serum) F/B, IF | Synaptic Systems
r-anti-Syntaxin 13 (serum) F/B, IF | Synaptic Systems
r-anti-VAMP3 (affinity purified) IF Abcam
r-anti-VAMP4 (serum) F/B, IF Synaptic Systems
r-anti-Vps26 (serum) F/B Haft et al. (2000)
r-anti-Vps29 (serum) F/B Haft et al. (2000)
r-anti-Vps35 (serum) F/B Haft et al. (2000)
r-anti-Vtila (serum) F/B Synaptic Systems
m-anti-Clathrin heavy chain F/B Dianova
m-anti-Clathrin light chain (Cl 57.1) F/B Synaptic Systems
m-anti-Synaptobrevin 2 (Cl 69.1) IF Synaptic Systems
m-anti-Vtila IF BD Biosciences
g-anti-avidin F Calbiochem
g-anti-mouse (Cy2, Cy3 or Cyb labeled) | IF Jackson Immunoresearch
g-anti-mouse (HRP labeled) WB BioRad
g-anti-rabbit (Cy2, Cy3 or Cyb labeled) IF Jackson Immunoresearch
g-anti-rabbit (HRP labeled) DB, WB | BioRad
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2.1 MATERIALS

Polyclonal rabbit antibodies (serum) against human sorting nexin 1 and 2 (SNX1,
SNX2) as well as the human retromer subunits Vps26, Vps29 and Vps35 were gener-
ously provided by Carol R. Haft, Raul Rojas and Juan S. Bonifacino (NIH, Bethesda,
MD, USA).

2.1.2 Chemicals, Enzymes and Kits
Chemicals

The chemicals listed below were used in this study and obtained from the indi-
cated sources. Other standard chemicals were obtained from either Sigma-Aldrich
(Steinheim, Germany), Roth (Karlsruhe, Germany), Merck (Darmstadt, Germany)
Boehringer (Ingelheim, Germany), Fluka (Buchs, Germany), Serva (Heidelberg, Ge-
many) or Applichem (Darmstadt, Germany), unless otherwise stated. All chemicals

were of at least analytical purity.

N-Ethylmaleimide (NEM), GTP~S, GMP-P(NH)P, latrunculin, phalloidin, noco-
dazole, brefeldin A (BFA), wortmannin, LY 294,002, ionomycin, FCCP, horseradish
peroxidase (HRP), insulin and 2,2'- Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) were all purchased from Sigma-Aldrich. W-7 and avidin were bought
from Calbiochem. BAPTA, EGTA, LDL-Dil, transferrin-Alexa 488, transferrin-
Alexa 594, transferrin-Alexa 647, dextran-Alexa 488, dextran-Alexa 594, acetylated
LDL-Alexa 594, cholera toxin subunit B-Alexa 647, Tetraspeck™ beads (0.2 um)
and Fluospheres® carboxylate-modified yellow-green or red fluorescent (0.2 ym) were
obtained from Invitrogen. Hexokinase, creatine phosphokinase and creatine phos-
phate were purchased from Roche, Basel, Switzerland. The chemical (E)-N'-(3,4-
dihydroxybenzylidene)-3-hydroxy-2-naphthohydrazide, previously described as dy-
nasore (Macia et al., 2006), was bought from ChemBridge Corporation, San Diego,
CA, USA. Cell culture solutions (DMEM medium, L-glutamine, fetal calf serum,
horse serum, PenStep) were obtained from Cambrex (Verviers), Lonza GmbH (Wup-

pertal, Germany) and PAA (Clébe, Germany).
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2 MATERIALS AND METHODS

Enzymes

The enzymes that were used in this study are listed in Table 2.2 and were obtained
from Applichem (Darmstadt, Germany), Fermentas (St. Leon-Rot, Germany), New
England Biolabs (NEB; Ipswich, MA, USA), Promega (Madison, WI, USA) or Roth
(Karlsruhe, Germany). All restriction enzymes, ligases and polymerases were used

according to manufacturer’s instructions (including the supplied buffers).

Table 2.2: Enzymes used in this study

Enzyme Application Reference
DNase protein purification Applichem
lysozyme protein purification Roth
restriction enzymes DNA digest NEB or Fermentas
ligase ligation of DNA fragments NEB
Pfu polymerase polymerase chain reaction Promega
thrombin protein purification Merck

Kits

The commercially available kits that were used in this study are listed in Table 2.3
and were used for the stated application according to manufacturer’s instructions

(including the supplied buffers).

2.1.3 Mammalian Cell Lines and Bacterial Strains

The mammalian cell lines and bacterial strains listed in Table 2.4 were used in
this study. PC12 cells were used for in wvitro and in vivo studies, BHK-21 cells for
in vitro experiments and COS-7L cells were used for in vivo studies. E.coli XIL-1
blue bacteria were used for molecular cloning and E.coli BL21 (DE3) bacteria for

protein expression.
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2.1 MATERIALS

Table 2.3: Commercial kits used in this study

Kit

Application

Reference

NucleoBond™ PC preparative scale plasmid

purification ('maxi prep’)

NucleoSpin™ Plasmid PC | analytical scale plasmid

purification ('mini prep’)

Lipofectamine™ 2000 transient transfection

Pierce® BCA Protein Assay | protein quantification

WESTERN detection of
LIGHTENING™ Py s- chemoluminescence
ECL

Macherey-Nagel
Macherey-Nagel
Invitrogen

ThermoFisher

PerkinElmer

Table 2.4: Mammalian cell lines and bacterial strains used in this study

Cell Line Description Reference
PCi12 Pheochromocytoma cells, clone 251 Heumann et al. (1983)
BHK-21 Baby hamster kidney-21 cells European Collection
COS-TL Green monkey kidney cells Invitrogen
XL-1 blue | recAl endA1 gyrA96 thi-1 hsdR17 (rk-, Stratagene
mk+) supE44 relAl lac [F’ traD36 proAB
laclqZAM15 Tn10 (Tet?)]
BL21 F- dem ompT hsdS(rB- mB-) gal A (DE3) | Novagen
(DE3)
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2 MATERIALS AND METHODS

2.1.4 Recombinant Proteins and Peptides

The following peptides (single-letter amino acid code) were purchased from Gen-
Script Corporation (Piscataway, NJ, USA):

QVPSRPNRAP (dynamin-amphiphysin)

PAVPPARPG (dynamin-endophilin)

INFFEDNFVPEI (amphiphysin-AP2)

INFFEDPFVPEI (control)

CLRRILQRTPGRV (EEA1-N-terminal peptide).

Purified recombinant GDP dissociation inhibitor (GDI) and purified Rabex-5 (nu-
cleotide exchange domain Vps9) were a generous gifts from Aymelt Itzen and Roger
S. Goody (MPI of Molecular Physiology, Dortmund, Germany). The recombinant
proteins for syntaxin 13 (cytosolic fragment 1-250), syntaxin 6 (cytosolic core frag-
ment 169-234) and vtila (cytosolic fragment 1-217) were generously provided by D.
Zwilling (San Francisco) or S.O. Rizzoli (MPI for Biophysical Chemistry, Goéttingen,

Germany).

2.1.5 DNA Constructs

The DNA constructs listed in Table 2.5 were used in this study.

2.2 Methods

2.2.1 Molecular Biology and Biochemical Standardmethods
Molecular Cloning

For molecular cloning, standard methods for ligation, heat-shock transformation in
competent F.coli XL-1 blue cells, plasmid 'mini prep’, plasmid 'maxi prep’, an-

alytical restriction digest, quantification of DNA and DNA sequencing were used
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2.2 METHODS

Table 2.5: DNA constructs used in this study

Construct Application Reference

a-SNAP wildtype protein purification U. Winter

a-SNAP L294A protein purification U. Winter

Rab4A (h. sapiens) protein purification R.S. Goody

Rab5A (h. sapiens) protein purification R.S. Goody

Rab7 (c. familiaris) protein purification R.S. Goody

Rab9 (h. sapiens) protein purification R.S. Goody
Rabl1A (r. norvegicus) protein purification R.S. Goody
Rab18A (m. musculus) protein purification R.S. Goody
Rab22A (h. sapiens) protein purification R.S. Goody

Rab35 (r. norvegicus) protein purification R.S. Goody

RabbA wildtype transfection Bethani et al. (2007)
Rab5A S34N transfection Bethani et al. (2007)
Rab5A Q79L transfection Bethani et al. (2007)

(Sambrook and Russell, 2001). DNA primers were ordered from Sigma-Genosys
and DNA sequencing was carried out using Eurofins MWG Operon (Ebersberg,

Germany)

Protein Determination

Protein concentration was determined according to Bradford (Bradford, 1976). A
set of standards containing 1, 2, 3, 4, 5 ug bovine serum albumin and the proteins
were diluted in 200 ul HoO and then mixed with 800 1 Bradford solution. After
incubation for 5min at RT the absorbance at 595nm wavelength was measured
using a photometer. The protein concentrations of interest were obtained from

interpolation onto the linear trace obtained from the standards.

BCA assays (Smith et al., 1984) were used to quantify the total protein contents
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2 MATERIALS AND METHODS

of cell lysates. BCA assays were performed using Pierce® BCA Protein Assay Kits

(ThermoFischer) according to the manufacturer’s manual.

SDS-PAGE and Western Blotting

Samples were separated in a 10% denaturating Tris/Tricine SDS polyacrylamide
gel electrophoresis system, as described by Schagger and von Jagow (1987) and
Schagger (2006). The resolving gel contained 10% bis-acrylamide (Rotiphorese Gel
30, Roth GmbH, Karlsruhe, Germany), 1 M Tris (pH 8.45), 0.1% SDS, 10% glycerol;
the stacking gel contained 4% bis-acrylamide 1 M Tris (pH 8.45), 0.1% SDS. Am-
monium persulfate and TEMED (N, N, N’, N’-Tetramethylethylenen-diamine) were
added for polymerization. Before loading, all samples were boiled for 5min. 5 ul
PageRuler prestained protein ladder solution (Fermentas) were used for each gel,
for approximate sizing of the proteins. Separation was performed in a discontinuous
buffer system, with a 0.2M Tris (pH 8.9) solution in the tank and a 0.3 M Tris (pH
8.45), 0.03% SDS solution as the gel buffer.

Western blotting was described in Towbin et al. (1989): proteins were transferred
to Protran nitrocellulose membrane (PerkinElmer Life Sciences, Boston, MA USA),
via a semi-dry procedure in buffer containing 200 mM Glycine, 25 mM Tris (pH
7.4), 0.04% SDS, 20% methanol. For the transfer, 45mA were applied per blot
for 1hour in a Biorad PowerPac 300 blotting apparatus. The membranes were
blocked for 30 min at room temperature in blocking solution (PBS pH 7.4, 5% non-
fat milk powder, 0,1% Tween 20) and then incubated overnight with the appropri-
ate dilutions of the primary antibody in blocking solution, at 4°C. After 3 washes
with blocking solution (10min each), the blots were incubated with horseradish
peroxidase-conjugated secondary antibodies (diluted 1:2000-1:5000), for 1 hour at
room temperature. Protein bands were detected using the enhanced chemilumi-
nescence (ECL) system (PerkinElmer LAS, Inc., Boston) on a FujiFilm LAS-1000

imaging station.

Alternatively, mainly for analyzing the results of the protein purifications, gels were

directly stained with Coomassie-blue (Schagger, 2006), instead of processing for
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2.2 METHODS

Western Blotting. For staining, the stacking gel was discarded and the separation
gel was incubated for 15-30 min in 50% (v/v) methanol, 10% (v/v) acetic acid and
0.2% (w/v) Coomassie Brilliant Blue R-250 under agitation. The gel was de-stained
in 50% (v/v) ethanol and 10% (v/v) acetic acid for 15-30 min and then in 10% (v/v)
ethanol and 5% (v/v) acetic acid until no background staining was visible. After
scanning, the gel was hydrated in ddH5O, dried in a gel dryer by wrapping it in

cellophane foil, and preserved for further analysis.

Quantification of HPR Using the ABTS-Assay

For the quantification of horseradish-peroxidase (HRP) with a colorimetric ABTS
reaction (Matsuda et al., 1984), the samples were mixed with homogenization buffer
containing 1% Triton X-100 to a final volume of 100 ul and incubated for 10 min at
room temperature (with mixing once every minute). 100 ul homogenization buffer
were used as a reference. Meanwhile, ABTS buffer was prepared by freshly adding
ABTS (0.4-1mg/ml) to a buffer containing 60 mM Na Citrate, 80 mM NayHPO,,
0,3% triton-X-100, pH 5.0. After addition of 900 ul ABTS buffer, the colorimet-
ric reaction was started by adding 10 ul 3% H504 in ddH,O. After incubating the

samples for 20 min at 37°C, the absorption was measured at 414 nm.

2.2.2 Protein Expression and Purification

DNA constructs of the respective proteins were transformed into electrocompetent
E.coli BL21 (DE3) cells (Sambrook and Russell, 2001). All recombinant proteins
were expressed in shaking cultures, in LB medium (10 g tryptone, 5g yeast extract
and 10 g NaCl per 11) for a-SNAP, and in TB medium (13.3 g tryptone, 27.8 g yeast
extract and 4.4 g glycerol) including 1:10 TB-salt (720mM Ky;HPO, and 170 mM
KH,PO,) for the adaptor ear domains and the Rab proteins. Protein expression
was induced with 0.5mM IPTG (FORMEDIUM™) for various lengths of time.
The bacteria were harvested by a 10 min centrifugation step at 1000xg at 4°C, the
pellets were resuspended in the appropriate buffers and stored at -20°C until the
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2 MATERIALS AND METHODS

purification. After purification, all proteins were snap-frozen in liquid nitrogen and

stored at -80°C.

a-SNAP

The constructs for a-SNAP wildtype and the mutant L.294A were kindly provided
by Dr. Ulrike Winter and Dr. Dirk Fasshauer. Both variants were expressed
as His-tagged fusion proteins in E.coli BL21 (DE3) cells in LB medium and the
bacterial pellets were resuspended in Ni?*T-wash buffer (20 mM Tris/HCI, 500 mM
NaCl, 15mM Imidazole, pH7.4). For disruption of the bacterial cells, 1 mM MgCls,
1mM PMSF, 1mM DTT, one spatula tip lysozyme, one spatula tip DNasel and
1% Triton X-100 (v/v) were added and the extracts were incubated for 20 min at
RT. All following steps were performed at 4°C or on ice. For more efficient bacterial
disruption, additional ultrasound pulses of 3x40s were performed. The extracts
were then centrifuged for 45 min at 12,000xg (Beckman SS-34 rotor). The resulting
pellets were discarded and the supernatants incubated with Ni-NTA beads (Qiagen)
for 2 hours. This mix was then poured into a column (15 c¢m length, 3 cm width)
and the beads were allowed to settle. The beads were then washed three times with
100 ml wash buffer. The protein was then eluted with 3 bed volumes of elution
buffer (20 mM Tris/HCI, 500 mM NaCl, 400 mM imidazole, pH 7.4). The proteins
were dialyzed over night at 4°C against dialysis buffer (20mM Tris/HCI, 50 mM
NaCl, 1mM DTT, 1mM EDTA) using Spectra Por molecularporous membranes
(Spectrum) with the presence of the protease thrombin (20 ul of a 4 U/ul stock on
30 ml eluate) in the dialysis tube. The proteins were further purified using Mono-Q
or Mono-S columns on a FPLC system (Amersham Pharmacia Biotech, Uppsala,
Sweden). After dialysis the protein was loaded on an ion-exchange column, washed
with several column volumes and then eluted with a linear gradient, increasing
salt concentration from 0 mM to 1000 mM NaCl in 20 mM Tris/HCI buffer, pH 7.4
containing 1 mM EDTA and 1 mM DTT. The protein was collected in fractions and
each peak fraction was analyzed via SDS-PAGE.
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2.2 METHODS

Rab Proteins

The constructs for the full-length Rab proteins Rab4, Rab5, Rab7, Rab9, Rabll,
Rab18, Rab22 and Rab35 were kindly provided by Dr. Aymelt Itzen and Dr. Roger
S. Goody (Max-Planck-Institute of Molecular Physiology). The proteins were ex-
pressed as soluble His-tagged, His-GST-tagged or His-MBP-tagged fusion proteins in
E. coli BL21(DE3) cells at 20°C over night. The bacterial pellets were resuspended in
buffer A (500 mM NaCl, 50 mM HEPES-NaOH, 1 mM MgCly, 0.5mM DTT, 10 uM
GDP, pH 7.4). For disruption of the bacterial cells, 1% Triton X-100 (v/v), 1 mM
PMSF, one spatula tip lysozyme and one spatula tip DNasel were added and the
extracts were incubated for 20 min at RT. All following steps were performed at 4°C
or on ice. For more efficient bacterial disruption, additional ultrasound pulses of
3x40s were performed. The extracts were then centrifuged for 45 min at 12,000xg
(Beckman SS-34 rotor). The pellets were discarded and the supernatants loaded
onto 2x1ml HisTrap FF Ni-columns (GE Healthcare) using an Akta-purifier FPLC
system (GE Healthcare). The columns were washed with 35ml 25 mM imidazole in
buffer A and eluted with a linear gradient from 25 mM to 500 mM imidazole buffer.
The eluted Rab-proteins were dialyzed to a buffer containing 150 mM NaCl, 10 mM
HEPES-NaOH, 1mM MgCl,, 2mM DTT, 10 uM GDP, pH 7.4 using Spectra Por
molecularporous membranes (Spectrum) with 14-16kD cut off and concentrated to
final concentrations of 20mg/ml by using Vivaspin 500 centrifugal concentrators
(Sartorius Stedim Biotech GmbH, Géttingen, Germany). For loading the proteins
with the nucleotide GMP-P(NH)P, 2-5mg of each Rab protein were incubated with
a 25-fold excess of the nucleotide (which corresponds to 10 mM) and 5mM EDTA
for 4 hours at room temperature in a total volume of 200-500 ul. The EDTA and
the free nucleotide were then removed by a Sephadex G-25 column (NAP TM-5, GE
Healthcare). The efficient nucleotide exchange was analyzed by reverse phase chro-
matography [using a protocol modified from Tucker et al. (1986)], where isocratic
elution (50 mM potassium phosphate, pH 6.6, 10 mM tetra-N-butylammonium bro-
mide, 8% (v/v) acetonitrile) was used to separate different nucleotides (GDP, GTP
and GMP-P(NH)P) on a Prontosil C18 120-5-C18-AQ column (Bischoff chromatog-
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raphy). The column was calibrated with solutions of appropriate nucleotides at
known concentrations, which allowed to quantify the amount of each nucleotide
bound to the Rab proteins. If the loading efficiency with GMP-P(NH)P was found
to be less than 95%, the loading procedure was repeated. The proteins were again

concentrated to a final concentration of 10-20 mg/ml (400 pM).

2.2.3 Preparation of Rat Brain Cytosol

The preparation of rat brain cytosol was carried out as described in Huttner et al.
(1983) with some modifications. All solutions and glassware were detergent-free and
all the steps were carried out on ice or at 4°C. 20 to 40 rats were killed, decapitated
and the brains were removed into a beaker of ice cold sucrose buffer (320 mM su-
crose, 5bmM HEPES, pH7.4). They were washed 2-3 times with sucrose buffer, to
remove most of the blood remaining in solution, and were then homogenized. For
this purpose, sucrose buffer containing protease inhibitors (1 ug/ml Pepstatin A and
200 M PMSF) and 10 brains were filled into a 50 ml homogenizer and homogenized
by 10 strokes (where one stroke is one up and down movement) at 900 rpm. This
homogenate was centrifuged for 10 minutes at 5000 rpm in a SS-34 rotor (Sorvall
centrifuge), resulting in a pellet containing nuclei and cell fragments (pink color), as
well as fractions of synaptosomes/myelin/mitochondria (cream-yellow). The super-
natant and the very soft part of the cream-yellow pellet (which also contains some
cytosol) were collected and centrifuged again for 15 minutes at 16,500 rpm in a SS-34
rotor. In order to obtain pure cytosol, the resulting supernatant (crude cytosol) was
centrifuged for 30 minutes at 90,000 rpm in a 100.3 rotor, in thick-walled plastic
tubes. The cytosol was carefully collected, aliquoted, snap-frozen and stored at -
80°C. The concentration determined with the Bradford method was usually between

6 and 9 mg/ml.
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2.2.4 Cell Culture

PC12 Cells

PC12 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM with
4.5 g/l glucose) with the following additions: 5% fetal calf serum (FCS), 10% horse
serum, 4 mM glutamine and 100 units/ml each of penicillin and streptomycin. Cells
were grown to 70% confluence on culture dishes, at 37°C with 10% CO, and 90%
humidity. PC12 cells were usually passaged 1:2 - 1:6 by detaching them from the
plates using trypsin/EDTA (Lonza GmbH, Wuppertal, Germany).

COS-7 Cells

COS-7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM with
4.5¢g/1 glucose) with the following additions: 10% fetal calf serum (FCS), 4mM
glutamine and 100 units/ml each of penicillin and streptomycin. Cells were grown
to 90% confluence on culture dishes, at 37°C with 10% COy and 90% humidity.
COS-7 cells were usually passaged 1:5 - 1:20 by detaching them from the plates by

using a cell scraper (Sarstedt, Niimbrecht, Germany).

BHK Cells

BHK cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM with 4.5
g/l glucose): 5% fetal calf serum (FCS), 10% tryptose phosphate, 4 mM glutamine
and 100 units/ml each of penicillin and streptomycin. Cells were grown to 90%
confluence on culture dishes, at 37°C with 5% COq and 90% humidity. BHK cells
were usually passaged 1:20 - 1:50 by detaching them from the plates by using a cell
scraper (Sarstedt, Niimbrecht, Germany).
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2 MATERIALS AND METHODS

Primary Neurons

Primary neurons were prepared from brains from newborn E1 rats using a stan-
dard protocol (Kaech and Banker, 2006). The cultures were kindly provided by Ina
Herfort (Max-Planck-Institute for biophysical Chemistry, Gottingen, Germany) and

used in a stage between 14 and 24 days in vitro.

2.2.5 Transient Transfection

Prior to transient transfection, 12 mm or 18 mm diameter coverslips were coated with
poly-L-lysine: Coverslips in pure ethanol were sterilized by singeing and placed into
12-well or 24-well plates (Sarstedt, Niimbrecht, Germany). Poly-L-lysine was diluted
to a final concentration of 0.1 mg/ml in sterile ddH,O, placed onto the coverslips
(150 pl per 12mm and 300 pl per 18 mm coverslip) and incubated for 30 min at room
temperature. The poly-L-lysine was removed, the plates washed twice with sterile
ddH,0O and dried over night. They could be kept in the refrigerator for up to several

weeks before use.

Cells were passaged in their normal growth medium without antibiotics into 12-
well or 24-well plates containing the coated coverslips. For transient transfection
on the next day, the kit Lipofectamine™ 2000 was used. For each coverslip in
24-well plates, 0.8 ug of purified plasmid DNA was mixed with 50 ul OptiMEM (In-
vitrogen, Carlsbad, CA, USA), and 2 ul Lipofectamine™ 2000 reagent were mixed
with another 50 ul OptiMEM and left for 5min at room temperature. Afterwards,
the lipofectamine-solution was carefully added to the DNA-solution and left for 20-
40 min at room temperature (without mixing or strong movement of the solution
during that time). In the meantime, the medium was changed on the cells and one
well received 500 ul growth medium without antibiotics. Finally, the total volume of
100 pl lipofectamine-DNA-mixture was added to the coverslip and left for 4-6 hours
on the cells. Afterwards, the medium was changed again and the (transfected) cells

were analyzed 12-36 hours later. For 12-well plates, the volume was doubled.
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2.2.6 Preparation of Postnuclear Supernatants

For the preparation of postnuclear supernatants (PNS), the protocol was adapted
from Holroyd et al. (1999). Briefly, PC12 cells were grown in 15-cm dishes (Greiner
Bio-One, Frickenhausen, Germany), the culture medium was removed from each
plate and every plate was washed with 5ml saline PBS (150mM NaCl, 20 mM
NasHPO,, pH 7.4). The cells were harvested by trypsin/EDTA treatment (2ml
per plate; Lonza GmbH, Wuppertal, Germany). This reaction was terminated
by addition of 5ml cold culture medium and the cells collected by a centrifu-
gation step at 4°C. The cells were resuspended in cold PBS, the centrifugation
step was repeated and the resulting pellet was washed with cold internalization
medium (OptiMEM, containing 10mM glucose). After centrifugation, the cells
were prewarmed at 37°C for several minutes and incubated for 5min at 37°C with
the markers dextran-Alexa488 or Alexa’594 (500 pg/ml), transferrin-Alexa488 or
Alexa 594 (50 pg/ml), LDL-Dil (1-10 ug/ml), acetylated LDL-Alexa 595 (10 pug/ml),
cholera toxin subunit B-Alexa647 (3-10 ug/ml), biotin-HRP (2.5mg/ml), avidin
(3.3mg/ml) or horseradish peroxidase (2 mg/ml) dissolved in internalization medium.
For this step, the fluorescent markers had to be concentrated twice as high as indi-
cated above, they were added 1:1 to the cellular pellet. Internalization was stopped
by chilling on ice; the cells were then washed three times with ice-cold PBS con-
taining 5mg/ml BSA and once with homogenization buffer (250 mM sucrose, 3 mM
imidazole-HCI, pH 7.4). The cellular pellet was resuspended 1:3 in homogenization
buffer with protease inhibitors (0.2mM PMSF and 1 ug/ml pepstatin A, leupeptin
and aprotinin) and homogenized by 10-20 passages through a stainless steel ball
homogenizer (Balch and Rothman, 1985) with a clearance of 0.02mm (Industrial
Tectonics Inc, Dexter, Michigan). The homogenate was centrifuged at 1,200xg for
15min and PNS was collected, divided into aliquots, snap-frozen and stored at -

80°C. The protein concentration of the PNS was determined by the Bradford assay.
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2 MATERIALS AND METHODS

2.2.7 In vitro Endosomal Docking/Fusion and
Sorting /Budding Assays

Sorting/Budding and Docking/Fusion Reactions

Reaction mixtures contained, as final concentrations, 2mg/ml rat brain cytosol,
11.25mM HEPES at pH7.0, 1.35mM magnesium acetate, 0.18 mM DTT, 45 mM
potassium acetate and PNS. For sorting/budding reactions, 4 mg/ml PNS (labeled
with transferrin-Alexa 488, transferrin-Alexa 594, LDL-Dil, cholera toxin subunit
B-Alexa 647, dextran-Alexa 488, dextran-Alexa594, acetylated LDL-Alexa 594, or
HRP) was added. For docking/fusion reactions, 2mg/ml of two differently labeled
PNS (labels as above, or biotin-HRP and avidin) were used. As ATP-regenerating
system, 3.2mM ATP, 26 mM creatine phosphate and 0.132 mg creatine kinase (800
units/mg) or as ATP-depleting system, 5 pul hexokinase (1,500 units/ml dissolved
in 250 mM glucose) were added. The reaction mixtures were incubated for 45 min
(unless otherwise stated) at 37°C with slow agitation, control reactions were kept

on ice.

Colocalization Assay

Sorting/budding or docking/fusion reactions were carried out in a 50 ul final vol-
ume. 5-8 ul of each reaction were transferred into 1 ml of PBS on coverslips (18 mm
diameter) in 12-well plates. After centrifugation for 45min at 5,868xg at 4°C,
coverslips were analyzed by using a Zeiss Axiovert 200M fluorescence microscope.
Images were acquired in the blue channel and two or three of the following chan-
nels: green (Alexa488), orange (Dil), red (Alexa594) or dark red (Alexa647). Be-
fore use of coverslips, Tetraspeck beads (200 nm diameter, dilution 1:50,000 in 1 ml
PBS) were bound to the surface by centrifugation for 45 min at 5868 xg. The Zeiss
Axiovert 200M fluorescence microscope was equipped with a 1.4 numerical aper-
ture 100x objective and a CCD camera with a 1317x1035 Kodak chip (pixel size
68x68 nm, Princeton Instruments Inc., Trenton, NJ, USA). Alexa 488 fluorescence

was detected with the excitation filter 480/40 HQ, the beamsplitter 505 LP Q and
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the emission filter 527/30 HQ. Alexa 594 fluorescence was detected using the excita-
tion filter 560/55 HQ, the beamsplitter 595 LP Q and the emission filter 645/75 HQ.
Dil fluorescence was detected using the excitation filter 545/30 HQ, the beamsplit-
ter 570 LP Q and the emission filter 610/75 HQ. Alexa 647 fluorescence was detected
using the excitation filter 620/60 HQ, the beamsplitter 660 LP () and the emission
filter 700/75 HQ. Blue fluorescence (dapi) was detected using the excitation filter
350/50 D, the beamsplitter 400 DCLP and the emission filter 460/50D. All filters
were purchased from Chroma, Rockingham, VT, USA. Image acquisition was per-
formed using METAMORPH (Universal Imaging Corporation, West Chester, PA|
USA).

Data analysis was done using a custom-written routine in Matlab (The Mathworks
Inc., Natick, MA, USA) and is attached in the Appendix. First, images were filtered
using a high-pass or an unsharp filter and appropriate thresholds above background
were applied to the images; all objects persisting above the thresholds (excluding
single pixels) were then used in the analysis. The x and y coordinates of the in-
tensity centers of the objects were determined and the shift between the images
was corrected by use of the coordinates of a Tetraspeck bead (identified in the blue
channel). Distances between the objects were determined, and the percentage of
green objects that were within 100 nm of red objects was calculated. Accidental
colocalization (between the objects in the green image and the objects in a mirror
image of the red channel) was always subtracted. Typically, 6000-7000 transferrin-
labeled organelles were analyzed per coverslip, with a similar number for cholera
toxin and dextran. LDL is taken up less efficiently, which results in about 600-800
organelles being analyzed per coverslip. Two coverslips are always analyzed per con-
dition, in every experiment. For the analysis of docked endosomes, the amount of
organelles having their green and red intensity centers within 150-500 nm distance
were calculated and the distances within 500-850 nm were subtracted as random
colocalization. For experiments shown in Figure 3.5, Figure 3.6 and Figure 3.7
B(distance measurements of endosomes and multi-colored fluorescent beads), dis-
tances to the closest object in the other channel were determined and binned in

25 nm classes. The single color beads were strongly fluorescent in green or red, re-
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spectively. They also were fluorescent in blue, which allowed us to correct for the

shift between the green and red images by aligning each of them to the blue image.

Time-lapse Budding Assay

For time-lapse imaging of labeled endosomes in Figure 3.15, 10 ug PNS (labeled
with transferrin-Alexa 488 and LDL-Dil) were attached to the surface of a coverslip
(12mm diameter) by centrifugation for 45min at 5868xg (before the use of the
coverslips, Tetraspeck beads were attached, as described above). The microscope
stage was preheated to 37°C and imaging was started immediately after adding
the cytosol-ATP-mixture (see above) to the endosomes. Two images were recorded
in the green, red and blue channel for each time point (0, 10 and 30 minutes,

respectively).

For data analysis, images were imported into Matlab and aligned by a least root-
mean-square-deviation routine in order to compensate for a possible shift in x and y
direction between the images. For selection of spots, an inner circle (diameter of 21
pixels) for the spot itself and an outer circle (diameter of 61 pixels) for background
fluorescence around the spots were created. Labeled organelles were selected in both
green (transferrin) and red (LDL) channels (beads were selected in the dapi-image
and not used for analysis). The program then calculated the average fluorescence

for each spot and subtracted its corresponding background in every image.

Biochemical Budding Assay

Sorting reactions with PNS containing HRP or transferrin-Alexa 488 labeled endo-
somes were carried out in a 300 ul volume. The reactions were then diluted in 3ml
ice cold PBS and centrifuged for 35 min at 10,000 xg in a table top centrifuge at 4°C
(similar centrifugation speeds were used to pellet PC12 organelle membranes in the
past (Lichtenstein et al., 1998), with 27,000 x g thought to pellet all endosomal/vesic-
ular membranes). Equal volumes of the supernatants (3 ml) were then centrifuged

for 30 min at 300,000xg (Beckman TLA100.3 rotor). The pellets were resuspended

42



2.2 METHODS

in 50-100 pl extraction buffer (20 mM NayHPO,4, 150 mM NaCl, 5mM EDTA, 5 mM
EGTA, 1% (v/v) Triton-X-100) and analyzed for the amount of HRP (using ABTS,
see above) or transferrin-Alexa 488 (using anti-Alexa 488 dot-immunoblots), respec-

tively.

Dot-immunoblot experiments in Figure 3.14 C were performed as described in
Jahn et al. (1984) with some modifications. In brief, the pellets were adjusted to
a final SDS concentration of 2% (w/v). Samples were boiled for 5 min and 5 ul
(1/10 of the total volume) were spotted on nitrocellulose membranes. After drying
the membranes they were fixed for 15 min in a solution containing 10% (v/v) acetic
acid and 25% (v/v) isopropanol, rinsed with water and blocked in 5% (w/v) fat
free milk. Membranes were incubated with rabbit antibodies against Alexa 488 and
goat anti-rabbit antibodies coupled to HRP. Blots were then analyzed by using the
Western Lightning Chemoluminescence System from PerkinElmer Life Science and
a FujiFilm LAS-1000 reading device. For quantification of the signal, the intensities
of the dots were measured and the background signal subtracted (using self-written

routines in Matlab).

Biochemical Fusion Assay

The biochemical fusion assay uses PNS-fractions containing biotin-HRP and avidin,
respectively. Only when endosomes fuse and undergo content mixing, the biotin-
HRP and the avidin meet and thereby form stable complexes. The amount of
formed complexes is therefore the readout of fusion efficiency, it can be measured
by immunoprecipitation of avidin and quantification of HRP (Gorvel et al., 1991;

Gruenberg et al., 1989; Holroyd et al., 1999).

Preparation of this assay required the biotinylation of HRP or insulin and the pro-
duction of anti-avidin-beads. For biotinylation of HRP, 40 mg HRP or insulin were
dissolved in 19ml buffer (0.1 M NaHCO3/Na,COg3, pH 9.0) and 22.8 mg biotin-X-
NHS (biotinyl-e-aminocaproic acid N-hydroxysuccinimide ester, Calbiochem) were
dissolved in 1 ml dimethylformamide in a glass tube. Both components were mixed

and incubated with gentle stirring for 2 hours at room temperature (50:1 molar
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excess of biotin). The unreacted active groups were quenched with 2ml of 0.2M
glycine pH 8.0 and mixed for an additional 30 min. The mixture was then dia-
lyzed against 3x 0.51 internalization medium (OPTIMEM and glucose) and stored
at -20°C until use. For preparation of anti-avidin-beads, 1 ml Protein A separose
beads were 3x washed in PBS, 100 ul anti-avidin antibody were added and the tube
was filled up to 2ml with PBS. The beads were rotated over night at 4°C and, 3x
washed in PBS and stored at 4°C 1:1 in PBS.

Biochemical fusion reactions (Figure 3.7 E) PNS containing biotin-HRP and avidin,
respectively, were carried out in 200 p reactions as normal fusion reactions with the
following changes. 10 pl biotin-insulin (1 mg/ml, Sigma) was added to the cytosol
mixture to quench all the free avidin. After sequential addition and mixing of the
two PNS-fractions (avidin-containing PNS first, then biotin-HRP-containing PNS)
the reactions were incubated at 37°C. They were then chilled on ice and 10 ul biotin-
insulin were added again. For extraction of the avidin-biotin-HRP complexes (that
could only be formed from the content mixing of two endosomes containing biotin-
HRP and avidin, respectively), 10 ul 20% triton-X-100 were added and the samples
were incubated with agitation for 1 hour at 4°C. The samples were then cleared
by centrifugation 2 min at 4°C in a table-top centrifuge at maximum speed and
incubated with 75 ul avidin bead solution (50%) for 1 hour at room temperature.
The beads were 3x washed in PBS and bound HRP was quantified by an ABTS

colorimetric reaction.

Size Determination of Endosomes using STED Microscopy

Transferrin-Alexa 488 was labeled with the dye Atto647N (ATTO-TEC, Siegen, Ger-
many), via its succinimidyl ester, using a conventional protocol recommended by
Invitrogen. Sorting/budding reactions were carried out in 50 ul volumes and 15 pl
were centrifuged on coverslips (18 mm diameter) as described above. The PNS
was then fixed with 4% paraformaldehyde (PFA) in PBS for 30 min and the unre-
acted PFA was quenched with PBS containing 100 mM ammoniumchloride. After

washing them again with PBS, coverslips were mounted in Mowidl (Willig et al.,
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2006) medium. Samples were imaged using a TCS STED (Stimulated Emission
Depletion) superresolution fluorescence microscope from Leica Microsystems GmbH
(Mannheim, Germany), with a 1.4 NA 100x objective (Leica). Excitation was per-
formed with a 635 nm diode laser, and depletion was achieved via a Spectra-Physics
MaiTai tunable laser at 750 nm. Signal was detected by use of an avalanche photodi-
ode. The system resolution limit was approximately 70-90 nm, measured by analysis

of crimson-fluorescent beads (20 nm diameter, Invitrogen).
For image analysis, line scans (11 pixels width, 41 pixels length) through the endo-
somes were made and lorentzian curves were fitted

Y=1yYo+

1+ (222)°

where 20 is the full width at half maximum. The full width at half maximum was
measured for at least 600 spots in each condition, for each independent experiment.

The values were binned into 10 nm or 20 nm classes and histograms were plotted.

Size Determination of Endosomes using Electron Microscopy

In wvitro reactions using HRP-labeled PNS were carried out and subjected to a cen-
trifugation step at 100,000xg in a Beckmann TLA 100.0 rotor. The resulting pellets
were washed with homogenization buffer and incubated in homogenization buffer
containing 1.5 mg/ml di-amino-benzidine (DAB) and 0.02% H50O5 for 15 minutes at
room temperature (Stoorvogel et al., 1991). Samples were washed with homoge-
nization buffer, fixed with 2.5% glutaraldehyde for 40 minutes, and quenched with
PBS containing 100 mM NH,4Cl for 20 minutes. The samples were then postfixed
for 50 min with osmium (1% in PBS), dehydrated using a series of ethanol and
propylene oxide dilutions, and embedded in Epon resin. This was done as described
in Rizzoli and Betz (2004) and Denker et al. (2009), using a dehydration series of
30%, 50%, 70% ethanol for 5min each, 90% and 95% ethanol for 10 min each, 100%
ethanol for 3x10min, 50% propylene oxide in ethanol for 10min, 100% propylene
oxide for 3x10min, 50% epon resin in propylene oxide over night with rotation and

100% epon resin for 8 hours. Samples were cured for 48 hours at 60°C and cut into
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90 nm-thick sections (silver-gold). Sections were placed on formvar-coated grids and
imaged using a Philips CM-12 electron microscope. Data analysis was performed

semi-manually, using a line-scan routine in Matlab.

Immunostainings

Budding reactions were carried out in a 50 ul volume using PNS labeled with
transferrin-Alexa 488. To ensure distinct spots in the staining, 1.25 - 3.75 ul were
centrifuged on BSA-coated coverslips (overnight incubation in 10mg/ml BSA at
37°C) after Tetraspeck beads were attached. Antibodies (see above) were added
1:100 in PBS complemented with 1.5% (w/v) BSA for 1 hour at room temperature
(RT). The coverslips were washed with PBS and Cyb-labeled secondary antibodies
were added 1:100 in PBS+BSA for 45 min RT. After washing the coverslips again
with high-salt PBS (500 mM NaCl, 20 mM NayHPOy, pH 7.4) and normal PBS, cov-
erslips were mounted in Dako Fluorescent Mounting Medium (DakoCytomation).
Images were acquired in the green (Alexa488) and dark red (Cy5) channel. For the
analysis of correlation between transferrin-Alexa 488 fluorescence and SNARE stain-
ings, line scans (3 pixels widths, 15 pixels length) were made through endosomes
in the green and red channels (using Matlab). Correlation coefficients between the
curves were calculated as previously described (Rizzoli et al., 2006), and the frac-
tion of objects with a high degree of colocalization (correlation coefficient > 0.8)

was measured. Values were corrected for accidental colocalization.

2.2.8 Endosomal Sorting/Budding Assays in Intact Cells
Spot-by-Spot Assay in PC12 Cells

PC12 cells grown on poly-L-lysine-coated coverslips were labeled with fluorescent
markers as for the in vitro assays (see above). They were then either fixed imme-
diately in 4% paraformaldehyde (PFA) in PBS, or washed with PC12 medium and
chased for another 30 min before fixation. Unreacted PFA was quenched with PBS

containing 100 mM ammoniumchloride. After washing the fixed cells again with
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PBS, coverslips were mounted in Dako Fluorescent Mounting Medium (DakoCy-
tomation). Samples were imaged using a TCS SP5 STED fluorescence microscope
from Leica Microsystems GmbH (Mannheim, Germany), with a 1.4 NA 100x objec-
tive (Leica). Fluorescence was excited at 488 nm (Argon laser) and 547nm (HeNe
laser), and was collected via appropriately positioned AOTF filters. For the analy-
sis of correlation between transferrin-Alexa 488 and LDL-Dil, we made line scans (3
pixels widths, 21 pixels length) through endosomes in the red channel using Matlab.
Correlation coefficients between the curves were calculated as previously described
(Rizzoli et al., 2006), and the fraction of objects with a high degree of colocalization
(correlation coefficient > 0.9) was measured. Values were corrected for accidental

colocalization.

Correlation Assay in PC12 Cells

PC12 cells were grown on poly-L-lysine coated coverslips over night, labeled with
the fluorescent markers transferrin-Alexa 488, LDL-Dil and cholera toxin subunit
B-Alexa 647 for 5minutes, chased the cells for various length of time and fixed,
as above. Imaging was performed by use of an epifluorescence microscope Olympus
[X71 microscope, equipped with a F-View II camera, via a 100x, 1.4 NA, UplansApo
objective (Olympus). An optovar lens of 1.6x was used to enlarge the image zoom.
The same filtercubes were used as described above for the Zeiss Axiovert 200M
fluorescence microscope. The overlap between the differently labeled endosomes
was calculated by a custom-written Matlab routine and normalized to the initial

(before starting the chase) levels.

Size Determination of Endosomes using STED Microscopy

For the size determination of early endosomes in intact cells, PC12 cells were grown
on poly-L-lysine coated coverslips over night. The next day, the cells were washed
and incubated (15 minutes, on ice) with transferrin-Atto647N (see above) dissolved

at 50 ug/ml in internalization medium (OptiMEM; Invitrogen, Carlsbad, CA, USA,
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containing 10 mM glucose). Cells were then washed with Ringer buffer (130 mM
NaCl, 4mM KCl, 5mM CaCly, 1 mM MgCly, 48 mM glucose, 10 mM HEPES /NaOH
pH7.4) and incubated for different lengths of time at 37°C. The cells were fixed as
described above and imaging and data analysis was performed using the TCS SP5
STED fluorescence microscope (Leica) and the Matlab routine as described for the

in vitro STED experiments (see above).

Colocalization Assay in COS-7 Cells

COS-T cells were grown over night in the presence of Tetraspeck beads (200 nm diam-
eter, dilution 1:100). The next day, the cells were starved with Dulbecco’s modified
Eagle’s medium (DMEM with 4.5 g/1 glucose) and 4 mM glutamine for 30 minutes.
They were then washed with Ringer buffer (130 mM NaCl, 4 mM KCI, 5mM CacCl,,
1mM MgCly, 48 mM glucose, 10mM HEPES/NaOH pH7.4), incubated with the
fluorescent markers transferrin-Alexa 488 and LDL-Dil for 5 minutes and chased in

COS-7 medium for different lengths of time at 37°C.

For experiments shown in Figure 3.28, cells were grown over night, the next day
transfected with the respective GFP-constructs and only then incubated over night
with the Tetraspeck beads (1:70). The cells were then also starved, washed with
Ringer buffer and incubated with the fluorescent markers transferrin-Alexa 647 and

LDL-Dil for 5 minutes and chased in COS-7 medium for 45 minutes at 37°C.

The cells were fixed and embedded, as described above. Imaging and data analysis
was performed exactly as described for the in wvitro colocalization assay with one
difference. Fluorescent Tetraspeck beads that were lying within the cells were ex-
cluded for aligning the images. This was achieved by excluding those beads for which

another intensity center in any of the channels was found within 25 pixel radius.
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“The important thing in science is
not so much to obtain new facts as
to discover new ways of thinking

about them.”

(Sir William Bragg)

3

Results

3.1 Establishing a Microscopy-Based Assay for
Early Endosomal Sorting

To investigate cargo sorting in early endosomes, I took advantage of the fact that
transferrin (as a recycling marker) and LDL (as a marker for the degradative path-
way) are separated within these organelles. Transferrin remains bound to its recep-
tor and is sorted into vesicles that bud off from early endosome precursors. The
majority of transferrin is therefore directly recycled back to the plasma membrane
by means of small carrier vesicles whereas another fraction is first transported to
recycling endosomes before returning to the plasma membrane. In contrast, LDL
is destined for lysosomal degradation. Thus, it remains in early endosomes dur-
ing their maturation to late endosomes (Maxfield and McGraw, 2004). PC12 cells,
a neuroendocrine cell line, have been used extensively to study early endosomal
trafficking. Like many other mammalian cells, PC12 cells rapidly recycle transfer-
rin, while they target LDL for degradation. I incubated PC12 cells in culture for
5 minutes with transferrin (linked to the fluorescent dye Alexa 488) and LDL (linked
to the fluorescent dye Dil). As expected, they endocytose large amounts of both
LDL and transferrin (Figure 3.1 A), with a substantial fraction of the organelles
being double labeled. After a chase period the amount of double labeled organelles
is drastically reduced, but not eliminated (see Figure 3.1 B for quantification),

mainly through transferrin recycling (note the strong decrease in transferrin signal
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after the chase, Figure 3.1 A).
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Figure 3.1: (A) Segregation of labeled cargo in intact cells analyzed by confocal microscopy.
PC12 cells were loaded simultaneously with transferrin (green) and LDL (red) for 5minutes (left
panel). During a chase period of 30 minutes (right panel), a substantial amount of the transferrin
is released from the cells, thus clearly segregating from the LDL label, which remains trapped.
However, some transferrin still persists within intracellular organelles (see inset; the chased cell is
depicted with increased contrast). (B) Quantification of colocalization. Approximately 30% of the
organelles were initially double labeled, decreasing to about 8% after the chase. Bars represent

means from three independent experiments (+/- SEM).

To allow easier manipulations of the sorting process, I next proceeded to reproduce
this in an in vitro assay. | prepared post-nuclear supernatants (PNS) from cells
labeled with both endocytotic tracers (see schematic in Figure 3.2 A). I then in-
cubated the PNS at 37°C (or kept it on ice as a negative control) in a reaction
mixture containing rat brain cytosol and an ATP-regenerating system, centrifuged
the samples onto glass coverslips and imaged them using an epi-fluorescence micro-
scope. In the negative control (the “ice” or “initial” condition), many endosomes
appeared double labeled (Figure 3.2 B, yellow, arrowheads). After incubation
at 37°C, fewer colocalized (i.e. double labeled) spots were visible, suggesting that

endosomal sorting and cargo separation do occur in vitro.
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Figure 3.2: (A) Schematic overview of the in vitro sorting assay. PC12 cells are loaded simul-
taneously with labeled transferrin (green) and LDL (red), and post-nuclear supernatant (PNS) is
prepared. Incubation of the PNS in the presence of ATP and cytosol results in cargo sorting and
separation of the two labels. (B) Fluorescence images from samples incubated on ice (negative
control) and samples incubated at 37°C (positive control). Images acquired in the green (transfer-
rin) and red (LDL) channels were aligned by using fluorescent beads (arrows) as reference. Many
endosomes appear initially double labeled (yellow, arrowheads). After sorting, fewer colocalized

(i.e. double labeled) spots are visible. Scale bar = 2 ym.

3.2 Verification of the Assay

3.2.1 The Assay is not Affected by De-Aggregation, Cargo
Degradation or Organelle Leakage

The decrease in colocalization hints to the fact that the assay represents endosomal
sorting and cargo separation. However, does this visible decrease in the amount
of double labeled endosomes indeed represent cargo sorting from one endosome?
One possibility would be that this decrease represents the break-up of aggregates
containing red and green endosomes. However, Figure 3.3 clearly shows that upon
incubation the number of aggregates (i.e. clustering) increases. This confirms that
the colocalization in the assay is likely independent of clustering - as colocalization

decreases upon incubation, while clustering increases.

Another possibility for the decrease in colocalization could be cargo degradation
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Figure 3.3: Typical images from PNS fractions labeled with transferrin-Alexa 488 before and after
the sorting reaction. Upon incubation, the number of aggregates increases, while colocalization,

as measured in the assay presented above, decreases. Scale bar = 5 ym.

or leakage of the endosomes (note that the transferrin-spots in the green channel
do seem to become dimmer, Figure 3.2 B, right panel). In order to test this, I
subjected the two reaction mixtures (incubated on ice or at 37°C) to a high-speed
centrifugation, leading to the separation of all membrane-bound or -enclosed proteins
from soluble ones. Quantification of the amount of the cargo transferrin-Alexa 488
by western blotting served then as a measure for cargo degradation and organelle
leakage. Since the amount of fluorescent transferrin did not change in the pellet
fraction (Figure 3.4), the possibility of unwanted leakage and degradation can be

excluded.

3.2.2 Determination of Double Labeled Early Endosomes

As the assay is not affected by unspecific effects such as cargo degradation or leakage,
I could continue to measure and quantify the amount of endosomes double labeled
with transferrin and LDL (which were visually detected, Figure 3.2 B). As a first
step, I calculated centers of intensity for all spots in both channels and measured

the minimal distance of every green transferrin-containing organelle to its closest
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Figure 3.4: (A) Reaction mixtures (incubated on ice or at 37°C) were centrifuged at 250,000xg
for 30 minutes to pellet all membranes. Equal amounts of pellet fraction and supernatant were
subjected to western blotting and stained with anti-Alexa 488 antibodies. (B) Quantification shows
that the levels of transferrin-Alexa 488 are the same in both conditions, excluding the possibility
of marker degradation and/or leakage from early endosomes upon 37°C incubation. Bars represent

means from five independent experiments (+/- SEM).

LDL-containing neighbor in the red color. The histograms in Figure 3.5 show
that upon incubation at 37°C the amount of organelles lying within 1000 nm from
each other decreases. This reverses only at distances above 1500 nm, which most
likely represent a random positioning of organelles on the coverslip, rather than truly
double labeled or docked endosomes. At low distances, a shoulder fraction up to

about 100 nm and a clear peak with the maximum of about 200 nm are visible.

From this measurement the question arises what a faithfully double labeled endo-
some and a closely apposed (or docked) one is. To get more insight into this and
to determine whether it is generally possible to discriminate between docked and
genuinely double labeled organelles, I turned to fluorescent beads of sizes similar
to those of endosomes ( 200nm in diameter). As expected, multi-color beads gave
green and red images which were scored as virtually 100% colocalized (Figure 3.6
A). In contrast, no significant colocalization was seen by visual inspection of the
image when green and red fluorescent beads were mixed (Figure 3.6 B) (compare
the amount of yellow spots in the overlays). As in Figure 3.5, I measured the

distances between the intensity centers of the green and red spots, and recorded for
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Figure 3.5: Images in taken in the green and red channel were aligned by using multi-colored
fluorescent beads (see methods). Intensity centers from all the endosomes in both the green and
red channel were calculated, and the distance from each transferrin spot to the closest LDL one
was measured and plotted in a histogram before (ice) and after (37°C) the sorting reaction. (A)
For clarity, the plot only shows distances up to 1000nm. (B) The same plot showing distances up
to 7000nm. The graphs represent means from 43 independent experiments (+/- SEM).

each green spot the distance to its closest red neighbor. As shown in the histograms
in Figure 3.6 C, for every green spot generated by a multi-colored bead, a red one
could be found within at most about 75-100 nm, which is thus what one would also
expect for a double labeled endosome. Note that the resulting peak in the histogram
exhibits its maximum at 50 nm (and not at 0 nm), which is to be expected since (a)
the localization along each axis is (as an approximation) following a Gaussian distri-
bution with the maximum at 0 nm, and (b) the normal distributions along these axes
are independent of each other [see Geumann et al. (2008) for details]. In contrast,
single-colored beads could not get closer to each other than ~150-200 nm, allowing
to conclude that the intensity centers of single labeled endosomes cannot get much
closer to each other without fusion taking place. Determining the position of inten-
sity centers in the two channels thus allowed me to obtain a spatial resolution of
objects at distances substantially below the resolution limit for the set-up (around

250 nm for the green channel, and higher for the red channel).

To get further insight into distinguishing closely apposed (i.e. docked) from double
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Figure 3.6: (A, B) Typical images from multi-colored (A) or single-colored (B) fluorescent beads.
(C) Images acquired in the green and red channels were aligned (see methods), intensity centers
from all the spots (beads) in both the green and red channel were calculated, and the distance from
each spot to the closest one in the other channel was measured and plotted in a histogram. While
the distance between single colored objects never falls below about 200 nm, virtually all double
labeled beads have their green and red intensity centers within a 100 nm distance (vertical dotted

line). The graph shows means from three independent experiments (+/- SEM).

labeled (i.e. fused) endosomes, I used the fusion assay described in Figure 1.3 and
Brandhorst et al. (2006). Endosomes were labeled by fluid-phase uptake of either
Alexa488- or Alexa 594-conjugated dextran, isolated from the cells and used in in
vitro reactions containing rat brain cytosol and an ATP-regenerating system, as
before. Upon incubation, many endosomes appeared fused or docked (yellow spots
in Figure 3.7 A). Next, I applied the distance measurement to those endosomes
(Figure 3.7 B). While samples incubated on ice or those with an ATP-depleting
system exhibited only one peak at around 200 nm, the samples incubated at 37°C
revealed two peaks. The first one showed a maximum at around 75nm (which cor-
responds precisely to the peak of the controls with the multi-colored beads), thus
confirming that this peak represents fused (or double labeled) organelle populations.
The second peak exhibited a span between 150-500 nm, thus representing a popu-
lation of endosomes that are not double labeled but closely associated with each
other. Quantification of the first peak (0-100nm) revealed that incubation on ice

and without an energy source leads to virtually 0% colocalization. Incubation with
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the fusion inhibitors NEM and a-SNAP (L294A) also blocked the formation of this
peak (Figure 3.7 C). In contrast, this treatment had much weaker effects on the
second peak (Figure 3.7 D). Comparing these results with a biochemical fusion
(i.e. content-mixing) assay, which uses endosome populations labeled with avidin
and biotin-HRP (horseradish peroxidase) and quantifies the binding of the two upon
fusion as a readout (Holroyd et al., 1999), clearly showed that colocalization within

100 nm represents true fusion (Figure 3.7 E).

3.2.3 Quantification of the Sorting Reaction

After having identified the exact conditions under which endosomes can be counted
as double labeled ones, I could quantify the results from the sorting assay. The
number of double labeled organelles was in line with the observations from living
cells, with about 15-30% of all LDL-containing organelles being co-labeled with
transferrin (which, as more organelles were labeled with transferrin, translated into
2-6% of all transferrin-containing organelles being co-labeled in independent PNS
preparations). Also, just as in the cellular context, the amount of double labeled
organelles dropped substantially (but did not disappear) after incubation, allowing
me to conclude that the in witro sorting reaction faithfully follows the in wvivo!
situation. The colocalization of transferrin and LDL decreased exponentially with
incubation time at 37°C with a half-time of 11.5minutes by approximately 60%
(Figure 3.8 A). Since the reaction seems to have reached its maximal decrease
in colocalization after 30 minutes, I incubated the samples for 45 minutes in all the
following experiments. Furthermore, the depletion of ATP and omission of cytosol
led to a complete block of the reaction (Figure 3.8 B). This clearly demonstrates
the dependence of endosomal sorting on an energy source and cytosolic factors, as

one would expect.

IThroughout this thesis, “in vivo” is used to describe experiments performed in intact cultured

cells.
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Figure 3.7: (A) Typical images from endosomes labeled with green and red dextran in an ATP-
depleting system (left panel, negative control) or an ATP-regenerating system (right panel, positive
control). Images taken in the different fluorescent channels are aligned by multi-colored fluorescent
beads (arrows). Fused endosomes (arrow heads) are only present in the positive control. (B)
Distance measurement between the intensity centers of green and red spots as in Figure 3.5 and
Figure 3.6 shows two distinct peaks, representing fusion and docking. (B, C,D) Reactions were
incubated on ice, without ATP (both negative controls), at 37°C (positive control) and with two
inhibitors of the fusion factor NSF, 2mM NEM and 50 uM of the dominant-negative a-SNAP
mutant 1L294A. Comparing the first (C) and the second (D) peak with a biochemical content
mixing fusion assay (E) confirms that the first peak represents fusion and the second one docking.

The graph shows means from three to four independent experiments (4 /- SEM).
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Figure 3.8: Quantification of colocalization by measuring the percentage of organelles that have
their green and red intensity centers within 100nm. (A) Samples were incubated at 37°C for
various time periods. Cargo separation follows an exponential curve with a half time of 11.5
minutes. Graph represents means from two to three experiments (4/- range of values). The solid
line represents an exponential decay fit. (B) Colocalization decreases by 50% after the sorting
reaction. Removal of ATP or omission of cytosol completely blocks this reaction. Bars represent

means from four independent experiments (+/- SEM).
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3.2.4 Endosomal Sorting of Different Cargoes

I next tested whether fluorescent markers other than transferrin and LDL can be
used in the assay. First, as expected, acetylated LDL acted in a very similar fashion
to LDL, being segregated from transferrin in a temperature and ATP-dependent

fashion (Figure 3.9 A).

Second, upon co-incubation with fluorescently labeled LDL and the cholera toxin
subunit B (a molecule known to traffic through endosomes to the Golgi apparatus),
a number of early endosomes were double labeled. In vitro incubation resulted in a

strong reduction, as for transferrin and LDL (Figure 3.9 B).

Third, the inert label dextran (10 kDa molecular mass) was endocytosed in abundant
amounts, and colocalized with transferrin to a substantial extent. A significant
reduction was observed after incubation. However, as dextran (an inert label) also
is expected to diffuse to some extent into transferrin-containing recycling vesicles,
the change in colocalization is smaller than for transferrin and LDL (Figure 3.9
C). Finally, no significant separation could be observed when using a mixture of

green- and red-labeled transferrin (Figure 3.9 D).

One possible complication of the in wvitro sorting assay is that newly budded vesi-
cles could in principle also fuse with each other. To test this, I modified the in
vitro fusion assay [Figure 1.3, Figure 3.7 and Brandhorst et al. (2006)] by us-
ing different cargos. Therefore, I incubated different sets of cells with each of the
differently labeled markers (transferrin, dextran, cholera toxin and LDL), prepared
PNS fractions, and incubated them in wvitro. The number of fused organelles was
then quantified (Figure 3.10). As expected, fusion was lowest between transfer-
rin or cholera toxin and LDL, and quite high between transferrin and dextran or
cholera toxin (which resulted in relatively poor cargo separation in the budding
assay). Thus, while label segregation seems to follow a similar pattern for many
different labels, the segregation of LDL and transferrin was least affected by post-
segregation vesicle fusion, and was therefore the assay of choice for investigating the

requirements of the sorting process.
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Figure 3.9 (facing page): (A) Typical images from endosomes labeled with transferrin-
Alexa488 (green) and acetylated LDL-Alexa 594 (red). Initial colocalization is about 3% and
decreases by approximately 60% through an ATP-dependent process. Bars represent means from
three independent experiments (4/- SEM). Scale bar = 2 ym. (B) Typical images from endosomes
labeled with cholera toxin subunit B-Alexa 647 (green) and LDL-Dil (red). Initial colocalization
is about 2.5% and decreases by approximately 60%. The process is ATP-dependent. Bars rep-
resent means from two independent experiments (+/- range of values). (C) Typical images from
endosomes labeled with dextran-Alexa 488 (green) and transferrin-Alexa594 (red). Initial colocal-
ization is approximately 35% and decreases only by about 25%. Bars represent means from two
independent experiments (4 /- range of values). (D) Typical images from endosomes labeled with
transferrin-Alexa 488 (green) and transferrin-Alexa 594 (red). Initial colocalization is about 33%
and does not change significantly. Bars represent means from four independent experiments (+/-

SEM).
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Figure 3.10: Quantification of in wvitro fusion assays. Different pairs of labeled PNS fractions
(containing transferrin, LDL, cholera toxin or dextran) were incubated as described, and results
from three independent experiments are shown for each pair (+/- SEM). Transferrin and cholera
toxin-labeled early endosomes fuse only to a low percentage with LDL-containing ones, while
transferrin-labeled endosomes fuse strongly with cholera toxin, dextran- and transferrin-labeled

ones.
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3.2.5 In wvitro Sorting Results in the Formation of Small

Transferrin-Containing Vesicles

While the presented sorting assay clearly results in the separation of transferrin and
LDL from endosomes, it is still an open question whether it does so by physiological
mechanisms, i.e. by the budding of small transferrin-containing vesicles. I used a

number of different methods to test this.

First, I observed that, in addition to the decrease in colocalization, transferrin-,
cholera toxin- and dextran-containing organelles seemed to become less bright upon
incubation (which is also true for endosomes from Baby Hamster Kidney fibroblast
cells, BHK). Interestingly, no such change could be observed for LDL-containing
organelles (Figure 3.11). This is in agreement with endocytosed transferrin being
sorted away from endocytosed LDL by budding of small vesicles from the endosomal

precursor.

Second, to directly determine the size of the budded vesicles, I turned to a diffraction-
unlimited fluorescence microscopy technique, Stimulated Emission Depletion [STED;
Donnert et al. (2006); Willig et al. (2006)]. I first analyzed whole cells incubated
with transferrin labeled with a STED-efficient dye, Atto647N. The cells were al-
lowed to bind and internalize transferrin, and then were chased for various lengths
of time. While the transferrin-containing organelle size was relatively high initially,
an abundant fraction of smaller vesicles was observed after 5 minutes (Figure 3.12

A, B) of chase, indicative of budding of recycling vesicles from the endosomes. To

Figure 3.11 (facing page): (A-D) Typical images from PCl2-endosomes that were either la-
beled with transferrin-Alexa488 (A), cholera toxin subunit B-Alexa 647 (B), dextran-Alexa488
(C) or LDL-DilI (D) before (ice) and after (37°C) the in wvitro sorting reaction. It appears that
transferrin-, cholera toxin- and dextran-containing organelles get significantly dimmer while LDL-
containing endosomes do not change in fluorescence intensity. (E) Typical images from BHK-
endosomes that were labeled with dextran-Alexa488 before and after the reaction. Also BHK
endosomes lose a a substantial amount of the dextran fluorescence with incubation, indicative of

the formation of small vesicles. Scale bar = 2 ym.
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test whether the in vitro assay functions in a similar fashion, I next imaged PNS
fractions using STED. As for the in vivo situation, a significant shift towards smaller
sizes could be observed after budding (Figure 3.12 C, D). Additionally, a shoulder
appeared around 60-80 nm, which was not present at substantial levels in the origi-
nal endosome pool, in agreement with the formation of small carrier vesicles during
the reaction. Together with the results from Lim et al. (2001) who found GLUT4
and transferrin-containing vesicles derived from early endosomes to have a similar
size, this correlation of the endosome sizes observed in vivo and in vitro suggest that

the in vitro assay faithfully reproduces the in vivo situation.

Third, I employed electron microscopy as an independent measure of endosome sizes
and budding. I used endosomes preloaded with the fluid phase marker horseradish-
peroxidase (HRP) for the in wvitro reaction, pelleted all membranes with a high
speed centrifugation and visualized the labeled endosomes by HRP-mediated di-
amino-benzidine (DAB) precipitation before imaging. As for the in vitro STED
experiments, a significant shift towards smaller sizes could be observed after incuba-
tion at 37°C (Figure 3.13) with a new peak appearing at around 75-100 nm. This
size reduction after incubation observed by electron microscopy was very similar
to the one observed with STED microscopy, further confirming the the ability of

endosomes to bud small vesicles in vitro.

Fourth, I used differential centrifugation to examine whether endosomes can be sep-
arated from small transferrin-containing transport vesicles. Endosomes were labeled
with HRP or transferrin-Alexa 488. In an initial step, slow speed centrifugation was
carried out to sediment larger (not budded) endosomes. The small vesicles remain-
ing in the supernatant were then collected by high speed centrifugation (Figure
3.14 A). The HRP content in the high-speed pellet was measured by a colorimetric
reaction, while transferrin was quantified by immunoblotting with anti-Alexa 488
antibodies. In the presence of ATP, a major increase of the two markers could be

observed (Figure 3.14 B, C).

Thus, the assays employed here concur in suggesting that small vesicles containing

transferrin form from the double labeled endosome precursors. Finally, do LDL vesi-
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Figure 3.12: (A) STED microscopy images of PC12 cells labeled with transferrin-Atto647N. Cells
were allowed to bind and internalize transferrin for 15 minutes on ice. After washing the unbound
transferrin, cells were chased for different lengths of time (0, 2 and 5 minutes) at 37°C. After
5 minutes of chase, organelles appear smaller compared to the initial situation. Scale bar = 1 um.
(B) Size distribution of transferrin-containing endosomes in intact cells as determined by STED
microscopy. The sizes from 600-1000 organelles per condition per experiment were measured by
taking line scans, fitting lorentzian curves and calculating the full width at half maximum (see
methods). A bar graph with the average sizes for each condition (inset) and a histogram with
20 nm bins show a decrease in the size of organelles after 5 minutes. Bars represent means from two
independent experiments (4 /- range of values). (C) STED microscopy images of endosomes labeled
with transferrin-Atto647N before (ice) and after the in vitro sorting reaction (37°C). Endosomes
appear initially much larger than after the reaction. Scale bar = 1 um. (D) Size distribution of
transferrin-containing endosomes in vitro as determined by STED microscopy. The sizes from 600-
1000 organelles per condition per experiment was measured as in B. A bar graph with the average
sizes for each condition (inset) and a histogram with 10nm bins show a decrease in the size of
transferrin-containing organelles after the reaction. Bars represent means from three independent

experiments (+/- SEM).
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Figure 3.13: (A) Typical images of endosomes labeled with HRP/DAB precipitation product
before (ice) and after the in vitro sorting reaction (37°C). Scale bar = 100nm. (B) Size distribution
of HRP-containing endosomes in vitro as determined by EM. I measured the diameters from 170-
320 organelles per condition, per experiment. A decrease in the size of labeled endosomes after
the reaction is shown in the histograms (25nm bins). Graphs show means of two independent

experiments (+/- range of values)

cles also bud from the double labeled endosomes? From the hypothesized model that
early endosomes mature into late endosomes (Stoorvogel et al., 1991), one would ex-
pect the LDL-containing early endosome to maintain their size. This can only be
addressed if one monitors individual endosomes over time. For this purpose, I ad-
sorbed labeled organelles containing transferrin and LDL to coverslips before adding
the cytosol-ATP mixture in a temperature-controlled microscopy incubation cham-
ber. The transferrin-containing endosomes lost a substantial fraction (but not all) of
their initial fluorescence, again indicative of budding of small transferrin-containing
vesicles. LDL-containing organelles, however, did not get dimmer compared to the
bleaching control (Figure 3.15). The efficiency of budding (i.e. the loss of fluores-
cence) in this assay is somewhat lower than for freely diffusing endosomes (Figure

3.11), which, however, is to be expected from glass-adsorbed organelles.

66



3.2 VERIFICATION OF THE ASSAY

high speed

budding| o @ | slow speed ° centrifugation
reaction Cb'oo centrifugation o‘ °. S1 of S1 quantification
O " \Y e ' of P2

©)
° P1 P2

ice.  37°C noATP

300 1 300 o

w
o

R4 R4
) )
2 250 A Y 250
8 1 2 |
> = >

S 200 1 B 200
= 2F
€ .£ 150 ‘€ = 150 A
8% T & ©°
= s o b
S < 100 S & 100
[ g U~
%' & 501 £9 504

0 . . . 0 . _ _
ice 37°C no ATP ice 37°C  no ATP

Figure 3.14: (A) To investigate whether the in vitro sorting reaction results in budding of small
vesicles, I used a biochemical budding assay (see schematic overview). A typical reaction was per-
formed with HRP- or transferrin-Alexa 488 containing endosomes. To separate small vesicles from
larger organelles, a slow speed centrifugation step was performed. The supernatant containing the
small vesicles was then subjected to a high speed centrifugation, which ensured that all remaining
membranes were pelleted (P2). The amount of newly formed small vesicles in P2 was then analyzed
by an HRP-colorimetry reaction, or by blotting for transferrin- Alexa 488 (see below). (B) Quantifi-
cation of HRP-containing vesicles from P2 by a colorimetric ABTS reaction. Bars represent means
from six independent experiments (+/- SEM). (C) Quantification of small, transferrin-Alexa 488-
containing vesicles from P2 by dotblots stained with antibodies against Alexa 488 (inset). Bars
represent means from four to five independent experiments (+/- SEM). Note that in both of the
biochemical assays, the amount of small vesicles increases with budding, in an ATP-dependent

manner.
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Figure 3.15: (A) To study the fate of single organelles over time (i.e. during sorting), labeled
endosomes were adsorbed to coverslips before exposing them to the cytosol mix and investigating
the dimming of single organelles by time-lapse imaging. The images show a field of endosomes
labeled with transferrin (green) and LDL (red) immediately after the start of the reaction (0’) and
30 minutes afterwards (30’). Green transferrin-containing organelles appear to lose a substantial
amount of fluorescence intensity while LDL spots seem to stay bright (see arrowheads). Scale bar
= 2pum. (B) Quantification of the fluorescence of single organelles over time. Images were aligned
using the fluorescent beads (arrows in A), the average fluorescence for each spot was calculated, and
the corresponding background fluorescence was subtracted. While LDL-containing organelles do
not get substantially dimmer (compared to a bleaching control), transferrin-containing endosomes
lose much of their initial fluorescence. Graph represents means +/- SEM from three independent

experiments, with each individual experiment performed at least in triplicate.
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3.3 Characterization of Early Endosomal Sorting

and Budding

3.3.1 Basic Requirements of Endosomal Sorting and

Budding

As shown in the previous sections, it is possible to reconstitute the differential sorting
of the endocytic markers transferrin and LDL in endosomes in vitro., which occurs
through budding of small transferrin-containing recycling vesicles. After setting-up
the assay and verifying its proper functioning, I next proceeded to obtain further
insight into the sorting process using the assay described in Figure 3.2. Therefore,
several chemicals were used to block different potential effector molecules (Figure

3.16).
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Figure 3.16: Effects of different reagents on early endosomal sorting of cargo: GTP~S (200 uM),
GMP-P(NH)P (1 mM), latrunculin (15 zM), phalloidin (10 uM), nocodazole (20 pM), wortmannin
(50nM), LY 294,002 (100 uM), 3-Methyladenine (5mM), BAPTA (10 mM), EGTA (10 mM), ion-
omycin (10 pM), FCCP (50 uM), and W-7 (100 uM) were added. Inhibition of GTPases by either
GTP~S or GMP-P(NH)P blocks sorting by about 50%, The PI3K inhibitors block the reaction

significantly. Bars represent means from three to ten independent experiments (+/- SEM).
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Inhibition of GTPases by the non-hydrolyzable GTP-analogues GTP~S or GMP-
P(NH)P reduced the sorting efficiency by about 50%. Since endocytic sorting has
been linked to the requirement of cytoskeletal elements (Murray and Wolkoff, 2003;
Stamnes, 2002), I also tested actin- and microtubule-inhibitory drugs (latrunculin,
phalloidin, nocodazole), but found these substances not to inhibit the reaction.
Interestingly, however, transferrin/LDL segregation was strongly inhibited by the
phosphatidylinositol-3-kinase (PI3K) inhibitors wortmannin and 3-Methyladenine
in a dose-dependent manner. As shown in Figure 3.17, the inhibitory concentra-
tions (IC50; 15.6nM for wortmannin and 3.2mM for 3-Methyladenine) are clearly
lying in a range at which these substances are known to act specifically on PI3Ks
(Egami and Araki, 2008; Hirosako et al., 2004; Martys et al., 1996; Spiro et al., 1996).
LY 294,002, another PI3K-inhibitor, however, was less potent in blocking the sorting

reaction.

Finally, I tested the effects of chelating calcium ions, or of disturbing the endo-
somal proton gradient on the reaction, as such treatments have been proposed in
the past to interfere with endosome function (Brandhorst et al., 2006). No sig-
nificant effects were seen (Figure 3.16), suggesting that neither calcium nor a

pH gradient is required for cargo sorting, which is in line with previous findings

(Wessling-Resnick and Braell, 1990).

3.3.2 EEA1 and Rab Proteins Are Required for Early

Endosomal Sorting

The finding that PI3K-inhibitors block sorting suggested that phosphatidyl-inositol-
(3)-phosphate (PI(3)P) is involved in the reaction. PI(3)P plays a key role in de-
marcating membrane domains within sorting endosomes (Di Paolo and De Camilli,
2006). As outlined in the introduction, PI(3)P is part of the Rab5 docking ma-
chinery and serves as coincidence detector in recruiting Rab5-effectors such as the
early endosome antigen 1 (EEA1). PI3K inhibition also releases EEA1 from the

endosome membrane in our assay (data not shown). Thus, I tested whether sorting
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Figure 3.17: (A) Wortmannin inhibits cargo separation in a dose-dependent manner, with an
IC50 of 15.6 nM. Bars represent means from three to six independent experiments (+/- SEM). (B)
3-Methyladenine inhibits cargo separation in a concentration-dependent manner, with an IC50 of

3.2mM. Bars represent means from three independent experiments (+/- SEM).

also requires Rab GTPases and whether EEA1 is not only involved in membrane
docking and fusion, but also in sorting and budding. For this purpose, purified
GDP dissociation inhibitor (GDI), which strips Rab proteins from the organelle
membrane, was added to the reaction, resulting in a strong inhibition (Figure 3.18
A). Additionally, a polyclonal antibody against the N-terminal peptide of EEA1
fully blocked segregation of transferrin and LDL. This inhibition was specific, as the
reaction could be rescued by incubating the antibody with the antigenic peptide.
Interestingly, the effects of wortmannin, GDI and of the EEA1 antibody on sorting
and budding were much stronger than on fusion, which was only inhibited by 15-30%

under our experimental conditions (Figure 3.18 B).

3.3.3 SNARE Disassembly but not SNARE Function is
Required for Early Endosomal Sorting

The data shown so far indicate that segregation is sensitive to interference with
proteins that are known to act in docking and fusion. Thus, the question arises

whether these proteins function in sorting and budding independent of fusion, or
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Figure 3.18: (A, B) The indicated reagents were added to in vitro sorting reactions (A) or in vitro
fusion reactions (B): 10 uM recombinant GDI, polyclonal antibodies against the N-terminal peptide
of EEA1 (1:17), 200 uM of antigenic peptides, 50 nM wortmannin). While GDI and the antibodies
block cargo separation completely, they only have a minor effect on fusion. Bars represent means

from three to six independent experiments (+/- SEM).

whether fusion is a prerequisite for budding. In order to differentiate between these
possibilities, I tested whether budding is also dependent on the function of SNARE
proteins that catalyze the final step in fusion. For this purpose, I used soluble
recombinant SNARE fragments (as competitive inhibitors) and anti-SNARE an-
tibodies to interfere with SNARE function. In agreement with previous observa-
tions (Brandhorst et al., 2006), all of these reagents inhibited fusion (albeit to a
different extent, ranging from 15% to 60%). However, none inhibited sorting/bud-
ding (Figure 3.19 A). I then analyzed whether the sorting reaction is dependent
on the activity of the N-ethylmaleimide (NEM)-sensitive factor (NSF). NSF, to-
gether with its cofactor a-SNAP, is required for all fusion steps in the secretory
pathway. NSF functions by dissociating SNARE complexes, keeping the SNARESs
in a “ready for fusion” state. When NSF is inhibited, fusion stops rapidly, as
most available SNAREs on the endosome membrane spontaneously form stable
four-helical SNARE complexes (Bethani et al., 2007). NEM, a potent, but non-
specific, NSF inhibitor (Glick and Rothman, 1987), blocked the sorting reaction

72



3.3 CHARACTERIZATION OF EARLY ENDOSOMAL SORTING AND BUDDING

(Figure 3.19 B, upper panel), in agreement with previous findings (Prekeris et al.,
1998; Wessling-Resnick and Braell, 1990). To test whether this was due to a spe-
cific block of NSF, I used a dominant negative variant of the cofactor a-SNAP
[a-SNAP L294A, Barnard et al. (1996)], which also blocked sorting; wild-type a-
SNAP was, as expected, ineffective (Figure 3.19 B, upper panel). These tools
potently blocked fusion as well (Figure 3.19 B, lower panel), consistent with pre-

vious findings (Brandhorst et al., 2006).

Why is NSF activity, but not SNARE function, required for cargo sorting and bud-
ding? As indicated above, without NSF, the SNAREs form stable complexes on
the endosomal membrane, which are entirely non-selective - any four compatible
SNAREs will form a complex, irrespective of their function in different pathways
(Bethani et al., 2007). However, the SNARESs need to be separated during recy-
cling, as newly derived vesicles contain only the subset of SNAREs necessary for
their function and exclude other SNAREs present in the compartments they were
generated in [which has for example been demonstrated for trafficking organelles such
as synaptic vesicles (Takamori et al., 2006) or COPII coated vesicles derived from
the ER (Barlowe et al., 1994)]. This would explain the need for NSF activity. Are
indeed newly formed vesicles different in their contents of SNAREs, when compared
with the original endosomes? To test this, I immunostained the transferrin-positive
organelles with antibodies against different SNAREs, and found that although the
presence of some SNAREs (such as syntaxin 6, syntaxinl3, VAMP4 and synapto-
brevin) did not change after incubation, the levels of vtila, VAMP3 and SNAP-25
were indeed changed (Figure 3.20). These observations suggest that SNAREs must
be dissociated in order to be sorted into transport vesicles, and also indicate that

sorting of SNAREs may be needed for carrier vesicle budding.
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Figure 3.19: (A) Addition of the recombinant cytosolic SNARE fragments syntaxin 6, syntaxin
13 and vitla (30 uM each) or several polyclonal sera against SNAREs inhibit fusion efficiently
(lower panel) although they have no effect on cargo separation (upper panel). Bars represent
means from three to five independent experimentes (+/- SEM). (B) Inhibition of the fusion factor
NSF by N-Ethylmaleimide (NEM, 2mM) or the dominant-negative mutant of the NSF-cofactor
a-SNAP (L294A, 50 uM) block budding and fusion while the wildtype a-SNAP has no effect. Bars

represent means from four to ten independent experiments (+/- SEM).
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Figure 3.20: (A, B) Immunostainings of transferrin-Alexa 488-containing organelles (green) be-
fore and after sorting. The endosomes were centrifuged onto coverslips and immunostained with
antibodies against vtila (A) or syntaxin 6 (Sx6), syntaxin 13 (Sx13), VAMP4, VAMP3, synap-
tobrevin (Syb) and SNAP-25. Arrowheads show colocalized organelles. Bars show the change
in colocalization after budding for the respective SNAREs (B), from three to six independent
experiments (means +/- SEM). Scale bar = 2 ym.

3.3.4 Cholera Toxin Subunit B Sorting also Depends on
EEA1 and NSF

To test whether the previous findings are restricted to the sorting of transferrin
from LDL, I analyzed the main conditions in triple labeled preparations, containing
fluorescently labeled transferrin, LDL and cholera toxin subunit B. A substantial
fraction of the organelles were multiply labeled: approximately 20% of the LDL-
labeled endosomes were positive for transferrin, 15% for cholera toxin, and 6% were
triple labeled. This paradigm thus allowed me to investigate in parallel not only the
sorting of transferrin from LDL, but also the sorting of cholera toxin from LDL. As
indicated in Figure 3.21 A, for both reactions sorting was dependent on ATP and
temperature, as expected. The sorting was drastically reduced by the NSF inhibitors
NEM and a-SNAP L294A, but not by wild-type a-SNAP, and was unaffected by
addition of soluble recombinant SNARE fragments. Rab molecules were essential, as

indicated by the inhibition obtained by GDI addition; the same was true for PI(3)P,
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as shown by the inhibition induced by wortmannin. Finally, the polyclonal anti-
body against the N-terminal peptide of EEA1 fully blocked sorting, with inhibition
eliminated by addition of the antigenic peptide. Thus, cholera toxin/LDL sorting

exhibits all of the characteristics of the transferrin/LDL sorting process.

Moreover, I also investigated the behavior of the triple labeled endosomes (Figure
3.21 B) in presence of different inhibitors. While the triple labeled endosomes made
up only a small proportion of all endosomes (see above), their behavior followed
the same pattern as the segregation of doubly labeled organelles (Figure 3.21 C).
While this result is entirely expected, it is important in the sense that it confirms the
homogeneity of the endosome populations investigated: the triple labeled population
of endosomes, constituting only about a third of any of the two double labeled

populations, nevertheless reacts identically to various conditions.

Figure 3.21 (facing page): (A) Sorting of cholera toxin subunit B from LDL. PC12 cells were in-
cubated in presence of cholera toxin subunit B-Alexa 647, LDL-Dil and transferrin-Alexa 488. PNS
fractions were then prepared, and sorting reactions (top: transferrin sorting from LDL; bottom:
cholera toxin sorting from LDL) were performed as described above, in presence of the following
reagents: ATP depletion system, NEM, a-SNAP 1L.294A, a-SNAP wildtype, a mixture of the endo-
somal Q-SNAREs Sx6, Sx13 and Vtila, Rab GDI, wortmannin, LY 294,002, 3-Methyladenine and
the anti-EEA1 antibody, in presence or absence of the antigenic peptide. All reagents were used at
the concentrations mentioned above. Bars represent means from three independent experiments
(+/- SEM). (B) Triple labeled PNS (cholera toxin B subunit labeling shown in blue, transferrin
in green, and LDL in red). The number of triple labeled endosomes (arrowheads) decreases with
in vitro incubation; arrows indicate multi-fluorescent beads used for image alignment. Scale bar
= 1pm. (C) The influence of different reagents on the amount of triple labeled endosomes. The

experiments were performed exactly as in (A).
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3.4 Both Carrier Formation and Endosome

Maturation are Required for Cargo Sorting

After identifying several important factors that are required for cargo sorting in
general, I next proceeded to investigate which factors are involved in vesicle forma-
tion (budding) from the sorting endosome. Therefore, I performed reactions in the
presence of inhibitory reagents for molecules proposed to function in several bud-
ding reactions. As outlined in the introduction, there is a large variety of proteins
known to be directly or indirectly involved in vesicle budding in different systems. I
started to investigate a possible function of some of the “classical” and well-studied
budding factors, such as clathrin, dynamin and COPI, since all of them have been
proposed to be involved in budding from the early endosome (Aniento et al., 1996;
Pagano et al., 2004; Praefcke and McMahon, 2004). I also tested the dependence
on the retromer complex, which has been shown to be required for the early endo-
some to TGN transport (Bonifacino and Hurley, 2008; Bonifacino and Rojas, 2006).
Due to this known function of the retromer complex, I have used the triple labeled
endosomes described above, since they involve the investigation of the retrograde
transport of cholera toxin from the endosome to the TGN, and could thus serve as

a positive control.

To investigate the role of dynamin in early endosomal budding, I used a vari-
ety of reagents, among them a dynamin-specific inhibitor previously described as
“dynasore” (Macia et al., 2006). Since dynasore was not available as such and
therefore bought as the chemical (E)-N'-(3,4-dihydroxybenzylidene)-3-hydroxy-2-
naphthohydrazide, I tested its proper functionality in cultured neurons. The con-
centration used was sufficient to drastically perturb synaptic vesicle recycling, a
process known to require dynamin activity (Figure 3.22). Incubation with dy-
nasore or peptides known to disrupt the interaction of dynamin with amphiphysin
or endophilin (Anggono and Robinson, 2007; Jockusch et al., 2005) did not block
the budding reaction (Figure 3.23 B). Furthermore, no inhibition of budding was

observed in the presence of a peptide that perturbs the interaction of amphiphysin
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with AP2 (Praefcke et al., 2004) or in the presence of antibodies directed against
the clathrin light chain and heavy chain (Figure 3.23 B). Next I investigated
whether COPI coats are involved in budding. However, no inhibition was observed
in the presence of brefeldin A or of antibodies against the EAGE-peptide of COP
(Duden et al., 1991), both reagents known to block coatomer formation (Orci et al.,
1991; Pepperkok et al., 1993) (Figure 3.23 B). I also tested antibodies against the
retromer subunits Vps26, Vps29 and Vps35, as well as against the sorting nexins
1 and 2 (Haft et al., 2000). Only a combination of the three anti-Vps antibodies

resulted in mild inhibition.

A B
uptake DMSO

release DMSO

uptake DYN

release DYN

average fluorescence in AU

Figure 3.22: (A) Cultured hippocampal neurons were stimulated (via addition of 70mM KCl)
in presence of the styryl dye FM 2-10, which results in vesicle fusion to the plasma membrane,
and subsequent endocytosis and recycling. During endocytosis, the vesicles are labeled with the
dye (top left panel). Stimulating the neurons again in absence of the dye causes it to be released
from the vesicles, which results in a dimming of the synaptic puncta (top right panel). Dynasore
incubation (80 M) appears to inhibit somewhat the dye uptake, and to completely eradicate
dye release (bottom panels). Scale bar = 5 um. (B) Quantification of synaptic fluorescence. The
fluorescence of the images (above background) was measured with a self-written routine in Matlab,
from two independent experiments. The bars show means from two independent experiments (+/-
range of values). Note that formation of new fusion competent vesicles (i.e. recycling) is, as

expected, completely blocked by dynasore.

One explanation for the limited inhibition we observed is that separation of cargoes
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Figure 3.23: (A) Hypothetic model of cargo separation. Early to late endosome maturation may
be either a passive or an active process, while cargo vesicle formation can only be seen as active.
(B) Effects of different reagents on early endosomal cargo sorting, both in absence (black bars) and
in presence (gray bars) of 50 uM FCCP, using triple-labeled endosomes as in Figure 3.21. The
following reagents were used: dynasore (80 uM), peptides (1mM for P1 and P2 and 100 uM for
P3 and P4), brefeldin A (360 uM) and antibodies (1:17) were added. Bars represent means from
two to three independent experiments (4/- SEM; when only two experiments were performed, the

range of values is shown instead).
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requires not only the budding of transferrin or cholera toxin carrier vesicles, but
also active maturation of the LDL-containing organelle (Figure 3.23 A). To block
maturation, I inhibited the acidification of the triple-labeled organelles using the
proton gradient perturber FCCP; this treatment alone was not sufficient to block
cargo separation (Figure 3.16). I next combined FCCP with the tools mentioned
above (Figure 3.23 B, gray bars). Addition of FCCP to anti-retromer tools resulted
in a strong inhibition of the reaction, while anti-clathrin/dynamin, or COP I tools
were still ineffective. Similar results were obtained when quantifying the separation
of transferrin from LDL, or cholera toxin from LDL (data not shown), as was also the
case for the conditions indicated in Figure 3.21. I therefore conclude that endosome
sorting requires both active maturation, as well as carrier vesicle formation. Also,
these data suggest that the clathrin/dynamin pathway is not involved in sorting and
budding of transferrin or cholera toxin vesicles, while they confirm the involvement of

the retromer complex (Bonifacino and Hurley, 2008; Bonifacino and Rojas, 2006).

3.5 Analysis of Early Endosomal Sorting in Intact
Cells

Using the new in vitro sorting assay, I was able to show that PI(3)-kinase, Rab
proteins, EEA1, NSF, but not SNARE proteins, and two active processes (carrier
vesicle formation and maturation) are required for efficient cargo sorting in early
endosomes. In order to investigate the relevance of some of these findings in living
cells, I next aimed at setting up a specific cellular sorting assay, which would allow

to easily monitor several different conditions at one time.

First, using PC12 cells, the system that was used for the in wvitro assay, I inter-
nalized transferrin-Alexa 488, LDL-Dil and cholera toxin subunit B-Alexa 647 for
5minutes, and chased the cells for various length of time (Figure 3.24). This
approach was based on the experiment described in Figure 3.1 with the differ-
ence being the image acquisition and data analysis. While Figure 3.1 was based

on confocal microscopy and semi-manual spot-by-spot-analysis (which is relatively
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slow and thus limits the amount of conditions per each experiment), data shown in
Figure 3.24 were obtained with an epi-fluorescence microscope and an automatic
cross-correlation analysis. This allowed me to obtain larger data-sets for each con-
dition and also to monitor many conditions at one time. With a half time of 9.7
minutes, the separation of transferrin and LDL in vivo followed a similar time course

(Figure 3.24 B) compared to the one in vitro (11.5 minutes), supporting the view

that the in vitro assay successfully reproduces sorting in intact cells.
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Figure 3.24: (A) PC12 cells were loaded simultaneously with transferrin (green), LDL (red) and
cholera toxin B subunit (blue) for 5 minutes (left panel). A chase period of 30 minutes (right
panel) releases most of the transferrin from the cells; cholera toxin now appears to localize mainly
to the perinuclear (Golgi) area. Scale bar = 2um. (B-D) Quantification of colocalization in
vivo. The overlap between the differently labeled endosomes was calculated in three independent
experiments (4/- SEM). The colocalization between the three different sets of labeled endosomes
is shown, normalized to the initial (before starting the chase) levels. The three kinetics can be
fitted by single exponentials, with half times of approximately 9.7 (Tfn-LDL), 8.2 (CTx-LDL) and
13.9 (Tfn-CTx) minutes.
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One difficulty in the analysis of PC12 cells is, however, that they are relatively round
and form clusters of cells. Therefore, one can only investigate sorting on the basis
of single endosomes using confocal microscopy (as shown in Figure 3.1), which
results in a relatively poor axial resolution in such compact cells and the definition
of labeled endosomes is biased by the manual analysis. In order to take advantage of
the analysis I used to study the in vitro reactions, I turned to different cells, COS-7,
which are larger and also have a flat morphology. This allowed me to identify single
organelles even with an epi-fluorescence microscope, just as in the in wvitro assay

(Figure 3.25).

in vitro PC12 cells COS-7 cells

B PC12 cells COS-7 cells

.o
- >

0

Figure 3.25: (A) Schematic overview comparing the in vitro sorting assay (left panel) with the
in vivo one when using PC12 cells (middle panel) and COS-7 cells (right panel). (B) PC12 cells
(left panel) and COS-7 cells (right panel) were incubated for 5 minutes with transferrin-Alexa 488.
Compared to the round PC12 cells, COS-7 cells have a flat morphology, which enables to identify

single endosomes using an epi-fluorescence microscope. Scale bar = 5 um.

Since COS-7 cells are much larger than PC12 cells they might also contain larger
endosomes. However, the size of the organelles might affect the distance threshold

for truly double labeled endosomes (which was determined as 100 nm for the in vitro
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assay). In order to test which threshold is appropriate for analyzing COS-7 cells, I
double labeled them with transferrin-Alexa 488 and transferrin-Alexa 647, leading to
virtually 100% co-staining (Figure 3.26, yellow spots). Images taken in the green
and red channel were, again, aligned by multi-colored fluorescent beads, which were
added when the cells were split and plated. Figure 3.26 shows one broad peak
of 0-250 nm for the uptake condition (right panel, black graph). However, for the
chased cells one peak was visible within 125nm (right panel, red graph) and and
a second, very small one at 175-200nm. Similar observations were made when I
double labeled the cells with transferrin and LDL (Figure 3.27). The degree of
colocalization appears initially (after uptake) relatively high and drops after chase.
Also, the histogram of the chase condition shows a very distinct peak ending at
125 nm until a very small second peaks arises. Since the nature of this second peak
was not entirely clear and might not represent truly double labeled endosomes, I
used a 125 nm threshold for this assay. An experiment with different lengths of time
for the chase revealed a 9.1 minutes half-time for the sorting reaction in COS-7 cells,

very similar to the values obtained for the PC12 cells in vitro (11.5 minutes) and in

vivo (9.7 minutes).
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Figure 3.26: In order to identify a distance threshold for faithfully double labeled endosomes in
COS-7 cells, two colored transferrins (Alexa 488 and Alexa 647) were simultaneously internalized
for 5minutes and chased for 45 minutes. Images were aligned by multi-colored fluorescent beads
(arrows), centers of intensity for every spot were calculated and the distance between the closest
spots in different channels was measured. The histogram (right panel) shows the distributions with

a clear peak at 75-100nm (the dotted line represents 125nm). Scale bar = 5 pm.
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3.6 Further Investigation of the Role of Rab
Proteins in Early Endosomal Sorting and

Budding

3.6.1 Function of Rab GTPases Studied in vivo

As shown in Figure 3.18, the in vitro sorting could be blocked by the addition
of recombinant GDI, suggesting the requirement for Rab GTPases in endosomal
sorting and budding. It was, however, not easy to determine which Rab proteins
are exactly required since there are not many specific tools available that would
block the endogenous proteins. Therefore, I turned to the cellular system described
above, which allows to perturb the function of Rab proteins by transiently expressing
different Rab-mutants: using dominant-negative and dominant-active Rab-variants
(which are very common and readily available as GFP-tagged constructs), I could
label the cells with LDL-Dil and transferrin-Alexa 647 (Figure 3.28). In such
experiments, the modified cells could be analyzed for their sorting ability. As shown
in Figure 3.28, cells transfected with the Rab5 wildtype construct were able to
separate transferrin and LDL. However, cells transfected with the dominant-negative
Rab5 (S34N) were defective in sorting. Additionally, the uptake of transferrin and
LDL was inhibited in those cells (data not shown), in line with observations from
(Sharma et al., 2004), further suggesting that the transferrin receptor was unable to
recycle back to the plasma membrane. The dominant-active variant of Rabb led to
the formation of large endosomes due to its increased fusion activity (Barbieri et al.,
1996). Since the intensity centers could not be determined with a high precision in
those large endosomes, the colocalization within 125 nm was measured to be initially

lower.
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Figure 3.27: (A) Transferrin and LDL were simultaneously internalized for 5minutes, leading
to the presence of double labeled endosomes, and chased for 45 minutes. Images were aligned by
multi-colored fluorescent beads (arrows). Scale bar =5 um. (B) Distance measurement between the
closest transferrin and LDL endosomes, where the dotted line represents 125 nm. (C) Quantification
of colocalization, within 125 nm (D) Time course of the in vivo sorting reaction in COS-7 cells with
a half time of 9.1 minutes. Graphs represent means from three to four independent experiments
(+/- SEM).
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Figure 3.28: (A) COS-7 cells were transfected with different variants of GFP-tagged Rab5b (wild-
type, dominant-negative [S34N] and dominant-active [Q79L]). 24 hours later, an in vivo sorting
assay as in Figure 3.27 was performed using LDL-Dil and transferrin-Alexa647. Scale bar =
5pm. (B) Quantification of the sorting efficiency. Cells transfected with the wildtype Rabb can

separate transferrin and LDL normally, the dominant-negative variant fails to separate them.
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3.6.2 Function of Rab GTPases Studied n vitro

In an independent set of experiments, I used the above mentioned in vitro assay to
investigate the function of Rab proteins. First, I used the purified nucleotide ex-
change domain of Rabex-5. In the presence of high amounts of GDP, the nucleotide
exchange factor will load specifically Rabb with GDP, leading to its constant inac-
tivation. Under this condition, sorting was completely blocked, while Rabex-5 or
GDP alone caused only a mild inhibition (Figure 3.29 A). Second, I expressed and
purified different Rab proteins in their soluble form (i.e. without prenyl-anchor) and
loaded them with the non-hydrolyzable GTP analogue GMP-P(NH)P. Thus, these
soluble Rab proteins are constitutively active and can bind and extract possible
effector molecules from the endosomal membranes. Only the addition of Rab5 led
to a strong block in the sorting reaction, while Rab4, Rab7, Rab9, Rabl1l, Rab22
and Rab35 had no effect (Figure 3.29 B). Furthermore, no increased effect could
be detected upon addition of FCCP, suggesting that these Rab proteins, or their

specific effectors, are not directly required for budding.
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Figure 3.29: (A) In vitro sorting reactions were performed in the presence of 15 uM nucleotide-
exchange-domain of Rabex-5, 5mM GDP, or the combination of both, using the triple labeled
endosomes from Figure 3.21. Rabex-5 together with GDP block cargo separation completely.
Bars represent means from two independent experiments (+/- range of values). (B) Sorting re-
actions were performed using 50 uM of each Rab, in the presence or absence of FCCP. For this
experiment, the prenylation inhibitor BMS-3 (8 uM) was added to avoid unspecific in vitro preny-
lation of the Rab proteins. Only the addition of Rab5 blocks the reaction. Bars represent means

from two to four independent experiments (4/- range of values).

89



3 RESuLTS

90



“Science may set limits to
knowledge, but should not set limits

to imagination.”

(Bertrand Russell)

4

Discussion

4.1 A Novel in vitro Sorting Assay

As outlined in the Introduction, endosomes have a central role in the endocytic
pathway. They constantly receive material from the plasma membrane and the
TGN that has to be sorted and targeted to different organelles within the cell. The
endosome is thus a highly dynamic organelle which undergoes constant rounds of

fusion, sorting and budding, and at the same time maintains its identity.

In contrast to fusion, it has been difficult to reconstitute sorting and budding from
endosomes in vitro. Indeed, much of our present knowledge about homotypic fusion
of endosomes emerged from in witro assays which have been around for decades
(Gruenberg and Howell, 1989). In most cases, these assays are based on monitoring
interactions between endocytosed markers [such as antibody and antigen, biotin and
avidin, or two fluorescent dyes, Brandhorst et al. (2006)] that are derived from sep-
arately labeled cell populations and mix upon endosome fusion. Compared to live
cell approaches, in vitro assays allow direct biochemical access to the docking and
fusion machineries. For instance, proteins can be depleted or perturbed using cell-
impermeant inhibitors such as antibodies. Perturbations are usually acute, largely
avoiding compensatory effects that may complicate the interpretation of knock-out
or knock-down approaches. In contrast, sorting and formation of vesicular carriers
from early endosomes has so far largely been studied in live cells using approaches

such as electron microscopy (de Wit et al., 1999, 2001; Stoorvogel et al., 1996), an-
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alyzing single endosomes by fluorescence microscopy (Sharma et al., 2004) or moni-
toring transferrin release from intact cells with either biotinlyated (Altschuler et al.,
1998; Damke et al., 1994) or radioactive (Martys et al., 1996; Spiro et al., 1996)
transferrin. However, these are only indirect assays to investigate sorting and bud-
ding, since transferrin recycling is a multi-step process. Therefore, inhibition of
transferrin recycling is no proof for a sorting or budding deficiency but could also

be the result of dysfunctions in other parts of the recycling pathway.

There is, however, so far no convenient and sensitive assay available for monitoring
these processes in wvitro, although several lines of evidence document that cargo

sorting and budding of vesicles from endosomes can occur under cell-free conditions:

e In permeabilized cells (“ghost” cells), newly budded small vesicles were shown
to diffuse through holes in the membranes that could later be isolated from

the medium (Pagano et al., 2004; Prekeris et al., 1998).

e Kelly and collaborators developed an in vitro budding assay which allowed
to monitor formation of synaptic-like microvesicles (SLMVs) from labeled en-
dosomal precursors of PC12 cells using size fractionation on glycerol velocity
gradients (Clift-O’Grady et al., 1998; Desnos et al., 1995; Lichtenstein et al.,
1998).

e A similar assay has been used to reconstitute the budding of GLUT4 and
transferrin-containing vesicles from early endosomes by biochemical fraction-

ation (de Wit et al., 2001; Lim et al., 2001).

e Electron microscopy was used to study budding of synaptic vesicles from neu-

ronal early endosome-like organelles (Takei et al., 1996).

e Budding of fluorescent endosomes has been analyzed using flow cytometry

(Chavrier et al., 1997).

e Recently, fluorescence microscopy was used to show that the transferrin recep-
tor can be segregated from ASOR (asialoorosomucoid, a degradative marker)
in single endocytic vesicles which are prepared from rat liver homogenates
(Murray et al., 2008).
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However, none of these assays is of comparable ease and versatility as the fusion

assays.

In the present study I therefore developed a fluorescence based cell-free assay to
reconstitute the cargo sorting of budding of recycling and retrograde vesicles from
early endosomes, which was based on the labeling of organelles with differentially
trafficking fluorescent endocytic markers. Due to its higher signal-to-noise ratio,
it was more sensitive than biochemical assays (compare Figure 3.8 and Figure
3.14) and allowed to identify some of the factors essential for this process. The
finding that sorting and budding require physiological temperature, cytosol, and
an energy source is in line with results from other in vitro budding and transport
assays, like those reconstituting the formation of secretory granules from the TGN
(Tooze and Huttner, 1990), late endosome to Golgi transport (Itin et al., 1997), or
the formation of GLUT4 or transferrin receptor-containing endocytic small vesicles

(ESVs) from early endosomes (Lim et al., 2001).

As expected, transferrin recycling proceeds through the formation of small vesicles
from the endosomes. This is in agreement with previous biochemical in wvitro bud-
ding assays performed in the same system (PC12 cells), in which either budding
of recycling vesicles (Prekeris et al., 1998) or synaptic vesicles (Clift-O’Grady et al.,
1998) was reconstituted. I found that the newly budded vesicles have a size of ap-
proximately 60-100 nm, as determined by STED and electron microscopy. This was
in line with observations from Lim et al. (2001) who showed in a different in vitro
system that endosomes bud transferrin-containing vesicles with a size of around
70-90 nm.

As basic requirements, I found that sorting and budding are dependent on GTPases,
in agreement with previous findings (Lim et al., 2001; Shi et al., 1998). However,
they require neither the cytoskeletal elements actin or microtubules, nor the presence
of a pH gradient, calcium or the calcium-binding protein calmodulin. Some of these

observations have been discussed controversially in the past:

e [t has been shown that endosome sorting, tubule formation and budding in

living cells require microtubules (Egami and Araki, 2008; Lakadamyali et al.,
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2006) and motor proteins (Driskell et al., 2007; Wassmer et al., 2009). In con-
trast, Murray et al. (2008) show that the microtubule-inhibiting drug nocoda-
zole has no direct effect on cargo separation in vitro, in line with my data. This
discrepancy between the in vivo and in vitro data suggest that microtubules
and motor proteins are not directly required for sorting and budding but come

into play in the subsequent transport step.

e Calcium plays a critical role for endosome docking and fusion (Aballay et al.,
1995; Geumann et al., 2008; Holroyd et al., 1999). Also calmodulin has been
shown to be required for these processes (Colombo et al., 1997), most likely
via interaction with EEA1 (Dumas et al., 2001; Lawe et al., 2003; Mills et al.,
2001). Calmodulin was also shown to be required for the recycling of transfer-
rin and its receptor (de Figueiredo and Brown, 1995). Furthermore, calcium
has been reported to be required for COPI coat stabilization (Ahluwalia et al.,
2001) but seems not to be involved in SLMV-formation from the endosome

(Desnos et al., 1995).

e The endosome lumen is slightly acidic, with a pH of around 6.0. This is crucial
for the dissociation of cargo from the receptors and is therefore an important
aspect of early endosome sorting. However, in agreement with my data, cargo
sorting was not affected by NH4Cl in the assay of Wessling-Resnick and Braell
(1990).

As summarized in Figure 4.1, the sorting and budding were also dependent on
major players in membrane organization and identity such as PI(3)-kinases and Rab
proteins, which have been shown to be crucial for homotypic early endosomal docking
and fusion (Mills et al., 1999). Interestingly, the process was also dependent on the
fusion cofactors NSF and a-SNAP, but not on the function of SNARE-proteins,
the molecules that drive membrane fusion (Jahn and Scheller, 2006). Furthermore,
efficient cargo separation required both carrier vesicle formation (of recycling or
retrograde vesicles) and active maturation (for early to late endosome transition).
The role of these molecules and processes will be discussed in detail in the following

sections.

94



4.1 A NOVEL n vitro SORTING ASSAY

PM
e \O o

O

-

TGN  PI(3)-kinase

Rab5
-
EEA1 PI(3)-kinase
NSF Rab5
EEA1
. SNAREs & NSF
active
process

‘ S
_ Lys

Figure 4.1: It is known that homotypic early endosomal docking and fusion require the PI(3)-
kinase, Rab5 and the docking factor EEA1, as well as the cognate set of early endosomal SNARESs
and NSF for their disassembly. Cargo sorting within the early endosome has not been studied
before. This work shows that cargo sorting also requires the docking factors PI(3)-kinase, Rab5
and EEA1, as well as the fusion co-factor NSF. It does not require, however, direct SNARE
function. Furthermore, the simultaneous action of vesicle budding and active maturation is needed
for efficient cargo separation. Budding of recycling and retrograde vesicles involves the components

of the retromer complex and maturation requires organelle acidification.
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4.2 The Role of Docking and Fusion Factors in
Early Endosomal Cargo Sorting

4.2.1 The Role of SNARE-disassembly in Sorting and
Budding

SNARE proteins are the engines of membrane fusion. They are present in two
opposing membranes and zipper together, forming a trans complex, which over-
comes the energy barrier and drives the fusion of both membranes. After fusion
the SNARE complex is present in a cis-configuration on one membrane. For new
fusion rounds it is necessary to disassemble the SNARE complex, which is achieved
by the AAA-ATPase NSF in cooperation with its cofactor a-SNAP. The inhibition
of NSF by the drug NEM and by the dominant-negative NSF-cofactor a-SNAP
as well as SNARE inhibition by soluble cytosolic SNARE fragments and specific
antibodies leads to an efficient block in homotypic early endosomal fusion [see Fig-
ure 3.19 and Brandhorst et al. (2006)]. Surprisingly, the inhibition of NSF by the
same means also led to the inhibition of the sorting and budding reaction, while
inhibition of SNARE proteins had no effect. One possible explanation might be
that NSF is required in another context than the disassembly of SNARE complexes.
Indeed, NSF has been reported to operate in various cellular contexts [reviewed
in Whiteheart and Matveeva (2004)]. However, it appears that a-SNAP functions
exclusively in SNARE disassembly, while all other processes seem to be indepen-
dent of it. It is therefore unlikely that the inhibition of the sorting reaction by
a-SNAP L294A (Figure 3.19) represents a NSF-effect other than the disassembly
of SNARES.

Also other lines of evidence have suggested that NSF function is important for
different transport events within the cell. First, Itin et al. (1997) showed that a-
SNAP and NSF facilitate the transport from late endosomes to the TGN. However,
this assay measures a transport step including vesicle budding at the late endosome,

transport and vesicle fusion at the TGN. It is therefore possible that this final fusion
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step is the rate-limiting one in that assay, in which case addition of a-SNAP /NSF
would lead to an increased availability of free SNAREs and an acceleration of fusion
(and thus of the total readout of the reaction). Furthermore, Prekeris et al. (1998),
as well as Wessling-Resnick and Braell (1990) have reported that NEM can block
cargo separation and vesicle formation. These observations alone were, however, not
conclusive since NEM is an unspecific drug with all cystine-linking proteins being

possible targets.

a-SNAP-dependent NSF activity, but not SNARE-mediated endosome fusion, was
required for cargo sorting and budding (Figure 3.19). Coupling this with the fact
that the SNARE composition of transferrin-containing organelles changed after the
reaction (Figure 3.20), one is tempted to conclude that SNARE separation and
sorting into different compartments on the endosomal membrane are necessary for
this process. This view is in agreement with previous findings different trafficking
organelles contain only a subset of SNAREs which are required for their function
(Barlowe et al., 1994; Takamori et al., 2006). Furthermore, it has been reported that
single SNARE molecules can interact with coat proteins, which is likely important for
SNARE sorting. For example, single ER-Golgi SNARESs can interact directly with
the Sec23/24 subcomplex of COPII (Miller et al., 2003; Mossessova et al., 2003)
or can be linked to the COPI coat via the ADP-ribosylation factor (Arf)-GTPase-
activating protein (GAP) (Rein et al., 2002). Furthermore, late endosomal SNARESs
such as Vtilb can interact with ENTH domain-containing clathrin adaptor proteins

(Chidambaram et al., 2008; Miller et al., 2007).

The present results suggest that SNARESs clustered in cis-complexes in the endosome
membrane (Bethani et al., 2007) need to be first separated by NSF in order to
interact productively with such sorting machineries, which might represent a control
mechanism for the targeting of specific SNAREs (that are needed for subsequent
fusion steps) into the newly budding vesicle on the level of the donor organelle. This
finding thus introduces a novel function for NSF, other than the classical priming
of SNARESs before fusion events: NSF functions as a SNARE separating enzyme, in

order to allow for sorting to take place.
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4.2.2 The Role of PI(3)-kinase, Rab Proteins and EEA1 in
Sorting and Budding

The endosome constantly receives new material by fusion and distributes it again
by budding of vesicles, which makes it a rather transient organelle with a high
turnover rate. Despite this constant turnover, the endosome manages to maintain
its identity with relatively constant sizes of around 100 to 300 nm in diameter and
a fixed set of associated components. The PI(3)-phosphate, PI(3)-kinase, Rab5,
EEA1, Rabenosyn-5, Rabaptin-5, Rabex-5, as well as syntaxin 13 and syntaxin 6
are clearly the key molecules present on the endosomal membrane which determine

its specificity (Zerial and McBride, 2001).

All of these factors are required for endosomal docking and fusion (Mills et al.,
1999), with EEA1 and the SNARE proteins syntaxin 13 and syntaxin6 thought to
function exclusively in these processes. Surprisingly, I found that PI(3)-phosphate,
PI(3)-kinase, Rab5 and EEA1 are furthermore essential for endosomal cargo sort-
ing and budding, suggesting an unexpected molecular link between the opposing
processes of docking/fusion and sorting/budding. Is it possible that the molecular
composition of the endosome directly affect or regulates its constant size (i.e. the
balance between fusion and budding)? Indeed, it has been shown in the past that
the disruption of some of the endosomal components leads to the domination of one
process: for example docking and fusion are accelerated when Rabb is constitutively
active (Barbieri et al., 1996; Stenmark et al., 1994), causing a drastic increase in the
endosome size. Furthermore, the disruption of PI(3)-kinase activity by wortman-
nin or other inhibitors leads to a phenotype in which endosomes seem to become
“swollen”. These enlarged endosomes have always been discussed as the block in
inward vesiculation for MVB formation (Futter et al., 2001), block in the pinching of
those vesicles (Fernandez-Borja et al., 1999) or an inhibition of reformation of dense-
core lysosomes from a late endosome-lysosome-hybrid organelle (Bright et al., 1997).
The data from the present work now add the hypothesis that the fusion-budding
balance is disrupted in such a way that while budding is blocked (Figure 3.16),
fusion is not completely inhibited (Figure 3.18), leading to larger endosomes. The
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relative maintenance of the endosome size and protein composition might thus be a

hint for the regulatory coupling between the events of fusion and budding.

The Role of Rab Proteins

Rab proteins are the membrane organizers and important for organelle identity and
function (Zerial and McBride, 2001). While they are generally implied in docking,
fusion and different transport processes, some data also suggest their involvement
in cargo selection and vesicle formation (Stenmark, 2009). One example is the late
endosomal Rab9, which functions in the recycling of mannose-6-phosphate receptors
(M6PRs) from late endosomes to TGN. The cytosolic tail of M6PRs is recognized
by the sorting adaptor TIP47, an effector of Rab9 (Carroll et al., 2001; Itin et al.,
1997). Also Rabb has been implicated in cargo sequestration: Complexed with
GDI, it was identified as an essential factor for assembly of clathrin-coated pits at
the plasma membrane and for clathrin-mediated endocytosis of transferrin receptors
(McLauchlan et al., 1998).

Rab proteins are generally localized to distinct organelles in eukaryotic cells where
they occupy special domains (Miaczynska and Zerial, 2002). Early and recycling
endosomes are comprised of multiple combinations of Rab4, Rab5 and Rabl1 do-
mains that are dynamic but do not significantly intermix over time. Similarly, late
endosomes contain distinct membrane domains that are positive for Rab7 and Rab9,
respectively. Due to this prominent role of Rab proteins in endosome function, the
finding that Rab inactivation by GDI blocks endosomal cargo sorting (Figure 3.18),
was thus not very surprising. Using a combination of in wvitro and in vivo experi-
ments, I found that Rabb function is directly required for cargo sorting at the early
endosome (Figure 3.28 and Figure 3.29). In contrast, the early and late endo-
somal Rab proteins Rab4, Rab7, Rab9 or Rabl1 (or their respective effectors) were
neither required for cargo sorting, nor for direct vesicle formation (Figure 3.29).
These data are partially in line with those from Pagano et al. (2004) who showed
evidence for the involvement of the Rabaptin-5/Rabex-5 complex in the regulation

of transferrin-vesicle formation. However, based on immunodepletion experiments
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they suggested the involvement of Rab4 but not Rab5. Given that the Rab5 deple-
tion in these experiments was extremely inefficient compared to that of Rab4, these

results for Rabb were not very conclusive.

Furthermore, I investigated the involvement of two other Rab proteins that have
been associated with endosomes in the past: Rab22 has been shown to inter-
act directly with EEA1 (Kauppi et al., 2002): Rab35 has been shown to function
in cells of the immune system where they impaired the recycling of transferrin
(Patino-Lopez et al., 2008). Moreover, Rabl8 served as a negative control, since
it has been shown to be involved in ER to Golgi transport (Dejgaard et al., 2008)
and associates to lipid droplets (Martin and Parton, 2008). None of these proteins
had an effect on endosomal sorting, which was surprising for Rab22 in view of its
ability to interact with EEA1. The reported involvement of Rab35 in transferrin re-
cycling, however, might be specific to cells of the immune system. Alternatively, the
lack of an effect might be due to the fact that Rab35 has been shown (again in cells
of the immune system) to localize to endosomes which are Arf6- and EHD1-positive
(Walseng et al., 2008). These endosomes were suggested to be different from the
Rabb-positive early /sorting endosomes (Donaldson et al., 2009). Another interest-
ing candidate for future investigations is Rab21, which could not be purified in the
course of this thesis (due to technical problems). It is mainly localized on early endo-
somes and seems to be implicated in endosome dynamics (Egami and Araki, 2008;
Simpson et al., 2004). Furthermore, it also uses Rabex-5 as a GEF and shows similar
binding affinities as Rab5/Rabex-5 (Delprato and Lambright, 2007; Delprato et al.,
2004), even though a recent study has demonstrated that Varp functions as a Rab21
GEF and regulates endosome dynamics (Zhang et al., 2006).

The Role of the PI(3)-kinase

There are three classes of PI(3)-kinases, which have different substrates and products
and which are all inhibited by the drug wortmannin (Backer, 2000; Wymann and Pirola,
1998): classI and class II utilize as substrates mainly PI1(4,5)P2, PI(4)P and PI(5)P,
and only to lesser extends PI. The endosomal classIII PI(3)-kinase Vps34 on the
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other hand uses exclusively PI as a substrate, resulting in the generation of PI(3)P.

PI(3)P is a phospholipid that is only present in the early endosome and in the in-
tralumenal vesicles of MVBs (Di Paolo and De Camilli, 2006; Gillooly et al., 2003).
Since this work focuses on early endosomes, it is therefore likely that that the block
by wortmannin represents a specific class I11/Vps34 effect. However, further evidence
came from the effects obtained from two other PI(3)-kinase inhibitors, LY 294,002
and 3-Methyladenine. LY 294,002 is widely used as “an inhibitor for all classes”.
However, this is only an assumption, since a direct effect of LY 294,002 on Vps34
has not been shown so far (Fruman et al., 1998; Hawkins et al., 2006) and is there-
fore in line with my results that LY 294,002 does not strongly inhibit cargo sorting.
The final evidence for the involvement of Vps34 came from the experiments with
3-Methyladenine, a drug that has originally been described to inhibit autophagy
(Seglen and Gordon, 1982). However, recent evidence suggested that this drug
specifically inhibits the class III PI3K (Petiot et al., 2000) and thereby can increase
the tubulation in early endosomes (Egami and Araki, 2008) or block the retrograde
early endosome to TGN transport of the CI-M6PR (Hirosako et al., 2004).

Taken together, the differential effects of the PI3K-inhibiting drugs wortmannin,
LY 294,002 and 3-Methyladenine all point into the direction of a direct requirement
of the class III PI(3)-kinase Vps34 and ultimately the endosomal lipid PI(3)P in

cargo sorting.

The Role of Rab5 Effectors

One Rabb effector is the PI(3)-kinase Vps34 whose function has been discussed
above. The PI(3)P that is created by Vps34 acts together with Rabb in a coincidence
mechanism (Di Paolo and De Camilli, 2006) and leads to the recruitment of other

downstream effectors such as EEA1 and Rabenosyn-5 (Backer, 2000, 2008).

EEAT1 is a long coiled coil protein that acts as a docking factor in early endosomes
(Christoforidis et al., 1999a). The fact that an antibody against EEA1 strongly

blocks budding (even stronger than it blocks fusion) is difficult to reconcile with
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an exclusive function for this molecule in tethering endosomes prior to fusion, al-
though it is in line with a recent observation that EEA1 knock-down perturbs
transferrin dynamics and EGF processing (Leonard et al., 2008). Since EEA1 is
structurally not adapted to function directly as a budding factor, its role is most
likely based on the interaction with other molecules. Apart from Rab5 and PI(3)P,
EEA1 can also directly interact with calmodulin (Dumas et al., 2001; Lawe et al.,
2003; Mills et al., 2001). Combining this with the facts that calmodulin leads to en-
larged endosomes and inhibits recycling of transferrin and its receptor in living cells
(de Figueiredo and Brown, 1995), it was surprising that the calmodulin inhibitor
W-7 had no effect on the sorting reaction (Figure 3.16). Furthermore, EEA1
can interact with SNARESs, such as syntaxin 13 (McBride et al., 1999) or syntaxin 6
(Simonsen et al., 1999) and could thus be required for SNARE selection prior to

endosomal budding.

Rabenosyn-5 is another Rab5 effector whose exact function is less well characterized.
Given that the disruption of other molecules from the Rab5 machinery (such as Rabb
directly, PI(3)-kinase and EEA1) blocked the sorting reaction, it is likely that also
Rabenosyn-5 is required. Indeed, Rabenosyn-5 might possibly represent a linking
molecule between the Rab5 machinery and a budding factor. It has been suggested
to interact with the dynamin-like EHD proteins and promote endosomal recycling

to the plasma membrane (Naslavsky et al., 2004).

4.2.3 Possible Links Between Budding and Fusion

As mentioned above, one possible explanation is that coats, as budding factors, di-
rectly interact with the fusion factors such as the “correct” SNARESs for the following
fusion step. It could thus be possible that docking factors such as Rab5, EEA1 or
other Rab) effectors can interact with sorting or budding factors: the interactions
of Rabaptin-5/Rabex-5 with GGA proteins (Kawasaki et al., 2005) or Rabenosyn-5
with EHD proteins (Naslavsky et al.; 2004) represent the most likely ones to our

current knowledge.
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This would lead to the view that the processes of endosome docking/fusion and sort-
ing/budding are linked, being performed by macromolecular machineries which con-
tain components involved in both processes. This is in line with observations on yeast
vacuoles (the equivalent of mammalian late endosomes), where dynamin appears to
be required not just for budding, but also for fusion (Peters et al., 2004). Other
proteins, such as the vacuolar proton pump, V-ATPase (Baars et al., 2007), are also
involved at different steps in both fusion and budding in this system. It is even possi-
ble that EEA1 perturbation results in a poorer activity of NSF (which would in itself
block sorting), as a multiprotein machinery containing EEA1, NSF, and also Rab5
and endosomal SNAREs (syntaxin 6 or 13) may function in the endosome mem-
brane (McBride et al., 1999; Mills et al., 2001; Simonsen et al., 1999). Thus, our
results point into the direction of multifunctional (and multiprotein) domains ex-
isting on the early endosomal membrane (Gruenberg, 2001; Miaczynska and Zerial,
2002), which may act in more than just one trafficking pathway. Support of this may
be found in Sharma et al. (2004), where sorting of transferrin from LacCer requires

special endosomal domains.

While membrane organizers such as the Rab proteins have been suspected for some
time to be involved in basically all organelle trafficking processes (Pfeffer, 2007),
it is indeed surprising that some of the effector molecules, such as EEA1, are so
strongly involved in reactions for which they seem structurally not adapted. Taken
together, our results are in line with a fairly novel view of endosomal traffic in
which the opposing events of docking, fusion and budding are tightly connected on
a molecular level, as multiple “faces” of the same paradigm - the flow of molecules

through the organelle.

4.3 Factors Required for Budding of Transferrin

and Cholera Toxin

The results from Figure 3.23 suggest that in addition to the formation of car-

rier vesicles, successful cargo separation also requires active endosome maturation
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(i.e. acidification), although from a mechanistic standpoint it may have been more

intuitive to see the maturation process as only passive.

Even though the nature of the molecules involved in carrier vesicle formation is still
an open issue, I was able to identify the retromer complex as one player. This is
in agreement with results from the groups of Bonifacino (Arighi et al., 2004) and
Johannes (Popoff et al., 2007), who showed that small vesicles destined to the TGN
bud from the early endosome through retromer-dependent processes. Nevertheless,
my results suggest a further involvement of the retromer complex also in budding of
transferrin-containing recycling vesicles, which was largely unexpected. The factors
that link different cargo molecules to the retromer complex (and possibly also to
other coats) are sorting nexins (SNXs) (Cullen, 2008). Indeed, of the 33 different
isoforms of SNXs only few are characterized: while SNX1 and 2 function in cargo
selection for the retrograde route (Carlton et al., 2004; Rojas et al., 2007), SNX9
is involved in different modes of endocytosis (Yarar et al., 2007), and SNX4 in the
recycling of transferrin receptor (Carlton et al., 2004; Traer et al., 2007). Thus, it
might be possible that the retromer complex is required for both transferrin recycling
and the retrograde transport of cholera toxin, with the specificity being defined and
regulated by different sorting nexins (Carlton et al., 2005). However, this hypothesis
still needs to be tested.

In contrast, COPI coats [which were reported to be present on early endosomes
(Aniento et al., 1996; Whitney et al., 1995)] and the clathrin-dynamin machinery
were not needed for budding of transferrin and cholera toxin. Indeed the role of

clathrin and dynamin on early endosomes has been discussed controversially:

e It has been suggested that the recycling of transferrin is dependent on clathrin
and dynamin (Pagano et al., 2004; van Dam and Stoorvogel, 2002; Wettey et al.,
2002), while Damke et al. (1994) found this process to be independent of dy-
namin. Furthermore, van Dam et al. (2002) have proposed the existence of two
distinct recycling pathways: one that involves the transfer from the early to the
recycling endosome from which clathrin-coated vesicles bud, and a clathrin-

independent (but PI(3)-kinase-dependent) one which transports material di-
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rectly from the early endosome to the plasma membrane, a concept which is

in line with my data.

e Lauvrak et al. (2004) and Popoff et al. (2007) have shown that shiga toxin
may not only use the retromer complex, but also clathrin for the retrograde

endosome to TGN transport.

e The budding of SLMVs from the early endosomes was suggested to function
independent of clathrin (Faundez et al., 1997).

e The PI(3)P-binding protein Hrs recruits clathrin to early endosomes, which is

required for early- to late endosome transition (Raiborg et al., 2002, 2001).

Thus, even though clathrin seems to be present on early endosomes (at least in some

cells), its function in endosomal trafficking is still not clear.

Finally, a number of known sorting/budding factors from other systems, such as the
adaptor proteins AP1 and AP3 or COPII coats, as well as Hrs (Hanyaloglu et al.,
2005; Raiborg et al., 2001), Arf-proteins (Donaldson and Honda, 2005), phospholi-
pases (de Figueiredo et al., 2000; Jovanovic et al., 2006; Padron et al., 2006), EHD-
proteins (Grant and Caplan, 2008), or different sorting nexins (Cullen, 2008) still

remain to be tested.

4.4 The Cell-based Sorting Assay

The cell-based sorting assay presented in Figure 3.27 and Figure 3.28 is a pow-
erful tool that allows to investigate sorting on the level of single endosomes. At at
the same time it enables the quantification of larger data sets, in contrast to live
cell imaging approaches of single organelles. In this thesis I have used the assay
to investigate the requirement of Rab5 in endosomal sorting. In agreement with
the data obtained from the the in vitro assay, it is needed for cargo sorting and

transferrin recycling.

In future experiments, this assay can be used for investigating different aspects of

endosomal cargo sorting, for example it is possible to study other Rab proteins.
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Additionally, one can validate the role of EEA1 in endosomal sorting, possibly by
the expression of the dominant-negative C-terminal fragment (Lawe et al., 2002;
Stenmark et al., 1996). Furthermore, RNA interference could be used to gain fur-
ther insights into the processes of sorting and budding. The downregulation of
retromer components has been used in the past to dissect its role in endosome to
TGN transport (Arighi et al., 2004; Popoff et al., 2007) and might be an interesting

starting point for further investigations.

4.5 Conclusions

This thesis describes the establishment and use of a new fluorescence-based in wvitro
assay for early endosomal cargo sorting and vesicle budding. Interestingly, it ap-
pears that cargo sorting requires at least two active processes: first, vesiculation of
small recycling or retrograde vesicles, with the retromer complex being involved, and
second, active maturation of LDL-containing early endosomes into late endosomes
by acidification of the organelles. Moreover, this work strongly suggests that cargo
sorting and budding require molecules which have so far been thought to be ex-
clusively involved in endosomal docking and fusion: the endosomal docking factors
Rabb, PI(3)-kinase and EEA1 seem to play a crucial role. While Rab proteins as
membrane organizers have been proposed to be required for basically all organelle
trafficking processes (Stenmark, 2009), it is surprising that some of their effector
molecules, such as EEA1, are involved in cargo sorting and budding reactions for
which they seem structurally not adapted. Although the exact molecular mecha-
nism, e.g. the link between Rab5 and its effectors to a classical budding machinery,
still remains to be solved, this work shows an unexpected connection between the

“opposing” events of docking/fusion and sorting/budding on the molecular level.
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“Science... never solves a problem

without creating ten more.”

(George Bernard Shaw)

5

Summary and Outlook

Early endosomes are an entry point for internalized molecules, and serve as the first
sorting station within the endocytic pathway. They are involved in both recycling
and degradation pathways and are connected to several other compartments within
the cell such as the plasma membrane, the TGN and late endosomes and lysosomes.
Therefore, the early endosome has a central role within the endocytic pathway, and
its ability for efficient and specific protein sorting is essential for proper cellular
function, growth and differentiation. Trafficking between the early endosome and
its different target compartments is mediated by vesicles. Formation of these vesicles
requires cargo sorting, enrichment and budding from the early endosome. However,
the molecular mechanisms underlying these processes are largely unknown. Does
budding of differently targeted vesicles differ in the mechanisms and pathways in-
volved - e.g. do recycling vesicles and other types of vesicles such as those targeted
to the TGN differ in their formation? Which molecules are involved? How are the
different budding events regulated? Are fusion and budding events mechanistically
coupled? These are only some of the remaining open questions that could not be
answered due to a lack of specific assays which would allow a direct manipulation

of the system.

The present study shows the development of a novel cell-free assay for early endoso-
mal segregation of cargo. I took advantage of the fact that transferrin (as a recycling
marker) and the low-density-lipoprotein LDL (as a marker for the degradative path-

way) are differentially sorted within early endosomes. Transferrin, which remains
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bound to its receptor, is sorted into vesicles that bud off from early endosome pre-
cursors. The majority of transferrin is directly recycled to the plasma membrane
by means of small carrier vesicles whereas another fraction is first transported to
recycling endosomes before returning to the plasma membrane. In contrast, LDL
is destined for lysosomal degradation. Thus, it remains in early endosomes during
their maturation to late endosomes. I show here that isolated endosomes double la-
beled with fluorescent transferrin, cholera toxin and LDL efficiently separated these

markers in vitro, a process that turned out to be rather easy to monitor and quantify.

As expected, cargo segregation requires physiological temperature, cytosol and an
energy source. Interestingly, I found that cargo sorting and budding are dependent
on Rab5 and some of its effectors, the phosphatidylinositol-(3)-kinase and the dock-
ing factor EEA1. It seems as if the endosome consists of some complex multi-protein
domains which are involved in more than just one endosomal function. However, it

is not clear at this stage what the exact underlying molecular mechanisms are.

e What is the composition and morphology of possible “multi-tasking” domains

on the endosome?

e Is there an unknown molecular link to a known budding machinery (such as
clathrin, COPI, COPII or retromer)?

e Does the disruption of “typical” early endosomal proteins such as Rab5, EEA1
and PI(3)-kinase lead to the loss of the endosomal identity? If yes, how is the

presence or absence of these factors sensed?
e Are other Rabb-effectors such as Vps45, Rabenosyn-5 or Rabaptin-5 required?

Surprisingly, I also found that the ATPase NSF a fusion cofactor which disassembles
SNARE complexes is required for efficient cargo segregation. However, perturbation
of the SNARE-driven fusion machinery itself did not have any effects. This suggests
that while SNARE function seems not to be required for sorting and budding, they

need to be sorted and disassembled for the proper packing into the budding vesicle.

e How is the assembly or disassembly sensed: from the cytosolic or from the

lumenal side of the endosome? Which molecules are required?
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e Is there a molecular interaction between the single “correct” SNAREs and

possible budding factors?
e Which SNARESs need to be sorted, i.e. which SNARE is targeted into which

budding vesicle?

Moreover, transferrin and LDL are separated from the early endosome by two active
processes. First, carrier vesicle formation of recycling vesicles and those destined to
the TGN requires the function of the retromer complex, but not clathrin, dynamin
or COPI action. Second, early to late endosome maturation is an active process

with effective acidification clearly being involved.

e What is the exact role of the retromer complex? If both endosome-to-Golgi and
endosome-to-plasma membrane budding events are dependent on the retromer

complex, how are both events regulated to ensure their proper functioning?

e Are other budding factors required, such as adaptor proteins (AP1, AP2, AP3
or AP4), COPII, different sorting nexins, Arf-proteins, GGA-proteins or EHD

proteins?

Taken together, the in wvitro assay presented in this thesis provides a powerful tool
for early endosomal cargo sorting. It can therefore be used in the future for deeper
investigations of other molecular components in the differential sorting of the pre-
sented cargo molecules, with HRS, phosphatases, phospholipases being some of the

potential candidates.

However, the assay also has the potential to be and could be extended to study for
example the differential sorting of internalized lipids from each other and from dif-
ferent cargoes. Similar to cholera toxin, one could internalize fluorescent lipids such
as phosphatidylethanolamine, phosphatidylcholine, phosphatidylserine and glyco-
sylphosphatidylinositol.

Another interesting aspect would be the full reconstitution of the system. To ulti-
mately remove all the cytosolic factors that might be present in the PNS, a crude
purification step could be useful. The proteins that one would have to purify up
to now are Rabb, PI(3)-kinase, EEA1, a-SNAP and NSF. With cytosol fractions
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5 SUMMARY AND OUTLOOK

that contain only a subset of all cytosolic proteins, one would therefore be able to

identify new factors.

Finally, to obtain further insight into the exact requirements of Rab proteins in the
differential sorting of transferrin and LDL in early endosomes, one can use the in
vivo assay (single endosome assay) to investigate the role of different Rab mutants.
Furthermore, RNA-interference could be used in combination with this assay to

expand its application.
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Appendix

The following program was written using Matlab (The Mathworks Inc., Natick, MA|
USA) and was used to calculate the number of colocalized (double labeled/fused)
or closely apposed (docked) organelles in the in wvitro sorting/budding and dock-
ing /fusion assays and the in vivo colocalization assay in COS-7 cells (described in
the section 2.2.7). The variables listed in the first lines are specific for the experi-
mental conditions (such as the use of endosomes or cells, labeling efficiency of the
endosomes, microscopy settings etc.) employed in this thesis. Comments explaining

every programming part are indicated by the symbol “%”.

fusion_cutoff=100;
filterRadiusGreen =15;
filterRadiusOrange=15;
threshGreen=20;
threshOrange=18;
threshBlue=15;
pixelSize =68;
imageSizeY =1317;

ExclusionRadius =25;
root="P:\2009\sorting-and-budding’;

cellb={’ice’,”37C" };

for iFolder=1:numel(cellb);
cd(strcat (root,’\’,cellb{iFolder}));
disp ([’folder ’ ,num2str(cellb{iFolder})]);
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percentage =[];

shift =[];
distOrange2Green =[];
distGreen2Orange =[];

greenParam=dir (’green*.tif’);
orangeParam=dir (’red*.tif’);

blueParam=dir (’bluex.tif’);

for ilmage=1:numel(blueParam)

disp ([ ’image ’ ,num2str(ilmage)]) ;

greenimg_orig=imread (greenParam(ilmage ) .name) ;
orangeimg_orig=imread (orangeParam(ilmage) .name) ;

blueimg_orig=imread (blueParam (ilmage) .name) ;

background=imopen(greenimg_orig ,strel(’disk’,
filterRadiusGreen));

greenimg=imsubtract (greenimg_orig , background) ;

background=imopen (orangeimg_orig ,strel(’disk’,
filterRadiusOrange));

orangeimg=imsubtract (orangeimg_orig , background) ;

green_cutoff=round (mean(mean(greenimg) ) )+threshGreen;
orange_cutoff=round (mean(mean(orangeimg) ) )+threshOrange ;
blue_cutoff=round (mean(mean(blueimg_orig)))+threshBlue;
idxCutOffGreen=find (greenimg<green_cutoff);

greenimg (idxCutOffGreen)=0;

idxCutOffOrange=find (orangeimg<orange_cutoff);

orangeimg (idxCutOffOrange ) =0;

idxCutOffBlue=find (blueimg_orig<blue_cutoff);
blueimg_orig (idxCutOffBlue )=0;
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79

81
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89
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greenbwRaw=bwlabel (greenimg) ;

greenbw=bwlabel (bwmorph (greenbwRaw, ’clean’));
orangebwRaw=bwlabel (orangeimg) ;
orangebw=bwlabel (bwmorph(orangebwRaw, ’clean’));
bluebwRaw=bwlabel (blueimg_orig) ;

bluebw=bwlabel (bwmorph(bluecbwRaw , ’clean’));

bluex =[]; bluey =[];
for i=max(max(bluebw)):—1:1
pxIdx=find (bluebw==i) ;
[y,x]=ind2sub(size (bluebw) ,pxIdx);
pxIntensity=double (blueimg_orig (pxIdx));
bluex (i)=sum(x.* pxIntensity ) /sum(pxIntensity);
bluey (i)=sum(y.* pxIntensity ) /sum(pxIntensity);
end;
greenx=[]; greeny=][];
if (max(max(greenbw)) <3000) && (max(max(greenbw))>1)
for i=max(max(greenbw)):—1:1
pxIdx=find (greenbw=—i);
[v,x]=ind2sub(size (greenbw) ,pxIdx

)

)5
pxIntensity=double (greenimg (pxIdx))
greenx (i)=sum(x.* pxIntensity)/sum(pxIntensity);
greeny (i)=sum(y.*pxIntensity)/sum(pxIntensity);
end;
else
continue
end;
orangex =[]; orangey =|];
if (max(max(orangebw)) <3000) && (max(max(orangebw))>1)
for i=max(max(orangebw)):—1:1
pxIdx=find (orangebw=—i) ;
[v,x]=ind2sub(size (orangebw) ,pxIdx);
pxIntensity=double (orangeimg (pxIdx));

orangex (1)=sum(x.* pxIntensity)/sum(pxIntensity);
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orangey (i)=sum(y.* pxIntensity)/sum(pxIntensity);

continue

minDistOrangeBead_px =[]; beadldxOrange=[];
orangeBeadx=[];orangeBeady=][];
minDistGreenBead_px =[]; beadldxGreen=[];
greenBeadx =[]; greenBeady =[];
distGreen2OrangeBeads=][];
if length(bluex)>=1

nBeads=0;

for iBeads=1:length(bluex)

x=bluex (iBeads);

y=bluey (iBeads) ;

distOrange=sqrt ((orangex—x). 2+ (orangey—y)." 2);

distGreen=sqrt ((g ;

if (length(find (distOrange<ExclusionRadius))>1) ||
(length (find ( )>1)

reenx—x). 2+ (greeny—y)." 2)

distGreen<ExclusionRadius)

continue

end

nBeads=nBeads—+1;

bluexValid (nBeads)=bluex (iBeads) ;

blueyValid (nBeads)=bluey (iBeads) ;

minDistOrangeBead_px (nBeads)=min(min( distOrange)) ;

beadIdxOrange(nBeads)=find (distOrange—
minDistOrangeBead_px (nBeads) ) ;

orangeBeadx(nBeads)=orangex (beadldxOrange(nBeads) ) ;

orangeBeady(nBeads)=orangey (beadIldxOrange(nBeads) ) ;

minDistGreenBead_px (nBeads)=min(min(distGreen)) ;
beadIdxGreen (nBeads)=find (distGreen=—
minDistGreenBead_px (nBeads) ) ;



127

129

131

133

135

137

139

141

143

145

147

149

151

153

155

157

159

greenBeadx (nBeads)=greenx (beadldxGreen (nBeads) ) ;
greenBeady (nBeads)=greeny (beadldxGreen (nBeads) ) ;

distGreen20rangeBeads(nBeads)=sqrt ((greenBeadx (nBeads)—
orangeBeadx(nBeads) ). 2+ (greenBeady (nBeads)—
orangeBeady(nBeads))."2);

end

distGreen20rangeBeadsAV=distGreen20rangeBeads—
mean ( distGreen2OrangeBeads) ;

ChosenBead=find (distGreen20rangeBeadsAV<3 &
distGreen2OrangeBeads <25);

if “isempty(ChosenBead)
ChosenBead=ChosenBead (1) ;

else
continue

end

shiftx=greenBeadx (ChosenBead)—orangeBeadx ( ChosenBead) ;
shifty=greenBeady (ChosenBead)—orangeBeady (ChosenBead) ;
shiftBx=greenBeadx (ChosenBead)—bluexValid (ChosenBead) ;
shiftBy=greenBeady (ChosenBead)—blueyValid (ChosenBead)
abs_shift=sqrt(shiftx"2 + shifty "2);

disp ([’shift: ’ ,num2str(abs_shift),’px’]);

shift (end+1,:)=[shiftx, shifty, abs_shift];

b

orangex=orangex+shiftx;
orangey=orangey+shifty ;
minDistOrangeBead px2 =[]; beadldxOrange2=]];
minDistGreenBead_px2 =[]; beadldxGreen2 =[];
for iBeads=length(bluex):—1:1

x=bluex (iBeads) ;

y=bluey (iBeads) ;

distOrange=sqrt ((orangex—x—shiftBx). 2+

(orangey—y—shiftBy)."2);
distGreen=sqrt (( greenx—x—shiftBx ). 2+
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163
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167

169

171

173

175

177

179

181

183

185

187

191

193

142

(greeny—y—shiftBy)."2);
minDistOrangeBead_px2 (iBeads)=min(min(distOrange) ) ;
beadldxOrange2(iBeads)=find (distOrange=—
minDistOrangeBead_px2(iBeads) ) ;
minDistGreenBead_px2(iBeads)=min(min( distGreen)) ;
beadldxGreen2 (iBeads)=find (dist Green—
minDistGreenBead_px2(iBeads) ) ;
end
orangex (beadIldxOrange2) =[];
orangey (beadldxOrange2) =[];
greenx (beadldxGreen2) =[];
greeny (beadldxGreen2) =[];
else
continue

end

greenxMirror=greenx;
greenyMirror=imageSizeY—greeny;
orangexMirror=orangex;

orangeyMirror=imageSizeY—orangey;

minDistGreen_px =[]; minDistGreenMirror_px=[];
for iSpots=length(greenx):—1:1
x=greenx (iSpots);
y=greeny (iSpots);
dist=sqrt ((orangex—x). 2+ (orangey—y)."2);
distMirror=sqrt ((orangexMirror—x). 2+
(orangeyMirror—y)."2);
minDistGreen_px (iSpots )=min(min( dist));

minDistGreenMirror_px (iSpots )=min(min( distMirror));

end;

minDistGreen_.nm=minDistGreen_pxx*pixelSize ;
minDistGreenMirror_.nm=minDistGreenMirror_px*pixelSize ;

siz=size (distGreen20range,1) ;
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209

211
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215

217

219

221

223

225

227

229

distGreen2Orange (siz+1:siz+length (minDistGreen_.nm) ,1)=

minDistGreen_nm ;

distGreen20range (siz+1:siz+length (minDistGreen_nm) ,2)=ilmage;

idxFusionGreen=find (minDistGreen.nm<fusion_cutoff);

percentage (end+1,1)=length (idxFusionGreen)«100/

idxFusionGreenMirror=find (minDistGreenMirror nm<fusion_cutoff);

(length (minDistGreen_nm) ) ;

percentage (end,2)=length (idxFusionGreenMirror)*100/

(length (minDistGreenMirror_-nm) ) ;

minDistOrange_px =[]; minDistOrangeMirror_px =[];

for

end;

iSpots=length (orangex):—1:1

x=orangex (iSpots);

y=orangey (iSpots);

dist=sqrt ((greenx—x)." 24+ (greeny—y)." 2);

distMirror=sqrt ((greenxMirror—x). 24+ (greenyMirror—y)."2) ;
minDistOrange_px (iSpots)=min(min( dist));

minDistOrangeMirror_px (iSpots )=min(min( distMirror));

minDistOrange_nm=minDistOrange_px*pixelSize ;

minDistOrangeMirror_.nm=minDistOrangeMirror_px*pixelSize ;

Siz=

size (distOrange2Green,1) ;

distOrange2Green (siz+1:siz+length (minDistOrange nm) ,1)=

minDistOrange_nm;

distOrange2Green (siz+1:siz+length (minDistOrange nm) ,2)=

ilmage;

idxFusionOrange=find (minDistOrange_.nm<fusion_cutoff);

percentage (end,3)=length (idxFusionOrange) x100/

(length (minDistOrange.nm) ) ;

idxFusionOrangeMirror=find (minDistOrangeMirror_.nm<

fusion_cutoff);

percentage (end,4)=length (idxFusionOrangeMirror)*100/

(length (minDistOrangeMirror_nm) ) ;
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247
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255

257

end; %images loop (ilmage)

% output files
percnames={’Green_to_0Orange’,’Green_to_0Orange_Mirror’,
’Orange_to_Green’ ,’Orange_to_Green_Mirror’ };
xlswrite(strcat (num2str(fusion_cutoff),’percentages.xls’),
percnames ,1,’A1°);
xlswrite(strcat (num2str( fusion_cutoff),’percentages.xls’),
percentage ,1,7A27);
dlmwrite(’all_distances_from_green.txt’,6distGreen20range);
dlmwrite(’all_distances_from_orange.txt’,distOrange2Green);
shiftnames={’x_shift [px]’,’y_shift [px]’,’abs_shift [px]’};
xlswrite(strcat (num2str( fusion_cutoff),’shift_new.xls’),
shiftnames ,1,7A17);

xlswrite(strcat (num2str( fusion_cutoff),’shift.x1ls’),shift ,1,742°);

% histograms

x=0:25:10000;

histograms(:,3)=hist (distOrange2Green (:,1) ,x)*100/
length (distOrange2Green (:,1));

histograms (:,2)=hist (distGreen20range (:,1) ,x)*100/
length (distGreen2Orange (:,1));

histograms (:,1)=x";

dlmwrite(’all_histograms.txt’, histograms);

histnames={’x’,’Green_to_0Orange’,’0Orange_to_Green’ };

xlswrite(’all_histograms.xls’ histnames,1,’A1’);

xlswrite(’all_histograms.xls’ histograms,l,’A2’);

250 end il older
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