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Abstract

Endocytic engulfment requires high local membrane curvature and causes signif-
icant area changes of the membrane leaflets with respect to each other. Beside
individual proteins this can be initiated by differences between the surface areas
of the two monolayers related to leaflet specific modulation of lipid composition.
Thus, it was proposed that ATP-dependent lipid translocators, pumping phospho-
lipids from one membrane leaflet to the opposite leaflet, account for generation of
altered area relation between both leaflets as an early step in endocytosis.

To elucidate the influence of differences in the monolayer area asymmetry of the
plasma membrane on endocytosis, surface area relation was altered by adding exoge-
nous phospholipids to living cells and changes in endocytic activity were distinctly
quantified. Depending on the lipid species, exogenous lipids were only incorpo-
rated into the outer layer or subsequently translocated across the plasma membrane
thereby increasing either the outer or inner surface area.

Addition of different analogues of aminophospholipids, which are translocated to
the inner leaflet, led to an enhancement of bulk flow endocytosis in K562 cells.
Moreover, our data indicate that clathrin-mediated endocytosis of Hep2 cells was
stimulated as well. Inversely, addition of analogues of phosphatidylcholine, which
are not recognised by lipid translocators, reduced bulk flow or clathrin-mediated
endocytosis in various cell lines. Notably, also clathrin-mediated endocytosis was
influenced by the addition of lipids, although many proteins noted for their ability
to induce membrane curvature are known to be implicated in this pathway.

This corroborates a recent model how aminophospholipid translocases are impli-
cated in endocytosis. Upon translocating lipids from the exo- to the cytoplasmic
leaflet and additionally interacting with endocytic accessory proteins, aminophos-
pholipid translocases could integrate two processes to generate curvature: membrane
bending based on area asymmetry of membrane monolayers and protein-based mech-
anisms to induce and stabilise curvature. Collectively, findings in the present study
and in recent publications suggest that monolayer area asymmetry induced by the
translocation of lipids is not the only but one of the mechanisms leading to curvature

generation necessary for endocytic events.






Zusammenfassung

Endozytotische Einstiillpungen erfordern eine hohe lokale Membrankriimmung und
fithren zu erheblichen Flachenédnderungen der Membranhélften, die gegenseitig von-
einander abhéngen. Neben bestimmten Proteinen kann dies durch eine Oberflichen-
differenz zwischen den Schichten initiiert werden, die durch die spezifische Anpas-
sung der Lipidzusammensetzung einer Membranhélfte hervorgerufen werden kann.
Daher wurde die Hypothese aufgestellt, dass ATP-abhéngige Lipid-Transporter, die
Phospholipide von der einen auf die gegeniiberliegende Membranseite pumpen, in
der Anfangsphase der Endozytose fiir verdnderte Flachenverhéltnisse zwischen den
Membranschichten verantwortlich sind.

Um den Einfluss verdnderter Flachenasymmetrien der Plasmamembranschichten
auf Endozytose zu untersuchen, wurden in lebenden Zellen die Oberflichenverhélt-
nisse der Membranhélften durch die Zugabe von exogenen Phospholipiden veran-
dert und Unterschiede der endozytotischen Aktivitdt bestimmt. Abhéngig von der
Sorte wurden die exogenen Lipide nur in die duflere Membranschicht eingebaut
oder anschliefend auch auf die innere Membranseite transportiert, wodurch entwe-
der die duBere oder innere Oberfliche vergréfiert wurde. Die Zugabe verschiedener
Aminophospholipid-Analoga, die auf die innere Membranseite transportiert werden,
fithrte zu gesteigerter bulk flow-Endocytose in K562-Zellen. Dariiber hinaus deuten
die Ergebnisse darauf hin, dass Clathrin-vermittelte Endozytose von Hep2-Zellen
ebenfalls stimuliert wurde. Umgekehrt hatte die Zugabe von Phosphatidylcholin-
Analoga, die nicht von Lipid-Transportern erkannt werden, reduzierte bulk flow-
oder Clathrin-vermittelte Endozytose in verschiedenen Zelllinien zur Folge. Bemer-
kenswert ist, dass auch Clathrin-vermittelte Endozytose durch die Lipidzugabe be-
einflusst wurde, obwohl gerade in diesem Endozytoseweg viele Proteine involviert
sind, die Membrankriimmungen induzieren kénnen.

Dies passt zu einem neuen Modell wie Aminophospholipid-Transporter in Endo-
zytose involviert sind. Durch den Lipidtransport von der exo- auf die zytoplasma-
tische Membranhélfte und die zusétzliche Interaktion mit endozytotischen Hilfspro-
teinen, konnten diese Transporter zwei Mechanismen zur Erzeugung von Kriimmung
miteinander verbinden: Membrankriimmung induziert durch eine Flidchenasymme-
trie zwischen den Membranhilften und durch Wechselwirkung mit Proteinen, die
Kriimmung sowohl generieren als auch stabilisieren kénnen. Zusammen genommen
deuten die Ergebnisse dieser Arbeit so wie neuere Verdffentlichungen darauf hin,
dass die durch Lipidtransport induzierte Flichenasymmetrie der Membranschichten
nicht der einzige aber einer der Mechanismen ist, der die fiir Endozytose notwendige

Membrankriimmung erzeugt.
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CHAPTER 1

Introduction

The first steps during all endocytic events necessarily take place at the plasma membrane
of cells. Among other processes, this includes the generation of high local curvature for
the formation of endocytic vesicles out of a comparably flat plasma membrane. Several
mechanisms are known to be able to induce this required curvature, but it is still not
completely established which of these mechanisms are involved in the various endocytic
pathways. Thus, the present study focuses on the influence of a specific mechanism to
induce membrane curvature, the monolayer area asymmetry, on the activity of differ-
ent endocytic pathways. Therefore, the following introduction describes first of all the
composition and properties of the plasma membrane relevant for this study. Then, endo-
cytosis and selected endocytic pathways will be introduced with particular emphasis on
the first steps of the respective pathway. Finally, various mechanisms leading to mem-
brane bending are shortly reviewed and it is subsequently summarised how membrane
curvature can be induced in particular by the transversal lipid asymmetry of the plasma
membrane. Furthermore, the studies supporting an involvement of lipid translocators
in endocytosis and two models, how lipid translocators could be connected with the

generation of endocytic invaginations, will be introduced.



1 Introduction

1.1 Plasma Membrane

Even though the origin of cell membranes is still a major unresolved issue of evolu-
tion, the invention of selective permeable barriers was certainly a pivotal moment in
the evolution of life. By surrounding a cell and intracellular compartments with an am-
phiphilic lipid membrane, the membrane barrier physically separates the cytoplasm from
the extracellular environment and reaction compartments within a cell from each other.
Moreover, via this barrier vital chemical gradients can be maintained against the envi-
ronment and between intracellular compartments. Due to the amphiphilic properties of
lipids composing the barrier, the membrane spontaneously forms a bilayer structure with
a hydrophobic inner core, constituted by the lipid acyl chains, and a polar outer layer
on both surfaces, composed of the hydrophilic lipid headgroups. Thereby, the aqueous
environment entropically drives the hydrophobic fatty acid chains to self assemble and
the hydrophilic headgroups have a propensity to interact with each other and with the

polar environment.

Besides the lipids, a biological membrane consists of proteins, that are embedded in
the bilayer, and a low percentage of either protein- or lipid-associated carbohydrates.
Their organisation in the membrane was primarily described by the fluid mosaic model
introduced by Singer and Nicolson (1972), which considered the restrictions imposed
by thermodynamics. Here, both proteins and lipids are thought to freely diffuse in the
lateral direction of the membrane. Currently, this model was amended, because the
protein density in native membranes is in general much higher than in most artificial
membranes that have been studied in the last decades. The high protein density as well
as the formation of lateral microdomains most likely limits the lateral mobility of mem-
brane components (Rajendran and Simons, 2005; Jacobson et al., 2007). An updated
model is given in Engelman (2005) and the lateral distribution of lipids and their for-
mation into microdomains is described more detailed in 1.1.2. The membrane proteins
either partially or completely traverse the lipid bilayer, integral membrane proteins, or
are loosely associated with it, peripheral membrane proteins. The protein to lipid ratio
of biological membranes can range between 0.2 and 0.8 (Gennis, 1989). While the pro-
teins fulfil a number of specialised functions in the membrane, for example as enzymes,
transporters, structural elements, or receptors, lipids supply a strong yet flexible ma-
trix for the membrane. Despite the huge diversity of different lipid species in biological

membranes, the basic formation with the hydrophilic headgroups on either side and the
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hydrophobic chains oriented towards the interior of the membrane is conserved in every

membrane.

However, lipids have far more functions than forming the backbone of the membrane
barrier. Particular lipid species and mixtures provide membranes with the ability to
bud, tubulate, and fuse, processes that are essential for cell division, biological repro-
duction, and intracellular membrane trafficking (van Meer et al., 2008). Moreover, they
are involved in the regulation of protein activity, enzymatic reactions, as well as cell-
cell interactions, and can act as first and second messengers in signal transduction and
molecular recognition processes (Zachowski, 1993; van Meer et al., 2008). The follow-
ing clauses describe the major lipid species composing the plasma membrane and their

implication in mechanisms relevant for endocytosis.

1.1.1 Lipid Composition

The three major classes of lipids found in the plasma membrane of eukaryotic cells
are glycerophospholipids, sphingolipids, and sterols. Glycerophospholipids, in general
referred to as phospholipids, are made up of a glycerol backbone esterified with two
acyl chains at position sn-1 and sn-2, and at least a phosphate ester at position sn-3.
Distinct lipid species are discerned by different functional groups bound to the phos-
phate yielding a phosphoric acid diester. The most abundant headgroups are choline,
ethanolamine, and serine forming the glycerophospholipids phosphatidylcholine (PC),
phosphatidylethanolamine (PE), and phosphatidylserine (PS), respectively. The hy-
drolytic cleavage of one of the two acyl chains of glycerophospholipids leads to lyso-
glycerophospholipids. Thus, lyso-phospholipids have a free alcohol in either the sn-1 or
sn-2 position. Length and degree of saturation of the fatty acid chains as well as size,
charge, and chemical nature of the headgroups define the properties of glycerophospho-
lipids, which are also determining the properties of membranes. Dependent upon the
lipid composition the thickness, permeability, and fluidity of a membrane, to mention but
a few, differs a lot. Additionally, the size of fatty acid chains relative to the headgroup
defines the molecular shape of a lipid, which can influence the curvature of a membrane
(see clause 1.3). Another native headgroup is inositol, giving phosphatidylinositols (PI),
which are a minor lipid species in the cytoplasmic leaflet of the plasma membrane. PI
with a phosphorylated inositol ring are called phosphoinositides and play important roles

in signalling as well as membrane trafficking. For instance, phosphatidylinositol-(4,5)-
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bis-phosphate (PI(4,5)P2) is enriched in the plasma membrane where it is an important
substrate for a number of important signalling proteins (Toker, 1998) and has an essential
role in many endocytic pathways (see clause 1.2).

Although very similar to glycerophospholipids in many physicochemical properties,
sphingolipids do not originate from glycerol, but from the aliphatic amino alcohol sphin-
gosine. Ceramide (Cer), the basic structural unit in all sphingolipids, consists of a
fatty acid chain linked through an amide bond to sphingosine. The replacement of the
1-hydroxyl group by phosphocholine leads to sphingomyelin (SM), which is the major
phosphosphingolipid of mammals and in comparison to intracellular membranes enriched
in the plasma membrane (Fahy et al., 2005). Glycosphingolipids are achieved by the
linkage of either a single sugar residue yielding cerebrosides, which can be sulfated, called
sulfatides, or at minimum three sugars with at least one sialic acid, namely gangliosides.

Sterols, a subgroup of steroids, are tetracyclic molecules which vary in their side chains
and localisation of double bonds. Along with the glycerophospholipids PC, PS, PE, and
PI as well as the sphingolipid SM, the sterol cholesterol constitutes the major components
of membrane lipids in the plasma membrane of mammalian cells (Fahy et al., 2005). The
cholesterol content of mammalian membranes increases along the secretory pathway
from the endoplasmic reticulum, over the Golgi to the plasma membrane, where it gains
about 0.8 related to the phospholipid concentration. Cholesterol consists of a rigid
sterol ring system, a short hydrocarbon chain, and a small polar headgroup comprised
by a hydroxyl group, which is responsible for an amphiphilic structure character of the
molecule. Figure 1.1 illustrates the structure of the major lipid species in the plasma

membrane of eukaryotic cells that are mentioned above.

How the enrichment of SM and cholesterol in the plasma membrane is generated is not
well understood. Recent studies indicate that the trans-Golgi network, which is the ma-
jor sorting station in the secretory pathway, is responsible for the sorting of membrane
lipids by addressing specific secretory vesicles to the plasma membrane (Klemm et al.,
2009). However, it is the particular composition that characterises biological membranes
in different cell types as well as certain cell organelles. While the basic structure of mem-
branes is strongly retained, the composition of lipids and proteins is adapted to comply
with the individual requirements. For instance, the plasma membrane of Schwann cells,
electrically insulating neuronal axons, has a protein content of only about 20% and
is rich in the otherwise rare sphingolipid class of gangliosides (Devaux and Seigneuret,

1985). Another interesting example is the membrane of hyperthermophilic archaea in
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Figure 1.1: Major lipid classes in the plasma membrane of eukaryotic cells. The
common feature of the heterogeneous group of lipids is their good solubility in organic solvents,
and a limited solubility in water. The main eukaryotic membrane lipids are glycerophospho-
lipids, sphingolipids and the sterol cholesterol. Apart from the lipids occurring in membranes,
triacylglycerols, which serve as energy stores, and steroids, which include many vitamins and
hormones, are lipids of biological importance.
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which phospholipids comprises isoprene linked to the glycerol by ether bonds instead
of ester bonds (Lai et al., 2008). This provides the membranes with a high stability
against extreme temperatures and prevents hydrolysis of the lipids. Beyond this specific
lipid composition of the plasma membrane, the lipids are not equally distributed across
the two leaflets of the bilayer, which is important for diverse cellular functions. In the
following, the lateral and transversal lipid distribution will be explained more detailed,
since this asymmetry of lipids in the plasma membrane is thought to be involved in

endocytic mechanisms.

1.1.2 Lateral Heterogenous Organisation of Lipids

Even within one membrane the lipid composition was found to be different between
separated domains, for instance in the plasma membrane of polarised cells, in which
basolateral and apical domains are separated by tight junctions, as well as in lateral
microdomains, so called rafts. The latter ones are defined as follows: “Membrane rafts
are small (10-200 nm), heterogeneous, highly dynamic, sterol- and sphingolipid-enriched
domains that compartmentalize cellular processes. Small rafts can sometimes be sta-
bilized to form larger platforms through protein-protein and protein-lipid interactions.”
(Pike, 2006). Lateral microdomains were already mentioned more than 30 years ago
(Petit and Edidin, 1974) and since then many studies have focused on the revelation
of their size, formation, and function in cellular processes (Simons and Ikonen, 1997;
Ikonen, 2001; Rajendran and Simons, 2005). Despite these strong efforts the exact na-
ture of rafts and even their nomenclature remains surprisingly controversial (Hancock,
2006). However, independently on their nomenclature, it has convincingly been shown
that lateral nanoscale domains indeed exist in biological membranes (Silvius and Nabi,
2006; Sengupta et al., 2007) and that they are implicated in endocytic events, especially
in clathrin-independent endocytosis (Sharma et al., 2004, and see 1.2.2).

1.1.3 Transbilayer Lipid Asymmetry

Furthermore, the plasma membrane of eukaryotic cells displays differences in the lipid
composition between its two leaflets, a transversal asymmetry. Whereas in the mem-
brane of the endoplasmic reticulum all lipids are transversal symmetrically distributed
within the bilayer, the membranes of the Golgi, endosomal membranes, and the plasma

membrane show a transmembrane lipid asymmetry (Zachowski, 1993; van Meer et al.,
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2008). In the plasma membrane of eukaryotic cells the aminophospholipids PS and PE
as well as less abundant lipids, such as PI and phosphatidic acid, are predominantly
located in the cytoplasmic leaflet, while the exoplasmic leaflet comprises the majority
of the choline containing lipids PC and SM as well as glycosphingolipids (Devaux and
Morris, 2004). In this process, the distribution of PC and PE in the respective layer
appears to be less strictly limited than the restricted localisation of SM and PS to the
outer and inner leaflet, respectively. For cholesterol, an asymmetric distribution across
the leaflets of the plasma membrane is not conclusively established. Some studies suggest
an asymmetric distribution with cholesterol either preferentially present in the exoplas-
mic (Pomorski et al., 2001; de Almeida et al., 2003) or cytoplasmic leaflet (Schroeder
et al., 1991), whereas in other studies the distribution is proposed to be symmetrical (e.g.
Lange and Slayton, 1982). Several data obtained with cholesterol analogues indicate a
rapid diffusion of cholesterol from one layer to the other (e.g. Muller and Herrmann,
2002). However, the transmembrane distribution of cholesterol will most likely be de-
termined not only by the exchange rate between bilayers, but also by the affinity of
cholesterol for the other lipid and protein components of the membrane. The number
of fatty acid double bonds and the properties of the headgroup play a major role in the
interactions of cholesterol with other membrane lipids (Aittoniemi et al., 2007). Since
the other membrane components are not symmetrically distributed in the plasma mem-
brane, it seems to be rather likely that cholesterol is also not equally distributed across
the bilayer (Devaux and Morris, 2004; van Meer et al., 2008).

The transversal asymmetry of membrane lipids has important functional consequences
for various cellular mechanisms and is associated with many patho- and physiological
processes (Balasubramanian and Schroit, 2003). For instance, increased amounts of PS
appear on the exoplasmic leaflet of the plasma membrane of tumorigenic cell lines (Ut-
sugi et al., 1991) and the asymmetry of PS is largely lost in apoptotic cells (Fadok et al.,
1992). Although the lipid asymmetry was first thought to be a static characteristic of
membranes (Bretscher, 1972), it is now evident that this asymmetry results from contin-
uous translocation of lipids across the bilayer, which is called flip-flop. Multiple factors
are involved in the maintenance of the transmembrane lipid asymmetry: biophysical
properties that limit amphiphilic lipids to spontaneously cross the hydrophobic core of
a membrane, retentive mechanisms that attract lipids in one of the two leaflets, such as
charged lipids favouring different pH values, and specific proteins that translocate lipids
from one layer to the other (Daleke, 2007; van Meer et al., 2008).
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The spontaneous transversal movement of lipids carrying a polar headgroup across a
pure lipid membrane is very rare with a typical half time of hours to days. This time
depends on the size, polarity, and charge of the headgroups, the hydrophobicity of the
fatty acid chains, and the composition of the lipid bilayer (Sprong et al., 2001). In ad-
dition to the difficulties of polar moieties to penetrate the hydrophobic core of a lipid
membrane, the very low lateral elasticity of lipid layers, as demonstrated in Langmuir-
Blodgett troughs, hampers the spontaneous flip-flop of membrane lipids. To maintain
the asymmetric distribution of specific lipids in the plasma membrane, proteins translo-
cate lipids more rapidly from one leaflet to the other. Such translocator proteins have
been already postulated by Bretscher (1974) and the activity of an aminophospholipid
translocase (APLT) was first observed in human erythrocytes by Seigneuret and Devaux
(1984). By now, much is known about translocated lipid species (e.g. Daleke, 2007), but
the exact identity and biological function of lipid translocator proteins remain elusive.
However, relevant for this thesis is mainly the fact that a lipid asymmetry of the plasma
membrane exists and that specific lipids are translocated to either of the two leaflets.
Therefore, the following clause will only give a brief introduction into the subject of lipid
translocators and the reader is referred to more extensive descriptions in the following
excellent reviews: Pohl et al. (2005); Devaux et al. (2006); Pomorski and Menon (2006);
Daleke (2007).

1.1.4 Lipid Translocators

The proteins involved in lipid translocation can be divided into four classes based on
their direction of transport, requirement for energy, sensitivity to Ca?* concentrations,
and substrate specificity. Proteins that translocate lipids from the exoplasmic or luminal
to the cytoplasmic side of membranes are commonly called flippases and translocators
that move lipids in the opposite direction are named floppases. Energy-independent
translocators unspecifically allow lipids to traverse the membrane in both directions,
whereas energy-dependent translocators mediate a net transfer of lipids to one leaflet
of the membrane against a concentration gradient with a differing substrate selectiv-
ity. Candidates for the former translocators are proteins called scramblases, which are
ATP-independent and activated by elevated Ca?* concentrations. Activity of scram-
blases as well as energy-dependent flippases and floppases can be found in the plasma

membrane of eukaryotic cells, where the latter ones regulate the nonrandom transbilayer
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lipid distribution. The activation of scramblases leads to the randomisation of lipid dis-
tribution, which is thought to occur for example during apoptosis. The fourth class of
translocators, energy-independent flippases, mediate rapid and rather unspecific lipid

translocation in the endoplasmic reticulum membrane.

Several members of the P, subfamily of P-type ATPases are believed to be respon-
sible for the ATP-dependent inward translocation of aminophospholipids in the plasma
membrane. After the discovery of APLT activity in human erythrocytes (Seigneuret and
Devaux, 1984), subsequent studies defined the biochemical properties of these flippases,
such as vanadate and Ca?* sensitivity as well as a high selectivity for PS (Daleke and
Lyles, 2000). Based on these biochemical properties, further potential enzymes were
defined. Purification of the bovine adrenal chromaffin granule-associated APLT activity
(ATPase II) led to the cloning of a gene currently referred to as Atp8al (Tang et al.,
1996). This enzyme was found to be homologous to proteins in the P-type ATPase
superfamily and most closely homologous to Drs2p, a yeast ATPase that is resident
in the trans-Golgi network. Both, Atp8al and Drs2p, are constituent members of a
conserved subfamily of P-type ATPases, namely P4-ATPases, that are divided into five
subclasses by particular sequence characteristics. Many of the P4-ATPases have been
linked to the maintenance of membrane structure, transport of amphiphilic molecules,
and vesicle trafficking and at least two of them are thought to be involved in human
diseases (Paulusma and Oude Elferink, 2006). In this regard, it has been shown re-
cently that Atp8bl deficiency causes a severe liver disease and loss of hearing, that
is associated with progressive degeneration of cochlear hair cells (Folmer et al., 2009;
Stapelbroek et al., 2009). The P4-ATPase subclasses include five yeast proteins Drs2p,
Dnflp, Dnf2p, Dnf3p, and Neolp (Hua et al., 2002), six members in Caenorhabditis
elegans (Ruaud et al., 2009), 12 members in Arabidopsis thaliana (Poulsen et al., 2008)
and 14 human enzymes Atp8al-Atpllc (Paulusma and Oude Elferink, 2005). There
is accumulating evidence that P4-ATPases actively translocate phospholipids, thereby
maintaining the transbilayer lipid asymmetry in the plasma membrane. For instance,
yeast cells lacking Dnflp and Dnf2p were shown to have an abolished inward translo-
cation of fluorescently labelled analogues of PC, PS, and PE (Pomorski et al., 2003).
Recent studies could show the translocation of the native phospholipids lyso-PC and
lyso-PE across the plasma membrane of yeast by the same enzymes (Riekhof et al.,
2007). To unequivocally demonstrate the lipid translocation by P4-ATPases the current

work of many groups focuses on the reconstitution of purified proteins into model mem-
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branes to show P4-ATPase specific lipid translocation. Recently, two different groups
successfully reconstituted P4-ATPases and provided direct biochemical evidence that
P4-ATPases translocate phospholipids.Zhou and Graham (2009) purified and reconsti-
tuted Drs2p along with the noncatalytic subunit Cdcb0p into proteoliposomes. It could
be shown that fluorescently labelled analogues of PS were actively translocated across
the liposome bilayer, whereas the respective analogues of PC and SM were not translo-
cated. Although the obtained effects were relatively small and further experiments need
to be performed to identify the amount of active Drs2p reconstituted in liposomes, this
study confirmed the active and probably selective translocation of phospholipids by Py-
ATPases. This finding is underlined by the results of Coleman et al. (2009) who purified
and reconstituted Atp8a2 into liposomes containing fluorescently labelled analogues of

PS resulting in an ATP-dependent translocation of PS across the bilayer.

A second member of ATP-dependent lipid translocators, the ATP-binding cassette
(ABC) transporter family, was identified in studies originally related to multidrug resis-
tance in cancer cells and is apparently responsible for an active outward translocation of
lipids. ABC transporters are members of a large family of highly conserved, multispan
transmembrane proteins that translocate a wide variety of substrates, such as ions, sug-
ars, drugs, and peptides, across different cell membranes. Several ABC proteins were
found to be mutated in lipid linked diseases, therefore suggesting their involvement in
lipid translocation. In contrast to P4-ATPases, ABC transporters move lipids from the
cytoplasmic to the exoplasmic leaflet of the plasma membrane and, moreover, even expel
a given lipid out of the membrane (van Meer et al., 2006). As for flippases, an increasing
number of lipids was shown to be translocated, but the mechanisms of translocation
remain unsolved. For instance, the multidrug transporter ABCC1 translocates fluores-
cently labelled short chain PC, PS, SM, and glucosylceramide analogues and has been
suggested to maintain the outward orientation of natural choline phospholipids to the
plasma membrane (Pomorski and Menon, 2006). A comprehensive review of Pohl et al.
(2005) provides the implication of ABC proteins in lipid translocation and an overview
of the actual known main ABC transporters for lipids in humans and their presumed

substrates can be found in Box 2 of van Meer et al. (2008).
The potential implication of these lipid translocators, primarily of flippases translocating

lipids from the outer to the inner leaflet of the plasma membrane, in the generation of

membrane invaginations and therefore in endocytic events is outlined in 1.3.2. Based on
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the general features and composition of the plasma membrane, the following clauses now
introduce the processes of endocytosis with special focus on the first steps of endocytic

events in which the plasma membrane is the pivotal point.

1.2 Endocytosis

Endocytosis is a collective term for processes by which cells ingest selected cargoes from
the cell surface by engulfing them with regions of their plasma membrane. Typically,
endocytic pathways start with recruiting the cargo at the cell surface. Subsequently,
an invagination of the plasma membrane is generated that becomes a closed vesicle
and must be detached from the parent membrane into the cell. In the cytoplasm, this
vesicle must fuse with the first compartment of its itinerary, a highly complex system
resulting in the eventual sorting or degradation of the vesicle contents. This allows the
cell to internalise extracellular components and fluids as well as plasma membrane lipids
and integral membrane proteins. The morphological contrary process, called exocytosis,
delivers specific compounds to the extracellular space as well as lipids and proteins
to the plasma membrane by fusing internal vesicles with it. Via these processes of
membrane traffic the composition of the plasma membrane can precisely be regulated,
which is essential for responding to, or affecting, the extracellular environment or other
cells. Hence, endocytosis is required for diverse and disparate cellular functions such as
immune surveillance, cellular and organismal homeostasis, mitosis, antigen presentation,
and cell migration and plays a key role in the positive regulation of intracellular signalling
cascades (Doherty and McMahon, 2009).

There are several mechanisms of endocytosis which can be separated into two broad
categories (Conner and Schmid, 2003): in phagocytosis, the uptake of large particles
(from Greek ¢ayewv [phagein] - to eat and Latin [cyta] - cell), and in pinocytosis, in
which the cell ingests fluid and solutes (from Greek mivew [pinein] - to drink). Phagocy-
tosis can be observed only in protozoa and specialised mammalian cells, e.g. macrophages
or mastocytes. Pinocytosis exists in all eukaryotic cells and includes macropinocytosis,
clathrin-mediated (CM), caveolae-mediated, and clathrin-independent (CI) endocytosis
(Conner and Schmid, 2003). Further distinctions are made between constitutive endo-
cytosis, which occurs continuously, and induced pathways of endocytosis, in which the
activity is stimulated by ligand binding and downstream events (Benmerah and Lamaze,

2007). In the latter process, specific molecules are taken up by receptor-mediated en-
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docytosis, such as clathrin- or caveolae-mediated endocytosis. Here, cells specifically
internalise solutes by vesicles containing proteins with receptor sites specific to the li-
gands being endocytosed. In contrast to this, the nonspecific uptake of fluid and solutes
takes place by a process often referred to as bulk flow endocytosis. Here, external ma-

terial is internalised into inner cell compartments without binding to specific receptors.

The existence and regulation of the multiple mechanisms and pathways of endocytosis
are becoming of increasing interest in relation to the huge variety of fundamental cellular
functions. Although much is known about the cargoes, the specific mechanisms for
the recruitment of these cargoes to the plasma membrane, the subsequent sorting into
specific vesicles of the different endocytic pathways, and the regulation of these pathways
are less clear. For instance, epidermal growth factor (EGF) receptor is hyperactive in
many cancers and is endocytosed by CM as well as CI pathways. In CI endocytosis the
receptor appears to be degraded, while in CM endocytosis it is recycled and can continue
to participate in signalling (Sigismund et al., 2008). Further investigations could provide
tools to direct this receptor to CI mechanisms and thereby enhance degradation of the

receptor as means of affecting cancer cell proliferation (Doherty and McMahon, 2009).

Initially, CM endocytosis was thought to be responsible for everything endocytosed
(Doxsey et al., 1987). Even though it has been shown that cells still undergo endocytosis
when the clathrin-dependent pathway is inhibited, it took time to accept the existence of
CI pathways. Since it was published that CI endocytosis not only exists but is also reg-
ulated (Damke et al., 1995), it became apparent that an expanding fraction of cargoes
is taken up by CI pathways (Sandvig et al., 2008). CI endocytic pathways are fur-
ther categorised into dynamin-dependent or -independent as well as caveolae-mediated,
cell division control protein 42 homolog (Cdc42)-, ras homolog gene family member A
(RhoA)-, or ADP-ribosylation factor (Arf)-6-regulated pathways, based on the use of the
dynamin-mediated scission mechanism and the involvement of small GTPases (Mayor
and Pagano, 2007). Statements on relative proportions of the different pathways di-
verge in the literature. Doherty and McMahon (2009) refer to roughly equiprevalent
modes of clathrin-dependent and -independent endocytosis in fibroblastic cells, whereas
Ungewickell and Hinrichsen (2007) quote the CM pathway to be the major route in
fibroblasts in which cells take up the equivalent of the cell’s total plasma membrane
within one hour. This demonstrates the difficulties to quantify endocytosis examined
with different techniques. It has to be assumed that proportions of endocytic activity

most likely vary in different cell types due to their adaptations and specific functions
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actin
filaments

Clathrin-mediated Cdc42-regulated
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/ Caveolar-mediated
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Figure 1.2: Morphological structures of selected endocytic pathways. The variability of
morphologies ranges from enveloping membrane extensions during phagocytosis (North, 1969),
over highly ruffled regions in macropinocytosis (Shao et al., 2002), spherical and coated buds
of clathrin-mediated endocytosis (Perry and Gilbert, 1979), flask shaped caveolae (Rothberg
et al., 1992), to tubular structures in Cdc42-regulated endocytosis (Sabharanjak et al., 2002).
Membrane invaginations of clathrin- and caveolae-mediated endocytosis are coated by clathrin
and caveolin, respectively, and the membrane scission protein dynamin was shown to be involved
in both pathways. Actin filaments most likely support the formation of membrane structures
during phago- and macropinocytosis and are associated in the fission of clathrin-coated vesicles.
Figure based on Mayor and Pagano (2007, Fig. 1) and Doherty and McMahon (2009, Fig. 1).

(Sato et al., 1996). A specific endocytic pathway already differs within a single cell line
when cells are apicobasally polarised (Sandvig et al., 2008), such as epithelial cells and
hepatocytes. For instance, epithelial Madin-Darby canine kidney cells form caveolae
only at the basolateral but not at the apical surface (Verkade et al., 2000). Moreover,
special treatments of cells or the inhibition of specific proteins in order to investigate
single pathways may functionally alter the activity of a route that is more silent or even

not existent under normal conditions.
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All these different pathways comprise different proteins that are associated and exhibit
a high morphological variability (Fig.1.2). It is becoming increasingly proven that bud-
ding structures do not only form spherical vesicles but also tubular and more complex
formations. The endocytic morphologies range from spherical clathrin-coated pits (Roth
and Porter, 1964) over tubular structures in Cdc42-regulated endocytosis (Kirkham and
Parton, 2005; Mayor and Pagano, 2007) to highly ruffled regions of the plasma membrane
in macropinocytosis (Shao et al., 2002). A summary of membrane morphology, involved
cargoes, small G-protein dependence, dynamin implication, and other implicated pro-
teins is given in Mayor and Pagano (2007, Table 1) and Doherty and McMahon (2009,
Table 1). It gives an impression of the complex interrelations and high variability of the
involved cargoes and regulating proteins. However, besides this diversity all internali-
sation processes have one scene in common: the formation of budding structures which
requires bending of the plasma membrane. The present study focuses on the implication
of plasma membrane properties in the generation of membrane curvature in emerging
endocytic invaginations. Thus, the following introduction to selected endocytic path-
ways will concentrate on the first steps of the respective pathway, on associated proteins
that are known to induce membrane bending or fission, and on possible interactions with

plasma membrane lipids.

1.2.1 Clathrin-Mediated Endocytosis

The primarily discovered clathrin-mediated pathway has extensively been studied since
many years and is well characterised. For example, essential nutrients, such as iron
loaded transferrin and low density lipoprotein (LDL), are endocytosed by this route.
Also several enveloped viruses, for instance Influenza and Ebola virus, exploit this path-
way to mediate their internalisation into cells. The molecular mechanisms behind the
recruitment of cargoes into emerging clathrin-coated pits and the subsequent fission
of coated vesicles become progressively decoded and are reviewed in numerous publica-
tions, e.g. Benmerah and Lamaze (2007); Ungewickell and Hinrichsen (2007); Rappoport
(2008). Here, the high diversity of implicated cargoes, adaptors, and accessory proteins
will be summarised to give an overview on the general functionality of this highly com-
plex pathway.

As a first step of this pathway, upon binding of an extracellular ligand to specific

receptors on the cell surface, such as transferrin, clathrin together with adaptors and
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endocytic accessory proteins is recruited to the plasma membrane to eventually assemble
in polyhedral lattices. These predominantly flat structures are coating membrane buds
in patches with diameters from 10nm to more than 500nm. The coat proteins, with
clathrin as primary structural unit, simultaneously sense the transmembrane cargo and
PI(4,5)P2, the most abundant phosphoinositide in the plasma membrane. This assures
that a productive coat formation only occurs in the presence of both, a transmembrane
cargo and a specific lipid environment. Indeed, the depletion of PI(4,5)P2 inhibited the
uptake of transferrin receptors and caused an increase in the concentration of transferrin
receptors in the plasma membrane (Abe et al., 2008). The regulation and the functional
role of PI(4,5)P3 in clathrin-mediated endocytosis has been reviewed in detail by Haucke
(2005). Different receptors use diverse mechanisms for their entry into clathrin-coated
vesicles. Four types of internalisation signals at the cytoplasmic tails of transmembrane
proteins have been identified that are recognised by different endocytic adaptor proteins.
For example, the tetrameric adaptor protein2 (AP-2) complex interacts with a tyrosine
based sorting motif, that is included in the cytoplasmic tail of the transferrin recep-
tor. The LDL receptor uses another sorting motif: FXNPXY that associates with the
monomeric adaptor Dab2 which binds AP-2. The leucine based motif [DE]XXXL[LI]
serves as an internalisation signal in many single- and multi-spanning transmembrane
proteins (Sorkin, 2004).

At the same time, the binding of adaptor proteins to PI1(4,5)P2 is mediated by protein
intrinsic domains. The adaptor protein AP-2, with its potential to associate with a lot
of proteins of the endocytic machinery, has two binding sites for inositol lipids. Due
to a conformational change after cooperative binding to the first lipid, the affinity of
AP-2 to associate with the plasma membrane highly increases (Honing et al., 2005).
Additionally, AP-2 stimulates the local concentration of PI(4,5)P2 in two ways: by
binding to a phosphoinositide-kinase its activity is increased and by interacting with
the small GTP-binding Arf-6, which also amplifies the activity of the phosphoinositide-
kinase. Alongside, to the interaction of Arf6 with AP-2, Arf6 can also bind to the
heavy chain of clathrin, which results in a complex formation of AP-2, clathrin, and
Arf6 (Poupart et al., 2007). Thus, AP-2 is thought to hold a central position among the
other proteins and regulates the recruitment of more adaptors to the plasma membrane
by creating a positive feedback loop (Bairstow et al., 2006). With the exception of only
one monomeric adaptor protein, Epsl5/Epsl15R, all adaptors are capable of binding

to clathrin. The clathrin-coat basically consist of a triskelion that is composed of the
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tight association of three clathrin heavy chains with three clathrin light chains. The
heavy chains provide the structural backbone, whereas the light chains are thought
to regulate the formation and disassembly. In addition to clathrin, the coat network
contains assembly proteins, for instance the adaptor proteins AP-180 and AP-1, and
gathers into a lattice of hexagons and pentagons. By interacting with AP-2, the clathrin
lattice is targeted to the plasma membrane for the formation of clathrin-coated pits
(Motley et al., 2003).

How the flat hexagonal lattices contribute to the subsequent bending of the plasma
membrane is not exactly known yet. Indeed, clathrin was shown to be essential for the
invagination of coated membrane patches, but theoretical considerations suggest that
the energetics of clathrin assembly are not sufficient for the generation of membrane
curvature in relatively rigid membranes, such as the plasma membrane or membranes
of the trans-Golgi network (Nossal, 2001). However, the transformation of the clathrin
network from hexagonal structures into pentagonal ones gives the lattice an inherent ten-
dency to form a bent coat. The wide range of clathrin lattice formations and a potential
dependence of the vesicle position within the lattice on the polarity of assembly, from
initiation of coat formation to membrane pinching, are excellently shown in electron
microscopical studies in Cheng et al. (2007). Additionally, clathrin and other impli-
cated adaptor proteins interact with proteins that are noted for their ability to induce
membrane curvature. Epsin and proteins comprising domains of the BAR (Bin, Am-
phiphysin, Rvs) superfamily, including “classical” BAR domains, N-BAR and F-BAR
(Fes/CIP4 homology-BAR or EFC for Extended FCH Homology) domains, are well
known exemplars of proteins that are involved in the formation of clathrin-coated pits
and can generate, sense, and stabilise membrane bending (Ford et al., 2002; Lundmark
and Carlsson, 2003; Hinrichsen et al., 2006). The amphipathic helix of epsin inserts into
the proximal leaflet of a lipid bilayer which causes a displacement of lipid headgroups
and a reorientation of acyl chains. Upon binding directly to inositol lipids and the si-
multaneous insertion of the helix, epsin generates membrane curvature by increasing
the protein proximal monolayer area relatively to the other layer (Horvath et al., 2007).
In this process, formation of the amphipathic helix in epsin is thought to be coupled
to inositol lipid binding (Ford et al., 2002; Yoon et al., 2009). Proteins containing a
concavely shaped BAR domain bind to negatively charged membrane surfaces mainly
due to electrostatic interactions (Gallop and McMahon, 2005; Frost et al., 2009). In

addition to a BAR domain, some proteins contain an amino-terminal amphipathic helix
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preceding the BAR domain, called N-BAR domain, that inserts into the membrane like
the helix of epsin (Fernandes et al., 2008; Campelo et al., 2010). F-BAR proteins have a
more shallow curvature than BAR proteins and seem to deform membranes into struc-
tures with a wider diameter. Several F-BAR proteins have an established role in binding
phospholipids and are known to be involved in actin dynamics at the plasma membrane.
In this way, the actin polymerisation apparatus and the machinery regulating membrane
dynamics is linked by these proteins (Aspenstrom, 2009). Only these joint contributions
of clathrin network forming and curvature generating proteins can most likely account

for an effective bending of the coated membrane patches.

The subsequent fission of the coated invagination and its release into the cytoplasm is
mediated by dynamin and its interactions with actin filaments. The membrane scission
protein dynamin, a large, modular GTPase, is recruited by curvature sensing proteins
and has domains that support binding to PI(4,5)P2. By creating a GTP-dependent
conformational change into helical rings, it induces fission by tracing the small neck
of the coated bud like a scaffold and ties up the membrane into tubular structures
(Chen et al., 2004; McMahon and Gallop, 2005). In this process, the insertion of the
pleckstrin homology domain into the membrane was shown to be essential for fission
and subsequent vesicle release (Ramachandran et al., 2009). The activity of dynamin
is thought to be regulated by transferrin receptor trafficking protein (Tosoni et al.,
2005). By interacting simultaneously with the transferrin receptor and dynamin it can
negatively regulate the rate of GTP hydrolysis by dynamin, which provides a mechanism
to accumulate a sufficient amount of cargoes before vesicles are pinched off. The last
step of coated vesicle fission is the dissociation from the plasma membrane into the
cytoplasm. There is more and more evidence that this happens in an actin dependent
manner (Merrifield et al., 2002; Brett et al., 2006) and currently there are two models
how actin is thought to be involved. In the first model, the clathrin coat is suggested
to be connected to actin filaments via an accessory protein and the vesicle is thereby
carried more deeply into the cytoplasm. This would increase the forces on the thin neck,
which is scaffolded by dynamin, until the stretched neck snaps. The second model is an
extension of the first, but not yet well established (Ungewickell and Hinrichsen, 2007).
Here, it is proposed that two different actin motor proteins bind through accessory
proteins to the clathrin coat and dynamin, respectively. This would pull the vesicle in
two directions, the dynamin ring towards the surface of the cell and the coated bud

deeper into the cytoplasm (see Fig.1.3). Additionally, the scission of the coated vesicle
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Figure 1.3: A model of clathrin-
coated vesicle fission introduced
by Ungewickell and Hinrichsen
(2007). There is cumulative evi-
dence that the fission of vesicles dur-
ing clathrin-mediated endocytosis is
not only mediated by dynamin but
also in an actin dependent manner.
Dynamin traces the small neck of the
bud with helical rings like a scaffold
and ties up the membrane into tubu-
lar structures. Additional pulling
forces, provided by myosin motor
proteins, are thought to stretch the
vesicle neck in two directions: the
dynamin ring towards the surface of
the cell and the coated vesicle into ?Receptcrwuth cargo &y Dab2
the cytoplasm. Subsequently, this

leads to the severance of the vesicle ﬁ_\,‘_\.\ Myosin Vi & Dynamin ring

at the predetermined breaking point,
that is induced by the dynamin con-
striction (see the text for references).

Myosin 1E Actin

{Ungewickell and Hinrichsen, 2007)

could be supported by a redistribution of membrane lipids. Boundary forces at model
membranes were shown to result in a phase separation of lipids creating a breaking point

that serves when longitudinal forces are applied (Roux et al., 2005; Liu et al., 2006).

After the dissociation from the plasma membrane into the cell, the clathrin basket is
released from the vesicle by auxilin and hsc70. When the coat proteins are disassembled
they are ready to be reused for another circuit of budding. The uncoated vesicle un-
dergoes further trafficking before appropriate delivery of its cargoes through fusion with
a destination compartment. Subsequent sorting depends on the cargo adaptors that
are manifold and only related by the participation of the clathrin network (Benmerah
and Lamaze, 2007). Additionally, the central role of AP-2 as well as the implication of
actin in all clathrin-related pathways is not yet evident. In order to distinguish possible
subtypes of CM endocytosis and the associated proteins, studies will have to focus on

the participation of these proteins and other distinct adaptor and accessory proteins.
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1.2.2 Clathrin-Independent Endocytosis

The number of revealed clathrin-independent endocytic pathways is continuously ex-
panding and knowledge of these pathways was gained in studies when the CM pathway
was blocked, for instance a clathrin- and dynamin-independent pathway in HeLa cells
expressing a mutant of dynamin-1 (Damke et al., 1995), or by studies of specific car-
goes, e.g. the uptake of the (-chain of the interleukin 2 receptor (Lamaze et al., 2001).
In contrast to the well characterised CM pathway, only very little is known about the
selection of cargoes in CI pathways. Many cargoes for CI endocytosis lack any known
cytoplasmic signal suggesting that other mechanisms are responsible for the regulation
of cargo recruitment. Although it was proposed that all cargoes endocytosed by CI
mechanisms are linked to microdomains in the plasma membrane, the association with
detergent resistant membranes (DRM) did not necessarily cause the uptake via a CI
pathway (Abrami et al., 2003). Initially, DRM were defined on the basis of their resis-
tance to extraction by detergents and were associated with microdomains in biological
membranes, so called rafts (see 1.1.2). Meanwhile the method of in vitro separation of
membrane domains by detergent extraction is thought to artificially induce the redistri-
bution of lipids and proteins into such domains (Munro, 2003; Lichtenberg et al., 2005).
However, it was shown that multiple endocytic pathways are sensitive to cholesterol and
sphingolipids, which are supposed to be enriched in rafts of the plasma membrane. For
instance, the depletion of cholesterol or glycosphingolipids inhibited caveolae-mediated
endocytosis (Cheng et al., 2006). This suggests the importance of endogenous lipids in
the regulation of endocytic pathways and could give a hint that specific microdomains

in the plasma membrane are endocytosed by specific pathways.

The mechanisms for cargo selection can generally be divided into protein-, lipid-, and
combined protein-lipid-based processes. An example for a protein-based cargo selection
is the uptake of EGF. It was shown to be ingested by both, CM as well as CI pathways.
However, when EGF was highly concentrated, EGF receptors were ubiquitylated, linked
to DRM and endocytosed by a cholesterol sensitive CI mechanism (Sigismund et al.,
2005). In lipid based processes the formation of cargoes or receptors in lipid tethered
clusters is crucial for the direction into specific CI pathways. For example, cholera
toxin B can be endocytosed via clathrin-, caveolae-, as well as Cdc42-regulated routes
and its clustering and the distribution of its receptor is thought to give the direction

to one of these specific pathways (Mayor and Pagano, 2007). How these domains are
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assembled and subsequently recognised by cytoplasmic and pathway related adaptor

proteins remains to be elucidated.

The individual role of proteins that are noted for their ability to induce and stabilise
membrane bending and curvature is only beginning to be known (Hansen and Nichols,
2009). The membrane scission protein dynamin was shown to be involved in caveolae-
and RhoA-regulated pathways, but is not crucial for Cdc42- and Arf6-regulated endocy-
tosis. In most cases, this has been determined by overexpression of individual dynamin-1
or dynamin-2 mutants. Other methods are needed to assess and confirm the effects of
the various dynamin isoforms on clathrin-independent internalisation, such as the use
of more specific inhibitors of dynamin (Macia et al., 2006). Thus, it could turn out in
future studies that the implication of dynamin has to be reconsidered. Likewise, the
GTPase-regulated CI pathways were suggested to depend on actin. Theses GTPases are
known to interact with the actin machinery and it seems likely that further investiga-
tions will show the implication of actin for all CI pathways (Girao et al., 2008; Sandvig
et al., 2008). Furthermore, the activation of the Arf family GTP-binding proteins Arfl
and Arf6, which is the key regulator for a clathrin-independent endocytic pathway, was
suggested to be dependent on membrane curvature (Lundmark et al., 2008b). Arf family
GTP-binding proteins serve as regulatory proteins for numerous cellular processes, such
as membrane-trafficking events and maintenance of organelle structure. Thus, these
proteins are recruited to curved membranes and feed back to further enhance this curva-
ture, thereby linking sensing and generation of membrane curvature as well as initiating
curvature that is further enhanced by endocytic coat proteins during vesicle formation
(Donaldson, 2008). Apart from this role of membrane bending proteins, it was proposed
that chiral and tilted membrane lipid molecules alone are sufficient to generate mem-
brane curvature (Sarasij et al., 2007). Microdomains seemed to be involved in most,
probably even all, CI pathways and the molecular chirality and tilt of the raft forming
constituents could favour a bended formation of the membrane. This induction of cur-
vature could then allow the recruitment of proteins that sense and stabilise curvature,

such as BAR domain containing proteins (see 1.2.1 for description).

Based on the participation of dynamin and the regulation by small GTPases, members
of the Arf and Rho subfamilies, the CI pathways were classified as outlined in Figure 1.4
(modified from Mayor and Pagano, 2007, Fig.3). However, other mechanisms have al-
ready been reported that do not fit into this proposed classification scheme. For example,

the uptake of Herpes Simplex Protein VP22 is clathrin-independent and dependent on
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Figure 1.4: Classification scheme for receptor-mediated endocytosis and respective
cargoes known or suggested to be endocytosed. Cargoes can be internalised by either
clathrin-mediated or clathrin-independent mechanisms. The clathrin-mediated pathway was
classified by the participation of the clathrin network and was shown to depend on dynamin.
Potential subtypes remain to be addressed. Clathrin-independent pathways can be divided into
dynamin-dependent and -independent and furthermore into the dependence on particular GTP-
ases. So far, four different pathways have been discovered that are affected by the modification
of one specific GTPase. There are probably other, not yet identified clathrin-independent mech-
anisms. Figure modified from Mayor and Pagano (2007, Fig. 3).

dynamin and Arf6 (Nishi and Saigo, 2007). However, the following paragraphs describe
the four, as yet identified CI pathways and their connected proteins including the mech-
anisms for membrane bending, when already known. This classification is not meant
to rule out other pathways that are not uncovered yet, but to give an overview of the

actual knowledge about the routes determined to date.

Caveolae-Mediated Endocytosis (Dynamin-Dependent)

Caveolae-mediated endocytosis is probably the best characterised CI pathway (Mayor
and Pagano, 2007) and under normal conditions caveolin-coated invaginations are quite
stable structures at the plasma membrane that are not involved in endocytosis to a
significant degree (Sandvig et al., 2008). Early electron microscopical examinations led
to the assumption that these coated buds are the most abundant CI endocytic structures
and the main CI entry route in cells. In some tissues the caveolin-coated invaginations

can constitute approximately one third of the plasma membrane area, but only 2%
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of the coated vesicles become detached from the membrane per minute (Kirkham and
Parton, 2005). For comparison, it takes only 50-150 seconds for a clathrin-coated vesicle
to assemble and to become detached from the membrane (Ungewickell and Hinrichsen,
2007).

The flask shaped, small invaginations are called caveolae (from Latin [caveola] - little
cave), have a diameter of 50-80nm, and are named by caveolin-1, a member of the
caveolin protein family. Caveolin-1 is enriched in caveolae with about 100-200 molecules
per caveolae (Pelkmans and Zerial, 2005) and is able to form oligomers and to bind
cholesterol and fatty acids, which stabilises oligomer formation (Monier et al., 1996).
Consistently, caveolae were shown to be enriched in signalling proteins, sphingolipids,
cholesterol, and clustered glycosyl-phosphatidylinositol (GPI)-anchored proteins. It was
proposed that the coated buds serve as fixed containers and their internalisation can
be stimulated under certain conditions or in the presence of specific adaptors (Tagawa
et al., 2005). For instance, it is exploited by bacterial toxins and by viruses, such as
Simian virus40 and Echo1 (Marsh and Helenius, 2006). However, no cell physiological
cargo has been definitely identified yet. Indeed, albumin is taken up by this route in
endothelial cells (Minshall et al., 2002), whereas in Chinese hamster ovary cells it is
internalised by the RhoA-regulated pathway (Cheng et al., 2006), which is another CI

and dynamin-dependent pathway and described in the following clause.

Possibly, the uptake of EGF receptors can be related to caveolae-mediated endocyto-
sis. The receptors are recruited by a protein based mechanism via three proteins with
ubiquitin interacting motifs: EPS15-related, EPS15, and epsin. An inhibition was only
observed when all three proteins were knocked out in small interfering RNA-studies.
Therefore, the proteins are suggested to be redundant in their functions for the recruit-
ment of EGF receptors (Sigismund et al., 2005). Great care should be taken to interpret
these results, because the three proteins are also heavily implicated in clathrin-mediated
endocytosis (Doherty and McMahon, 2009) and a modulation of these proteins will most
likely influence both pathways. Another interesting example is the uptake of glycosphin-
golipids. Only fluorescent analogues with a specific stereochemistry are endocytosed by
the caveolae-mediated pathway, whereas analogues with a different chirality and non-
natural analogues are internalised by other routes (Singh et al., 2006).

Up to now, two mechanism has been proposed to likely play a role in the generation
of membrane curvature. First, the insertion of caveolin-1 into the invaginating mem-

branes. Caveolin-1 forms a hairpin structure, that is embedded into the membrane, and
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complexes composed of 14-16 monomers (Sargiacomo et al., 1995). Membrane bending
is thought to be supported through this structure, which could reach through the in-
ner leaflet into the outer monolayer, and the oligomerisation (Parton et al., 2006). By
stretching through the two membrane layers it could also contribute to the necessary
cross talk across the membrane (Doherty and McMahon, 2009). The second hypothesis
was suggested by Sarasij et al. (2007). Due to the enrichment of raft constituents in
caveolae and their specific chirality as well as intrinsic tilt, the membrane properties
alone could be sufficient to induce membrane curvature. This suggestion is supported
by the findings of Singh et al. (2006) that only fluorescent glycosphingolipids with a
specific chirality are endocytosed by the caveolae-mediated pathway.

Other possible functions of caveolae, such as regulation of fatty acids and mechano-
sensing, are reviewed by Parton and Simons (2007), who suggest that the high ability
of caveolae to respond to changes of the plasma membrane is due to their specialised
lipid composition and biophysical properties. In addition to these functions, caveolae
are proposed to have another putative role: the storage of excess surface area (Doherty
and McMahon, 2009). As caveolae can undergo kiss-and-run fusion and fission with
and from the plasma membrane (Pelkmans and Zerial, 2005), the flattening of caveo-
lae invaginations would rapidly alter the surface area of monolayers and could thereby
compensate temporary lateral tensions and/or contribute to the lateral elasticity of the
plasma membrane, which is very limited (see clause 1.1). Consistent with this proposal,
caveolae are enriched in cell types that are most exposed to physiological stretch and

shear.

RhoA-Regulated Endocytosis (Dynamin-Dependent)

Dynamin-dependent RhoA-regulated endocytosis was identified as a specific CI pathway
when the (-chain uptake of the interleukin 2 receptor (IL2Rf3) was investigated (Lamaze
et al., 2001). The IL2Rf receptor was found in DRM that are associated with CI
endocytic processes and its uptake was inhibited in cells expressing mutants of dynamin
and RhoA. Here, yc-cytokine is known to be a particular cargo. Its receptor is suggested
to have a specific internalisation sequence at the cytoplasmic tail (Birkle et al., 2003),
which would relate the recruitment to the protein based mechanisms. On the other
hand, SM seems to be necessary for the recruitment of RhoA to the plasma membrane
(Cheng et al., 2006), which suggests a combined mechanism. The small GTPase RhoA

holds a central role in the regulation of actin cytoskeleton dynamics and could therefore
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be required to recruit the actin machinery to this CI route. However, other accessory

proteins and adaptors are not known yet and remain to be discovered.

Cdc42- and Arf6-Regulated Endocytosis (Dynamin-Independent)

The two as yet identified CI and dynamin-independent endocytic pathways share as
common feature the participation of small GTPases, either the Rho family member
Cdc42 or the Arf family member Arf6.

Cdc42-regulated endocytosis is the main route for the clathrin- and caveolae-inde-
pendent uptake of cholera toxin B and the plant protein ricin and has been shown to be
responsible for the major part of fluid phase internalisation in cells (Kalia et al., 2006).
In contrast to the small and spherical budding structures in clathrin- and caveolae-
mediated pathways, the budding morphologies of this route show comparably long and
wide membrane invaginations with a tubular diameter around 40 nm (see Fig. 1.2). Com-
pared to other pathways, along with the endocytic cargoes, a relatively large volume of
fluid phase is therefore taken up in a single budding event. Here, the selection of cargoes
is proposed to be an example for lipid based mechanisms. Native, nanoscale clustering
of GPI-anchored proteins with cholesterol led to the internalisation of these domains
by the Cdc42-regulated route, whereas artificial crosslinking directs the GPI-anchored
proteins to other CI endocytic pathways (Sharma et al., 2004). Chadda et al. (2007)
have shown that the activation of Cdc42 is sensitive to cholesterol and coupled to the
actin polymerisation machinery, which suggests the implication of actin in the formation
of the budding structures or the final fission of vesicles. Recently, an implication of the
BAR domain containing protein Grafl was suggested (Lundmark et al., 2008a). Upon
localising P1(4,5)Ps-enriched, tubular, and punctate lipid structures, it sculpts the tubu-
lar membranes of the long invaginations and could thereby support membrane curvature

or fission of the invaginations.

The role of the GTP-binding Arf family member Arf6 in CI endocytic events is not yet
established, but Arf6-regulated endocytosis has been suggested to be responsible
for the uptake of several proteins, such as f1l-integrin, carboxypeptidase E (CPE), and
also GPI-anchored proteins. The cytoplasmic tail sequence of CPE enables binding to
Arf6, which would categorise the cargo recruitment of this pathway into protein based
mechanisms. This can be supported by the studies of Gong et al. (2007), who found a

new class of trafficking motifs. Membrane proteins containing these motifs are suggested
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to prevent their uptake and/or facilitate their recycling via Arf6-regulated endocytosis
by enhancing their association with the Arf6-specific guanine nucleotide exchange factor
Efa6. Furthermore, Arf6 is known to be involved in the remodelling of actin, in the acti-
vation of phosphoinositide-kinases which stimulates the local concentration of PI(4,5)P5
(see 1.2.1), in the complex formation with AP-2 and the heavy chain of clathrin (Poupart
et al., 2007), and even in the regulation of clathrin-mediated endocytosis in certain cell
types (Houndolo et al., 2005). Recently, it was also suggested that the GTP-loaded
Arf6, which is the active form, can generate membrane curvature by the insertion of an
amphiphatic helix into the proximal lipid monolayer, such as epsin (Lundmark et al.,
2008Db).

Since GPI-anchored proteins are endocytosed by both, the Cdc42- and the Arf6-regulated
route, and actin appears to be involved in both routes, it remains to be determined
whether these pathways are distinct mechanisms of CI endocytosis or related and the
two GTPases have distinct roles in the same pathway. Probably, the multiple roles of
Arf6 in endocytic mechanisms demonstrate a complex role of this small GTPase in the

regulation of various endocytic pathways.

In conclusion, generation of bended plasma membranes, which is essential for endocytic
processes, is most likely achieved by an interplay of different mechanisms to induce
membrane curvature (Graham and Kozlov, 2010). Notably, all the different endocytic
pathways that are described above seem to have at least one mechanism of curvature
generation in common: formation of curvature by an increase of monolayer surface area.
As outlined in the description of the different endocytic pathways, this surface area
increase of one of the two monolayers composing the plasma membrane is gained by
the insertion of helices or other special protein structures into the plasma membrane
leaflet. Upon incorporation of these structures into the plasma membrane, the protein-
proximal monolayer is increased relatively to the other leaflet. For instance, clathrin
and other adaptor proteins of clathrin-mediated endocytosis interact with epsin and N-
BAR domain containing proteins which have the ability to induce curvature by inserting
amphipathic helices (e.g. Ford et al., 2002). For caveolae-mediated endocytosis it was
proposed that the incorporation of hairpin structures of caveolin-1 plays a role in the
generation of curvature (Parton et al., 2006). Moreover, the active form of Arf6 was
suggested to mediate membrane bending in the Arf6-regulated pathway by the insertion

of an amphipathic helix into the membrane (Lundmark et al., 2008b). In other words,
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proteins were already shown to generate membrane bending in endocytosis by causing
a difference between the surface areas of the two monolayers. Theoretically, differences
between the surface areas leading to membrane curvature could also be achieved by
the incorporation of other membrane constituents, for instance membrane lipids. The
investigation of this hypothesis and the potential influence of differences in the monolayer
surfaces areas related to leaflet specific modulations of lipid composition is the subject of
the present study. The following clauses therefore describe various mechanisms leading
to membrane bending with particular emphasis laid on the formation of curvature by

the transversal lipid asymmetry of the plasma membrane.

1.3 Bending a Membrane

A crucial moment in the initial phase of endocytosis is the bending of a comparatively
flat plasma membrane to generate the high curvature necessary for endocytic invagi-
nations. There are several mechanisms to induce temporary high curvature that can
be divided principally into two categories: curvature is either achieved by the interplay
between proteins and lipids or by leaflet specific changes in the lipid composition of the
membrane (Kozlov, 2010). Proteins can interact in various ways with membranes to
generate curvature, such as scaffolding by peripheral membrane proteins, e.g. dynamin
(see 1.2.1), or active helix insertion into membranes, e.g. epsin (see 1.2.1). These mecha-
nisms are extensively reviewed in McMahon and Gallop (2005) as well as in Zimmerberg
and Kozlov (2006) and a very nice summary of the actual knowledge can be found in
Powell (2009). For the later mechanism of active helix insertion, the effectiveness of
spontaneous membrane curvature caused by hydrophobic insertion of different helices
was characterised in theoretical predictions and it was evaluated that inclusions shaped
like shallow rods are very efficacious in membrane shaping (Campelo et al., 2008). The
interaction of proteins bending membranes by insertion of their amphipathic helices is
dependent on the lipid composition of the respective membrane area (Drin and An-
tonny, 2009). Thus, particular curvature generating proteins can be recruited to specific
endocytic pathways due to different lipid compositions of endocytic buds or vesicles.
Curvature generating or sensing proteins, that are known to be involved in endocytic
pathways, are reviewed in Lundmark and Carlsson (2010) and are summarised in the re-
spective clause of the present study (see 1.2.1 and 1.2.2). Here, the description will focus

on curvature generation of membranes induced by alterations of the lipid composition.
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As mentioned in 1.1.1, the size of fatty acid chains relative to the headgroup determines
the molecular shape of a specific lipid. In cone shaped lipids, the fatty acid chains
dominate in size over the headgroup, which is the case for PE (Cullis and de Kruijff,
1979). The headgroup is similar in size to the fatty acid chains in cylindrical lipids, such
as in PC and PS, while the headgroup is larger than the fatty acid chains in inverted
cone shaped lipids, for instance in lysolipids and, to some extent, in SM. Due to this
molecular shape of lipids, curvature can be generated when cone shaped lipids, such as
PE, dominate the convex side and inverted cone shaped lipids, such as lysolipids, govern

the concave side of a curved bilayer.

In addition, membrane curvature can be induced by a difference between the surface
areas of the two monolayers caused by leaflet specific changes of lipid composition, which
will be referred to as monolayer area asymmetry (Devaux, 2000). This constitutes the
mechanism of the well established bilayer couple model introduced by Sheetz and Singer
(1974). Upon insertion of additional molecules in one of the bilayer leaflets, spectacular
shape changes in membranes of red blood cells were observed. Further experimental
verification of this model was performed in biological as well as in model systems. Sune
and Bienvenue (1988) showed that addition of phospholipids led to a considerable change
in the initial shape of platelets from a discoid form to a smaller body with very long
pseudopods. In giant unilamellar vesicles (GUV) of pure lipid membranes the creation
of small area differences between the vesicle monolayers was sufficient to drive vesicle
shape changes, which had a character of budding invaginations (Farge and Devaux,
1992; Lopez-Montero et al., 2005; Papadopulos et al., 2007). The structural difference of
the resulting shape changes can be explained by the existence of intracellular structures,
such as the cytoskeleton, which provide an increase of the bilayer lateral tension (Devaux
et al., 2008).

1.3.1 Shape Changes of GUV Induced by Lipid Asymmetry

Theoretical foundations for shape changes in vesicles or cells were already suggested
in 1970 by Canham, who demonstrated that the biconcave shape of human red blood
cells coincides with a minimum value of membrane bending energy (Canham, 1970).
Correspondingly, two different models for the generation of curvature were proposed: the
bilayer couple model introduced by Sheetz and Singer (1974) as mentioned above, and

later on the spontaneous curvature model introduced by Deuling and Helfrich (1976). In
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1991 these two models were compared by Udo Seifert and coworkers, who theoretically
predicted the shape transformations of pure lipid bilayers by determining the phase
diagram for each of the two models. For the bilayer couple model, they found an extreme
sensitivity to an asymmetry in the monolayer area. This sensitivity could be supported
in various experimental studies by using different ways to alter the monolayer area
in giant liposomes. For instance, Sackmann et al. (1986) varied the temperature and
observed a sequence of shape changes, which were explained by a small asymmetry in
the thermal expansivities of the two monolayers. Alternatively, area differences between
the two leaflets can be achieved by the manipulation of phospholipids in each monolayer.
Farge and Devaux (1992) used two different procedures for this purpose: either a small
quantity of egg phosphatidylglycerol was redistributed through the bilayer by means of a
pH gradient or lyso-phosphatidylcholine was added or removed from the external leaflet
of GUV. The experiments confirmed the general nature of the bilayer couple model by
generating important shape changes of nonspherical GUV due to a redistribution of

lipids as well as an addition or depletion of lipids from one monolayer.

In another study the external monolayer area of GUV was altered by the addition of
ceramides comprising different acyl chains, which triggered shape changes from prolate
to pear shape vesicles (Lopez-Montero et al., 2005). Additionally to the generation
of curvature by the creation of area differences between vesicle monolayers, it could
be shown by Papadopulos et al. (2007) that triggered shape transitions are reversible
in the presence of translocator proteins that allow lipids to redistribute between the
two membrane leaflets. In this study, the formation of a bud-like structure, which
was induced by a very small excess of lipid in the outer monolayer, was stable under
conditions of negligible flip-flop. Upon reconstitution of the energy independent flippase
activity of the yeast endoplasmic reticulum into GUV, the initial bud formation was
shown to be reversible, and the prolate shape was recovered. This was ascribed to a

rapid flip-flop leading to relaxation of the monolayer area difference.

These studies with artificial systems, in which the generation of monolayer area asym-
metry in unilamellar vesicles is controllable, are very helpful in understanding the phys-
ical properties of a membrane necessary for effective membrane bending. However, the
size and number of the obtained budding invaginations in GUV is rather different to
vesicles in living cells, for instance endocytic vesicles. In all of the above mentioned
studies only one bud per liposome could be obtained and the bud size was not more

than one order of magnitude smaller than the size of the initial vesicle. Recently, it was
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shown in a theoretical consideration that lateral tension is required to cause vesiculation
comparable to the building of intracellular transport vesicles (Devaux et al., 2008). Con-
sidering a closed membrane subjected to lateral tension and a difference in the monolayer
spontaneous areas, the results of the analysis predicted the existence of three different
vesiculation regimes: one regime with no vesicle formation, a single vesicle regime, and
a multiple vesicle regime. The respective phase diagram demonstrated that the larger
the tension, the larger monolayer area asymmetry is needed to generate a vesicle. The
model also predicted that in the absence of lateral tension the monolayer area asymme-
try can only generate a single vesicle, while application of sufficient asymmetry in the
presence of a low lateral tension results practically always in the generation of multiple
vesicles. Thus, this theory supports the hypothesis that a difference between the two
monolayer areas composing a membrane, which is under lateral tension as it is the case

for biological membranes, is sufficient for the formation of multiple, small vesicles.

1.3.2 How Endocytosis is Linked to Lipid Asymmetry

On the basis of the above described mechanism to induce membrane curvature, it was
proposed that APLT account for monolayer area asymmetry as an early step in endo-
cytosis. Upon the translocation of lipids from the exoplasmic leaflet to the cytoplasmic
layer of the plasma membrane, APLT can mediate an increase of the inner surface area
and thereby support the generation of membrane curvature during endocytosis. First
mentioned by Devaux (1991), this hypothesis was supported in several studies and by
now it seems commonly accepted that APLT are involved in endocytosis (Pomorski and
Menon, 2006; Puts and Holthuis, 2009; Muthusamy et al., 2009; Graham and Kozlov,
2010). Studies supporting this hypothesis will be discussed in the following.

Already in 1994, it was shown that the incorporation of phospholipid analogues into
the plasma membrane of human erythrocyte ghosts affected the ATP-induced vesicula-
tion (Muller et al., 1994). Erythrocyte ghosts were incubated in the presence of ATP
at 37°C and the percentage of the total membrane taken in as vesicles was quantified
by determining the loss of acetyl-cholinesterase activity after definite times. The addi-
tion of spin labelled PC or SM, which remain preferentially in the outer leaflet of the
membrane, to ATP containing erythrocyte ghosts inhibited the formation of so called
endocytic vesiculation immediately after the addition and vesiculation remained reduced

in further incubation for about 40 minutes at 37 °C. Interestingly, the addition of spin
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labelled PS, a substrate of APLT, also reduced the vesiculation directly after addition,
but subsequent incubation for about 20 minutes at 37 °C abolished suppression of vesicu-
lation reaching approximately the extend of the control after 60 minutes. The decrease of
vesiculation immediately after the addition as well as the increasing kinetics after further
incubations were dependent on the amount of analogue added. Further investigations of
kinetics of redistribution of phospholipid analogues in the plasma membrane by using a
back exchange assay showed that the enhancement of vesiculation after the addition of
spin labelled PS was comparable to the kinetics of inward translocation of spin labelled
PS mediated by APLT. Approximately 40 % of the analogue was translocated to the
inner layer within 30 minutes at 37 °C. Thus, it was obtained that the incorporation of
phospholipids in the outer layer of the plasma membrane inhibited endocytic-like pro-
cesses while the redistribution of phospholipid analogues from the outer to the inner
leaflet restored the activity of vesiculation, which supports the hypothesis of the im-
plication of APLT in endocytosis. More recently, it was shown in several studies that
APLT are required for vesicle formation in yeast cells. Yeast lacking the plasma mem-
brane associated P4-ATPases Dnflp and Dnf2p displayed an abolished ATP-dependent
transport of fluorescently labelled phospholipids from the outer to the inner plasma
membrane leaflet (Pomorski et al., 2003). The loss of Dnflp and Dnf2p also caused
an exposure of endogenous PE to the outer leaflet which was twofold higher than in
wild type cells. Furthermore, activity of bulk flow and receptor-mediated endocytosis in
yeast cells with genomic deletions of Dnflp, Dnf2p, and Drs2p (ATPase II homolog in
the yeast Golgi) was investigated in this study. When cells were stained with a marker
for bulk flow endocytosis, the internalisation and delivery to the vacuole of the marker
was essentially inhibited in the triple mutant. Likewise, the uptake of a specific factor
to follow receptor-mediated endocytosis was greatly reduced in cells lacking all three
translocators. Collectively, these results were indicating that a loss of Dnflp, Dnf2p,

and Drs2p caused a general defect in the internalisation step of endocytosis.

In agreement with these findings, other studies of lipid translocators in yeast cells de-
termined that inactivation of P4-ATPase Drs2p rapidly inhibited translocation of fluo-
rescently labelled PS and lowered the formation of vesicles (Graham, 2004), and the
loss of the P4-ATPases Drs2p and Dnf3p disrupted aminophospholipid translocation
and asymmetry in post-Golgi secretory vesicles (Alder-Baerens et al., 2006). Further-
more, crucial roles for P4-ATPases in vesicular transport have also been found recently

in Arabidopsis thaliana, Caenorhabditis elegans and cultured mammalian cells. The Py-
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ATPase subfamily member ALA3 in Arabidopsis thaliana was shown to be required for
the characteristic trans-Golgi proliferation of slime vesicles containing polysaccharides
and enzymes for secretion (Poulsen et al., 2008), the Caenorhabditis elegans Drs2p ho-
mologue TAT-1 is required for yolk uptake in oocytes and an early step of fluid phase
endocytosis in the intestine (Ruaud et al., 2009), and the novel murine P4-ATPase FetA
was shown to participate in the formation of acrosomes that involves intracellular vesicle

formation and fusion (Xu et al., 2009).

In addition to this, endocytosis of eukaryotic cells was shown to be influenced by area
changes of the membrane leaflets which were achieved with modifications of the lipid
compositions. By treating macrophages and CHO cells with exogenous sphingomyelin-
ase, endocytosis was shown to be activated and this was suggested to be on account
of the reduction of crowding of SM in the outer leaflet and flipping of the produced
ceramide across the bilayer (Zha et al., 1998). This prediction is supported by a later
study which implies that the asymmetric formation of ceramide on the cytosolic leaflet
of endosomes mediates the generation of membrane curvature (Trajkovic et al., 2008).
Moreover, endocytic activity of a different cell line was shown to be accelerated by the
addition of exogenous lipids actively transported from the exoplasmic to the cytoplas-
mic leaflet (Farge et al., 1999). Erythroleukemia K562 cells are derived from human
erythroblasts, a precursor of erythrocytes, and have a high activity of APLT (Cribier
et al., 1993). To study the influence of altered area relation of the plasma membrane
on endocytic activity, Farge and collaborators added various exogenous lipids to K562
cells. By the direct addition of short chain lipids, which have a sufficient water solu-
bility, to the cells in suspension, the lipids were incorporated into and, depending on
the lipid species, subsequently translocated across the plasma membrane. When K562
cells were incubated with Cg-PS or C¢-PE, aminophospholipids with six carbons at the
second chain which are translocated by APLT, an enhancement of endocytic activity was
obtained. For Cg-PS, it was found that this stimulation increased with the amount of
added lipids. In contrast, the addition of lyso-PS or poly(ethylene)so-glycol-cholesterol,
lipids that are known to remain on the outer layer, caused a partial inhibition of endo-
cytic activity. These results were explained by the changes of surface area relation in

the plasma membrane due to the addition of exogenous lipids.

Currently, two models have been suggested to explain the implication of APLT in en-
docytosis (Puts and Holthuis, 2009). In the first model P4-ATPases are thought to sup-

port the recruitment of the vesicle budding machinery to the plasma membrane through
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protein-protein interactions and/or by increasing the concentration of specific lipids in
the cytoplasmic leaflet. The hypothesis of recruitment by protein-protein interactions is
supported by the observation of Chantalat et al. (2004): the yeast P4-ATPase Drs2p di-
rectly interacts with Gea2p, an Arf activator, that regulates recruitment of Arf, adaptor
protein-1, and clathrin network proteins to trans-Golgi membranes. More recently, it was
shown that Drs2p acts independently of coat recruitment to facilitate clathrin-dependent
vesicle budding from the trans-Golgi network (Liu et al., 2008). However, these data in-
dicate that, in absence of Drs2p, the recruitment of accessory proteins to the membrane
would not result in the formation of clathrin-coated vesicles. This underlines the general

assumption of interaction of P4-ATPases with endocytic regulators.

The second model is based on a more direct and mechanical role in the formation of
invaginations: the generation of membrane area asymmetry as outlined above. Upon
translocating lipids from the exoplasmic to the cytoplasmic leaflet of the plasma mem-
brane, the translocators create an imbalance in the surface areas of the two monolayers
which leads to bending of the membrane (see above for examples). The specific activation
or boost of activation of APLT in membrane areas, where endocytic invaginations need to
be induced, could be provided by protein-protein interactions of APLT with regulatory
proteins as part of endocytic pathways. For instance, it was shown that RhoA, a small
GTPase holding a central role in the clathrin-independent RhoA-regulated endocytic
pathway (cf. 1.2.2), is involved in the regulation of the localisation of Nat/K*-ATPase
in the plasma membrane of epithelial cells (Maeda et al., 2002). By microinjection of
the constitutively active mutant of RhoA, the Na®™ /K*-ATPase was translocated to the
spike-like protrusions over the apical surfaces. Supporting these findings, in a later study
it was determined that activation of RhoA is necessary for the endocytosis of Nat/K*-
ATPases in cells exposed to hypoxia (Dada et al., 2007). Similar to Na™/K*-ATPases,
P4-ATPases are activated by specific subunits (Puts and Holthuis, 2009). Interestingly,
Cdc50 proteins, chaperones of P4-ATPases, are strikingly reminiscent of the S-subunit of
the Nat /K*-ATPase. Therefore, it is conceivable that P4-ATPases interact in a compa-
rable way with regulatory proteins of endocytic pathways. This hypothesis is supported
by the recent findings that Cdc50p is required for the APLT activity of purified and
reconstituted Drs2p (Zhou and Graham, 2009) and that three potential binding part-
ners of Drs2p are involved in phosphoinositide metabolism (Puts et al., 2010). Thus,
interaction between Drs2p and a phosphatidylinositol-4-phosphatase, that is required

for efficient recruitment of the vesicle budding machinery, could link APLT activity to
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Figure 1.5: Suggested role of P,-ATPases in the formation of endocytic invaginations.
The model is based on the mechanical role of P4-ATPases in the formation of vesicles. Upon
translocating lipids from the exoplasmic to the cytoplasmic leaflet of the plasma membrane,
the proteins generate a difference of the monolayer area asymmetry which induces membrane
curvature. Additionally or alternatively P4-ATPases are thought to support the recruitment of
the vesicle budding machinery to the plasma membrane by interacting directly and/or in an
indirect way via subunits with endocytic regulators. Figure based on Puts and Holthuis (2009,
Fig.3).

coat recruitment for the formation of secretory vesicles. Furthermore, family members
of the P4-ATPases were found to interact with cytoplasmic proteins, such as guanine
nucleotide exchange factors (GEF) and small GTPases (Chen et al., 1999; Wicky et al.,
2004), that are crucial for the recruitment of coat proteins in endocytic pathways (see
1.2.1 and 1.2.2). This may lead to the recruitment of endocytic accessory proteins to
sites of ATPase-dependent phospholipid translocation. Figure 1.5 illustrates the poten-
tial role of P4-ATPases in the formation of endocytic invaginations as suggested by the
two models.

Summarising the role of lipid asymmetry in the generation of membrane invaginations
during endocytosis, it can be concluded that monolayer area asymmetry can induce
spectacular shape changes in biological as well as in pure lipid membranes. Furthermore,
ATP-dependent specific flippases can alter the monolayer area difference of the plasma
membrane and use ATP for this purpose. Additionally, there are several studies that
support the hypothesis of an involvement of flippases in endocytosis, but this awaits

further experimental confirmation.
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CHAPTER 2

Aim

To date, the most efforts to elucidate endocytic mechanisms have focused on proteins
and also the generation of membrane curvature, necessary for endocytic invaginations,
has mainly been explained by proteins that can induce and stabilise curvature. The role
of lipids and the properties of the membrane, which needs to be bended, has been largely
pursued with less attention. In this regard, role of lipids may have been underestimated.
Transversal lipid asymmetry of the plasma membrane seems to play an important role
in endocytosis as stimulation of the aminophospholipid translocase, responsible for the
inward transport of aminophospholipids, provokes endocytic like vesicles in erythrocytes

and enhances endocytosis in K562 cells.

Therefore, the present study aimes at investigating the influence of plasma membrane
structural properties on endocytosis. The transversal asymmetry of the plasma mem-
brane and the insertion of exogenous lipids provide an easy tool to induce differences in
the monolayer area asymmetry of the plasma membrane, which can generate membrane
curvature. Lipids with a relatively high solubility in water, for example phospholipids
with one long and one short chain, e.g. six carbons, insert spontaneously into a membrane
because such amphiphiles nevertheless prefer the hydrophobic environment constituted
by a membrane. Changes in the endocytic activity of cells can be distinctly quantified
with a spectrofluorometric assay as presented by Farge et al. (1999). This assay monitors
the activity of bulk flow endocytosis due to the pH sensitivity of a specific fluorophor

linked to surface proteins of cells and the acidification of early endosomes. Farge and
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collaborators could qualitatively show the stimulation of bulk flow endocytosis in K562
cells by the addition of exogenous short chain PS and PE as well as the partial inhibition
by the application of lyso-PS and cholesterol derivatives.

As a first step in this thesis, the experiments of Farge et al. (1999) are repeated
with various exogenous lipids intending to distinctly quantify the change of bulk flow
endocytic activity by the percentage of added lipids, thereby also improving the used
assay. In addition, the influence of various exogenous lipids on specific receptor-mediated
pathways of endocytosis in K562 cells as well as in other cell lines has been investigated.
A very feasible technique to quantify receptor-mediated endocytosis is flow cytometry,
because properties of single cells can be analysed.

As a variety of cell lines and not only bulk flow but also receptor-mediated endocytosis
is examined, the investigations of this study can confirm the proposed influence of lipid
asymmetry on endocytosis and reveal new insights of this influence on specific endocytic

pathways.
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CHAPTER 3

Material and Methods

3.1 Material

3.1.1 Chemical Material

The unlabelled short chain diacyl glycerophospholipids 1-stearoyl-2-hexanoyl-sn-glycero-
3-phosphocholine (Cg-PC), -L-serine (Cg-PS), and -ethanolamine (Cg¢-PE) as well as
the unlabelled short chain di-alkyl glycerophospholipid 1-O-octadecyl-2-hexanoyl-sn-
glycero-3-phospho-L-serine (dialkyl-Cg-PS) were kindly synthesised by Fabrice Giusti
(Institut de Biologie Physico-Chimique, Paris, France) following previously described
protocols (Joseph et al., 1991; Fellmann et al., 1994, 2000). 1,2-dilauroyl-sn-glycero-
3-phospho-L-serine (DLPS), glycerophospholipids with a (7-nitro-2-1,3-benzoxadiazol-4-
yl)amino (NBD)-group on the Cg-chain (Cg-NBD-PC, -PS, and -PE), and 1-palmitoyl-2-
hydroxy-sn-glycero-3-phosphocholine (lyso-PC) were obtained from Avanti Polar Lipids
(Alabaster, AL, USA). Succinimidyl-6-(biotinamido)-hexanoate (sulfo-NHS-LC-biotin)
and streptavidin linked to fluorescein isothiocyanate (streptavidin-FITC) were purchased
from Perbio Science (Frankfurt, Germany), Hepes and chlorpromazine (CPZ) were from
Sigma-Aldrich (Taufkirchen, Germany). Transferrin from human serum conjugated to
tetramethyl-6-rhodamine (Tf-TMR), FITC (Tf-FITC), or Alexa488 (Tf-A488) was ob-
tained from Invitrogen (Karlsruhe, Germany). Dulbecco’s modified phosphate buffered
saline with or without Mg?* and Ca?* (DPBS /DPBS"), Hanks’ balanced salt solution
(HBSS), Leibovitz L-15 medium (L-15), Roswell Park Memorial Institute medium 1640
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3 Material and Methods

with or without phenolred (RPMI 1640 / RPMI16407), and Dulbecco’s modified Eagle
medium with or without phenolred (DMEM / DMEM") came by PAN Biotech (Aiden-
bach, Germany), foetal bovine serum (FBS) was ordered from Invitrogen (Karlsruhe,

Germany).

3.1.2 Cell Lines

K562 cells, a human erythroleukemia cell line with a high activity of aminophospho-
lipid translocases (Cribier et al., 1993), were propagated in suspension in RPMI 1640
decomplemented with 10 % FBS and 2 mM L-glutamine. The Baby hamster kidney cell
line derivative BHK-21-tTA clathrin heavy chain/antisense (BHKasc), kindly provided
by Kirsten Sandvig (Institute for Cancer Research at the Norwegian Radium Hospi-
tal, Montebello), was grown as adherent monolayer culture in DMEM mixed one to
one with L-15 supplemented with 10 % FBS, 2mM L-glutamine, 20 ug/ml tetracycline
(TET), 0.5 pg/ml puromycin, and 200 pug/ml geneticin. For induction of clathrin heavy
chain antisense RNA expression, TET was removed from the medium (Iversen et al.,
2001, 2003). The human negroid cervix carcinoma cell line Hep2, a HeLa cell derivative,
was a kind donation from Nathalie Sauvonnet (Pasteur Institute, Paris, France) and
cultured in DMEM supplemented with 10 % FBS, and 2mM L-glutamine. All cell lines
were maintained in 25 cm? or 75 cm? plastic cell culture flasks at 37°C and 5 % COs and
routinely passaged every three to four days. By dilution, cell density was kept below
80 % confluency for the adherent cell lines and below 1x 106 cells/ml for the suspension

cell line.

3.2 Spectrofluorometry of Bulk Flow Endocytosis

The activity of bulk flow endocytosis of cells can precisely be investigated with a spec-
trofluorometric assay, that is based on the pH sensitivity of fluorescein isothiocyanate
(FITC) and more quantitative than e.g. microscopic assays. In other words, bulk flow
endocytic activity examined with this assay reflects activity of all endocytic events lead-
ing from the plasma membrane to acidified inner cell compartments. First measurements
were mainly done as described by Farge et al. (1999). For the improvement of this as-
say, the order of cell incubation with exogenous lipids and FITC labelling of cells was

modified as explicitly described in the following clauses.
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3.2 Spectrofluorometry of Bulk Flow Endocytosis

3.2.1 Preparation of Cells

K562 cells were cultured in suspension to a density of 1x106cells/ml. The desired
volume of cell suspension was withdrawn, centrifuged (200xg, 5min, 37°C) and washed
with DPBS. When BHKasc cells still undergoing clathrin-mediated endocytosis were
analysed, all media and buffers were supplemented with 20 ug/ml TET (BHKasc™). For
induction of clathrin heavy chain antisense RNA expression TET was removed from
growth medium 18 to 20h before the experiment was started and all ensuing media
and buffers were lacking TET (BHKasc™). Adherent BHKasc cells were grown to 80 %
confluency, washed with DPBS and harvested with DPBS™ supplemented with 2 mM
EDTA followed by a washing step with DPBS (200xg, 5min, 37°C). When cells were
first incubated with exogenous lipids and afterwards labelled with FITC as originally
designed by Farge et al. (1999), the resulting cell pellet was resuspended in HBSS to a
final cell concentration of 1x10° cells/ml. The incubation of cells with various exogenous
lipids was performed as described in the following clause. For the improvement of this
assay the sequence was inverted: the cell pellet was resuspended in cold HBSS to a
final concentration of 4x 107 cells/ml and cell surface proteins were directly labelled with
FITC as defined in 3.2.3.

3.2.2 Incubation with Exogenous Lipids

Stock solutions of phospholipids were stored at -20 °C in chloroform/methanol (1/1) or
chloroform. Aliquots of the desired lipids were transferred into glass tubes and dried un-
der a stream of nitrogen. The dried lipids were solubilised by a small quantity of ethanol.
Subsequently, HBSS was added, yielding a maximum final ethanol concentration of 1%
and a total lipid concentration of 2 uM. To obtain multilamellar vesicles (MLV), lipid
suspensions were vortexed vigorously for at least 30s. In case of short chain lipids,
MLV were then sonicated using a bath sonicator Sonorex Super (BANDELIN electronic,
Berlin, Germany) for 10 min to completely solubilise the lipids. At the used concentra-
tions, short chain phospholipids incorporate spontaneously into the outer layer of the
plasma membrane bilayer (Cribier et al., 1993). To incorporate long chain lipids into the
plasma membrane, a previously described protocol was followed (Daleke and Huestis,
1989). Briefly, small unilamellar vesicles were prepared by sonification of MLV with
a Branson sonifier 250 (Danbury, CT, USA; duty cycle 70 %, output control 4) until

suspensions became opalescent, usually for 20 min. During this process lipid samples
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were tempered to 30 °C using a waterbath to keep suspensions above the transition tem-
perature of gel-to-liquid crystalline phase. The percentage of added lipids was related
to the total phospholipid amount of the plasma membrane of cells: 1x10° cells contain
about 150 nmol phospholipids and about 10 % of this amount is distributed in the plasma
membrane. This corresponds to the percentage evaluated by measuring the line width
broadening due to spin-spin interactions (Marsh and Smith, 1973). In the original order
of the assay this lipid solution was then added to the cell suspension (1x10° cells/ml)
followed by an incubation for either 15 min or 30 min at 37 °C. This incubation allowed
the lipids to be incorporated into and, depending on the lipid species, translocated across
the plasma membrane. Upon halting endocytosis by cooling the cells to 4°C the cell
surface proteins were then unspecifically labelled with FITC as outlined in 3.2.3. When
cells were first labelled with FITC before incubating with exogenous lipids, the prepared
lipid solution was cooled down on ice. At definite time intervals before the spectrofluo-
rometric measurements were started the lipids were added to the cell suspension. Unless
otherwise noted, the incubation of cells with lipids was for 1 min on ice. Finally, the

endocytic activity of bulk flow endocytosis was monitored as described in 3.2.4.

3.2.3 Biotinylation and FITC Labelling

All further steps were performed on ice using ice cold buffers and solutions. In order
to unspecifically biotinylate the cell surface proteins, a final concentration of either
45 ug, as recommended by Perbio Science, or 240 ug, as applied by Farge et al. (1999),
sulfo-NHS-LC-biotin per 1x106 cells was added to the cell suspension followed by an
incubation for 30 min on ice. After washing (200xg, 5min, 4°C) and resuspending the
cells in cold HBSS the biotinylated cells were incubated with a final concentration of
either 10 ug/ml, as recommended by Perbio Science, or 15 ug/ml, as applied by Farge
et al. (1999), streptavidin-FITC for another 30 min on ice and then again washed with
cold HBSS. During all further incubations samples were always kept in the dark to
avoid bleaching of the fluorophores. When cells were already incubated with exogenous
lipids, as done in the original order, the resulting pellet of FITC labelled cells was finally
resuspended in a volume of 350 ul cold HBSS and the activity of bulk endocytosis was
measured as defined in 3.2.4. In the order following the improved assay, FITC labelled
cells were resuspended in HBSS to a final concentration of 1x10° cells/ml and incubated

with exogenous lipids as described in 3.2.2.
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3.2 Spectrofluorometry of Bulk Flow Endocytosis

3.2.4 Spectrofluorometric Measurements

BFEA of FITC labelled cells, incubated with or without (control) exogenous lipids, could
be monitored by spectrofluorimetry due to the pH sensitivity of FITC. Acidification of
the early endocytic vesicles led to a decrease of the FITC signal as a function of time. All
experiments were carried out using a SLM-AMINCO Series 2 fluorescence spectrometer
(AMINCO-Bowman, Urbana, IL, USA) or a FluoroMax-4 spectrofluorometer (Horiba,
Kyoto, Japan). FITC labelled cell suspension (350 ul on ice) was given to a spectrofluo-
rometer cuvette, which was thermostated to 30°C or 37°C. At the same time 1ml of
HBSS at 45°C or 60°C was added dropwise within 20s to reach a final temperature of
the mixture of 30 °C or 37°C. As soon as the suspension was tempered, the time based
measurement was started with an excitation wavelength of 488 nm and every second
the emission was recorded at 508 nm during the entire measurement, typically lasting
12min. Some of the applied exogenous lipids were labelled with a NBD-group, which is
also excitated at the wavelength of 488 nm. Thus, the intensity of cells incubated with
the respective NBD-lipid but not labelled with FITC was monitored as a function of
time and substracted from the kinetics recorded in the subsequent measurement with
FITC labelled cells.

3.2.5 Quantification of Endocytic Activity

The decrease of the FITC signal as a function of time was monitored separately for
every cell sample in the absence (control) or presence of different amounts of various
exogenous lipids. Due to the high variation of the activity of bulk flow endocytosis in
different experimental setups, at least one control sample was prepared for every setup
and all measurements within this setup were related to the activity of the control sample.
To be able to compare the endocytic activity of different measurements with each other,
the decrease of the FITC signal was standardised using a nonlinear least square fit with
the following function for a general exponential decrease: f(t) = ae~"" + b, where a
is the scale, b the offset, and 7 the time constant. The goodness of fit was specified
by calculating the coefficient of determination R?, which is a measure of how well the
regression line approximates the real data points. Measurements with R? < 0.5 were not
evaluated. Measurements were then presented as an standardised increase of the FITC
signal by calculating BFEA at timet¢ with f(0) — f(¢), where f(¢) was the fluorescence

intensity at timet and f(0) was taken from the fit. For the exact quantification of the
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change of BFEA with the percentage of added exogenous lipids, the values of BFEA
after 2, 6, and/or 10 min were related to the respective activities of the control samples
that were set as 100 %.

During the improvement of this assay it was ascertained that the cell samples lost part
of their activity with time they were stored on ice after FITC labelling. To rigorously
quantify this loss of fitness, control samples were prepared and the resulting FITC signal
was recorded exactly every 15min after starting the first measurement (¢ = O min). The
maximum extent of BFEA for each measurement was taken from the nonlinear least
square fit and related to the respective extent of the first measurement that set as 100 %.
The resulting decrease with the time on ice was again fitted with a function for general
exponential decrease to obtain a calibration curve for the loss of fitness. Subsequent
measurements in the presence of exogenous lipids were performed as described above
but recorded at certain time intervals after cell labelling. The resulting BFEA was

calculated and corrected with a fitness factor taken from the calibration curve.

3.3 Spectrofluorometry of Clathrin-Endocytosis

This assay for the investigation of the activity of clathrin-mediated endocytosis was
mainly done according to the assay for bulk flow endocytosis (see clause 3.2), but instead
of labelling the cell surface proteins with sulfo-NHS-LC-biotin and streptavidin-FITC,
the transferrin receptor was labelled by the addition of transferrin conjugated to FITC
(Tf-FITC) to specifically follow the clathrin-mediated pathway. After the preparation
of cells (see 3.3.1) and the subsequent labelling with Tf-FITC (see 3.3.2) the cells were
incubated with exogenous lipids as described in 3.2.2 in the improved order. Also the
spectrofluorometric measurements and the quantification of endocytic activity were done
as detailed for bulk flow endocytosis (see 3.2.4 and 3.2.5), but here clathrin-mediated
endocytic activity (CMEA) was analysed.

3.3.1 Preparation of Cells

K562 cells were cultured in suspension to a density of 1x10° cells/ml. The desired volume
of cell suspension was withdrawn, centrifuged (200xg, 5 min, 37°C) and resuspended in
the same volume of internalisation buffer (IB: RPMI1640, 0.1 % BSA, 10mM Hepes,
pH 7.4). When BHKasc cells, still undergoing clathrin-mediated endocytosis, were anal-
ysed all media and buffers were supplemented with 20 ug/ml TET (BHKasc™). For
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3.4 Flow Cytometry for Receptor-Endocytosis

induction of clathrin heavy chain antisense RNA expression, TET was removed from
growth medium 18 to 20 h before starting of the experiment and all media and buffers
were lacking TET (BHKasc™). Adherent BHKasc cells were cultured to 80 % confluency
and the growth medium was exchanged to internalisation buffer (IB: DMEM, 0.1 % BSA,
10 mM Hepes, +/-TET, pH7.4). Cells were then incubated for 30 min at 37°C and 5%
COs to release the receptors from unlabelled transferrin. Subsequently, BHKasc cells
were washed with DPBS and harvested with DPBS™ supplemented with 2mM EDTA
followed by a washing step with DPBS (200x g, 5 min, 4 °C). K562 cells were also washed
(200x g, 5min, 4°C) and cell pellets of both cell lines were resuspended in ice cold HBSS

to prevent any endocytic activity.

3.3.2 FITC Labelling

The following steps were all performed on ice using ice cold buffers. Tf-FITC was added
to the cell suspension to a final concentration of 42 ug/ml and 40 ug per 4x10° cells.
During all further incubations, samples were always kept in the dark to avoid bleaching of
the fluorophores. Following an incubation for 15 min on ice, labelled cells were incubated

with or without (control) exogenous lipids as specified in 3.2.2 in the improved order.

3.4 Flow Cytometry for Receptor-Endocytosis

Flow cytometry, also known as fluorescence activated cell sorting (FACS), is a method
that measures defined characteristics of cells in flow. Cells in suspension are passed as
a continuous stream through a cabin where they scatter light of a laser beam and light
is emitted by the fluorophores of labelled cells. The fluorescence intensity is recorded
according to cell properties such as size and granulation. This method allows detection
of fluorescent dye staining, which is coupled to cell size and granularity determinations.
Thereby apoptotic or dead cells can be separated from living cells. In contrast to the
spectrofluorometric experiments, where the fluorescence of all cells in a cuvette is moni-
tored, it is not possible to measure fluorescence intensities as a function of time. There-
fore, with this method the endocytic uptake of labelled antibodies for specific endocytic

pathways into the cell was quantified at definite time points.
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3.4.1 Preparation of Cells

Adherent cells were grown to 80 % confluency and passaged to six-well-plates 16 h prior to
starting of the experiment (2x10° cells per well). When BHKasc™ cells were investigated
TET was removed from the medium at this step. Growth medium was exchanged by
IB (DMEM, 0.1 % BSA, 10 mM Hepes, +/- TET, pH 7.4) and wells were incubated for
30min at 37°C and 5% COs to release the receptors from unlabelled antibodies.

3.4.2 Incubation with Antibodies and Exogenous Lipids

Suspensions of exogenous lipids were prepared as defined in 3.2.2 with a final concentra-
tion of 8 uM and mixed with antibodies (Tf-A488 or Tf-TMR) to a final concentration
of 10 ug per 2x10° cells. This mixture was at first added to the well with the longest
incubation time. After certain time intervals the mixture of lipids and antibodies was
added to the other wells to finally get reading points at 2, 5, 10, 15, and 20 min for the
Tf-uptake. For each of theses sets one well without labelled antibodies was carried along
to obtain the background signal of cells. Simultaneously, for each experimental setup
one set of control samples without exogenous lipids and with the same reading points
was prepared to be able to relate the endocytic activity of lipid treated samples. During
this procedure six-well-plates were kept at 37°C and 5% CO,. Reaching the last time
point, plates were directly transferred to 0°C to stop the uptake of antibodies. The cells
were then washed with cold IB and antibodies were detached from the cell surface by an
acidic wash with acid buffer (AB: DMEM", 0.1 % BSA, 20 mM NaAc, pH 2.5) for 3 min.
Immediately after this wash, the pH was returned to neutral by the addition of basic
buffer (BB: DMEM, 0.1 % BSA, 30 mM Hepes, pH >11).

In order to control the effectual detachment of antibodies from the cell surface and
to obtain the remaining fluorophor signal, the following samples were prepared: two
samples per set were cooled down on ice, labelled antibodies together with or without
lipids were added and samples were incubated on ice for 1h. One sample was then
treated with an acidic wash as described above while the other one was only washed with
cold DPBS. Afterwards all samples were washed with cold DPBS and subsequently cold
DPBS™ supplemented with 2mM EDTA was added. Then cells were scraped, transferred
into FACS tubes already containing 2ml of cold DPBS and centrifuged (200x g, 5 min,
4°C). The resulting cell pellet was resuspended in 200 ul cold HBSS and analysed by

flow cytometry.
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3.5 Microscopy

3.4.3 Analysis and Quantification

Cytometric analysis was performed using a FACScan (Becton Dickinson, San Jose, USA)
and the software WinMDI (TSRI, San Diego, USA). The FACScan is equipped with a
laser at 488 nm and can collect three fluorescent and two scatter properties simultane-
ously. The intensity of the fluorophor A488 was detected in the FL-1 channel with a
filter at 530/30nm and the TMR signal in the FL-2 channel with a 585/42 nm-filter.
Additionally to the fluorescence intensities of cells two scatter properties were recorded.
Light scattered in a small angle of 3° to 10° is called forward scatter (FCS) and corre-
lates with the size of cells. Light reflected to 90 ° is referred to as side scatter (SSC) and
is a dimension for the surface structure and granulation of cells. FCS- and SSC-signals
were monitored with linear, fluorescence intensities with logarithmical amplification.
Apoptotic and dead cells show different FCS and SSC from living cells. A gate was
drawn selecting the population of living cells using a density plot of FCS and SSC. Data
were collected for 10,000 cells per sample within this gate and analysed by the software
WinMDI. Histograms of the fluorophor corresponding channel were plotted and gated
for the same population of living cells. Medians from the histogram statistics were taken
as fluorescence intensities of the samples. The background intensity of cells (sample
without antibodies) and the intensity of remaining label (sample without acidic wash)
were substracted from the intensity of samples at the certain reading points. The change
of clathrin-mediated endocytic activity in the presence of exogenous lipids was exactly
quantified by relating the activities to the respective activity of the simultaneously pre-
pared control sample that was set as 100 %. This was done for the samples corresponding

to time points at 2min and 20 min, respectively.

3.5 Microscopy

In order to visibly examine the uptake of endocytic tracers into cells or the distribution
of exogenous lipids in cell membranes, microscopic images of fluorescently labelled cells

were taken as described in the following clauses.

3.5.1 Preparation and Labelling of Cells

Adherent cells were grown to 80 % confluency and passaged to 35mm culture dishes
with glass bottom (MatTek, Ashland, MA, USA) 16h prior to starting of the experi-
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ment (5x10* cells per dish). When BHKasc™ cells were investigated TET was removed
from the medium at this step. K562 cells were cultured in suspension to a density of
1x10% cells/ml. The desired volume of cell suspension was withdrawn and centrifuged
(200xg, 5min, 4°C/37°C). For control pictures of detached cells, cells were adherently
cultured to 80 % confluency and washed with DPBS. After detaching by the addition
of DPBS™ containing 2mM EDTA, cell suspensions were centrifuged (200x g, 5min,
4°C/37°C). Cell pellets were then resuspended in the desired buffer for subsequent
labelling.

Labelling with Transferrin (Clathrin-Mediated Endocytosis)

To visualise the uptake of labelled transferrin into cells, the medium of adherent cells
was exchanged to the same volume of IB (DMEM, 0.1 % BSA, +/- TET, 10 mM Hepes,
pH 7.4) and cell pellets of suspended or detached cells were resuspended in IB (DMEM-/
RPMI 16407, 0.1 % BSA, 10 mM Hepes, +/- TET, pH 7.4). After an incubation for 30 min
at 37°C and 5 % COg to release the receptors from unlabelled transferrin, either T{-FITC
or TETMR was added to the cells yielding a final concentration of 2 g per 5x10% cells.
After incubating for certain times at 37°C and 5% COs cells were transferred to ice to

stop the uptake of the tracer.

Labelling with NBD-Lipids (Intracellular Lipid Distribution)

The distribution of exogenously added lipids in cell membranes was observed by adding
NBD-labelled lipids to the cells. NBD-lipid solutions were prepared as described in 3.2.2.
The medium of adherent cells was exchanged to HBSS and cell pellets of suspended or
detached cells were resuspended in HBSS. After the addition of lipid solution, cells were
incubated with the desired concentration of lipids for different times either on ice or at

37°C.

Cells labelled to visualise endocytic uptake were washed and resuspended in cold HBSS,
cells incubated with NBD-lipids were not washed and immediately imaged. Suspended
or detached cells were transferred to 35 mm culture dishes with glass bottom (5x10% cells
per dish). The uptake of labelled transferrin or NDB-lipids was then observed by mi-

croscopy as described in the following clause.
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3.5 Microscopy

3.5.2 Fluorescence Microscopy

Labelled cells were analysed using an inverse standard microscope equipped with a Plan-
Neofluar 100x /1.3 numerical aperture objective, a standard fluorescein filter set (BP 450
to 490 nm excitation filter, FT 510 nm dichroic mirror, and LP 515 nm emission filter),
and a standard rhodamine filter set (BP 546 nm excitation filter, FT 580 nm dichroic
mirror, and LP 590nm emission filter) (Carl Zeiss, Oberkochen, Germany). Confocal
microscopy was performed using an inverted IX81 fluorescence microscope equipped with
a Fluoview 1000 scanhead (Olympus, Hamburg, Germany) and a 60x/1.35 numerical
aperture oil immersion objective. The fluorophores were excited with a diode laser at

468 nm and emission was recorded using a 540/40 nm bandpass filter.
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CHAPTER 4

Results

4.1 Improvement of the Spectrofluorometric Assay

In order to investigate the influence of monolayer area asymmetry on endocytic activity,
the first aim of the present study was to reinvestigate the results of Farge et al. (1999)
with diverse exogenous lipids and to distinctly quantify the change of bulk flow endocytic
activity (BFEA) of K562 cells with the percentage of lipids added to the outer or inner
leaflet of the plasma membrane. In doing so, the spectrofluorometric assay for bulk flow
endocytosis was exactly performed as described in the publication of Farge et al. (1999):
K562 cells were first incubated with various exogenous lipids for 30 minutes at 37°C
followed by the labelling of cell surface proteins with FITC (see clause 3.2; original order).
Since FITC is sensitive to pH, the BFEA of cells could then be monitored by a decrease of
the FITC signal with time due to the acidification of the early endosomes. The recorded
kinetics were standardised by calculating the BFEA at timet with f(0) — f(¢), where
f(t) was the fluorescence intensity at timet¢ and f(0) was taken from a nonlinear least
square fit.

As shown by Farge, in the present study the addition of exogenous lipids to K562 cells
led to an alteration of BFEA compared to the activity of control cells, which were not
treated with exogenous lipids. In contrast to the results of Farge, the differences in BFEA
did not exclusively correspond to the theoretical expectations. Phosphatidylcholine with

one short and one long chain (Cg-PC), that is known to remain in the outer layer of
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Figure 4.1: Typical kinetics of bulk flow endocytic activity (BFEA) of K562 cells
preincubated with exogenous lipids at 37 °C. Cells were incubated with different amounts
of Cg-PC or Cg-PS for 30min at 37°C before cell surface proteins were labelled with FITC.
Standardised measurements of FITC intensities as a function of time illustrate typical kinetics,
the varying influence of Cg-PC (A) or Cs-PS (B) on BFEA, and the highly unequal extend of
BFEA of control samples obtained in different experimental setups.

the plasma membrane (Cribier et al., 1993; Farge et al., 1999), could enhance as well
as decrease BFEA. The same was observed for phosphatidylserine with one long and
one short chain (Cg-PS), which was shown to be translocated to the inner leaflet of the
plasma membrane of K562 cells (Cribier et al., 1993; Farge et al., 1999). In Figure4.1
typical kinetics illustrate the varying influence of the exogenous lipids C-PC (Fig. 4.1 A)
and Cg-PS (Fig. 4.1 B) as well as the highly unequal extent of BFEA of control samples
in different experimental setups. In these exemplary measurements, the standardised
BFEA activity of control samples of the same cell line increased to about 1.3 as well
as to about 2.1 (Fig.4.1 A and B, respectively) after 8 minutes of measuring the FITC

signal.

In order to be able to compare measurements performed in different experimental
setups with each other and to precisely quantify the influence of exogenous lipids on
BFEA, the change of BFEA was calculated as follows: the values of BFEA after 6 minutes
of recording the FITC signal were related to the respective activities of control samples,
which were not incubated with exogenous lipids, and set as 100 % activity. In Figure 4.2
standard box and whisker plots are shown for experiments with n > 5, where n is the

number of independent experiments. The boxes describe median and upper and lower
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quartiles, whereas the whiskers are defined by the maximum observation within the 1.5
times interquartile range (IQR), which is equal to the difference between the third and
first quartile. Outliers beyond the range of the whiskers are marked separately (¢). For
experiments with n < 5 the percentage of BFEA of each measurement is plotted in one
dimensional scatter plots (x). The change in BFEA was tested for significance with an
one sample t-test. Evaluated BFEA was considered as significantly different from the
activity of control samples, which was set to 100 % activity, at the 0.05 level and is
marked in the plots (*). For all performed experiments, the means of obtained BFEA,
standard error of the mean (SEM), and p-values of significant changes are summarised
in Table4.1.

Since Cg-PC remains on the outer leaflet, its addition was expected to cause an inhibi-
tion of BFEA, but for nearly all applied lipid concentrations, 2 %, 4 %, and 8 % Cg-PC,
and both incubations of cells with lipids, 15 and 30 minutes at 37 °C, the resulting means
either varied around 100 % activity or showed an increased activity with a very high vari-
ation (see Fig.4.2 A). At 15 minutes incubation time, mean and SEM highly increased
with the percentage of added lipids. When cells were incubated with exogenous Cg-PC
for 30 minutes at 37°C, the resulting BFEA values at 2 and 8% Cg-PC again varied
around 100 % activity. Only at 4% of Cg-PC for 30 minutes, BFEA were higher than
in the respective control samples in both independent experiments, but this change in

BFEA was not significant.

The second applied lipid, Cg-PS, is thought to be translocated to the inner layer
(Cribier et al., 1993; Farge et al., 1999) and was therefore expected to enhance the
activity. Also here, the resulting BFEA ranged around 100 % for all but one applied
lipid concentration, 2 %, 4 %, 6 %, or 8 % Cg-PS, and incubation of cells with lipids, 15 or
30 minutes at 37°C (see Fig. 4.2 B). Only when 6 % of Cs-PS were added for 30 minutes,
the BFEA of all three experiments is slightly higher than the BFEA of controls, leading
to an significantly increased change in BFEA to 116 +4 % (mean + SEM).

Thus, neither the expected inhibition of BFEA by exogenous Cg-PC nor a clear en-
hancement of BFEA by exogenous Cg-PS, as shown by Farge et al. (1999), could be
obtained in these experiments. Performing the assay in the original order including the
incubation of cells with exogenous lipids at 37 °C before cell surface proteins were la-
belled with FITC, the addition of exogenous lipids had no distinct influence on BFEA
of K562 cells.
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Figure 4.2: Bulk flow endocytic activity (BFEA) of K562 cells preincubated with
exogenous lipids at 37 °C. Cells were incubated with different amounts of C¢-PC or Cg-PS for
15 or 30 min at 37 °C before cell surface proteins were labelled with FITC. Values of BFEA after
6 min of recording were related to the respective activity of control samples, which was set as
100 %. For n > 5, where n is the number of independent experiments, standard box and whisker
plots describe median and upper and lower quartiles as well as smallest and largest observations
or 1.5xIQR and outliers (o), respectively. For n < 5 the percentage of BFEA is plotted for each
measurement (x). Changes were tested for significance with an one sample t-test (x, p < 0.05).

Table 4.1: Values of bulk flow endocytic activity (BFEA) of K562 cells preincubated
with exogenous lipids at 37°C. BFEA was determined as explained in the description of
Figure4.2. The table presents resulting means and SEM of BFEA in percent [%]. When changes
were significantly different from 100 % activity at the 0.05 level, also p-values obtained with an
one sample t-test are written in parentheses.

Cs-PC Ce-PS
15min inc. | 30min inc. | 15 min inc. 30 min inc.
2% 92+ 31 107 £ 60 94 +21 94 +31
4% | 122+ 60 1594+ 50 101423 105430
6 % - - - 116 = 4(0.029)
8% | 146 £117 98+ 7 96 +20 -
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4.1 Improvement of the Spectrofluorometric Assay

4.1.1 Loss of Fitness

A single measurement including the sample preparation and the 12-minutes-read-out
took on average 15 minutes. During this time the other samples were kept on ice. To
clarify, whether the endocytic activity of cells is affected by the time treated and FITC la-
belled cell samples are stored on ice prior to spectrofluorometric measurements, controls
without exogenous lipids were prepared as follows: K562 cells were washed, incubated in
HBSS without exogenous lipids at 37°C for 30 minutes and subsequently labelled with
FITC. Then, BFEA of labelled cells was determined after various incubation times on
ice as done before. The successively analysed controls exhibited a decrease of activity
with time cells were stored on ice. In Figure4.3 A the standardised kinetics are plotted

with their order of analysis, 15¢ to 6"

. This loss of fitness led to an activity decrease of
more than 50 % after an one-hour incubation on ice corresponding to the recording of

four samples.

To be able to compare BFEA values of successively monitored samples in further
experiments, the loss of fitness with time on ice was precisely quantified as follows.
Experiments with control cells were repeated for several times recording the FITC signal
exactly every 15 minutes after starting the first measurement at t = 0 minutes. After the

nonlinear least square fit of the kinetics with f(t) = ae /7

+ b, the maximum extent
of BFEA of each measurement was taken from the exponential fit, which is represented
by scale a, and related to the respective maximum extent of the first sample, which was
set as 100 %. Here, the maximum extent and not the values after definite time intervalls
served for comparison in order to avoid errors by the trend of the kinetics. As a control,
also the values after 2 and 10 minutes were compared leading to the same result (data not
shown). Figure4.3B gives standard box and whisker plots for experiments with n > 5
and one dimensional scatter plots for n < 5 as explained in clause 4.1. It confirmes the
decrease of activity with time samples were stored on ice. After 45 minutes on ice the
activity of control cells was reduced to 51 & 16 % and after 90 minutes to 35+ 13 %. The
individual measurements of BFEA against the time on ice were then fitted with three
different functions: a linear, a mono-exponential, as well as a bi-exponential decrease.
Based on the higher coefficient of determination R? of the mono-exponential fit (linear
R? = 0.807; mono-exponential R? = 0.836; bi-exponential R? = 0.000) as well as the
distribution of residuals, the mono-exponential fit was chosen for further analysis. The

obtained calibration curve was used to calculate a factor for the correction of BFEA
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Figure 4.3: Loss of fitness with the storage of cell samples on ice. Control samples
without exogenous lipids were analysed as before, but monitoring the FITC signal exactly every
15min. A: Standardised kinetics in the order of analysis, 1 to 6*"', demonstrate the decrease of
activity with time control cells were stored on ice. B: Maximum extents of bulk flow endocytic
activity (BFEA), which are taken from the exponential fit, were related to the respective extent
of the first sample, which was set as 100 %. Standard box and whisker plots with outliers (¢) are
given for experiments with n > 5 and one dimensional scatter plots (x) for n < 5 (see Fig.4.2
for an explanation of the plots).

values of further experiments in the presence of exogenous lipids, which will be referred to
as fitness factor. By that, it was now possible to compare measurements with each other
that were recorded in definite time intervals of 15 minutes after the first measurement

was started at ¢ = 0 minutes.

In order to assess the influence of exogenous lipids on bulk flow endocytosis of K562
cells, experiments were repeated including the correction of values in subsequent analysis
of BFEA. Cell samples were incubated with different exogenous lipids at 37 °C and, fol-
lowing FITC labelling of cell surface proteins, FITC intensity was recorded as before, but
measurements were started every 15 minutes and the amount of BFEA after 10 minutes
of measuring was corrected by the fitness factor calculated as explained above. The in-
fluence of short chain PS incubated with K562 cells for either 15 or 30 minutes at 37 °C
is shown in Figure4.4 A and B, respectively. One dimensional scatter plots picture the
distribution of BFEA after 10 minutes of recording corrected by the fitness factor and
with n given in the respective line. When cells were incubated with Cg-PS for 15 minutes,
means of BFEA were reduced to 85+12% at 2% Cg-PS, 79+8% at 4% Cg-PS, and
82+ 11% at 8% Cg-PS, but none of the changes was significantly different from control

activity. Compared to that, means of BFEA were increased when cells were incubated
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Figure 4.4: Bulk flow endocytic activity (BFEA) of K562 cells preincubated with
exogenous C4-PS at 37°C and corrected by a fitness factor. Cells were incubated with
different amounts of Cg-PS for 15min (A) or 30min (B) at 37°C before cell surface proteins
were labelled with FITC. Values of BFEA after 10 min of recording were related to the respective
activity of control samples (100 %) and corrected by a previously calculated fitness factor. The
percentage of BFEA of each measurement is plotted in one dimensional scatter plots and n is
given in the respective line. Results were tested for significance at the 0.05 level, but none of the
changes was significantly different from 100 % activity.

with exogenous Cg-PS for 30 minutes at 37 °C. The addition of 2 % Cg-PS resulted in an
activity of 111 +35%, 4% in 119 +49 %, and 6 % in 144 & 42 %. However, the variation
was relatively high and also these changes were not significantly different from 100 %
activity. This shows that the distinct enhancing influence of exogenous Cg-PS on BFEA
of K562 cells as obtained by Farge et al. (1999) could again not be reproduced perform-
ing the assay in the original order and this time considering the loss of fitness with time

samples were stored on ice by correcting the values by a fitness factor.

4.1.2 Influence of Label Concentration

It arose from discussions with Emmanuel Farge (Curie Institute, Paris), who introduced
the spectrofluorometric assay to measure activity of bulk flow endocytosis, that he used
higher label concentrations in his experiments. To control a potential influence of the
FITC concentration linked to cell surface proteins, the experiments were repeated with
higher concentrations of sulfo-NHS-LC-biotin and streptavidin-FITC. The company Per-
bio Science recommends a final biotin concentration of 1mg/ml and 45 ug sulfo-NHS-
LC-biotin per 1 million cells and a final concentration of streptavidin-FITC of 10 pg/ml.

Emmanuel Farge applied higher concentrations: a final biotin concentration of 4 mg/ml
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Figure 4.5: A: Comparison of activity reduction with time on ice. Control samples
were labelled with two different concentrations of sulfo-NHS-LC-biotin and streptavidin-FITC
as recommended by the company Perbio and applied by Farge et al. (1999), respectively. Bulk
flow endocytic activity (BFEA) of controls was monitored every 15min and values of BFEA
after 10 min were related to the respective value of the first measurement, which was taken as
100 %. Plotted is the mono-exponential fit of the BFEA values against time samples were stored
on ice and means with their standard error of the means for both concentrations. B: BFEA
of K562 cells preincubated with C4-PS and corrected by a fitness factor when cells
were labelled with higher biotin and FITC concentrations. Cells were incubated with
short chain PS for 30 min at 37 °C and labelled with higher label concentrations as used by Farge
et al. (1999). Resulting BFEA after 10 min were corrected by the fitness factor and are shown
for each measurement in one dimensional scatter plots with n in the respective line. Results were
tested for significance, but none of the changes was significantly different from 100 % (p < 0.05).

resulting in 240 pg sulfo-NHS-LC-biotin per 1 million cells and a final streptavidin-FITC
concentration of 15 ug/ml (Farge et al., 1999; Rauch and Farge, 2000). Further exper-
iments were carried out with higher concentrations as used by Farge. First of all, the
loss of fitness of controls was determined as in the previous experiments with lower
concentrations: control cells without exogenous lipids were labelled using the higher
concentrations of sulfo-NHS-LC-biotin and streptavidin-FITC. The activity of control
samples was then successively monitored every 15 minutes and the maximum extent of
BFEA was related to the extent of the measurement at ¢ = 0 minutes, which was set
as 100 %. As before, the activities demonstrated an exponential decay with time sam-
ples were stored on ice. They were again mono-exponentially fitted and are drawn in
Figure4.5 A in comparison to the decay obtained with the lower Perbio concentrations.
Alongside with the exponential fits, means with their SEM are also plotted. Compared
to the reduction of BFEA in former experiments with concentrations recommended by

Perbio, the measurements using concentrations as established by Farge et al. (1999) pre-
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sented a nearly equal decrease of fitness with time samples were incubated on ice. At
shorter incubations on ice, the reduction was slightly faster when concentrations as used
by Farge were applied, for instance 64 % instead of 67 % after 30 minutes.
Subsequently, experiments in the presence of short chain PS were repeated using
the concentrations applied by Farge and analysed as before. Again either 2%, 4%,
or 6% of exogenous Cg-PS were added to the cells followed by an incubation for 30
minutes at 37 °C. The resulting BFEA after 10 minutes of recording was related to the
value of the respective control and corrected by the fitness factor. The results of three
independent experiments for each lipid concentration are shown in Figure4.5B in one
dimensional scatter plots. Also using the higher label concentrations as applied by Farge,
the incubation with exogenous Cg-PS had no consistent influence on BFEA of K562 cells.
The addition of 2% Cg-PS resulted in an activity of 99 +£19%, 4 % C4-PS in 112+ 17%
BFEA, and 6 % Cg-PS in 105+ 19 % BFEA. Thus, also using label concentrations as
applied by Farge, BFEA values varied again around 100 % and it could again not been
shown that the addition of exogenous Cg-PS significantly effects BFEA of K562 cells.
Summarising the results up to here, the influence of exogenous lipids on BFEA of
K562 cells as obtained by Farge et al. (1999) could not be reproduced, even following
exactly the protocol as described by Farge. It was found that FITC labelled K562 cells
exhibit a loss of fitness with time cell samples are stored on ice, but even the precise
quantification of this loss and the correction of BFEA values by a fitness factor did not
result in a distinct influence of exogenous lipids on BFEA of K562 cells. Likewise, the
verification of the influence of label concentrations for the unspecific labelling of cell
surface proteins with FITC did neither show an alteration of the fitness decrease nor
demonstrate a change in the lacking influence of exogenous Cg-PS on BFEA. Therefore,

the protocol of this assay was modified as explained in the following clause.

4.1.3 Change of Lipid Incubation and Temperature

Following the protocol of Farge, the cells were incubated with exogenous lipids for at least
15 minutes at 37 °C to allow the lipids to be incorporated into and, depending on the lipid
species, translocated across the plasma membrane. Subsequently, cell surface proteins
were labelled with FITC while keeping the cell suspension on ice to prevent any endocytic
activity. All together, the labelling required about 75 minutes. In summary, the cells

were incubated with lipids for at least 90 minutes, 15 or 30 minutes at 37 °C followed by
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30 min at 4°C 30 min at 37°C

Figure 4.6: Distribution of C4s-NBD-PS in K562 cells after incubation at different
temperatures. 4% of Cg-NBD-PS were added to K562 cells and confocal microscopic pictures
were taken immediately after the addition of lipids and after 30 min when cells were incubated
with NBD-lipids either at 4 °C or at 37 °C. As presented in the left and middle image, immediately
after the addition and after 30 min at 4 °C the main part of C¢-NBD-PS was still in the plasma
membrane, whereas after 30 min at 37 °C, shown in the right image, the lipids were dispersed in
the whole cell and staining of the plasma membrane was strongly reduced.

about 75 minutes on ice, before starting the measurements. In order to determine the
distribution of exogenous lipids in cells after certain times, 4 % of NBD-labelled PS were
added to K562 cells and confocal microscopic images were taken immediately after the
addition of lipids to the cells and after 30 minutes of incubation at either 4°C or 37°C.
As shown in Figure4.6 in the left image, immediately after the addition Cg-NBD-lipids
were only present in the plasma membrane. After 30 minutes at 4 °C, the main part was
still in the plasma membrane and only a slight dying of intracellular structures could
be observed (Fig.4.6; middle). After 30 minutes at 37°C, the label was dispersed in
the whole cell and seemed to accumulate in inner cell compartments (Fig.4.6; right).
Staining of the plasma membrane was strongly reduced in comparison to 30 minutes
at 4°C. This shows that after an incubation of 30 minutes at 37°C, the main part of
exogenously added NBD-lipids was not present in the plasma membrane anymore and

could therefore not account for a difference in the monolayer area asymmetry.

To avoid rather long incubation times, the protocol was adapted as specified in 3.2.2:
the sequence of cell incubation with lipids and labelling with FITC was inverted. Cell
surface proteins were first labelled with FITC while keeping the cells on ice and after-

wards exogenous lipids were added at different time intervals before the measurements
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4.2 Influence of Exogenous Lipids on Endocytosis

were started. When no other times are indicated, the addition of lipids was carried out
exactly 1minute before starting the respective measurement.

Additionally to the shorter incubation time, the effect of a lower temperature during
the measurements was assayed. Under the previous conditions, the detection of endo-
cytic activity could be at its maximum level and therefore differences could be hardly
observable. According to the improved protocol, all measurements including the inves-
tigation of the loss of fitness and the addition of different exogenous lipids were iterated
at 30°C. Results of bulk flow endocytosis for both temperatures, 30°C and 37°C, as

well as for different cell lines are shown in the following clause.

4.2 Influence of Exogenous Lipids on Endocytosis

4.2.1 Bulk Flow Endocytosis
K562 Cells

The change in bulk flow endocytic activity (BFEA) of K562 cells in the presence of exoge-
nous lipids was investigated following the improved protocol of the spectrofluorometric
assay. Considering the loss of fitness with time on ice, the higher label concentrations,
and the shorter lipid incubation for 1minute on ice unless otherwise stated, the ex-
periments were repeated with various exogenous lipids. The results of measurements
performed at 37°C are shown in Figure4.7 demonstrating BFEA values after 2 and
10 minutes of recording the FITC signal for different amounts of exogenous lipids. For
experiments with n > 5 standard box and whisker plots illustrate median and upper and
lower quartiles as well as smallest and largest observations or 1.5xIQR and outliers (o),
respectively. For experiments with n < 5 the percentage of BFEA of each measurement
is presented in one dimensional scatter plots (x). Changes in BFEA were tested with an
one sample t-test and considered as significant at the 0.05 level (*).

Following the improved protocol with shorter incubations of cells with exogenous
lipids, the addition of Cg-PS, which is known to be translocated to the inner leaflet
of the plasma membrane, led to an enhancement of bulk flow endocytic activity that
was, at some concentrations of Cg-PS, significantly different to the activity of control
samples. The means increased with raising concentrations of exogenous Cg-PS from
133+ 25% BFEA at 1% Cg-PS to 137+32% BFEA at 4% Cg-PS after 2minutes
and from 115+23% to 1524+ 71% after 10 minutes of recording. At higher concen-
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Figure 4.7: Bulk flow endocytic activity (BFEA) of K562 cells at 37 °C. FITC labelled
cells were incubated with various exogenous lipids and resulting BFEA after 2 and 10 min of
recording was related to the respective activity of controls (100 %) and corrected with a fitness
factor. For n > 5 standard box and whisker plots describe median and upper and lower quartiles
as well as smallest and largest observations or 1.5xXIQR and outliers (¢), respectively. For n < 5
the percentage of BFEA is plotted for each measurement (x). Changes were tested for significance
with an one sample t-test (x, p < 0.05). (#) Indicated time (30min) corresponds to incubation
of cells with lipids on ice before starting the respective measurement. When no times are given,

incubation was 1 min on ice.
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Figure 4.8: Bulk flow endocytic activity (BFEA) of K562 cells at 30 °C. See Figure4.7
for a key to the plots. Changes were tested for significance with an one sample t-test (*, p < 0.05).
(#) Indicated times (e.g. 10 min) correspond to incubation of cells with lipids on ice before starting
the respective measurement. When no times are given, incubation was 1 min on ice.
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trations, namely at 6 % Cg-PS, means dropped to 112+ 61 % BFEA after 2 minutes and
to 120 + 64 % BFEA after 10 minutes. Changes in BFEA were significantly different from
100 % activity after 2 minutes of recording when 2 % or 4 % of Cg-PS were applied with
p-values of 0.025 and 0.050, respectively. In both time intervals, 2 and 10 minutes after
recording, SEM increased with the percentage of added lipids. Overall, the stimulation
of BFEA was slightly stronger after 2 than after 10 minutes of recording the FITC signal.

K562 cells were additionally incubated with DLPS, a phospholipid comprising two
medium length fatty acid chains with 12 C atoms, which is also translocated to the
inner layer of the plasma membrane. The resulting BFEA was remarkably higher than
in control samples. The highest stimulation of 216 % was obtained in the presence
of 0.3% DLPS after 2minutes. For comparison, when the same amount of DLPS was
preincubated with cells for 30 minutes on ice instead of 1 minute, the resulting BFEA was
with 162 % after 2 minutes lower. Likewise, at 2% DLPS means of BFEA were lower than
at 0.3% DLPS incubated for 1 minute, but still presented a clear stimulating influence.
The overall enhancement was again higher after 2 minutes of measuring. Although the
number of experiments is not sufficient for statistical analysis, the fact that a stimulation
of BFEA was obtained in all experiments performed with DLPS supports the finding
of an enhancing influence of exogenous DLPS. Taking the four obtained BFEA values
together, the change in BFEA to 185+41% after 2minutes and to 172423 % after

10 minutes was significant with p-values of 0.037 and 0.013, respectively.

As a third exogenous lipid, that is translocated to the cytoplasmic layer, C4-PE was
investigated. Addition of this lipid resulted equally in high stimulations of BFEA, which
were significantly different from 100 % activity at each but one applied lipid concentra-
tion. Here, the highest stimulation of 238 51 % was observed after 2 minutes in the
presence of 2% Cg-PE, which was the highest applied lipid amount, but this change was
not significant. After 2 minutes of recording, means dropped from 224 +27% at 0.5%
Cg-PE to 1874+42% at 1% Cg-PE and changes were significant with p-values of 0.023
and 0.037, respectively. The values after 10 minutes showed a similar distribution, BFEA
dropped from 185421 % with p = 0.029 at 0.5% Cg-PE to 152 +28 % with p = 0.050
at 1% Cg-PE and increased again to 178 9% at 2 % Cg-PE. Although the latter value
was not maximum, it was with p = 0.006 the most significant change due to a very low
variation.

In addition to lipids that were expected to stimulate endocytic activity, the influence

of short chain PC, that remains on the outer layer, was also tested. The resulting values
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of BFEA varied around 100 % activity for 1% and 2% of Cg-PC after both recording
times. After 2 minutes, BFEA was 100 33 % at 1% Cg-PC as well as 106 +=2 % at 2%
C¢-PC and after 10 minutes BFEA dropped from 115418 % at 1% Cg-PC to 107+£5%
at 2% Cg-PC. The number of independent experiments with definite concentrations of
Cs-PC was not sufficient for statistical analysis and obviously there was no significant
inhibition, even taking all experiments together. However, after 10 minutes of recording
and taking all of the six independent measurements into account, a downward drift could
be observed with ascending amount of added Cg-PC.

Along with shorter incubation times of exogenous lipids, a lower temperature during
the measurements was inspected. Following the improved protocol, all measurements
including the loss of fitness and the addition of different exogenous lipids were repeated at
30°C. The loss of fitness was quantified as described in 4.1.1. At this lower temperature,
it was distinctly slower: after 1 hour on ice BFEA of controls was down to 59 % and after
1.5 hours to 45 % compared to activities of 43 % and 31 % at 37 °C, respectively.

The results for the changes in BFEA at 30°C in the presence of various exogenous
lipids are shown in Figure4.8. Compared to the results obtained for 37 °C, the stimula-
tion by Cg-PS was stronger and changes were significant for 0.5 % and 1% of exogenous
Cg-PS. The highest activity of 181 + 40 % was obtained at 1% Cg-PS after 2 minutes of
recording and was significantly different with p = 0.006. After both recording times, re-
sulting BFEA was about the same at 0.5 % and 1 % Cg-PS, roughly 180 % after 2 minutes
and 155 % after 10 minutes, and decreased at 2 % of Cg-PS to around 145 %. When 4 %
Cg-PS were applied, the values of BFEA varied around 100 % activity after both record-
ing times with a huge variation after 2 minutes. Also here, the overall stimulation was
higher after 2 minutes of measuring the FITC signal. In order to investigate a potential
influence of longer incubations of cells with lipids and, hence, a longer time for the incor-
poration and subsequent translocation of exogenous lipids, the cells had been incubated
with either 1% or 2% Cg-PS for 10, 20, or 40 minutes on ice before the respective mea-
surement was started. With the longer incubation times, the resulting values of BFEA
varied around 100 % for all tested lipid concentrations and incubation times aside from
one exception: after 2minutes of recording, when cells were incubated with 2% Cg-
PS for 20 minutes, the activity was with 167 +51 % and a p-value of 0.011 significantly
higher than the activity of control samples, but had a large variation.

Further to the influence of short chain diacyl-PS, dialkyl-Cg-PS was also investigated,

because it is not hydrolysed when incubated with cells. Since it is incorporated and
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Table 4.2: Values of bulk flow endocytic activity (BFEA) of K562 cells. BFEA was
determined as explained in the description of Figure4.7. Presented are times of incubations of
cells with lipids on ice in minutes (inc. [min]) as well as resulting means and SEM of BFEA in
percent [%]. When changes were significantly different from 100 % activity, also p-values obtained
with an one sample t-test are written in parentheses (p < 0.05).

inc. 30°C 37°C
[min] 2min 10 min 2min 10 min
05% | 1 | 177+32(0.003) | 152 427(0.007) - -
1% | 1 | 1814+40(0.006) | 158+39(0.021) | 133425 115423
2% | 1 | 147+60 139+25(0.017) | 137+34(0.025) | 124434
& 4% | 1 |141+99 103418 137 +32(0.050) | 152+71
S 6% | 1 . - 112461 120+ 64
1% | 10 | 112 128 - -
2% | 20 | 167+51(0.011) | 102+ 28 - -
2% | 40 | 99414 101411 - -
o 1% | 20 | 93 114 - -
S 2% | 20 | 135446 129433 - -
< 4% | 20 | 145+39 144 433 - .
= 6% | 20 | 11014 94+ 6 ; -
© 8% | 20 | 84 67 - -
" 03% | 1 - - 216 191
5 2% | 1 . - 181+51 163+ 29
©03% | 30 - - 162 172
w05% | 1 - - 224 +27(0.023) | 185+ 21 (0.029)
T o1% | 1 - - 187 +£42(0.037) | 152 428 (0.050)
Yo% |1 - - 238 +51 178+ 9(0.006)
05% | 1 | 114+ 3 128+ 25 139 150
&f 1% | 1 | 134+43 127415 100 433 115418
S 2% | 1 79 4+ 27 109 + 15 1064+ 2 107+ 5
4% | 1 46+ 7(0.008) | 74+ 7(0.021) | 118 72

translocated to the inner leaflet of the plasma membrane more slowly than diacyl-PS
(Fellmann et al., 2000), K562 cells were preincubated with the lipids for 20 minutes on
ice for all applied lipid concentrations. From 1% to 4% dialkyl-Cg-PS the resulting
means of BFEA increased with the lipid concentration from 93 % to 145439 % after
2 minutes of recording and from 114 % to 144 4+ 33 % after 10 minutes. Although at 2%
and 4 % dialkyl-Cg-PS most values were above 100 % activity and presented an upward
drift with increasing lipid concentration, changes were not significantly different from

100 % activity. Since the number of independent experiments was relatively small for
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statistical analysis, all values at 2% and 4 % dialkyl-Cg-PS were combined, resulting in
a significant change to a mean of 138 +39% BFEA with p = 0.007. At higher lipid
concentrations, BFEA diminished again, at 6 % dialkyl-C¢-PS the values varied around

100 % activity and at 8 % of exogenous dialkyl-Cg¢-PS activities were even decreased.

As for 37°C, the influence of exogenous lipids, which were expected to decrease en-
docytic activity, was examined at 30 °C by applying Cg-PC to the cells. For 0.5% and
1% of C4-PC, the obtained values of BFEA were higher than 100 % control activity,
but when higher concentrations of Cg-PC were added to the cells, four out of five values
were lower than 100%. At 4% Cg-PC, the activities were significantly inhibited to a
mean of 46 +7 % with p = 0.008 after 2minutes and to 74+ 7% with p = 0.021 after
10 minutes of recording. All together, the values of BFEA showed a downward drift
with increasing percentage of added Cg-PC for both recording times and the influence
of Cg-PC was stronger after 2 minutes of measuring. For all performed experiments, the

means of obtained BFEA, SEM, and p-values are summarised in Table 4.2.

Additionally to the qualitative alteration of bulk flow endocytosis by different exogenous
lipids, Farge et al. (1999) found an average linear dependence of the initial slope of BFEA
kinetics on the percentage of added PS (Farge et al., 1999, Fig. 3B). The incline of this
dependence was estimated to be 1.140.4 % -(min-%PS)™! at 37°C, where %PS is the
amount of exogenously added PS. This was declared to correspond to an increase of a
factor of about five in the bulk flow endocytosis kinetics for an addition of 4 % Cg-PS. To
be able to compare this factor, the measurements were analysed as described by Farge.
Relative fluorescence quenching at timet was calculated with 1 — F}/Fy, where Fy was
derived from the exponential fit and F; was the fluorescence intensity at timet. Then the
first 60 seconds of these kinetics were fitted with a function for a general linear increase.
At first, the dependence of the initial slope on the time, in which samples were stored
on ice, was investigated. The initial slope appeared to be also dependent on the time
cells were incubated on ice. Hence, the calculated slopes of the kinetics in the presence
of exogenous lipids were corrected with a fitness factor obtained by a calibration curve
for the initial slope calculated as outlined before. The corrected values of individual
experiments were again fitted with a linear function giving the linear dependence of the

initial slope relative to the lipid concentrations as shown by Farge et al. (1999).

Estimated values for the inclines and SEM are presented in Table 4.3 reflecting the

standardised linear increase or decrease of the initial slope per percent of the respec-
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Table 4.3: Inclines of initial slopes of bulk flow endocytic activity (BFEA) of K562
cells. Inclines were standardised and estimated relative to the percentage of exogenously added
lipids (%EL) as presented by Farge et al. (1999). See text for an explanation of the calculation.

Initial Slope Inclines of BFEA
[% -(min-%EL)™]
30°C 37°C
Ce-PS -0.0134+0.006 | 0.0034+0.010
dialkyl-Cg-PS | 0.000+0.002 -
Ce¢-PE - 0.007 +0.020
Cg-PC -0.0034+0.006 | -0.015+0.014

tive exogenously added lipid (%EL) and per minute of measuring the initial slope. Even
though only the kinetics with lower amounts of Cg-PS were accounted for the calculation,
because of the diminishment of BFEA at concentrations higher than 2% at 30°C and
higher than 4 % at 37°C (see Fig. 4.7 and 4.8), the incline of the measurements performed
at 30 °C was negative and only slightly positive at 37 °C. For comparison, the value for ex-
ogenous Cg-PS at 37 °C was estimated to be 0.003 £ 0.010 % -(min-%EL) ™!, whereas Farge
obtained a value of 1.140.4% -(min-%PS)!. Also for dialkyl-Cs-PS only kinetics with
lipid concentrations lower than 6 % were accounted, but the initial slopes did not depend
on the lipid concentration. The highest positive incline of 0.007 £ 0.020 % -(min-%EL)™
was observed for Cg¢-PE at 37°C, in which all kinetics from 0.5% to 2% Cg-PE were
taken into account. For Cg-PC, a lipid that was expected to inhibit endocytosis, the
calculation presented a decline for both temperatures, but it was at 30°C lower and
at 37°C only a little steeper than the decline of Cg-PS at 30°C. Thus, considering the
highest estimated incline, an increase in the bulk flow kinetics of a factor of 1.028 was
found for an addition of 4% Cg-PE, whereas Farge estimated an increase of a factor of
about five for an addition of 4 % Cg-PS.

BHKasct Cells

Up to date, the influence of exogenous lipids on bulk flow endocytosis was only shown
for the suspension cell line K562 (Farge et al., 1999). To determine whether the endo-
cytic activity of other cell lines can also be influenced, the experiments were repeated
using BHKasc cells. This is a cell line with inducible expression of clathrin heavy chain

antisense RNA (Iversen et al., 2001), in which activation of antisense RNA causes an
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inhibition of clathrin heavy chain expression and, hence, clathrin-mediated endocyto-
sis. For the investigation of BFEA in this cell line, only BHKasc™ cells still undergoing
clathrin-mediated endocytosis were used.

First of all, it was tested whether these cells also show a loss of BFEA when they are
incubated on ice. Experiments to quantify the loss of fitness were performed as described
in 4.1.1. Also for this cell line, a loss of fitness with the incubation on ice was found that
was evaluated for the calculation of a calibration curve as described above. The decrease
of activity with time on ice, which also showed a mono-exponential correlation, was at
30°C higher than for K562 cells at 30°C, but similar to the decrease found for K562
cells at 37 °C. For instance, after 45 minutes the activity of BHKasc™ cells was down to
51 % and the activity of K562 cells was reduced to 52 % at 37°C and 68 % at 30°C.

Subsequently, measurements including the addition of exogenous lipids were performed
at 30°C. Figure4.9 demonstrates the results for different amounts of Cg-PS and lyso-
PC in one dimensional scatter plots. This time lyso-PC instead of Cg-PC was chosen
to represent a lipid species that remains on the outer leaflet of the plasma membrane,
because in some cell lines Cg-PC is partially translocated to the inner leaflet (Pomorski
et al., 1999). For BHKasc cells it was not known whether Cg-PC is translocated and by
applying lyso-PC it was assured that the added lipids remain on the outer layer. Al-
though Cg-PS was known to be translocated to the inner leaflet and, hence, was expected
to stimulate endocytosis, all but one value of BFEA at all applied lipid concentrations
were lower than 100 %. After both recording times, 2 and 10 minutes, means of BFEA
were comparable and exhibited a similar trend of a small upward drift with the amount
of added Cg-PS, for instance from 75+ 18 % at 1% Cg-PS to 90+1% at 4% Cg-PS
after 10 minutes. At 2% Cg-PS the changes to 81 7% BFEA after 2 minutes and to
86 + 8 % BFEA after 10 minutes were estimated to be significant with p-values of 0.021
and 0.050, respectively.

Accordingly, when cells were incubated with different amounts of lyso-PC, which is
known to remain on the outer layer of the plasma membrane, all determined values
of BFEA were lower than the activities of control samples. This inhibition of BFEA
increased with the amount of added lyso-PC from 86 +8 % at 1% lyso-PC to 74+ 9%
at 4% lyso-PC after 2 minutes and was significant with p = 0.015 at 2% lyso-PC after
2minutes and for all applied concentrations after 10 minutes of recording the FITC
signal. Means of BFEA, SEM, and p-values for significant changes are summarised in
Table4.4.
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Figure 4.9: Bulk flow endocytic activity (BFEA) of BHKasc*t cells at 30°C. FITC
labelled cells were incubated with various exogenous lipids for 1 min on ice and resulting BFEA
after 2 and 10min of recording was related to control activities (100 %) and corrected with a
fitness factor. The percentage of BFEA of each measurement is illustrated in one dimensional
scatter plots with n in the respective line. Changes were tested for significance with an one
sample t-test (x, p < 0.05).

Table 4.4: Values of bulk flow endocytic activity (BFEA) of BHKasc™t cells. FITC
labelled cells were incubated with either Cg-PS or lyso-PC for 1min on ice and BFEA was
measured at 30 °C. The table presents resulting means and SEM of BFEA in percent [%]. When
changes were significantly different from 100 % activity, also p-values obtained with an one sample
t-test are included in parentheses (p < 0.05).

Ce-PS lyso-PC
2 min 10 min 2 min 10 min
1% | 74+32 75+18 86+ 8 87 +5 (0.020)
2% | 81+ 7(0.021) | 86+ 8 (0.050) | 7449 (0.015) | 81+5 (0.005)
4% | 86+ 2 0+ 1 74+9 78+ 8 (0.049)
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Summarising the influence of exogenous lipids on bulk flow endocytic activity of K562
and BHKasc™ cells investigated following the improved protocol, it could be shown
that BFEA of K562 cells was significantly stimulated by lipids that are known to be
translocated to the inner leaflet of the plasma membrane. In the presence of Cg-PS,
this stimulation was higher and significant at more applied lipid concentrations when
measurements were performed at 30°C instead of 37°C. A significant enhancement of
BFEA of K562 cells could also be shown for the exogenous lipids DLPS and Cg-PE,
whereas dialkyl-Cg-PS seemed to have no influence on the activity under the chosen
conditions. Also an inhibition by lipids known to remain on the outer leaflet of the
plasma membrane was observed, but this significant decrease of BFEA by Cg-PC could
only be shown when 4 % Cg-PC were applied and measurements were performed at 30 °C.
At lower lipid concentrations, Cg-PC had no distinct influence on BFEA.

Additionally, it could also be shown for BHKasc™ cells that BFEA is effected by
exogenous lipids. In contrast to the results for K562 cells, C4-PS had no stimulating but
an inhibiting influence, which was significant when 2 % Cg-PS were present. BFEA was
likewise decreased when lyso-PC was applied. This partial inhibition was significant for
all applied lipid concentrations after 10 minutes of measuring the activity and increased
with the amount of added lipids.

Thus, in addition to the reproduced influence of exogenous Cg-PS and Cg-PE on
BFEA of K562 cells, which was already presented by Farge et al. (1999), it was observed
that BFEA of K562 cells is also effected by other exogenous lipids, namely DLPS and
C¢-PC, and that this influence was significant at certain lipid concentrations. Moreover,
the influence of exogenous lipids on BFEA was supplementary shown for a second cell
line. BFEA of BHKasc™ cells was significantly inhibited in the presence of Cg-PS and
lyso-PC.

4.2.2 Clathrin-Independent Bulk Flow Endocytosis

In addition to the influence of exogenous lipids on bulk flow endocytosis of K562 and
BHKasc™ cells, the effect on clathrin-independent bulk flow endocytosis in different cell
lines was also examined. Clathrin-independent bulk flow endocytic activity (CI-BFEA)
implies the unspecific uptake of cell surface proteins into acidic compartments via all
endocytic pathways aside from the clathrin-mediated pathway. The experiments were

again performed with the spectrofluorometric assay following the improved protocol,
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but for these examinations clathrin-mediated endocytosis of the different cell lines was

inhibited as explained below.

K562 Cells

To inhibit clathrin-mediated endocytosis in K562 cells, cells were treated with chlorpro-
mazine (CPZ) before and while performing the assay. The cationic amphiphilic drug
CPZ abolishes the formation of clathrin-coated endocytic vesicles by interfering with
the interaction between the adapter protein AP-2 and the clathrin-coated pit lattice
(Wang et al., 1993). Before relieving the cells from growth medium, CPZ was added to
a final concentration of 56 uM CPZ followed by an incubation for 30 minutes at 37°C
and 5% CO;. Then the spectrofluorometric assay was executed as before (see clause 3.2;
improved order) but with 56 uM CPZ present in all media and buffers. The inhibi-
tion of the clathrin-mediated endocytic pathway by chlorpromazine differs from cell line
to cell line in a dose dependent manner (Colin et al., 2005). The CPZ concentration
of 56 uM was chosen according to previous studies showing a reduction in the number
of LDL receptors on the cell surface to about 30 % (Wang et al., 1993) and a complete
block of equine arteritis virus entry into BHK-21 cells via clathrin-dependent endocytosis
(Nitschke et al., 2008). Furthermore, at this concentration LDL receptors begin to disap-
pear from the cell surface immediately after cells are exposed to CPZ and the maximum
loss of receptors occurs after an incubation of 30 minutes (Wang et al., 1993). Therefore,
cells were preincubated with CPZ for 30 minutes to ensure the effectual inhibition of
clathrin-mediated endocytosis before labelling the cells with FITC and performing the
subsequent measurements to investigate CI-BFEA of K562 cells.

First of all, the loss of fitness with time cells were stored on ice was estimated as
explained before (see 4.1.1). The obtained calibration curve showed a mono-exponential
loss of fitness which was slightly faster than the fitness decline of untreated cells. For
example, the activity of cells treated with CPZ was decreased to 60 % after 45 minutes on
ice measured at 30°C, whereas the activity of untreated cells was 68 % under the same
conditions. The following values of CI-BFEA were all corrected with a fitness factor
obtained by the calibration curve of the loss of fitness of cells treated with CPZ.

In order to test the effect of chlorpromazine on the endocytic activity of K562 cells,
untreated cell samples (without CPZ) and cell samples treated with CPZ were prepared
at the same time and the endocytic activity was recorded with the spectrofluorometric

assay. This procedure allowed to verify the reduction of bulk flow endocytic activity
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Figure 4.10: Clathrin-independent BFEA (CI-BFEA) of K562 cells at 30 °C. To inhibit
the clathrin-mediated pathway, cells were treated with chlorpromazine and analysed as before.
FITC labelled cells were incubated with exogenous Cg-PC for 1min on ice and the resulting
CI-BFEA after 2 and 10min of recording at 30°C was related to the respective activity of
controls (100 %), which were also treated with chlorpromazine but not incubated with lipids,
and subsequently corrected with the fitness factor. Activities are shown in one dimensional
scatter plots with n given in the respective line. Changes were tested for significance with an
one sample t-test, but inhibitions were not significantly different from 100 % activity (p < 0.05).

when the clathrin-mediated pathway was inhibited. Compared to the activity of un-
treated cells, the endocytic activity of cells treated with CPZ was significantly reduced
to 7T1+7% with p = 0.026 after 2minutes and down to 68 +20% after 10 minutes of

recording, which was measured in three independent experiments.

As illustrated in Figure4.10, the influence of exogenous lipids on the activity of CI-
BFEA was studied by the addition of Cg-PC. The experiments were performed as before
and resulting activities were related to the respective activities of controls, which were
not incubated with exogenous lipids but also treated with CPZ. The addition of 4 %
Cg-PC resulted in a distinct decrease of CI-BFEA. This could be shown in two indepen-
dent setups and the same amount of lipids led to a relatively equal inhibition in both
experiments: 69 % and 79 % after 2 minutes as well as 73 % and 87 % after 10 minutes of
recording. This indicates an inhibition of CI-BFEA of K562 cells by Cg-PC, which seems
to be stronger after 2 than after 10 minutes of measuring endocytic activity. Compared
to the results of BFEA of the same cell line not treated with CPZ, thus still undergoing
clathrin-endocytosis, and determined with the same technique, the inhibition by 4 % of
Cs-PC was lower: 46 7% BFEA (n = 3) compared to 74 +5 % CI-BFEA (n = 2), both
evaluated after 2 minutes. Although the number of independent experiments is very low
for the investigation of CI-BFEA in K562 cells, the low variation of the obtained ac-
tivities suggest some confidence of this result, which indicates a distinct inhibition of
CI-BFEA of K562 cells by exogenous Cg-PC, which was lower than the inhibition of
BFEA of K562 cells at the same amount of exogenous Cg-PC.
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BHKasc Cells

The influence of exogenous lipids on clathrin-independent bulk flow endocytosis was ver-
ified with BHKasc cells, this time using BHKasc™ cells. In BHKasc cells the expression of
clathrin heavy chain antisense RNA can be induced by removing tetracycline (TET) from
the growth medium leading to the inhibition of clathrin-mediated endocytosis (Iversen
et al., 2001; Ter-Avetisyan et al., 2009). After 18 hours of induction of this expression,
the internalisation of transferrin was shown to be inhibited by about 90 % (Iversen et al.,
2003). Thus, TET was removed from growth medium 18 to 20 hours before experiments
were started and CI-BFEA of BHKasc™ cells expressing clathrin heavy chain antisense
RNA and, hence, not undergoing clathrin-mediated endocytosis was analysed as before,

but lacking tetracycline in all applied media and buffers.

Also BHKasc™ cells showed a loss of fitness with time cells were incubated on ice,
which was faster than the fitness reduction of BHKasc™ cells, which are still undergoing
clathrin-mediated endocytosis. For instance, after 30 minutes on ice, endocytic activity
of BHKasc™ cells was reduced to 55 %, whereas the activity of BHKasc™ cells was still

at 65 % of control activity when measurements were executed at 30 °C.

To be able to compare the bulk flow endocytic activity of BHKasc cells either still un-
dergoing clathrin-mediated endocytosis, namely BHKasc™ cells, or lacking the clathrin-
mediated pathway, i.e. BHKasc™ cells, the same passage of BHKasc™ cells was seeded
out into two different culture flasks. Then, TET had been removed from one of the
two flasks 18 to 20 hours before the experiment was started. Following, both forms of
BHKasc cells, BHKasct and BHKasc™ cells, were biotinylated and labelled in the same
experimental setup, but all media and buffers comprising and lacking TET, respectively.
After measuring BFEA of BHKasc™ cells and CI-BFEA of BHKasc™ cells as previously
described, the values of activity were corrected with the fitness factor obtained for the
respective form of BHKasc cells. Then, BFEA values of BHKasc™t cells were related
to CI-BFEA values of BHKasc™ cells, resulting in 98 422 % after 2 minutes of measur-
ing. This was obtained in 10 independent experiments, indicating that the amount of
unspecifically internalised FITC into acidified endocytic vesicles was not significantly
different in BHKasc™ cells, which were undergoing clathrin-mediated endocytosis, and

in BHKasc™ cells, in which clathrin-mediated endocytosis was inhibited.

Subsequently, the influence of exogenous lipids on CI-BFEA of BHKasc™ cells was

quantified as explained before and is illustrated in Figure4.11 presenting the percentage
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Figure 4.11: Activity of clathrin-independent bulk flow endocytosis (CI-BFEA) of
BHKasc™ cells at 30 °C. FITC labelled cells were incubated with different amounts of either
Cg-PS or lyso-PC for 1 min on ice, the resulting CI-BFEA after 2 and 10 min of recording at 30 °C
was related to the respective activity of controls (100 %) and subsequently corrected with the
fitness factor. The percentage of CI-BFEA is plotted for each measurement in one dimensional
scatter plots with the number of independent experimentsn in the respective line. Changes
were tested for significance with an one sample t-test, but none of the changes was significantly
different from 100 % activity (p < 0.05).

of CI-BFEA for each measurement in one dimensional scatter plots. When cells were
incubated with different amounts of Cg-PS, the resulting values of CI-BFEA varied
around 100 % activity. Although there was a slight upward trend from 97 +24% to
114 +39 % CI-BFEA after 2 minutes of recording, when cells were incubated with 1%
and 2% of Cg-PS, respectively, the changes were not significant and the variation was
increasing with the amount of added lipids. When 4 % Cg-PS were applied, the activity
diminished to a mean of 94 4+ 15 % after 2 minutes of recording. All together, the means

of CI-BFEA were very similar after 2 and 10 minutes of recording the FITC signal.

In contrast to the clear and mainly significant inhibition of BFEA in BHKasc™ cells by
lyso-PC, CI-BFEA in BHKasc™ cells was not inhibited by the addition of lyso-PC. The
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Table 4.5: Values of clathrin-independent bulk flow endocytic activity (CI-BFEA)
of BHKasc™ cells. FITC labelled cells were incubated with either Cg-PS or lyso-PC for 1 min
on ice and CI-BFEA was determined at 30°C. The table shows resulting means and SEM of
CI-BFEA in percent [%]. Changes were tested for significance at the 0.05 level with an one
sample t-test, but none of the changes was significantly different from 100 %.

Ce-PS lyso-PC
2 min 10 min 2 min 10 min
0.5% - - 96 +£ 19 | 100 £ 32
1% 97 + 24 97 + 24 91 + 17 97 £ 10
2% | 114 +£39 | 113+ 25 | 135 + 36 | 137 + 26
4% 94 £+ 15 93+ 5 85 + 17 93 + 12

determined values of CI-BFEA varied around 100 % for each but one applied concentra-
tion of exogenous lyso-PC. Surprisingly, at a concentration of 2 % lyso-PC the activities
increased to means around 135 % after both recording times, although at lower and
higher concentrations of lyso-PC the means were somewhat less than 100 %. Clathrin-
independent bulk flow endocytic activity of BHKasc™ cells in the presence of exogenous
Ce-PS and lyso-PC is summarised in Table4.5 giving means and SEM. These results
indicate that, contrary to the observations for BFEA of BHKasc™ cells and CI-BFEA
of K562 cells, CI-BFEA of BHKasc™ cells is most likely not influenced by the applied

exogenous lipids.

Summarising the results of the influence of exogenous lipids on CI-BFEA of the two
investigated cell lines, it could be shown that also CI-BFEA of K562 cells is influenced by
exogenous lipids. It is decreased in the presence of exogenous Cg-PC and this inhibition
was lower than the inhibition of BFEA of K562 cells by the same exogenous lipid at the
same concentration. Contrary to the results for BFEA of BHKasc™ cells, CI-BFEA of
BHKasc™ cells is most likely not influenced by the exogenous lipids Cg-PS and lyso-PC.

4.2.3 Clathrin-Mediated Endocytosis

As clathrin-mediated endocytosis is the best characterised endocytic pathway and many
proteins involved and able to induce membrane curvature are known, it was of particular
interest to check the influence of exogenous lipids on this pathway. For the examination,
the spectrofluorometric assay was slightly changed as defined in clause 3.3. Briefly, in-

stead of unspecifically labelling cell surface proteins with FITC, transferrin conjugated
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to FITC was used to specifically follow the uptake via clathrin-mediated endocytosis
based on the pH sensitivity of FITC and the acidification of early endosomes. Incuba-
tion with exogenous lipids, spectrofluorometric measurements of the FITC signal, and
analyses of the clathrin-mediated endocytic activity (CMEA) were performed as before

following the improved protocol.

K562 Cells

At first, the influence of exogenous lipid on CMEA was investigated in K562 cells. For the
standardisation and to be able to compare different measurements with each other, the
fitness reduction of CMEA with time samples were stored on ice was quantified. Here,
the resulting mono-exponential decay with time was slower than in the measurements of
bulk flow endocytosis. When CMEA was recorded at 30 °C, the activity after 60 minutes
was still 94 % for clathrin-mediated endocytosis, whereas it was only 59 % for bulk flow
endocytosis after the same time and at the same temperature.

Subsequently, the change in CMEA in the presence of exogenous lipids was quantified
as before, including the correction of CMEA values by a fitness factor, and is illustrated
in Figure4.12, which presents the percentage of CMEA for each measurement in one
dimensional scatter plots with the number of independent experiments n in the respective
line. The addition of short chain PC caused a significant inhibition after 2 minutes of
recording the FITC signal at both applied lipid concentrations, 2% as well as 4 % Cg-
PC. At 2% Cg-PC the mean of CMEA after 2 minutes was 824 1% with a p-value of

after 2 min after 10 min
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Figure 4.12: Clathrin-mediated endocytic activity (CMEA) of K562 cells at 30 °C.
Cells were labelled with transferrin-FITC, incubated with exogenous Cg-PC for 1 min on ice, and
CMEA was spectrofluorometrically analysed. The percentage of CMEA of each measurement is
presented in one dimensional scatter plots with n in the respective line. Changes were tested for
significance with an one sample t-test (x, p < 0.05).
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0.017 and at 4% Cg-PC the mean was 69+ 15% with a p-value of 0.040, suggesting
an increasing inhibition of CMEA with the amount of added Cg-PC. After 10 minutes
of recording, the inhibition was smaller and not significant, but the means were also
decreasing with the amount of added lipids: 96 +2% at 2% C¢-PC and 92+ 15% at
4% Cg-PC. This was shown in two independent experiments for 2% Cg-PC and in
four experiments for 4% Cg-PC. Thus, these results showed an inhibiting influence of
exogenous Cg-PC on CMEA of K562 cells. As for BFEA of K562 cells, the obtained
values showed the following trend: an increasing inhibition of activity with the amount of
added exogenous lipids, which is distinctly stronger after 2 minutes than after 10 minutes

of measuring the fluorescence signal.

BHKasc Cells

To underline the results for the influence of exogenous lipids on clathrin-mediated endo-
cytosis in K562 cells, the effect of exogenous lipids on CMEA of a second cell line was
tested. This time BHKasc™ cells, still undergoing clathrin-mediated endocytosis, as well
as BHKasc™ cells, in which clathrin-mediated endocytosis is inhibited, were used. By
using both, BHKasc™ and BHKasc™ cells, the effectual inhibition of clathrin-mediated
endocytosis in BHKasc™ cells could additionally be determined. As before, at first the
influence of the time cell samples were stored on ice on the activity of control samples
was determined. For this purpose, BHKasct as well as BHKasc™ cells from the same
cell passage were prepared in the same experimental setup (see 4.2.2), incubated with
transferrin-FITC, and clathrin-mediated activity was measured by spectrofluorometry
in the absence of exogenous lipids.

Surprisingly, quantification showed that BHKasc™ cells had about the same extent of
CMEA as obtained for BHKasc™ cells. Therefore, the effectual inhibition of clathrin-
mediated endocytosis in BHKasc™ cells was visually tested by fluorescence microscopy.
BHKasc™ and BHKasc™ cells were incubated with transferrin conjugated to tetramethyl-
6-rhodamine (Tf-TMR) for 20 minutes at 37 °C and 5 % COz and then rapidly transferred
to ice to stop the uptake of tracers. After washing the labelled cells, microscopic images
were taken to visualise the uptake of T{-TMR. Since BHKasc cells grow in adherent
layers and need to be detached for measurements with the spectrofluorometric assay,
the visualisation of transferrin uptake was performed not only for adherent but also
for detached BHKasc cells. The images of BHKasc™ and BHKasc™ cells labelled with

Tf-TMR in either adherent culture or in suspension are shown in Figure4.13. When
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adherent detached

Figure 4.13: Transferrin uptake of adherent and detached BHKasc cells. BHKasc™ and
BHKasc™ were grown either in adherent culture or in suspension and incubated with transferrin
conjugated to TMR for 20 min at 37°C and 5% CO;. When adherent cells were examined,
labelled transferrin was taken up into the cell in BHKasc™ cells but remained attached to the
plasma membrane in BHKasc™ cells, what clearly showed the inhibition of clathrin-mediated
endocytosis in BHKasc™ cells. In contrast, when cells were detached before incubated with
transferrin, tracers were taken up in BHKasct as well as in BHKasc™ cells.

adherent cells were incubated with Tf-TMR, inner compartments of BHKasc™ cells were
labelled, whereas in BHKasc™ cells TMR-labelled transferrin remained attached to the
plasma membrane and was not taken up into cells. This showed clearly the clathrin-
mediated uptake of TE-TMR into BHKasc™ cells and the inhibition of clathrin-mediated
endocytosis in BHKasc™ cells when cells were grown in adherent cultures. In contrast
to these observations in adherently growing cells, the inhibition of clathrin-mediated
endocytosis in BHKasc™ cells did not work when cells were detached before incubated
with Tf-TMR as done for the spectrofluorometric assay. When cells were in suspension,
inner compartments of cells were labelled by Tf~-TMR in BHKasc™ as well as in BHKasc™
cells and no visual difference of transferrin uptake between BHKasc™ and BHKasc™ cells

could be observed.

As discussed in the introduction, cells most likely adapt the extent of specific endo-
cytic pathways to their cellular and environmental conditions. The microscopic images
of detached BHKasc cells illustrated that the inhibition of clathrin-mediated endocyto-
sis in BHKasc™ cells is not assured when adherently growing cells were detached for the
measurements in the spectrofluorometric assay. To avoid the investigation of specific
receptor-mediated pathways in cells that may have adapted the regulation of endocytic
pathways due to their treatment, another technique was chosen to analyse clathrin-
mediated endocytosis in BHKasc cells. For flow cytometric analyses the cells can be

kept in adherent cultures during the incubation with labelled transferrin to specifically
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follow clathrin-mediated endocytosis and need to be detached for the cytometric mea-
surements only at the very end of the assay. At this time point, the quantitative uptake
of transferrin is already stopped by transferring the samples on ice. Subsequently, the
remaining transferrin is detached from the cell surface before the detachment of cells,
which assures that labelled transferrin cannot be taken up due to altered endocytic

activities (for detailed description see clause 3.4).

For this flow cytometric assay, it was first tested whether different samples could
be compared with each other. Therefore, several control samples without the addition
of exogenous lipids were prepared in the same experimental setup as follows: labelled
transferrin was added to cell samples followed by an incubation for definite intervals
at 37°C and 5% COs. After the incubation, remaining label on the cell surface was
detached by an acidic wash and clathrin-mediated endocytic activity at different time
points was analysed by flow cytometric quantification of intracellular fluorescence inten-
sities. Figure4.14 A demonstrates typical kinetics of intracellular fluorescence intensities
as a measure of CMEA plotted against time of label incubation at 37°C. Illustrated
is one out of four independent experiments with BHKasc™ cells giving an example for
the very low variation and good reproducibility of control samples. The same was ob-
tained for BHKasc™ cells in two independent experiments. Taken together, the relation
of CMEA of control samples to each other, in which the activity of the first sample was
set as 100 %, resulted in a variation of controls of 100+ 2 % after 2 minutes, 100 +3 %
after 5minutes, 100 =3 % after 10 minutes, 100 +2 % after 20 minutes, and 10043 %
after 30 minutes of cell incubation with labelled transferrin. This assured that different
samples, prepared in the same experimental setup, were remarkable well comparable

without considering, for instance, a loss of fitness with time samples are stored on ice.

As a next step, the inhibition of clathrin-mediated endocytosis in BHKasc™ cells was
verified by relating the activity of BHKasc™ control samples to the activity of BHKasc™
control samples prepared in the same setup. It could be shown that CMEA of BHKasc
cells was significantly reduced to a mean of 55411 % with p = 0.031 after 2 minutes
and to 87+ 1% with p = 0.004 after 20 minutes when BHKasc™ cells were cultured
in the absence of tetracycline for 18 hours. This was evaluated in three independent
experiments. In other studies, the transferrin internalisation of this cell line was shown
to be inhibited by 90 % after 18 hours of antisense RNA expression (Iversen et al., 2003).
Compared to that, the inhibition of clathrin-mediated endocytosis in BHKasc™ cells

determined in the actual study was, although significant, distinctly lower.
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Figure 4.14: Typical kinetics of clathrin-mediated endocytic activity (CMEA) of
BHKasc™T cells obtained in flow cytometric measurements. BHKasc™ cells were incu-
bated with either only labelled transferrin (controls) or a mixture of labelled transferrin and
exogenous lipids for definite times at 37 °C. After the detachment of remaining transferrin from
the cell surface, endocytosed transferrin was quantified by flow cytometry. Intracellular fluores-
cence intensities as a measure of CMEA are plotted against time of label incubation at 37°C. A:
The comparison of two kinetics of controls prepared in the same experimental setup exemplarily
illustrates the very low variation and good reproducibility of samples. B: Typical kinetics are
giving examples for the influence of exogenous lipids, in this case lyso-PC, on CMEA of BHKasc™
cells. For complete results see Fig. 4.15.

Subsequently, the influence of exogenous lipids on clathrin-mediated endocytosis in
BHKasc™ as well as in BHKasc™ cells was quantified by the incubation of cells with ex-
ogenous lipids. Different amounts of either Cg-PS, Cg-PC, or lyso-PC were added to the
cell samples together with labelled transferrin, incubated for definite intervals at 37°C,
and intracellular fluorescence intensities were quantified by flow cytometry. In each
independent experimental setup, a control sample was prepared together with samples
containing exogenous lipids and, for subsequent analysis, intensities of samples incubated
with lipids were related to intensities of control samples which were set as 100 %. In Fig-
ure 4.14 B kinetics of a control sample and a sample incubated with exogenous lipids, in
this case lyso-PC, which were prepared in the same experimental setup, illustrate the
influence of exogenous lyso-PC on CMEA of BHKasc™ cells. This single experiment
shows that lyso-PC inhibited CMEA at all evaluated time points. Statistical analysis
of further experiments with different exogenous lipids is presented in Figure 4.15 in one
dimensional scatter plots with the number of independent experimentsn in the respec-

tive line. Here, values of time points after 2 minutes and 10 minutes incubation represent
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the influence of the specific exogenous lipid on values of CMEA at all investigated time
points.

In the presence of 4 % Cg-PS, which is thought to be translocated to the inner leaflet
of the plasma membrane, the resulting CMEA of BHKasc™ cells was decreased to 52 %
after 2minutes and down to 93 % after 10 minutes. This was consistent with the ob-
servation for the influence of C¢-PS on bulk flow endocytic activity in BHKasc™ cells.
BFEA of BHKasc™ cells was as well decreased by the addition of Cg-PS and this inhi-
bition was significantly different from 100 % activity when 2% Cg-PS were applied (see
Fig. 4.9). Although the decrease of CMEA in BHKasc™ cells could be shown in only one
experiment, this finding can be confirmed by comparing the result with the influence of
Ce-PS on BFEA of the same cells, which also showed an inhibiting influence of Cg-PS
on the respective endocytic activity.

In a like manner, at the same amount of Cg-PS, CMEA of BHKasc™ cells was reduced
to 76 % after 2minutes and to 86 % after 10 minutes. Interestingly, a lower amount of
Cg-PS, namely 1%, added to the cells 10 minutes before labelled transferrin was applied,
caused a lower inhibition: 83 % after 2 minutes and 88 % after 10 minutes. Although the
number of experiments was again not sufficient for statistical analysis, the finding of
an inhibition in two independent experiments and the very low variation of this assay
suggest that an inhibition of CMEA of BHKasc™ cells by exogenous Cg-PS is very likely.
This inhibitory effect of Cg-PS on CMEA of BHKasc™ cells was not in accordance with
the results for CI-BFEA in BHKasc™ cells. The influence of Cg-PS on CI-BFEA was
fluctuating between stimulation and inhibition of activity and showed a high variation
(see Fig.4.11). Here, it must be pointed out that measurements for CI-BFEA were
performed with detached cells whereas the experiments for CMEA were carried out with
adherent BHKasc™ cells. Thus, the results are in all likelihood not comparable due to

differing endocytic activities of adherent and detached BHKasc™ cells.

Since Cg-PC was shown to be partially translocated to the inner leaflet of some cell
lines (Pomorski et al., 1999), it was not known whether Cg-PC remains on the outer
monolayer of BHKasc cells, as it is the case for K562 cells, or is either partially or
completely translocated to the inner leaflet. However, when 4 % of Cg-PC were added to
BHKasc™T cells, the determined activities were reduced to 84 +5 % after 2 minutes and
to 91 +£6 % after 10 minutes, which was shown in two independent experiments. This
indicates that Cg-PC, which significantly inhibited CMEA of K562 cells (see Fig.4.12),
had also an inhibitory effect on CMEA of BHKasc™ cells.
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Figure 4.15: Clathrin-mediated endocytic activity (CMEA) of BHKasc cells at 37 °C.
BHKasct or BHKasc™ cells were incubated with a mixture of labelled transferrin and exogenous
lipids and resulting CMEA after 2 and 10 min of incubation with transferrin was analysed by
flow cytometry and related to the activity of control samples, which were prepared in the same
setup and set as 100 % activity. The percentage of CMEA is plotted for each measurement in
one dimensional scatter plots with the number of independent experimentsn in the respective
line. Changes were tested for significance at the 0.05 level with an one sample t-test, but none
of the changes was significantly different from 100 %. (#) Indicated time (10 min) corresponds to
incubation of cells with lipids at 37°C before transferrin was added. When no times are given,
lipid and transferrin addition was simultaneous.
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Furthermore, in the presence of lyso-PC, a lipid that remains on the outer layer,
the resulting CMEA of BHKasc™ cells was decreased at both applied lipid concentra-
tions. At 4% lyso-PC, CMEA was reduced to 94 % after 2 minutes and to 93 % after
10 minutes, and at 8 % lyso-PC, CMEA was down to 78 % after 2 minutes and to 80 %
after 10 minutes. For comparison, in the presence of lyso-PC, BFEA of BHKasc™ cells
was also inhibited at all tested lipid concentrations and nearly all changes were signifi-
cantly different from 100 % activity (see Fig.4.9). Thus, the finding of an inhibition of
CMEA in two independent experiments, the increasing inhibition with higher lipid con-
centrations, and the low variation of this assay suggest that lyso-PC had an inhibitory
effect on CMEA of BHKasc™ cells as it had on BFEA of BHKasc™ cells.

Hep2 Cells

As a third cell line, Hep2 cells were chosen to investigate the influence of exogenous
lipids on clathrin-mediated endocytosis. CMEA of this cell line was also quantified by
flow cytometry and, at first, the variation of control samples was determined to ensure
the comparability of different samples. As for BHKasc cells, control samples without
exogenous lipids were prepared in the same experimental setup and obtained CMEA
values of different control samples were related to each other. Also here, the variation
was found to be very low. After 2 minutes of incubation with labelled transferrin at 37 °C,
control samples showed an activity of 98 £ 2 % and, after 20 minutes, control activity was
99 + 1 %, which was obtained in two independent experiments.

In order to test the influence of exogenous lipids on CMEA of Hep2 cells, different
amounts of either Cg-PS or lyso-PC were added to the cell samples and activities were
quantified as explained above. Resulting CMEA values are illustrated in Figure4.16
presenting one dimensional scatter plots with the number of independent experimentsn
in the respective line. Changes were tested for significance with an one sample t-test at
the 0.05 level, but none of the changes was significantly different from 100 %.

When either 4% or 8% of Cg-PS, which is thought to be translocated to the inner
leaflet of the plasma membrane, were added to the cells, each but one value of CMEA was
higher than 100 %. At 4% of Cg-PS, the activity was with 95% CMEA after 2 minutes
slightly decreased but still in the range of control activity and enhanced to 107 % CMEA
after 10 minutes. At 8 % of Cg-PS, resulting means were enhanced to 124 +2 % CMEA
after 2minutes and 126 £9 % CMEA after 10 minutes. This was obtained in two in-

dependent experiments. So far, the influence of exogenous lipids on endocytic activity
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Figure 4.16: Clathrin-mediated endocytic activity (CMEA) of Hep2 cells at 37 °C.
Hep2 cells were incubated with a mixture of labelled transferrin and exogenous lipids and re-
sulting CMEA after 2 and 10 min of incubation with transferrin was analysed by flow cytometry
and related to the activity of control samples, which were prepared in the same setup and set
as 100 %.The percentage of CMEA is plotted for each measurement in one dimensional scatter
plots with n in the respective line. Changes were tested for significance at the 0.05 level with an
one sample t-test, but none of the changes was significantly different from 100 %.

of Hep2 cells has not been studied, therefore, these preliminary results cannot be com-
pared to other findings, and the number of independent experiments is comparatively
small. However, due to the very low variation of the flow cytometric assay and the
observation, that CMEA values were increased at each but one reading point and that
the enhancement was increasing with the amount of added Cg-PS, these results suggest

an enhancement of CMEA of Hep2 cells by exogenous Cg-PS.

As for the investigations of bulk flow endocytic activity of BHKasc™ cells, lyso-PC
instead of Cg-PC was chosen to represent a lipid species that remains on the outer leaflet
of the plasma membrane, since it was also not known whether Cg-PC remains on the
outer monolayer of Hep2 cells or is either partially or completely translocated to the
inner leaflet. However, when cells were incubated with 4 % of lyso-PC, CMEA values
were lower than 100% activity at all reading points, for instance 82% CMEA after
2minutes and 85 % CMEA after 10 minutes incubation. As above, this result cannot
be compared to other findings and the inhibition by lyso-PC was shown in only one
experiment. Here again, the very low variation of the used flow cytometric assay and
the fact, that the inhibiting influence of lyso-PC was obtained for all of the five reading

points, suggest some confidence of this preliminary result.
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In conclusion, an influence of exogenous lipids on clathrin-mediated endocytic activ-
ity of three different cell lines could be shown using either a spectrofluorometric assay
for the investigation of K562 cells or a flow cytometric assay for the measurements
with BHKasc™, BHKasc™, and Hep2 cells. K562 cells clearly showed an inhibition of
CMEA when exogenous Cg-PC was present, which was stronger after 2 minutes than af-
ter 10 minutes of measuring and lower than the inhibition of BFEA of K562 cells at the
same concentration of Cg-PC obtained with the same technique. In line with the results
for BFEA of BHKasc™ cells, also CMEA of BHKasc™ cells was decreased in the presence
of Cg-PS as well as when lyso-PC was applied. Furthermore, CMEA of BHKasc™ cells
was also decreased when Cg-PC was added to the cells and this inhibition was slightly
stronger than the inhibition by the same amount of lyso-PC. In contrast to the results of
CI-BFEA of BHKasc™ cells, the results indicated an inhibition of CMEA of BHKasc™ cells
by Cg-PS, but this was obtained with two different techniques. For the investigations
of CI-BFEA, BHKasc™ cells were detached before the experiments were started, whereas
for the analysis of CMEA BHKasc™ cells were still adherent while taking up the labelled
transferrin. The inhibition of CMEA of BHKasc™ cells seemed to be less strong than
the inhibition of BHKasc™ cells by the same amount of Cg-PS, which was obtained with
the same technique. Also for the third investigated cell line, Hep2 cells, it was shown
that CMEA was affected by the addition of exogenous lipids. These preliminary results
indicate an enhancing effect of Cg-PS and an inhibiting influence of lyso-PC on CMEA
of Hep2 cells.
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CHAPTER 5

Discussion

Most studies to elucidate endocytic mechanisms have focused on involved proteins which
are thought to be in control of cargo recruitment, pathway regulation, as well as the
generation of high local curvature for the formation of endocytic vesicles out of a com-
parably flat plasma membrane (Mayor and Pagano, 2007; Sandvig et al., 2008; Doherty
and McMahon, 2009). Structural properties of the plasma membrane, which needs to be
shaped into endocytic invaginations, have been largely pursued with less attention and,
hence, the role of membrane lipids composing the bilayer structure of plasma membranes
may have been underestimated. In this regard, the present study aimed at investigat-
ing the influence of plasma membrane structural properties, which were altered by the
addition of exogenous lipids, on the activity of endocytosis in living cells. For this
purpose, the activity of bulk flow endocytosis either in- or excluding clathrin-mediated
endocytic activity and clathrin-mediated endocytic activity by itself were determined in
different cell lines. To be able to rigorously quantify the respective endocytic activity
of living cells incubated with exogenously added lipids, activities were either monitored
with a spectrofluorometric assay as originally established by Farge et al. (1999) or the

internalisation of fluorescently labelled proteins was quantified by flow cytometry.

With the first assay, Farge and collaborators were able to qualitatively show the stim-
ulation of bulk flow endocytosis in K562 cells by the addition of exogenous short chain
phosphatidylserine (PS) or -ethanolamine (PE) as well as partially inhibited endocytosis
by applying lyso-PS or cholesterol derivatives. Although following exactly the protocol
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as described by Farge et al. (1999), the first experiments of the present study did not
reproduce the enhancement of bulk flow endocytosis in K562 cells by the addition of
exogenous short chain PS as shown by Farge et al. (1999). Thus, in the first part of this
work the spectrofluorometric assay was successfully improved as represented in the first
part of the previous chapter (see clause4.1). These results will be discussed in the fol-
lowing clause with an concluding comparison of the two assays used in the present work.
Subsequently, the improved spectrofluorometric as well as the flow cytometric assay were
used to quantify changes of endocytic activity due to altered structural properties of the
plasma membrane. Based on the previously presented results of these examinations (see
clause 4.2), the influence of exogenous lipids on endocytic pathways of different cell lines

will be discussed in the subsequent clauses of the present chapter.

5.1 Quantification of Endocytosis with the Spectrofluorometric
Assay

5.1.1 Cells Loosing Their Fitness While Incubated on Ice

When the activity of bulk flow endocytosis in K562 cells was monitored with the spec-
trofluorometric assay, the first examinations could not show an enhancement by the
addition of exogenous Cg-PS as presented in Farge et al. (1999). Instead, it was found
that endocytic activity of cells showed a decrease with time cell samples were stored
on ice during spectrofluorometric measurements, which originated a varying influence of
exogenous lipids depending on the sequence of analysed samples. In order to achieve
comparability of different measurements irrespective of the sequence of analyses, the
spectrofluorometric assay was improved as follows: decreases of cell fitness with incuba-
tions on ice were exactly quantified gaining a fitness factor for the correction of endocytic
activity values. However, also the correction of values by this fitness factor did not result
in a consistent enhancement of endocytosis by the addition of Cg-PS (see Fig.4.4) as
shown by Farge et al. (1999).

Farge and coworkers did not take into account this reduction of activity with the
incubation of cells on ice, but they always followed a specific sequence of measurements:
first the sample of control cells was recorded and afterwards the sample with exogenous
lipids (Emmanuel Farge, Curie Institute, Paris; personal communication). Assuming

that their experiments held the same decrease of activity during time samples were
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stored on ice, the enhancement of endocytic activity, when Cg-PS or Cg-PE were applied,
would even be higher than estimated by Farge et al. (1999). In contrast, the inhibition
of endocytosis, when lyso-PS or poly(ethylene)so-glycol-cholesterol was added, would be
lower, because part of the decrease would be due to the reduction of activity with the

incubation on ice.

5.1.2 Influence of Label Concentration

Discussing these results with Emmanuel Farge, he suggested another possible explana-
tion for the missing influence of Cg-PS in the present study. In his hands, the con-
centration of biotin during the biotinylation of cells was essential for the sensitivity in
measuring endocytosis. Concentrating biotin too high could lead to a dequenching of
fluorophors, which is associated to their dilution, and therefore compensate the pH-
depending quenching effect during acidification of early endosomes. Interestingly, the
concentrations applied by him (4 mg/ml biotin and 15 pg/ml streptadivin-FITC; Farge
et al., 1999) were even higher than the concentrations recommended by the company
(1 mg/ml biotin and 10 ug/ml streptadivin-FITC; http://www.perbio.com). However,
experiments were then repeated using the higher concentrations as applied by Farge.
First, the reduction of endocytic activity with time samples were incubated on ice was
again precisely analysed. The resulting exponential decay was comparable to the de-
crease obtained in experiments using concentrations recommended by the company (see
Fig.4.5A). Also the absolute extent of endocytic activity was not distinctly different
at both concentrations. This indicates that higher label concentrations did not lead
to a self-quenching of fluorophors on the cell surface. Subsequently, the measurements
of endocytic activity of cells incubated with exogenous lipids were repeated using the
higher label concentrations. This again did not result in a stimulating effect on endocytic
activity of K562 cells when Cg-PS was added (see Fig. 4.5 B), suggesting that the appli-
cation of higher label concentrations had, in the range of the applied concentrations, no

influence on the determination of bulk flow endocytic activity.

5.1.3 Influence of Lipid Incubation and Temperature

As a further step to improve the assay, the sequence of cell incubation with lipids and
cell labelling with FITC was inverted. When the assay was performed as outlined in

Farge et al. (1999), the total incubation of cells with exogenously added lipids had
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been nearly 2 hours before the first measurement was started: 15 or 30 minutes at 37 °C
followed by about 75 minutes on ice. For further samples, it was even longer considering
the time samples were stored on ice while the FITC signal of previous samples was
recorded. Great care should be taken when cells are incubated with exogenous lipids
for such long times. After incubations like this, the majority of exogenously added
phospholipids is most likely not present anymore in the plasma membrane but released
into other compartments within the cell. For NBD-labelled short chain PS, it could
clearly be shown in microscopic studies that, directly after the addition of lipids and
after an incubation of 30 minutes at 4 °C, the majority of label was still present in the
plasma membrane of K562 cells. However, after an incubation for 30 minutes at 37°C,
the fluorophors were dispersed in the whole cell and staining of the plasma membrane
was strongly reduced (see Fig. 4.6).

To bypass long incubations of cells with exogenous lipids, the spectrofluorometric assay
was modified by inverting the sequence of cell incubation with lipids and cell labelling
with FITC, which resulted in a highly reduced incubation period of cells with lipids at
low temperatures. On the one hand, this created the detraction that the incubation
of cells with exogenous lipids could only be performed below 10°C, because above this
temperature cells undergo endocytosis (Cribier et al., 1993) and therefore FITC-labelled
surface proteins as well as exogenous lipids could be internalised into the cell before
measurements were started. On the other hand, this assured that exceeding incubation
times could be avoided and the majority of exogenously added lipids was still present in

the plasma membrane when measurements were started.

Repeating the experiments with different amounts of various exogenous lipids in the
inverted sequence of the assay, a significant influence of exogenous lipids on bulk flow
endocytic activity of K562 cells could be obtained, which will be discussed in detail in
the following (see5.3.1).

Compared to the results of Farge et al. (1999), determined when cells were incubated
with exogenous Cg-PS for 30 minutes at 37°C before subsequent labelling on ice, the
stimulation or inhibition of endocytic activity obtained in the present study was lower,
especially at high concentrations of exogenous Cg¢-PS. The highest endocytic activity in
the presence of Cg-PS was observed when a concentration of 1% Cg-PS was applied:
the resulting endocytic activity was around 1.8 times higher than the activity of control
cells. However, the stimulation diminished with increasing amounts of added Cg-PS to

1.4 fold at 4% Cg-PS. For comparison, Farge et al. (1999) found an equal stimulation
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of about 1.7 fold at 1% Cg-PS, but in his study the stimulation was further increasing
with ascending amounts of lipids to about 4 fold at 4 % Cg-PS. This stimulating influence
was explained by the changes of surface area relations in the plasma membrane due to
the addition of exogenous lipids. As mentioned above, Farge and coworkers did not
consider the decrease of activity with time samples were stored on ice. Assuming the
same decrease as found in the present study, the stimulation estimated by him would
even be higher. In contrast to the interpretation by Farge et al. (1999), it could be
shown in the present study that the majority of exogenously added Cg-PS, after an
incubation for 30 minutes at 37 °C, is not anymore present in the plasma membrane of
K562 cells. This means that the majority of exogenously added lipids, or at least a large
amount, cannot account for an increased surface area of one of the two layers, because
most likely they are already released into the cell after such a long incubation. Thus,
the strong influence of exogenous phospholipids on endocytic activity obtained by Farge
et al. (1999) can only partly be explained by an alteration of surface areas of the two

monolayers composing the plasma membrane bilayer.

Another possible explanation for a stimulating effect of exogenously added aminophos-
pholipids on endocytosis, which may supplementary enhances endocytosis, is a specific
activation of endocytosis due to the modified lipid composition of the plasma membrane.
The plasma membrane of mammalian cells consists of about 15 % PS related to the total
phospholipid amount of the plasma membrane (van Meer et al., 2008) and an addition
of 4% exogenous Cg-PS increases this amount to nearly 20%. Moreover, when PS is
exogenously added, it first incorporates into the outer leaflet of the plasma membrane.
Cells need to avoid the exposure of PS on the cell surface for several reasons, for instance
because it acts as a susceptibility signal for phagocytosis (Balasubramanian and Schroit,
2003; Fadok et al., 1992). As outlined in the introduction, cells are able to regulate the
activity of endocytic pathways for the adaptation to specific conditions. Thus, it is most
likely that the increased amount of PS in both leaflets and especially in the outer layer
of the plasma membrane leads to specific mechanisms in order to retrieve a noncritical
lipid composition of the plasma membrane. By the internalisation of parts of the plasma
membrane and the subsequent sorting and/or degradation of PS, cells can achieve back

the normal lipid composition.

Interestingly, data obtained in the present study suggest that the upregulation of
bulk flow endocytic activity as a consequence of modified lipid composition takes at

least 15 minutes at a temperature of 37°C. When bulk flow endocytic activity of K562
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cells was determined in the unimproved sequence of the assay with a preincubation of
cells with lipids at 37°C, a difference in the change of endocytic activity for different
incubation times was obtained. The cells were incubated with lipids either for 15 or
30 minutes at 37°C and the resulting change of endocytic activity was not significantly
different from 100 % control activity for both incubation times (see Fig.4.4). When cells
were incubated with lipids for 15 minutes, all values varied around 80 % activity and the
variation was, compared to the values obtained for an incubation of 30 minutes, very low.
In contrast, when cells were incubated with Cg-PS for 30 minutes at 37 °C, the variation
was very high and with increasing amounts of exogenous lipids most values of bulk flow
endocytic activity were higher than 100 % up to more than 200% in the presence of
6 % Cg-PS. This suggests that the specific mechanisms of cells which are triggered due
to high concentrations of Cg-PS in the plasma membrane may include a subsequent
upregulation of endocytic activity. However, in order to confirm this preliminary result,

further investigations with different incubation times are required.

5.2 Comparison of the Assays: Spectrofluorometry versus Flow
Cytometry

Although the spectrofluorometric assay used here is very sensitive to changes in endo-
cytic activity and provides, in contrast to the flow cytometric assay, a continuous signal
of endocytic activity, the implementation disclosed some huge drawbacks of this assay.
First of all, the variation is very high and therefore a high number of experiments is
needed to show significant differences in data sets. Compared to that, endocytic activi-
ties obtained with the flow cytometric assay show a very low variation and a very good
reproducibility of controls (see Fig.4.14 A). Furthermore, in flow cytometric measure-
ments, signals of dead or apoptotic cells can be excluded from analyses. In spectroflu-
orometric measurements the FITC signal of all cells within the fluorescence cuvette is
recorded, even the signal of dead or apoptotic cells. In addition to that, the unspecific
labelling of cell surface proteins for the spectrofluorometric assay takes a least 1 hour, in
which cells are incubated on ice, most likely enlarging the number of dying cells. The
technique of using the pH sensitivity of FITC to follow endocytosis has mainly been
applied for receptor-mediated endocytosis. For these experiments, the fluorophor is di-
rectly bound to an endocytic cargo (e.g. transferrin or epidermal growth factor (EGF);

Sorkin et al., 1988; Carraway and Cerione, 1993) and, hence, no long cell incubations

90



5.3 Endocytosis of K562 cells

on ice are required. The same applies to the flow cytometric assay. The addition and
uptake of fluorescently labelled antibodies for the quantification of endocytic activity as
well as the addition of exogenous lipids takes place during the cells are cultured under
standard conditions. In contrast to that, for the improved spectrofluorometric assay the
incubation of cells with exogenous lipids can only be performed below 10 °C. This creates
the detraction of slow lipid translocation when exogenous lipids are added, which are
subsequently translocated from the outer to the inner leaflet after their incorporation
into the plasma membrane. Another drawback is that adherently growing cells need to
be detached for spectrofluorometric measurements, which could induce the adaptation
of endocytic activities due to environmental changes. In the flow cytometric assay, cells

are detached only for final quantification after actual endocytosis took place.

5.3 Endocytosis of K562 cells

5.3.1 Bulk Flow Endocytic Activity

Using the improved spectrofluorometric assay, in the second part of this study it could
be shown that bulk flow endocytic activity (BFEA) of K562 cells was significantly stim-
ulated by lipids that are known to be translocated to the inner leaflet of the plasma
membrane as well as significantly reduced by lipids that are known to remain on the
outer layer. Since exogenous lipids were proposed to alter endocytic activity by increas-
ing the surface area of the respective leaflet of the plasma membrane, these results are
in accordance with the theoretical expectations. An enhancement of bulk flow endo-
cytosis in K562 cells by exogenous PS and PE, each with one short chain (Cg-PS and
Cs-PE), was already published by Farge et al. in 1999 using the same spectrofluoro-
metric technique but incubating cells with exogenous lipids for 30 minutes at 37 °C. As
discussed before (see5.1.3), by incubating cells with exogenous lipids for shorter times
and at lower temperatures in the present study it was assured that exogenously added
lipids were still present in the plasma membrane when measurements were started and,
thus, could contribute to altered area relations of the membrane bilayer. In addition to
the significant enhancement by the exogenous lipids C¢-PS and Cg¢-PE, an influence of
exogenous dilauroyl-PS (DLPS), di-alkyl PS with one short chain (dialkyl-Cg-PS), and
PC with one short chain (Cg-PC) was found (see Fig.4.7 and 4.8).
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The changes in activity were investigated at 30°C as well as at 37°C for various
concentrations of exogenously added lipids. Comparing the results at these two temper-
atures, the stimulation of endocytosis by Cg-PS was higher for all but one comparable
BFEA value when measurements were performed at 30 °C. In addition to that, in the
presence of Cg-PS more BFEA values were significantly increased (one sample t-test,
p < 0.05) at 30°C than at 37°C. This higher and more often significant stimulation
at 30°C suggests that BFEA stimulation of K562 cells by exogenous Cg-PS was more
distinct at 30°C than at 37°C. Since at 37°C BFEA stimulation by other lipids that
are translocated to the inner monolayer, e.g. DLPS and Cg-PE, was explicitly higher
than the stimulation by Cg-PS, this more distinct stimulation at 30 °C can not be due
to the situation that the detection of endocytic activity is at 37 °C at its maximum level
and, therefore, differences in BFEA can hardly be obtained. Thus, the minor changes
in BFEA by Cg-PS at 37°C than at 30°C are based on other reasons. One possible
explanation is the more rapid hydrolysis of Cg-PS at higher temperatures (Pomorski
et al., 1996) and the consequent influence of the resulting lyso-PS, which remains on or

is transported back to the outer layer, against the stimulating effect of Cg-PS.

In order to test whether the relatively short preincubation of cells with exogenous
Ce-PS for 1 minute on ice is sufficient for the incorporation of the lipids into the plasma
membrane and the subsequent transport to the inner leaflet, longer preincubations of
cells with exogenous Cg-PS were tested resulting in two noticeable observations. First,
BFEA values of all measurements were determined after 2 as well as after 10 minutes
after the respective measurement had been started. When 2 % exogenous Cg-PS were
preincubated with cells for 20 minutes on ice, the obtained BFEA was significantly en-
hanced after 2 minutes of recording and this stimulation was annihilated after 10 minutes
of recording. In general, the finding of a stronger stimulation after 2 minutes than after
10 minutes of recording was obtained for nearly all measurements in the presence of Cg-
PS, DLPS, and Cg-PE, all lipids that are proposed to stimulate endocytic activity. A
possible explanation for this difference is that the increased inner surface area, which is
enlarged by exogenous lipids transported during preincubation, causes stimulated endo-
cytic activity directly after cells start to undergo endocytosis by being tempered to 30 °C
or 37°C and that this stimulating effect of altered area relations is partly depleted after
a few minutes of enhanced endocytic activity. Interestingly, the difference of a stronger
stimulation after 2 minutes than after 10 minutes of recording for all lipids, that were

proposed to stimulate endocytic activity, was converse when Cg-PC, a lipid which re-
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mains on the outer leaflet of the plasma membrane, was added to the cells. Here, nearly
all BFEA values were lower after 2 than after 10 minutes of measuring the FITC signal.
These exogenously added lipids only need to incorporate into the plasma membrane and
do not need to be transported. Thus, the reducing effect of an increased outer layer
leads to the maximal decrease of BFEA directly after cells start to undergo endocytosis.
The remaining influence on BFEA after 10 minutes measuring could be based on lower
but not yet completely equalized surface area changes which still cause an decrease of
BFEA.

Second, BFEA enhancement by 2 % Cg-PS was not significantly different with respect
to the standard deviation of the estimator of the mean when cells were preincubated
for 1minute (147+60% BFEA) and 20 minutes (167 £51 % BFEA), respectively, but
it completely vanished after a preincubation of cells with lipids for 40 minutes on ice
(99 +14 % BFEA; see Fig.4.8). This single observation does not allow to make a final
statement on the question whether the relatively short preincubation for 1 minute on
ice is sufficient for the incorporation plus the subsequent transport to the inner leaflet.
Further series of measurements with different preincubation times are necessary to proof
this finding. However, it indicates that a preincubation of 1 minute on ice is, at least for
a lipid concentration of 2% Cg-PS, sufficient to incorporate the lipids into the plasma
membrane and to transport the major part of the exogenously added lipids to the inner
layer. Presumably, beyond a certain lipid concentration, an incubation of cells with lipids
for 1 minute on ice is not sufficient for the incorporation plus the subsequent transport
of all exogenously added lipids. At higher lipid concentrations, parts of the lipids were
most likely still in the outer membrane layer when measurements had been started after
1 minute of preincubation, whereas other parts had already been transported and could
therefore contribute to an increase of the inner surface area. This resulted in opposite,
competing influences on the plasma membrane which partially eliminated each other. In
addition to this, exogenous lipids, that had not yet been transported to the inner layer
while cells were preincubated with lipids, have most likely been transported during the
subsequent measurements at 30 or 37°C leading to a persisting increase of the inner

surface area while endocytic activity was recorded.

The later process of a continuing transport of exogenous lipids to the inner layer
during the record of endocytic activity could be a major factor why the stimulation
of BFEA by dialkyl-Cg-PS was distinctly smaller than the enhancement by Cg-PS and
not significant. Since dialkyl-Cg-PS can not be hydrolysed, it was sampled to avoid
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the competing influence of hydrolysed lipids as mentioned above. However, this lipid is
incorporated and transported to the inner leaflet of the plasma membrane considerably
slower than Cg-PS. Characteristic half-times for the inward redistribution of short chain
NBD-PS and short chain NBD-dialkyl-PS in human erythrocytes at 37 °C were found to
be 2.3 and 41 minutes, respectively (Fellmann et al., 2000). Therefore, all experiments
investigating the influence of dialkyl-Cg-PS were carried out with preincubations of cells
with different amounts of dialkyl-Cg-PS for 20 minutes on ice. This preincubation of
20 minutes was most likely not sufficient to allow the major part of exogenous dialkyl-Cg-
PS to be transported to the inner layer. Here, the obtained small stimulations of BFEA
were nearly equal after 2 and 10 minutes of recording the FITC signal. Thus, before
drawing conclusions, further experiments are necessary to investigate the incorporation
and transport to the inner leaflet of dialkyl-Cg-PS in K562 cells.

The strongest enhancements of BFEA of K562 cells were found when measurements
were performed at 37 °C in the presence of different concentrations of either DLPS or Cg-
PE. When the latter lipid was present, the resulting BFEA values ranged from 152 428 %
up to 238 =51 % BFEA and were significantly different from control activity for all but
one BFEA value. Remarkably, the stimulation of BFEA was not increasing with the
concentration of exogenous lipids. This could be due to the situation that the detection
of endocytic activity is at its maximum at 37 °C and, thus, higher stimulations of BFEA
can hardly be obtained. Further experiments with lower concentrations of Cg-PE or at
lower temperatures could help to elucidate the reason for this finding. In the presence
of DLPS. the second lipid for which the strongest stimulation of BFEA was found, the
stimulation was in the same range as for Cg-PE and clearly higher than the stimulations
by Cg-PS. Although the number of experiments is not sufficient to show a significant
difference to 100 % control activity, the fact that an enhancement of BFEA was obtained
in all experiments and that the resulting BFEA values were in the same range supports
the idea of an stimulating influence of DLPS on BFEA of K562 cells.

The results show that it is exceedingly difficult to find optimal conditions for the
experimental setup for each applied lipid, i.e. the best combination of temperature dur-
ing measurements and preincubation time of cells with exogenous lipids. Both factors
influence the time of exogenously added lipids being incorporated and completely translo-
cated to the inner layer. In addition to that, rates of incorporation, translocation, and
hydrolysis differ from lipid to lipid. For instance, PE is translocated and hydrolyzed
more slowly than PS, whereas dialkyl-PS can not be hydrolyzed but its translocation to
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the inner leaflet is distinctly slower (Cribier et al., 1993; Pomorski et al., 1996; Fellmann
et al., 2000). Nevertheless, although the experiments did not allow to distinctly quantify
changes in the activity of bulk flow endocytosis with the concentration of exogenously
added lipids, it could be shown that BFEA of K562 cells is significantly enhanced by
lipids that are known to be transported to the inner leaflet, namely Cg-PS, Cg-PE, and
DLPS, and significantly reduced by Cg-PC, a lipid that remains on the outer layer. This
influence is dependent on the concentration of added lipids and on the preincubation of

cells with exogenous lipids.

5.3.2 Clathrin-Independent Bulk Flow Endocytic Activity

Endocytosis comprises many different endocytic pathways with various associated pro-
teins and a high morphological variability. By monitoring bulk flow endocytic activity
with the spectrofluorometric assay, the unspecific internalisation of proteins lacking a
sorting signal into acidified inner cell compartments was investigated. Since different
endocytic pathways are individually regulated and supported by proteins that can sense
or stabilise membrane curvature, they might also differently depend on membrane phys-
ical properties and, thus, facilitated generation of curvature for endocytic invaginations.
In this regard, also the influence of exogenous lipids on clathrin-independent bulk flow
endocytosis, i.e. bulk flow endocytosis lacking the clathrin-mediated pathway, and on
clathrin-mediated endocytosis, which is discussed in the following clause (see 5.3.3),

were investigated.

For the investigation of clathrin-independent bulk flow endocytic activity (CI-BFEA),
K562 cells were examined using again the improved spectrofluorometric assay as be-
fore, but clathrin-mediated endocytosis was inhibited by treating K562 cells with chlor-
promazine. The cationic amphiphilic drug chlorpromazine abolishes the formation of
clathrin-coated endocytic vesicles by interfering with the interaction between the adapter
protein AP-2 and the clathrin-coated pit lattice (Wang et al., 1993). CI-BFEA of chlor-
promazine treated K562 cells was significantly reduced to about 70 % compared to BFEA
of untreated control cells still undergoing clathrin-mediated endocytosis. This dimension
of inhibition of clathrin-mediated endocytosis sounds reasonable, although the exact pro-
portion of clathrin-mediated endocytosis in ratio to bulk flow endocytosis in K562 cells
is not known. The inhibitory effect of chlorpromazine has been published for several cell

lines, for instance, at the chlorpromazine concentration used in the present study, it was
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shown that the number of low density lipoprotein (LDL) receptors on the cell surface
of human fibroblasts was reduced to about 30 % (Wang et al., 1993), transferrin uptake
of RAW 264.7 macrophages was inhibited to 18 % (Feng et al., 2010), and the entry of
equine arteritis virus into BHK-21 cells was completely blocked (Nitschke et al., 2008).
Based on the reduction to about 70% found in this study and the results published
by Harwood et al. (2008) which qualitatively showed an efficient inhibition of clathrin-
mediated endocytosis in chlorpromazine treated K562 cells by confocal microscopy, it
can be assumed that the inhibition of clathrin-mediated endocytosis by chlorpromazine
is also efficient in K562 cells.

Since chlorpromazine incorporates into the plasma membrane, one could argue that
the determined reduction is partly due to the incorporation of chlorpromazine molecules
into the outer leaflet of the plasma membrane and the resulting increase of the outer
surface area of the plasma membrane. However, it was shown that chlorpromazine
binds more avidly to the inner leaflet than to the outer leaflet of the plasma membrane
(Elferink, 1977), thus, parts of the inhibition can not be due to surface area changes
caused by the incorporation of chlorpromazine. On the contrary, if the more avid binding
of chlorpromazine to the inner leaflet caused an increase of the inner surface area resulting
in an enhancing influence on CI-BFEA, the absolute reduction of endocytic activity
would even be higher.

In order to study the influence of exogenous lipids on CI-BFEA, chlorpromazine
treated cells were incubated in the presence of 4% Cg-PC. The resulting CI-BFEA
was reduced to about 75 % compared to controls that were also treated with chlorpro-
mazine. Although the number of experiments was too low for statistical analyses, the
fact, that all determined values of CI-BFEA were distinctly smaller than 100 % and in
the same range, underlines the finding of a reducing influence of C4-PC on CI-BFEA of
K562 cells. Notably, in the presence of 4 % Cg-PC, BFEA was reduced to about one half
whereas CI-BFEA was reduced to about three-fourths of the original activities. These
values were obtained with the same technique and, thus, given that further experiments
would verify the extent of CI-BFEA reduction by Cg¢-PC, it could further be inferred
that also clathrin-mediated endocytic activity of K562 cells is reduced by exogenously
added Cg-PC (cf. 5.3.3).
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5.3.3 Clathrin-Mediated Endocytic Activity

Clathrin-mediated endocytosis is still the best characterised endocytic pathway involv-
ing many proteins known to induce and/or stabilise membrane curvature. Thus, it was
particularly interesting to show a potential implication of physical properties of the mem-
brane in this pathway. For the examination, the spectrofluorometric assay was slightly
changed: instead of unspecifically labelling cell surface proteins with FITC, transfer-
rin conjugated to FITC was used to specifically follow the uptake of this receptor via
clathrin-mediated endocytosis based on the pH sensitivity of FITC and the acidification
of early endosomes. Incubation with exogenous lipids, spectrofluorometric measurements
of the FITC signal, and analyses of the clathrin-mediated endocytic activity (CMEA)

were performed as aforementioned following the improved protocol.

In the presence of either 2% or 4% Cg-PC, CMEA of K562 cells was significantly
reduced to 82% and 69 % after 2 minutes, respectively. This significant reduction was
largely abolished after 10 minutes of recording the FITC signal: 96 % CMEA at 2% Cg-
PC and 92 % CMEA at 4 % Cg-PC. This distinct difference after 2 and 10 minutes is most
likely based on the relatively fast kinetics of cell entry of transferrin. Its half-maximal
internalisation occurred after 3 and 2.5 minutes in HeLa and K562 cells, respectively
(Beauchamp and Woodman, 1994), and it was shown to be two times faster than the
entry of the cytokine interleukin 2 (Subtil et al., 1994) which is endocytosed via RhoA-
regulated and dynamin-dependent endocytosis (Lamaze et al., 2001). This means that,
after 10 minutes of monitoring the FITC signal, the maximal decrease of the intensity
of FITC due to acidification is probably nearly or already reached and differences in the
kinetics cannot be determined anymore. However, it could be shown that not only bulk
flow endocytosis but also receptor-mediated endocytosis, i.e. clathrin-mediated endocy-
tosis, of K562 cells is significantly inhibited by the addition of exogenous Cg-PC and that
this inhibition is increasing with the amount of added lipids. This result is in line with
the findings of the previous clause. The decrease of BFEA in the presence of 4 % Cg-PC
was shown to be stronger in K562 cells still undergoing clathrin-mediated endocytosis
than in cells in which the clathrin-mediated pathway was inhibited by chlorpromaszine.
Moreover, the inhibition by the same amount of exogenous Cg-PC was shown to be dis-
tinctly smaller for CMEA than for BFEA. This preliminary result indicates that bulk flow
endocytic activity could be influenced more strongly by Cg-PC than clathrin-mediated

endocytic activity. When further experiments support this finding, the difference in
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the influence could suggest a differing involvement of the monolayer area asymmetry in
the vesiculation during endocytosis. For the clathrin-dependent pathway it is known
that many proteins like clathrin and dynamin are involved. These proteins are able to
induce the required local membrane curvature for the formation of small endocytic vesi-
cles. Other pathways, such as macropino- and phagocytosis, are mainly actin dependent
(Mayor and Pagano, 2007) and may need more support for the formation of curvature
by physical properties of the plasma membrane and are therefore more effected by the

addition of exogenous lipids.

5.4 Endocytosis of BHKasc cells

Up to now, the influence of exogenous lipids on bulk flow endocytosis was only shown
for the suspension cell line K562 (Farge et al., 1999). In order to show this influence on
another cell line, adherently growing BHKasc cells with inducible expression of clathrin
heavy chain antisense RNA were employed (Iversen et al., 2001) to investigate the in-
fluence of exogenous lipids on bulk flow endocytosis either in- or excluding clathrin-
mediated endocytic activity and clathrin-mediated endocytic activity by itself as done
for K562 cells. In BHKasc cells, clathrin-mediated endocytosis can easily be inhibited
by removing tetracycline from the growth medium leading to the expression of clathrin
heavy chain antisense RNA (Iversen et al., 2001). However, during the examinations
of clathrin-mediated endocytic activity in BHKasc cells it was found that fluorescently
labelled analogues of transferrin, a specific receptor to follow clathrin-mediated endocy-
tosis, are internalised into inner cell compartments by detached BHKasc™ cells in which
clathrin-mediated endocytosis was supposed to be inhibited. Control experiments re-
vealed that, when BHKasc cells were adherently cultured, transferrin was taken up into
inner cell compartments in BHKasc™ cells undergoing clathrin-mediated endocytosis,
whereas it remained attached to the cell surface in BHKasc™ cells expressing clathrin
heavy chain antisense RNA. Remarkably, when BHKasc cells were detached before in-
cubated with transferrin, the tracer was internalised in both BHKasc™ as well as in
BHKasc™ cells (see Fig.4.13). This shows that one has to be careful with results for
endocytosis obtained with adherently growing cells that were detached for the examina-
tions. As stated in the introduction, special treatments of cells may functionally alter
the activity of an endocytic route that is more silent or even not existent under normal

conditions (Doherty and McMahon, 2009). For instance, it was shown that modifications
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of the population context of cells alter cellular activities, such as virus infection, endo-
cytosis, and membrane lipid composition (Snijder et al., 2009). According to this, the
internalisation of transferrin into detached BHKasc™ cells could be mediated by an en-
docytic pathway that is activated or upregulated on account of the irregular detachment

of adherently growing cells.

Interestingly, a distinct difference in the influence of exogenous lipids on bulk flow
endocytic activity of detached BHKasct and BHKasc™ cells was found in corresponding
experiments with the improved spectrofluorometric assay. When the influence of exoge-
nously added Cg-PS and lyso-PC on BHKasc™ cells was examined, both lipid species
caused reductions of BFEA. In the presence of Cg-PS, all resulting BFEA values were
smaller than 100 % control activity and even significantly reduced at a concentration of
2% Cg-PS. In a like manner, BFEA of BHKasc™ cells was reduced when lyso-PC was
applied and this reduction was significant for most of the obtained values. Moreover,
the inhibition of BFEA was increasing with the amount of exogenously added lyso-PC.
In contrast, neither the addition of different amounts of Cg-PS nor of lyso-PC had an
influence on bulk flow endocytic activity of detached BHKasc™ cells lacking tetracycline,
that is CI-BFEA of BHKasc™ cells. All determined values of CI-BFEA varied around
100 % control activity without any tendency towards an enhancing or reducing influence.
This finding suggests that the modification of endocytic pathways as mentioned above
becomes effective in detached BHKasc™ cells already lacking the most abundant endo-
cytic pathway. It was shown that almost the whole uptake of fluid and plasma membrane
via endocytosis in BHK-21 cells can be related to the clathrin-mediated pathway (Marsh
and Helenius, 1980).

In addition to the drawback that adherently growing BHKasc cells were detached to
perform this assay and, thus, specific adaptations of the cells have to be considered
as well, it is not known whether specific lipids are transported to the inner leaflet of
this cell line. The determined results for BHKasc' cells incubated with Cg-PS did
not correspond to the theoretical expectations of an enhancing influence due to the
translocation of Cg¢-PS to the inner leaflet and the resulting increase of the inner surface
area. For the experiments with K562 cells it is known that Cg-PS is translocated to
the inner leaflet and Cg-PC remains on the outer layer (Cribier et al., 1993), but the
inward movement of specific lipids differs from cell line to cell line. For instance, in dog
kidney MDCK II cells spin-labeled analogues of PC are internalised in a rate similar to

that of aminophospholipids analogues, whereas in human colon Caco-2 cells the inward
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movement was much slower (Pomorski et al., 1999). On that account, for further analysis,
it needs to be tested whether in this cell line exogenously added Cg-PS is not only
incorporated into the plasma membrane but also translocated to the inner leaflet. It
would be also conceivable that the translocation of Cg-PS is distinctly slower in BHKasc
than in K562 cells and, thus, that the preincubation of BHKasc cells with lipids for
1 minute on ice is not sufficient for the incorporation and subsequent translocation of
the added lipids.

On account of the reasons mentioned above, further experiments to investigate clath-
rin-mediated endocytic activity of BHKasc cells were performed using the flow cytometric
assay. As discussed in clause 5.2, in this assay adherently growing cells are not detached
until the essential uptake of labelled antibodies is accomplished and the variation is
very low. Although the results obtained with the flow cytometric assay are most of the
time based on single experiments, the very low variation and the comparison with other
results obtained for BHKasc cells in the present study allow to suggest an influence of
exogenous lipids on endocytic activity of BHKasc cells. Bulk flow endocytic activity
of detached BHKasc™ cells as well as clathrin-mediated endocytic activity of adherent
BHKasc cells is partly inhibited in the presence of exogenously added Cg-PS, Cg-PC, and
lyso-PC. Since clathrin-mediated endocytosis was not completely inhibited in BHKasc
cells (see 4.2.3), it is not possible to conclude whether only clathrin-mediated or also

other endocytic pathways of BHKasc cells are influenced by exogenous lipids.
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Conclusions and Future Prospects

The hypothesis of a relationship between the activity of lipid translocators and vesicle
formation has been supported in several studies and it seems commonly accepted that
in particular aminophospholipid translocases (APLT) are involved in endocytosis (e.g.
Muthusamy et al., 2009; Graham and Kozlov, 2010). Upon the translocation of lipids
from the exoplasmic leaflet to the cytoplasmic layer of the plasma membrane, APLT
would mediate an increase of the inner surface area and thereby support the generation
of membrane curvature during endocytosis. In this regard, it could be shown in the
present study that exogenously added lipids, which change the surface area relation of the
plasma membrane, have an influence on endocytic activity. Bulk flow endocytic activity
of K562 cells is enhanced by exogenous phosphatidylserine with one short chain (Cg-PS),
phosphatidylserine with two long chains (DLPS), and phosphatidylethanolamine with
one short chain (Cg¢-PE) and is partially inhibited by phosphatidylcholine with one short
chain (C¢-PC). In addition to this, both clathrin-independent bulk flow and clathrin-
mediated endocytic activity decrease in the presence of exogenous Cg-PC. In two other
cell lines, namely BHKasc and Hep2 cells, activities of endocytosis were found to be
influenced by exogenous lipids as well. In BHKasc cells, clathrin-mediated endocytic
activity is partially inhibited in the presence of exogenously applied Cs-PC and lyso-
PC. In Hep2 cells, preliminary results indicate a decrease of clathrin-mediated endocytic
activity by exogenous lyso-PC and an increase by exogenous Cg-PS. Thus, the present

study clearly shows, albeit not quantitatively, the alteration of bulk flow and clathrin-
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mediated endocytosis of different cell lines by various exogenous lipids. Interestingly, not
only bulk flow endocytosis but also clathrin-mediated endocytosis is influenced by the
addition of exogenous lipids. Many proteins noted for their ability to induce membrane
curvature are known to interact either with clathrin or other adaptor proteins implicated
in the clathrin-mediated pathway (cf. 1.2.1). Thus, even an endocytic pathway, in which
such proteins are definitely implicated and suggested to be primarily responsible for the
generation of membrane curvature (Ford et al., 2002; Ungewickell and Hinrichsen, 2007;

Rappoport, 2008), is influenced by altered physical properties of the plasma membrane.

Among other modifications, the spectrofluorometric assay as described by Farge et al.
(1999) was improved by the distinct reduction of cell incubation with exogenous lipids.
This assured that exogenous lipids had still been present in the plasma membrane and
not yet relieved into other cell compartments before the measurements were started.
Thereby, the exogenous lipids could induce differences in the monolayer area asymmetry
of the plasma membrane which, in turn, could generate membrane curvature. How-
ever, in this assay, it cannot be distinguished whether altered area relations of the two
membrane leaflets or changes of the lipid composition of the plasma membrane caused
altered endocytic activities. Besides increasing either the inner or outer surface area
of the plasma membrane, exogenously added lipids could influence the number and/or
size of lateral microdomains in the plasma membrane as well. These microdomains, so
called rafts (1.1.2), have convincingly been shown to be implicated in endocytic events
(Sharma et al., 2004; Cheng et al., 2006; Sarasij et al., 2007). In general, they are sup-
posed to be enriched in phospholipids as well as glycosphingolipids with long saturated
fatty acids and the cytoplasmic layer of rafts was suggested to be enriched in phos-
phatidylethanolamine and phosphatidylserine (Simons and Ikonen, 1997). In addition
to that, some cell surface receptors, like the transferrin receptor, comprise a GPI-anchor
(Tkezawa, 2002). GPI-anchored proteins are tightly associated with membrane rafts
(Brown and London, 1998; Sharma et al., 2004) and trafficking of GPI-anchored proteins
was shown to be influenced by altering levels of cellular proteins, specifically cholesterol
and sphingolipids (Mayor et al., 1998; Chatterjee et al., 2001). Thus, the addition of
exogenous aminophospholipids could also lead to changes in endocytic activity due to
alterations of the lipid composition and/or size of membrane rafts involved in specific

endocytic pathways.

In order to unequivocally identify the role of APLT in endocytosis, further studies

are indicated to explore whether APLT account for monolayer area asymmetries as an
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early step in the formation of endocytic invaginations. As mentioned in the introduc-
tion (see 1.1.4), two different groups successfully reconstituted P4-ATPases into model
membranes to provide direct biochemical evidence that P4-ATPases translocate phos-
pholipids (Zhou and Graham, 2009; Coleman et al., 2009). In a like manner, purified
APLT reconstituted into model membranes, e.g. giant unilamellar vesicles, could provide
an appropiate model system to demonstrate that APLT mediate monolayer area asym-
metry leading to membrane bending. In this model system, effects due to the addition of
aminophospholipids could be directly related to altered area relation between both mem-
brane leaflets. Concerning the role of APLT in endocytosis, mutants in which specific
lipid translocators are downregulated or inactive provide an attractive tool to experimen-
tally address the correlation between lipid translocators and endocytosis. For instance,
using P-type ATPase mutant yeast cells, Pomorski et al. (2003) showed a cold-sensitive
defect in the uptake of markers for bulk flow and receptor-mediated endocytosis. Further
experiments with eukaryotic cells and different mutants would help to elucidate the role
of APLT in endocytosis. Alternatively to the flow cytometric measurements, further
experiments could be performed using total internal reflection fluorescence microscopy
(TIR-FM). This technique permits to selectively image fluorescently labelled proteins
at, or very close to (within 50 nm), the plasma membrane of cells, thereby providing
a high signal over background of the fluorophors and minimising the photodamage to
the cell (Jaiswal and Simon, 2003; Rappoport and Simon, 2003). Thus, endocytosis can
be monitored during the first steps by which the initiation of membrane curvature, the

necessary precursor to vesiculation, takes place.

Summarising the role of monolayer area asymmetry in endocytosis, it was shown that
both, lipids that remain on the outer layer of the plasma membrane as well as lipids
that are translocated to the inner leaflet, influence bulk flow and clathrin-mediated
endocytic activity in different cell lines. If this influence on endocytosis is caused by
an induced asymmetry of the surface areas of the plasma membrane, by alterations
of plasma membrane rafts implicated in endocytosis, or by both mechanisms, remains
unclear. However, APLT are thought to account for the translocation of aminophospho-
lipids from the outer to the inner leaflet (e.g. Zhou and Graham, 2009; Coleman et al.,
2009), thereby creating an imbalance in the surface areas which leads to bending of the
plasma membrane. In addition to this, there is more and more evidence that APLT are
involved in endocytosis. In this regard, it has been shown recently that binding of gua-
nine nucleotide exchange factors for ADP-ribosylation factor GTPases (Arf-GEF) and
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phosphatidylinositol-4-phosphate (PI(4)P) to the C-terminal tail of the yeast P4-ATPase
Drs2p activates flippase activity (Natarajan et al., 2009). This finding corroborates the
previously suggested model how APLT are implicated in endocytosis (see 1.3.2 and Puts
and Holthuis, 2009). Interaction between Drs2p and Arf-GEF links the APLT to the
endocytic machinery and could trigger the recruitment of endocytic accessory proteins
to sites of ATPase-dependent phospholipid translocation. Just recently, Graham and
Kozlov (2010) suggested a model how PI(4)P and Arf-GEF integrate the function of
curvature generation by activating Drs2p flippase activity and insertion of Arf into the
membrane, as well as recruiting the adaptor protein AP-1 and clathrin to stabilise the
curvature. Thus, monolayer area asymmetry induced by the translocation of lipids is
most likely not the only but one of the forces leading to the generation of membrane
curvature necessary for endocytic events. On the basis of the mechanisms described
above, it seems very unlikely that membranes are curved only by the force of proteins

when other mechanisms could facilitate this procedure.
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