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1  SUMMARY 

 

VSV has for many years been considered to be an example of a classical cargo of 

the clathrin-mediated endocytic pathway and both the virus itself as well as its 

Transmembrane glycoprotein have been used extensively in various studies as 

control cargo, virus or transmembrane protein. Clathrin-mediated endocytosis 

is one of the most extensively investigated entry portals of the cell. Until 

recently, it has been regarded as a uniform identity, strictly based on certain key 

components for its maintenance, irrespective of cell-type or cargo involved. 

Accumulating evidence however suggest that the defining core components of 

clathrin-mediated pathways might be limited to the clathrin-coat itself and the 

large GTPase, dynamin, which seem to be indispensable for clathrin-based 

pathways while other factors such as adaptor proteins, accessory factors, actin 

cytoskeleton, kinases, and phosphatases might be more cargo specific than 

previously thought. It thus becomes important to investigate in a cargo 

oriented way the requirements for CME to be able to define with more 

specificity different subsets of the pathway.  

 

Our aim in the current study was to have a closer look at the entry of VSV into 

tissue culture cells in respect to morphology, kinetics, and cell factor 

dependence. Using transmission electron microscopy we performed 

morphological studies of the virus interaction with the plasma membrane and 

in endocytic and endosomal compartments. Using live-cell imaging by TIRF-FM, 

we visualized the interactions between the virus and components of the 

clathrin-coated pits. Inhibitor studies, dominant negative proteins and siRNA-

mediated knockdown in combination with entry, infection and fusion assays 

were used to define more closely the entry kinetics as well as cellular factors 

involved in VSV infection.  

 

Our results show that the virus associates with clathrin-coated pits, upon 

binding to the plasma membrane. It is internalized very rapidly, primarily by 

inducing the formation or stabilization of coated pits, and is subsequently seen 
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in clathrin-coated vesicles. The virus is targeted to endosomes where lowered 

pH induces acid-activation of the viral envelope with membranes of the 

endocytic compartments, eventually resulting in nucleocapsid release into the 

cytosol where replication takes place. Acid-exposure and the acid-activated 

change in the virus needed for penetration occurs with 2-10 min after 

endocytosis. After that, the fraction of viruses that are able to penetrate 

decreases, and 1h later, no infection can be detected, indicating that the virus is 

no longer in a fusion/penetration compatible state and/or compartment. 

Perturbation studies confirmed the clathrin-dependency of the virus but also 

left open the possibility that VSV can use a subset of CCPs for productive entry 

as well as non clathrin-mediated pathways. 
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2 ZUSAMMENFASSUNG 
 

Der Transport von VSV durch die Zellmembran, wird seit mehreren Jahren als 

Beispiel für die klassische Clathrin-vermittelten Endozytose verwendet und das 

Virus als solches, wie auch seine Transmembranproteine wurden in vielen 

Studien als Kontrollgut benutzt. Clathrin-vermittelte Endozytose ist der bis 

heute am besten untersuchte Aufnahmeweg in die Zelle. Bis vor Kurzem wurde 

dieser Weg als einheitlich betrachtet und durch Schlüsselkomponenten der 

eigenen Aufrechterhaltung beschrieben, ungeachtet des Zelltyps in der die 

Beobachtungen gemacht wurden oder des zu transportierenden Materials. Sich 

ansammelnde Beweise deuten darauf hin, dass die Kernkomponenten der 

Clathrin-vermittelten Endozytose die Clathrin Hülle selbst und die GTPase 

Dynasore sind, beide unerlässlich für eine einwandfrei funktionierende 

Aufnahme. Im Gegensatz dazu, könnte der Transport andere Güter wie 

Adaptorenproteine, Proteine des Aktin-Zytoskeletts, Kinasen und Phosphatasen 

spezifischer reguliert sein als bisher vermutet. Umso wichtiger wird es sein die 

Clathrin-vermittelten Endozytose mit Hilfe der zu transportierenden Proteinen 

zu durchleuchten, und dadurch spezifischere Unterteilungen des 

Eintrittmechanismus zu definieren. 

 

Das Ziel unserer Forschung bestand darin bezüglich der Morphologie, Kinetik 

und der Abhängigkeit von verschiedenen Zellfaktoren näher zu untersuchen, 

wie VSV in Zellen eindringt. Mit Hilfe eines Elektronenmikroskops haben wir 

morphologische Studien durchgeführt über die Interaktion des Virus mit der 

Plasmamembran und in endozytischen und endosomalen Kompartimenten. 

Unter Verwendung von lebenden Gewebeskulturzellen und mit Hilfe von TIRF-

FM haben wir die Interaktionen zwischen dem Virus und den Komponenten der 

Clathrin-markierten Vesikeln (CCPs) visualisiert. Inhibitor-Studien, dominant 

negative Proteine und siRNA-vermitteltes ‚Knockdown’ in Kombination mit 

Infektions- und Fusionsessays wurden benutzt, um sowohl die Eintrittskinetik 

als auch die beteiligten zellulären Faktoren der VSV Infektion näher zu 

definieren.  
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Gemäss unseren Resultaten bindet das Virus an die Plasmamembran und 

assoziiert dadurch mit den CCPs. Es induziert eine sehr rasche Internalisierung, 

vor allem, indem es die Bildung oder Stabilisierung von den CCPs bewirkt. Als 

Folge wird es in Clathrin bedeckten Vesikeln internalisiert. Das Virus zielt auf 

Endosome mit tiefem pH, die eine säure-aktivierte Fusion der viralen 

Aussenhülle mit der Membrane des endozytischen Kompartiments auslösen die 

schlussendlich in die Freisetzung des Nucleocapsids in das Zytosol resultiert, wo 

schliesslich die Replikation stattfindet. Die säure-induzierte Freilegung und die 

für die Penetration notwendigen Veränderungen im Virus finden 2-10 Minuten 

nach Endozystose statt. Danach nimmt die penetrationsfähige Anzahl der Viren 

ab; 1h später kann keine Infektion entdeckt werden, was zeigt, dass der Virus 

sich nicht mehr in einem fusions-/penetrationskompatiblen Zustand und/oder 

Kompartiment befindet. Induzierte Störungen, die gezielt während Studien 

getestet wurden bestätigen die Clathrin-Abhängigkeit des Virus, lassen jedoch 

auch die Möglichkeit bestehen, dass VSV eine Untergruppe von CCPs für das 

produktive Eindringen sowie auch als non Clathrin-vermittelte Endocytosewege 

verwenden kann.  
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3 INTRODUCTION 

 

Endocytosis or the uptake of extra-cellular particles and solutes by plasma 

membrane invaginations is a fundamental activity used by eukaryotic cells for 

nutrition, intercellular communication, defense and maintenance of 

homeostasis. The internalization of macromolecules into transport vesicles 

derived from the plasma membrane is accomplished by several mechanisms, 

which have been classically subdivided into two broad categories, phagocytosis 

and pinocytosis.  Phagocytosis is the uptake of large particles such as apoptotic 

cells and bacteria and is restricted to specialized phagocytic cells (Fig.1A). 

Pinocytosis or the uptake of smaller particles and solutes is performed by all 

mammalian cells and is further divided into macropinocytosis, clathrin-

mediated endocytosis, caveolae-mediated endocytosis, and lipid-raft mediated 

endocytosis (Fig. 1) (reviewed in (39, 167)).   

 

3. 1  CLATHRIN-INDEPENDENT ENDOCYTOSIS 

 
Macropinocytosis occurs when membrane ruffles or protrusions fuse back with 

the plasma membrane, forming large, irregular vesicles called macropinosomes 

(Fig.1B and C). The internalized cargo is targeted to lysosomes or recycled back 

to the cell-surface. Alternatively, this pathway can be used as infectious route 

for pathogens like vaccinia virus and adenovirus (4, 174). Macropinocytosis has 

been show to be cholesterol-sensitive and dependent on rearrangements of the 

actin cytoskeleton (86, 277). In some cases, dynamin-2 is required (Fig.1C) (4, 198, 

272) while in others the process is dynamin-independent (Fig.1B) (86, 174), 

indicating a possible cargo- and/or cell type specificity.  

 

Some of the clathrin-independent endocytic pathways are referred to as lipid- 

raft mediated. Several raft-dependent pathways have been described and 

classified based on the involvement of cellular factors, morphology and cargo 

(Fig.1E to K). 
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A number of lipid-raft mediated, caveolin-regulated pathways have been 

described (reviewed in (136, 225)). Caveolin is a lipid-raft associated scaffold 

protein, which is the main component of 50–80 nm flask-shaped lipid-raft 

based plasma membrane invaginations called caveolae. It has been proposed to 

be a negative regulator of raft-dependent endocytosis (46, 144, 200). Various 

ligands, membrane components, viruses and toxins are internalized through a 

caveolae-mediated pathway and are subsequently targeted to caveolin-1 

positive compartments called caveosomes (Fig.1E) (117, 225, 227, 236).  

 

Caveolin-1 independent pathways are defined as raft-mediated and can be 

either dynamin-dependent or independent (Fig.1F to K). Considerably less is 

known about these pathways than about the ones proceeding in the presence 

of coat-proteins but ligand specific studies have been helpful for the 

establishment of defined categories of raft-mediated endocytosis. 

 

Ligands such as interleukin-2 (IL-2), choleratoxin B (ChxB) and autocrine motility 

factor (AMF) are internalized in a raft- and dynamin-dependent manner (Fig.1H) 

(138). Other cargo described to be raft-dependent however do not seem to 

depend on dynamin for internalization. This is e.g. the case for SV40, originally 

shown to be internalized in a caveolin-1 dependent manner but was later shown 

to enter cells devoid of caveolin-1 using a pathway that is independent of 

dynamin-2 (Fig.1F) (46). These uptake routes all have in common that they 

depend on the small GTPase RhoA. 

 

Glycosylphosphatidylinositol anchored proteins (GPI-APs) can be taken up by 

the so-called GEEC pathway, which is also raft-mediated and dynamin-

independent (Fig.1K). This pathway is characterized by tubular endocytic 

structures, which are targeted to so-called GEECs or GPI-AP enriched early 

endosomal structures (113, 262, 263). Cholera toxin might be internalized in the 

same manner (125, 134, 203, 263). 

 

Another raft-dependent, dynamin-independet pathway has been described for 

MHCI and GPI-AP. It is regulated by the small GTPase Arf6 and cargo is 

transported to Arf6 positive endosomes (Fig.1I) (203, 204). 
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GPI-AP as well as ChxB can co-localize with the lipid-raft associated protein 

flotillin-1, which seems to mediate the internalization of these ligands in a 

dynamin-independent manner (Fig.1J) (80). 

 

A novel clathrin- and caveolin-independent pathway has been recently 

described as the infectious route taken by the lymphocytic choriomeningitis 

virus (LCMV) (237, 258). Minority of viral particles enters cells in a clathrin-

dependent manner while the majority uses a dynamin and raft-independent 

but cholesterol dependent route to late endosomes (Fig.1G).  
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3.2 CLATHRIN-MEDIATED ENDOCYTOSIS 

 

Clathrin-mediated endocytosis (CME) is probably the best characterized 

endocytic pathway in regard to cargo recognition, targeting to the endocytic 

machinery, and the formation of endocytic vesicles. It occurs constitutively in all 

mammalian cells and is involved in important cellular processes such as 

intercellular communication during development (52, 281) serum homeostasis 

and recycling of synaptic vesicle membrane proteins after neurotransmission 

(49). In addition it mediates the uptake of essential nutrients such as low-

density lipoprotein (LDL) and transferrin (tfn) and growth factors such as 

epidermal growth factor (EGF) (22, 39). It is also used by various pathogens as an 

entry route to infect cells (reviewed in (161, 226, 299)).  

 

The formation of a clathrin-coated pit (CCP) is initiated by the recruitment of 

coat components to the cytoplasmic leaflet of the plasma membrane. These 

include adaptors interacting with phospholipids, cargo, clathrin and other coat 

components. Growth and maturation of the initially flat clathrin lattice is 

achieved through the continuous recruitment of coat components and 

accessory factors, eventually causing membrane curvature and the formation of 

an invaginated coated pit. The neck of the fully formed, cargo loaded endocytic 

vesicle eventually undergoes a constriction step, resulting in its release into the 

cytosol (Fig.5). Subsequently the clathrin-coat is discharged prior to endosomal 

targeting of the vesicle. In endosomes, a cargo dependent sorting occurs, 

leading to recycling of cargo receptors to the plasma membrane, pH induced 

release into the cytosol or degradation by lysosomal targeting (reviewed in (322, 

346)).   

 

3 .2 .1 Major proteins involved in CME 

 

3.2.1 . 1 Clathrin 

 

The clathrin triskelion is the basic unit of the clathrin lattice formed at CCPs 

(Fig.2A). It consists of three heavy chains (180 kD) and three light ones (30-35 
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kD). The heavy chains (CHC) have a proximal (PD) and a distal domain (DD) 

joined by a curved “knee” domain. The C-terminal part of the proximal domain 

is called the hub domain, mediating trimerization and together with the hubs 

of the other two CHC forming the vertex (V) of the triskelion (85, 121, 123, 274). 

The clathrin light-chains (CLC), associate with the proximal part of the CHC. The 

globular, N-terminal domain (NTD) mediates interactions with a number of 

endocytic adaptor and accessory proteins. Both distal and proximal domains 

contribute to inter-molecular contacts with other triskelions in the basket 

structure. In vitro, clathrin triskelions can self-assemble into closed, polygonal 

cages (Fig.2B) whereas in vivo, the assembly requires adaptor and accessory 

proteins such as AP2 and AP180 / CALM (122). 

 

 

Figure  2.  Str uctur e of  a clat hri n tri skelio n and t he  clathri n ca ge.  

A. Schematic representation of a clathrin triskelion with the three heavy chains (CHC) joined 
through their C-termini at the vortex (V). The three light-chains (CLC) associate with the 
proximal domains (PD) of the CHC, which are separated from the distal domain (DD) by the 
knee. NTD: N-terminal domain. Adapted from Fotin et al (70). 
B. Alignment of a triskelion (blue) into a hexagonal barrel formed upon assembly of clathrin 
coats in vitro. Adapted from Fotin et al (70). 

 

3.2.1 .2 Adaptor proteins 

 

An adaptor is a protein that promotes the assembly of clathrin on the cytosolic 

leaflet of the plasma membrane and is thus responsible for the initial steps in 
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the formation of a coated pit. The interaction is mediated by lipid and protein 

binding domains of the adaptor that associate with PtdIns(4,5)P2 in the plasma 

membrane, with signal recognition sequences of the receptor to be internalized 

and with clathrin. This multi-tasking function can be at least partly explained by 

the design of adaptins; they are modular proteins with multiple, discretely 

folded domains linked by unstructured flexible linker domains (114). Sequence 

motifs found in these unstructured regions allow dynamic binding of the 

adaptors to other components of the endocytic machinery relevant for vesicle 

formation (reviewed in (218, 223)). 

 

In addition to the classical multimeric adaptor protein complex AP2 (2), an 

increasing number of monomeric adaptors involved in CME have been 

identified in the last years (reviewed in (218, 252, 317)). They include amphiphysin 

1 and 2 (48, 169)), autosomal recessive hypercholesterolemia (ARH) protein (190), 

-arrestin 1 and 2 (82), AP180/clathrin assembly lymphoid myeloid leukemia 

protein (CALM) (193, 199), Disabled-2 (Dab2) (189), epsin 1, 2, and 3 (32, 58), epsinR 

(103, 330) and the Huntington-interacting proteins HIP1 and HIP1R (147). 

 

3.2.1 .2.1 AP2 

 

The adaptor protein complex AP2 (or assembly polypeptide 2 (347)) belongs to a 

family of hetero-tetrameric adaptor proteins 1-4. Each of the four members have 

their own specific function in intracellular trafficking of cargo proteins between 

different organelles and interact with motifs present in the cytoplasmic tails of 

their specific cargo at different intracellular locations. AP1 sorts cargo proteins 

such as mannose 6-phosphate receptors  (MPRs) in the trans-Golgi network 

(TGN) and endosomes (55, 143, 180). AP2 is exclusively involved in CME at the 

plasma membrane (251). AP3 is found at the TGN and endosomes and it thought 

to play a role in the sorting of cargo to lysosomes (51, 73, 142). AP4 mediates 

transport of lysosomal proteins to lysosomes (1). It has also been found 

associated with clathrin-coated vesicles and endosomes and was suggested to 

play a role in clathrin-mediated sorting from early endosomes to lysosomes (10).  
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AP2 was the first adaptor identified to be involved in CME (2). It is highly 

enriched in purified clathrin-coated vesicle preparations and has therefore been 

suggested to be an essential part of the clathrin-based endocytic machinery. It 

is composed of two large (  100 kD) subunits  and 2, a medium subunit, μ2 

(50 kD), and a small subunit, 2 (16 kD) (reviewed in (120)). The two large 

subunits (  and 2) can be divided into two structural subunits, the N-terminal 

“head” and the C-terminal appendages or “ears” connected to the head by 

flexible regions called hinges (35, 101, 124) (Fig.3).  

 

Targeting of the adaptor protein complex to the plasma membrane is mediated 

by the ear domain of the  subunit, as is the interaction of AP2 with the adaptor 

proteins AP180/CALM and amphiphysin. The μ2 subunit has a role in targeting 

the complex to the plasma membrane (257). In addition, it can bind to the 

tyrosine-based internalization motifs in the cytoplasmic domains of receptors 

to allow their concentration into coated pits. At least two distinct tyrosine-

binding sites within the subunit have been described, one recognizing the more 

general YXX  sequence (  is a bulky, hydrophobic amino acid and x represents 

any amino acid) found e.g. in the tfn receptor (211), and the FDNPVY signal 

sequence in the tail of LDL receptor (19).  The interaction of the μ2 adaptin with 

cargo-bound receptors is subjected to regulation through reversible 

phosphorylation upon the action of the serine/threonine kinase, adaptor 

associated kinase 1 (AAK1). Threonine-156 becomes phosphoryated, which leads 

to increased affinity of the μ subunit towards sorting signals (247).   

 

A clathrin-box motive (L x D/E) in the hinge of 2 subunit together with a 

sequence in the 2-ear domain interacts with clathrin (50, 285) and can trigger 

the assembly of clathrin lattices. The same hydrophobic sequence in the 2-ear 

domain can also bind other adaptors such as Eps15, epsin and AP180 through 

their D F/W motives. This binding is competitive and may serve as a recruiting 

platform switch when a sequential order of events is needed (220, 221). The 2-

subunit has a structural role, stabilizing the core domain of AP2 (35). 
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Figure  3.  T he  str uctur e of  AP 2. 
The multimeric adaptor-protein complex is composed of 4 different subunits. The large  and  
subunits are composed of a N-terminal domain called the trunk and a C-terminalt domain 
called the ear. The ear and the trunk are connected by a flexible linker domain. In addition the 
complex is composed of the medium sized μ domain and a small  domain. 

 

  

3.2.1 .2.2 Eps15 

 

The epidermal growth factor receptor pathway substrate clone number 15 or 

Eps15 can has three distinct structural domains (65, 339). The Eps15 homology 

domains (EH) are located in the N-terminus (340). They mediate protein-protein 

interaction with NPF (Asn-Pro-Phe) motif-containing proteins including epsin 

and AP180 / CALM (265). The central domain of Eps15 is arranged into a coiled-

coil that is involved in the homo-dimerization of the adaptor (313). The C-

terminal domain contains multiple copies of the DPF (Asp-Pro-Phe) motif, 

mediating binding to the  subunit of AP2 (14, 105), and two ubiquitin 

interacting motives (UIMs).  

 

The regulation of Eps15 function is based on two types of post-translational 

modifications; mono-ubiquitination and phosphorylation. The role of mono-

ubiquitination is not as well understood as that of poly-ubiquitination, but a 

sorting function is considered likely. In addition to their role in recognition of 

ubiquitinated sequences, the UIMs of Eps15 are important for mono-

ubiquitination of the adaptor itself. This might promote an ubiquitin-based 

sorting platform, where Eps15, together with other UIM-containing proteins 
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such as epsin, synchronize cargo recruitment and clathrin assembly. Through 

their own ubiquitination they may contribute to the amplification of this 

network in the endocytic pathway (232).  While EGFR induced phosphorylation 

of Eps15-Tyr85o is specifically required for EGFR internalization, it does not have 

any role in tfn internalization. The alternative adaptor might thus provide a 

possibility of a cargo regulated sorting (36).  

 

3.2.1 .2.3 Dab2 and ARH  

 

Dab2 (disabled-2) and ARH (autosomal recessive hypercholesterolemia) are 

adaptors involved in the endocytosis of LDL-family member receptors (76, 112). 

They have a PTB domain located in the N-terminus that binds to the tyrosine-

based internalization motive FYxNPxY. This motive is found in the cytoplasmic 

tail of LDLRs. The affinity of the PTB-domain towards the sequence it is affected 

by reversible phosphorylation, the binding affinity towards the un-

phosphorylated form being higher than towards the phosphorylated one (104, 

195). The central region of Dab2 contains the PtdIns(4,5)P2, clathrin and AP2 

appendage binding sites (189). A myosin VI interacting domain is located in the 

C-terminus (194).   

 

Both adaptors are involved in LDLR internalization but recent studies suggest a 

delegation of roles in the process. Dab2 can interact with the actin motor-

protein myosin VI and has been suggested to mediate myosin-dependent 

clustering of LDLR into pits where it subsequently induces AP2-independent 

clathrin recruitment. ARH on the other hand is suggested to accelerate later 

steps in LDLR endocytosis in co-operation with AP2 (166, 189, 194, 305). 

 

3.2.1 .2.4 AP180/CALM 

 

AP180 was originally reported to be required for efficient clathrin assembly and 

the recycling of uniformly sized synaptic vesicles in neurons (94, 192, 307, 349). 

Results from studies looking at the ubiquitously expressed mammalian isoform 

of AP180, CALM (for clathrin-assembly lymphoid–myeloid leukemia) (312), 
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suggest a broader role for AP180/CALM in CME.  

The monomeric AP180/CALM proteins fulfill three out of four of the adaptor 

protein criteria’s, the ability to bind to the plasma membrane, to clathrin, and to 

other adaptor/accessory proteins. Plasma membrane association depends on its 

N-terminally located ANTH (AP180 N-terminal homology) domain, which binds 

PtdIns(4,5)P2 (209, 345). The clathrin-binding site is located more C-terminally 

and strongly promotes the assembly of clathrin into lattices (3, 153). Eps15, which 

interacts with AP180 through a C-terminally located NPF motive, has been 

suggested to influence this AP180-induced clathrin assembly (191). The D F/W 

motive, interacting with the  and  subunits of AP2 is located in the C-terminus 

of the protein (220, 221).  

 

Besides the importance of AP180 in the assembly of clathrin lattices, it seems to 

play a regulatory role in defining the size of endocytic vesicles. In its absence or 

repression, unusually large and irregularly shaped vesicles are formed (208, 

349). Although no sequence recognition motive has been identified within 

AP180, the aberrant sorting of the v-SNARE synaptobrevin at the pre-synaptic 

plasma membrane upon disruption in C. elegans has led to speculations 

regarding a possible cargo specific role (208).  

 

3.2.1 .2.5 Epsin 

 

Four members of the epsin family (epsin1-3 and epsinR) have so far been 

identified (reviewed in (149)). Epsin 1 and 2 are involved in clathrin-mediated 

endocytosis (32, 107), whereas epsinR is important for TGN/endosome 

trafficking (114, 187, 330). They all conform to the same overall architecture with 

a PtdIns(4,5)P2 binding ENTH domain followed by a long stretch of unfolded 

polypeptide chain containing clathrin-binding motifs and numerous DxFW 

motives (enabling AP2 association), and EH-binding NPF motives (32). Following 

the ENTH domain there are two UIMs for sorting of ubiquitinated signaling 

receptors into CCVs (284). The epsins seem to have a role in driving membrane 

curvature during CCV formation (69). Upon binding of the ENTH domain to 

PtdIns(4,5)P2, a conformational change occurs, causing insertion of the N-

terminus of the protein into the membrane surface resulting in curvature of the 
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plasma membrane (107). Once formed, the curvature is stabilized by the 

polymerizing clathrin. 

  

3.2.1 .2.6 Hip1/R 

Hip1 and its closely related Hip1R are enriched in CCVs. They possess an ANTH 

domain and can interact with clathrin and AP2 (179, 188, 328, 147). HIP1 is 

targeted to CCP by interacting with the clathrin assembly domain in CLC and it 

promotes clathrin assembly through its central helical domain (148). In vitro, 

Hip1R simultaneously binds to F-actin and clathrin lattices and promotes the 

assembly of higher order clathrin/actin structures (61, 62). Recent findings 

suggest a role in coordination of interaction between the endocytic machinery 

and the actin cytoskeleton (63).  

3.2.1 .2.7 -arrestin 

 

The -arrestins, are cargo specific adaptors that specifically interact with the G-

protein-coupled receptors (GPCRs). By targeting active receptors to CCPs for 

endocytosis, -arrestins have an important role in terminating signaling 

cascades (82, 139). The N-terminal domain is mainly responsible for GPCR 

binding (91, 235), whereas the clathrin-box motive, the AP2  interacting motive, 

and PtdIns(4,5)P2 binding region are located within the C-terminus of the 

protein (81) (74, 133, 139, 185, 315). The end of the C-termius is normally folded 

back and associates with the N-terminus. This conformation plays an important 

role in the -arrestin mediated targeting of GPCR to CCPs. Upon binding to 

activated GPCRs, a conformational change of the adaptor occurs, resulting in 

disassociation of the two termini from each other. The N-terminus associates 

with the plasma membrane while the C-terminus interacts with clathrin and 

AP2, allowing effective targeting of the complex to CCPs (reviewed in (218)). 

Mono-ubiquitination of -arrestin has also been suggested to enhance 

targeting and internalization of GPCRs (283). 
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3.2.1 .3 Accessory proteins  

3.2.1 .3.1 Dynamin 

 
Dynamin is a large GTPase that has been shown to play an important role in 

many of the known endocytic pathways and is commonly used as one of the 

markers to identify specific clathrin-dependent or independent entry portals. 

Three mammalian forms of dynamins are known; the brain specific dynamin-1, 

the ubiquitously expressed dynamin-2, and the testis specific dynamin-3. The 

GTPase domain is located in the N-terminus of the protein. It has a rather low 

affinity for GTP but a high basal hydrolytic activity (17, 300). C-terminally to the 

GTPase domain is the PtdIns(4,5)P2 binding PH (plekstrin homology) domain, 

needed for plasma membrane targeting. The GTPase effector domain (GED) in 

the C-terminus is involved in dynamin oligo-merization and self-assembly (197, 

282). The proline-rich domain (PRD) mediates interaction with SH3 (src 

homology 3) domains in other accessory proteins, functioning as a scaffold 

during the maturation from CCPs to CCVs (Fig.4). 

 

Dynamin-2 is recruited in its GTP-bound form to deeply invaginated CCPs, 

resulting in a constriction at the neck of the forming vesicle, membrane fission 

and subsequent detachment of a fully formed endocytic vesicle from the 

plasma membrane. Two main models have been put forward as a basis for the 

action of dynamin. In the mechano-chemical model, the GTPase oligomerizes 

through its GED-domain as a collar around the neck of a deeply invaginated pit. 

Self-assembly of dynamin promotes GTPase-activating protein (GAP) stimulated 

hydrolysis of GTP, which causes a conformational change resulting in neck 

constriction and scission (170, 260). In the regulatory model, dynamin has a 

regulatory and scaffolding role, recruiting downstream effector proteins that 

subsequently drive fission (67, 282). An attempt to reconcile the two models has 

been made by proposing a two-step model (202) in which a regulatory GTPase-

like mechanism operates during the rate-limiting step, recruiting necessary co-

factors to the forming vesicle and enabling the formation of constricted coated 

pits. In a second step self-assembly and assembly-stimulated GTP hydrolysis 

induces the final stages of vesicle formation.  
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Recent work with the newly described dynamin-specific inhibitor dynasore, 

indicate that the GTPase might have an additional role at the point of 

invagination of the CCP (157, 201). Dynasore is a non-competitive inhibitor of the 

basal and stimulated GTP hydrolysis without affecting the affinity of the 

GTPase towards its substrate. It mediates a reversible block on endocytosis of 

ligands such as transferrin and low-density lipoprotein, which are internalized 

in a dynamin dependent manner, by blocking the maturation of CCPs to CCVs 

(157). Surprisingly, not only deeply invaginated pits (O-shaped) were seen in the 

presence of dynasore as would be expected from studies with dominant 

negative forms of dynamin, but also pits that were still in the process of 

invaginating (U-shaped). This observation illustrates the multiple roles of 

dynamin in the vesicle maturation process and could support the two-step 

model suggested by Narayanan et al (202). 

 

 

Figure  4.  T he str uctur e dyna min- 2.  
Schematic representation of the structural domains of dynamin-2, their main functions and 
interaction partners. PH: plekstrin-homology domain, GED: GTPase effector domain, PRD: 
proline-rich domain.  

 

3.2.1 .3.2 Sorting nexin 9  

 

Sorting nexin 9 (SNX9) is a member of the sorting nexin protein family and has 

recently been sown to have an important role in CME (156, 287, 288, 304). It has 

an N-terminal SH3 domain, followed by a phox homology (PX) domain and a C-

terminal BAR-domain. The SH3 domain interacts with dynamin and has been 

suggested to recruit the GTPase to CCPs and regulate its assembly at the vesicle 

neck (155, 304). SNX9 can interact with the actin modulating proteins N-WASP 
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and Arp2/3 and bind to PtdIns(4)P-5-kinases via its PX domain (287, 288, 343). It 

has thus been suggested to function in the coordination of membrane 

remodelling and fission via interaction with actin-regulating proteins, endocytic 

proteins and PtdIns(4,5)P2 metabolizing enzymes (287, 288, 343). 

 

3.2.1 .3.3 Amphiphysin 

 

The BAR-domain protein family of amphiphysin has two members, the brain 

specific amphiphysin 1 and the ubiquitously expressed amphiphysin 2 (48, 152, 

169). The BAR-domain, responsible for plasma membrane association, is located 

in the N–terminus while the C-terminus contains a SH3 (src homology 3) 

domain. Between the BAR- and SH3 domains, are two clathrin-interacting 

motives as well as an AP2  appendage interactive motive.  

 

Amphiphysins are primarily involved in the late steps of CCP invagination and 

maturation. The two, clathrin binding motives confer a strong interaction with 

free clathrin terminals and thus favor the recruitment of amphyphysin to the 

periphery of CCPs. The elongated, concave form of the BAR-domain promotes 

affinity of the protein towards curved membranes (231). Finally, through an 

interaction with the SH3 domain, dynamin (for scission) and the PI-phosphatase 

(for uncoating) are recruited to the neck of the forming CCV (29, 48, 183, 222).  

 

3.2.1 .3.4 Endophilin 1  

 

Endophilin 1 is a BAR-domain containing protein, and is thus recruited to the 

curved membranes surrounding a forming CCV. Besides its N-terminally located 

BAR-domain it has a C-terminal SH3 domain responsible for the dynamin-2 

induced recruitment of endophilin to forming CCVs (248) as well as with the 

accessory proteins amphiphysin (184) and synaptojanin (248). It exhibits a 

lysophosphatidic acid acyl transferase (LPAAT) activity, resulting in conversion 

of the unsaturated fatty acid arachidonate to lysophosphatidic acid. The change 

from an inverted cone-shaped to a cone-shaped lipid in the cytoplasmic leaflet 
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of the bilayer induces negative membrane curvature. Endophilin 1 has thus been 

suggested to co-operate with dynamin, mediating membrane invagination and 

fission during vesicle formation (276). A second role of the N-BAR protein is in 

the un-coating of endocytic vesicles (301). This is mediated by the SH3 domain of 

endophilin, which recruits the PtdIns(5)-kinase synaptojanin (279).  

 

3 .2 .2 Nucleation of CCPs 

3.2.2.1 The role of phospholipids 

 

As multi-valent binding factors and scaffolds, the adaptor proteins are 

considered to have a co-ordinating role during CCP nucleation. Their common 

ability to bind PtdIns(4,5)P2, internalization motives of receptors, clathrin and 

other adaptors or accessory proteins, allow a temporal and spatial regulation of 

multiple factors. Adaptors are cytosolic proteins that have to be recruited to the 

plasma membrane for their involvement in CCP formation. Exactly what 

regulates or trigger this recruitment is not know but local concentration of 

phospholipids as well as affinity towards signal recognition sequences in 

cytoplasmic domains of cargo, are thought to play a role.  

 

The key regulatory phospholipid in endocytic processes from the plasma 

membrane is PtdIns(4,5)P2. It is primarily found on the inner leaflet and 

constitutes less than 10% of the total cellular phospholipids. PtdIns(4,5)P2 

depletion using the PtdIns(4)P-5-kinases inhibitor 1-butanol results in rapid 

disassembly of pre-existing CCPs and inhibits the nucleation of new ones (21). 

The same effect has been reported using an inositol 5-phosphatase module for 

the depletion of PtdIns(4,5)P2 (351). Consistent with these observations, the 

uptake of tfn as well as EGF is perturbed in cells with low concentrations of 

PtdIns(4,5)P2 (325). These results further support the role of plasma membrane 

phospholipids for coat nucleation, growth and stability.  

 

The level of PtdIns(4,5)P2 is partly regulated by the phosphatidylinositol-

phosphate kinase  (PIPKI ) (56). The activation of organelle- and substrate 

specific PI-kinases by small GTPases can contribute to local changes in PI-
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content. ADP-ribosylation factor 6 (Arf6) is one of the small GTPases that 

localize to the plasma membrane. Upon nucleotide exchange by the Arf6 GTP-

exchange factor (Arf6-GEF), Sec7, the GTPase activates PIPKI , resulting in 

increased PtdIns(4,5)P2 levels (129).  

 

3.2.2.2 Cargo recognition and sorting 

 

The nature of endocytic cargo influences the endocytic pathway used for 

uptake. This is at least to some extent regulated by the cargo specific 

internalization motives found in the cytoplasmic tail of most plasma membrane 

receptors. The type of adaptor protein associating with specific cargo depends 

on the exact sequence of this internalization motive. Some adaptors recognize 

more than one type of sorting signal while others are more specific. The affinity 

of an adaptor towards a receptor-sorting signal can be regulated by 

phosphorylation, conformational changes, or ubiquitination.  

Internalization signals important for endocytosis from the plasma membrane 

can be divided into three main categories: tyrosine, di-leucine, and 

ubiquitination-based (reviewed in (20, 318)).  

 

The first sorting motive identified was the tyrosine-based internalization signal 

in the N-terminus of the transferrin receptor (211). It consists of the amino acid 

sequence Yx  where x is any amino acid,  a bulky hydrophilic residue, and  a 

bulky hydrophobic residue. This sequence is recognized by the μ2 subunit of AP2 

(211) and the interaction depends on two hydrophobic pockets on the μ subunit 

that fit the tyrosine and the hydrophobic residue (219). Upon recruitment to the 

plasma membrane, a phosphorylation-induced conformational change reveals 

the binding site, enabling interaction with the receptor (38, 247).  

 

Another well-known tyrosine-based internalization motive is FXNPXY, found in 

members of the LDL receptor family (LDLR). This motive is recognized by the 

adaptor protein Dab2 via an N-terminal phosphotyrosine-binding (PTB) domain 

which in addition can bind phosphoinositides in the plasma membrane and to 

clathrin and thus promote the assembly of triskelia into polyhedral coats (189). 
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In addition to Dab2, the classical adaptor AP2 as well as the alternative adaptor 

ARH also recognize this motive.  

 

Post-translational modification by the addition of ubiquitin to the cytosolic tail 

of transmembrane receptors such as EGFR and 2-adrenergic receptor can also 

serve as sorting signals. This is an important mechanism for the down-

regulation and termination of signaling cascades mediated by these receptors 

(reviewed in (318)). The ubiquitinated sequences are recognized by ubiquitin 

interaction motives (UIMs) in adaptor proteins such as epsin and Eps15 (232, 

284). Upon ubiquitination, internalization of the active receptors is accelerated. 

Instead of being recycled to the plasma membrane they are routed to the 

degradation pathway by the ubiquitin-dependent endosomal sorting 

machinery consisting of a network of ESCRT protein complexes (9, 118, 239, 284). 

 

The di-leucine based sorting signals were originally identified in the T-cell 

antigen receptor. They were shown to be responsible for the rapid 

internalization and targeting of the receptor to lysosomes (151). This class of 

sorting signals is composed of two distinct groups of motives, DEXXXLL and 

DXXLL (reviewed in (20)) and are recognized by the classical adaptor protein 

complexes (108) as well as Golgi-localized, gamma-ear-containing, ADP 

ribosylation factor (ARF)-binding proteins (GGAs). 

 

3 .2 .3 Maturation from CCP to CCV 

 

A tightly regulated sequence of events results in the growing of the CCP by 

recruitment of clathrin as well as adaptor and accessory factors necessary for 

the formation of a CCV. Receptor-bound cargo can be targeted into plasma 

membrane microdomains with an increased PtdIns(4,5)P2 level and might even 

them selves induce a local rise in concentration of this phospholipd. Adaptor 

proteins such as AP2, AP180, epsin, Eps15, Dab2 or ARH are then recruited to the 

plasma membrane via PtdIns(4,5)P2 interaction (reviewed in (92)). 

Simultaneously, they interact with endocytic cargo-sorting signals, 

synchronizing receptor concentration on the plasma membrane with the 

nucleation of the coated pit by interacting with clathrin. The concentration of 
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cargo stabilizes the forming pit to allow the assembly of the coat and the 

recruitment of all necessary factors for the maturation of a CCP to CCV. Upon 

interaction with adaptor proteins, clathrin polymerizes to form a lattice and 

does itself induce the recruitment of additional triskelions to the growing cage, 

which results in increased curvature of the membrane(221). At later stages of 

CCP formation, accessory factors such as epsin, endophilin and amphiphysin are 

recruited. They induce membrane curvature and through their direct 

involvement in membrane fission or recruitment of dynamin to the vesicle neck, 

they facilitate the next step in the CCV maturation, where the fully formed CCV 

is released into the cytosol.   

 

Upon PtdIns(4,5)P2 based recruitment of epsin, it undergoes a conformational 

change resulting in increased membrane curvature (107). Amphiphysin is 

recruited to the periphery of deeply invaginated pits through its BAR-domain 

and interaction with free clathrin terminals where it recruits dynamin to the 

neck of the forming vesicle. Endophilin I is also preferentially recruited to 

membranes with curvature through its BAR-domain as well as SH3-domain 

based interaction with dynamin. It has a lipid modifying activity, inducing 

negative membrane curvature at the neck of the forming endocytic vesicle and 

thereby facilitating the invagination and fission step (267, 275). The final 

scission step is then regulated and at least partly mediated by dynamin, which 

upon GPT-hydrolysis and conformational changes confer constriction to the 

neck of the deeply invaginated pit.  

 

An additional mechanical force might be accomplished through the interaction 

of dynamin with the actin binding protein cortactin. Cortactin binds to dynamin 

via its SH3-domain (171) and by interacting with the actin biding protein Arp2/3 

it induces local actin branching and polymerization (323, 331, 332, 350). The 

dynamin collar around the neck of the forming endocytic vesicle connected 

through cortactin to branching actin filaments pointing towards the plasma 

membrane could promote pit invagination and facilitate efficient scission (178, 

342).  Alternatively, the actin motor-proteins myosin VI and myosin 1E could act 

as force generators in CCV formation. Myosin VI attaches to coated vesicles 

through the alternative adaptor Dab2 (194, 305) and myosin 1E to dynamin 
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through its SH3 domain (130). A model where the plus-end motor myosin 1E 

pulls the dynamin ring towards the plasma membrane while the minus-end 

motor myosin VI pulls the vesicle into the cytoplasm has been suggested. This 

would result in a severing force applied to the vesicle neck beneath the dynamin 

ring, facilitating scission (reviewed in (322)). The endocytic vesicle is then 

transported into the cytosol, possibly by the propelling force provided by 

polymerizing actin (177, 178).  

 

3 .2 .4  Uncoating 

 

Upon release of the endocytic vesicle into the cytosol, the clathrin coat 

disassembles within a few seconds (261). This is in part regulated by reversible 

phosphorylation of subunits of the coat or plasma membrane phospholipids, 

resulting in reduced affinity of the coat components towards each other as well 

as the towards the vesicle membrane.  

 

Local change in phospholipids concentration is probably the first step in the un-

coating process. This is accomplished by the endophilin-induced recruitment of 

the inositol-5-phosphatase, synaptojanin (145, 163). Upon interaction with 

endophilin, the enzymatic activity of the phosphatase is stimulated. The local 

reduction in PtdIns(4,5)P2 has been shown to destabilize the membrane 

association of adaptor proteins such as AP2 and AP180 (41). The local rise in 

PtdIns(4)P elicited by the activity of synaptojanin on the other hand induces 

PTEN-domain based recruitment of the chaperone co-factor G-associated kinase 

GAK/auxilin. GAK/auxilin is a serine/threonine kinase that can bind to dynamin 

(206), AP2, and clathrin (269, 270, 320). In addition it can phosphorylate ,  or 

μ-subunits of AP2 and thereby interfering with the association of the adaptor 

protein complex with clathrin or cargo (150, 320, 338). Finally, synaptojanin 

recruits the chaperone Hsc70 to the coated vesicle via its DnaJ-domain. This 

interaction stimulates the ATPase activity of the ATP-bound Hsc70 (11, 321). 

Direct interaction of the Hsc70 with clathrin heavy chain then disrupts clathrin-

clathrin interactions, leading to disassembly of the coat (240).  
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3 .2 .5 Endosomal trafficking 

 

The uncoated endocytic vesicle is subsequently targeted to early endosomes 

(EE). EEs serve as sorting compartments for cargo to be routed on to recycling or 

degradation. Some lipids and housekeeping proteins such as the transferrin 

receptor are recycled back to the plasma membrane through recycling 

endosomes or the trans-Golgi network (TGN). Other cargo such as signaling 

receptors and their ligands are sorted to multi-vesicular, endosomal carrier 

vesicles (ECV) and from there they are targeted to late endosomes and 

lysosomes for degradation. Not all cargo that reaches the ECV is degraded. 

Transmembrane proteins such as mannose-6-phosphate-receptor and MHC are 

retrieved from the degradative pathway by back fusion of the internal vesicles 

with the external membrane of the endosomes (reviewed in (89, 90).  

 

Endosomal compartments differ in regard to pH, lipid and protein composition. 

This is important for the functional integrity of the organelles. The mildly acidic 

(pH 6-6.3) luminal environment of EEs (273, 298) serves to induce uncoupling a 

cargo from their receptors (128). From EEs, receptors destined for the plasma 

membrane are targeted to the recycling endosomes. Interestingly, no sorting 

signals for this destination have so far been identified whereas sorting signals 

for internal vesicles and lysosomal targeting are known. This could be an 

indication for a default pathway back to the plasma membrane (88).  

 

Important for the sorting function of endosomes are membrane micro-domains 

with distinct composition and function (reviewed in (88, 348)). The basis for the 

micro-domain formation is lipid composition. Early endosomal membranes as 

well as the internal membranes of ECVs are enriched in PtdIns(3)P (79) and thus 

recruit effectors containing PtdIns(3)P binding motives such as FYVE or PX 

domains (26, 295, 296). A key factor in the formation of these lipid-based 

microdomains is the small GTPase Rab5, which is characteristic for early 

endosomal compartments. Rab GTPases belong to the Ras superfamily of small 

GTPases. They can bind various effectors through their N-terminus, have a 

characteristic phosphate/magnesium binding motif (230), and a guanine-

nucleotide binding domain. Sub-cellular membrane targeting of the Rab 
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GTPases is dependent on sequences in their C-terminus as well as post-

translational modifications with geranyl groups (30). The regulatory role of Rab 

GTPases involves the switching between an active, GTP-bound form and an 

inactive, GDP-bound form. The GTP-bound form recruits effectors to endosomal 

micro-domains and form distinct sorting platforms.  

 

Rab5 interacts directly with the PtdIns(3)P-kinase vacuolar protein sorting-34 

(VPS34), which is responsible for PtdIns(3)P production on the early endosome 

as well the recruitment of a set of PtdIns(3)P binding, Rab5 effectors such as 

EEA1 (33, 286, 294). These Rab5-organized domains are responsible for 

homotypic endosome fusion, the regulation of early endosomal trafficking as 

well as sorting of incoming cargo (31, 24, 83).  

Rab4 and Rab22 are also members of the Rab-GTPase family present on EEs and 

have a postulated role in the recycling to Rab11 positive recycling endosomes, 

which then target the cargo to the plasma membrane (159, 302, 319, 324, 348). 

 

The biogenesis of endosomal carrier vesicles (ECV) and late endosomal 

compartments is a complex process and not entirely understood. ECV are 

thought to be intermediate transport vesicles between EEs and late endosomes 

(LEs). The maturation from early endosomes to endosomal carrier vesicles 

occurs by the invagination of the limiting membrane into the lumen of the 

vesicle and subsequent formation of internal vesicles (89). This process is 

regulated by the FYVE-domain containing protein Hrs, which recruits the 

endosomal trafficking complex ESCRT (8). The internal vesicles increase in 

number as the ECV is transported along microtubules towards LEs, and 

specifically labeled cargo destined for degradation is then targeted in to these 

vesicles.  

 

The maturation from EEs to LEs is also regulated by Rab5 and Rab7 as shown by 

live-cell imaging studies. Two models have been proposed for the progression of 

cargo through the endocytic compartments and its concentration in perinuclear 

late endosomes. One model suggests an active sorting of cargo from the EEs by 

Rab7 (327). Together with the cargo, Rab7 forms micro-domains within the EE 

membrane that then detache as a transport vesicle and are targeted to late 
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endosomes and lysosomes. The other model reports a sequential displacement 

of Rab5 for Rab7 as the maturation proceeds (249).  

 

Like early endosomes, ECV and LEs are also characterized by specific lipid 

compositions. The limiting membrane of these compartments contain 

increasing amounts of PtdIns(3,5)P2, which is synthesized from PtdIns(3)P by the 

PtdIns(3)P 5-kinase PIKfyve (59, 182). Among PIKfyve effectors are members of 

the ESCRT-complex (335). Internal vesicles of the ECV are characterized by their 

high lysobisphosphatidic acid (LBPA) content (127). The LBPA is important for 

sorting and trafficking of proteins and lipids that are in transit through late 

endosomes (87, 127, 168).  

 

The myotubularin and myotubularin related proteins (MTM/R) belong to a 

family of enzymatically active or inactive, dual-specific lipid/tyrosine 

phosphatases showing specificity towards PtdIns(3)P and PtdIns(3,5)P2. In 

addition to the role in reversible phosphorylation of those phosphatidylinositols 

(PIs), the MTM(R)s also show a binding affinity towards the same PIs through 

their PH-GRAM (glucosyltransferase, Rab like GTPase activators and 

Myotubularin) domain (16, 154, 250, 268). Due to their affinity towards these 

two major phospholipids of endosomal compartments from early endosomes 

and ECV to late endosomes, they are likely to be important for the regulation of 

vesicle trafficking and cargo sorting (250).  

 

Late endosomes have a more acidic pH (  5.5) than early endosomes and are 

enriched in internal vesicles. Late endosomes contain lysosomal hydrolases that 

initiate the degradative process. Rab7 is the characteristic Rab-GTPase of late 

endosomes and has been proposed to regulated trafficking between early and 

late endosomes (66, 43, 233) and mediate fusion between late endosomes and 

lysosomes (337, 25, 175). How, exactly this regulation is accomplished is not clear. 

RILP is one of the few known effectors of Rab7 and has recently been suggested 

to coordinate the biogenesis of multivesicluar endosomes through interaction 

with the ESCRT-complex and a dynein-mediated trafficking of these endosomal 

compartments towards lysosomes (234). The limiting membranes of late 

endosomes and lysosomes contain high amounts of LAMP-1 and LAMP-2 
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(lysosomal-associated membrane protein) and the inner membranes contain 

large amounts of LBPA which is not found in the limiting membrane. Lysosomes 

are the end station of the degradative pathway with its highly acidic pH (4.8) 

and hydrolases (128, 172). 

 

3.3 ORGANIZATION AND DYNAMICS OF CCPs AT THE PLASMA 
MEMBRANE 

3.3 .1 Clathrin dynamics  

 

The generally accepted model for the initial steps of the endocytic pathway was 

for a long time based on the theory that pit formation occurs more or less 

randomly through the gradual association of individual coat subunits. 

Receptors and other membrane components destined for internalization are 

enriched in the growing pit, and this is synchronized with the progressive 

invagination of the plasma membrane, resulting in the release of an endocytic 

vesicle. Following uncoating the dissociated coat subunits become cytoplasmic 

and are recycled to new sites of coated pit assembly, independent of previous 

location. 

 

3.3.1 . 1 The classical model 

 

Using a GFP-tagged clathrin light-chain and live cell imaging, Gaidarov et al 

were able to study clathrin-coated structures on the plasma membrane, 

revealing new aspects of the early steps in CME in regard to spatial regulation, 

nucleation and dynamics of CCPs (75). Consistent with the classical model of 

CCP formation, the authors reported CCP “blinking” at the plasma membrane. 

These events were seen as gradually increasing CLC-GFP signal for a short time 

before abrupt disappearances, which would represent an accumulation of 

clathrin in the pit, formation of CCV and a subsequent, rapid uncoating. Similar 

observations have also been reported by other groups (60, 176, 253, 261). The 

above-mentioned studies were not performed using total internal reflection 

fluorescence microscopy (TIRFM), which allows imaging of plasma membrane 

specific events. Another group, Merrifield et al however used a combination of 
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TIRFM and epi-fluorescence microscopy to show a gradual increase in clathrin 

signal that was accompanied by a brief burst in dynamin signal shortly before 

disappearance of both proteins upon internalization of the CCV (60, 176, 253, 

261).  

 

3.3.1 .2 The “catastrophic” and “non-catastrophic” CCPs  

 

In addition to the above mentioned “classical” CCP-dynamics, different clathrin-

associated events have been reported. In a recent study, a large number of 

short-lived pits that rapidly disappeared without any dynamin association were 

seen. The lack of a dynamin burst suggested that the sudden loss of CLC signal 

was not due to internalization.  The authors then proposed a model where the 

nucleating pit needs cargo for stabilization and in the absence of cargo, the 

accumulation of necessary factors for completion of CCV formation cannot 

proceed, resulting in a “catastrophic” collapse of the forming pit (60).  A “non-

catastrophic” loss of clathrin from clathrin-coated pits has also been reported 

where a gradual decrease in fluorescence of long-lived pits is observed (75). This 

could represent an exchange of labeled triskelions from the coat with unlabled 

cytosolic ones, indicating an active role of these otherwise rather static clathrin 

structures in sorting or internalization (242). The active conversion of lattice 

hexagons to pentagons is required to transform flat clathrin coats to budding 

structures (99, 115). Supportive of this interpretation of the static clathrin spots 

seen at the plasma membrane, is the notion that coated vesicles can emerge 

from a static clathrin lattice. These types of static structures have thus been 

suggested to serve as a lattice reservoirs and nucleating site for coated pits and 

vesicles (75, 100, 109, 242).  

 

3.3.1 .3 The “hot spots” 

 

Several groups have reported preferential sites of CCP nucleation or so-called 

“hot-spots”(18, 75, 261, 314). This kind of spatial control requires regulatory 

factors that promote or favor CCP assembly in certain regions of the plasma 

membrane while other regions are actively excluded. For the fast and highly 
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regulated exo- and endocytic cycles in nerve terminals, the high-level of 

organization provided by such “hot spots” would be of importance. How this 

spatial control would be accomplished is not clear but it has been suggested to 

require the action of multi-domain scaffold proteins that are only present at 

specific micro-domains. This would be in agreement with the spatial restriction 

seen for the movements of CCPs and several cell-surface receptors, which are 

typically limited to areas of about 0.5-0.8 mm in diameter (5, 135, 264). This 

phenomenon has been explained by a mosaic membrane structure where 

trans-membrane proteins that tether to the underlying cortical actin 

cytoskeleton could act as fences, serving as scaffolds for endocytic structures 

and limiting free diffusion within the membrane.  

 

3 .3 .2 Cargo specific interaction with the clathrin machinery at the 
plasma membrane 

 

For a long time, CME was considered to depend on a number of core-

components necessary and sufficient for the internalization all types of cargo. In 

recent years it has become increasingly clear that despite the common clathrin 

dependency, molecular requirements, targeting to endocytic machinery (60, 

176, 261), intracellular sorting and transport is to some extent cargo specific 

(137). 

 

3.3.2.1 Targeting of cargo into CCP 

 

Using fluorescently tagged cargo and endocytic proteins in combination with 

live-cell imaging it its possible to specifically look at the initial interaction of 

these factors at the plasma membrane.  Different levels of receptor bound 

cargo mobility as well as differences in the usage of pre-existing CCPs and 

induction of de novo CCP formation has been reported. Originally, targeting was 

thought to happen only through binding of cargo to receptors that were 

laterally mobile within the plasma membrane before becoming confined to a 

pre-formed CCP (266, 280). In recent years it has however become clear that 

receptor bound cargo can trigger de novo formation of CCP. Smaller cargo such 

as G-protein coupled receptors, tfn and LDL seem to be mainly targeted to pre-
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formed CCPs (60, 266, 280) whereas viruses like influenza, Semliki Forest virus 

and Reovirus (60, 261, 326) are at least partly seen to induce de novo formation 

of CCPs.  

 

The exact role of cargo in the induction of CCP formation however remains 

unclear. In the case of clathrin assembly underneath a Reovirus particle, the 

authors postulated that the clathrin recruitment was not cargo-induced but 

rather a result of random CCP formation. This was based on calculations 

showing that the likelihood of a CCP forming underneath the virus was the 

same as in a random spot on the plasma membrane and therefore the binding 

of the virus would not directly induce the formation of the pit but rather 

stabilize the coat that was forming underneath it (60). In another study, 

influenza virus was shown to exploit both mechanisms although de novo 

formation was by far the more frequently seen event (261).  The authors 

suggested virus-induced clathrin recruitment based on the observation that pit 

formation at the site of virus confinement was more frequent than in the 

surrounding areas on the plasma membrane. The cargo induced de novo 

formation of CCP has also been show to occur upon activation of EGFR (110). The 

EGF-induced stimulation of EGFR resulted in the formation of new, EGFR- but 

not tfn-containing pits, indicating a cargo specific induction of CCPs.  

 

3.3.2.2 The role of adaptors 

 
The requirement for adaptor proteins is maybe the most prominent difference 

between different cargo using CME. The adaptor proteins are regarded as core 

components of the clathrin-based endocytic machinery, making the initial 

contact with the plasma membrane and endocytic signals in cargo receptors 

and subsequently recruiting clathrin and accessory proteins to the forming CCP. 

This function was previously thought to be restricted to AP2. Recently, it has 

been shown that not all types of cargo depending on CME do also require AP2 

for efficient internalization. While the endocytosis of tfn is effectively blocked in 

cells lacking AP2 other cargo such as EGF, LDL, and influenza are still being 

internalized (37, 137, 196, 205). In the case of EGF and influenza this could, 

however, partly be due to an alternative, clathrin-independent pathway (102). 



40                                                                                               Host cell entry of VSV  

 

This differential adaptor protein requirement has been suggested to affect the 

sorting process were cargo destined for late endosomes or lysosomes like LDL, 

EGF and influenza are sorted into a highly mobile population of early 

endosomes via alternative adaptors such as Dab2 while tfn is sorted into a more 

static population of endosomes destined for recycling in a AP2 dependent 

manner (137). 

 

Depending on the adaptor involved, targeting mechanisms of cargo to CCPs 

may vary. In the case of LDLR, it seems like the cargo specific adaptor Dab2 is 

responsible for the initial recognition of the receptor at the plasma membrane 

in an AP2-independent manner. Dab2 is thought to bind simultaneously to the 

actin-based motor-protein, myosin VI and thereby actively mediate the 

targeting of LDLR to CCPs (166). 

 

Another cargo specific targeting mechanism could be accomplished by so-called 

sorting platforms. The existence of sorting platforms has been suggested by 

Rappoport et al in a study where they looked at the dynamics of clathrin, AP2 

and epsin during endocytosis using TIRFM (242). AP2 was found to localize only 

to a static population of clathrin spots and to be excluded from endocytic 

vesicles (241, 242, 245). Eps15 has been reported to be restricted to the edges of 

CCPs, and is not incorporated into the forming CCVs (42). The alternative 

adaptor epsin was on the other hand found to be internalized together with the 

majority ( 70%) of CCVs (242). The authors thus suggested a model where AP2 

is restricted to the static population of clathrin lattices at the plasma 

membrane, having a sorting function within these micro-domains. Upon 

internalization, receptors would associate with more specific adaptors, which 

would replace AP2 and be internalized in the CCV together with its cargo.   

 

3.4 Vesicular stomatitis  virus 

 

Vesicular stomatitis virus or VSV belongs to the family of Rhabdoviridae, which 

is composed of 6 genera. The most intensively studied genera are the Lyssa 

viruses, commonly represented by the notorious Rabies virus and 

Vesiculoviruses, with VSV as a prototype. VSV has a very broad host range, 
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infecting from insects to humans (259). It is however best know for causing 

epidemics in cattle were the symptoms are vesiculation around hooves and 

mouth, temporary lameness, and loss of milk production (259).  

 

3 .4.1 VSV structure and morphology  

 

VSV is an enveloped, bullet shaped virus with a size of 70-80 nm in diameter 

and 170-180 nm in length. It is composed of two major structural components, 

the helically coiled, cylindrical nucleocapsid and the host cell derived envelope 

bearing an external fringe of spikes formed by trimers of the transmembrane 

protein VSVG (Fig. 6A and B). In negatively stained electron micrographs, the 

base of the bullet appears to be fragile, allowing stain to penetrate into the 

envelope, revealing the internal helical nucleocapsid (Fig.6B). The genome of the 

virus is a single, linear, negative-sense, ssRNA that is about 12 kb in size. It 

encodes five major proteins: glycoprotein (G), matrix protein (M), nucleoprotein 

(N), RNA-dependent RNA polymerase (L) and phosphoprotein (P) (Fig.6A). The 

nucleocapsid is a tightly associated complex of RNA and nucleocapsid protein N.  

Although present in fewer copies than the N protein, the phosphoprotein, 

which is essential for the transcription complex, and the polymerase L, are also 

components of the nucleocapsid. The polymerase L is a RNA-dependent RNA-

polymerase with an mRNA 5’-capping, 3’-poly(A) and protein-kinase activities. 

The matrix protein is the most abundant protein of the virion and has a multi-

functional role in inhibition of host cell transcription as well as regulation of 

viral transcription. In addition, it promotes viral budding by binding to 

nucleocapsids and the cytoplasmic domain of VSVG.  

 

3 .4.2 VSVG 

 

VSVG plays a critical role during the initial steps of infection. It is responsible for 

virus attachment to the host cell receptor as well as the acid-activation of the 

viral envelope with target membranes (53, 78, 255, 259). Four distinct domains of 

VSVG have been identified: a -sheet lateral domain (I) a central domain 

involved in trimerization  (II), PH domain (III) and a fusion domain (IV) (256). 
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VSVG can assume at least three different conformations: the native, pre-fusion 

state detected at the virus surface above pH 7, the activated hydrophobic state, 

which interacts with the target membrane and the post fusion conformation 

(254-256). VSVG is an atypical fusion protein, showing a pH-dependent 

equilibrium between its pre- and post-fusion conformations. This is in contrast 

to other viruses fusing at low pH, were the acid-induced conformational change 

is irreversible (77). The acid-activation is a result of low-pH induced 

conformational changes in the fusion domain of the glycoprotein. Upon 

exposure to low pH, protonation of histidines occurs, which causes the fusion 

domain to move closer to the target membrane. The perturbation of the fusion 

domain into the outer leaflet of the target bilayer leads to hemi-fusion and 

subsequently to pore-formation (reviewed in (254)).  

 

 

Figure  6.  T he str uctur e of  VSV. 
A. Structural components of VSV depicted on a negative staining of wtVSV and a schematic 
representation of the negative sensed RNA and its encoded proteins.  
B. A micrograph of negatively stained wild-type VSV. Due to rupture at the base of the virus, the 
stain has penetrated the envelope, revealing the internal helical nucleocapsid. Two of the viral 
particles (top left) are still intact and thus have a dense appearance.  Micrographs were taken by 
Jürgen Kartenbeck. Scale bar represents 100 nm.   

 

3 .4.3 Endocytic pathway and infection 

 
Like many other pathogens, VSV must enter cells for survival, replication and 

immune-system evasion. For this it makes use of existing cellular endocytic 

pathways, which results in more efficient entry and delivery to sub-cellular 

locations, optimal for viral replication (161). The initial contact of the virus with 

A B 
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its host cell is through VSVG mediated interaction with attachment factors 

and/or receptors. The nature of VSV receptor remains a matter of debate. For 

some time, phosphatidylserine was thought to be the VSV receptor (271), but 

more recent work suggests that this is not the case (34).  

 

Matlin et al originally showed the infectious route of VSV to be through 

endosomal compartments due to the inhibitory effect of agents affecting the 

endosomal pH and in the same study, using electron microscopy, the virus was 

found in pits and vesicles with an electron-dense coat (164). More recent studies 

have confirmed the clathrin dependence of the virus and in addition shown that 

infection is reduced upon over-expression of a dominant negative form of Eps15 

(310). Following entry, the virus containing endocytic vesicle fuses with early 

endosomes (Fig.7). Rab5 and COPI-coatomer complex seem to play a role in this 

process, most likely in targeting to the early endosome or in further sorting 

within the endosomal compartments (47, 291). The late endosomal GTPase Rab7 

is on the other hand not involved in VSV infection (291). Based on the pH 

threshold of VSVG conformational change, which has been reported to be 

below pH 6.2 (28, 334), the virus could undergo acid-activation in the early 

endosomes (pH 6-6.3) (273, 298). Acid-activation would then result in fusion of 

the viral envelope with the limiting membrane of the early endosome leading 

to penetration of the nucleocapsid into the cytosol.  

 

Le Blanc et al have suggested fusion and penetration to be two distinct steps, 

separated in time and space. In their model, acid-activation is induced in ECV, 

where the viral envelope fuses with internal vesicles rather than the limiting 

membrane. The nucleocapsid would then be transported, in a microtubule 

dependent manner within the internal vesicles of the ECV, towards late 

endosomes. Penetration would then occur through a back-fusion of the internal 

vesicles with the limiting membrane of the ECV or late endosome. This process 

was found to be dependent on the endosomal lipid LBPA and its putative 

effector Alix. The process was suggested to be regulated by PtdIns(3)P signaling 

via the cellular fusion protein sorting nexin 16 (Snx16) (141).  
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4 RESULTS 
 

4.1  CHARACTERIZATION OF LABELED VSV AND RECOMBINANT VSV 

 

The viruses used in this study were grown in BHK-21 cells and purified from the 

cell medium using isopycnic gradient centrifugation. The quality and purity of 

the virus was tested by plaque assay, SDS-page and EM after negative staining. 

The particles had the characteristic bullet shape of Rhabdoviruses and the 

spikes in the viral envelope representing the VSVG trimers could be clearly 

detected (Fig.1A, arrow). Only the five viral proteins (polymerase (L), glycoprotein 

(G), nucleocapsid protein (N), phosphoprotein (NS) and matrix protein (M), were 

visible on a coomassie stained SDS-PAGE gel (Fig. 1B, L (240 kD), G (63 kD), N (47 

kD), NS (29 kD) and M (26 kD)).  

 

For live-cell imaging, purified wtVSV was labeled with the fluorophores 

AlexaFluor488 (VSV-AF488), AlexaFluor594 (VSV-AF594), or AlexaFluor647 (VSV-

AF647). SDS-PAGE and fluorography of the labeled viruses showed that the 

fluorophores were coupled to the glycoprotein G (VSVG) (Fig. 1B). VSVG is the 

only protein exposed on the outside of the envelope and thus the only protein 

expected to be labeled if the viruses are intact. When viewed by a confocal 

microscope, labeled viral particles could be seen as a homogenous population of 

single spots with a diameter of 450±50 nm (Fig. 1C). Labeling reduced infectivity 

from 1 x 1014 to 5 x 1013 plaque forming units/ml (pfu/ml). 

 

The recombinant VSV (rVSV) that expresses GPF upon replication in infected 

cells has been previously used and described (111, 131, 224, 278). The GFP 

sequence was cloned between the gene coding for G and L proteins. This 

allowed a direct fluorescent detection of infected cells 3-5h post-infection (pi) 

without antibody staining (Fig. 2A). The infection index or the fraction of cells 

infected at a given multiplicity of infection (MOI), was the same as for wtVSV, 

and infection was inhibited by agents increasing the pH of endosomal 

compartments (see Fig. 2B). 
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Figure  1.  Pur if ied a nd la bel ed wt VSV.   
A. Analysis of purified wt VSV by negative staining using phosphotungstic acid (pH 7.3) in EM. 
Viral particles showed the characteristic bullet shape of Rhabdoviruses and a size of 80 x 180 
nm. VSVG glycoprotein trimers were seen in the viral envelope (arrow). Majority of viral particles 
were intact when the pH of the phosphotingstic acid was buffered to pH 7.3. Micrograph taken 
by Jürgen Kartenbeck. Scale bar represents 100 nm.  
B. Analysis of wtVSV-AF488 by SDS-PAGE with coomassie blue staining in the right lanes, 
fluorography in the middle and western blotting by VSVG-8685 antibody in the right lane. In 
coomassie staining, all five viral proteins (polymerase (L), glycoprotein (G), nucleocapsid protein 
(N), phosphoprotein (NS) and matrix protein (M), were visible while the G protein (G (63 kD)) is 
the only protein that is fluorescently labeled.  
C.  Confocal microscopy of the AF488 labeled VSV showing homogenously distributed, individual 
spots of uniform size (~ 0.5 μm). The relative fluorescence intensity distribution of one labeled 
virus (insert) is shown.   
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Figure 2 .  Cha racterizatio n of  
rVSV.  
A. Infection of BHK cells with rVSV at 
a MOI of 1 showing 30% infection. 
Cells were counted by looking at 
hoechst nuclear staining (middle) 
while infection was scored by 
detection of GFP expressed upon 
viral replication (left). 
B. Dose dependent infection was 
seen for rVSV as scored by FACS and 
a complete inhibition of infection 
was seen in the presence of 20 mM 
NH4Cl.  

 

 

 

 

 

 

 

 

 

4.2 THE KINETICS OF VSV ENDOCYTOSIS  

4.2 .1 Kinetics of internalization and acid-activation  

 

To analyze the kinetics of VSV uptake in HeLa cells, we followed the 

internalization of [35S]-methionine-labeled virus. To allow synchronized entry, 

the labeled virus was first allowed to bind to confluent cell monolayers at 4°C 

for 1h at a MOI < 1. The cells were then washed to remove unbound virus leaving 

2-10% of the added virus cell-associated. After rapidly raising the temperature to 

37°C, dishes were placed on ice at different periods of time up to 45 min, and 

cell-associated radioactivity was measured after treatment with proteinase K at 

4˚C to remove surface-bound VSV (164). Control samples with virus bound to 

the surface without shifting the cells to 37°C, showed that the proteinase K 

treatment removed over 92±7% of surface-bound virus.  
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Figure  3.  Entr y kinetics of  VSV in  HeLa  cell s 
A. 35S labeled VSV was bound to cells at 4°C. Subsequently, unbound virus was removed before 
shifting cells to a 37°C water-bath for indicated times. Internalized virus was quantified using a 
scintillation counter. Error bars indicate standard deviation of the mean of 3 experiments.  
B. Kinetics of VSV acid-activation and VSVG degradation in HeLa cells. VSV was bound to cells at 
4°C. Unbound virus was removed and samples were shifted to a 37°C water-bath in the 
presence (NH4Cl wash-out) or absence (NH4Cl add-in) of NH4Cl for indicated times. 
Subsequently the NH4Cl was either removed for 2 min and then re-added (NH4Cl wash-out) or 
added to the samples (NH4Cl add-in) at indicated time-points. Infection was scored by FACS 4h 
post infection and is represented as percentage of infected cells as compared to infection levels 
in the absence of NH4Cl. Error bars indicate standard deviation between 3 experiments.  
C. VSVG degradation. VSV was bound to cells at 4°C. Unbound virus was removed and samples 
were shifted to a 37°C water-bath in the presence of 1mM cycloheximide (CHX) for indicated 
times. Subsequently, the amount of internalized, un-degraded VSVG was quantified by western 
blot. Error bars indicate standard error of the mean of 3 experiments.  

 

In samples incubated at 37°C, up to 30% of cell-associated radioactivity became 

resistant to proteinase K treatment. As shown in Fig. 3A, internalization of VSV 
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was surprisingly rapid; the full cohort of viruses that was internalized was 

already proteinase K resistant 5 min after warming, and half of it was resistant 

within 2.5-3 min. The internalization of VSV thus occurred rapidly and 

synchronously. Why only one third of the virus was internalized is not clear but 

the inefficient internalization was consistent with previous observations in 

MDCK and BHK cells (164, 186). 

 

To determine the time course of the acid-induced activation of membrane 

fusion and penetration following internalization, we developed a FACS-based 

infection assay using a recombinant virus (rVSV is identical to wild-type virus in 

regard to infection but modified so that it expresses GFP in the infected cell) (111, 

131, 224, 278). To define the time of acid-exposure, we took advantage of the fact 

that lipophilic weak bases such as ammonium chloride (NH4Cl) inhibit 

endosomal acidification and thus prevents the pH-induced activation of the 

VSVG (164). The elevation of endosomal pH is almost instantaneous upon 

addition of the base to the extra-cellular medium (210). The virus is internalized 

normally in the presence of 20 mM NH4Cl but if the medium pH is carefully 

buffered to 7.2 or higher, penetration and infection is completely blocked (119) 

(Table 1). As before, virus was bound to cells at 4°C for 1h. Unbound virus was 

removed, and samples shifted rapidly to 37°C. NH4Cl was added at different 

times, and the infection index determined 4 hours later using FACS analysis 

after fixation. The percentage of cells infected in uninhibited controls ranged 

between 20 and 70% depending on the experiment. It is important to note that 

by using a multiplicity of infection below 1, we could score the average time of 

acid-conversion; if more than one virus was added the kinetics of the fastest 

viruses were scored.  

 

The results showed that all viruses passed the acid-requiring step within 8-10 

min post warming with no additional viruses being activated at later time 

points (Fig. 3B, squares). The half time was about 3 min indicating that the 

majority of viruses passed the acid-requiring step almost immediately after 

internalization. Given the rapidity of the process, the critical acid-induced event 

most likely occurred in early endosomes (173).  
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To determine whether later organelles in the endocytic pathway could also 

could productive penetration, we allowed the virus to enter for different periods 

in the presence of NH4Cl, then changed to inhibitor-free medium for 2 min, 

followed by re-addition of NH4Cl, and infection was assayed 4h post-warming. 

This protocol took advantage of the almost instantaneous drop in endosomal 

pH after NH4Cl wash-out and the rapid pH increase after re-addition (210).  

 

The results confirmed that viruses reached a compartment capable of 

supporting productive entry as early as 2 min after warming (Fig.3B, circles). 

Peak values of infection were observed 6-10 min after warming whereafter it 

dropped to half within 30 min and to zero within 90 min. This confirmed that 

the acid-activated step in VSV penetration occurred with highest efficiency in 

early endocytic compartments, and demonstrated that movement into late 

endosomes or lysosomes reduced and eventually prevented productive 

penetration.  

 

Next, we determined the time course of virus arrival in degradative 

compartments by measuring the degradation of G-protein. Purified wild-type 

VSV was again bound to cells for 1h at 4°C. After washing and a shift to 37°C for 

different times, viruses that had failed to enter were removed by proteinase K 

treatment in the cold. Cell lysates were analysed by SDS-PAGE and 

immunoblotting using antibodies against the G-protein. As shown in Fig. 3B 

(triangles) and quantified in Fig. 3C, about one third of cell-associated VSVG was 

internalized, and its degradation started between 30 and 60 minutes after 

warming and was complete by 120 min.  

Taken together, the kinetic data were consistent with a model in which the 

incoming virus passes through three compartments: 1) An early endosome that 

supports acid-activation of the G-protein and efficient productive penetration; 

2) A later endosomal compartment that is less effective in supporting infection, 

and 3) A degradative, presumably lysosomal compartment incapable of 

supporting penetration.  
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4.2 .2 VSV in  endosomes 

 

We also analyzed VSV entry into host cells using electron microscopy (EM). Due 

to the inefficient binding of the virus to HeLa cells, we were able to detect a very 

limited number of cell associated viruses. Syrian baby hamster kidney cells 

(BHK-21) are about 100x more sensitive to VSV infection, and as the entry 

kinetics were found to be the same as seen for HeLa (H.K.J. and A.H.) we decided 

to use these for EM analysis of viruses in endosomal compartments. As our 

above discussed results indicated a rapid internalization and acid-activation 

that might result in penetration of the virus into the cytosol where it would not 

be visible anymore, we tried to maximize the number of internalized viruses. 

This we did by binding the virus to cells at 4°C for 1h and then, without 

removing unbound virus, shifted the samples to a 37°C incubator. Our previous 

results indicated that the temperature shift is slower when an incubator is used 

in comparison to same experiment performed using a water-bath (H.K.J. and 

A.H.). We therefore incubated our EM samples for 10 minutes at 37°C before 

fixation and embedding.  

 

Upon internalization, viruses were visible in vesicles with an electron dense coat 

(Fig. 4B (open arrow), D, E and G). Viruses could also be seen in what appeared 

to be intracellular membrane-bound structures with irregular shapes and 

devoid of visible coat or internal vesicles (Fig. 4A, B (closed arrow), C, H and F) 

suggesting newly formed endocytic vesicles or early endosomes with a 

diameter of 195±7 x 271±7 nm. Only when NH4Cl was added to prevent 

acidification, accumulation of VSV in endosomal compartments was observed 

within larger vacuoles with diameter of 456±8 x 607±10 nm. These could 

contain several viruses as well as some intra-vacuolar vesicles (Fig. 5A to F).  
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Figure 4.  Electro n micro gra ph of VSV in endoc ytic/endoso mal vesicles. Virus was 
bound to cells at 4°C for 1h and subsequently shifted to a 37°C incubator to allow internalization 
for 10 min before fixation. Viruses were seen either in coated or partly coated endocytic vesicles 
(B (open arrow), D, E and G) or in relatively small, tight fitting endosomal vesicles (A, B (closed 
arrow), C, H and F), indicating their presence in early endosomal compartments. Micrographs 
taken by Roberta Mancini. Scale bar represents 100nm.  
 
 

4.3 THE ENDOCYTOSIS OF VSV IS CLATHRIN DEPENDENT 

 

4.3.1 VSV in  coated and uncoated pits during host cell  entry 

  

By binding viral particles to cells at 4°C for 1h and subsequently fixing and 

embedding the samples we were able to look at virus-cell interaction. Viral 

particles that were attached to the cells (n=26) were in some cases associated 

with (Fig.6F and G) or at the base of a microvilli (Fig. 6A and E) as has been 

previously reported for Semliki Forest virus (162).  The viruses were seen in two 

types of surface invaginations; 60% of them were coated (Fig.6A, B, C and D), 

and the rest similar invaginations but without a visible electron-dense coat 
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(Fig.6E, F and G). Upon warming, viruses started to be internalized and were in 

some cases seen in coated vesicles (Fig.6H, arrows). 

 

 
 

  
 

 

4.3 .2 VSV infection is blocked by the CME inhibitor 
chlorpromazine 

 

Although it seems to be clear that VSV entry into host cells can occur via 

clathrin-mediated endocytosis, its molecular mechanism has not been studied 

in detail. Chlorpromazine is a pharmacological inhibitor reported to prevent 

coated pit assembly on the plasma membrane and to cause clathrin lattices to 

form on endosomal membranes (329). We applied this inhibitor to HeLa cells 

and monitored its effect on VSV infection. The cells were pre-incubated with 

different concentrations of the inhibitor for 10 min before virus was added. Due 

to the cytopathic effect of the inhibitor, it was removed after 30 minutes 

incubation with the virus and infection was the allowed to proceed in the 

absence of the drug for additional 3.5h until infection was scored by FACS. At a 

Figure 5 .  Electro n micrographs of  VSV in  
late endoso mal com partm ent s.  Virus was 
bound to cells at 4°C for 1h and subsequently 
shifted to a 37°C incubator in the presence of 
NH4Cl to allow internalization but not acid-
activation. Subsequently, NH4Cl was removed 30 
sec before fixation. Accumulation of viruses was 
seen in larger endosomal structures some 
containing internal vesicles. No fusion events 
were seen. Micrographs taken by Jurgen 
Kartenbeck. Scale bar represents 100nm. 
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concentration of 17 μM, infection was reduced by about 40%, and at 280 μM by 

90% (Fig.6I). This effect of chlorpromazine is an additional confirmation of the 

importance of CME for productive VSV infection.  

  

4.3 .3 Clathrin heavy chain knockdown impairs VSV infection.   

 

To further confirm the importance of clathrin for VSV infection we performed 

siRNA mediated silencing of clathrin heavy chain (CHC) in HeLa cells using four, 

previously validated oligonucleotides, CHC1, CHC2, CHC3 and CHC4. To acquire 

maximal knockdown, a double transfection protocol was deployed with a 48h 

Figure 6.  VSV endoc ytosi s is c lathrin  
dependent.   
A to G. Virus was bound to BHK-21 cells at 
4°C for 1h and subsequently fixed and 
analyzed. Plasma membrane bound viruses 
with (A, B, C and D) or without (E, F and G) 
an electron dense coat. Viruses were in 
some cases seen close to or associated with 
microvilli (A, E F and G). Micrographs were 
taken by Roberta Mancini and Jurgen 
Kartenbeck. Scale bar represents 100 nm. 
I. A dose-dependent reduction of VSV 
infection was seen in the presence of the 
CME inhibitor chlorpromazine. 
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interval. To verify the efficiency of CHC knockdown, cell lysates were analyzed 

using western blots and specific CHC antibodies; a loss of 30, 50, 85 and 95% 

was observed for CHC1, CHC2, CHC3 and CHC4, respectively (Fig. 7A). Cells 

transfected with AllStars Negative siRNA were used as a negative control and 

actin as a loading control. 

 

 

 

 

Figure 7.  VSV i nfection is  
c lathrin  dependent.  HeLa 
cells were transfected with 4 
siRNAs against clathrin heavy 
chain (CHC1 to 4). A. 
Quantification of CHC protein 
levels in siRNA treated cells by 
western blot. Results are 
presented as percentage of CHC 
normalized to CHC levels in 
control cells treated with 
AllStars Negative siRNA and the 
level of actin as a loading 
control. B. Cells treated with 
CHC1 to 4 were infected with 
rVSV. The infection was scored 
by FACS and normalized to 
infection levels of AllStars 
Negative treated cells. Error-
bars represent standard 
deviation between 3 
experiments. C. Cells treated 
with siRNA against CHC (CHC1, 
2, 3 and 4) were infected with 
rVSV for 4h. AF594 labeled 
transferrin was added to the 
samples for 15 min, 25 min prior 
to fixation. Clathrin was 
detected using a mouse anti-
clathrin antibody and a 
secondary antibody labeled 
with AF647 and infection was 
detected by GFP expression 
upon replication of the rVSV.  

 

C 
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Cells were then infected with rVSV at a MOI of 0.5 for 4h. To determine if CME 

was inhibited, AF594 labeled transferrin (tfn) was added for 15 min. 

Subsequently, the transferrin was removed and the samples incubated for 

additional 10 min. The remaining, un-internalized tfn was then removed by an 

acid-wash using a glycine buffer with a pH of 3. Scoring the infection by FACS, 

clathrin heavy chain knockdown using CHC1 resulted in 20% reduction of 

infection while about 40% reduction was observed using CHC4 siRNA (Fig. 7B). 

We confirmed our FACS results by immuno-fluorescence analysis using a 

confocal microscope. The total amount of tfn internalized, which is exclusively 

clathrin dependent and was therefore used as a positive control, was strongly 

reduced in siRNA treated cells (Fig.7C, tfn). A very low level of tfn signal was 

however seen in some of the cells. We analyzed the cells that were infected 

with VSV and in some cases these were also still capable of internalizing some 

tfn (Fig.7C, CHC2 and 4, arrows). In other cases, the virus was seen to infect cells 

in which no uptake of transferrin could be detected (Fig.7C, CHC1, arrow).  These 

results indicate that despite lowered clathrin expression, it was still enough to 

maintain low levels of clathrin-mediated endocytosis. Even in the absence of 

any detectable tfn uptake, the cells could be infected. Clathrin thus seems to be 

involved in the productive entry of VSV. However we could not exclude the 

presence of an alternative clathrin-independent pathway.   

 

4.3 .4 Testing other perturbations 

 

To characterize the entry process further, we used a number of perturbations 

known to affect different endocytic processes. To assess the importance of 

cholesterol, we subjected CV-1 cells to cholesterol extraction over night using a 

combination of the cholesterol-sequestering drug nystatin (25 μg/ml) and the 

cholesterol synthesis inhibitor progesterone (10 μg/ml). Cells were subsequently 

infected for 4h with rVSV and after fixation samples were analyzed by FACS. As 

a positive control we infected an identical set of samples with SV40, which is 

dependent on the presence cholesterol for its internalization through a clathrin-

independent pathway (228). The results showed that VSV infection was reduced 

by 30% in the absence of cholesterol as compared to 80% reduction of SV40 

infection (Fig. 8A). Similar results were obtained in HeLa cells using rVSV in the 
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presence of progesterone and nystatin. These results indicate that the majority 

of VSV enter cells by a pathway, such as CME, that does not require lipid-rafts.  

 
 
Figure  8.  Lipi d  rafts,  Caveo lin- 1 a nd Arf 6 ar e not  involv ed i n VSV i nfection.   
A.  CV-1 cells were infected with rVSV in the presence of progesterone and nystatin and the lipid-
raft dependent virus SV40 was used as a positive control. Infection was scored by FACS. Error 
bars indicate standard deviation between three samples.  
B. Caveolin-1 knockout cells were infected with different MOIs of rVSV and the infection index 
was compared to what was seen for the wild-type cells. Error bars indicate standard deviation 
between three samples.  
C. HeLa cells were transfected with Arf6-wt-GFP or Arf6-T27N-GFP constructs and 12 hours later 
infected with rVSV. Infection was scored by FACS. Error bars indicate standard deviation 
between three samples.  

 

Caveolae and caveolin-1 are involved in the lipid raft mediated endocytic uptake 

of SV40 in CV-1 cells (6, 116, 228, 306). It has however been shown that SV40 is 

endocytosed just as efficiently in Caveolin-1 knockout cells as in the wild type 

control cells and that the entry kinetics are even faster in the absence of 

cavelolin-1, than in cells expressing caveolin-1 (46). We made use of mouse 

embryonic fibroblasts lacking caveolin-1 (57) to look at the effect of caveolin-1 

absence on VSV infection. We infected an identical set of samples of caveolin-1 

knockout fibroblasts (KO MEFs) and wild-type MEFs (wt MEFs) with rVSV and 

subjected to FACS infection analysis. The results showed that like for SV40, 

infection was increased about 50-60% in the absence of caveolin-1 as compared 

to what was seen in the wt MEFs (Fig. 8B). We conclude that caveolin-1 is not 

required for VSV infection.  

 

The small GTPase Arf6 is sometimes used as marker for one of the clathrin-

independent endocytic pathways (reviewed in (167)). To look at the effect of 

Arf6 on VSV infection we made use of an Arf6 T27N mutant, which traps its 

GDP/GTP exchange factor (GEF) in a stable complex, preventing the activation 

of endogenous Arf6 (158). The wild-type Arf6-GFP construct as well as the GFP-

tagged, dominant negative form of Arf6 were transfected into HeLa cells and 
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subsequently the transfected cells were infected with wtVSV. There was no 

significant difference between the infection of cells expressing the dominant 

negative form as compared to those expressing wild-type Arf6 (Fig. 8C). VSV 

does thus not seem to enter cells in an Arf6 dependent manner.  

 

4.4 ADAPTOR AND ACCESSORY FACTOR INVOLVEMENT IN VSV 
INFECTION  

 

4.4.1  Dynamin-2 is  required for VSV infection 

 

Since dynamin-2 is a key factor in several endocytic pathways including the 

clathrin- and caveolar/lipid raft-mediated but dispensable in others such as 

macropinocytosis and the non-clathrin/non-caveolar pathway recently 

described for the entry of lymphocytic choriomeningitis virus (LCMV) (39, 136, 

238, 322), it serves as a rather reliable first criterion for classifying endocytic 

pathways. To test weather dynamin is involved in VSV infection we transfected 

HeLa cells with dynamin-2-wt-EGFP and the dominant negative mutant 

dynamin-2-K44A-EGFP (45). Transfected cells were then infected with rVSV for 

4h prior to fixation and subsequently, infection was scored by eye using a 

confocal microscope. As a positive control we used Semliki Forest virus (SFV), 

which has been shown by our lab to enter cells in a clathrin and dynamin-2 

dependent manner (326). Over 100 cells were counted for each construct. In 

cells over-expressing the dynamin-K44A mutant, VSV infection was reduced 

about 40% whereas SFV infection was reduced about 60% as compared to cells 

over-expressing the dynamin-wt construct (Fig. 9A and B and Table 1).  

 

Since over-expression of the dynamin-2-K44A is required for a clear inhibition of 

CME, and this level of over-expression affects cell viability, we also applied 

dynasore, an inhibitor that specifically inhibits the GTPase activity of dynamin 

and thus blocks endocytosis of transferrin (157). It has no effect on vaccinia virus 

(VV) infection of HeLa cells, which we have shown to enter through a dynamin-

2-independent macropinocytic pathway (174). We pre-incubated HeLa cells with 

dynasore for 15 min and subsequently added rVSV or VV to the samples for 4h 

before fixation and infection scoring by FACS. No cell toxicity was observed. The 
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inhibitor caused almost a 10-fold drop in infectivity indicating that the majority 

of VSV particles depend on dynamin-2 for infectious entry (Fig. 9C). This is 

consistent with what has been shown by our group for the clathrin-mediated 

entry of SFV (T. Heger, unpublished data). Vaccinia virus was not affected by 

dynasore (Fig. 9C and Table 1). We thus conclude that VSV infection of HeLa cell 

is dynamin-2 dependent.   

 

 

Figure  9.  VSV inf ection is  dynami n-2  dependent.   
A. HeLa cells were transfected with dynamin-2-wt-EGFP (black bars) or the dominant negative 
dynamin-2-K44A-EGFP (grey bars) and 12 hours post-transfection, cells were infected with 
wtVSV or SFV. Infection was scored by eye using a confocal microscope. Over 100 transfected 
cells were counted.  
B. Examples of dynamin-2 expressing cells and VSV or SFV infection. Quantification is shown in 
A. Experiments were performed by Lea Amato.   
C. HeLa cells were infected with VSV and vaccinia virus (VV) in the presence of indicated 
concentrations of dynasore. Infection was detected by FACS and normalized to infection of 
untreated cells. Error bars indicate standard deviation of 3 experiments.  
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4.4.2  The classical multimeric adaptor protein complex AP2 is 
not involved in VSV infection 

 

As discussed above, the clathrin-mediated pathway makes use of a variety of 

distinct adaptor proteins. The adaptor protein 2 (AP2), originally thought to be 

essential for all types of clathrin-mediatated endocytosis, has been shown to be 

important for the internalization of transferrin but it is not required for the 

endocytosis of epidermal growth factor receptor (EGFR) or low-density 

lipoprotein receptor (LDLR) (37, 196). Since nothing was known about the 

adaptor requirements of VSV we analyzed the involvement of AP2 in VSV 

infection by siRNA mediated knockdown of AP2 in HeLa cells using previously 

validated oligo-nucleotides (102, 196). We used two siRNAs, here called AP2-1 

and AP2-2) against the  subunit of the multimeric adaptor protein complex as 

well as a proven performance oligonucleotide against the μ subunit (AP2-3). As 

in the case of CHC silencing, a double transfection was performed with a 48h 

interval. Western blot analysis using actin as a loading control showed that 

knockdown of the -subunit was 90% with AP2-1, 92% with AP2-2 and 70% with 

AP2-3 (Fig. 10A, upper panel) as compared to AP2  levels in samples transfected 

with AllStars Negative control siRNA. Analysis of the AP2μ levels sowed that 

AP2-1 siRNA only resulted in 26% reduction of AP2μ levels while for the other 

two oligonucleotides, the AP2μ level was only 10% of what was seen for the 

control cells (Fig. 10A, lower panel). Our results are in accordance with previously 

published observations that knockdown of one subunit of AP2 results in down-

regulation of other subunits of the complex (196). The transfected cells were 

then infected with rVSV at a MOI of 0.5 for 4h, and as before, the cells were 

pulsed with AF594 labeled transferrin for 15 min followed by a 10 min chase 

before fixation. Infection was scored by FACS, and the results were confirmed 

with immuno-fluorescence using a confocal microscope. Unlike CHC, AP2 was 

clearly not required for VSV infection. FACS analysis of the samples showed no 

reduction and rather an increase in the number of infected cells upon AP2  or μ 

knockdown for all three oligonucleotides (Fig. 10B). This effect was confirmed by 

looking at immuno-fluorescence samples (Fig. 10C). One explanation for the 

increased infection could be that by inhibiting the formation of AP2 containing 

CCPs we boosted the AP2-independent pathway(s) for internalization.  
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Figure  10.  VSV infectio n i s AP 2 i ndependent.  HeLa cells were transfected with siRNAs 
against AP2  (AP2-1 and AP2-2) or AP2μ (AP2-3). A. Quantification of AP2  (upper panel) and 
AP2μ (lower panel) protein levels in siRNA treated cells by western blot. Results are presented as 
percentage of AP2 levels normalized to AP2 levels in control cells treated with AllStars Negative 
siRNA and the level of actin as a loading control. B. Cells treated with AP2-1, and 3 were infected 
by rVSV, the infection was scored by FACS and normalized to infection levels of AllStars Negative 
treated cells. Error-bars represent standard deviation between 3 experiments. C. Cells treated 
with siRNA against AP2 (AP2-1, 2 and 3) were infected with rVSV for 4h. AF594 labeled transferrin 
was added to the samples for 15 min, 25 min prior to fixation. AP2  and AP2μ was detected 
using a mouse anti-AP2  or AP2μ antibody and a secondary antibody labeled with AF647. 
Infection was detected by GFP expression upon replication of the rVSV.  
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4.4.3  The role of other adaptors in VSV infection  

 

Eps15 is an adaptor protein with a well-established role in clahtrin-mediated 

endocytosis. It is important for the internalization of various types of cargo such 

as tfn, EGF (13, 27, 316) and SFV (326). We transfected HeLa cells with a wild type 

or a dominant negative (DN) form of GFP tagged Eps15. The transfected cells 

were then infected at an MOI of 0.5 with rVSV or SFV as a positive control. 

Infection was allowed to proceed for 4h before fixation and analysis. Infection 

was scored using a confocal microscope, counting over 100 cells per construct. 

For both viruses, significantly fewer cells expressing the dominant negative 

form of Eps15 were infected as compared to cells expressing the wild-type form 

of the adaptor protein (Fig. 11A and B and Table 1). Eps15 was clearly a cellular 

factor required for infection by both viruses.  

 

Another factor, adaptor protein 180 (AP180), has been shown to be important 

for the endocytosis of tfn and EGF (312) as well as affecting the size of  

endocytic vesicles (181, 307, 349). VSV is a relatively large virus ( 180x80 nm) 

that theoretically would not fit into a typical clathrin-coated vesicle with a 

diameter of 80-100nm. Using EM, we were however able to see two virus 

particles entering the cell together in one clathrin-coated vesicle (Fig.6C and H). 

It thus seems like the virus can modulate the size of the coated pit and vesicle. 

We therefore found it interesting to see weather inhibition of AP180 function 

would affect VSV infection of cells. We transfected HeLa cells with a full length, 

GFP tagged construct of AP180, using a GFP vector as a negative control. The 

transfected cells were then infected with an MOI of 0.5 for 4h and AF594 

labeled tfn was added 30 minutes prior to fixation. Infection and tfn uptake was 

monitored in fluorescent samples using a confocal microscope. Infection 

increased (Fig. 12A and B), while tfn uptake was reduced (Fig. 12B).  

 

As the classical adaptor protein complex AP2 does not seem to play a role in VSV 

infection, we reasoned that the virus might make use of other adaptor 

protein(s). Disabled 2 (Dab2) is an adaptor protein that, in addition to 

PtdIns(4,5)P2 and clathrin binding domains, has a binding site for the 
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Figure  11.  VSV inf ection is  Eps15 dependent.   
A. HeLa cells were transfected with Eps15-wt-GFP (black bars) or a dominant negative 
GFP tagged Eps15 construct (grey bars) and 12h post-transfection, cells were infected 
with wtVSV or SFV. Infection was scored by eye using a confocal microscope. Over 100 
transfected cells were counted.  
B. Examples of Eps15 expressing cells and VSV or SFV infection. Quantification is 
shown in A. Experiments were performed by Lea Amato.  
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Figure  12.  AP180 i s involv ed i n VSV inf ection.  
A. HeLa cells were transfected with a GFP or AP180-GFP constructs and at 12h post-transfection, 
cells were infected with wtVSV. Infection was scored by eye using a confocal microscope. Over 
100 transfected cells were counted.  
B. Examples of GFP or AP180-GFP expressing cells and VSV infection. Quantification is shown in 
A. Experiments were performed by Lea Amato. 

 

internalization sequence FxNPxY of LDLR (189, 195). It has recently been shown 

to support endocytosis of LDLR independently of AP2 (166). We used a Dab2 -/- 

MEFs that were derived from a Dab2 fl/- cell line where the conditional allele (fl) 

was excised by the cre recombinase. To verify the reduced ability of the Dab2 -/- 

cells to internalize LDL, we compared DiI-labeled LDL uptake between the two 

cell lines by immuno-fluorescence. After ligand binding to the cells on ice for 

one hour, the temperature was shifted to 37°C for 8 minutes, allowing ligand 

internalization before fixation. LDL uptake was clearly decreased in the Dab2 -/- 

cells as compared to the control cells (Fig. 13A).  
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We then subjected the cells to rVSV at a MOI of 1, 10 and 100 for 4h and scored 

for infection using FACS. There was no significant difference in infection index 

between the two cell lines (Fig. 13B, infection). Infection is scored by detecting 

replication of viral proteins and is thus an indicator of the productivity of the 

whole pathway; binding, endocytosis, trafficking, escape from the endosomal 

compartments, un-coating and replication. It was thus possible that e.g. an 

endocytic time delay would not be detected at the level of viral protein 

replication. We therefore looked more specifically at VSV endocytosis in regard 

to Dab2 status. For that we used 35S labeled VSV that was bound to the cells at 4 

°C for 1h. Samples were subsequently shifted to a 37 °C incubator to allow 

internalization of the virus for 10 min. Following internalization, any bound, 

non-internalized virus was removed by proteinase K treatment prior to analysis 

with a scintillation counter. Again, we did not see a significant difference 

between the cell lines although the trend indicated an accelerated virus uptake 

in cells lacking Dab2 rather than a delay or inhibition (Fig. 13B, entry). We 

concluded that VSV does not need Dab2 for entry or infection.  

 

In summary, we could conclude that of the various clathrin adaptors tested, 

only Eps15 was found to be essential for VSV infection.  

Figure  13.  Da b2 i s not i nvolved in  VSV inf ection.  

A. The uptake of DiI-LDL in Dab2 knockout cells (Dab2 -/-) was compared to the Dab2 wild-type 
cells (Dab2 fl/-). Labeled LDL was added to the two cell lines and let internalize for 10 min before 
fixation. The LDL uptake of Dab2 -/- cells was reduced as compared to the Dab2 fl/- cells. 
B. Dab2 fl/- (grey bars) and Dab2 -/- (black bars) were infected with rVSV for 3 or 5h and 
subsequently scored for infection by FACS (infection). Cells lacking Dab2 were just as well 
infected by VSV as their wild-type counterparts. Both cell lines were subjected to 35S labeled VSV 
and entry was scored by scintillation counter (entry). Like for infection, entry was not reduced in 
the absence of Dab2, rather increased.  
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4.5 VSV INTERACTION WITH THE ENDOCYTIC MASCHINERY 

 

4.5.1  Targeting of VSV to CCPs 

 

Two mechanisms have been described for the targeting of receptor-bound 

cargo to CCPs; either the cargo moves along the plasma membrane and 

accumulates in pre-existing pits (266, 280) or the clathrin coat is selectively 

assembled where the cargo is localized. To investigate which of the two CCP 

targeting mechanisms is used by VSV, we labeled purified wild-type virus with 

fluorescent dyes as described above (AF488, AF594, or AF647). To be able to 

visualize the clathrin-coat we either used HeLa, transiently transfected with 

XFP-tagged clathrin light chain (CLC), or Vero cells stably expressing CLC-EGFP. 

In our initial experiments, labeled virus suspended in buffer optimal for binding 

and internalization was added to cells on a coverslip in a live-cell-imaging ring, 

and video recordings were performed at 37°C. Total internal reflection 

fluorescence microscopy (TIRFM) was used to observe the dynamics of VSV 

particles and clathrin-mRFP in the plasma membrane facing the coverslip.  

 

We could see a few viral particles entering the space between the cell and the 

cover slip. Some of them bound to the cell and moved along the plasma 

membrane laterally until trapped in fixed, pre-existing clusters of clathrin-mRFP 

(Fig. 14A, B and C).  We could also observe cases in which clathrin gradually 

accumulated under immobile viruses. However, the small number of viruses 

entering the space under the cell limited these studies. The reason was no 

doubt the large size of VSV particles and the close apposition of the plasma 

membrane to the coverslip.  

 

To circumvent the problem, we prepared coverslips by growing cells to 

confluency and then removing them using EDTA. This way, the extracellular 

matrix (ECM) produced by the cells remained on the coverslip (see materials and 

methods for details). Fluorescent viruses were then bound to the ECM-coated 

cover slip. When clathrin-XFP expressing cells were added on top of the virus, 
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they could be seen to spread rapidly due to the ECM-coating, and in so doing 

they covered the virus particles. This allowed us to efficiently use TIRFM to 

record interactions between the virus and CLC-XFP. However, the majority of 

virus particles was immobile under these conditions and could not undergo 

normal endocytosis.  

 

Using the ImageJ program to quantify co-localization of the two fluorescent 

labels, we found that of 88 virus particle localized under spreading cells, 54 

(61%) associated with CLC-XFP at some time-point during the 200 or 400 sec 

recordings. Of these viruses, 15 (28%) were already associated with CLC-XFP 

when the recordings started, 25 (46%) induced accumulation of clathrin, and 17 

(31%) were associated with clathrin but lost their co-localization either because 

they moved out of the clathrin containing region or the clathrin dissociated. In 

some cases, the clathrin appeared and disappeared in cycles of coat assembly 

and disassembly. Although the majority of observed VSV particles remained 

fixed in place, a minority (6 in total) became mobile and disappeared from the 

TIRF field together with the CLC-XFP suggesting that they were internalized in 

clathrin-coated vesicles. Whether the viruses that failed to associate with 

clathrin were associated with alternative structures could not be determined; 

some of them may simply have failed to contact the plasma membrane of the 

cell.  
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In figures 14 and 15, examples of these phenomena in the form of selected 

digital images (A), kymographs (B), and intensity graphs in time-series (C) is 

shown.  In figure 15A, an AF647-labeled virus is stationary at an initial location 

and accumulates CLC-EGFP on the cytoplasmic leaflet of the plasma membrane 

(location 1, both virus and clathrin are indicated by a closed arrow). The virus 

then moves away form the CCP but within the plane of the plasma membrane, 

gets confined again, and induces a second wave of CLC-EGFP assembly (location 

2, both virus and clathrin are indicated by an open arrow). Same events are 

shown by kymographs in Fig. 15B. Closed arrows indicate appearance and 

disappearance of both virus and clathrin at location 1 and open arrows at 

location 2 (Fig. 15A and B). Between confinement at location 1 and 2 the virus is 

moving in the plane of the plasma membrane without any visible clathrin 

association (indicated by a horizontal bar in the VSV-AF647 kymograph).   

 

The mean recruitment time of CLC at a forming CCP, from its initial appearance 

until the fluorescence intensity had reached a stable plateau, was 112 sec ± 45 

sec in the presence of a virus particle. In contrast, without any associated virus, 

the mean rate of CCP formation (Fig. 15A (grey arrow)) was only 53 ± 17 sec 

 

Figure  14.  VSV ca n 
be  targeted i nto 
pre-for med CCPs .   
AF488 labeled VSV was 
added to CLC-mRFP 
expressing HeLa cells 
and live cell imaging 
was performed by 
TIRFM. (A) Time-series 
(B) kymographs and (C) 
intensity graphs show 
how the labeled VSV 
appears in the TIRF-
field from the 
surrounding medial 
and co-localizes with a 
stable CCP. 
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Figure  15.  VSV ca n induc e t he  formatio n of  CCPs .   
AF647 labeled VSV and CLC-EGFP expressing HeLa cells were subjected to live cell imaging by 
TIRFM. (A) Time-series show a confined viral particle (closed arrow in VSV-AF647) and the 
recruitment of clathrin underneath it (closed arrow in CLC-EGFP w/VSV, 52nd sec). The virus 
then detaches and re-locates (open arrow in VSV-AF647, 131rst sec) and shortly thereafter, the 
pit collapses (CLC-EGFP w/VSV, 152nd-163rd sec). Upon re-confinement of the virus (open arrow 
in VSV-AF647, 131st sec) a new clathrin pit appears under the viral particle (open arrow CLC-EGFP 
w/VSV in 391rst sec). Bottom panel shows time-series of CCP without virus association (grey 
arrow in CLC-EGFP wo/VSV at 95th sec) (B) kymographs of the same events as in (A). Closed 
arrows indicate appearance and disappearance of virus and CLC signal at the initial location of 
confinement and open arrows parallel events at the second location. The bar between the 
closed arrow (indicating disappearance of the virus from the first location) and the open arrow 
(indicating its appearance at the second one) depicts the time-frame of viral movement within 
the plane of the plasma membrane (C) intensity graphs show the change in intensity over time 
for the virus particle (blue squares), its associated clathrin (green squares) and the virus 
independent CCP (grey triangles). 
 

 

 (example in Fig. 15A and B (bottom panels) and intensity graph in Fig. 15C), a 

rate consistent with previously published data for dynamic CCPs (75) as well as 

for recruitment of clathrin to small cargo such as LDL and Tfn (60). The longer 

recruitment time may relate to a larger size of the CCP and a higher number of 

clathrin triskelions required as previously suggested for other large cargo (60). 
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Alternatively, the prolonged association with clathrin could reflect the fact that 

the virus is immobilized and the CCP cannot pinch off.  

 

4.5.2  Dynamics of VSV interaction with dynamin-2 and AP2 at 
the plasma membrane 

 

When dynamin-2-EGFP expressing HeLa cells were plated on top of AF594-

labeled virus, the majority (80%) of viral particles (n=59) associated with 

dynamin-2, and of those, 36% were seen to recruit the GTPase during the 

recordings. Again, viruses were sometimes seen to induce more than one cycle 

of association (Fig. 8A, B and C). The time-series in Fig. 16A, show a confined 

VSV-AF594 particle (closed arrow) recruiting dynamin-2 to the plasma 

membrane (open arrow at 68 sec). Dynamin-2 dissociates from the plasma 

membrane (open arrow at 114 sec) but is recruited a second time (open arrows 

at 162 to 199). The average recruitment time of the GTPase was 55±17 sec (n=15), 

hence shorter than the recruitment time of CLC. This was expected considering 

the temporary role of dynamin-2 (at a rather late step) in vesicle formation. The 

average recruitment time of randomly selected dynamin-2 spots at the plasma 

membrane not associated with VSV was 25±9 sec (n=10), i.e. about half as long 

as in the presence of the virus (Fig. 16A, grey arrow and B (bottom panels) and 

intensity graph in C). Again, the difference could be due to the immobilized 

state of the viral particles on the coverslip, or simply to the large size of vesicles 

forming around the virus. Unfortunately we were limited to two fluorophores, 

which prevented us form following VSV, clathrin, and dynamin-2 at the same 

time. 

 
We also visualized the association of AP-2 -EGFP with VSV using TIRFM. 

Although this adaptor has no functional role in infection (see above), we could 

see it associate with 38% of cell-associated, immobilized viruses (n=344). Most 

of these viruses were associated with the adaptor protein complex already from 

the start of the recordings with only 12% of them recruiting AP-2. In these cases, 

recruitment occurred within 136 ± 66 sec, which was longer than for VSV-

induced recruitment of both CLC and dynamin-2. In many cases, AP-2 

recruitment (Fig. 17A (open arrows)) to a confined virus particle (Fig. 17A (closed 
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arrows)) was characterized by a gradual increase in intensity over a long period 

of time (Fig. 17A, B and C). Since AP-2 is not needed for infection, the observed 

association with the VSV may reflect trapping of AP-2 in non-productive 

clathrin-coat structures.  Given the rapid internalization of VSV (Fig. 3A and B), 

the association with AP-2 was too slow to be involved in endocytosis. 

 

Figure 16.  D ynami n i s r ecruit ed to plasma m em bra ne bo und VSV. AF594 labeled VSV 
and dynamin-2-EGFP expressing HeLa cells were subjected to live cell imaging by TIRFM. A. 
Time-series sow a confined viral particle (closed arrow in VSV-AF594) and the recruitment of 
dynamin underneath it (open arrow in dynamin-2-EGFP w/VSV, 68th sec). Over time, dynamin 
signal becomes weaker (dynamin-2-EGFP w/VSV, 114th sec) but then gains again in strength 
(open arrow in dynamin-2-EGFP w/VSV, 162nd sec). Bottom panel shows time-series of plasma-
membrane recruitment of dynamin independent of VSV (grey arrow in dynamin-2-EGFP 
wo/VSV, 114th sec). B. Kymographs of the same events as described above. C. Intensity graphs 
show the change in intensity over time for the virus particle (red squares), its associated 
dynamin (green squares) and the virus independent plasma-membrane recruitment of dynamin 
(grey triangles). 
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F igure 17.  AP 2 co-localizes wit h VSV at  the plasma mem bra ne but is proba bl y not  
recruit ed by the vi rus.   
AF594 labeled VSV and AP2 -EGFP expressing HeLa cells were subjected to live cell imaging by 
TIRFM. A. Time-series of plasma membrane bound virus (closed arrow in VSV-AF594) and its co-
localization with AP2  (open arrows in AP2 -EGFP w/VSV from 63rd sec). The lowest panel 
shows the recruitment of AP2  to the plasma membrane independent of VSV (grey arrow in 
AP2 -EGFP wo/VSV at 63rd sec). B. Kymographs of the same events as shown in the time-series. 
C. Intensity graphs show the change in intensity over time for the virus particle (red squares), 
the co-localizing AP2  (green squares) as well as the virus independent AP2  (grey triangles) at 
the plasma membrane. 
 

 

 

4.6 THE ROLE OF PHOSPHOLIPIDS IN VSV INFECTION 

 

Reversible phosphorylation of proteins as well as lipids plays an important 

regulatory role in endocytosis (38-40, 68, 224). Phosphatidylinositol-4,5-di-
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phosphate (PtdIns(4,5)P2) is needed at the plasma membrane and the level of 

phosphatidylinositol-3-phosphate (PtdIns(3)P) is important for the function of 

endosomes (250, 296, 308, 309). Since the infectious route of VSV into the cell 

depends on endocytosis, correcte lipid composition of the plasma membrane 

and the early endocytic compartments is important for efficient entry and 

trafficking of the viral particles. 

  

4.6.1  PtdIns(3)P-kinases and MTMR2 phosphatase  

 

We applied the irreversible PtdIns(3)P-kinase inhibitor wortmannin to cells 

during VSV infection and observed a moderate, dose-dependent reduction of 

the infection index as scored by FACS. In the presence of 10 μM of the fungal 

toxin, an inhibition of 40% was seen as compared to infection of untreated cells 

(Table 1). This effect might at least in part result from reduced homotypic fusion 

and trafficking through endosomal compartments.   

 

The myotubularin and myotubularin related proteins (MTM/R) belong to a 

family of enzymatically active or inactive, dual-specific lipid/tyrosine 

phosphatases with specificity towards PtdIns(3)P and PtdIns(3,5)P2. In addition 

to its role in reversible phosphorylation of those PtdIns, the MTM(R)s also show 

binding affinity towards the same PtdIns through their PH-GRAM 

(Glucosyltransferase, Rab like GTPase activators and myotubularin) domain (16, 

154, 250, 268). The affinity of MTM(R)s towards these species of PtdIns, enriched 

in early endosomes, endosomal carrier vesicles (ECV), late endosomes and 

lysosomes may thus play a role in the regulation of endocytic vesicle trafficking 

and cargo sorting. As VSV is dependent on the early endocytic compartments 

and possibly also to some extent on the ECV (141) for trafficking and sorting, we 

investigated the possible role of MTMR2 in VSV infection.  
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Figure 18 .  The I nvolvement of  MT MR2 i n  
VSV inf ection. 
A. HeLa cells were transfected with GFP tagged 
wild-type MTMR2 or GFP-vector and 12h later 
infected with rVSV. The level of expression was 
scored for and infection of all MTMR2 expressing 
cells or only strongly expressing cells was 
compared to what was seen for GFP expressing 
cells. Error bars indicate standard deviation of 3 
experiments.  
B. HEK293 FlipIn cells, stably expressing MTMR2-
wt or the phosphatase dead mutant, MTRM2 C417 
were infected with rVSV with an MOI of 0.1, 5 and 
10. Infection was scored by FACS and compared to 
infection rates in the HEK293 FlipIn control cells. 
Error bars indicate standard deviation of 3 
experiments.  
C. Confocal microscopy of VSV-AF647 entering 
HeLa cells transfected with Rab5-GFP. HeLa cells 
were transfected with Rab5-GFP (green) 12h prior 
to experimental start. AF647 labeled VSV (blue) 
was bound to the cells for 1h on ice and 
subsequently shifted to a 37°C incubator for 
indicated time periods before fixation. 

Immuno-staining was performed using a 
polyclonal anti-MTMR2 antibody and an 
AF594 labeled secondary antibody (red). 
Limited co-localization of MTMR2 with the 
virus containing Rab5 positive structures 
was seen at 2, 5 and 15 min post warming 
(arrows). 
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We first transfected HeLa cells with MTMR2-wt-GFP construct and infected 

them with rVSV. Upon FACS analysis, no significant difference was seen 

between infection of the control cells expressing a GFP-vector or the cells 

expressing MTMR2-wt-GFP. However, when only strongly over-expressing cells 

were considered, a reduction of 40% in infection was seen in comparison to 

control cells (Fig. 18A). 

  

We then made use of Hek293 cells, stably over-expressing either wt MTMR2 or 

the phosphatase dead mutant MTMR2 S417C. We used rVSV at an MOI of 0.5 or 

0.75 and a FlipIn cell line as a control. Less infection was seen for both MTMR2 

over-expressing cell lines for all concentrations of virus as compared to the 

FlipIn cells (Fig. 18B). Considering that the mutant enzyme also inhibited 

infection to some extent, it seems likely that the phosphatase activity of 

MTMR2 alone is not responsible for the effect but rather a combination of 

altered PtdIns levels on endocytic compartments as well as partial masking of 

the phospholipids resulting in reduced association effector proteins such as 

EEA1, PIKfyve or Hrs.  

 

We also looked at the localization of endogenous MTMR2 in HeLa cells upon 

binding and internalization of VSV at different time points. A limited co-

localization between MTMR2, the early endosomal marker Rab5 and VSV was 

seen upon 5 to 15 min internalization into HeLa cells (Fig. 18C).  

 

From our results we concluded that MTMR2 might have an influence on VSV 

trafficking in endosomal compartmens by affecting PtdIns levels, probably 

through de-phosphorylation as well as masking.  

 

4.7 FURTHER CHARACTERIZATION OF THE ENTRY PATHWAY OF VSV 

 

 To characterize the VSV entry pathway(s) further, we tested a variety of 

recombinant cell lines as well as pharmacological inhibitors that have been 

shown to affect virus entry and/or endocytic pathways.  
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4.7.1  VSV receptor 

 
Cellular factors involved in the initial attachment and binding of VSV to the 

plasma membrane are still unknown (34, 271). The host range of VSV is very 

broad and thus it is likely that initial contact of the virus with the host cell is 

mediated though ubiquitous molecules expressed by cells from variety of 

species. Cell surface carbohydrates such as sialic acid-containing groups and 

heparan sulfate are known to serve as attachment factors for some viruses (72, 

126, 132, 207, 341). These molecules are also ubiquitously expressed and could 

thus be candidates for VSV attachment to its host cell membrane.  

 

Figure 19.  T he effect  of  ganglios ides a nd hepar ane sul phates  on VSV bindi ng and 
infection.   
A. CHO and 3T6 cells were infected with MOIs ranging from 10 to 500 and the infection rates 
were compared to what was seen in BHK cells as scored by FACS. Mock: treated, uninfected 
control cells.  
B. rVSV at a MOI of 500 (as calculated for BHK cells) was bound to GM95 cells and control cells, 
3T6, at 4°C for 1h. Subsequently, unbound virus was removed at 4°C to prevent internalization of 
any loosely or unbound viruses, and samples shifted to 37°C for 4h. Comparison of infection in 
GM95 cells (grey bars) and 3T6 (black bars) as scored by FACS showed a reduced infection of the 
ganglioside deficient cells.  
C. rVSV at a MOI of 50, 100 and 500 (as calculated for BHK cells) was bound to Pgs A745 cells and 
their wild-type control, CHO cells at 4°C for 1h. Subsequently, unbound virus was removed at 4°C 
to prevent internalization of any loosely or unbound viruses and samples shifted to 37°C for 4h. 
No significant difference was seen for infection rates between Pgs A745 cells (grey bars) and 
CHO (black bars) at any given MOI as scored by FACS. 

 

To assess whether gangliosides or heparan-sulfate could be the molecules 

mediating VSV attachment to the host cell we made use of the commercially 

available cell lines GM95 and Pgs A745. GM95 is a murine cell line deficient in 

gangliosides and Pgs A745 is a hamster cell line deficient in xylosyltransferase, 

which catalyzes the first sugar transfer step in GAG biosynthesis. The total 

sulfated GAGs on Pgs A 745 is thus less than 6% of what is seen for the CHO 

wild type cell line (64). As control cells for the experiments we used the murine 

cell line 3T6 and wt CHO cells respectively.  
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As we had noticed a cell-specific difference in the infection capability of VSV in 

previous experiment, we started out by looking at infection rates of the four 

different cell lines in comparison with BHK cells. For this we added virus to the 

cells at 37°C for 1h and then removed inoculum, and continued incubation for 

additional 3h. We saw over ten fold less infection in the four cell lines tested 

than in BHK cells (Fig. 19A). 

 

Virus was then bound to confluent monolayers of all four cell lines for 1h at 4°C 

and subsequently, unbound virus was removed. Samples were then washed and 

shifted to 37°C for 4h prior to fixation and scoring of infection by FACS. Using 

this approach, only the viruses that were able to bind the cells during this 1h in 

the cold could be internalized and infect the cells while unbound or loosely 

attached viruses were removed. We observed that after this procedure, 

infection was decreased in GM95 cells as compared to the 3T6 cells (Fig. 19B) 

indicating a possible involvement of gangliosides in VSV attachment to the cell 

surface. However, it must be taken into account that infection rates were quite 

low in our experiments using the murine cell lines. The binding of VSV to cells is 

a relatively inefficient process, only a small part of the added virus binds to the 

cells and the binding does not reach a plateau like shown for other viruses such 

as SFV (164, 186). By allowing the virus to bind and internalize at 37°C in the 

virus titration experiment (Fig. 19A) we maximized the number of viruses that 

were able to bind and infect the cells. In subsequent experiments, where the 

binding efficiency of the virus to the cell was of interest, we limited the number 

of viruses that were able to infect the cells to the number of viruses that were 

already bound after the 1h incubation on ice. For both murine and hamster cells 

we thus saw a drop in infection index between the two approaches, from 60% 

with a MOI of 500 for both cell lines to 3% and 15% respectively. The binding 

capability of the virus to the murine cells is even lower that seen for the 

hamster cells and thus in general very low.  

 

As for the PGS A745 cells, no difference was seen in the affinity of the virus to 

those as compared to the CHO cells (Fig. 19C) indicating an insignificant role of 

heparan-sulphates in VSV binding or attachment to host cells. 
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4.7.2  Pharmacological inhibitors  

4.7.2.1 COPI in VSV infection 

 

It has been suggested that the vesicle coatomer protein (COPI) complex, that 

has a well know role in the transport between the Golgi complex and 

endoplasmic reticulum (ER) (212-215, 229), is also functionally associated with 

endosomes and might play a role in endosomal sorting (47, 336). The membrane 

association of COPI is regulated by the small GTPases known as ADP 

ribosylation factors (ARFs) (311). Inhibition of ARF nucleotide exchange by the 

fungal metabolite brefeldin A (BFA) prevents the binding of coatomer to 

membranes and thus the normal sorting and transport functions of the ER and 

the Golgi complex (54, 98). We infected cells in the presence of BFA and saw 

about 40% drop in infection index as compared to untreated cells (Table 1) 

indicating a possible role of COPI on early endosomes during VSV trafficking 

and/or sorting. This is consistent with previously published results where cells 

expressing defective COPI complexes were not able to support VSV infection 

(47). 

 

4.7.2.2 The role  of  actin cytoskeleton and reversible  
phoshporylation in VSV entry and infect ion 

 

Actin cytoskeleton and numerous kinases have been implicated both in clathrin-

mediated endocytosis and in VSV infection (38-40, 68, 71, 84, 176, 224). We 

applied inhibitors interfering with the actin cytoskeleton (jasplakinolide and 

latrunculin A) as well as kinase and phosphatase inhibitors (staurosporin, BIM-1 

and vanadate) to monitor their affect on VSV infection. The presence of all five 

drugs inhibited VSV infection although to a different extent (Fig. 20A, grey 

bars). As the readout in infection assays is the replication of viral proteins, it 

means that reduced infection could be caused by inhibition of endocytosis, 

trafficking, penetration, transcription or replication. To be able to distinguish 

between the effect of an inhibitor on early endocytic steps versus effects on 

later steps of the viral infection cycle, we performed an endocytosis assay using 
35S labeled virus. In addition, we used an assay were we could by-pass the CME 

and trafficking through endocytic compartments during VSV entry by inducing 
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acid-activated fusion of the viral envelope with the plasma membrane. Such 

fusion results in the direct release of the viral capsid into the cytosol (333).  

We applied the same inhibitors as used in the infection assay but measured 

endocytosis instead of infection (Fig. 20A, black bars). Alternatively, we induced 

fusion of the virus with the cell membrane, by-passed CME and scored for 

infection 4h later (Fig. 20A, white bars and Table 1).  

 

Latrunculin A is a toxin from the sponge Negombata magnifica, commonly used 

to sequester actin monomers and thus inhibit actin polymerization (344). A very 

moderate effect was seen on VSV infection in the presence of latrunculin A 

(20% reduction) while a more prominent effect (40% reduction) was seen in the 

endocytosis assay (Fig. 20A, grey and black bars). Interestingly, when the viruses 

were fused at the plasma membrane, by-passing all steps of endocytosis, an 

increase in infection was apparent in the presence of the drug (Fig. 20A, white 

bar). This is consistent with reports showing that CME is dependent on the actin 

cytoskeleton (38-40, 68, 71, 84, 176, 224). For a virus that enters directly through 

the plasma membrane the cortical actin is a hinderness to reach deep into the 

cytoplasm where replication takes place. Upon actin de-polymerization this 

hinderness is reduced resulting in increased infection (160).  

  

Similar results were seen for the F-actin stabilizing drug jasplakinolide (which 

causes major changes in actin localization in cells (23)) although effects on 

infection and endocytosis were more prominent than seen for latrunculin A and 

the increase in infection upon endocytic by-pass was less prominent (Fig. 20A, 

white bar). The tyrosine-phosphatase inhibitor vanadate was shown to inhibit 

VSV entry strongly (Fig. 20A, black bar) while a less prominent effect was seen 

on infection and almost no effect on post-endocytic steps (Fig.20, grey and 

white bars respectively). It is apparent that the reversible tyrosine-

phosphorylation is required for early steps of VSV infection. 
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Figure  2o.  The effect  of  phar macological  i nhi bit ors o n VSV entr y a nd i nfection. 
A. Entry, infection and CME by-pass were assayed (described in materials and methods) in the 
presence of jasplakinolide, latrunculin A, vanadate, staurosporin and BIM-1 and the results are 
presented as normalized infection/entry compared to untreated controls. The effect of 
inhibitors on endocytosis is represented by the black bars, on infection by the grey bars and 
fusion at the plasma membrane, by-passing any endocytic steps, with white bars. 
B. Infection assay using rVSV in HeLa cells was performed in the presence of different 
concentrations of three, isoform specific PKC inhibitors; CPG, calphostin and rottlerin. Infection 
was scored by FACS and the results are shown as normalized percentage of cells infected as 
compared to cells infected in the absence of inhibitor. Error bar represent standard deviation 
between 3 experiments. 

 

4.7.2.3 Protein kinase C in VSV entry and infect ion 

 

Staurosporin is a broad-range serine/threonine kinase inhibitor affecting 

protein kinase A, C, and G (PKA, PKC and PKG). When cells were subjected to 
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infection assay in the presence of staurosporin, infection dropped by 75% (Fig. 

21, grey bar and Table 1). We however noted that the drug affected cell viability. 

Cell viability was less compromised in the short period needed for the 

endocytosis assay that resulted in a reduction of 35% in virus entry. However, 

when viral fusion was induced at the plasma membrane in the presence of the 

drug, a 60% reduction was seen in comparison to infection in untreated cells. 

This difference indicates that although some of the target kinases of 

staurosporin are involved in the early steps of VSV endocytosis, part of the 

effect seen for the drug on infection may involve later steps of the infectious 

cycle such as replication.  

 

   

Table 1    

Inhi bitor /domi nant  negativ e co nstr ucts 
Concentration 

used 
Decrease in  

infection 

Dynamin-2-wt-GFP / Dynamin-2-K44A-GFP constructs 40% 

Eps15-wt-GFP / Eps15 95/295-GFP constructs 80% 

Arf6-wt-GFP / Arf6-N27T  constructs 00% 

AP180-GFP construct 40% increase 

MTMR2-his-wt / MTMR2-S417C constructs 40-80% 

Ammonium chloride (NH4Cl) 10 and 20 mM >95% 

Chlorpromazine 17, 70,140 and 280 μM 20-95% 

Dynasore 20, 80 and 120 μM 25-90% 

Progesteron/nystatin 25/10 μM/ml 30% 

Brefeldin A 1 μM 40% 

Nocodazole 1 μM 10-20% 

Latrunculin 1 μM 15% 

Jasplakinolide  1 μM 60% 

Wortmannin 0.1, 1 and 100 μM 0-40% 

Genistein 100 μM 40% 

Vanadate 1 mM 50% 

Staurosporin 1 μM 75% 

BIM-1 1 μM 30% 

PMA  1 μM 30% 

Calphostin C 0.1 and 1 μM 40-90% 

Rottlerin 0.1, 1 and 10μM 90-95% 

CPG 2 and 20 μM 20-90% 

 

That staurosporin has been reported to cause apoptosis as a secondary effect 

raised the importance of testing more specific protein kinase inhibitors. PKC has 

been reported to play a role in various endocytic pathways (7, 40, 290). We 
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therefore applied an inihibitor, bim-1 that is relatively specific for PKC  isoform. 

We found a similar effect of the drug with all three approaches (Fig. 20A and 

Table 1) indicating both endocytosis specific as unspecific effects on infection.  

 

To take a closer look at the possible involvement of more PKC isoforms we 

applied CPG53353, a general PKC inhibitor, the PKC -specific inhibitor calphostin 

and the PKC  II-specific inhibitor rottlerin. We saw strong (up to 90%), dose-

dependent inhibition with all three drugs (Fig. 20B and Table 1). The results 

suggested that, in addition to the previously suggested PKC  (40), VSV infection 

in addition depends on PKC  and PKC  isoforms.  

 

4.7.3  siRNA screen 

 

The siRNA library used was designed in our lab (T. Heger) to address 33 factors 

involved in various endocytic pathways. Two independent runs siRNA scilencing 

of were performed, scoring infection in the siRNA treated cells. Results were 

generally consistent between runs regarding relative cell number, the 

transfection efficiencies as judged by cell toxicity in the EG5 transfected cells 

and no effect on AllStar Negative siRNA treated cells. In cases where two oligos 

per gene were used, the effect seen upon silencing was in most cases 

comparable (e.g. SNX9, PKCs, RhoA, AP1, Rab5c).  

 

Using this approach, we were able to confirm the involvement of a number of 

factors in the CME of VSV. Like in above-mentioned CHC knockdown 

experiments, a reduced infection upon CHC silencing using CHC3 and CHC4 was 

observed (Fig. 22). The difference in level of inhibition could be due to cell 

toxicity shown by CHC9 but could also be result of different efficiencies of 

knockdown. Upon validation, they however both showed over 80% knockdown.  

Results for the adaptor proteins AP2 and Dab2 were also in agreement with 

what we expected from our previous results were a boost of infection was seen 

for AP2-μ (AP2 mu) (Fig. 21) and no effect was seen for one of the Dab2 oligos 

(Dab2_1) (Fig.22). The other Dab2 directed oligo (Dab2_2) (Fig. 22) however did 

show an intriguing negative effect on infection, which we cannot explain 

except possibly through off target effects, as these two siRNAs were not 
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validated.  

 

As previously mentioned, Rab5 is important for VSV infection whereas Rab7 is 

not. The silencing of the GTPases confirmed this, showing a decreased infection 

upon knockdown of Rab5 isoforms A and C (2 siRNAs each) (Fig. 21) while 

knockdown of Rab7 (1 siRNA) (Fig. 21) did not have any effect. As expected, 

knockdown of Rab4 did not have any effect on VSV infection (Fig. 21).  

 

Another interesting observation was the effect seen upon silencing of various 

isoforms of PKC (Fig. 21 and 22). Knockdown of all isoforms tested (PKC , , , 

and ) resulted in a reduced infection, although to a different extent. Cells 

treated with siRNA against PKC  were not so much affected (Fig. 21) whereas a 

stronger inhibition was scored in cells treated with siRNA against PKC  (Fig. 21 

and 22). The effect seen upon PKC  silencing is in agreement with our above-

mentioned results using the PKC  inhibitor, BIM-1. Furthermore, an even 

stronger effect was seen upon PKC  (Fig. 22) and  (Fig. 21 and 22) silencing, 

which also confirms the results for the PKC -specific inhibitor calphostin and 

the PKC -specific inhibitor rottlerin (Fig. 20B and Table 1). 

 

An interesting new candidate for cellular factors involved in VSV infection is 

sorting nexin 9 (SNX9). Upon silencing, infection was strongly and reproducibly 

inhibited with both oligos used without any significant cell-toxicity (Fig. 22). 

SNX9 has been shown to recruit dynamin to the plasma membrane and 

regulate its assembly at the neck of the forming vesicle. It might also coordinate 

actin remodeling with membrane fission (287, 288, 343). Regarding the 

important role of dynamin-2 in VSV infection, it is plausible that SNX9 might 

also be involved.  

Some of the siRNAs showed cell-toxicity as judged from the relative cell 

number, indicating a possible off target effect. The effect of these siRNAs on 

infection was thus not considered to be reliable data. In some cases, as for the 

siRNA against caveolin-2 (Fig. 22, Caveolin2_1) the cell number was very variable 

between the 16 pictures taken pro well and thus giving misleading and 
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unreliable results.  

Our results had shown that dynamin-2 is essential for VSV infection. Upon 

silencing of dynamin-2 the infection however was considerably increased (Fig. 

21). These intriguing results could be explained during the validation process 

where the siRNA against the GTPase did not result in any detectable decrease in 

protein level. The effect on VSV can thus most likely be explained by off-target 

effect. Same explanation was found to be valid for both caveolin-2 (Caveolin2_1 

and Caveolin2_2) as well as one of the two caveolin-1 (Caveolin1_2) siRNAs. The 

other siRNA against caveolin-1 (Caveolin1_1) did however result in lowered 

protein levels in the cells upon transfection without any significant cell-toxicity 

and also did not have any effect on VSV infection as expected (Fig. 22).  

The siRNA screening approach is of great value for confirming involvement of 

cellular factors in VSV infection and identification of additional interesting 

candidates. It is reproducible and allows a large-scale analysis and is thus an 

interesting tool for further analysis of cellular factors involved in infection. 
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5  DISCUSSION 

 

In current study we investigated the initial interactions of VSV with host cells 

(HeLa ATCC and BHK-21) and characterized its entry in regard to kinetics and 

cellular factors required. We found that VSV is rapidly endocytosed, and that the 

acid-activation of VSVG occurs within minutes of internalization. While we 

cannot exclude the possibility that the virus can also use alternative pathways 

the main endocytic pathway taken was clathrin-mediated and dependent on 

dynamin-2. The classical adaptor protein complex AP2 was not required but 

Eps15 was. The virus uses two mechanisms of entering clathrin-coated pits; it 

can either become confined to preformed clathrin-coated membrane domains 

or it recruits clathrin to its location of confinement. That clathrin recruitment 

was slower than previously reported for small cargo such as transferrin or LDL, 

is probably due to the large size of the coated pit required. Dynamin was 

recruited to plasma membrane bound virus, but AP2, although in some cases 

seen to co-localize with the virus, was recruited less frequently and more slowly 

than both clathrin and dynamin.  

 

5 .1 THE KINETICS OF VSV ENTRY,  ACID-ACTIVATION AND 
DEGRADATION 

 
VSV binding to the cell surface was quite inefficient and sensitive to external 

factors such as pH (164, 186). Internalization of surface-bound virus was also 

relatively inefficient with only 1/3 of virus particles internalizing. However, the 

endocytic event was fast with the majority of the entering viral particles being 

internalized within 6-7 min and half of them within the first 3 min. This was 

faster that what has been described for both Semliki Forest and influenza virus 

(97, 162), and is in line with what has been published for transferrin with a T  of 

2.5 min (234, 324). The acid-activation occurred immediately after 

internalization, the first viral particles were found to be insensitive to NH4Cl-

induced fusion block already 2 min post-warming. This is consistent with the 

EM observations that viruses were seldom found in endosomal compartments 

as compared to the plasma membrane. When observed, internalized viral 

particles were mainly in coated, partially coated, or small, relatively tight fitting 
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smooth vesicles, indicating their presence in primary endocytic vesicles and 

early endosomes. At later time-points, fusion had most likely already taken 

place and the bullet shaped capsid disassembled. This is in agreement with 

what has been previously published for VSV where the G-protein and viral lipid 

markers do move into late endosomes within 30-60 min (141). In addition no 

accumulation of virus has been seen in endocytic compartments by EM (164). 

Only upon internalization in the presence of NH4Cl were we able to see 

accumulation of the virus in endocytic compartments due to the inability of the 

viruses to fuse and penetrate into the cytosol. We find it likely that the viruses 

are not only activated for fusion in early endosomes but that they also undergo 

fusion with the limiting membrane, which leads to penetration into the cytosol.   

 
The most efficient time-point for acid-activation was around 3 min post-

warming, which was faster than previously seen for Semliki Forest virus (96, 

326). If the time-window between internalization and acid-activation was 

artificially extended to 20 min or more, the fraction of viruses able to infect cells 

was reduced, and if acid-activation was delayed for more than 1 hour, the 

internalized virus lost almost all infectivity. This indicated that until about 10 

min post-internalization, the majority of viruses were still fusion competent and 

in fusion supportive compartments. Later they moved into endocytic 

compartments where it was no longer able to penetrate into the cytosol upon 

acidification and eventually ending up in lysosomes. This agreed with the 

steady increase in VSVG degradation starting at 30-60 min post-infection.  

 

Le Blanc et al have proposed that the acid-activation of VSV and its penetration 

into the cytosol in BHK-21 cells occurs in two steps (141). They suggest that the 

acid-activation takes place in early multi-vesicular endosomes at a pH above 5.5, 

where the viral envelope fuses with internal vesicles. Once the multi-vesicular 

endosome has matured into a late endosome, transfer of the capsid to the 

cytosol involves back-fusion of the internal vesicles through the action of 

cellular fusion machinery. Our results indicated that the acid-induced step 

occurs 2-3 min after internalization in early endosomes, which do not have 

internal vesicles. Such early fusion is consistent with the pH dependence of G-

protein activation, which occurs already at pH 6.2 (28, 334). Fusion in early 



Host cell entry of VSV                                                                                                                           89 
 

endosome is also in line with the Rab5 dependence and Rab7 independence of 

VSV infection seen in current study and reported by Sieczkarski et al (291).  

Although our data in HeLa ATCC cells is more consistent with direct fusion of 

the VSV with the limiting membrane of an early endosome, we cannot exclude 

that some of them use the two-step pathway proposed b Le Blanc et al.  

5 .1 .1 Clathrin  

 

That VSV has for many years been considered a prototypic cargo of clathrin-

mediated endocytosis is mainly based on EM-images such as those shown in 

Fig. 6A to D (44, 164). More recent studies have confirmed the presence of VSV in 

clathrin-coated structures, and a number of studies have focused on more 

detailed analysis of molecular factors involved in various stages of VSV 

endocytosis and infection, all consistent with CME (47, 141, 291, 310). However, 

many aspects are still unclear regarding the mechanisms involved. Studies with 

other viruses and bacterial toxins indicate that a ligand can be endocytosed by 

more that a single pathway. Lymphocytic choriomenignitis mouse virus (LCMV) 

and influenza both use clathrin-coated pits and clathrin- and caveolin-

independent pathways (165, 238, 292). In addition, it is becoming increasingly 

clear that depending on the cargo the clathrin-mediated pathway varies in 

respect to adaptor and accessory factor requirements.  

 

In the present study, we addressed the cellular factors and activities involved in 

early steps of VSV entry. Our results support the uptake of VSV via clathrin-

coated pits and vesicles. Numerous virus particles are seen associated with 

electron dense coats by EM, and with CLC-XFP by light microscopy. The infection 

process was efficiently inhibited by chlorpromazine, by silencing of Eps15, and 

by the action of dynasore. Silencing of CHC using siRNA showed a partial 

decrease in infectivity but was unfortunately inconclusive because the level of 

CHC could not be reduced to the level that would efficiently inhibit the uptake 

of transferrin. While there is no question about a major role of CME, we cannot 

exclude alternative, parallel pathways. However, if such pathways exist they 

would have to be similar to CME in being Eps15 and dynamin-2 dependent, lipid-

raft and Arf6 independent, rapid and targeted to acidic compartments. The 
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distinct comparison with SV40, which enters via caveolin/lipid-raft mediated 

pathways and vaccinia virus, which enters via macropinocytosis showed that 

VSV uses neither of these two pathways. In a direct comparison with SFV, which 

is CME dependent, the VSV results were comparable.  

 

5 .1 .2 Adaptors 

 

Until recently, the adaptor-protein complex AP2 was considered to be one of the 

core components of clathrin-based endocytic machinery (reviewed in (39, 252, 

318)). It was therefore unexpected that cells depleted of AP2 would support VSV 

infection as well as control cells. This result could of course be interpreted as 

another piece of evidence that VSV is not entirely dependent on CME for 

infection, but based on results from recent studies focusing on the role of AP2 in 

the CME of other cargo this is not necessarily the case.  AP2 was for some time 

the only known and therefore the best studied adaptor protein involved in CME. 

However, in last years an increasing number of other proteins that can 

simultaneously bind to plasma membrane phospholipids, clathrin, and cargo 

and based on that been classified as alternative adaptors (reviewed in (195, 217, 

218, 252, 303, 317, 318)). Some of them interact with cargo together with AP2 (82, 

93, 140), while others seem to be able to support endocytosis in the absence of 

AP2 (189). Classical clathrin dependent cargo such as transferrin, LDL and EGF 

have been shown to differ in their requirements for the classical adaptor 

protein complex (37, 102, 196). While tfn internalization strictly depends on AP2, 

LDL and EGF endocytosis occurs in the absence of the adaptor. The reason for 

continued uptake of EGF could of course be based on a shift to its clathrin-

independent pathway (216, 293), but the CME of LDL is maintained by the 

alternative adaptor Dab2 (166). It is thus clear that there are cargo-dependent 

variations in the requirements for the basic clathrin-associated machinery. 

From our results, it seems like VSV is not dependent upon the classical adaptor 

protein complex in HeLa cells. We found that the alternative adaptors Eps15 as 

well as AP180 are at least partly involved in VSV infection while the LDLR-

adaptor Dab2 is not. Ap180 has previously shown to be a size-regulating factor 

of endocytic vesicles and in its absence, large and irregular vesicles are formed 
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(181, 307, 349). VSV is a large virus (80 x 180 nm) that theoretically would not fit 

into a CCV. In addition, two viral particles can sometimes been seen enterin cells 

in a single CCV, exceeding by far the normal size of clathrin-coated vesicles (80-

100nm). It is plausible that as we over-expressed a full length AP180 protein, 

which has been shown to have a dominant negative effect over the 

endogenous protein (312), the size control is compromised which facilitates VSV 

endocytosis. 

 

5 .2 Interaction of VSV with the endocytic machinery 

 

By monitoring interaction of VSV with the endocytic machinery by TIRFM we 

were able to see two different mechanisms used by the virus to interact with 

clathrin-coats. The fist mechanism was illustrated by virus particles that came 

into the TIRF-field from the surrounding medium, bound to the plasma 

membrane and moved laterally until confined within a pre-existing clatrhin-

coated membrane domain. In other cases, the appearing of a clathrin-coat 

underneath immobile virus particles was seen. Similar observations have been 

made previously in the lab for Semliki Forest virus (326), and both mechanisms 

have been reported for other cargo (60, 261, 266, 280). In some cases, the 

targeting of specific cargo is restricted to one of the two mechanisms while in 

other cases both can be observed. In a study by Ehrlich et al, were live-cell 

imaging was used to monitor cargo targeting and endocytosis by clathrin-

coated pits it was reported that small cargo with high surface mobility such as 

transferrin and low-density lipoprotein were mainly sorted to newly preformed 

pits on the plasma membrane (60). Similar results have been shown for 

activated G-protein coupled receptors (266, 280) where agonist activation 

resulted in the accumulation of arrestin-3 in pre-formed pits. 

  

Cargo-induced formation of clathrin-coated pits has only been reported for 

larger cargo such as viruses. Ehrlich et al reported that following a lag-phase of 

280-1500 sec, clathrin appeared underneath surface bound reovirus particles. 

The authors however postulated that the clathrin recruitment was not cargo- 

induced but due to coat stabilization by the virus after a random CCP formation. 

This was based on calculations showing that the likelihood of a CCP formation 
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underneath the virus was the same as in a random spot on the plasma 

membrane. Binding of the virus would thus not directly induce the formation of 

the pit but rather serve to stabilize it (60). In another study, influenza virus was 

shown to be able to exploit both mechanisms although de novo formation was 

by far the more frequently seen event (261).  Authors suggested virus-induced 

clathrin recruitment based on the observation that pit formation at the sites of 

virus confinement was more frequent than in the surrounding areas on the 

plasma membrane. The results of current study indicate that VSV can use pre-

existing coated pits but also induce or stabilize new ones. However, based on 

our results, we cannot say weather the clathrin recruitment to VSV is a result of 

virus induced signaling or weather it serves to stabilize a randomly formed pit.  

 

By counting viruses that were associated with coated pits during imaging, 

either stably or recruited ones, we found that about 40% were not seen to co-

localize with clathrin at any time.  Only 20% were not seen to associate with 

dynamin-2, which is in agreement with the prominent reduction of VSV 

infection in the presence of dynasore. On the other hand, only 38% of the 

viruses were seen to co-localize with AP2. The percentage of recruitment events 

for clathrin and dynamin was much higher than what was seen for AP2 (46% vs. 

12% respectively) and the recruitment time of AP2 to a viral particle was longer 

than what was seen for clathrin (136 ± 66 sec vs. 112 sec ± 45 respectively).  

The time required for the formation of a clathrin-coated pit/vesicle with an 

outer diameter of 90-100 nm has been calculated to be about 32 sec (60). The 

formation of larger coated structures takes proportionally longer time. Clathrin 

recruitment has been shown to range from 25-50 sec for small (5 nm) cargo like 

transferrin to 400 sec for larger cargo such as reovirus (60). As the VSV is 

relatively large ( 80x180 nm) the prolonged time needed for vesicle formation 

around virus particles is consistent with previous observations. The prolonged 

recruitment time of AP2 as compared to clathrin could indicate that the adaptor 

needs to be plasma membrane associated to initiate coat recruitment, which 

would be in agreement with the role of AP2 as an adaptor between the plasma 

membrane, cargo and clathrin but not in accordance with observations made by 

Ehrlich et al where AP2 was recruited even faster than clathrin (60).  
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Given that the adaptor protein complex seems to have no role in VSV entry or 

infection, it was intriguing that it associated at all with virus particles. A 

possible explanation for this could be provided by reports from Rappoport et al, 

who have used live-cell imaging to analyze the dynamics of clathrin-coated 

structures together with adaptor proteins and cargo (241-246). According to 

their results and others, clathrin on the cell surface can be divided into distinct 

populations of clathrin structures, static spots residing for a longer time on the 

plasma membrane and dynamic spots moving either peripherally or 

perpendicularly to the cell surface (75, 176, 243, 246). Using transferrin as a 

cargo, the perpendicularly moving clathrin spots were defined as clathrin-

coated vesicles being endocytosed. In many cases, the internalized vesicles 

originated from a static clathrin structure. The adaptor protein complex AP2 

was only found in static clathrin-coated pits and absent in the laterally and 

perpendicularly mobile spots. Shortly before internalization, AP2 was seen to 

separate from the clathrin-containing vesicles while the alternate adaptor epsin 

was endocytosed. The authors suggested that AP2 has a temporary and 

localized cargo-sorting function at clathrin nucleation sites whereas alternate 

adaptors link the cargo to the clathrin-coat and are endocytosed (242). 

Considering the results from current study, the rather low percentage of VSV 

particles recruiting or co-localizing with AP2, the long recruitment time as well 

as unperturbed VSV infection in AP2 depleted cells, it could be postulated that 

the adaptor protein complex only plays a minor role in VSV entry and that its 

plasma membrane recruitment is not virus induced but rather incidental co-

localization of the virus with an AP2 and clathrin- containing sorting platform. 

 

Dynamin recruitment to the virus was faster than what was seen for clathrin 

and in the absence of virus, the recruitment time was even shorter (25 sec). This 

agrees with what has been previously reported for dynamin (60, 176). The 

prolonged recruitment time of the VSV associated dynamin (55 sec) might, like 

in the case of clathrin, reflect the size of the vesicle that needs to be formed 

around the virus. This is in agreement with data from Rappoport et al, where 

they suggest a linear relation between the amount of clathrin and its associated 

dynamin in CCPs (243). This could also be affected by the experimental setup, as 



94                                                                                               Host cell entry of VSV  

 

the virus is likely to be partly immobilized on the extra-cellular matrix and thus 

not so easily endocytosed.  

 

5 .3 Other factors involved in VSV entry and infection  

 

By applying various pharmacological inhibitors, we were able to look at factors 

such as the actin cytoskeleton and reversible phosphorylation, that have 

previously been shown to be important for some of the clathrin-based 

endocytic pathways, and evaluate their role in VSV entry and infection. Our 

results supported the notion that actin rearrangements are important for at 

least some of the steps required in the maturation from CCPs to CCVs, and the 

transport of the newly formed endocytic vesicle into the cytosol. In the presence 

of the actin stabilizing drug jasplakinolide as well as the actin monomer 

sequestering drug latrunculin A, VSV infection was inhibited (although to a 

different extent) and the effect was at least partly due to inhibition of the 

endocytic steps. In contrast, when fusion was induced between the viral 

envelope and the plasma membrane, releasing the viral nucleocapsid directly 

into the cytosol, the infection index increased significantly, indicating a 

fundamental difference in the role of actin cytoskeleton during VSV entry 

through the endocytic compartments versus endocytic by-pass.  

 

The infectious route of the virus via endocytosis is in general much more 

efficient than fusion at the plasma membrane. When fused at the plasma 

membrane (our results as well as (160)), only 20% of the viruses that would be 

able to infect the cell though endocytosis are able to enter the cell, reach a 

correct location in the cytosol and replicate. It has also been reported that only 

some cell lines are at all infectable through fusion at the plasma membrane and 

this correlates with the thickness of the cortical actin cytoskeleton (160). During 

endocytosis of the virus, the endocytic machinery most likely acts in cohort with 

the actin cytoskeleton, accomplishing the rearrangements necessary for the 

formation of the endocytic vesicle (342). Lack of a dynamic actin cytoskeleton 

would thus inhibit the process. Upon fusion at the plasma membrane on the 

other hand, the viral capsid is deposited directly into the cortical actin 

cytoskeleton, which most likely act as a barrier for the virus to reach the 
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replication machinery of the cell. Upon elimination of this barrier by actin-

interfering drugs, the proportion of viruses reaching a proper location in the 

cytosol is increased.  

 
Our inhibitor studies also illustrated the importance of reversible 

phosphorylation for VSV entry and infection. The dual-specificity lipid/tyrosine 

phosphatase MTMR2 plays an important role in regulating the levels of 

PtdIns(3)P and PtdIns(3,5)P2 in membranes of endocytic compartments (16, 154, 

250, 268). Since over-expression of the phosphatase inhibited VSV infection, our 

results indicated that MTMR might play a role in VSV entry. As MTMR2 not only 

has an enzymatic affinity towards the endosomal PtdIns but also a binding 

affinity, we also looked at the effect of a phosphatase dead mutant of MTMR2 

on VSV infection. Our results showed that over-expression of a functional and 

non-functional phosphatase domain had a similar inhibitory effect on VSV, 

indicating that the phosphatase activity of MTMR2 alone is not entirely 

responsible for the effect seen but rather a combination of altered PtdIns levels 

on endocytic compartments as well as partial masking of the phospholipids 

resulting in reduced association of other PtdIns binding domain containing 

effector proteins. Co-localization studies revealed limited co-localization of 

endogenous MTMR2 with Rab5 and VSV upon endocytosis. It thus seems that 

MTMR2 may have some role in VSV sorting or trafficking, which based upon 

postulated roles and structure of the phosphatase does not seem unlikely. The 

rather un-conclusive results presented here regarding the exact mechanisms of 

this involvement could however be partly due to the double effect the 

phoshpatase might have on the phospholipids composition of the endosomal 

compartments required for VSV infection as well as the multi-level regulation of 

the phosphatase regarding enzymatic activity as well as membrane association 

(15). 

 

5 .3 .1 Host cell  receptors  

 

The cell-surface factors involved in initial attachment and binding of VSV to the 

plasma membrane are still unknown (34, 271). Due to the broad host range of 

the virus, it is likely that its initial contact with the host cell is mediated though 
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a ubiquitous molecule expressed by cells from variety of species or by many 

different surface components. Cell surface carbohydrates such as sialic acid-

containing groups and heparan-sulphate are known to serve as attachment 

factors for some viruses (72, 126, 132, 207, 341). They are also ubiquitously 

expressed and could thus be candidates for VSV attachment to its host cell 

membrane. Our results showed that the lack of plasma membrane heparan- 

sulphates does not affect the ability of the virus to bind to the cell. This is in 

accordance with data from Basu et al (12). The lack of gangliosides however 

seemed to compromise the binding ability of the virus. These glycosphingolipids 

could thus serve as cell-attachment factors although most likely not a major 

host-cell receptor for VSV.  

 

In summary, we found the entry of VSV into host cells is a fast process where 

the release of viral capsid into the cytosol enabling replication, can occur very 

soon after entry. The major endocytic pathway taken by the virus seems to be 

clathrin-mediated and dependent on dynamin-2. VSV does not belong to the 

CME dependent cargo that is sorted to the endocytic machinery by the classical 

adaptor protein complex AP2 or Dab2 while the targeting seem to involve the 

alternative adaptors Eps15 and AP180. Thus, although the EM shows VSV 

particles entering cells by clathrin-coated pits and vesicles, the perturbation 

analysis using pharmacological inhibitors, clathrin heavy chain silencing, 

dominant/negative clathrin adaptor protein constructs gave a somewhat mixed 

picture. It left open the possibility that VSV can use a subset of CCPs as well as 

non clathrin-mediated pathways for productive entry. 

 

The number of factors know to be involved in VSV entry and infection is slowly 

increasing and our knowledge about the pathway as well. However, many 

aspects still have to be addressed for a more complete perspective of CME in 

general as well as its subsets of more or less cargo specific pathways.  Our 

small-scale screen of selected components of endocytic pathways provided 

promising results and will be of great value as a tool for classification of 

endocytic pathways through direct comparison of ligand-specific requirements 

for cellular factors. The results of such a screen would be a good starting point 

for further, more detailed analysis.   
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5 .4 MATERIALS AND METHODS 

 

5.4.1  Cells and viruses 

 

Human cervix carcinoma HeLa ATCC cells were maintained in D-MEM 

supplemented with 10% FCS (Gibco, Life Tech), baby hamster kidney (BHK-21) 

cells in Glasgow medium supplemented with 10% FCS and 10% Tryptose 

phosphate broth (Gibco, Life Tech) and African green monkey kidney cells (Vero) 

stably expressing CLC-mRFP in MEM (10% FCS, 1% glutamin, 1% NEAA, 1 μg/ml 

G418) (Gibco, Life Tech). Stably expressing human embryonic kidney (HEK293) 

FlipIn (Invitrogen) cells (15) were kindly provided by Prof. U.Suter, (Institute of 

Cell biology, ETH, Zürich) and maintained on D-MEM supplemented with 10% 

FCS and 400 μg/ml penicillin-streptomycin (Gibco, Life Tech). Cells without an 

expression vector were selected and cultured in the presence 400 μg/ml zeocin 

and cells expressing His tagged MTMR2 or MTMR2 C417 in the presence of 100 

μg/ml hygromycin (Invitrogen). Cav-1KO and cav-1WT cells are lung mouse 

fibroblasts described previously (57) and were grown in D-MEM containing 10% 

serum, penicillin-streptomycin /(100 μg/ml and 1000 units/ml) and 1% (4 mM) 

glutamax (Gibco, Life Tech). Dab2 fl/- and Dab2 -/- are mouse embryonic 

fibroblasts (kindly provided by J. Cooper, Fred Hutchinson Cancer Research 

Centre, Seattle). Dab2 fl/- cells express a conditional allele of Dab2 and Dab2 -/- 

cells were produced by expression of Cre in the Dab2 fl/- cells to excise the 

conditional Dab2 allele. Both cell lines were grown in D-MEM supplemented 

with 10% FCS. The Swiss albino-mouse fibroblasts (ATCC) and the mouse 

melanoma cell line, GM95 deficient in sialyl-lactosylceramide (previously 

described in (106) were grown in D-MEM with 10% FCS and 1% glutamax. The 

Chinese hamster ovary cells CHO and the CHO mutant cell line PGS A745 (kindly 

provided by J. DD.  Esko, Department of Biochemistry, University of Birmingham). 

These cells are deficient in xylosyltransferase, which catalyzes the first sugar 

transfer step in GAG biosynthesis (64). Both cell lines were maintained in D-

MEM, 10% FCS and 1% glutamax. All cell lines were grown at 37°C under 5% CO2. 
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Wild-type vesicular stomatitis virus (wtVSV) was kindly provided by Prof. H. 

Hengartner (Institute of Experimental Immunology, Zürich). Stocks were 

prepared as previously described (289). Recombinant vesicular stomatitis virus 

(rVSV) was kindly provided by Prof. L. Pelkmans (Molecular Systems Biology, ETH 

Zürich) and was prepared as previously described (278). Stocks were prepared by 

infecting slightly sub-confluent BHK-21 cells for 24h at 0.1 PFU/cell in 10 ml 

serum free MEM (10 mM Hepes pH 6.5). Cells were incubated at 37°C and 5% 

CO2 for 1h on a rocker before adding 20 ml of MEM (30 mM Hepes pH 7.3, 10% 

Tryptose phosphate broth, 1% FCS) for the rest of the incubation time. 

Supernatant was harvested when 90% of cells were rounded up and cell debris 

was removed by centrifugation at 8000g for 15 min at 4°C. The stock was 

buffered with 10 mM Hepes at pH 7.4 and stored at -80°C. Wild type Semliki 

Forest virus (SFV) was kindly provided by Thomas Heger who prepared stocks as 

previously described (95).  Vaccinia virus was kindly provided by Jason Mercer.   

 

5 .4.2  Purification and labeling of wtVSV 

 

The wtVSV was purified to enable labeling with fluorophores. This was done by 

pelleting the virus at 25 000 rpm for 2.5h at in a Beckman ultracentrifuge using 

a SW41 rotor. The pellet was eluted over night on ice at 4°C in TN buffer (50 mM 

Tris pH 7.4, 100 mM NaCl). Subsequently the eluted pellet was purified on a 

Pfeffercorn gradient (10-50% w/v sucrose gradient with an 0.5 ml 50% w/v 

sucrose cushion), at 30 000 rpm for 1h at 4°C in Beckman ultracentrifuge using 

a SW41 rotor. The banded virus was re-pelleted at 25 000 rpm for 1h and eluted 

in TN buffer as described above. The purified virus was dialyzed in 0.1 M NaHCO3 

pH 8.3 over night at 4°C. The protein concentration was measured and the 

fluorescent dye (AlexaFluor 488, 594 or 647) was added in a 1:4 molarity ratio 

while vortexing. The labeled virus was then rotated head-over-tail at room 

temperature for 2h and subsequently banded on a pfeffercorn gradient as 

described above. Labeled virus was aliquoted and stored at -80°C until time of 

use.   
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35S methionine labeled VSV was prepared as previously described (164). Briefly, 

BHK-21 cells were infected with 20 pfu/cell of wtVSV in 10 ml Earle`s MEM (pH 

6.3) without bicarbonate (10 mM Tris, 10 mM PIPES, 10 mM MOPS, 10 mM 

NaH2PO4, 0.2% BSA) at 37°C on a rocker for 1h. Inoculum was replaced with 5 ml 

Dulbecco`s modified Eagle’s medium (20 mM Hepes pH 7.3, without 

methionine, cystine or L-glutamine) and incubate for 1.5h at 37°C before adding 

35S methionine (1 mCi) to each 175 cm3 flask and incubate for additional 7.5h. 

Subsequently, the radioactively labeled virus was purified as described for the 

wtVSV above. Verification of the labeling both with fluorescent dyes and 35S 

methionine was done by running an SDS/page, the infectivity was monitored 

with plaque assays and activity counting was done using a multipurpose 

scintillation counter (LS 650, Beckmann Coulter).  

 

5 .4.3  siRNA mediated knockdown of clathr in and AP2 

 

For the depletion of clathrin heavy chain, two previously published 

oligonucleotides were used, CHC1 (AAC CUG CGG UCU GGA GUC AAC) (102) and 

CHC2 (AUC CAA UUC GAA GAC CAA UdTdT) (196). In addition, two proven 

performance siRNAs, CHC3 (AAGGAGAGTCTCAGCCAGTGA) and CHC4 

(TAATCCAATTCGAAGACCAAT) were used. For the depletion of the  subunit of 

AP2, two previously published siRNAs were used, AP2-1 

(GAGCAUGUGCACGCUGGCCAGCU) (102) and AP2-2 

(AAGAGCAUGUGCACGCUGGCCA) (196). In addition the proven performance 

siRNA AP2-3 (ACGTGTGACTTCGTCCAGTTA) directed against AP2 μ subunit was 

used. All previously published oligonucleotides were synthesized by Dharmacon 

and the proven performance siRNAs and AllStars Negative control siRNA were 

obtained from Qiagen. Transfections for siRNA silencing were performed using 

HiPerFect Transfection Reagent (Qiagen) according to manufacture’s fast 

forward protocol. Briefly, HeLa cells were seeded 1h prior to transfection. AllStars 

Negative siRNA (5 nM), CHC1 (20nM), CHC2 (5 nM), CHC3 (5 nM), CHC4 (5 nM), 

AP2-1 (5 nM), AP2-2 (100 nM) and AP2-3 (5 nM) were together with the HiPerfect 

diluted Opti-MEM (Gibco Life Tech) and added to the cells. About 48h post-

transfection, cells were re-transfected and incubated for additional 40h before 
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being counted and seeded for experiment, which was started 8-10h post 

plating. Knockdown was verified by western blot using mouse-anti-Adaptin-  

(1:100), mouse-anti-Adaptin-μ (1:100) and -actin (1:1000) for normalization. All 

antibodies were purchased from BD Biosciences.  

 

5 .4.4  Infection and internalization analysis 

 

For infection assays, wtVSV, rVSV or SFV at a MOI of 1 were added to HeLa cells. 

Virus stocks were diluted in RPMI medium (30 mM Hepes pH 6.8, 1% BSA) (Gibco 

Life Tech) and before adding the virus, cells were washed once with RPMI 

medium. Infection was done on a rocker at 37ºC for 1h before replacing the 

inoculum by MEM (10% FCS, 1% Glutamax) for additional 3h. For analysis of 

transferrin uptake, samples were pulsed with 20 μg/ml labeled (AF594 or 

AF647) transferrin (Invitrogen) for 15 min and then a chase was performed for 10 

min. Subsequently, samples were washed with PBS and stripped of any bound, 

un-internalized tfn using a glycine buffer, pH3 (0.1M glycine, 0.1M NaCl). 

Samples were fixed with 4% formaldehyde in PBS for 20 min at room 

temperature. For infection detection samples were either subjected to a FACS 

based infection assay or infection was scored by eye using a confocal 

microscope.  

Samples subjected to FACS analysis were permeabilized (0.1% saponin (w/v), 2 % 

FCS, 20 mM EDTA, 0.02% NaN3 in PBS) and stained with primary antibodies for 

2h at room temperature (I-14 mouse-anti-VSVG (1:2000) (146), rabbit-anti-SFV 

E1/E2 antibody (1:100) (297), followed by the secondary antibodies (AlexaFluor 

488, AlexaFluor 647 or AlexaFluor 594 labeled goat anti rabbit or mouse IgG 

(Invitrogen) for 45 min at RT. Detection of infection with rVSV was based on GFP 

expression. Cells were analyzed on a FACS Calibur cytometer using CellQuest 3.1 

software (Becton Dickinson Immunocytometry Systems). At least 10 000 cells 

were analyzed for each sample. At least two independent experiments, each in 

triplicates, were performed. Samples subjected to microscopic analysis were 

permeabilized  (1% BSA (w/v), 0.05% (w/v) saponin in PBS) and stained with 

primary antibodies (I-14 mouse-anti-VSVG (1:2000) (146), rabbit-anti-SFV E1/E2 

antibody (1:500) (297), mouse-anti-Adaptin-  (AP2- ) (1:500) (BD Biosciences) 
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mouse-anti-Clathrin Heavy Chain antibody (1:1000) (BD Biosciences) followed by 

the secondary antibodies (AlexaFluor 488, AlexaFluor 647 or AlexaFluor594 

labeled goat anti rabbit or mouse IgG (Invitrogen) for 45 min at RT. Samples 

were mounted using ImmuMount (Thermo Shandon). Subsequent analysis was 

performed using an inverted confocal microscope, Zeiss510Meta (Carl Zeiss 

MicroImaging, Inc.) with a 63x/1.4NA oil immersion objective. For excitation, an 

Argon (488 nm), a Helium-Neon 1 (543 nm) and a Helium-Neon 2 (633 nm) laser 

supported by dichroic mirrors HFT 488/543/633, NFT 545 and NFT 635 VIS and 

emission filters BP 505-530, LP 560 and 634-720. Images were acquired using 

LSM510 software package (Carl Zeiss MicroImaging, Inc.) and processed using 

Image J (National Institutes of Health) and Adobe Illustrator (Adobe Systems). 

 

5 .4.5  Endocytosis assay 

 

Endocytosis assay was performed as previously described (164). Briefly, 50 000 

cpm of 35S labeled virus, which corresponds to a PFU of 0.1/cell was diluted in 

RPMI-medium and added to HeLa cells plated on a 35 mm dish. To acquire a 

synchronized entry, virus was allowed to bind to cells at 4°C before shifting to 

37°C for internalization for various time-points. Subsequently, samples were 

shifted again to 4°C and treated with 1 mg/ml proteinase K (Roche), which 

cleaves VSVG and thus efficiently removes surface bound, un-internalized virus 

(164). As a negative control, bound virus was removed from the cell surface 

using proteinase K at 4°C without shifting the cells to 37°C. Cells were pelleted 

and washed 3x in PBS containing 0.2% BSA, 1 mM PMSF and protease inhibitor 

cocktail (Sigma) and subsequently re-suspended in 300 μl medium and 2 ml 

Ready Safe scintillation cocktail (Beckman Coulter) and analyzed using a 

multipurpose scintillation counter (LS 650, Beckmann Coulter) counting 5 min 

for each sample.  

5 .4.6  Fusion assay 

 

rVSV was diluted in RPMI medium buffered to a pH of 6.6 and bound to 

confluent HeLa cells at 4°C for 1h. Inoculum was then removed and cells washed 
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1x with cold RPMI medium on ice. Subsequently, warm, serum free medium 

with a pH of 5.5 or medium with a pH of 7.4 was added to the samples at the 

same time as they were placed on a 37ºC warm waterbath for 1 minute. With a 

pH of 5.5, bound viruses were able to fuse with the plasma membrane and thus 

releasing their nucleocapsid into the cytosol without going through the 

endocytic compartments. Medium was then replaced by complete medium, 

containing the inhibitors (vanadate (1mM), staurosporine (1μM), jasplakinolide 

(1μM), latrunculin A (1μM) or BIM-I (1μM) as well as 20mM NH4Cl to prevent any 

endocytosis of un-fused viruses. Samples were then incubated for 4h before 

fixation and analysis by FACS. Control cells were either shifted to the water bath 

with medium pH 7.4 or pH5.5 containing no drug and complete medium 

without drug and with or without NH4Cl were added. 

 

5 .4.7 VSVG degradation 

 

VSVG degradation assay was performed by binding purified wild-type VSV 

diluted in RPMI-medium, to confluent HeLa cells at 4°C for 1h before removing 

unbound virus and shifting samples to 37°C for internalization for various time-

points. Cycloheximide  (1 mM) was added to the samples to prevent viral 

replication. Subsequently, samples were shifted again to 4°C and treated with 1 

mg/ml proteinase K (Roche). As a negative control, bound virus was removed 

from the cell surface using proteinase K at 4°C without a 37°C shift. Cells were 

pelleted and washed 3x in PBS (0.2% BSA, 1 mM PMSF, protease inhibitor cocktail 

(Sigma)) and subsequently re-suspended in SDS-Lämmli lysis buffer prior to 

SDS-page and blotting. VSVG was detected using the rabbit polyclonal antibody 

8685, produced in the lab of A. Helenius. 

 

5 .4.8 Electron microscopy 

 

For thin section electron microscopy, wtVSV diluted in RPMI-medium was either 

bound to HeLa cells plated on 12 mm converslips on ice for 1h and subsequently 

fixed or alternatively shifted to 37°C for 10 min before fixation. In the presece of 
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20 mM NH4Cl, cells were infected at 37°C for 1h. Cells were fixed with 2.5% 

glutaraldehyde (0.05 M sodium cacodylate pH 7.2, 50 mM KCl, 1.25 mM MgCl2, 

and 1.25 mM CaCl2) for 30 min at RT followed by 1.5 h in 2% OsO4. Dehydration, 

embedding and thin sectioning were performed as previously described (116). 

Examination of samples and micrographs were done by Jürgen Kartenbeck and 

Roberta Mancini.  

 

5 .4.9  Live cel l  microscopy analysis 

 

HeLa cells for live cell microscopy were transfected using AMAXA according to 

manufacturers protocol 12-24h prior to experimental start. Constructs used 

were CLC-GFP or RFP (kindly provided by J.H. Keen, Kimmel Cancer Center, PA), 

Dynamin-2-GFP (kindly provided by M. Mc.Niven, Mayo Clinic, Rochester, MN) 

and AP-2-GFP (kindly provided by L. Greene, NIH, Bethesda, MD). For coating of 

coverslips with extra-cellular matrix (ECM), cells of the same type as used for 

the subsequent experiment were seeded on 18 mm coverslips (Greiner) two 

days before imaging was performed and grown to confluency. On the day of 

imaging, cells were removed from the coverslip using 20 mM EDTA to prevent 

protein digestion and removal of the ECM produced by the cells. For live 

microscopy, coverslips were whased in cold PBS and mounted in custom-built 

stainless-steel chambers (Workshop Biochemistry). Labeled virus, diluted in cold 

RPMI medium (30 mM Hepes pH 6.6, 1% BSA) was then added to the coated 

coverslip for 30 min on ice. Transfected cells intended for the imaging were 

then detached using EDTA (20 mM) and after 3x washing with PBS, they were 

suspended in 300 μl RPMI medium (30 mM Hepes pH 6.6, 1% BSA), added to the 

coverslip and allowed to attach for 30 min on ice. Subsequently, the samples 

were subjected to live cell imaging using custom modified Olympus IX71 

inverted microscope with a heating chamber (37°C) and an objective-type total 

internal reflection fluorescence microscopy setup (TILL Photonics). Image 

acquisition was done using TILL Image QE charge-coupled device camera and 

TILLVISION software (TILL Photonics). The total-internal-reflection angle was 

manually adjusted for every experiment. Images were processed using Image J 

(National Institutes of Health) and Adobe Illustrator (Adobe Systems). 
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5 .4.10  Pharmacological inhibitors,  constructs and antibodies 

 

Cells were pre-incubated for 30 min at 37°C in D-MEM (10% FCS) containing 20 

mM NH4Cl (Baker), 17, 70,140 or 280 μM chlorpromazine (Sigma-Aldrich), 20, 80 

or 120 μM dynasore (ASINEX), 10 μg/ml progesteron (Sigma-Aldrich) and 25 

ug/ml nystatin (Sigma-Aldrich), 1 μM brefeldin A (Sigma-Aldrich), 1 μM 

nocodazole (Sigma-Aldrich), 1 μM latrunculin (Molecular Probes), 1 μM 

jasplakinolide (Molecular Probes), 0.1, 1 or 10 μM wortmannin (Sigma-Aldrich), 

100 μM genistein (Sigma-Aldrich), 1 mM vanadate (Merck), 1 μM staurosporin 

(Sigma-Aldrich), 1 μM BIM-1 (Sigma-Aldrich), 1 μM PMA (Sigma-Aldrich), 0.1 or 1 

μM calphostin C (Sigma-Aldrich), 0.1, 1 or 10μM Rottlerin (VWR) and 2 or 20 μM 

CPG53353 (VWR). Due to high cell toxicity, cells were only pre-incubated with 

chlorpromazine for 10 min before adding the virus and the drug containing 

inoculum was left on the cells for 30 min before replacement with complete 

medium. Pre-incubation with progesteron and nystatin was performed over 

night in the absence of serum and the virus was not incubated with the drugs. 

Otherwise, drugs were present throughout the experiment and the treatment 

did not result in loss of cell viability.  

 

Transfection of cells with dynamin-2-wt-GFP and dynamin-2-K44A-GFP (kindly 

provided by M. Mc.Niven, Mayo Clinic, Rochester), Eps15-wt-GFP and 

Eps15 95/295-GFP (kindly provided by A. Benmerah and A. Dautry-Varsat, 

Institut Pasteur, Paris), Arf6-wt-GFP and Arf6-Q67L-GFP (kindly provided by J. 

Donaldson NIH, Bethesda), AP180-GFP (kindly provided by H.T.McMahon, 

Laboratory of Molecular Biology, Cambridge), MTMR2-his-wt and MTMR2-his-

S417C (kindly provided by U.Suter, Institute of Cell Biology, ETH Zürich), Rab5-

GFP (kindly provided by A. Vonderheit, Institute of Biochemistry, ETH Zürich) and 

CLC-wt-XFP (kindly provided by J.H. Keen, Kimmel Cancer Centre, PA), was 

performed by AMAXA 10-12 hours prior to experimental start. Cells were allowed 

to express the AP2 -wt-GFP construct (kindly provided by L. Greene, NIH, 

Bethesda) for 24-48h before experimental start. The prolonged expression time 

is required for efficient incorporation of the GFP labeled alpha subunit into the 
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endogenous adaptor protein complex (68).  

Monoclonal antibodies against clathrin heavy chain, AP2  and AP2μ were 

purchased from BD Biosciences and secondary antibodies coupled to 

AlexaFluor488, 594 or 647 were from Invitrogen. The monoclonal antibody I-14 

against VSVG has been previously described (146) and the polyclonal antibody 

8685 against VSVG was raised in rabbit in the group of A. Helenius. Polyclonal 

antiserum against E1 and E2 were raised in rabbit (297). The monoclonal 

antibody against MRMR2 was kindly provided by U. Suter (Institute of Cell 

Biology, ETH Zürich) and has been previously described (15). 

 

5 .4.11 siRNA screening 

 

The siRNA library used was designed in our lab (T. Heger) to address 33 factors 

involved in various endocytic pathways. If available two so-called “proven-

performance” siRNA per gene were used, which have been tested to knock-

down their target mRNA by 70% or more (Qiagen). Titration of cell number, 

amount of transfection reagent, and virus was performed prior to screening to 

reach the optimal cell density, transfection efficiency, and infection rates. A 

selection of siRNAs was validated in regard to silencing efficiency by western 

blotting. Reverse transfections were performed in black optical bottom 96-well 

plates (nunc). For each transfection, 0.2 μl of Lipofectamine RNAiMAX 

(Invitrogen) in 15μl OPTI-MEM was mixed with 15μl OPTI-MEM containing 

33.3nM siRNA, and incubated for 15min to allow lipid complex formation.  

Approximately 3000 HeLa cells in 70 μl complete DMEM (10% FCS) were added 

to the wells and cells were transfected for 3 days. As a transfection control, 

apoptosis induction by siRNA against KIF11/EG5 was monitored. On the third 

day, 90% of EG5-siRNA transfected cells were dead. As controls, three wells of a 

non-targeting control siRNA (AllStarsNegative, Qiagen) were included on each 

plate. For analysis, the ratio, infected to all cells was determined using 

immunofluorescence, automated microscopy, and a MATLAB-based image 

analysis software that was developed in the lab (K.Quirin, S.Moese, T.Heger). 

The infection ratio for all siRNA was normalized to the average ratio of the 

negative control siRNA wells for each plate. Cells were infected with rVSV in 

RPMI-medium for 4h to acquire 15-30% infection. Each siRNA was tested twice 
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for its effect on infection. For microscopy, nuclei were stained with Hoechst 

33258 (1:10’000 in PBS, 0.5% Triton X-100). Infection as well as cell number was 

scored with an automated widefield microscope (BD Pathway 855, Beckton 

Dickinson) equipped with an Olympus 10x 0.4NA UPlanSApo objective, 

DAPI/GFP filters, Hamamatsu Orca ER camera and Attovision software (Beckton 

Dickinson). For each well, 4 x4 montages of both the nucleus and GFP channel 

were acquired. The impact of each siRNA on virus infection was determined by 

counting the number of cell showing hoechst nuclear staining and of cells 

expressing GFP. Pictures were analysed using MATLAB-based (The MathWorks) 

in-house programs (K. Quirin, T. Heger, and S. Moese). Results were presented as 

relative infection indices (RII) as well as relative cell numbers (RCN). RII is the 

ratio of the number of infected, siRNA-treated cells to the average number of 

infected control-treated cells on a logarithmic scale. Accordingly, RCN 

represents the logarithmic ratio of the cell numbers of siRNA-treated to the 

average cell number of the control siRNA-treated cells. 

 



108                                                                                               Host cell entry of VSV  

 

 

6 Abbreviations 

 
ANTH   AP180 N-terminal homology 
AP  Adaptor/assembly protein 
Arf1   ADP-ribosylation factor 1 
CALM   Clathrin assembly lymphoid myeloid leukaemia 
Cav-1  Caveolin 1 
CCP   Clathrin-coated pit 
CCV   Clathrin-coated vesicles 
CHC   Clathrin heavy chain 
Chx  Cholera toxin 
CI-MPR  Cation independent mannose-6-phosphate receptor 
CLC   Clathrin light-chain 
CME  Clatrhin-mediated endocytosis 
CPM  Counts per minute 
Dab2   Disabled 2 
DN  Dominant negative 
ECV   Endosomal carrier vesicles 
EE  Early endosome 
EEA1   Early endosomal antigen 1 
EGF   Epidermal growth factor 
EGFR   Epidermal growth factor receptor 
EM  Electron microscopy 
ENTH   Epsin N-terminal homology 
Eps15   EGF receptor pathway substrate clone number 15 
Epsin   Eps15-interacting protein 
ER   Endoplasmic reticulum 
ESCRT   Endosomal sorting complexes required for transport 
FACS  Fluorescent-activated cell sorter 
FCS   Fetal calf serum 
GAP   GTPase-activating protein 
GDF   GDI displacement factor 
GDI   GDP dissociation inhibitor 
GDP   Guanosin diphosphate 
GED   GTPase effector domain 
GEEC  Enriched early endosomal comprtments 
GEF   GDP/GTP exchange factor 
GFP   green fluorescent protein 
GPI-AP  Glycosylphosphatidylinositol anchored proteins  
GTP   guanosine triphosphate 
HIP1/Hip1R  Huntingtin-interacting protein 1 
Hrs   Hepatocyte growth factor-related tyrosine kinase substrate 
Hsp   Heat shock protein 
ICAM-1 Intercellular adhesion molecule  
IF  Immunofluorescence 
kD   Kilo Dalton 
kd  knock-down 
LAMP   Lysosomal-associated membrane protein 
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LBPA l  Lysobisphosphatidic acid 
LCMV  Lymphocytic choriomeningitis virus 
LDL   Low-density lipoprotein 
LDLR  Low-density lipoprotein receptor 
LE  Late endosome 
MEFs  Mouse embryonic fibroblasts 
MHC I  Major histocompatibility complex class I 
MOI   Multiplicity of infection 
MTMR2 Myotubularin related protein 2 
PI  Phosphatidylinositol 
PIPKI   Phosphatidylinositol phosphate kinase type  
PtdIns   Phosphatidylinositol 
PtdIns(3)P  Phosphatidylinositol-3-phosphate 
PtdIns(4)P  Phosphatidylinositol-4-phosphate 
PdtIns(3,5)P 2  Phosphatidylinositol-3,5-bisphosphate 
PdtIns(4,5)P 2  Phosphatidylinositol-4,5-bisphosphate 
PECAM-1  Platelet-endothelial cell adhestion molecule 
PFU   Plaque forming units 
PH   Pleckstrin homology 
PI(3)K   Phosphoinositol-3-OH kinase 
PRD   Prolin-rich domain 
PX  Phox homology  
RFP   Red fluorescent protein 
RILP   Rab-interacting lysosomal protein 
rVSV  Recombinant VSV expressing GFP 
SFV   Semliki Forest virus 
SH3   Src homology3 
siRNA   Small interfering ribonucleic acid 
SNARE  Soluble NSF attachment protein receptor 
SV40  Simian virus 40 
TIRF   Total internal reflection fluorescence 
Tfn  Transferrin 
TfnR  Transferrin receptor 
UIMs   Ubiquitin-interacting motifs 
VV  Vaccinia virus 
wtVSV  Wild-type VSV 
XFP   Any fluorescent protein 
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