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Abstract

Phosphorylated derivates of phosphatidylinositol, collectively called phosphoinositides (PIs),
are a minor class of short-lived lipids that control numerous cellular processes including cell
signaling, growth, vesicular traffic, and actin cytoskeletal arrangements. Different PI
isoforms, which are caused by the reversible phosphorylation at distinct positions of the
inositol ring, are concentrated in distinct subcellular compartments, with for example
phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P;] at the plasma membrane, PtdIns(3)P on
early endosomes and PtdIns(4)P on Golgi membranes. The spatial distribution of the various
PIs establishes and maintains organelle identities by increasing the affinity of membranes for
specific peripheral membrane proteins. Pls also play a role in the mechanism by which the
direction of membrane traffic is controlled. Membrane traffic is the process by which
endocytic pathway controls the protein and lipid composition of the plasma membrane,
regulates the signaling pathways, membrane recycling, and the uptake of fluid and receptor-
bound extracellular nutrients. The major fraction of the material internalized at the plasma
membrane is transported through the endosomal compartments to the vacuole. The endosomal
compartments also exchange material with the trans-Golgi network (TGN) and the vacuole
via vesicular transport by several routes. Thus, the correct formation of vesicles is essential to
maintain the dynamic exchanges between these different compartments. To guarantee the
proper vesicle formation and targeting to the acceptor compartment, the differential
distribution of PIs is mediated by specific PI kinases, which localize to specified subcellular
compartments. Conversely, a set of phosphatases and lipases regulates the PI turnover,
thereby controlling the distribution and duration of signalling events mediated by the PI
second messengers. Previous studies implicated de-phosphorylation of PtdIns(4,5)P, by the
mammalian polyphosphoinositide phosphatase synaptojanin 1 as an important step in
endocytosis. Since then, indirect evidence exists in different model organism for a role of the
synaptojanin proteins in the un-coating of clathrin-coated endocytic vesicles.

Members of the highly conserved synaptojanin family are defined by a three-domain
structure. The N-terminal domain, homologous to yeast Saclp, exhibits in some family
members polyphosphoinositide phosphatase (PPIP) activity that can hydrolyse the phosphate
at the 3, 4, or 5 position of the inositol ring. The central PI 5 phosphatase (5-Pase) domain
specifically hydrolyses the phosphate at the 5" position of PtdIns(4,5)P,. In contrast to the
highly conserved catalytic domains, the C-terminal proline-rich domain is more variable

among the different family members.



The yeast Saccharomyces cerevisiae contains three synaptojanin-like (Sjl) proteins, Sjllp,
SjI2p, and Sjl3p (also named Inp51p, Inp52p, and Inp53p). All three family members exhibit
5-Pase activity, while only SjI2p and Sjl3p possess the PPIP activity. The proline-rich
domains of the three family members also share minor identity.

While previously Sjl1p has not been assigned to vesicular transport, Sjl3p has been implicated
in clathrin-mediated membrane traffic between the TGN and endosomes. Pair-wise deletions
of the yeast synaptojanin genes have discovered that Sjl2p likely functions in endocytosis.
Since less data existed about the function of Sjl2p, the work of this thesis focused on further
evidence for a specific role of SjI2p in clathrin-mediated endocytosis.

Initially, in this PhD thesis evidence is provided for an association of each family member
with filamentous actin assembled in vitro. However, Sjl1p seems to be associated with F-actin
more tightly than Sjl2p and Sjl3p, because Sjllp withstands high salt treatment. Binding
partners of Sjllp with the non-catalytic Sacl-homologoues domain, the NPF motif in the
proline-rich domain, or the proline-rich domain itself may explain this biochemical behaviour.
As already described above, earlier studies provided evidence for a localization and function
of the three yeast synaptojanin family members at distinct subcellular compartments. Since
the catalytic domains are highly conserved, distinct interaction partners of the proline-rich
domains maybe mediate the individual recruitments. Notably, also the PPIP domains seem to
specify the subcellular localization by interacting with specific protein. Sjl2p and Sjl3p, but
not the non-catalytic Sacl-domain of Sjllp, specifically bind to the cortical actin patch
component Bsplp (B. Singer-Kriiger’s laboratory). Therefore, although yeast synaptojanins
display similar enzymatic activities in vitro, each member may be recruited and/or activated at
a unique subcellular site by distinct signalling cascades. To identify specific Sjl2p-binding
partners, GST-pulldown assays and co-immunoprecipitation experiments were performed.
GST-pulldown assays using the proline-rich domain of SjI2p revealed the association of the
following proteins: the putative endocytic vesicle scission factor Rvs167p, the early endocytic
protein End3p, and, most importantly, clathrin heavy chain (Chclp), the major component of
clathrin-coated vesicles. Co-immunoprecipitation experiments revealed Slalp as an Sjl2p-
specific binding partner, because Slalp did not interact with Sjl3p or Sjllp. The interaction of
Sjl2p with Slalp appears to occur independent of Slalp phosphoregulation, required for coat
disassembly. Although most likely transiently, Sjl2p seems to be part of the Slalp/Panlp
complex. Slalp and Panlp are multivalent proteins, which bind to a variety of endocytic

proteins and thereby regulate the progress of early steps of endocytosis. For example, the



Slalp/Panlp/End3p complex has a key role in actin polymerization during the endocytic
process.

Since Slalp binds to the proline-rich domain of SjI2p, but not SjI3p and Sjl1p, the hypothesis
was supported that distinct binding partners of the proline-rich domains are implicated in the
subcellular localization of the Sjl-proteins. For a further examination of this suggestion, the
proline-rich domain of Sjl3p was fused to the PPIP and 5-Pase domains of Sjl2p. The
chimeric protein Sjl2/3p was stable in the cell and did not interact with Slalp. Since Sjl2/3p
was not able to rescue the lethality of Asjl/lAsji2Asjl3 mutants and the growth phenotype of
AggalAgga? Asjl3 cells, it can be assumed that Sj12/3p is non-functional. It is possible that the
catalytic domains and the proline-rich domain need to be linked by intermolecular
components to provide functionality.

In yeast, the question was still unresolved whether the synaptojanin-like proteins are
associated with clathrin-coated vesicles (CCVs). To address that, an established protocol was
used to isolate clathrin-coated vesicles from S. cerevisiae. Indeed, Sephacryl S-1000 gel
filtration chromatography resulted in co-fractionation of Sjl2p and Sj13p with clathrin-coated
vesicles, while Sjllp eluted with the main peak of the cytoplasmic phosphoglycerate kinase
and actin, well separated from vesicles. Most likely, the putative vesicle scission factor
Rvs167p is also found in CCV-positive fractions. Although the immunodetection of Sjl2p
with CCVs was unsuccessful by electron microscopy, several lines of evidence from this
thesis and recently published work support the idea that SjI2p resides on endocytic clathrin-
coated vesicles. Sjl3p, which co-fractionates with CCVs, is likely associated with vesicles
derived from the TGN. In contrast to lately published data, Sjl2p and Abplp were not found
to bind to each other. Moreover, SjI2p still co-migrated with clathrin-coated vesicles isolated
from dabp]l cells. Experiments performed to identify the putative recruiting factor of Sjl2p to
CCVs demonstrated that neither the deletion of the proline-rich domain of SjI2p nor decreased
levels of PtdIns(4,5)P, or the deletion of identified interaction partners, in particular Slalp and
Bsplp, were sufficient to abolish the co-elution of Sjl2p with CCVs. These results raise the
idea that multiple factors act together to establish a correct subcellular localization of Sjl2p to
endocytic sites. This assumption is also supported by the finding that mutation of the first two
conserved amino acids in the clathrin-binding box, present in Sjl2p, was not sufficient to
reduce the binding to Chclp.

An emerging body of evidence indicates that posttranslational modifications play a key role in
the most, if not all, cellular processes in eukaryotes. The activity of a variety of plasma

membrane transporters, channels, and receptors is regulated by internalization via the
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endocytic machinery. The internalization is initiated by phosphorylation and/or the attachment
of an ubiquitin moiety to specific amino acid residues. In S. cerevisiae, phosphorylation of
trans-acting proteins is one of the key factors in the actin dynamics at an endocytic vesicle.
Furthermore, recent studies have shown that some trans-acting proteins of the endocytic
machinery are also mono-ubiquitinated, such as Rvs167p. In this PhD thesis it was found that
SjI2p and Sj13p are modified by tyrosine phosphorylation as well as by ubiquitination, while
Sjl1p was not. For mammalian synaptojanin 1, the tyrosine- and serine phosphorylations in its
proline-rich domain are described in detail as regulatory mechanisms by inhibiting the
binding to endophilin. Thus, it is tempting to speculate that the tyrosine phosphorylation also
regulates the phosphatase activities of Sjl2p and Sjl3p. Whether this regulation mechanism is
conserved among eukaryotes remains to be elucidated. The impact of ubiquitination on trans-
acting proteins is yet unclear.

In summary, Sjl3p likely associates with clathrin-coated vesicles, while the proposition is
supported that Sjllp is not involved in clathrin-mediated transport. Apparently, Sjl2p and
Sjl3p are modified by tyrosine phosphorylation and ubiquitination, which might regulate the
interaction with binding partners and thereby their enzymatic activities. Results of this PhD
thesis provide further evidence for a role of Sjl2p during clathrin/actin-mediated endocytosis.
These results include not only its possible association with clathrin-coated vesicles, but also
interactions with different proteins of the endocytic machinery, such as Slalp and Panlp in

vivo, and Rvs167p, End3p, and Chclp in vitro.
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Zusammenfassung

Phosphorylierte Derivate von Phosphatidylinositol, auch als Phosphoinositide bezeichnet
(PIs), sind eine Klasse von kurzlebigen Glycerophospholipiden, die zu einem geringen Anteil
in der Zelle vertreten sind. Sie regeln verschiedene zelluldre Prozesse, wie beispielsweise
Signalprozesse, das Wachstum, den vesikuldren Transport und die Organisation des
Aktinzytoskelettes. Die verschiedenen PI-Isoformen, welche durch Phosphorylierung von
bestimmten Hydroxylgruppen am Inositolring gebildet werden, sind innerhalb der Zelle
unterschiedlich verteilt. Phosphatidylinositol-4,5-bisphosphat [PtdIns(4,5)P,] befindet sich
zum Beispiel vorwiegend an der Plasmamembran, PtdIns(3)P an den friihen Endosomen und
PtdIns(4)P an Membranen des Golgi-Apparates. Die rdumliche Verteilung der verschiedenen
PIs etabliert und hilt die Identitit der jeweiligen Organellen aufrecht, da die Isoformen mit
verschiedenen peripheren Membranproteinen wechselwirken. Sie {ibernehmen auch
regulatorische Aufgaben in Prozessen, die den spezifischen Vesikeltransport vermitteln. Eine
entscheidende Rolle spielt der Vesikeltransport in der Clathrin und Aktin-vermittelten
Endozytose, da diese die Protein- und Lipidzusammensetzung der Plasmamembran, die
Regulation von Signalwegen und vor allem die Aufnahme von extrazellularen Néhrstoffen
kontrolliert. Ein groBer Anteil der endozytotierten Substanzen wird iiber Endosomen zur
Vakuole transportiert. Die endosomalen Kompartimente stehen iiber Transportvesikel auch im
Austausch mit dem trans-Golgi-Netzwerk (TGN) und der Vakuole. Dabei werden sehr
unterschiedliche Routen verwendet. Da der Transportvesikel das korrekte Ziel nur erreichen
kann, wenn alle molekularen Komponenten richtig zusammenwirken, nimmt die Bildung von
spezifischen Vesikeln eine zentrale Rolle ein. Um die korrekte Vesikelformation zu
gewihrleisten, wird die exakte Verteilung der PIs zum einen durch die an der Biosynthese
beteiligten, spezifischen PI Kinasen kontrolliert, welche an den entsprechenden Organellen
lokalisieren. Umgekehrt regulieren Phosphatasen und Lipasen die Dephosphorylierung und
den Abbau von Pls. Alle drei Enzyme zusammen beeinflussen somit die Verteilung und
Dauer der PI ,,Second-Messenger“-Signale. Frithere Studien beschrieben, dass die
Dephosphorylation von  PtdIns(4,5)P, durch die Polyphosphoinositid-Phosphatase
Synaptojanin 1 vermutlich ein wichtiger Schritt in der Clathrin- und Aktin-vermittelte
Endozytose in Sdugetierzellen ist. Seither bekréftigen weitere Hinweise aus verschiedenen
Modellorganismen die Annahme, dass die Synaptojanin-Proteine bei der Abdissoziation von
Komponenten der Clathrin-umhiillten Transportvesikeln eine Rolle spielen.

Mitglieder der hochkonservierten Familie der Synaptojanin Proteine bestehen aus drei

Dominen. Die N-terminale Doméne ist homolog zum Sacl-Protein der Hefe. Diese Doméne
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hydrolysiert in einigen Familienmitgliedern PI-Isoformen an der 3°, 4" und 5” Position des
Inositolrings (PPIP-Aktivitdt). Die zentrale Doméne, die PI 5Phosphatase (5-Pase),
hydrolysiert spezifisch die Phosphatgruppe an der Position 5° des Inositolringes von
PtdIns(4,5)P,. Im Gegensatz zu diesen beiden hochkonservierten katalytischen Doménen, ist
die C-terminal gelegene, prolinreiche Domine (PRD) innerhalb der verschiedenen
Familienmitglieder variabel.

Die Hefe Saccharomyces cerevisiae exprimiert drei Synaptojanin-dhnliche (Sjl) Proteine,
Sjllp, SjI2p und Sjl3p. Diese werden auch als Inp51p, Inp52p und Inp53p bezeichnet. Alle
drei Familienmitglieder besitzen 5-Pase-Aktivitét, die katalytische PPIP- Aktivitdt besitzen
jedoch nur SjlI2p und Sjl3p. Die prolinreichen Doménen der Sjl-Proteine zeigen ebenfalls
geringe Ubereinstimmung in ihren Aminosiuresequenzen.

Wihrend Sjllp bisher nicht dem Vesikeltransport zugeordnet werden konnte, existierten
bereits Hinweise dafiir, dass Sjl3p am Clathrin-vermittelten Membranentransport zwischen
dem TGN und Endosomen beteiligt ist. Aufgrund des Auftretens von Endozytosedefekten in
verschiedenen Sjl-Doppelmutanten wurde vermutet, dass Sjl2p hauptsdchlich an der
Endozytose beteiligt ist. Da aber keine weiteren Daten fiir die genaue Funktion von SjlI2p in
der Endozytose vorlagen, fokussierte sich diese Doktorarbeit auf die Frage welche Rolle die
Sjl2p-Phosphatase in der Clathrin und Aktin-vermittelten Endozytose spielt.

Zu Beginn dieser Arbeit wurden Beweise erbracht, dass jedes Hefe-Synaptojanin
Familienmitglied mit in vitro polymerisierten Aktinfilamenten assoziiert. Jedoch scheint Sjllp
fester an Aktinfilamente zu binden als Sjl2p und Sjl3p, da es durch einen Puffer mit hoher
Salzkonzentration nicht abgelost werden konnte. Die katalytisch nicht aktive Saclp-Doméne,
das NPF-Motiv in der prolinreichen Doméne oder die Doméne selbst konnten fiir die
biochemischen Eigenschaften verantwortlich sein.

Wie bereits beschrieben, gab es aufgrund fritherer Studien bereits Indizien filir eine
Lokalisierung und Funktion der drei Synaptojanin-dhnlichen Proteine aus der Hefe an
unterschiedlichen subzellularen Organellen. Die jeweilige Rekrutierung konnte durch
spezifische Interaktionspartner gewdihrleistet werden, die zum Beispiel an die variablen
prolinreichen Doménen binden. Dass aber auch die PPIP Doménen spezifische
Interaktionspartner rekrutieren, zeigt die Bindung von Bsplp mit SjI2p und S;jl3p. Bsplp,
welches an kortikalen Aktinflecken lokalisiert, wechselwirkt nicht mit der katalytisch-
inaktiven Sacl-Doméne von Sjllp (B. Singer-Kriiger Labor). Verschiedene Signalkaskaden
konnten somit dafiir verantwortlich sein, dass die Sjls zu ihren individuellen Funktionsorten

rekrutiert und/oder an ihnen aktiviert werden.

13



Um spezifische Bindungspartner von Sjl2p zu identifizieren, wurden GST-Pulldown
Experimente und Co-Immunoprazipitationen durchgefiihrt. In den GST-Pulldown Versuchen
wurde eine Fusion aus der prolinreichen Doméne von Sjl2p mit dem GST-Epitop verwendet.
Dabei konnte Rvs167p als Bindungspartner identifiziert werden. Rvs167p ist wahrscheinlich
an der Abschniirung endozytotischer Transportvesikel von der Plasmamembran beteiligt.
AulBlerdem wurde End3p nachgewiesen, welches sich bereits zu einem frithen Zeitpunkt am
Ort der Endozytose befindet. Ein wichtiger Beweis fiir eine Beteiligung von Sjl2p an
Clathrin-vermittelten Transportprozessen war der Nachweis der schweren Clathrinkette
(Chclp) als Bindungspartner der prolinreichen Domidne von Sjl2p. Chclp stellt die
Hauptkomponente des Hiillkomplexes von Clathrin-umhiillten Vesikeln dar. Die Co-
Immunopréizipitationen identifizierten Slalp als spezifischen Interaktionspartner der
prolinreichen Doméne von Sjl2p, da es weder an Sjl3p noch an Sjllp bindet. Die Interaktion
von Sjl2p und Slalp findet vermutlich unabhéngig vom Phosphorylierungsstatus von Slalp
statt. Am endozytotischen Transportvesikel dient die Phosphorylierung von Slalp als Signal
zur Dissoziation einiger Hiillkomponenten. SjI2p scheint auBlerdem mit Slalp und Panlp
einen Komplex zu bilden, der jedoch vermutlich nur transient existiert. Slalp und Panlp
gehen wiederum multivalente Bindungen mit anderen endozytotischen Proteinen ein und sind
im Komplex mit End3p Schliisselfaktoren fiir die Aktinpolymerisierung im endozytotischen
Prozess.

Da Slalp spezifisch an die prolinreiche Doméne von Sjl2p bindet, wird die Hypothese
unterstiitzt, dass definierte Interaktionspartner durch diese Domine rekrutiert werden. Um
diese Vermutung genauer zu untersuchen, wurde ein chiméres Protein erzeugt, welches aus
der prolinreichen Domédne von Sjl3p und beiden katalytischen Domédnen von SjI2p besteht.
Das Fusionsprotein Sjl12/3p liegt in der Zelle stabil vor und zeigt keine Interaktion mit Slalp.
Es scheint aber in bezug auf seine Phosphataseaktivititen nicht funktionell zu sein, da es
sowohl die Lethalitdt der AsjllAsjl2Asjl3 Mutante, als auch den Wachstumsphdnotyp von
AggalAgga2 Asjl3 Zellen nicht heilen konnte. Diese Beobachtungen deuten darauf hin, dass
die katalytischen Domidnen vermutlich mit der prolinreichen Doméne intramolekular in
Verbindung gebracht werden miissen, um funktionell zu sein.

In S. cerevisiae war die Frage noch offen, ob die Sjl-Proteine mit Clathrin-umhiillten Vesikeln
(CCV) assoziieren. Um diese Fragestellung zu beantworten, wurde ein etabliertes Protokoll
zur Isolation von CCVs verwendet. Tatsdchlich zeigte die Sephacryl S-1000 Gelfiltrations-
Chromatographie, dass Sjl2p und Sjl3p mit CCVs co-fraktionierten, wohingegen Sjllp

zusammen mit den Peaks der zytosolischen Phosphoglyceratkinase und Aktin co-eluierte,
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welche klar von den CCV-Fraktionen getrennt waren. Vermutlich befindet sich Rvs167p
ebenfalls in CCV-positiven Fraktionen. Obwohl die elektronenmikroskopische Immuno-
detektion von Sjl2p an CCVs bisher nicht erfolgreich war, weisen die Ergebnisse der Co-
Immunoprizipitationen und der GST-Pulldowns dieser Doktorarbeit, sowie neuere
verdffentlichte Studien darauf hin, dass Sj12p an endozytotischen Clathrin-umhiillten Vesikeln
zu finden ist. Sjl3p assoziiert vermutlich ebenfalls mit Clathrin-umhiillten Vesikeln, die aber
am TGN gebildet werden. Im Gegensatz zu einer kiirzlich veroffentlichten Arbeit, konnte eine
Wechselwirkung zwischen Sjl2p und Abplp nicht nachgewiesen werden. AuBerdem
cofraktionierte Sjl2p mit CCVs, die aus Aabp! Zellen isoliert worden waren. Experimente, die
mogliche Rekrutierungsfaktor von SjI2p an CCVs aufzeigen sollten, wiesen nach, dass weder
eine Deletion der prolinreichen Doméne von Sjl2p, noch verringerte Mengen an PtdIns(4,5)P
oder Deletionen der bekannten Interaktionspartner Slalp und Bsplp ausreichend sind, um die
Co-Fraktionierung von SjI2p mit CCV-Fraktionen zu inhibieren. Somit liegt die Vermutung
nahe, dass verschiedene Komponenten der Endozytosemaschine zusammenarbeiten, um eine
korrekte, subzelluldre Lokalisierung von Sjl2p an seinen Wirkungsort zu gewihrleisten. Diese
Theorie wird auch dadurch gestiitzt, dass die Mutation der ersten beiden Aminosduren im
Clathrin-bindenden Motiv in der prolinreichen Doméne von Sjl2p die Bindung an Chclp
nicht beeinflusst.

Immer mehr Daten sprechen dafiir, dass posttranslationale Modifikationen eine Schliisselrolle
in vielen, wenn nicht sogar allen, zelluldren Prozessen in Eukaryonten einnehmen. Die
Aktivitdt von vielen Transportern, Kanédlen und Rezeptoren an der Plasmamembran wird
durch deren Internalisierung mittels Endozytose reguliert. Dies wird durch Anhéngen eines
Phosphatrestes und/oder von Ubiquitin an spezielle Aminosdurereste festgelegt. In S.
cerevisiae spielt die Modifikation von Proteinen der Endozytosemaschine, sogenannter trans-
agierender Proteine, mittels Phosphorylierung zum Beispiel eine Rolle bei der Aktindynamik
am endozytotischen Vesikel. Neueste Ergebnisse zeigen, dass einige trans-agierende Proteine
auch mono-ubiquitiniert werden, wie zum Beispiel Rvs167p. Wihrend dieser Doktorarbeit
konnte gezeigt werden, dass Sjl2p und Sjl3p, aber nicht Sjllp, sowohl durch Tyrosin-
phosphorylierung als auch Ubiquitinierung posttranslational modifiziert werden. Fiir
Synaptojanin 1 in Sdugetierzellen wurde bereits gezeigt, dass die Tyrosin- und auch die
Serinphosphorylierung in dessen prolinreicher Domédne Regulationsmechanismen fiir die
Interaktion mit einem seiner Bindungspartner darstellen und dadurch die 5-Pase-Aktivitét
reguliert wird. Aufgrund dieses Ergebnisses kann spekuliert werden, dass die PI Phosphatase-

Aktivititen von Sjl2p und Sjl3p zumindest durch die Tyrosinphosphorylierung reguliert
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werden. Aber ob dieser Regulationsmechanismus tatsdchlich innerhalb der Eukaryonten
konserviert ist, miissen weitere Analysen kldren. Die Bedeutung der Ubiquitinierung von
trans-agierenden Proteinen ist momentan noch unklar.

Zusammenfassend kann geschlossen werden, dass Sjl3p wahrscheinlich mit Clathrin-
umbhiillten Vesikeln assoziiert. Fiir Sjllp wurde die Annahme bekréftigt, dass es nicht an
Clathrin-vermittelten Transportprozessen beteiligt ist. Sjl2p und Sjl3p werden durch
Tyrosinphosphorylierung und Ubiquitinierung modifiziert. Dies konnte deren Interaktion mit
anderen Proteinen und dadurch die Phosphataseaktivititen beeinflussen. Im Rahmen dieser
Doktorarbeit konnten verschiedene Beweise fiir eine Rolle von Sjl2p in der Clathrin- und
Aktin-basierten Endozytose erbracht werden. Diese beinhalten nicht nur die mogliche
Assoziierung mit CCVs, sondern auch die Interaktion mit unterschiedlichen Proteinen der
Endozytosemaschine, wie Slalp und Panlp in vivo sowie End3p, Rvs167p und Chclp in

vitro.
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1 Introduction
1.1 Membranetrafficin the budding yeast Saccharomyces cerevisiae

1.1.1 Yeast asamodel for studying membranetraffic

Saccharomyces cerevisiae is a convenient organism to study endocytic internalization
and trafficking events, because the organellar composition and physiology of unicellular yeast
and higher eukaryotes are remarkably similar. The ease of combining biochemical analyses
with genetic studies has made it a central model system of modern biological research.

In particular, genes that are not essential for viability can be easily deleted from the
haploid yeast genome, resulting in phenotypes pointing to the function of the genes. The
recent determination of the complete nucleotide sequence of the S. cerevisiae genome
(Goffeau et al., 1996) greatly facilitated the identification of homologous of yeast genes
implicated in membrane traffic in other eukaryotic species. This had lead to the understanding
that genes and mechanisms involved in many cellular processes are highly conserved across
eukaryotic organisms (Mell and Burgess, 2002).

Yeast strain collections in which every non-essential open reading frame has been
individually disrupted are powerful tools in discovering cellular pathways, conferrable to
processes in mammalian cells. Using this advantage, genes involved in a wide range of
cellular processes are identified, including those that result in defects in endocytosis and
intracellular traffic (D'Hondt et al., 2000). Furthermore, life cell imaging in yeast has become
an emerging method in shedding ‘light” into the process of endocytic internalization by the

use of GFP spectral variants to visualize single protein movements at the plasma membrane.

1.1.2 Theendocytic compartments

In all eukaryotic cells, intracellular compartments are maintained via an organized
system of transport pathways that traffic lipids and proteins via vesicular organelles in a
specific and regulated manner (Ferro-Novick and Jahn, 1994). These processes are time-,
temperature- and energy-dependent.

Particularly, the endocytic pathway is required for the control of the protein and lipid
composition of the plasma membrane, regulation of signaling pathways, control of cell
surface area, e.g. down-regulation of receptors, membrane recycling, and uptake of nutrients.
In S. cerevisiae, endocytosis was first demonstrated using the fluid-phase internalization
marker Lucifer yellow (LY), which is internalized independently of receptors, and hence

unsaturable (Riezman, 1985). Later studies have used the mating pheromone a-factor, which
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is expressed in MATa cells, to demonstrate receptor-mediated internalization by binding to the
Ste2p receptor (Chvatchko et al., 1986). These approaches revealed that endocytic mutants,
which are defective in receptor-mediated endocytosis are also defective in fluid-phase
endocytosis, suggesting that these pathways share most of their machinery (D'Hondt et al.,
2000).

Clathrin-mediated endocytosis appears to be the major pathway for internalization of
proteins and lipids from the plasma membrane in yeast (Fig. 1) (Payne ef al., 1988), although
in clathrin heavy chain temperature sensitive mutants there is only a 50 % reduction in
endocytosis (Tan et al, 1993). Internalization of plasma membrane components and
extracellular material occurs in specific transport vesicles, so called clathrin-coated vesicles
(CCV). Consequent studies allowed the separation of compartments responsible for the
process by which internalized material finally is delivered to the vacuole (Singer and
Riezman, 1990; Vida et al., 1993). Recent advanced techniques revealed that endocytosis
depends on an extensive network of interacting proteins that assemble in a spacial and

temporal order. It has been suggested that the internalization process can be subdivided in

trans-Golgi 8
network — >
< MVB/LE

X \6

Fig. 1. Schematic drawing of thetransport pathways in the endomembrane system in yeast

Newly internalised material (1) is transported to the early endosomes (2). At this compartment, proteins destined
for recycling are sorted back to the plasma membrane (3 and 4), whereas proteins destined for degradation are
transported to the late endosomal compartment/MVB (5) and subsequently to the lysosome/vacuole (6).
Conversely, in the biosynthetic pathway newly synthesized proteins are sorted through the Golgi apparatus to
their final destination (7, 8) or to the vacuole (9). The cellular compartments are indicated: plasma membrane
(PM), clathrin-coated vesicles (CCV), early endosome (EE), late endosome (MVB/LE), vacuole, and trans-Golgi
network.
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four subprocesses, which subsequently mediate cargo sorting, membrane invagination, vesicle
scission, and vesicle targeting. The first step in endocytosis is the binding of extracellular
cargo molecules to specific cell-surface receptors. Intracellular adaptor proteins (APs) then
sequester these receptors and other membrane proteins destined for endocytosis at endocytic
sites. But the relative importance of adaptor proteins seems less in yeast than in mammalian
cells. The adaptors, together with clathrin and other accessory proteins, form an endocytic
coat at the plasma membrane, which then bends to form an invagination that subsequently
pinches off to form a cargo-filled vesicle (Kaksonen et al., 2006; Robinson, 2004). After
disassembly of the protein coat and movement of the endocytic vesicle into the cytoplasm, the
internalized material moves through at least three different endosomal subcompartments, two
kinds of endosomes and the vacuole. Endosomes have been identified chemically and defined
kinetically by distinct densities in a density gradient (Singer-Kriiger et al., 1993). Internalized
material moves first through a compartment of higher density, the early endosomes. Recently,
significantly advanced techniques have visualized that free endocytic vesicles (Fig. 1; arrow
1) are captured efficiently by early endosomes, because of moving along actin cables (arrow
2) (Toshima et al., 2006). At this compartment proteins destined for recycling are sorted back
to the plasma membrane (arrow 3 and 4) (Chen and Davis, 2000; Lafourcade et al., 2004).
Proteins destined for degradation are transported through the late endosomal compartment/
multivesicular body (MVB) (arrow 5), which is the compartment of lower density, and
subsequently fuses with the lysosome/vacuole (arrow 6) (Prescianotto-Baschong and

Riezman, 2002; Singer-Kriiger et al., 1993).

1.1.3 Membranetraffic at the trans-Golgi network

The vacuole receives membrane and lumenal content not only from the cell surface via
the endocytic pathway, but also from the biosynthetic pathway (Abb. 1) (Klionsky et al.,
1990), including the endoplasmic reticulum (ER), Golgi cisternae, and the trans-Golgi
network (TGN).

The TGN functions as a central compartment that sorts newly synthesized proteins.
Once proteins reach the TGN they face several possible destinations: secretory vesicles,
endosomes (arrows 7 and 8), or the lysosome/vacuole (arrow 9). The TGN sorts proteins to
each of these destinations by segregating them into specific sets of membrane-enclosed
carriers. Between the different identified types of vesicles, clathrin-coated vesicles are
proposed to be involved in the pathways between the TGN and early/late endosomes (arrows

6 and 7) (Black and Pelham, 2000; Costaguta et al., 2001; Ha et al., 2003).
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1.2 Roleof lipidsin endocytosis

The plasma membrane has the highest concentration of sphingolipids and free
ergosterol among all the membranes in yeast cells. Screenings for new mutants defective in
endocytosis (end mutants) have revealed that lipids are important determinants in endocytic
traffic events. For example, End3p/Lcblp and End11p/Erg2p are involved in the biosynthesis
of sphingolipids and ergosterol, respectively (Heese-Peck et al., 2002; Munn et al., 1999).
Ergosterols and sphingolipids can interact with each other leading to the formation of special
membrane domains, referred to as ‘rafts” (Simons and Ikonen, 1997). It was shown that lipid
rafts are preferred platforms for membrane-linked actin polymerization. Rafts seem to
withstand treatment with detergent at low temperature. It is becoming more and more evident
that different types of rafts can exist in one and the same membrane (Opekarova et al., 2005;
Pichler and Riezman, 2004). Beside other functions, these specialized plasma membrane
domains are supposed to be platforms where internalization step of endocytosis occurs. In
yeast, at least the plasma membrane proteins Ste2p seems to be embedded in these rafts
(Opekarova et al., 2005). Although the deletion of not all proteins that are involved in
ergosterol synthesis result in defects in internalization steps of endocytosis, the formation of
distinct plasma membrane domains containing defined ergosterols is most likely important for
endocytosis. In contrast, oa-factor internalization is impaired at very early stages of
endocytosis when sphingolipids synthesis is blocked. Sphingolipids have at least two
functions in the cell. One is a structural function in formation of membranes and specific
membrane domains, like rafts. The other function is its capability to generate second
messengers. Furthermore, membrane phosphoinositides are implicated in endocytosis and
maybe rafts, in particular PtdIns(4,5)P,, by regulating actin cytoskeleton remodelling and
recruiting endocytic proteins to the plasma membrane. Thus, the requirement of raft-type
lipids in endocytosis points to their role in controlling vesicle formation and release. It is
assumed that the tension of lipid raft domains supports the membrane invagination that finally
results in the release of an endocytic vesicle (reviewed in Liu et al., 2006; Souza and Pichler,

2006).
1.3 Clathrin/actin-mediated vesicle transport

1.3.1 Clathrin

Coated vesicles were firstly described in mammalian cells by Roth and Porter
suggesting that coated pits at the plasma membrane form invaginations and vesicles, which
eventually pinch off, loose the coat, and fuse with other organelles (Roth and Porter, 1964).
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Further studies revealed the basic coat architecture — a lattice of pentagons and hexagons that
curves around to enclose a bilayer vesicle. The main proteins of these coated vesicles were
later isolated and named clathrin-heavy chain (Chclp) (Pearse, 1975) and clathrin-light chain
(Clelp) (Kirchhausen and Harrison, 1981; Ungewickell and Branton, 1981), according to
their molecular mass in a SDS-gel. Clathrin-coated vesicles are formed in all eukaryotic cells,
from yeast to human. Three clathrin-heavy chains form a trimer that appears as a triskelion,
each leg extending radially. The legs are joined at a central trimerization domain and each leg
is associated with a light chain. The globular N-terminal domain of the heavy chain protrudes
to form an inner layer, thereby binding to various mono- and hetero-tetrameric adaptor
proteins and other clathrin-binding-box containing proteins (Kirchhausen, 2000; Maldonado-
Baez and Wendland, 2006). The clathrin coat is either recruited onto the plasma membrane to
mediate endocytosis or onto the TGN for protein transport to the endosomal compartment.

In S. cerevisiae, cortical actin patches have been defined as sites of endocytic
internalization (Kaksonen et al., 2003), but the exact role of clathrin in this process was
unclear (Payne et al., 1988; Payne et al., 1987; Tan et al., 1993). It was believed that,
although cells lacking clathrin function are compromised for growth and mislocalize TGN
resident membrane proteins to the cell surface, the role of clathrin is not absolutely essential
in membrane traffic (Lemmon and Jones, 1987; Payne et al., 1987; Seeger and Payne, 1992;
Tan et al., 1993). Recent studies propose that cortical clathrin is associated with and behaves
like other cortical actin patch components, that are believed to be present in endocytic
structures (Newpher et al., 2005). Moreover, clathrin seems to be important for actin patch
organisation and dynamics during the different steps of endocytosis (Newpher and Lemmon,
2006). Although clathrin may not be critically required for invagination and vesicle formation
it is a determining factor for the efficiency of endocytic- (Kaksonen et al., 2005) and maybe

TGN-site assembly.

1.3.2 Therequirement of the actin in clathrin-coated vesicle for mation

Several lines of evidence supported the requirement of the actin in endocytosis. First,
the treatment of yeast cells with the actin polymerization inhibitor latrunculin A, which binds
to actin monomers and prevents their assembly into filaments, dramatically blocks
internalization (Ayscough et al., 1997; Lappalainen and Drubin, 1997). In turn, jasplakinolide,
which stabilizes actin filaments and prevents their de-polymerization, blocks endocytosis
completely (Ayscough, 2000; Ayscough et al., 1997). Second, mutations in most genes
affecting both fluid-phase and receptor-mediated internalization, such as the major coat

component Chclp (Payne ef al., 1987) or Slalp (Kaksonen ef al., 2005; Warren et al., 2002),
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also disrupt the distribution of the cortical actin cytoskeleton and vice versa, for example like
actin (Kiibler and Riezman, 1993) or the actin-dependent motor proteins Myo3p and Myo5p
(Geli and Riezman, 1996). Third, punctuate cortical actin patches were shown to co-localize
at least partially with many endocytic proteins (reviewed in Engqvist-Goldstein and Drubin,
2003; Kaksonen et al., 2005) and a study using immunoelectron-microscopy revealed the
localization of actin patches to membrane invaginations likely intermediates of endocytic
vesicle formation (Mulholland et al., 1994). Forth, several protein-protein interactions
indicate links between the endocytic machinery and the actin cytoskeleton (Engqvist-
Goldstein and Drubin, 2003).

In sum, these results provide evidence that cortical actin patches at the plasma
membrane mark to endocytic sites (Huckaba et al., 2004; Kaksonen et al., 2003; Kaksonen et
al., 2005; Newpher et al., 2005). In fact, the endocytic cortical actin patch assembly is a
hierarchical process in which assembly factors initially associate with the plasma membrane,
followed by the recruitment of actin-nucleating factors, incorporation of actin filaments (F-
actin), and finally actin-dependent proteins resulting in the formation of an endocytic vesicle
(see below) (Kaksonen et al., 2005; Kaksonen et al., 2006). Although proteins recruited early
to endocytic sites seem to localize to the plasma membrane independently of F-actin, the
following steps including invagination of the plasma membrane, vesicle formation and
transport highly depend on actin nucleation. In sum, actin polymerization is coincident with
the formation of the invaginated membrane and is followed by the release of a newly formed
vesicle, which moves rapidly toward the interior of the cell.

The dynamic process of actin assembly in conjunction with vesicle formation at the
TGN is not yet analysed in the same detail as during endocytosis. So far, some hints exist that
actin polymerization may play a similar role during the formation of clathrin-coated vesicle at

the TGN and/or subsequent movements of the clathrin-coated vesicles (Carreno et al., 2004).

1.3.3 Vesicleformation and fission at the plasma membrane

The formation and budding of transport vesicles involve the recruitment of cytosolic
coat proteins to the donor membrane. Four different types of vesicle coats have been
identified, COP-I, COP-II, retromers and clathrin, which are implicated in distinct transport
steps between organelles (Bonifacino and Rojas, 2006). Proteinaceous coats have two
principal functions - they provide a scaffold that participates to deform a membrane to
generate small (= 60-100 nm diameter) vesicles, and they select the cargo to be transported by
the vesicle (Marsh, 2001). In the case of clathrin-coated vesicles derived from the plasma

membrane, the cell surface cargo includes for example channels or receptor-bound ligands,
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like the pheromone a-factor receptor in yeast (Toshima et al., 2006) or the epidermal growth
factor receptor in mammalian cell (Maudsley et al., 2000).

Using life cell microscopy of fluorescently labelled endocytic/cortical actin patch
proteins in wildtype or mutant cells in yeast, several laboratories revealed the spatiotemporal
localization of single proteins at endocytic sites (Huckaba et al., 2004; Kaksonen et al., 2003;
Kaksonen et al., 2005; Toshima et al., 2006).

Clathrin-coated vesicles (CCVs) are formed by the coordinated assembly of clathrin
triskelia. The early recruitment and polymerization of the clathrin layer at endocytic sites is
assisted by adaptor proteins, which simultaneously bind to clathrin, membrane lipids, and in
many cases to transmembrane cargo proteins (Kirchhausen, 1999; Robinson, 2004). The
sequestration of specific cargo in forming endocytic vesicles is mediated by several specific
‘sorting signals” (Robinson, 2004; Traub, 2003). Proteins of the so called WASP/Myo
module, like the Arp2/3p activators Las17p (Winter et al., 1999) and Myo5p (Geli and
Riezman, 1996), which is also an actin-dependent motor protein, arrive at endocytic sites after
clathrin (Kaksonen et al., 2005). Activation of the Arp2/3p complex by both proteins results
in actin-filament nucleation at the plasma membrane. MyoS5p may also anchor the actin
filaments to the plasma membrane. Therefore, Las17p and Myp5p participate in the control of
the actin network growth. Furthermore, Las17p interacts with several endocytic proteins, such
as the coat protein Slalp (Warren et al., 2002). Beside other proteins, the coat proteins Slalp
and Panlp arrive at endocytic sites after Lasl7p, independent of F-actin (Kaksonen et al.,
2003). While Slalp is rather involved in actin dynamics (Holtzman et al., 1993), Panlp
directly further triggers actin-filament nucleation as the second Arp2/3p complex activator
(Duncan et al., 2001). But both proteins perform several other functions besides regulating
actin dynamics. Panlp is a multivalent protein that binds to a variety of endocytic proteins
and potentially links the actin filaments to the coat (Kaksonen et al., 2006). Another function
of Slalp is the role as an adaptor in receptor-mediated endocytic uptake (Holtzman et al.,
1993). Since Slalp participates in actin dynamics and has a role as an adaptor, it is suggested
that actin polymerization is co-ordinated with cargo loading to maximize endocytic uptake
efficiency (Kaksonen et al, 2005). As already described above, actin polymerization is
required for vesicles internalization (reviewed in Kaksonen et al., 2006). In fact, actin, actin-
related and actin-associated proteins, such as the actin-filament-crosslinking protein Sac6p
(Karpova et al., 1995) and the third Arp2/3p complex activator Abplp (Goode et al., 2001)
arrive at the membrane invagination after the coat proteins. Abplp seems not have a

significant role in initiating actin polymerization, but seems to have an inhibitory function,
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because it turns off actin polymerization. This function may represent a regulatory factor in
actin dynamics at the evolving endocytic membrane invagination. Sac6p cross-links the actin
filaments, which is essential for endocytic internalization (Kaksonen et al., 2005). A recent
model proposes that polymerization of actin filaments provides the force for the deformation
of the membrane at endocytic sites into a tubular invagination, pushing and/or pulling the
invaginated membrane inward (Kaksonen et al., 2003; Kaksonen et al., 2006). But not only
actin participates in this process, the membrane invagination is likely facilitated by different
membrane lipids, that are also differentially localized along the tube thereby causing a
substantial interfacial tension (Liu et al., 2006; Souza and Pichler, 2006). While Las17p
remains at the neck of the evolving membrane invagination/tube, the coat proteins clathrin,
Slalp, and Panlp move away from the cell cortex together with the tip of the membrane
invagination. During the later steps of actin polymerization the amphiphysin-like protein
Rvs167p briefly localizes along the tubular neck of the invagination (Kaksonen et al., 2005).
Rvs167p and its homologue Rvs161p contain N-BAR domains that are supposed to sense and
mediate the curvature of membranes. Moreover, this domain is able to bind and tubulate
membranes in vitro, as demonstrated in mammalian cells (Peter et al., 2004). Rvs167p is
proposed to participate in the final fission event, because of its timing and behaviour at
endocytic sites (Kaksonen et al., 2005), which are similar to the observations of its
mammalian homologue amphiphysin (Merrifield et al., 2005).

Overall, a synergy of membrane bending effector proteins and lipids, that are
distributed at specific membrane subdomains, ‘neck’, "tub sides’, or “"tube tip’, likely affect
the curvature at specific regions resulting in the formation and finally fission of an endocytic
vesicle (reviewed in Liu ef al., 2006).

It was shown that the released vesicle moves then rapidly away from the plasma
membrane toward the interior of the cell, which coincides with a short burst of actin
polymerization (reviewed in Kaksonen et al., 2006; Toshima et al., 2006). But, during this
movement, actin filaments and other endocytic components already start to disassemble to
allow fusion of the vesicle with the acceptor membrane (Huckaba et al., 2004; Kaksonen et
al., 2003; Kaksonen et al., 2005; Young et al., 2004). The turn off of F-actin polymerization
is probably initiated by negative-regulation of the Arp2/3p complex-mediated actin filament
nucleation (Welch and Mullins, 2002). This regulation is achieved by interacting proteins of
the Arp2/3p complex activators Panlp (Zeng ef al., 2001), Las17p (Naqvi ef al., 1998), and
Abplp (Fazi et al., 2002). For example, the interaction of Lasl7p with Slalp leads to an
inhibition of the activating effect of Las17p on the Arp2/3p complex (Rodal et al., 2003).
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Protein phosphorylation also has a role in regulating the actin polymerization at endocytic
sites, mainly the inhibition of actin polymerization. For example, phosphorylation of Panlp
and Slalp by the actin-regulating kinases Arklp and Prklp inhibits the functions of both
proteins on actin (Toshima et al., 2005; Zeng et al., 2001). But not only phosphorylation of
endocytic proteins results in coat disassembly. The turnover of certain lipids and
phosphoinositides at the plasma membrane is believed to be critical for the un-coating step of

the endocytic vesicle (see below), similar to their supposed impact in internalization (Souza

and Pichler, 20006).

1.3.4 Clathrin-coated vesicle formation at the TGN

Vesicle formation at the TGN in yeast is not yet studied in the same extend as at the
plasma membrane. On the basis of results from the mammalian system, it is suggested that
both machineries share similar structures but also shows differences. For example adaptor
proteins (APs) exhibit a similar structural organization, but display differences in the cellular
localization patterns. In particular, AP-2 functions at the plasma membrane and AP-1 at the
TGN and at endosomes. A second family of adaptors, the GGAs [Golgi-localized, y-ear-
containing, adenosine diphosphate ribosylation factor (ARF)-binding protein] appear to
mediate membrane traffic between the TGN and endosomes (Bonifacino, 2004). Furthermore,
it seems that different lipids and phosphoinositides found to be enriched either at the TGN or
plasma membrane provide a further distinction between the two sites (McNiven and
Thompson, 2006). These different lipids and phosphoinositides may recruit distinct proteins,

which in turn exhibit similar function to fulfil the clathrin-based vesiculation at both sites.
1.4 Posttrandational modifications as molecular “switches

141 Theroleof protein phosphorylation in membrane traffic

In eukaryotic cells, it is becoming more and more clear that posttranslational
modifications are a major regulatory mechanism that controls many basic cellular processes,
like cell proliferation, development, and membrane traffic (Ficarro et al., 2002; Hunter, 2000;
Ohno et al., 1995). Although it might not be universally required, phosphorylation is a signal
that often precedes ubiquitination of proteins, which indicates that the two modifications are
in tight cooperation (Hicke, 2001b; Seet et al., 2006). Phosphorylation and de-
phosphorylation cycles of nerve terminal proteins by various kinases and phosphatases has
been proposed to regulate synaptic vesicle recycling (Turner et al, 1999). Particularly,

dynamin 1, synaptojanin 1 and the amphiphysins undergo stimulation-dependent de-
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phosphorylation (Cousin et al., 2001; Slepnev et al., 1998). Prevention of de-phosphorylation
events by ATP-depletion results in an increased number of clathrin cages and clathrin-coated
pits (Schmid and Carter, 1990; Slepnev et al., 1998).

The dynamics of mammalian synaptojanin 1 phosphoregulation have been recently
demonstrated in detail by Irie et al. (2005). Upon ephrinB2-ligand binding, EphB2p receptor
tyrosine kinase (RTK) signaling results in the phosphorylation of synaptojanin 1 at three

1059

tyrosine residues (Tyr'™®, Tyr'®, and Tyr''"™)

in its proline-rich domain. The
phosphorylation of the two most distal tyrosines (Tyr'®”’ and Tyrlm) in the proline-rich
domain leads to a selective inhibition of the interaction with endophilin. Since this interaction
normally stimulates the 5-Pase activity (Lee et al., 2004), converting PtdIns(4,5)P, to
PtdIns(4)P, upon synaptojanin phosphorylation its phosphatase activity is decreased. After
treatment of cells with ephrinB2, increased levels of PtdIns(4,5)P,, indicate the inactivity of
the 5-Pase activity of synaptojanin 1, pointing to that the EphB2p activity is responsible for
the regulation of endophilin-synaptojanin 1 binding. The tyrosine phosphorylation of
synaptojanin 1 likely stimulates the progress of early endocytosis, because a phosphorylation-
deficient synaptojanin 1 mutant (Y1059F and Y1172F) prevented the internalization of the
GluR1 subunit of the AMPA-type glutamate receptors, whose internalization depends on
clathrin-mediated mechanisms. In the later phase of endocytosis, the de-phosphorylation of
synaptojanin 1 is required for the clathrin-coated vesicle un-coating process, because
subsequent ephrinB2- and transferrin-treatment likely resulted in a block of the transport of
transferrin to endosomes and the accumulation of clathrin-positive vesicles along the plasma
membrane. The de-phosphorylation of synaptojanin 1 at a later stage facilitates the vesicle un-
coating process by promoting the interaction of synaptojanin 1 with endophilin (Hopper and
O'Connor, 2005; Irie et al., 2005). In contrast to the stimulus-induced tyrosine
phosphorylation within the PRD of synaptojanin 1 by EphB2p, serine phosphorylation
(Ser''*") in the PRD of synaptojanin 1 by the proline-directed serine/threonine protein kinase
Cdk5p (Dhavan and Tsai, 2001) represents re-phosphorylation after Ca®"-dependent de-
phosphorylation of this serine residue (Lee et al., 2004). Also in this case, CdkSp-mediated
serine phosphorylation within the proline-rich domain of synaptojanin 1 negatively regulates
the synaptojanin-endophilin interaction (Lee et al., 2004). Notably, amphiphysin and dynamin
1, which are interaction partners of synaptojanin 1, were also found to be physiological
substrates for CdkSp, but not of EphB2p (Irie ef al., 2005). It is currently unclear if these
different types of phosphorylation influence each other or represent independent steps in a

complex regulation mechanism. However, this example demonstrates the complexity of not
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yet well understood regulation mechanisms of protein activities by posttranslational
modifications.

In S. cerevisiae phosphorylation is estimated to affect 30 % of the proteome (Ptacek et
al., 2005). Whereas tyrosine phosphorylation is less characterized (Castellanos and Mazon,
1985), attachment of phosphate groups to serine and threonin residues is described in
membrane traffic. In particular, a family of conserved serine/threonine kinases is known to be
implicated in endocytosis, Arklp and Prklp (Cope et al., 1999; Sekiya-Kawasaki et al.,
2003). They are essential kinases, which phosphorylate the endocytic proteins Slalp and
Panlp, thus resulting in a stop of polymerization of actin filaments (Zeng et al., 2001).
Therefore, Ark1lp and Prk1p might be important for the termination of vesicle movement and
coat protein disassembly. Prk1p was further shown to phosphorylate Entlp and Ent2p, which
bind to clathrin and EH (Eps15-homology) domain-containing proteins, like Panlp (Aguilar
et al., 2003). Their modification by threonine phosphorylation result in a negative regulation
of endocytosis, likely by regulating Panlp activity (Watson et al, 2001). Until now it is
suggested that phosphorylation of yeast endocytic proteins by the Arklp/Prklp kinases
inhibits endocytic functions (Sekiya-Kawasaki et al., 2003).

In the mammalian system, phosphorylation of membrane proteins, that cycle within
the TGN/endosomal system is known to influence their trafficking (Bonifacino and Traub,
2003). In some cases, phosphorylation of a serine or threonine residue influences the activity
of a nearby sorting signal, whereas in other cases phosphorylation generates a new sorting
signal that functions by binding to an accessory protein (Bonifacino and Traub, 2003). In
yeast, the role of phosphorylation in sorting of cargo that cycles between the Golgi and
endosomes is largely unclear. A recent study indicates that in the case of the pheromone
processing enzyme Stel3p the phosphorylation regulates its transport between the Golgi

complex and endosomes (Johnston et al., 2005).

1.4.2 Theimplication of ubiquitin in cellular membrane transport

The modification of proteins by ubiquitination, the covalent attachment of the
polypeptide ubiquitin onto lysine residues, is induced by a vast variety of external stimuli or
other signaling events in cells, like ligand binding or phosphorylation. A major difference
between ubiquitination and phosphorylation is that Ub is a chemically more complex
molecule, since it has a larger surface to interact with other proteins and has the ability to
form chains (Haglund and Dikic, 2005). Ubiquitination was originally described as a signal
that could target cellular proteins to rapid degradation by the proteasome. But ubiquitination

turned out to be a highly regulated system that is important for many cellular functions,
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including protein trafficking. As believed in the beginning of research in this field, not only
membrane proteins themselves become modified by ubiquitin and thereby targeted to their
destination, but also the proteins of the trafficking machinery are often ubiquitinated (Staub
and Rotin, 2006).

Ubiquitin ligases (E3) carry out the important task of the spacial and temporal
selection of substrates (Gao and Karin, 2005). The fact that there are hundreds of E3 enzymes
in eukaryotic cells (54 in yeast and = 1000 in humans) indicates that ubiquitination is a key
regulator in cellular function. There are two major types of E3 ligases: the RING finger E3s
and the HECT E3s distinguished by the mode of the transfer of the ubiquitin moiety to the
substrate. The ubiquitin moieties are usually ligated onto lysine residues of the substrate or of
ubiquitin itself. Hence, proteins can either be mono-ubiquitinated (one ubiquitin polypeptide
on a single lysine), multi-ubiquitinated (several lysines modified with just one ubiquitin), or
poly-ubiquitinated (poly-ubiquitin chain) (Staub and Rotin, 2006). In particular, during
membrane traffic, membrane proteins and proteins of the trafficking machinery are generally
mono- or multi-ubiquitinated. Mono- and multi-ubiquitination of a substrate influences the
ability to interact with other proteins, possibly by changing its conformation, stability,
activity, and subcellular distribution (Hicke, 2001b; Seet et al., 2006). Conversely, ubiquitin
(Ub) can be rapidly removed by de-ubiquitinating enzymes making this system to a powerful
molecular “switch” within cells.

In S. cerevisiae mono-ubiquitination is the principal signal for internalization of several
plasma membrane proteins, like the pheromone receptor Ste2p (Hicke and Riezman, 1996),
the ABC-transporter Ste6p (Kolling and Hollenberg, 1994), the uracil permease Furdp (Galan
et al., 1996) into primary endocytic vesicles. In the cases of Ste2p and Fur4p phosphorylation
precedes ubiquitination and their inactivation is Rsp5p-dependent. In yeast, the E3 ligase
Rsp5Sp is the unique member of the conserved Rsp5/Nedd4 HECT-family. Rsp5p contains
motifs responsible for driving interactions with both proteins and lipids (Wang et al., 1999).
It is involved in the (mono-)ubiquitination of receptors, channels and transporters as a signal
for internalization from the plasma membrane (Rotin et al., 2000) and intracellular sorting
into the MVB (Katzmann et al., 2002). Additionally, it is becoming clear that trans-acting
proteins of the endocytic machinery, like Sla2p, which links the early endocytic coated vesicle
to the actin polymerization machinery (Kaminska et al., 2002; Newpher and Lemmon, 2006),
and the amphyphysin homologue Rvs167p (Stamenova et al., 2004) are targets of the
ubiquitin ligase Rsp5p. However, the requirement of ubiquitination for the early steps of

receptor endocytosis is still controversial based on the fact that, although Ub facilitates the
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removal of receptors from the cell membrane, it is also dispensable for the constitutive
internalization of many transmembrane receptors (Holler and Dikic, 2004).

Nevertheless, in recent years it has become evident that ubiquitin may also play a role in
the sorting of proteins from the TGN. In particular, ubiquitination of cargo proteins, such as
the general amino acid permease Gaplp, at the TGN is implicated in the sorting to different
cellular destinations, like the vacuole or plasma membrane (Polo et al., 2003; Staub and
Rotin, 2006). Gaplp becomes either mono-ubiquitinated and hence targeted to the plasma
membrane or poly-ubiquitinated and transported into the vacuole. Both types of modification
depend on Rsp5p (Helliwell et al., 2001). Although not ubiquitinated themselves, the coat
components Ggalp and Gga2p of the TGN sorting pathway bind directly to ubiquitin (Scott et
al., 2004). Ggalp and Gga2p are monomeric adaptors, which promote the incorporation of
proteins into clathrin-coated vesicles destined for transport to endosomes (Bonifacino, 2004).
The interaction of the GAT domain of Gga2 with ubiquitinated Gaplp is required for the
ubiquitin-dependent sorting of the Gaplp amino acid transporter from the TGN to endosomes
(Scott et al., 2004).

The real impact of multi/mono-ubiquitination on protein function and sorting is only

starting to be appreciated.

15 The role of phosphoinositides in membrane traffic and their turnover by

phosphatases of the synaptojanin family

15.1 Phosphoinositideisoformsand their subcellular distribution

The organelles of the endocytic and biosynthetic pathways have distinct functions,
molecular compositions, and environments. To achieve this diversity of structure and
composition, the membranes of the distinct organelles must keep separate for the most part to
prevent fusion. The minor class of phosphoinositides (PIs) is thought to contribute to this
diversity, because distinct isoforms localize to different compartments. The isoforms are
caused by the reversible phosphorylation of the inositol headgroup of phosphatidylinositol
(PtdIns) at one or a combination of the hydroxy groups at the 3", 4°, and 5" position of the
inositol ring (Roth, 2004). The different PIs bind with variable affinities and specificities to a
variety of protein motifs (Lemmon, 2003). As second messengers, phosphoinositides
additionally control several cellular processes including cell signaling, cell growth, vesicular
trafficking, transcription, and actin cytoskeletal arrangement (Hurley and Meyer, 2001;

Martin, 2001; Roth, 2004; Simonsen et al., 2001). The synthesis and turnover of Pls are
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Fig. 2. Subcellular distribution of the major phosphoinositide isofor mes

The major concentration of phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P,] (red) is within the plasma
membrane. PtdIns(3)P (green) is concentrated in early endosomes, while the majority of PtdIns(3,5)P, (orange)
is in the late endosomes. PtdIns(4)P (blue) is the main phosphatidylinositol within membranes of the Golgi
complex.

regulated by a set of kinases, phosphatases, and lipases localized to discrete membrane sites
(Fig. 2) (Odorizzi et al., 2000). Overexpression of kinases or deletion of phosphatases that
consume phosphoinositides causes changes in the specific distribution of the different
phosphoinositides, possibly resulting in dramatic alterations of the cell morphology.
Therefore, it is crucial that local concentrations of phosphoinositides are controlled
dynamically through a balanced synthesis by kinases and phosphatases that hydrolyse them.
Along the endocytic pathway, phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P>) is
the major PI found at the plasma membrane, where it participates in the recruitment of
proteins involved in endocytosis and the actin cytoskeleton via binding of e.g. ENTH domain
(Martin, 2001; Yin and Janmey, 2003). Binding of PtdIns(4,5)P, by the ENTH (epsin 1 NH»-
terminal homology) domain causes the NH,-terminal helix of the domain to penetrate into the
lipid bilayer, which induces membrane curvature (Roth, 2004). PtdIns(4,5)P, interacting
partners are e.g. Sla2p, epsins Enlp and Ent2p, which contain ENTH domains (Aguilar ef al.,
2003; Engqvist-Goldstein ef al., 1999), and the Arp2/3p complex activator protein Las17p. In
turn, Sla2p and epsins bind to clathrin and other proteins with multiple in