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Abstract

Vesicle transport is crucial for the communication between dngpartments of a
eukaryotic cell during the internalisation of endocytosed natesecretion of proteins into
the extracellular space and biosynthetic transport to the vacualmgDeach transport step
the budding, tethering and fusion of the vesicle has to be regulatednibgrous proteins to
ensure the specificity of transport. Arfs and Rabs, small GRPafsthe Ras superfamily, are
crucial switches in these processes due to their GDP/GTPe. ey¢IGTPases regulate mainly
the budding of vesicles by recruiting adaptor proteins to membrahed) im turn ensure the
packaging of appropriate cargo into the vesicle and enable the coat assembly.

YsI2p is a large protein, which has in the group of Dr. Birgit Shkgéiger been
shown to play a role in both the endocytic and biosynthetic route. Seqaealesis has
further revealed homologies of YsI2p to Sec7 family Arf GEFs. toukis homology and the
interaction of the N-terminus of YsI2p, which contains the Sec7 domdtim,tine Arf-like
GTPase Arllp, YsI2p was proposed to be a guanine nucleotide exclaatgefor Arllp.
ARL1 was as well identified as a suppressor of the growth defedty®? cells. Arllp
localises to TGN and endosomes, where it recruits GRIP domarirmdb the membrane.
Since GRIP-domain proteins are regarded as regulators of vestiobeing, Arllp was also
proposed to be mainly involved in the tethering of vesidiae. NEO1 gene, which encodes
an aminophospholipid translocase, has been identified as a second suppréssatysi2
mutant. Same study of the Dr. B. Singer-Krtiger group has demeaséian vivo interaction
between Neolp and YsI2p. Thus, Neolp is together with YsI2p and Arllp kerfurt
component of a common network. The work presented in this PhD thesis tboaste role
of Ysl2p within this network.

Former analysis from the Dr. B. Singer-Kriiger group have demastsdtong
diferencies between some protein leveldydi2- and wild type cells when compared by one-
dimensional electrophoresis. In the present study, the protein compo$iiacuoles isolated
from Aysl2- and wild type cells were compared using two dimensional refdabresis.
Subsequently, the differing proteins were analysed by mass speglyagollaboration with
Dr. A. Sickmann group, Wirzburg) to identify which protein levels dfected by the
deletion. From all observable changes upsh2 deletion, the most prominent was the
increase of the vacuolar levels of Erg6p. Additionally, a reductiaiefvacuolar levels of
some of the V-ATPase subunits and actin could be observedlihicells.

Subcellular fractionation experiments were performed to amafythe changes of
vacuolar levels of the V-ATPase were accompanied by changés drstribution between
TGN and endosomes. Additionally, other marker proteins of the TiNeadosomes were
analysed for their distribution. However, no significant changesendistribution of the



analysed proteins could be observed. Interestingly, the cellWaisleof Kex2p were
significantly reduced iysl2 cells, which indicates on a possible role for YsI2p in sorting of
Kex2p on TGN/endosomes. For YsI2p the subcellular distribution indicgiemarily early
endosomal localisation.

To identify novel interaction partners of Ysl2p, a two hybrid screas performed
in collaboration with the group of Dr. P. Uetz (Karlsruhe) with défeé subdomains of this
large protein. Surprisingly, although several putative interagbariners of YsI2p were
identified in the screens, only the putative interactors of the aler@gion of the protein
(YsI2PILT) could be confirmed in my subsequent studies. Ent4p appedye the most
interesting candidate since its homologues Ent3p and Ent5p have yeoeatl found to
interact with Gga2p, a putative binding partner of YsI2p. A weakaotem of Ent4p and
YsI2p could be detected by a GST-pull down but not by a co-immunopeaticpit
experiment.

An alternative approach to identify novel interaction partnergsi2p was a large
scale immunoprecipitation of YsI2p-TAP. Although YsI2p could be enrichitdhigh purity
no additional band could be specifically co-purifed by YsI2p-TAP. iBhssirprising, since in
a similar study Gillinghanet al. (2006) isolated the protein Doplp equimolar to YsI2p,
suggesting that the two proteins exist in a complex. Possiplaration for the failure in the
present study could be a false purification method, since cets Iysed by grinding under
liquid nitrogen while Gillinghanet al. used spheroblasts for the detection.

To analyse the importance of different domains of the YsI2p protedeletion
series was generated, in which 100 to 900 amino acids from thenuie of YsI2p were
exchanged by the TAP-epitope and the corresponding effect on tlggavelh was analysed.
Interestingly, already the deletion of C-terminal 100 amindsacaused the same growth
defect as the deletion of the compl&t8_2 gene. Further, it was demonstrated by a co-
immunoprecipitation experiment that YsI2p interacts with itaell that the C-terminal 100
amino acids are crucial for this interaction. Thus, the dimesisati YsI2p by the C-terminus
could be highly important for cellular function.

Former study from the group of Dr. B. Singer-Kruger analyseddleeof the APL
translocase Neolp within the YsI2p-Arllp network. There it was denabedirthat at
restrictive temperatures the temperature-sensitieel-69 mutant accumulates aberrant
membrane protrusions within the cell. Interestingly, the same stuolyed that the deletion
of the ARL1 gene restores the growth of theol-69 mutant at the restrictive temperature,
possibly by preventing the accumulation of Arllp and effectorhataberrant membrane
protrusions. To identify possible Arll-effectors, the experiment igpsated in the present
study with deletions of several known TGN/endosomal adaptors. Whkiléaietion ofGGAL
had no effect on the growth of theol-69 mutant and the deletion of AP-1 and AP-3



subunits caused only partial suppression, the deletion of the a@ 2@ could suppress the
neol-69 growth defect to the same extent as the deletiofRhfl. Analogous analysis with
several small GTPases demonstrated that, while the deletiorptofsYPasesYPT7 and
YPT51 had no effect on the growth of theo1-69 mutant, the deletion &RF1 caused partial
and deletion oARL3 caused suppression comparable to the deletidiribf. The connection
between Gga2p and the YsI2-Arl1-Neol network indicated by geneditalysis was
supported by indirect immunofluorescence analysis, which demonstnatetthé deletions of
eitherARL1 or YS.2 caused a loss of punctuate structures in the Gga2p-HA stainifegiwnhi
someneol-69 mutant cells an accumulation of Gga2p in the aberrant struatordd be
observed. Further, a genetic interactiomPABL1 with the GGAs as well as an interaction of
the VHS-GAT domain of Gga2p with Arllp and YsI2p by a GST-pull dowpeement could
be demonstrated. Thus, Arllp and its network seem to play a role noinathering as
indicated by former analysis but as well in vesicle budding togettierthe adaptor protein
Ggazp.

Finally, the protein Tvp38p has earlier been demonstrated to intgthct'sl2p in a
two hybrid assay and a co-immunoprecipitation. Interestingly, Méteal., (2005) have
recently demonstrated an interaction between Syslp and Tvp38p in abgplitin screen.
Both interactions could be confirmed in the present study, the YsI2p-Twp&Baction by a
GST-pull down assay and the Syslp-Tvp38p interaction by a co-immunofa&aipi
experiment. Thus, Tvp38p appears to be a link between the networks YEIR&wl and
Sys1-Arl3-Arll. That could be a hint for a common role of these proteins.

In summary, the present study provides evidence that the YEIZN&o1 network
plays an important role in membrane recruitment of the adapta2pGgamembranes and
thus may participate in vesicle budding processes. Further, YsIg2pplag a role in the
localisation of Erg6p, which regulates one of the final maturation steps inexgiasinthesis.

10



Zusammenfassung

Die interne Kompartimentalisierung ermoglicht es der eukaglatisZelle den
Transport sowohl von extrazellularem Material zur Vakuole/Lysosdsn aaich von
sekretorischen Proteinen nach auf3en von zytosolischem Milieu zu trdDieemeisten
Transportschritte zwischen den Kompartimenten werden durch Vesikélglicht. Arfs und
Rabs, kleine GTPasen der Ras Super-Familie, sind dabei entscheideine $pezifitdt der
Auswahl sowohl des Transportguts als auch der Zielmembran. Protatder Bamilien
werden durch Guaninnukleotid-Austauschfaktoren (GEF) aus der GDP-einGd@iP-
gebundene, aktive Form uUberfuhrt, die Interaktion mit entsprechenddm eGtscheidet
daruber hinaus an welche Membran die GTPase rekrutiert wird. Hiéggite der Arf
GTPasen liegt darin Adaptoren an die Membran zu mobilisieren, wiederum interagieren
gleichzeitig mit Clathrin und den Proteinen, die als Ladung in desikel eingeschlossen
werden. Clathrinmolekule bilden Netzwerke, die wiederum die Deftowmder Membran bis
zur endgultigen Abschniirung des fertigen Transportvesikels unterstitzen.

YslI2p ist ein groRes Hefe-Protein von 186 kDa, dessen Verlust zge Bmfekte
sowohl in der Endozytose als auch im Sortieren vakuolarer Enzym&dguenzanalysen
zeigten Homologien zwischen YsI2p und den Mitgliedern der Sec7 iEadeil Arf GEFs auf,
die zwar in der Sec7 Domane selbst nur niedrig ist, sich daflridleerdie gesamte Lange
des Proteins erstrecken. Gleichzeitig wurde das Arf-&hnlicbeiRy Arllp, bei der Suche
nach Suppressoren deysl2 Mutante identifiziert. Die Interaktion zwischen dem N-Terminus
von YsI2p und Arllp, dien vitro nachgewiesen werden konnte, unterstutzt die These, dass
Ysl2p ein GEF fur Arllp sein konnte. Weiterhin wurde ddEOl Gen, das eine
Amminophospholipid (APL) Translokase kodiert, als Suppressor der Wachstumis
Endozytosedefekte daysl2 Zellen identifiziert, sowie eine Interaktion zwischen Neolp und
YsI2p mittels Koimmunopréazipitationsexperimenten nachgewiesen. uadgr dieser
Ergebnisse wurde in Analogie zu dem Netzwerk aus Arflp, dem @&&2p und der APL
Translokase Drs2p vorgeschlagen, dass das Ysl2-Arl1-Neol Netzwerk Biogenese von
Endosomen beteilig ist. Dabei soll Neolp die APL auf die cytosolisthie der
Lipiddoppelschicht tberfihren und somit mdglicherweise zu der Membrankrignmun
beitragen. Gleichzeitig interagiert Neolp mit YsI2p, welched pAlktiviert. Im Rahmen
dieser Doktorarbeit habe ich mich mit der Frage befasst, elithen weiteren Proteinen
Ysl2p in diesem Prozess interagiert.

In der Gruppe von Dr. B. Singer-Kruiger konnte gezeigt werden, dagsetigon des
YSL2 Gens eine starke Fragmentierung der Vakuole verursacht und dass die
Fragmentierung mit starken Veranderungen der Proteinlevels Madeole einhergeht, wie
durch eindimensionale Elektrophorese gezeigt. Aus diesem Grund wurden in deeunddieg
Arbeit als erstes isolierte Vakuolen vagd2- und Wildtypzellen mittels zweidimensionaler
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Gelelektrophorese aufgetrennt und die Proteine, deren vakuoléaren Levelsdouh$ 2
Deletion stark beeinflusst wurden, mittels Massspektoskopie bas{iKollaboration mit der
Gruppe von Dr. A. Sickmann, Wurzburg). Von den Proteinen, von denen Informationen
gewonnen werden konnten, am starksten auffallende Protein wurde alsdemgiziert, ein
Protein das an der Synthese von Ergosterol beteiligt ist uktblgle derySL2 Deletion stark
an Vakuolen angereichert wird. Aul3erdem konnten Reduktionen der vakuo&irels kon
Aktin und einiger V-ATPase Untereinheiten verzeichnet werden.

Da dieYSL2 Deletion zu einer Reduktion des vakuolaren Levels der V-ATfhse
wurde mittels Zellfraktionierung untersucht, ob sich in Agsi2 Mutante die Verteilung der
V-ATPase zwischen den TGN und endosomalen Kompartimenten verandeBehater
Fraktionierung konnten jedoch weder fur die V-ATPase noch fir diisteneanderen
untersuchten Markerproteine Veranderungen in der Verteilung naisgew werden.
Interessanterweise konnte inysl2 Zellen eine starke Reduktion des Kex2p-Levels
nachgewiesen werden. Dies deutet darauf hin, dass YsI2p heigleise eine Rolle im
Kex2p-Transport zwischen TGN und Endosomen haben koénnte. Die subzellulare
Fraktionierung deutet aul3erdem auf eine primar frihendosomale Lokalisieruxgl2pn

Um weitere Interaktionspartner von YslI2p zu finden, wurde mittels ewtmtisierten
Verfahrens (Kollaboration mit der Gruppe von Dr. P. Uetz, Karlsrulee
Zweihybridanalyse mit verschiedenen Doméanen von YsI2p durchgefltertaktionspartner
wurden in der kompletten Genbank v8ncerevisiae gesucht und fir mehrere Doménen
gefunden. Erstaunlicherweise konnten nur die Interaktionspartner dierenitUnterdoméane
von YsI2p (YsI2PILT) bei meinen anschlielenden Analysen bestatiglewe Von den
putativen Interaktionspartnern von YsI2PILT war Ent4p von gré3tem Interésddirzlich
eine Wechselwirkung zwischen dessen Homologen Ent3p und Ent5p und Ggeftp, ei
potentiellen Bindungspartner von Ysl2p, aufgezeigt wurde. Eine schwimtbeaktion
zwischen Ent4p und YsI2p konnte vitro, jedoch nicht mittels Koimmunoprazipitation
gezeigt werden.

Erganzend zu der Zweihybridanalyse wurde eine ImmunoprazipitationY si2p-
TAP im GrofRansatz durchgefiihrt, in der Hoffnung weitere Intenagpartner mittels
Koimmunoprezipitation identifizieren zu kdnnen. Jedoch konnten keine spezifidelneien
in den Ysl2-Eluaten entdeckt werden. Dies ist umso erstaunlichen daer &hnlichen
Studie von Gillinghanet al. (2006) das Protein Doplp in aquimolaren Mengen isoliert wurde
wie Ysl2p selbst, woraus geschlossen werden kann, dass Doplp und YsRpmgdkex
vorliegen. Der Grund fur den Misserfolg in der hier prasentiertéeifkonnte in der falsch
gewahlten Praparationsmethode liegen. Der Aufschluss wurde z.Besar dstudie durch
Morsern in flissigem Stickstoff durchgefiuihrt wahrend Gillingheimal. sphéroblastierte
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Zellen durch Homogenisation aufgeschlossen haben, was mdoglickerwdie
Wechselwirkung erhélt.

Bisher war nicht viel bekannt tber die Relevanz der jeweiligen toneinen von
Ysl2p fur die Proteinfunktion. Eine Deletionsreine wurde in der vonidge Arbeit
konstruiert, bei der 100 bis 900 Aminoséuren von C-Terminus von YsI2p durch &n TA
Epitop ersetzt wurden. Daraufhin wurde das Wachstum der jewelliglstionsmutanten mit
Wildtyp- und Aysl2-Zellen verglichen. Bemerkenswerterweise fuhrte schon der Vertus
100 Aminosauren zu dem gleichen Wachstumsdefekt wie die Deletiogedamten Gens.
Folglich ist der C-Terminus von groRer Bedeutung fur die YsI2p FamktMittels
Koimmunoprazipitation konnte in der vorliegenden Studie nachgewiesennyelaks YsI2p
mit sich selbst interagiert. Weiterhin wurde gezeigt, das€ererminalen 100 Aminosauren
fur diese Interaktion entscheidend sind. Somit liegt die Vermutunge, ndbss die
Dimerisierung von YsI2p mittels C-Terminus entscheidend fiir ddssektion innerhalb der
Zelle ist, mdglicherweise als gertstbildendes Protein an endosomalen/€@iNrhen.

Bei der Analyse der Funktion der APL Translokase Neolp wurden@r gorherigen
Studie der Gruppe von Dr. B. Singer-Kriiger (Wicltyal., 2004) dieneol-69 Mutante
untersucht, die unnatirliche Verlangerung der endosomalen Strukturen aiktinitiese
Akkumulation der endosomalen Strukturen konnte wiederum den schweren Wadesakins
dieser Mutante verursachen. Interessanterweise supprimiert tBgoDevon ARL1 diesen
Wachstumsdefekt derneol-69 Mutante, moglicherweise durch Verhinderung der
Akkumulation der Arllp-Effektoren in den unnatirlichen Verlangerungen reet-69
Mutante. Im Einklang mit diesem Modell, sollte die Deletion dellp\ Effektoren einen
ahnlichen Effekt auf das Wachstum aeo0l-69 Mutanten haben. Folglich, um zu Gberprifen
ob weitere potentielle Arllp-Effektoren in deeol-69 Mutante akkumulieren, wurde der
Einfluss der Deletionen einer Reihe von Adaptorproteinen, die am ér@bgomalen
Transport beteiligten sind, auf das Wachstumr#ed-69 Mutante untersucht. Im Einklang
mit dem Modell, haben die Deletionen der Adaptoren signifikante hiede im
Suppressionsverhalten beziglich depl-69 Mutante gezeigt. Wahrend Deletion VGGAL
keinen Einfluss auf das Wachstum hatte und Deletionen von AP-1 und ARefidheiten
den Wachstumsdefekt leicht supprimieren, bewirkte die DeletionG@A2 in der neol-69
Mutante ein wildtypartiges Wachstum und somit dasselbe Suppressiwalsye wie die
Deletion vonARL1. Deletionen von einigen Arf und Ypt-GTPasen zeigte auch, dass nur die
Deletion von Arf-GTPasen den Wachstumsdefekt deonl-69 Mutante supprimieren.
Wahrend Deletionen voMPT7 und YPT51 keinen Einfluss auf das Wachstum waen1-69
Zellen hatten, konnte die Deletion vARF1 das Wachstum der Zellen zum Teil und Deletion
von ARL3 genau wieARL1 vollstandig wiederherstellen. Diese Ergebnisse sind im Einklang
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mit dem Modell in dem die Akkumulation der Vesikelknospungsmaschinéiriedén
Wachstumsdefekt deeo-69 Mutante verantwortlich ist.

Da die Deletion vorGGA2 die beste Suppression des Wachstumsdefektsed&69
Mutante erreicht hatte, war es am wahrscheinlichsten, dags diéaptor ein Arllp-Effektor
ist. Um eine mogliche Verbindung zu tberpriufen wurde die LokalisgbonGgaz2p in den
Aysd2 und Aarll sowie der neol-69 Mutante mittels indirekter Immunofluoreszenz
untersucht. In deneol-69 Mutante konnte fiir Gga2p gezeigt werden, dass in den meisten
Zellen das punktierte Farbungsmuster verloren geht. In den restlftikem konnte eine
starkere Assoziation von Gga2p mit Membranen beobachtet werdeDel@t@on vonARL1
undYS.2 hat einen vollstandigen Verlust der punktierten Lokalisierung vor2iGgar Folge.
Folglich scheinen sowohl Neolp als auch YsI2p und Arllp an der Rekrutieonn@ga2p zu
Membranen beteiligt zu sein. G®UH down Experimente konnten eine Interaktion zwischen
der VHS-GAT Domane von Gga2p sowohl mit Arllp als auch YsI2p nachwélgeiterhin
konnte auch eine genetische Interaktion zwisohehl und denGGAs gezeigt werden, die
TrippelmutanteAar|1AggalAgga2 zeigt ein deutlich schlechteres Wachstum als die Einzel-
oder Doppelmutanten. Zusammengefasst deuten die Immunofluoreszenzea, dewi
genetischen und biochemischen Daten auf eine Einbindung des Adaptorsiitsdagpy'si2-
Arl1-Neol Netzwerk. Somit ist auch ein Hinweis auf eine Rolls d&l2-Arl1-Neol-
Netzwerks in der Vesikelknospung geliefert worden.

Als letztes wurden die Interaktionen des Transmembranproteins Tvp38psIBp
und Syslp untersucht. Die Interaktion zwischen Tvp38p und YsI2p wurde bisheemit
Zweihybridanalyse sowie durch Koimmunoprézipitationen gezeigt, wédhdes Interaktion
von Tvp38p mit Syslp aus einefplit-ubiquitin screen bekannt ist. Beide Interaktionen
konnten bestatigt werden. Die Interaktion von Tvp38p mit dem N-Terminu¥si@p wurde
invitro mit einem GSTpulldown nachgewiesen. Die Interaktion zwischen Tvp38p und Syslp
konnte in vivo mittels Koimmunoprazipitation gezeigt werden. Diese beiden Neiskew
liefern einen gemeinsamen Interaktionspartner fir Komponenten der ¥Y$EN&ol und
Sys1-Arl3-Arll Netzwerke und somit einen Hinweis auf die Mogligh&mer gemeinsamen
Funktion.

Zusammenfassend kann gefolgert werden, dass das YsI2-Arl1-Ndowéexe eine
Rolle im Prozess der Vesikelknospung hat, indem es den Adaptor Ggd@przioranen
rekrutiert. YsI2p kdnnte auch eine Funktion in der Lokalisation von Erg6pnhadiner
Komponente der Ergosterolsynthese-Maschinerie.
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Introduction

1 Introduction

1.1 Vesicular transport in yeast

1.1.1 Endocytic and biosynthetic route are interconnected at the

TGN/endosome network

A hallmark of eukaryotic cell is the compartmentalization @ttabolic processes by
the development of endomembrane systems. One of the most complexrfsineti the
organelles of the exocytic and endocytic pathways is the mainter@nthe organelle
structure, composition and function with regard to the continuous flow of iprated
membrane along these pathways.

The secretory system of eukaryotic cells is organised asrias of membrane-
enclosed compartments that include the endoplasmatic reticulum @6R)), cisternae, the
trans-Golgi network (TGN), secretory vesicles and the plasmabrane. Among these
organelles, the TGN has a central role as a site of proteingsofthe transport of newly
synthetised proteins through the ER and Golgi cisternae occursiwitdst no diversion to
alternative routes (Fig.1, arrow 1). However, once proteins reachGhkthey face several
possible destinations: the extracellular space and plasma mendmmahe one side (Fig. 1,
arrow 2 or early endosomes (EE; Fig. 1, arrow 3), late endosomes (LE1 Fagrow 4) and
vacuole on the other side (Fig. 1, arrow 6) (reviewed byt@l, 2001). The TGN is thereby
the interconnecting point of the secretory system with the endo$gsnabmal system,
another array of membrane-enclosed compartments that comprisesendiftypes of
endosomes and lysosome/vacuole. This interconnection is necessahge fbrosynthetic
delivery of proteins and membranes from the TGN to the vacuole (Fig. 1, arrorg\B8éwed
by Pelham, 2002). Proteins of the TGN, like the CPY-receptor VpsiDtharendopeptidase
Kex2p, that reach endosomes, are recycled back to the TGN (Figou, /aend 8; reviewed
by Conibear and Stevens, 1998; Cooper and Stevens, 1996). An alternatvealingvay
from the TGN to the vacuole bypassing endosomal compartments drasléscribed for the
vacuolar membrane protein alkaline phosphatase (ALP) (Fig. 1, arrddd;zzi et al.,
1998b).

The endosomal-lysosomal system is used for the transport of eosledytnaterial.
Through endocytosis, cells internalize plasma membrane componentddeugregulate
signalling receptors) and nutrients in response to environmentalbcuesacellular signals
(Szymkiewiczet al., 2004).
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The first step in the process of endocytosis is the inteatan at the plasma
membrane, where extracellular material and plasma membrateengrbecome enclosed into
transport vesicles by invagination of the plasma membranelFagrow 9; Kaksonesgt al.,
passes through at least two kinds of endosomes to the vacuole (Bigpvt arrows 9-10-5;
Singer-Kriger and Riezman, 1990; Vida al., 1993). Internalized material moves first
through a compartment of a higher density, the early endosomes, wilctated at the cell
periphery. At the ultrastructural level, the early endosomes displaighly complex and
pleiomorphic organisation (Prescianotto-Baschong and Riezman, 1998; Muthetlal .,
1999). Tubular domains of the early endosomes extend from the largeaphesicle and
these tubular extensions are critical for all recycling pseE®sThe recycling back to the
plasma membrane (Fig. 1, arrow 11 and 2) has been well studied imatiamcells, where
many proteins follow this pathway (reviewed by Gruenberg, 2003). dstyeells, only few
proteins are known to return to the plasma membrane, among whidie a&cttor receptor

Ste3p, the v-SNARE protein Snclp, and the chitin synthase Chs3p (Chen\asd2D@o;
Lewiset al., 2000; Zimaret al., 1996; Holthuist al., 1998).

P

A in} coated pit

Fig. 1. Overview of the transport pathways in the endomembrane system in yeast. In the biosynthetic
pathway, newly synthetised proteins are sorted fiteerER through the Golgi apparatus to their faedtination
(1-6). Resident proteins are recycled back to tlENT(7 and 8). Conversely, newly internalized mateis
transported to the early endosomes (9). At thispartment, proteins destined for recycling are sbitack to
the plasma membrane (11 and 2), whereas protestinee for degradation are transported to thedattbsomal
compartment/MVB (10) and subsequently to the lystswacuole (5). Alternative route transports matari
directly from TGN to the vacuole (6). The celluzmpartments are indicated: plasma membrane (Paflly e
endosome (EE), late endosome (MVBJ/LE), vacuole, taads-Golgi network (TGN) (adapted from Lemmon
and Traub, 2000).
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After delivery to early endosomes, these proteins transit td @ and return to the cell
surface via the secretory pathway (Fig. 1, following arrows 9—7+.r&trograde transport
from endosomes to the TGN (Fig. 1, arrow 7) is mainly used by aifispset of
transmembrane proteins that cycle between these two organelldsndtaisle among these
are acid-hydrolase receptors (VpslOp), transmembrane enzyme2p(K8xel3p) and
SNAREs (soluble N-ethylmaleimide-sensitive fusion protein (N@&Epchment protein
receptors) (reviewed by Bonifacino and Rojas, 2006).

Proteins destined for degradation are transported from the earlyoemelds the late
endosomal compartment (LE), which is of lower density than thg eadosome and fuses
with the vacuole (Fig. 1, arrow 10 — 5; Prescianotto/Baschong amdnBie 2002; Singer-
Kriger et al., 1993). This pathway is the principal route for material intezedl by bulk
phase endoctosis and for proteins destined for downregulation such as the pherdactoe
receptor Ste2p (Chvatchlaed al., 1986; Jenness and Spatrick, 1986). The biogenesis of late
endosomes occurs by a process of maturation from vacuolar eleofiezasly endosomes
(Fig. 1, arrow 10) by budding of the endosomal membrane toward the comapaftmen
and pinching off to form vesicles (Prescianotto-Baschong and Rrez2082). Due to this
invagination late endosomes are commonly referred to as multilasicodies (MVBS).
Membrane proteins destined for degradation within the vacuolar lumen are sartednimial
MVB vesicles through the concerted action of the conserved ESCRAimeay (Babstt al.,
2002; Katzmanret al., 2003). On the other hand, membrane proteins destined for the plasma
membrane or TGN are excluded from these membrane subregionsttytled back (Fig. 1,
arrow 8; Nikkoet al., 2003).

The vacuole is the terminal compartment for most of the endocytoseerial.
Apparently, the delivery of endocytosed macromolecules for the degadation occurs by
direct fusion of late endosomes with the lysosomes/vacuole (Fagrdw 5; Russelkt al.,
2006; Luzioet al., 2001). The vacuole contains a wide variety of acidic hydrolasesh whic
degrade the endocytosed proteins (Teter and Klionsky, 2000). In addittars trole in the
protein degradation, the vacuole participates in buffering the gheofytoplasm and in the

regulation of water and ion homeostasis (Davis and Goodman, 1986; Mied0r1989).
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1.1.2 Vesicular traffic between TGN/endosomal compartments

Every step of the secretory, biosynthetic or endocytic patheeg g¢ection 1.1.1) is
mediated by vesicles. The vesicle-mediated transport is routilyed into three steps:
vesicle formation or budding mediated by a coat protein complex, whkicghtimately
involved in cargo packaging (see section 1.1.2.1), vesicle positioning omgliheacceptor
membrane (tethering) mediated by specific tethering facsaes gection 1.1.2.2) and vesicle
fusion mediated by the interaction of a vesicle-SNARE (v-SNARE) SNAREs on the
target membrane (t-SNARES) (see section 1.1.2.3) (Grosehans2006).

1.1.2.1 Vesicle budding

One of the crucial steps during the formation of transport vesgtég recruitment of
cytosolic coat proteins to the donor membrane. Four different typessafie coats, COP-I,
COP-II, retromer and clathrin, have been identified to be imptidatelistinct transport steps
between organelles (Bonifacino and Rojas, 2006).

COPI and COPII coats regulate transport between the ER ar@olgi (Fig. 2).
COPIllcoated vesicles mediate the anterograde ER-to-Golgi trarn@aotbweet al., 1994),
whereas retrograd8olgi-to-ER vesicles use the COPI coat (Gatcal., 1986). The COPII
coat consistof the small GTPase Sarlp and two protein complexes, Sec2arfitilp
Secl3/31p (Barlowet al., 1994; Bednarekt al., 1996), whereas the COPI coat contains the
small GTPasérflp and a heptameric protein complex called coatomer @rali., 1986;
Serafiniet al., 1991; Bednarekt al., 1996).

After reaching the Golgi apparatus, the cargo proteins argotdad to the TGN from
where they are selected for the specific destination, edgolages, which are destined for the
vacuole, are brought to the endosomes by the appropriate receptoth@$e acid-hydrolase
receptors (VpslOp in yeast and cation-independent mannose 6-phospéater rgel-MPR)
in mammals) have released the cargo in the acidic environmehe @fndosome, they are
recycled back to the TGN by a heteropentameric complex naragdrher” (Seamast al.,
1997; Arighi et al., 2004; Fig.2). The yeast retromer consists of two subcomplexes. The
membrane-bound subocomplex comprises Vps5p and Vpsl17p, members of tigensxihis
family which heterodimerize on phosphatidylinositol-3-phosphate (Ptders&ched
endosomes (Bravet al., 2001; Peteet al., 2004; Horazdovskgt al., 1997). Additionally to
Vps5p and Vpsl7p there is the cargo-selective subcomplex, composed of \Ajs2Bpp
and Vps35p (Seamaat al., 1997). Vps35p interacts with the cytosolic domains of retrograde
cargo proteins such as Vps10p (Nothwethal., 2000).
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The best-characterized transport vesicles are clathrin-coagsdles (CCVs). The
clathrin coat is a lattice of pentagons and hexagons that curves daooandlose a vesicle.
The main proteins of these coated vesicles are clathrin-héauy Chclp) and clathrin-light
chain (Clclp). Three clathrin heavy chains form a trimer thpears as a triskelion, each leg
extending radially. The legs are joined at a central trm@#dn domain and each leg is
associated with a light chain (Kirchhausen, 2000). The globular NrAgrmdomain of the
heavy chain protrudes to fom a inner layer, thereby binding to vamomso- and
heterotetrameric adaptor proteins and other clathrin-binding-box contaipioteins
(Maldonado-Baez and Wendland, 2006).

Recruitment and assembly of clathrin on membranes is faeidlitéty a direct
interaction with clathrin adaptors (Gallusser and Kirchhausen, 198[BAngelica et al.,
1998). Adaptors bind simultaneously to clathrin, membrane lipids, and in cas®s to
transmembrane cargo proteins (Kirchhausen, 1999; Robinson, 2004). In adadgiadaptors
interact with numerous accessory factors, which regulate ticipate directly in clathrin-
coated vesicle formation (reviewed by Slepnev and DeCag0lli0). There are currently two
major classes of adaptors that cooperate with clathrin: tremetic APs (adaptor protein)
and monomeric GGAs (Golgi-localizeghear containing, ADP-ribosylation-factor binding),
(Bonifacino, 2004).

The adaptin complexes are each composed of four subunits with condencad es
two large subunits (100 kDg;andp1 in AP-1,a andp2 in AP-2,6 andf3 in AP-3), one
medium (50 kDaj1-u3), and one small (20 kDa;1-63). AP-2 recruits clathrin to the plasma
membrane (Munn, 2001; Fig. 2) while AP-3 transports proteinsdransomes and the TGN
to lysosomes/vacuole (Cowlesal., 1997; Steppt al., 1997; Theost al., 2005; Fig. 2). AP-

1 is implicated in transport of proteins like Kex2p from the T@GNmdocytic intermediates
(Stepp et al., 1995; Delocheet al., 2001) and also in retrograde transport from early
endosomes to the TGN (Valdivehal., 2002; Foote and Nothwehr, 2006; Fig. 2).
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Fig. 2. Proposed roles for different adaptors in cellular transport. While COPI and COPIl regulate
retrograde and anterograde transport from ER tagiGoéspectively, and AP-2 is localised on the plas
membrane, AP-1, AP-3 and the GGAs regulate witlormamon effort the complex vesicular transport betwee
the TGN, endosomes and the vacuole. AP-1 regulziés the anterograde and retrograde transport ketwe
TGN and endosomes, GGAs as well but additionalgms¢o play a role in the protein sorting into th&/B/
vesicles during endosome maturation. AP-3 regultltestransport from TGN or EE to the vacuole which

bypasses the LE (adapted from Lemmon and Traul§))200

The GGAs (Golgi-localizedy-ear-containing, Arf (ADP-ribosylation factor)-binding)
are a family of monomeric, clathrin-binding adaptors (Hatsdl., 2000; Dell’Angelicaet al.,
2000; Bomatret al., 2000). Three Ggas are present in human cells (GGA1, GGA2 and GGA3)
and two are present B cerevisiae (Ggalp and Gga2p). GGAs have a modular organization,
consisting of first a VHS (Vps27, HRS, and STAM) domain that reeegnacidic-cluster-
dileucine signals present in the cytosolic tails of cargo likmmose 6-phosphate receptors
(MPRs) (Puertollanet al., 2001; Zhuet al., 2001), second, a GAT (GGA and TOM) domain
that interacts with the GTP-bound form of Arfs (Bonwral., 2000; Dell’Angelicaet al.,
2000; Puertollancet al., 2001b) as well as ubiquitin (Scadt al., 2004; Puertollano and
Bonifacino, 2004), third, a hinge domain that binds clatf#hu et al., 2001; Puertollanet
al., 2001b) and fourth, a GAE-@daptin ear) domain that interacts with accessory proteins
(Wasiaket al., 2002; Matterat al., 2003; Luiet al., 2003).

GGAs have up to date been implicated in multiple trafficking payiswetween TGN
and the endosomes (Fig.2). First, several lines support a model of (BGAe anterograde
TGN-endosome transport. The GGAs sort the mammalian cation—indepenalembse-6-

phosphate receptor (CI-MPR) into clathrin-coated vesicles ai@i (Dorayet al., 2002b;
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Matteraet al, 2003). Further, in yeast Kex2p and Vps10p, the yeast homologue of MPR, a
missorted and falsely degraded in the vacuoleAggalAgga2 cells, instead of cycling
between TGN and late endosome (Costagutal., 2001; Mullins and Bonifacino, 2001).
Similar, the late endosomal SNARE Pepl2p is missorted from tine tdGearly instead of
late endosomes inggalAgga2 cells (Black and Pelham, 2000). Finally, Scaital. (2004)
demonstrated that the binding to GGAs is necessary to sort ubitedtyargo (i.e. Gaplp)
from the TGN to the endosome. Thus, all these aspects support aimatiéth the GGAs
function as adaptors for the sorting of both ubiquitylated and non-ubiquitydatgd from
TGN to endosomes (Scatt al., 2004). Second, the study from Puertollano and Bonifacino
(2004) demonstrates that in addition to the known block in TGN-to endosonspdra
mammalian cells depleted of GGAs also exhibit a strong defet¢ha endocytosis and
degradation of epidermal growth factor receptors (EGFRS), tembmane proteins that
undergo internalization into membrane invaginations during endosomal titatuby a
process that is dependent on their post-endocytic ubiquitylation (Lehgka2002; Reggiori

et al., 2001; Reggioret al., 2002). This study argues for an additional role of GGAs in MVB
sorting: GGAs may retain ubiquitylated cargo proteins in thdy eamdosome and may
concentrate these cargo molecules for sorting into the MVB lgssiocy the ESCRT
machinery (Puertollano and Bonifacino, 2004). Third, recent studies have implicafeslic
retrograde transport from endosomal compartments to the TGNelif@rade transport of
internalised BACEL (Alzheimer-associated beta-secretase@tadil, 2005) and retrieval of
MPRs from early endosomes to the TGN (Gheshl., 2003; Puertolano and Bonifacino,
2004).

The functional relationship between the GGA proteins and the hetamésic
adaptor AP-1 ha® date not been clearly defined. Both yeast and mammalian G&éins
physicallyinteract with AP-1 (Costagut al., 2001; Doraet al., 2002;Bai et al., 2004), and
studies of MPR sorting in mammalian fibroblasts suggest a segjueole forthe two
adaptors (Doragt al., 2002). In contrast, the triplsggalAgga2Aapl2 mutant is defective in
growth, alpha-factor maturation, and transport of carboxypeptidas¢h® vacuole although
the doubleAggalAgga2 mutant orAapl2 mutant show no phenotypes, indicating that GGAs
and AP-1 function in distinct pathways between T&N and endosomes (Costagetaal.,
2001). Thus, it remains to be defined which transport pathways aratexfjbly GGAs and
AP-1 together and which independently.

A long-recognised commonality between COPI, COPIlI and the riiattudding
pathways is that small G-proteins of the Arf family reguleembrane recruitment of the
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adaptors and coat (Dascher and Balch, 1994; Barbale, 1994; Dell’Angelicaet al., 2000;
Dittie et al., 1996; Ooiet al., 1998). COPI components and clathrin adaptors are recruited by
Arflp, whereas the COPII coat depends on the Arf-related protein Sarlp.

Arfs represent a family of small GTPases, which have beencagdl in a large
number of cellular processes, including vesicular membrane tré&f@ilgi morphology, lipid
metabolism, cell motility and cytokinesis (Kahn, 2003). The cycleaat recruitment and
vesicle formation is intimately tied to the GTP cycle of AatfeGTPase. Its activation results
not only in a conformational change that allows an interaction witheraus effectors, but
also in a change in localisation from the cytoplasm to a membtranesertion of the N-
terminal amphiphatic helix that carries a myristoyl group th&lipidbilayer (Antonnyet al.,
1997). The membrane localisation and conformational change upon nucleotide gxof
Arf-GTP are crucial for the recruitment of coat proteins to a membrafeesur

The interconversion between the two conformation states of smdHa&&b is
promoted by two types of activities: guanine nucleotide exahéangors (GEFs) increase the
level of activated (GTP-bound-from) and GTPase activating pro(@A$s) accelerate the
intrinsic hydrolysis of the bound GTP (Kahn, 2003). All Arf GEFs ide=at to date possess a
Sec7 domain, a module of approximately 200 amino acids that is ngcasdasufficient for
catalyzingnucleotide exchange on Arflip vitro. While the smaller (<100 kDa) Arf GEFs
(ARNO, cytohesin-1, EFA6) have so far only been identified in highleargates, the larger
Gea/GBF/GNOM and Sec7/BIG subfamilies (>100 kDa) have ortbhelgn all eukaryotes
examined and are therefore suggested to play highly conserved ralesniorane dynamics
(Jackson and Casangw2000). Four Sec7 domain proteins of this class have been described
to date inS. cerevisiae: Sec7p (Franzusoff and Scheckman, 1989), Gealp, Gea2p (Pestroche
al., 1996), and Sytlp, the last one being the most distant relative @oales1999). The
localisation of Arf GEFs determines where in the cell the GfiiPase will be activated.
Hence, the GEFs control not only the timing but also the spatiatiseg®mn of Arf-activation

(Jackson, 2003) and are therefore crucial components of the vesicle budding machinery.

1.1.2.2 Role of golginsin vesicle attachment

When a transport vesicle is destined to fuse with an acceptor domepdg it first
needs to recognize its partner membrane by physical cantactspecific location. This
process of membrane attachment or tethering requires theeppesitioning of participating
membranes (Jahe al., 2003). Central to this process are the Rab/Ypt GTPases. In most

tethering reactions, GTP bound Rabs on the donor membrane mediateame@itechment
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by interacting with specific effectors on target membrafletnet al., 2003). Like Arf
GTPases, Rab GTPases function as molecular switches, cyeliwgdn GTP- and GDP-
bound states. The active, GTP-bound form is attached to membranesChkgriainal
modification with hydrophobic geranylgeranyl groups (Argtial., 1990)

The different tasks of Rab GTPases are carried out by esdigellection of effector
molecules that bind to specific Rabs in their GTP-bound state (@msa al., 2006). A
group of Rab effectors belong to the so called golgins. Goigimdong coiled-coil proteins
that are implicated in several processes: tethering ofpmaingesicles, connecting adjacent
Golgi cisternae, and/or assembling or scaffolding other proteiasr (@d Short, 2003;
Gillingham and Munro, 2003). They associate with Golgi membranes inietyaf ways.
Some have a transmembrane domain near their C-terminus (Giangm-84| CASP) while
others are peripheral membrane proteins. Peripheral golgins may tessattidhe membrane
either by an interaction with an adaptor protein of the GRA&RIfa GRASP65-GM130,
GRASP55-Golgin45) or are recruited to Golgi membranes in a nwdgedépendent manner
by small GTPases of the Rab (p115 by Rabl, BicaudalD1/D2 and TMRalb§), Arf-like
(Golgin-245, Golgin-97 and Imhlp) and Arf (GMAP-210, Rud3p) families (Shsl.,
2005).

All golgins recruited by Arllp comprise the GRIP-domain, a ~45nanaicid motif
found in at least four mammalian golgins (p230/golgin245, golgin-97, GCC88, aGd &5
and one yeast golgin (Imhl1p) (Van Valkenbuggll., 2001; Paniet al., 2003a; Settyt al.,
2003; Luet al., 2003). The GRIP-domain forms a homodimer, with each monomer separately
binding an Arl1p-GTP molecule. The simultaneous binding of two Arllpeoubés likely
stabilizes the association of the golgin with the membrane dfeaiai., 2003b; Wuet al.,
2004). GRIP domain proteins seem to primarily regulate endosome-to{@uigport via
tethering of endosome-derived vesicles to the TGNelall, 2004; Tsukadat al., 1999).

By analogy to the GRIP domain, Rud3p binds to the GTPase Arflps\Wiaterminal
"GRIP-related Arf-binding" (GRAB) domain and seems to functioma @smer, proposing a
similar mechanism (Gillingharet al., 2004).

1.1.2.3 Membrane fusion

After the tethering of the vesicle to the target membrandutien of the vesicle and
acceptor lipid bilayers is enabled by action of a variety aitgom families. First, the
membranes are brought into close proximity, where counteracticigostatic forces need to

be overcome before the lipids of the proximal leaflets can ctteBecond, the boundary
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between the hydrophilic and hydrophobic portion of the bilayer isadéiged and non-
bilayer transition states are generated that culminate ifotheation of an aqueous fusion
pore (Jahret al., 2003).

Crucial for the first step is the SNARE (soluble N-ethykmaide-sensitive factor
attachment protein receptor) family of small, C-terminallykemed coiled-coil membrane
proteins (Sdllneet al., 2003). When two membranes fuse, SNARES on the vesicle membrane
(v-SNARES) interact with the t-SNAREs on the target membrdiee SNAREs then
intertwine in a tighttrans complex, which brings the two membrane into close proximity
(Hong, 2005). After fusion, v-SNAREs and t-SNAREs unite their anchorthe fused

membrane, so formingas complex (Fig. 3A).

A d ,.y ‘:*‘: ', v-SNARE s Fn-c:-" :-’ ] L.\‘ %,

T 7 e

ﬁ - E:’ t- SNARE _—
p tlght !‘rans—r:omplex

fa it

In-use tmns—cxrmplex

fusmn pore hemn‘usmn

fusing vacuolar
membranes

Fig. 3: Modell of vesicle fusion: (A) Model of the SNARE role in the membrane fus{adapted from
www.ibpc.frflUPR1929/jph/41.htm) (B) Model of the AFfPase role in the membrane fusion (adapted from
Almers, 2001).
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For the second step of the fusion process, additionally to the SNARE® i\b
domain of the vacuolar ATPase necessary. Trans-pairs of V-ATRasebunits are formed
between the two fusing membranes. These trans-pairs promote thg ofixhe lipid bilayers
by virtue of the highly hydrophobic proteolipid subunits (Pegtral., 2001; Bayeret al.,
2003) and enable by that the final fusion (Fig. 3B).

Since SNAREs exhibit a specific subcellular localisation, they often used as
markers to identify distinct organelles, e.g. yeast Tiglp and Pep&2psed as markers for
early and late endosomes, respectively (Holtbu#., 1998; Becherest al., 1996), while the
t-SNARE Vam3p is used as a vacuolar marker (Dartalv, 1998).

1.1.3 Role, transport and assembly of the V-ATPase

Vacuolar (H)-ATPases (V-ATPases) are multisubunit enzymes composed of a
peripheral complex Vattached to a membrane-boungicdmplex (Nelson and Harvey, 1999;
Nishi and Forgac, 2002). They reside mainly within the vacuole botvathin endosomes
and secretory vesicles. The major function of the V-ATPase consists inititemaace of the
pH gradient within these intracellular compartments by the AfdWen transport of protons
from the cytosol into acidic organelles. It functions in processel as receptor-mediated
endocytosis, intracellular targeting of vacuolar enzymes, proteregsing and degradation
(Nishi and Forgac, 2002). During the receptor-mediated endocytostesiluaed pH within
early endosomes, produced by action of the V-ATPase, can trtggedissociation of
internalized ligand-receptor complexes. This may allow thectegy of receptors to the
plasma membrane, which provides a mechanism for controlling bothtthef ligand uptake
and the density of cell-surface receptors (Forgac, 1999; Stamensorgac, 1997). A similar
mechanism governs the uncoupling of the newly synthetised lysosomahesiZrom the
Golgi to lysosomes. Acidification of late endosomes causes lgmsesof lysosomal enzymes
from the receptors, and permits the recycling of the réispeeceptor to the TGN (Nishi and
Forgac, 2002) (see section 1.1.1).

The assembly and disassembly of the V-ATPase is regulatedagely to ensure the
temporal and spatial control of the acidification and as well todawseless ATP
consumption. A complex containing Skplp, Ravlp, and Rav2p (termed RAVE folat@y
of the (H+)-ATPase of vacuolar and endosomal membranes’) regthasssembly of the V-
ATPase (Seo#t al., 2001, Smardost al., 2002) while restricting the process spatially to the
early endosomes (Sip@s al., 2004). Disassembly of the V-ATPase under less favourable
conditions might conservATP when energy sources are limited, while rapid reassembly
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could help to prevent cytosolic acidification when metaboli@sumes.The glycolytic
enzymealdolase was found to bind directly to several subunits of thend \4 sectors and
mutants lacking aldolaséfpal) grew better at pH 5 than at pH 7sbhiggesting a connection
between the aldolase and the V-ATPase activity. Furthefevleé of free \f complex was
found to be increased in th&fbal mutants (Luet al., 2001; Luet al., 2004). Thus, the
extracellular glucose availability might be signalled t&A\VPases at the vacuolarembrane

via aldolase levels to induce the reversible disassembly of V-ATPase gesiple

1.1.4 Role of ergosterol in yeast

Lipids provide the physical support of organelle membranes, acsireg karrier for
water-soluble molecules and as a solvent for the hydrophobic domamesrdérane proteins.
By contributing to the intrinsic properties of membranes, sudhialsness, asymmetry, and
curvature, lipids regulate protein movement and distribution (HuttneZiamsherberg, 2001;
van Meer and Sprong, 2004). Some short- and long-lived lipids have iaetedstlistribution
in the plane of the bilayer, thereby forming transient or more stable mican®(ukherjee
and Maxfield, 2004). In particular, cholesterol and sphingolipids wespoged to form a
separate liquid-ordered phase (lipid rafts), thereby functioningplagorms that can
incorporate distinct classes of proteins, and thus regulate numerthuisr cprocesses,
including signalling, sorting and infection (Parton and Richards, 2003prfSimand Vaz,
2004; Lafontet al., 2004). Detergent-resistant membranes (DRMs) are thegmaisalent to
lipid rafts (Kibleret al., 1996; Bagnatt al., 2000; Wachtler and Balasubramian, 2006). They
are enriched in sphingolipids and in ergosterol (Baghat., 2000), the structural sterol of
fungi.

There are multiple roles for sterols in yeast endocytosist, Bpecific sterols are
required in receptor-mediated endocytosis at or before recegiergnpsphorylation arguing
for a specific role at an early step in the process (Meinal., 1999). Second, based on
experiments analysing FM4-64 and LY accumulation, sterol structiseshave a general
role at a postinternalization step. Third, ergosterol is as negliired for the Secl8/ATP-
dependent priming step of homotypic vacuole fusion (Heese-&eak, 2002; Kato and
Wickner, 2001, see section 1.1.3). An obstruction of ergosterol synthesis inhibits alsseall the
processes.

In both yeast and mammalian cells, sphingolipids and sterolsedemmantly found
in the plasma membrane (Langeal., 1989; Pattoret al., 1991; Hechtbergeat al., 1994;
Zinser and Daum, 1995), but they are synthesized in compartments @artiiesecretory
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pathway (Daunet al., 1998; Futerman and Riezman, 2005). Ergosterol biosynthesis requires
a large number of genes encoded ERG genes in yeast (see Fig. 4). TERRG genes
encoding enzymes involved in later steps of ergosterol biosyntli#i36( ERG2, ERG3,
ERG5, andERG4) are not essential for cell viability, whereas those invoineglarlier steps
(ERGY, ERG1, ERG7, andERG11) are required for viability. Interestingly, three enzymes of
the sterol biosynthetic pathway, Erglp, Ergép and Erg7p, are locatée iipid droplets
(Leberet al., 1994; Millneret al., 2004; Zinseget al., 1993) and not in the ER as the other
components of the ergosterol synthesis machinery. These dropletsrsgnly for storage of
neutral lipids and consist of a highly hydrophobic core of triacyéglyls and/or steryl esters,
surrounded by a phospholipid monolayer with only a few protein embedkied.yj. Erg6p
(Zweytick et al., 2000).

Famesyl
pyrophosphate
J’ Erg9
Squalene

¢ Erg1
¢ Erg7

Lanosierol

l Erg11

v
Zymosterol

l Ergs

Fecosterol
Erg2
Episterol

L Erg3

Ergosta- 5,7,24(28)-trien-3f-ol
Erg5

Ergosta- 5,7,22,24(28)-tetraen-3f-ol

¢ Erg4
Ergosterol

Fig. 4: Sterol synthesis pathway in yeast

The ERG6 gene, encoding the S-adenosylmethion¥emethyltransferase, which
catalyzes C-24 methylation of zymosterol, is the first nonrtisgeenzyme during the
ergosterol synthesis process (see Fig. 4). For that reason, smfitdmtERG6 gene are often
used in the analysis of the ergosterol role. Erg6p localisedpinh particles acquires its
substrate, free zymosterol, from the endoplasmic reticulum, whelis synthesized.
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Conversion of zymosterol to fecosterol occurs at contact zonesdretthe endoplasmic
reticulum and lipid particles (Zinseat al., 1993). The product of the methyltransferase
reaction, fecosterol, must then be translocated from lipid pesticb the endoplasmic
reticulum for further conversion to ergosterdRG6 mutant cells exhibit pleiotropic
phenotypes that include defective conjugation, hypersensitivity tologximide, resistance
to nystatin, a severely diminished capacity for genetic toamsftion, defective tryptophan
uptake (Gabeet al., 1989) and are sensitive to brefeldin A (Vogedl., 1993; Grahamat al.,
1993). These phenotypes reflect the role of ergosterol as a torguh membrane
permeability and fluidity.

Upon synthesis in the ER, sphingomyelin and cholesterol (ergostexabaasported
to the later secretory organelles mainly by nonvesicular @athwAs support, they are
excludedfrom the retrograde COPI-coated vesicles, a process whichcordgibute tothe
enrichment of these lipids in the late Golgi network @edplasma membrane (Bruggeal.,
2000). Plasma membrane cholesterol constitutively recycles ayalireg endosomes, which
appear to be cholesterol rich (Horniekal., 1997; Hacet al., 2002; Gagescat al., 2000),
while lysosomes are cholesterol poor (Soétodl., 1988; Langest al., 1998; Schoeet al.,
2000). The association of the yeast ergosterol with detergestargsmembranes (DRMs)
(Simons and lkonen, 1997; Brown and London, 2000) is believed to play an imporaint rol
these distribution processes (Ridgway, 2000).

1.2 YsI2p network and its role in vesicular transport

1.2.1 Role of YslI2p in TGN/endosomal traffic

Ysl2p/Mon2p was originally identified by B. Singer-Krlger irs@een for mutants,
which are synthetically lethal with the deletion¥fT51, a gene encoding a Rab GTPase that
regulates transport from early to late endosomes (Singer-Kaige Ferro-Novick, 1997).
Additionally, it was found in screens for mutants that are seadii the drugs monensin and
brefeldin A (Murenet al., 2001), defective in endocytosis (Wiederkehral., 2001) and
defective in protein transport to the vacuole (Awveral., 2002; Bonangelinet al., 2002).

Ysl2p is a large protein of 186 kDa with a weak homology to thes lanf) GEFs of
the Sec7 family (see section 1.1.2.1). It is well conserved in emoluith homologues from
humans taDictyostelium. Efe et al. (2005) defined the Mon2p family due to the sequence
homology over six conserved regions (A to F). Domains A, E and Foarel fsolely in the
members of the Mon2p family. The alignments of the A and F domawe&ethe members
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of the Mon2 family show a sequence similarity of 42% and 40%peeively, with a
predominance of charged and hydrophobic residues. The type of conserved @dsntha
small size, and the predicted secondary structure for these twairdosuggest that they
could be involved in protein binding activity (Eée al., 2005). Originally, the homology to
the Sec7 family members was recognized in B-domain (corresptmdihe DCB
(Dimerisation and Cyclophilin-Binding) domain), which precedes the7 Sdomain
(Bonangelinoet al., 2002; Jochumet al., 2002). A multiple sequence alignment and
secondary structure prediction performed in the group of B. SingegeK showed a clear
relationship between Ysl2p and the Sec7 family members (Joeham 2002). Domains B,
C and D of YslI2p are also present in large Sec7 GEFs and closely correspond to thedonser
upstream and downstream regions of the Sec7 catalytic domaingcastly defined
(Mouratouet al., 2005; Efeet al., 2005; Gillinghanet al., 2006). The homology of the Mon2
and Sec7 familiesaises the question of the role of the domains shared be¥s&gmand the
large Arf GEFs. Recently, it has been shown for the GBF andAfGEF groups that the
DCB (B domain) can homodimerize and can also interact with the gomain (C domain)
(Ramaeret al., 2007). Since for Ysl2p the dimerisation could as well be demortst{iEtest

al., 2005), and YslI2p has both of these domains (B and C) it is possihlks thaterisation is
mediated through the interaction of B-B or B-C domains.

Multiple genetic and biochemical evidence indicated an interabBbomeen YsI2p and
the Arf-like protein Arllp. The deletion &RL1 in Aysl2 cells resulted in synthetic lethality
of the cells while the overexpression ARL1 suppressed specifically the defectsAysl2
cells in growth, endocytosis and vacuole formation (Joctatinal., 2002). A physical
interaction between the N-terminal region of YsI2p including th& Semain and Arllp was
shown by the yeast two hybrid system andimyitro binding studies. These data together
with the structural homology (see section 1.2.1) indicate that Yef2gsents a Sec7 family
GEF for Arllp (Jochunet al., 2002; see section 1.1.2.1). On the opposite, Gillingétaah
(2006) demonstrated that the punctuate distribution of Arllp and Imhlp igcteafinAys2
cells. Whether or nor YsI2p is implicated in the activation ofipras a GEF remains to be
shown.

From differential centrifugation experiments one could presumeathaajor fraction
of YsI2p is a homodimer, which is peripherally associated with TaBN/or endosomes
(Jochumet al., 2002, Efeet al., 2005). In agreement, the microscopic analysis revealed that
YslI2p co-localised with the endocytic marker FM4-64 and collapsed hetops27 class E
compartment (Jochuret al., 2002), both characteristics of endosomal proteins. In another
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study, Ysl2p co-localised partially with Sec7p-DsRed chimeard the PhfappiyDsRed
fusion, both markers of the TGN (E& al., 2005), however it did not collapse in tsee7
mutant (Jochunet al., 2002), known to perturb the localisation of Golgi resident proteins.
Thus, the microscopic studies support the TGN/endocytic localisationY$tZp, the
membrane association seems to be achieved by the N-terminalndofi@l. Interestingly,
Arllp may not be required for the association of YsI2p with membranest(&fe 2005).
YS.2-deleted cells are viable but exhibit strong growth delays lakeaiperatures.

Although Ayd2 cells were not impaired in the kinetics affactor internalisation at the

plasma membrane, they exhibited a strong delay in Ste2p turnovéuifdet al., 2002),
indicating a role for YsI2p in post-internalisation steps of endocytdsiternalisation
experiments with Lucifer Yellow (LY) and electronmicroscopicalgsis of temperature
sensitive mutants demonstrated the highly fragmentated vacuol@ asnzediate, and
therefore most likely a direct consequence of the heat intotivaf YsI2p (Jochunet al.,
2002). Thus, YsI2p also patrticipates in the maintenance of the vactratause probably by
regulating the biosynthetic transport. Together these results swgelst for YsI2p on the
crossing between the endocytic and biosynthetic route. The tlesiNS_2 displays synthetic
lethality withvpsl, vps26, vpsh2, vpsH4, rcyl, vpsab andarfl (Efe et al., 2005), all known to
block vesicular transport to and from the TGN, supports this idea. ReCési2p was also
found to be implicated in the transport of Apelp, a hydrolase transgastaccytoplasm to
the vacuole via the Cvt pathway. The processing of prApelp was found &bmiost
completely defective in thays2 mutant (Efeet al., 2005). Interestingly, the late-Golgi
GARP complex, known to be an effector of Arllp (Pagti@l., 2003), is required for the
formation of Cvt vesicles (Reggioet al., 2003). This may indicate a common role for YslI2p
and Arllp in this process.

Recent studies have identified Doplp as an interaction partn€slap, the two
proteins seem to function in a stochiometric complex (Gillingleara., 2006; Efeet al.,
2005). Doplp is a large, essential protein represented in all eulsafymte yeast to human.
The founding member of the family is the DopA gene frAspergillus nidulans. DopA
contains several putative domains, including three leucine zipper-ltkaids. It is required
for correct cell morphology and spatiotemporal organization of celiltiar structures
(Pasconet al., 2000). Further analysis of tt#& cerevisae homologue revealed that YsI2p
seems to be crucial for the membrane localisation of Doplpin@kibm et al., 2006).

Together, YsI2p and Doplp seem to be required for transport beemedesome and Golgi,
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since their loss causes an accumulation of v-SNARE Snclp and syB&xdp on internal
membranes (Gillinghara al., 2006).

Recent studies have reported a number of novel interaction partnéhng farge Arf
GEFs and have by that shown that being an Arf GEF is notdhbirfunction. Yeast Gealp
and Gea2p are reported to bind to Gmhlp, a cons@wukgl membrane protein of unknown
function, through the regid@-terminal to their Sec7 domain, and Gea2 also binds to a Golgi
P-type ATPase through its Sec7 domain (Chansttlat., 2003; Chantalag¢t al., 2004). In
addition,mammalian GBF1 was found to bind to the Golgi coiled-coil prgydits via a
"poorly conserved" region at the C terminus, tamoval of this region from GBF1 did not
affect its Golgi localizatiofGarcia-Mataet al., 2003). Thanammalian large Arf GEFs BIG1
and BIG2 have been reportedriteract with a number of proteins (&tial., 2005; Padillaet
al., 2003; Liet al., 2003). Present model explains the multiple interactions of laRje A
GEFs with their role as scaffolds, which recruit or retain abermof proteins in a particular
partof the GolgiGillinghamet al. (2006) proposed that YsI2p may serve as well as a scaffold
to recruit a subset dDoplp, and potentially other proteins, to the membranes. The interaction
of YsI2p with Dopl (Efeet al., 2005; Gillinghamet al., 2006), Arllp (Jochunet al., 2002),
Neolp (Wickyet al., 2004; see section 1.2.3) itself (Efeal., 2005) and probably additional

interaction partners supports this role for YsI2p.

1.2.2. Arllp recruits GRIP-domain Golgins to TGN/endosomal

membranes

Arllp, the GTPase interacting with YslI2p (Jocheinal., 2002; see section 1.2.1), was
originally identified in a search for Arflp-homologues. Arllp BA®f the typical features of
an Arf-family GTPase, including an amphipathic N-terminal hatix the myristylation site
(Leeet al., 1997). It bound and hydrolysed GTP, but lacked ‘Arf" activity in @GaeADP-
ribosylation assay (Tamkuet al., 1991; see section 1.1.2.1) and was therefore named Arf-
like. A single homologue of Arllp is present in the genome of most eatksryso far
examined.

Localisation studies in mammalian cells identified TGN asritzgor organelle of
Arllp (Lowe et al., 1996; Luet al., 2001). In yeast, the punctuate pattern together with co-
localisation studies identified as well Golgi, but also endosomesags compartments of
Arllp (Settyet al., 2003; Jochunet al., 2002).ARL1 depletion in mammalian cells causes an
accumulation of TGN proteins such as TGN46 on endosomal compartmanasdLHong,
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2003; Yoshinoet al., 2003). In agreement with this observation, the overexpression of a
constitutively activeARL1 mutant (Arl1Q71L) resulted in large, unstacked Golgi cisternae
while a dominant negative mutant (Arl1T32N) caused the disappearative Gblgi (Luet

al., 2001). Thus, Arllp seems to play an important role in the maintermdnte Golgi
structure.

These phenotypes could recently be explained by the identificatidheoGRIP-
domain Golgin Imhlp as a direct effector of Arllp (Van Valkenbuetgl., 2001; Panict
al., 2003a; Settgt al., 2003; Lu and Hong, 2003). Golgins are known to function as vesicle
tethers and as well in the maintenance of the TGN structwe ¢ection 1.1.2.2).
Nevertheless, GRIP-domain proteins are not the only effectors|bp.Afhe GARP-VFT
complex, which is also a putative vesicle tether that has beeicateoal in endosome-to-
Golgi trafficking, has recently been identified as an addition#lpAeffector (Panict al.,
2003b). Due to the role of Arllp effectors as vesicle tethersalseesection 1.1.2.2), it has
been proposed that Arllp regulates retrograde trafficking (Munro, 2@@%eral proteins
known to be effectors of Arflp, like Arfaptin2 (also termed POR1)MK#P1, have as well
the ability to bind to Arllin vitro. Further, the expression of the GTP-restricted form of Arl1p
in mammalian cells leads to an increased membrane assoaiitiesicle coat proteins,
COPI and AP-1 (Luet al., 2001; Van Valkenburglet al., 2001). These results imply that
Arllp shares overlapping roles with Arflp, in addition to its functithvas are carried out by
unigue effectors such as GRIP domain proteinsgflal., 2001).

Genetic studies in yeast have shown that Golgi recruitment dp Aelquires a second
Arlf-like GTPase, Arl3p (ARFRP1 in humans), and a small tramsibnane protein Syslp
(Setty et al., 2003; Settyet al., 2004; Behniat al., 2004; Panict al., 2003). Arl3p is an
atypical Arf family member, in that it lacks a myristayte site and instead is N-terminally
acetylated, with this modification being required for recruitnoéribe protein to the Golgi by
Sysl (Behnieet al., 2004; Settyet al., 2004; Luet al., 2003; Luet al., 2001; Yoshincet al.,
2003; Lu et al.,, 2004). This Arl3p/Arllp GTPase cascade demonstrates the exquisite

regulation mechanism involved in localising effectors such as the GRIP domaim prot

1.2.3 Neolp is functionally connected to YsI2p and Arllp
Recently, in the group of B. Singer-Kriiger Neolp was identifed amew binding
partner of YsI2p (Wickyet al., 2004). This 130 kDa large protein belongs to the Drs2-family
of P-type ATPases, proposed to function as aminophospholipid translosa$es Gomeset
al., 2000; Pomorsket al., 2003; Tanget al., 1996; Zachowsket al., 1989). APTs couple
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ATP hydrolysis to the translocation of primarly phosphatidylseri(eS) and
phosphatidylethanolamine (PE) but also other phospholipids to the cytdsaflet of
biological membranes (Balasubramanian and Schroit, 2003; Natataghn 2004). Among
the five Drs2-family members presentSncerevisiae, deletion ofDNF1, DNF2, andDNF3,
either individually or in combination, does not affect growth, Adds2 cells fail to grow
only at 23°C or below (Chea al., 1999; Huaet al., 2002). However, the lethality of the
quadrupleAdrs2AdnflAdnf2Adnf3 mutant indicated thddRS2 and theDNF genes constitute
an essential subfamily with functional overlap (Htial., 2002). On the contrary, the role of
Neolp seems to be unique due to the lethality of the single deletion mutant.

NEOL has first been identified in a screen for genes that upon overgxpresnfer
the resistance to the aminoglycoside antibiotic neomycin (Prezaht 1996). The group of
B. Singer-Kruger has identified tidEOL1 gene as a high-copy and low-copy suppressor of
the growth defect of thayd2 mutant (Wickyet al., 2004). The major fraction of Neolp
localises to the endosomal compartments, while a smallerapadciates with late Golgi
membranes. Consistent with a role of Neolp within the endomembraemsysmperature-
sensitiveneol mutants exhibited defects in endocytosis, vacuolar protein sorting, enole’a
biogenesis (Wickyet al., 2004). Neolp interactsn vivo with YsI2p and the subcellular
localisation and the stability of YsI2p are affected in bel-69 mutant. Furthermore, the
subcellular distribution of Arllp was also found to be impaireaeoi-69 cells.

Interestingly, the deletion cARL1 suppresses theeol-69 growth defect (Wickyet
al., 2004). The present model explains the strong growth phenotype by a dttlime
interaction of Neolp with Arllp and interacting partners thatuetionally connected. Such
assemblies may impair the process of membrane traffickitignwthe TGN/endosomes (for
example by accumulating at endosomal membrane protrusions), tleenesing the growth
inhibition in the neol-69 mutant at nonpermissive temperatures. Deletion of specific
components of the Neolp-dependent machinery, e.g. Arllp, would then prevent the
accumulation of further downstream effectors and restore the growthnaah&9 mutant.

A higher concentration of aminophospholipids in the cytosolic leafleeigved to
induce the recruitment of specific proteins or help to deform merabrauring vesicle
budding. Recent publications, which demonstrate that a complex composeslpf Brflp
and the Sec7 family Arf GEF, GeaZ2p, is functionally implicatechembrane transformation
events (Cheret al., 1999; Chantalagt al., 2004) and that Neolp is involved in the Ysl2p-
Arllp network (Wickyet al., 2004), provided further evidence for this idea.
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1.3 Goal of this project

The goal of this PhD work was to gain new insights into theabtbe yeast protein
Ysl2p on TGN/endosomes. Due to its sequence homology to Sec7 familpenmsersnd
biochemical and genetic interactions with the Arf-like GTPasg&piArYsI2p was proposed to
be a GEF (guanine nucleotide exchange factor) for Arllp. The putaiweophospholipid
translocase Neolp was identified as a part of the YsI2-Arll nketasrvell. Together these
proteins are supposed to regulate vesicular transport on TGN/endoddenestheless, the
precise role of this common network was unclear.

Loss of YS.2 perturbs severely the morphology of intracellular membrandsniite
cell. The fragmentation of the vacuole is one of the strangesnotypes. One of the goals of
the work presented here was to analyse the importance of the Ysekgmpe for the vacuole
composition and distribution of TGN/endosomal proteins. Since YsI2p isydarge protein
of 186 kDa, its functions may probably be attributed to different subdsmue to that, a
further aspect of this work was the specification of the impogaof the YsI2p C-terminal
subdomains. A search for novel interaction partners of Ys|2p assvallconfirmation of the
interaction with Tvp38p was performed to help to define the role dpYsl the vesicular
transport. Finally, it was of interest to examine if the YsEMArl1l network has a role in
vesicle budding. Therefore, the possible implication of clathrin adaptdlss network was

analysed.
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2 Material and Methods

2.1 Materials

2.1.1 Saccharomyces cerevisiae strains

Yeast
Strain
BS64

BS695
BS714
BS727

BS747
BS811
BS862
BS906
BS912

BS917
BS934
BS986
BS1105
BS1121
BS1299
BS1323
BS1488
BS1519

BS1557
CB8
CB223
CB255
RH1201
Y190

YML35

YML97

The Saccharomyces cerevisiae strains used in this study are listed below.

Genotype

MATa his4 ura3 leu2 lys2 bari-1

MATa  his4 ura3 leu2 lys2 ysi2::kan baril-1
strain Y190 transformed with plasmids pAS1-YPT51 and p67

MATa/a his4/his4 ura3/ura3 leuZ/leu2 lys2/lys2 YSLZ/ YSL2::3-HAKan" barl-

1/barl-1

MATa/a hisd/his4 ura3/ura3 leu2/leu? lys2/lys2 ysi2::karl/ysi2::kan barl-1/bari-1
MATa/a hisd/his4 ura3/ura3 leuZ/leu? lys2/lys2 NEO1/neol.:karn barl-1/barl-1

MATa his4 ura3 leu?2 lys2 neol::kan’ bari-1 + pRS315-HA-NEO1
MATa his4 ura3 leu2 lys2 SJL2::TAP-URA3 (K. lactis) barl-1
MATa his4 ura3 leu2 lys2 YSL2:: TAP-URA3 (K. lactis) neol::karf barl-1 +

pRS315-HA-NEO1

MATa his4 ura3 leu2 lys2 neol::kan’ bar1-1 + pRS315-neol-69

strain Y190 transformed with plasmids pAS1-Sjl2-588 and pYPR171-C1#9
MATa  his4 ura3 leu2 lys2 YSL2::TAP-URAS3 (K. lactis) bari-1

MATa his4 ura3 leu2 lys2 arll::URA3 barl-1

MATa his4 ura3 leu2 lys2 YSL2::3-HA-His5 (S.pombe) barl-1

MATa his4 ura3 leu2 lys2 YKROSS8c::3-HA-HIS3(S. Pombe) bari-1
MATe ura3 leu2 lys2 neol.:karf arll.:karf bari-1 + pRS315-neol-69

MATa his4 ura3 leu2 lys2 NEO1::3-HAkan" bari-1

MATa ade2 his4 ura3 leu2 lys2 CLCI.:3-HAkan"

bar1-1

MAT? his4 ura3 leu2 lys2 CLCI::3-HAkan" neol::kar bari-1 + pRS315- neol-69

MATa ade2 ura3 leu2 lys2VPS13-HA barl-1
MATa his4 ura3 leu2 lys2 vps27 SYS1::13-Myc-kari YKRO8Sc:.:3-HAKan"

MATa his4 ura3 leu2 lys2 ggal:Xxan" gga2::kan barl-1

MATa/a his4/his4 ura3/ura3 leuZ/leu? lys2/lys2 bari-1/barl-1
MATa ura3-52 his3-200 ade2-101 /ys2-801 &rp1-901 /ew2-3,112

gahAh gaBOA cyh2

bari-1

MATa his4 ura3 leu2 lys2 ysi2A500..: TAP-URA3 (K. lactis) neol::kar’ barl-1+

pRS315-HA-NEO1

MATa his4 ura3 leuZ2 lys2 ysi2hA00: TAP-URAS3 (K. lactis) bari-1

Source

Singer-Krliger et
al, 1994

Jochum et al., 2002
B. Singer-Kriiger

B. Singer-Kriiger

B. Singer-Kriiger
Wicky et al. 2004
Wicky et al. 2004
B. Singer-Kriiger
Wicky et al. 2004

Wicky et al., 2004
B. Singer-Kriiger
B. Singer-Kriiger
Wicky et al., 2004
Wicky et al., 2004
B. Singer-Kriiger
Wicky et al., 2004
B. Singer-Kriiger
Bottcher et al.,
2006

B. Singer-Kriiger
Claudia Bottcher
Claudia Béttcher
Claudia Béttcher
H. Riezman

Steve Elledge,

Houston, Tex.
this study

this study
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YML101 MATa his4 ura3 leuZ2 lys2 ys/i20200.: TAP-URAS3 (K. lactis) barl-1 this study
YML102 MATa his4 ura3 leuZ2 lys2 ys/i20200.:TAP-URA3 (K. lactis) barl-1 this study
YML103 MATa his4 ura3 leuZ2 lys2 ys/2A300.: TAP-URA3 (K. lactis) barl-1 this study
YML107 MATa his4 ura3 leuZ2 lys2 ys/i20N500.: TAP-URA3 (K. lactis) bari-1 this study
YML109 MATa his4 ura3 leuZ2 lys2 ys/i2h750.: TAP-URA3 (K. lactis) bari-1 this study
YML110 MATa his4 ura3 leuZ2 lys2 ys/i2h750.: TAP-URA3 (K. lactis) bari-1 this study
YML113 MATa his4 ura3 leuZ2 lys2 ys/i2A900.: TAP-URA3 (K. lactis) barl-1 this study
YML121 MATa his4 ura3 leuZ2 lys2 ys/i2h400.: TAP-URAS3 (K. lactis) barl-1 this study
YML138 MATa his4 ura3 leu?2 lys2 ys/i2h100.. TAP-URA3 (K. lactis) barl-1 this study
YML164 MATa ura3 leu2 lys2 ERG6.:GFP ysl2::kan' barl-1 this study
YML165 MATa ura3 leu2 lys2 ERG6::GFP barl-1 this study
YML172 MATa ura3 leu2 lys2 TSA1::GFP ysl2::kan' barl-1 this study
YML173 MATa ura3 leu2 lys2 TSA1::GFP barl-1 this study
YML174 MATa/a his4/his4 ura3/ura3 leuZ/leu? lys2/lys2 YSL2::TAP-URA3 (K. lactis) / this study
YSL2::3-HAKan" barl-1/barl-1
YML221 MATa his4 ura3 leu? lys2 Ent4::3-HAkan" bari-1 this study
YML231 MATa his4 ura3 leu?2 lys2 Ysl1::3-HA«an" bari-1 this study
YML233 MATa his4 ura3 leu?2 lys2 Ysl1::3-HAkan" ys/2::karl’ bari-1 this study
YML268 MATa his4 ura3 leu2 lys2 ggal::kan barl-1 this study
YML269 MATa his4 ura3 leu2 lys2 gga2::kan’ barl-1 this study
YML271 MATa/a hisd/his4 ura3/ura3 leuZ/leu? lys2/lys2  YSL2::3-HA-His5 (S.pombe) this study
/VsI20100.: TAP-URA3 (K. lactis) bar1-1/bar1-1
YML278 MATe his4 ura3 leu?2 lys2 aplé: kan" neol::kar’ barl-1 + pRS315- neo1-69 this study
YML281 MATa his4 ura3 leu2 lys2 gga2:xan" neol::kan barl-1 + pRS315- neol-69 this study
YML290 MATe his4 ura3 leu2 lys2 ggal:kan" neol.:kar’ barl-1 + pRS315- neol-69 this study
YML296 MATe his4 ura3 leu2 lys2 apl2:kan" neol.:kar’ barl-1 + pRS315- neol-69 this study
YML303 MATa his4 ura3 leu2 lys2 GGA2::3-HAkan" barl-1 this study
YML307 MATa his4 ura3 leu? lys2 GGA2::3-HAkan" neol::kan barl-1+ pRS315- neo1-69 this study
YML318 MATa his4 ura3 leu2 lys2 gga2:Xxan' arll1::URA3 barl-1 this study
YML333 MATa his4 ura3 leu2 lys2 vps27 Ggal::3-HAkan" bari-1 this study
YML341 MATa his4 ura3 leu?2 lys2 arl3:kan" neol::kan barl-1 + pRS315- neo1-69 this study
YML346 MATa his4 ura3 leu2 lys2 ARL1::3-HA-HIS3 barl-1 this study
YML355 MATa his4 ura3 leu2 lys2 ggal::kan arll::URA3 barl-1 this study
YML360 MATa his4 ura3 leu?2 lys2 GGA2::3-HAKkan" arl1::URA3 barl-1 this study
YML363 MATa his4 ura3 leu2 lys2 GGA2::3-HAkan" ys/2::karl bari-1 this study
YML371 MATa his4 ura3 leu?2 lys2 ypt51::LYS2 neol::kan' bari-1 + pRS315- neol-69 this study
YML376 MATa his4 ura3 leu2 lys2 ypt7::URA3 neol::kan bari-1+ pRS315- neol-69 this study
YML397 MATa his4 ura3 leu2 lys2 vps27 Gga2::3-HAan' arll::URA3 barl-1 this study
YML413 MATa his4 ura3 leu2 lys2 arfl::kar' neol::kar' barl-1 + pRS315- neol-69 this study
YML440 MATa his4 ura3 leu2 lys2 ysli2h100.::3-HA«an" barl-1 this study
YML460 MATa his4 ura3 leu2 lys2 ggal::karf ggaZ::kar arll::URA3 barl-1 this study

36



Material and Methods

2.1.2 Escherichia coli strains

TheE. coli DH5a strain was used for all plasmid amplifications and DNA ligations,

the strainE.coli BL21 for purification of GST-fusion proteins.

DH5a F'/endAl hsdR17(r,.my.) supE44 thi- 1 recAl gyrA (Nal,)

relAl A(lacZYA-argF)yies (P80lacZAM15)

BL21 B, F-, dcm, ompT, hsdS(rB-mB-), ga/((DE3) [pLysS Camr]

2.1.3 Plasmids

The plasmids used in this study are listed below.

Plasmid name
pFA6-kanMX6

pFA6a-3xHA-KanMX6

pBS1539
pRS315-HA-NEO1
pRS315-ne01-69

pRS426-ARL1

pFL-ARF1

pmycTLG1

pHAKex2
pGEX-4T-1
pGEX-Gga2(1-326)
pGEX-YPT7
yEp24/YSL2
pGEX5-YsI2Nterm

pGEX-EPLL
pGEX-PILT

pAS1-YsI2Nterm
pAS1-YsI2MKLF

pAS1-Ysl2Cterm
pAS1-YsI2PELD

pAS1-Sjl2-588
pAS1-Ypt51
pACTII-Vps10

Characteristics

contains karf

contains 3xHA Karf

Contains 7AP-URA3 (K./actis)

contains Spel/EcoRI fragment of 3-HA-NVEOI, cloned by Spel/Sall
carries neoi-69, derived from pRS315-NEO1 by PCR mutagenesis

Contains BamHI/ Xhol fragment of ARL1 including 446 bp 5’ of ATG and

136 bp of stop codon
ARF1, 2 ym, URA3

myc-TLG1 in pRS316; URA3 CEN

HA-KEX2 in pRS426
Encodes GST
Smadl/Sall fragment of Gga2 (encodes amino acids 1-326) in pGEX4-1

Nhel/ Sall fragment of YSLZinserted into yEp24

BamHl1/Sall fragment of YSL2 (encodes amino acids 2 to 514) in
pGEX5-3

Smadl/Sall fragment of YSL2 (encodes amino acids 1100 to 1636) in
pGEX4-1

BamH1/Sall fragment of YSL2 (encodes amino acids 662 to 1077) in
pGEX5-1

BamHl/Sall fragment of YSL2 (encodes amino acids 2 to 514) in pAS1

BamHI/Sall fragment of YSL2 (encodes amino acids 529 to 723) in
ZKA;/S;HJ/SE/[ fragment of YSL2 (encodes amino acids 505 to 1071) in
glff;VSa/[ fragment of Y5L2 (encodes amino acids 1417 to 1636) in
I;gfsanf/.S‘a/[ fragment of Sjl2 (encodes amino acids 1-588) in pAS1

BamHI/Sall fragment of YPT51in pAS1
Contains parts of VPS10

Hanahan, 1983

Novagene, Madinson, WI

Source

Wach et al,, 1994
Longtine et al, 1998
Rigaut et al, 1999
B. Singer-Kriiger
Wicky et al., 2004

Jochum et a/., 2002

Cathy Jackson,
Bethesda, Md.

J. Holthuis, Utrecht,
NL

B. Singer-Kriiger

This study

B. Singer-Kriiger

B. Singer-Kriiger
Jochum et al., 2002

This study
This study

This study
This study

B. Singer-Kriiger
This study

Wicky et al., 2003
B. Singer-Kriiger
B. Singer-Kriiger
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pPYPR171-C1#9
pGBD-C2-YsI2
pAS1-YsI2PILT

yPR171 #18
pACTII-Ent4

pOAD-YLR154c
pOAD-YMLO11c
pOAD-ATR1
pOAD-YOL101c
pOAD-Bud27
pOAD-YMR279c
pOAD-MRS6

Contains BSPI in modified pGAd424
Contains Y5L2

BamHlI/Sall fragment of YSL2 (encodes amino acids 662 to 1077) in
pAS1

BSP1 in pSEY8 (URA3, 2 um), isolated from genomic pSEY8 library,
includes EcoRIJ Nru fragment of YPRI71Iw

SmalyXhol fragment of ENT4 (encodes amino acids 2 to 248, including
212 bp after stop codon

contains RNH203 in pOAD

contains RAD33 in pOAD
contains A7R1 in pOAD
contains ZZH4 in pOAD
contains BUD27in pOAD
contains YMRZ279c in pOAD
contains MRS6 in pOAD

2.1.4 Antibodies

Antibodies used in this study are listed below with specification of dilutions used for

immunoblotting and immunofluorescence.

2.1.4.1 Antibodies used for immunoblotting

Wicky et al., 2003
B. Singer-Kriiger
This study

Wicky et al., 2003
This study

. Uetz, Karlsruhe
. Uetz, Karlsruhe
. Uetz, Karlsruhe
. Uetz, Karlsruhe
. Uetz, Karlsruhe
. Uetz, Karlsruhe

W U U U U U T©

. Uetz, Karlsruhe

Antibodies dilution source

Mouse monoclonal purified anti-HA, clone 16B12 1:2000 Covance

Mouse monoclonal anti-c-Myc 1:1000 Oncogene

Rabbit serum or purified anti-YsI2p 1:500 Jochum et al., 2002
Mouse monoclonal anti-V-ATPase 60 kDa 1:1000 Molecular Probes
Mouse monoclonal anti-V-ATPase 69 kDa 1:1000 Molecular Probes
Mouse monoclonal anti-V-ATPase 100 kDa 1:1000 Molecular Probes
Mouse monoclonal anti-CPY 1:2000 Molecular Probes
Mouse monoclonal anti-ALP 1:1000 Molecular Probes
Mouse monoclonal anti-PGK 1:2000 Molecular Probes
Mouse monoclonal anti-Pep12p 1:500 Molecular Probes
Rabbit polyclonal anti-Tig2p 1:500 B. Singer-Krlger
Rabbit polyclonal anti-Vps10p 1:1000 B. Singer-Kriiger
Rabbit polyclonal anti-Kex2p 1:250 B. Singer-Kriiger
Rabbit polyclonal anti-actin (C4) 1:500 Boehringer

Rabbit polyclonal anti-GFP 1:200 Clontech

Rabbit polyclonal anti-Fbalp 1:1000 Ming Lu, UCSF, USA

Goat anti-mouse IgG, alkaline phosphatase conjugated  1:1000 Kirkegaard & Perry laboratories

Goat anti-rabbit IgG, alkaline phosphatase conjugated 1:1000 Kirkegaard & Perry laboratories
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2.1.4.2 Antibodies used for indirect immunofluor escence and/or
Immunopr ecipitations

Antibodies Dilution Source Used for

Mouse monoclonal anti-HA, clone 16B12 1:2000 Covance IF

Rabbit polyclonal anti-c-Myc A-14 (789) 1:300 Santa-Cruz IF + IP
Biotechnologies, Inc.

Cy3-conjugated affinity purified goat anti-mouse Fab 1:1000 Jackson IF

fragment ImmunoResearch

Alexa594-conjugated goat anti-rabbit IgG (H+L) highly 1:1000 Molecular Probes IF

cross-adsorbed

2.1.5 Enzymes and kits used for molecular biology

The QIlAprep Spin Miniprep Kit (Qiagen) was used for DNA isolaticmm E. coli
cells, the QIAEX Il Gel extraction Kit (Qiagen) for DNA teaction from agarose gels, and
the QIAquick PCR purification Kit (Qiagen) for PCR fragment pcation. Restriction
endonucleases used in this study were provided either by RoblyeNmw England Biolabs
(NEB). TheVent DNA polymerase (NEB) and thEag DNA polymerase (Roche) were used

for DNA amplifications by the polymerase chain reaction (PCR).

2.1.6 Chemicals

Unless otherwise indicated, the chemicals used in this study pvevéded by the
companies Genaxxon, Merck, Roth and Sigma.

2.1.7 Media

Yeast cells were grown either in complete medium (YPD) (Wv)(Bacto® yeast
extract, 2% (w/v) Bacto® peptone, 2% (w/v) glucose, pH 5.5) or in syot@wth medium
(SD medium) (0.67% (w/v) yeast nitrogen base, 2% (w/v) gluqade5.6) containing 0.3
mM adenine, 0.4 mM tryptophan, 1 mM lysine, 0.3 mM histidine, 1.7 mM leucide0&
mM uracil (final concentration) (complete SD medium). Cells evgrown to early
logarithmic phase (0.1-0.8 Qg units/ml) at 25°C or 30°C on a rotary shaker, unless
otherwise indicated. Yeast transformants carrying a plasmié weown in SD medium
lacking an amino acid depending on the selection marker (g4 or URA3) present on the

plasmid. Solid medium contained 2% (w/v) Bacto® Agar in addition to tR® Ybr SD
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medium components. Selective growth of yeast cells carrying adgeton marked by the
kan" gene for geneticine resistence was performed by incubation on YRS ptattaining 0.2
mg/ml geneticine (G-418 sulfate).

The sporulation of diploid cells was induced by incubation at 25°C on pregpmula
plates (0.8% (w/v) Bacto® yeast extract, 0.3 % (w/v) Bacto® peptdts, (w/v) glucose,
2% (w/v) Bacto® Agar) for 1 day and sporulation plates (1% (w/v)gsuian acetate, 0.1%
(w/v) Bacto® yeast extract, 0.05% (w/v) glucose, 2% (w/v) Bacto®, &ya&75 mM adenine,
0.1 mM tryptophan, 0.25 mM lysine, 0.075 mM hisidine, 0.42 mM leucine, 0.05 mM uracil)
for 5 to 10 days at 25°C until tetrads were formed.

E. coli cells transformed with plasmids carrying the gehep’ for ampicillin
resistance as selection marker were grown in LB medium (0n\89p yeast extract, 1% (w/v)

Bacto® trypton, 0.5 % (w/v) NaCl, pH 7.5) containing 100 pg/ml ampicillin.

2.2 Methods

2.2.1 Generation of DNA constructs

All DNA manipulations were performed by standard techniques 8ok et al.,
1989). Enzymes were used as suggested by the prokidenli cells were transformed by
heat shock or electroporation. All PCR-amplified DNA fragmentsxkned in a vector were

sequenced (MWG, Martinsried) to exclude the presence of PCR errors.

2.2.1.1 Generation of plasmids
To generate the constructs for the yeast two hybrid screen, fE2gfents containing

subdomains ofySL2 were amplified by PCR using théent DNA polymerase and as a
templateYS_2 in yEp24. The flanking primers (provided by MWG) contained redsiricsites
for the enzymes as listed below. After isolation and purificatiba, RCR products were
digested and subcloned into the pAS1 vector (bait vector) opened witbsmanding
enzymesENT4 was amplified from genomic DNA and inserted into the pACTItee(prey
vector) opened with corresponding enzynt&sal/ Xhol).

For GST pull down experiments a new pGEX-Ggaz) plasmid was constructed by
inserting a PCR fragment encoding amino acids 1-326GA2 into the bacterial expression
vector pGEX-4T-1 (GE Healthcare). To generate the pGEX constroctaining subdomains
of Y2, the corresponding pAS1 plasmids were digested by appropriate enaymehe
inserts subcloned into the pGEX-4-1 vector, except for YsI2N-ternrewtiee equivalent
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method was used to create pAS1-YsI2N-term by subcloning from tEX{8=3 construct.
The PCR amplified regions were analysed by sequencing foprds=nce of PCR errors
(MWG).

Nr. Primer name sequence
M10  5'PELD, Smal 5’- ACA ATC CCG GGT CCA GAG CTC GAT AAT TTA -3’

M11  3'realstopYsl2,Sal 5’- GCA AGT CGA CTA GTC TAG TTT CGT AAA TCC -3’

M12  5'PILT, BamHI 5’- CGT AGG ATC CCA CCA ATA CTG ACT AAA TCA -3’

M13  3'PILT, Sal 5’- GCA AGT CGA CTA TGG TTC AAT AAC CTC TAA -3’

M14  5'MKLF, BarmrHI 5’- CGT AGG ATC CCA ATG AAATTG TTT TCG ATT -3’

M15  3'MKLF, Sal 5’- GCA AGT CGA CTA AGG ATG ATA GCC AAT GTC -3’

M20  5'Ent4, Smal 5’-ACG ATA CCC GGG GCC TTT GTT AGA TACCTT CAA G-3'
M21  3'Ent4, Xhol 5’- GAT ACT CGA GAT CCA GGA TTATTC TAG AACG -3’
M53  5'Gga2(1-326), Smal 5’- ACA ATC CCG GGT ATG TCC CAT CCG CAC TCA -3’

M54  3'Gga2(1-326), Sal 5’- GCA AGT CGA CTA AGC GTT GGA GTC ACC GTT -3’

2.2.1.2 Gene disruptions and epitope tagging of open reading frames

The disruptions of genes were performed by replacement of the etenpRF with
the kan" ORF of E. coli. For this, a simple PCR-based strategy was used to amplify the
KanMX module from plasmid pFA6-kanMX6 plus flanking regions of the gemebe
disrupted (Waclet al., 1994). The PCRs were performed with following primers: M36 and
M37 for deletion ofAPL2, M38 and M39 folAPL6, M40 and M41 foiGGAL, M42 and M43
for GGA2. The generated PCR products were approximately 1,500 bp long and were
transformed into homozygous diploid strain RH1201, which was subsequentlgtedhje
sporulation and dissection to obtain haploid deletion strains.

For the generation of C-terminal HA-epitope tags the sarategly was used. Specific
fragments containing the HA-epitope were generated by PCR pBis§a-3xHA-KanMX6
as template (Longtinet al., 1998)with oligonucleotids described below, and were inserted
downstream of and in frame with the chromosomal loci by homologmasnbination, which
was enabled through overlapping 45 bp regions in primers and thé¢ semence. The
primer M9 and M75 were used for the generation of X$0Dp-HA, primer M24 and M25
for Ent4p-HA and primer M49 and M50 for Gga2p-HA.

Similarly, the YsIAX-TAP-specific PCR fragments were generated by amplifinat
from the plasmid pBS1539 with the oligonucleotides described below anel mwserted
downstream of and in frame with ti¥SL.2 ORF. For the PCR reaction primer M1-7 were

combined with the primer BS570 to generate the appropriate cassette.
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All transformants were purified and correct integration was ifigdr by

immunoblotting and sometimes by PCR.

Nr.

BS570

M1

M2

M3

M4

M5

M6

M7

M9

M24

M25

M36

M37

M38

M39

M40

M41

M42

M43

M49

M50

M75

The primers were provided by MWG.

Primer name

3TAP, YsI2

5TAPYsl2 1537AA

5TAPYsI2 1417AA

5TAPYsI2 1309AA

5TAPYsl2 1206AA

5TAPYsI2 1107AA

5TAPYsI2 890AA

5TAPYsI2 723AA

5’ 3XHAKan Ys|2A100

5’ 3xHA Kan Ent4

3’ 3xHAKan Ent4

S1 Apl2

S2 Apl2

S1 Apl6

S2 Apl6

S1 Ggal

S2 Ggal

S1 Gga2

S2 Gga2

53xHAKan Gga2

3'3xHAKan Gga2

3'3xHAKan, YsI2

sequence

5’- CAC ACA ACT ATT TCT ATA AGC ATA TCA TAC ATA CTA CAA TCT TAT GTATTA
CGA CTC ACT ATA GGG -3’

5- TTG GTT AAT TTT ATG TTG AAC ACA AAC GAG AAA TTA AGA AAG TTA ACT
GCT CCT TCC ATG GAA AAG AGA AG -3’

5- TTT TGT GAT TTA TTT ATA AAT GTT ATT GTT GTC ACA TTA CAA AGA ATC AAC
CCA TCC ATG GAA AAG AGA AG -3’

5’- ATA ACA AAA AAA CTT GGA CCA AAG CTT CCA AAA GCA TCA CTT AACAGG TTA
CCA TCC ATG GAA AAG AGA AG -3’

5'- TCG AGC AAA ACT GAA TAC GAT TGT ATA TAC GAA CTA ATAACCGGA TTT
CCT CCT TCC ATG GAA AAG AGA AG -3’

5’- AAT GAA ACT GAT TTT ATA AAT GTA ACA TTG CAA GGA TTA ATT AAG CTT TAT
CCG TCC ATG GAA AAG AGA AG -3’

5’- GGT GAA CTG TTA ATG AAC TCT TGG ACC AAT ATT TTC AAC ATC ATT AAT TCA
CCA TCC ATG GAA AAG AGA AG -3’

5’- CTC ACT TTA GAA CAA ACG AAC CTC AAC CTG AAT AAT GAC ATT GGC TAT CAT
CCT TCC ATG GAA AAG AGA AG -3’

5- TTG GTT AAT TTT ATG TTG AAC ACA AAC GAG AAA TTA AGA AAG TTA ACT
GCT CCC GGG TTA ATT AAC ATC -3'

5’- GGA ATA AGC AAG CTC TCA TTT AGA CCC AAG TCT TCA AAT AAC CCG TTC
AGA CCC GGG TTA ATT AAC ATC-3'

5'- ATC CAG GAT TAT TCT AGA ACG TTC TAG AAA CAA TAC TGA CCA CAA AGA CTT
TTC GGT CGA TGA ATT CGA GCT CG-3'

5’- GCT TTA TTG TCA TAA TAC ACC AAT TAT CTG GGT ACG AAC TCA CTT CCT GCA
GCT TAC GTA CGC TGC AGG TCG AC-3’

5’- CGG ACG TTT ATA GTC AGA ATA AAT CGA GGA GAT CCT GTG ACA CTA TAT
TGC CGC CCG TCG ATG AAT TCG AGC TCG -3’

5'- GAC AGC AAA CAA TCG AAA AGT GGA CAA CCA GCA ATG GTA GAT TCA ATT
CAC CGC GTA CGC TGC AGG TCG AC -3'

5’- CTC CGA GTT CTA AAG CTC CAG ATG CGA AGA AGA CGT TCC CGA AGA AGA
CGT TCC CTC GAT GAA TTC GAG CTC G -3'

5’- CTT AAT AAA GAA GCA ATT TGG GAC AAG TCA CTA CTT CAA GTA TAA CCC
AGA CAA GAC GTA CGC TGC AGG TCG AC -3’

5- CTG GTT TAG TAT GTT GGC GTA ACA CTC TGT TCT CTG TAA TAT AAT ATG
GCA TCT ACT CGA TGA ATT CGA GCT CG -3’

5’- GCT GAA TTG CTA ATC GTG ATA CTG CAT CAT GTC CCA TCC GCA CTC ACA
TAG CCG TAC GCT GCA GGT CGAC -3’

5’- CAT AGA GAA GAG AAA GGA TTG ATA AGA AAC GCC AGA GGA TTA TAC ATT
AGG TAA CGT CGA TGA ATT CGA GCT CG -3’

5- TTC TGT CAA CTC CAC CCA AGC TGA AGA AAC TGC TGT TTT TAC GTT ACC TAA
TGT ACC CGG GTT AAT TAACAT C-3’

5’- CCT TTA CAC GAT CTA GCA TTG CTA ACT ACT TTT GAT GCA TGA AAA CGC AAC
TCG ATG AAT TCG AGC TCG -3'

5’- CAC ACA ACT ATT TCT ATA AGC ATA TCA TAC ATA CTA CAA TCT TAT GTATTC
GAT GAATTC GAGCTC G- 3'

42



Material and Methods

2.2.2 Mating, sporulation, transformation of yeast cells and two-hybrid

assays

Heterozygous strains were generated by mating of a partsiuéan of mating typ@l

with a particular strain of mating type on YPD plates. After an overnight incubation at
25°C, the mixture was streaked out at 25°C on YPD or on selectivea®3 pb obtain single
colonies. The biggest colonies were analysed under the light cop®dor diploid cells.
Colonies of such diploids were streaked out overnight on presporulaties pta25°C and
the material was transferred to sporulation plates (for retques| plates see section 2.1.7).
After incubation at 25°C for at least 5 days, cells were prdpfme tetrad dissection in
dissection buffer (1.2 M sorbitol, 50 mM Tris/HCI pH 7.5) containing oxzge (4 pl of the

5 mg/ml stock). Tetrads were separated under the light microssopg a needle fo. tetrad
dissection (Singer Instruments) coupled to a micromanipulator.

Transformation of cells was performed according to the lithioetade method (Itet
al., 1983).

The two hybrid method is commonly used to identify novel protein-protein
interactions. The system is based on the modular organisation ddrikeription factor Gal4.
The two genes of interest are inserted into vectors (pAS1 and pACOhttaining the DNA
binding or activator domain of Gal4, respectively. The Gal4 DNA bgdiomains were
fused to different subdomains of YsI2p: pAS1-YsI2N-term (amino a&@5), pAS1-YsI2C-
term (amino acid 505-1071), pAS1-YsI2PILT (amino acid 662-1077), pAS1-YsIZMKL
(amino acid 529-723), pAS1-YsI2ZEPLL (amino acid 1100-1636) and pAS1-YsI2PELD
(amino acid 1417-1636) (see section 2.2.1.1). The two hybrid screen viasnger by P.
Uetz group (Karlsruhe), who have the compl@teerevisiae library inserted into the pOAD
vector (Uetzet al., 2000), which contains the Gal4 transcriptional activation domain. In the
screen performed by the P. Uetz group several positive intargoértners of the Ysl2p-
subdomains were identified. The two hybrid analysis was repéeatbe present work with
the vectors pOAD-YLR154C, pOAD-YMLO11C, pOAD-ATR1, pOAD-YOL101C, pOAD-
Bud27, pOAD-YMR279C, pOAD-MRS6 (provided by P. Uetz group), pACTII-Ent4 wa
made in the present work (see section 2.2.1.1), vector yPR171 #18 was proyviéed b
Singer-Kriger BSP1 in pSEY8; Wickyet al., 2003) and served as a negative control. The
pOAD plasmids (and pACTII-Ent4) were co-expressed with tispaetive pAS1 plasmid
containing the Ysl2p subdomain in the yeast strain Y190 according tesihiés from the two
hybrid screen in the P. Uetz group. The reporter gdaes ¢r HIS3) which are dependent on
the functional Gal4 transcription factor could only be expressie ifwo proteins of interest
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can interact with each other. The activation of the reptaitZr gene was analysed using the
3-galactosidase colony filter assays (Fields and Song, 1989). filatian of the reporter
HIS3 gene was tested by incubation of the Y190 transformants on sel8Etipéates lacking

leucine, tryptophan and histidine and containing 25 mM 3-amino-1,2,4-triazole (3-AT).

2.2.3 Biochemical methods

2.2.3.1 Generation of cell extractsand quantitative analysis of protein
solubility

Total cell extracts were prepared by a lysis method usegsdieads as follows. 1 x
10? cells were collected, washed in 0.5 ml TE-buffer (50 mM Tri$/pt€7.5/ 5 mM EDTA)
and resuspended in 100 pl TE-buffer with protease inhibitors (1x Ché&fkstatin, antipain,
leupeptin, chymostatin each 5 pg/ml final concentration). After iaddaf ~100 pg of glass
beads the cells were lysed by vortexing and cooling on ice fomIfonifive rounds and of
after addition of 100 pl 2x SDS-PAGE sample buffer (see belma)y boiled for 5 min at
95°C and centrifuged at 13,000 rpm for five minutes.

Alternatively, total cell extracts were prepared by alkalyses as follows. One Ofg
unit of cells grown in YPD at 25°C to early logarithmic phase-Q03LODy units/ml) was
washed once with ddi® and resuspended in 1 ml degH 100 pl of 2 N NaOH/ 5% (v/v) 13-
mercaptoethanol were added and cells were lysed for 10 min onProgeins were
precipitated by the addition of 6% (w/v) trichloracetic acid &) final concentration) for 30
min on ice. After a 20 min centrifugation at 13,000 rpm, pellets wesh&dawith 1 ml ice-
cold acetone. After air-drying at 37°C, pellets were resuspanddiD pl SDS-PAGE sample
buffer (see below). Samples were vortexed for 20 min at 37°Crandated at 95°C for 5
min and centrifuged at 13,000 rpm for five minutes.

To determine the percentage of membrane-associated Gga2p-HA drypel
(YML303), Aysl2 (YML364) andAarll (YML360) cells the amounts of Gga2p-HA in the
pellet and supernatant fractions upon centrifugation at 100,000 x g wengameamnby
immunoblotting. For that the following procedure was applied. 56,62l aliquots of each
strain (see section 2.2.3.7) were lysed with glass beads in senpeeof protease inhibitors
[1x PIC (0.1 pg/ml leupeptin, 0.5 mM phenantroline, 0.5 pg/ml pepstatin, . Pefabloc,
each final concentration), 1 mM phenylmethylsulfonylfluoride (FYS Lysates were
immediately precleared at 13,000 rpm for 20 min. The supernatants (380efd re-
centrifuged at 100,000 x g for 1 h in a TLA 120.2 rotor (Beckman Instrand?ellets were
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resuspended in 250 pl IP buffer (see section 2.2.3.6) and the protein catrmentof the
pellet and supernatant fractions were determined by the Miawpdsadford procedure
(Bradford, 1976) using an IgG standard. Each fraction was adjustedsdB-PAGE sample
buffer to 1ug proteins/pl. Determination of the percentage of memtassociated Gga2p
was performed by loading several amounts (ug) of the pellet anchatg# fractions on a
SDS-polyacrylamid gel. After immunoblotting, the intensity of @ga2p bands derived from
the pellet fractions was compared to that derived from the supetriegations. The pellet
and supernatant fractions showing the same intensity of the Gtfadgands for a given
strain were determined. The values (ug) of the respectiveoftavere divided by the total
protein amounts of the pellet and supernatant fractions, respectiedytwo ratios were
expressed using a common denominator, allowing the determination of¢katpge of total

Gga2p present in each fraction (see section 3.5.4; Fig.14).

2.2.3.2. SDS-PAGE, Western- and | mmunoblotting
SDS-PAGE (sedium ddecyl silphate —_plyacrylamide _@l dectrophoresis) is a

method used for separation of proteins according to their molecusar (ireemmli, 1970). In
the present work gels were mainly poured using a Mini Proteaquilpment and wre 1.5
mm thick. By variation of acrylamide concentration the pore sizthe polymerized gele
were varied (usually 7-15%) according to the size of the pradebe analysed. Additionally
to the acrylamide/bisacrylamide solution (37.5:1) in the desired mtages the gel solution
contains 0.375 M Tris (pH 8.8 for the resolving gel and pH 6.8 for the stagking0.1%
SDS, 0.04% APS and 0.04% TEMED. The addition of APS and TEMED catallyses
polymerisation of acrylamide, therefore these two componentsdaled just prior to pouring
of the gel. By pouring a low percentage (~ 4%) stacking gel ableveesolving gel, it is
ensured that each sample is adjusted to one lane before etterirggolving gel so that the
protein separation according to the molecular mass is ensureceldabrophoresis, the
polymerised gel was transferred into the Biorad Miniprotearl#i¢ttrophoresis chamber and
overlayed with approximately 300 ml SDS running buffer (25 mi; 90 mM glycine; 0.1
% SDS).

Unless otherwise indicated, proteins were denaturated in SDS-RBa®@Rle buffer
(50 mM Tris/HCI pH 6.8, 2.5 mM EDTA/NaOH pH 8, 2 % (w/v) SDS, 5Wévj glycerol,
0.01 % (w/v) bromphenol blue, 2.5 % (v/v) RB-mercaptoethanol) or in SDS-Ps@iple

buffer containing 9 M urea for transmembrane proteins. 5-30 pl of eanapid 2.5 pl of

45



Material and Methods

protein molecular mass standard (high range or low range maiegaight marker, Biorad)
were loaded into the slots and proteins were separated at 23 ngAlgkiring running in the
stacking gel and 37 mM per gel in the resolving gel for 1-2 h. Aléetrephoresis, proteins
were either stained directly in the gel with silver, Coomassi#iant Blue or Colloidal
coomassie (see section 2.2.3.4) or transferred onto a nitrocellulosbrame by Western
blotting (Towbinet al., 1979) and the Mini-Trans-Blot cell system (Bio-Rad Laboratorfs)
‘sandwich™ for Western blotting consisting of one layer of Whatmpaper (GB002), a
sponge, three layers of Whatman paper, a nitrocellulose membrarg&D$egel and again
three layers of Whatman paper, a sponge, and one Whatman papeositased into the
blotting apparatus (Mini Trans-Blot Cell, BioRad) filled with tapllotting buffer (150 mM
glycine, 20 mM Tris, 20 % [v/v] methanol). Proteins were then teared to the membrane
for 4 h at 200 mA on ice. After transferring, the nitrocellulosenfmane was stained for 5
min in Ponceau S solution (5 % [v/v] acidic acid; 0.2 % [w/v] Ponceaan8)washed with
ddH,O to detect the transfer of the proteins, dried, and stored at room temperature.
Immunoblotting was performed in low fat milk buffer [2.5% (w/v) Idat milk
powder, 1x phosphate saline buffer (PBS) (2.7 mM KCI, 137 mM NaCl, 5.6 @My, 1.4
mM NaHPQ,, 1.5 mM KHPQO), 0.2% (v/v) Tween 20]. Secondary antibodies conjugated to
alkaline phosphatase (see section 2.1.4.1) were used. The alkaline pheEspghtalysed
colour reaction was performed in development reaction buffer (0.1 $/HCI pH 9.5, 0.1 M
NaCl, 50 mM MgC}) containing 0.015% (w/v) of BCIP (5-bromo-4- chloro- 3- indolyl-
phosphate) and 0.03% (w/v) of NBT (nitroblue tetrazolium) (Bio-Rad Laboratories).

2.2.3.3 Two dimensional gel electrophoresis
Two-dimensional gel electrophoresis is the combination of two highetesol

electrophoretic procedures (isoelectric focusing and SDS-PAGBptimize the resolution
compared to either procedure alone. In the first-dimension gel, ilss@db proteins are
separated according to their isoelectric point (pl) by istratetocusing. This gel is then
applied to the top of an SDS-slab gel and submitted to PAGE. Thangratethe first
dimension migrate into the second-dimension gel where they armtghan the basis of
their molecular weight.

The two-dimensional gel electrophoresis was performed accordinghoifacturers
instructions (GE Healthcare; http://www5.gelifesciences.comxampp01077.nsf/Content/
2d_electrophoresis). Before starting the isoelectrical focusiegcommercially available

Immobiline DryStrip gel strips (GE Healthcare; 7cm, pH 3-18jawehydrated over night in
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reswelling trays in 125 pl of rehydratation solution (8 M ure%g @v/v) CHAPS, 0.0025 %
(w/v) Bromphenol blue, 1x IPG buffer pH 3-10 (GE Healthcare), and 20 niVl) Bovered
with IEF Cover Fluid (GE Healthcare). 50 pg (for qualitativelysig) or 125 pg (for mass
spectrometry) of isolated vacuoles (see 2.2.3.9) were precipitatied presence of 6 % (w/v)
TCA and 0.015 % (w/v) desoxycholic acid and the dried pellet waspeaded in 100 pl
rehydration buffer. After positioning the rehydrated strips inNhtiphor 1l apparatus (GE
Healthcare) according to manufacturer instructions and covéngmmg with the IEF Cover
Fluid, the samples were loaded onto the strips with the help of shwidirs positioned next
to the anode and the focusing was performed at 0.2 kV for 1 min, 0.5 IB/nfian, 1 kV for
30 min and 2 kV for 4.5 h. After isoelectrical focusing the stripsewshortly washed with
water and then incubated two times for 15 min in equilibration bu®e¥ (w/v) SDS, 50
mM Tris pH 8.8, 6 mM urea, 30 % (w/w) glycerol, 0.002 % (w/v) bromphbhua). The first
equlibration was performed in presence of 1% DTT (w/v) and thendein the presence of
2.5 % (w/v) iodoacetamid. After the final washing, the strips wetioned onto the second
dimension, which corresponds to the classical SDS-PAGE (prefdiserdiza% SDS-gel),
sealed with melted agarose sealing solution (0.5 % (w/v) ag&.@€, % (w/v) bromphenol
blue in the SDS running buffer) and separated according to the mole®iddgnt. Depending
on the direct purpose of the analysis the gels were stained witiessilver (qualitative

analysis) or with colloidal Coomassie (mass spectrometry) (seers@ci.3.4).

2.2.3.4 Staining methods

Silver staining. After SDS-PAGE the gels were fixed for 30 min in 40 % (v/v) ethanol
/ 10 % (v/v) acetic acid, then incubated in sensitizing solutionuitiér 30 min (30 % (w/v)
ethanol / 0.125 % (w/v) glutardialdehyde / 0.2 % (w/v) sodium thiosulf&& % (w/v)
sodium acetate) and washed three times for five minutes igQddHhe silver reaction lasted
20 min in 0.25 % (w/v) silver nitrate / 0.015 % (w/v) formaldehyde. iAft® short washes in
distilled water the separated proteins were detected wittietvedoping solution (2.5 % (w/v)
sodium carbonate / 0.008 % (w/v) formaldehyde). The detection last®eeen 5 and 15
minutes depending on the quantity of the proteins and had to be stoppegadfteng the
desired intensity of staining by incubation in a solution containingal(%/v) Na-EDTA for
10 min. After washing in water for 3 x 5 min, the gels wer@@red for drying by incubation
in 30 % (v/v) ethanol / 4 % (w/v) glycerol for 2 x 30 min and driecbahr temperature for 3-
4 h.
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Colloidal Coomassie staining. The Colloidal Coomassie staining is very time-
consuming (5 days) but is almost as sensitive as silver staimihigp @ontrast to silver it does
not disturb the following mass spectroscopical analysis. AftelSIh8-PAGE the gel was
fixed for 16 h in 50 % (v/v) methanol / 2 % (v/v) phosphoric acid, wastieerwards 3x 30
min in water and preincubated for 1 h in 34 % (v/v) methanol / 2 % phe¥phoric acid / 17
% (w/v) ammoniumsulfate prior to the final staining in 34 % (v/vithaeol / 2 % (v/v)
phosphoric acid / 17 % (w/v)ammoniumsulfate / 0.066 % (w/v) Coomas&ig0Ger five
days at 4°C.

Coomassie staining. Coomassie staining was used for qualitative analysis after
purification of GST-fusion proteins and after GST-pull down assayter ADS-PAGE the
gel was stained for at least 1 h in 0.25 % (w/v) CoomassikaBtiBlue R250/ 7.5 % (v/v)
acetic acid/ 50 % (v/v) methanol and destained in 45 % (v/v) methagbl(v/v) acetic acid
until the background staining was washed out. The gels were thengardpardrying by
incubation in 30 % (v/v) ethanol / 4 % (w/w) glycerol for 2x 30 min and dried at 60°C for 2 h.

2.2.3.5 Expression and purification of GST fusion proteinsin E. coli

For the expression of GST fusion proteins the protease defl€iaati strain BL21
(Novagene, Madinson, WI) was used. The desired plasmids weréotraed using heat
shock method. One positive clone was transferred in 100 mpliBedia and grown over
night at 37°C. In the morning, the 1 | culture was diluted 1:50 (20 ml fpafd grown at
30°C. When the culture reached the density of 0.50gDIl, expression of the GST fusion
proteins was induced by the addition of 0.5 mM IPTG. After further 35 ihcubation at
30°C cells were harvested at 4,000 x g for 10 min at room tempeiatdrfrozen at -20°C.
The frozen pellet was thawed and resuspended in 30 ml ice-colgpHosphate saline
(PBS)/EDTA buffer containing 1 mM PMSF. The resuspended edte transferred to a 30
ml Corex tube and lysed by sonification (Supersonic Sonificiac Power) for three times
8-9 sec each (level 4) on ice. The cell lysate was cledr&d,@00 rpm at 4°C for 30 min
(Sorval, SS-34 rotor). The supernatant was transferred to ultifwgaettubes and further
cleared at 100,000 x g for 1 h at 4°C. To isolate the GST-fusion prdteensesulting
supernatant was added to 600 pl glutathione Sepharose beads and inkcubhtedat 4°C
while overhead shaking. Glutathione Sepharose beads were spun down a &)05xmin
and washed twice with 40 ml ice-cold 1 x PBS/ 5 mM EDTAnsferred to a 15 ml Falcon
tube and washed twice with 14 ml ice-cold 1 x PBS/ 5 mM EDTA. Baqumotkins were

eluted by three consecutive treatments with 250 pl of glutattboffer (20 mM reduced
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glutathione, 100 mM Tris/HCI pH 8.0). The three eluates were ghdlyn separate hoses at
4°C in 2 | of dialysis buffer (10 mM HEPES/NaOH pH 7.8, 1 mM MgQIimM DTT, 0.2
mM PMSF) with slow stirring. After 2 h the samples wer@dfarred to fresh dialysis buffer
and dialysed over night. Next day, the samples were centrifged hin at 13,000 rpm at
4°C to remove precipitates. The supernatants were frozen in liquogenit in aliquots of 80
g protein and stored at -80°C.

2.2.3.6 Affinity chromatography with glutathione S-transferase fusion
proteins

Glutathione S-transferase (GST) or GST-fusion proteins weressgu in th&. coli
strain BL21 (Novagene, Madinson, WI) and were affinity purifiedngisglutathione
Sepharose beads as described in section 2.2.3.5. To prepare the yeas¢xtrafdi a total of
1.75-2 x 1¢° cells were harvested at 4,000 x g for 10 min at room temperatstespended
in 50 ml of 10 mM Tris/HCI (pH 7.5), 0.8 M sorbitol, 1 mM DTT, 0.5 mM PR Snd
converted into spheroblasts by incubation for 1h at 30°C upon addition of &Z$madyase
100T. Spheroblasts were collected at 4°C and 1,500 rpm for 15 min andolyd&ounce
homogenisation in 7 ml ice-cold lysis buffer by 15 strokes (20 mMME&ROH [pH 7.2],
0.1 M KCIl, 2 mM MgC}, 0.2 M sorbitol, 0.6% (w/v) Triton X-100 [0.01% NP-40 for
BS1488 (HA-Neolp)], 1 mM DTT) containing protease inhibitors (0.5 mMSPMCLAP
[each 5 pg/ml]). The lysate was centrifuged at 22,000 x g foniBGand one millilitre of the
supernatant was incubated with 40 pl bed volume of glutathione-Sepharose 4B preloaded with
80 pg of GST or GST-fusion proteins at 4°C for 1 h. After wasthadgeads four times (200
X g, 2 min) with lysis buffer, bound proteins were eluted by thmeesecutive incubations
with 250 pl of 20 mM reduced glutathione (100 mM Tris/HCI [pH 9.0], 0.2 &CN5 mM
DTT, 0.1 % TritonX-100 [0.005% NP-40 for BS1488]). Proteins were TCA pitated from
the pooled eluates and the resulting precipitates resuspended lil8&PS sample buffer,
vortexed for 20 min at 37°C, and boiled at 95°C for 5 min or 10 min at fs@°@=tection of
HA-Neolp. Samples were analysed by SDS-PAGE with subsequent GoeiBabliant Blue
staining (15 pl sample) or immunoblotting with anti-HA antibody (30 pl sample)efi@ction

of GST-fusions or HA-tagged proteins, respectively.
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2.2.3.7 Co-immunopr ecipitation experiments

50 ODygp aliquots of cells used for co-immunoprecipitation experiments preqgared
in advance and stored at -80°C. For that, cells grown at 30°C in flYdPto density of 0.8
ODeoo units/ml were harvested by centrifugation for 5 min at 4,000 rpell. g@llets were
washed twice with 200 ml dg® and once with 50 ml cold IP buffer (115 mM KCI, 5 mM
NaCl, 2 mM MgC}, 1 mM EDTA/NaOH pH 8, 20 mM HEPES/KOH pH 7.8). Cells were
resuspended in IP buffer to a concentration of 166¢©Dnits/ ml of cell suspension.
Aliquots containing 300 pl (50 Qfy) of cell suspension were frozen in liquid nitrogen and
stored at -80°C for subsequent immunoprecipitations.

The procedure used to purify YsI2p-TAP assemblies was based @mtieant affinity
purification (TAP) method described by Rigaaital. (1999). The aliquoted cells were lysed
with glass beads (~200 mg) in the presence of protease inhibito®&_AR) by vortexing for
45 sec and cooling on ice for one min for ten rounds. Cell lysates tvamsferred to fresh
precooled Eppendorf tubes and glass beads were washed with 80Myffdi? DTT was
added to 1 mM (final concentration) and proteins were extractdeeipresence of 0.01 %
(for detection of YsI2p-Neolp interaction; strains YML35, BS912, BS862).&1% (w/v)
(for YsI2p-YsI2p interaction; strains YML174, YML178, YML271) NP-40 ndi
concentration) for 20 min on ice. After 20 min centrifugation at 13,000 6@l of a 1:3
slurry of IgG-sepharose beads (GE Healthcare) were added to the supsraiadicthe affinity
purification of YsI2p-TAP assemblies was performed for 2 h at 4°@moverhead shaker.
The IgG-sepharose beads were washed twice with 500 pl IP edfeaiping desired NP-40
concentration) and twice with 500 pl TEV cleavage buffer (10 mig/HCI pH 8, 150 mM
NaCl, 0.5 mM EDTA/NaOH pH 8, 1 mM DTT, 0.01 or 0.8 % (w/v) NP-40). Bound prete
were eluted in 100 pl TEV cleavage buffer containing 5 pl of EMease for 2 h at 15°C.
The eluates were transferred to a fresh tube and the IgG-sephasmisewere washed twice
with 400 ul TEV cleavage buffer. The proteins present in the complettes were
precipitated in the presence of 6 % (w/v) TCA, 0.015 % (w/vdxiasholic acid and 5 g of
lgG and were resuspended in @SDS-PAGE sample buffer either containing 9 M urea (for
detection of Neolp-HA) or without (for detection of YsI2p-HA). Subsequesimples were
vortexed for 20 min at 37°C and incubated at 50°C for 10 min (foplesnm urea buffer) or
95°C for 5 min (for samples in SDS-sample buffer). 20-30 pl (for tleteof YsI2p-TAP)
and 5-10 pl (for detection of YsI2p- or Neolp-HA) of samples were separated by /SBES.
Proteins were detected by immunoblotting using rabbit anti-Ysl@phumet al., 2002) and

mouse anti-HA (16B12, Covance) as primary antibodies.

50



Material and Methods

For the detection of the Sys1-Tvp38 interaction (strains BS1299, CB22d)gheted
cells were lysed with glass beads (~200 mg) in the presemretefse inhibitors (1x CLAP)
and the Sys1-Myc assemblies extracted in the presence of 0.0140.NF®- exclude the
possibility that after treatment with only 0.01% NP-40 the intevadbetween Syslp-Myc
and Tvp38p-HA is enabled solely by membranes, the supernatants obtaieed
centrifugation of cell extracts for 20 min at 13,000 rpm werenteibeged at 100,000 x g for
1 h at 4°C (TLA 120.2 rotor; Beckman Instruments). The 100,000 x g supernaitdintese
aliquots were unified and incubated for 1 h with 15 pl rabbit ant-Eiytibody and for one
additional hour with 100 pl rehydrated protein A-Sepharose. Proteinselutedl by heating
for 10 min at 50°C in 60 pul SDS-PAGE sample buffer containing 9 éd.urFinally, 20 pl
(for detection of Tvp38p-HA) and 10 pl (for detection of Syslp-Myc)hef ¢éluates were
analysed by SDS-PAGE and immunoblotting with anti-HA and anti-Myc antibodies.

2.2.3.8 Large scale co-immunopr ecipitation by Ys2p-TAP

Cells (strains BS986 and BS906) grown to 0.8-1s&Dnits/ml in 2 | of YPD at 30°C
were harvested by centrifugation for 5 min at 4,000 rpm. Altegigitto the 2 | flask culture,
cells were also grown in 20 | batch fermenter. For that,df0vIPD were inoculated with 2 |
of preculture and cells were grown for 7 h at 30°C until the estdyionary phase (25
ODgod/ml). The pH was held constant at 5.5, initial concentration of glusese2 %. For
both methods, pelleted cells were washed twice with ice cold@didd once with IP buffer
(115 mM KCI 5 mM NaCl, 2 mM MgCJ, 1 mM EDTA, 20 mM HEPES pH 7.8). Finally,
cells were resuspended in IP buffer (2 ml buffer/ 1 g caelis) squeezed into liquid nitrogen
forming small uniform drops. The cell clumps were stored at —80°C.

The lysis method used in this approach is considered to preserveotbim-protein
interactions more efficiently than e.g. glass beads lysis (Kelloddvibazed, 2002). The cells
(~ 5 g aliquoted cell pellets, corresponds to ~ 1.66 g wet weighells) avere lysed by
grinding at high speed for 20 min with a mortar and pestle under Inguafen to obtain a
fine powder with the consistency of flour. Before adding additioRabuffer the powder
thawed for 5-10 min to avoid formation of ice crystals. The powdes resuspended in 4/3
volume of cold IP buffer (with 0.2 % NP-40, 1 mM DTT and 1 mM PMSF) thedproteins
extracted for 20 min while stirring at 4°C. After centrifugatat 4,500 x g for 15 min the
exact protein concentration in the extract was estimated by a Bradévi@radford, 1976) to

compare the lysis efficiency of experimental repetitions. [2%d volume of IgG Sepharose
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beads (GE Healthcare) were added to the supernatant and thiy afiimiication of YsI2p-
TAP assemblies was performed for 2 h at 4°C on an overhead shiikelgG Sepharose
beads were washed twice with 15 ml IP-buffer (containing 0.2 %40A- mM DTT) and
twice with 15 ml TEV cleavage buffer (10 mM Tris/HCI| pH 8.0, 150 mdCI, 0.5 mM
EDTA, 1 mM DTT, 0.2 % NP-40). Then the beads were transferredifts ml tube and the
bound proteins were eluted in 1 ml TEV cleavage buffer (+ 1 mMPBM8ntaining 1.5 pl
TEV protease for 2 h at 15°C. After the eluates were tramsfdo a fresh tube 6 ml (3
volumes) of calmodulin binding buffer (10 mM 3-mercaptoethanol, 10 mMHRCispH 8.0,
150 mM KCI, 1 mM Mg-acetate, 1 mM imidazole, 2 mM Ca@.2 % NP-40) (+ 8 mM
CaCil for titration of the EDTA from the TEV cleavage buffer) andi2salmodulin affinity
resin were added to it. After incubation for 2 h at 4°C the calmodf(iiimtya resin was
washed three times with 10 ml calmodulin binding buffer and the proteins eluted from
the resin with 3x 1 ml calmodulin elution buffer (10 mM 3-mercaptoethd 0 mM Tris/HCI
pH 8.0, 1 M KCI, 1 mM Mg-acetate, 1 mM imidazole, 20 mM EGTA, 0.AP:40) for 15
min each. The proteins of united eluates were precipitated iprésence of 6% (w/v) TCA,
0.015 % (w/v) desoxycholic acid and 5 ug of IgG. The pellet waspesnded in 501 SDS-
PAGE sample buffer, vortexed for 20 min at 37°C and incubated at 95%nfiar. 20 pl of
samples were separated by SDS-PAGE and the isolated proteins detesiteek [syaining.

2.2.3.9 Subcellular fractionation of cellson a sucrose gradient for
separ ation of early endosomes from late endosomes and TGN

Fractionation procedure followed published methods (Sipos and Fuller, 200R). Cel
(strains YML231 and YML233) grown at 25°C to a density of 1.5-2¢JdMI were harvested
by centrifugation for 8 min at 5,000 x g in the presence of 20 mM &@F20 MM Nah|
After washing with 300 ml ddyD the cells were resuspended in pre-treatment buffer (150
mM Tris/HCI pH 9.4, 40 mM R3-mercaptoethanol, 10 mM HMahND mM NaF) to the density
of 50 ODyy equivalents/ml and incubated for 10 min at room temperature. After
centrifugation for 5 min at 4,000 rpm the pelleted cells werespnded to 50 Qfy
equivalents/ml in spheroblasting buffer (50 mM HEPES/KOH pH 6.8n¥0ONaN;, 10 mM
NaF, 1.2 M sorbitol) and spheroplasted with 0.8 mg oxalyticasadihire (Enzogenetics,
Corvallis, OR) for ~35 min at 30°C (the efficiency of spherobiashation was tested by the
decrease of turbidity, due to the lysis of spheroplasts, dftgrots of the cell/spheroblast
suspension were diluted 50-fold with ddl. Spheroplasts were collected at 90%
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spheroblasting efficiency by centrifugation at room temperatir2, 500 g for 5 min. The
pellet was resuspended at 250 dggPequivalents/ml in ice-cold storage buffer (25 mM
HEPES/KOH pH 6.8, 50 mM KOAc, 0.5 M sorbitol) and frozen as 0aliquots over N
vapour (10 cm distance) for 35-40 min. Samples can be stored aafe8(°C for at least 2
months. Tubes were thawed by immersion in a 25°C water bath witmgleid then placed
on ice.

After thawing the aliquoted spheroblasts were mixed with 400 ysts buffer [25
mM HEPES/KOH pH 6.8, 50 mM KOAc, 0.2 M sorbitol, 1 mM PMSF, 1x CLfEpstatin,
antipain, leupeptin, chymostatin, each 5 pg/ml final concentratios)itireg in a sorbitol
concentration of 0.3 M. After homogenisation of four unified aliquots witlstBikes in a
ground-glass homogenizer (5 ml, Wheaton, Millville, NJ) the sorlatwicentration was
adjusted to 0.7 M by adding 50 of 2.4 M sorbitol and the lysate was precleared by two
centrifugations at 500 x g for 5 min. The precleared lysate wasiftiged for 15 min at
15,000 x g at 4°C, and the resulting supernatant for 30 min at 200,000 x g atedgéi@rate
the high speed pellet (HSP). The HSP membranes were resuspers@®d pIl membrane
buffer (25 mM HEPES/KOH pH 6.8, 50 mM KOAc, 0.7 M sorbitol, 1 mM PMSECLAP)
prior to fractionation on a sucrose gradient.

0.5 ml of resuspended HSP membranes, equivalent to 200 ml of celjg£ODwere
loaded on the top of the following sucrose gradient (from the bottom): 10560 % / 2 ml
of 48 % /2.5 ml of 40 % / 2.5 ml of 36 % / 2.5 ml of 32 % / 2 ml of 2%ldle dilutions for
the sucrose gradient were made from a 60 % (w/w) stock and diuted20 mM
HEPES/NaOH, pH 6.8]. The gradient was centrifuged at 41,000 rpm for 184RCa
(Beckman Coulter SW41 rotor). 890 ul fractions were collected andpjpeated in the
presence of 6 % (w/v) TCA, 0.015 % (w/v) desoxycholic acid and 5 gg@f RAfter
resuspending in 1501 SDS-PAGE sample buffer, the fractions were vortexed for 20atnin
37°C and incubated at 95°C for 5 min. 30 pl of samples were separa8ldHPAGE and
the separated proteins were detected by immunobloting with antiblodipras as described
in2.1.4.1.

2.2.3.10 Subcdlular fractionation of cellson a Ficoll gradient for isolation of

vacuoles

The procedure to isolate vacuoles from yeast cells was basté@ method described
by Haas (1995). Cells used for vacuolar isolation were grown in @f2YIPD to 0.6-0.8
OD/ml at 25°C Ayd2 strains: BS747, YML164, YML172) or 30°C (wild type strains:
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RH1201, YML165, YML173). The strains BS747 and RH1201 were used for 2-dimensional
electrophoresis (see section 2.2.3.3), the strains YML164, YML165 and YMLAG2 a
YML173 for analysis of the cellular levels of Ergbp-GFP andIpsGFP in wild type and
Ays 2 cells. After centrifugation for 5 min at 4,000 rpm the pelles wesuspended in 50 ml
100 mM PIPES/10 mM DTT pH 9.4 followed by incubation in a water bathl® min at
30°C with constant shaking (80 rpm). Cells were harvested fom5atb,000 rpm and 4°C
and subsequently resuspended in 15 ml spheroblasting buffer (600 mM sorbitahM500
KPQOy, 0.16 X YPD) and spheroblasted for 25 min at 30°C and 80 rpm in a battehby
addition of 0.8 mg oxalyticase / 1,000 gdbells. After gradual centrifugation at 2,500 rpm
for one minute and 3,500 rpm for one further minute and removal of the etempl
supernatant, the pellet was resuspended carefully in 15 % (vetd) Bolution (15 % (w/v)
Ficoll, 10 mM PIPES, 200 mM sorbitol, pH 6.8). After addition of 100 p0.64 % (w/v)
dextran in 15 % (w/v) Ficoll solution, the spheroblasts were shakery gemtlediately and
incubated first for one minute on ice then for 1'30” in 30°C watén,lkhen again on ice. The
lysate was transferred into centrifuge tubes and a densifjegtavas created by carefully
layering 3 ml 8% (w/v), 3,5 ml 4% (w/v) and 700 pl 0% (w/v) Ficdlution (each in 10 mM
PIPES, 200 mM sorbitol, pH 6.8) over it. After ultracentrifugation at 30,000 rpm for 90 min at
4°C (rotor SW4L1Ti, Contron) the vacuoles accumulate in the 4% / 0% Fieol) interphase.
The vacuoles should be collected without removing the 0% Ficoll phade.géadient tube
yielded approximately 60Ql vacuole solution with a protein concentration of 0.25 to 0.9
mg/ml protein. The aliquoted vacuoles were shock frozen in liquidnd stored at -80°C.
For qualitative analysis of the vacuolar composition, the two-dimensjehalectrophoresis
approach was used (section 2.2.3.3).

2.2.3.11 Fluor escence micr oscopy

Prior to indirect immunofluorescence, cells were grown overnagi25°C in YPD
medium or in selective SD medium to early logarithmic phaseQ(@.1DDsqo units/ml). Four
ODggo units of cells were fixed for 4 h at room temperature withlgesttaking (100 rpm) in
growth medium containing additionally 100 mM potassium phosphate buffar gk 6.5)
and 4 % formaldehyde (final concentration, respectively). Upon hafvestn, 2,000 rpm),
cells were washed three times with 1 ml sorbitol buffer (1 gokbitol, 100 mM KPi pH 6.5).
Spheroblasting of the cells was performed for 30 min at 30°C inl Sombitol buffer
containing 20 mM [3-mercaptoethanol and 20 pg/ml Zymolyase 100T (fina¢moaton;
Seigagaku Kyogo, Japan). Collected spheroblasts were washed tthidenal sorbitol buffer

54



Material and Methods

(5 min, 1,000 rpm), resuspended in 400 pl sorbitol buffer and stored at 4Up tor two
days. The fixed cells were labelled on 10-well immunofluorescemicroscope slides
(Polysciences, Inc.). Slides were prepared by placing 15 pllyplggsine solution (1 mg/ml
in 10 mM NaN, stored at 4°C) in each well. After 1 min of incubation, the solutias w
aspirated and slides were allowed to dry. Each well was wasieetinfies with 20 pl ddgO.
Fixed cells (15 pl/well) were applied to the dried wells dimved to settle for 15 min. The
unbound cells were removed by washing three times with 20 pl B8 NaHPO,, 13
mM NaHPQO, 75 mM NacCl). Subsequently, cells were preincubated for 30 mirBih P
(PBS, 1% (w/v) BSA, 0.1% (w/v) Tween 20) to reduce the unspecific birdfiagtibodies.
PBT was aspirated and 15ul of primary antibody (diluted in PBTcanttifuged for 2 min at
13,000 rpm before use to pellet possible antibodies aggregates)apm@ied. After 1 h
incubation in a humid chamber, each well was washed ten times BiithThe secondary
antibody diluted in PBT and centrifuged as described beforeapplsed (15 pl/well) and
incubated in the dark as described for first antibody. After wgskach well with PBT and
PBS (six times each), cells were covered with one drop of 9996erghe for
immunofluorescence (Fluka). Coverslips were sealed to the slidesnal polish and stored
at 4°C in the dark for several days.

The mouse monoclonal anti-HA (16B12, Covance; used for detection of Gga2p-HA
and Clclp-HA) and rabbit polyclonal anti-Myc (Santa-Cruz Biotechnddodiec; used for
detection of TIlglp-Myc) were used as primary antibodies (diluted:1,000 and 1:100,
respectively), and the indocarbocyanine (Cy3)-conjugated goat anti-nk@lsdragment
(Jackson ImmunoResearch) and Alexa594-conjugated goat anti-rabbit(Mgl&cular
Probes) as secondary antibodies (diluted to 1:1,000) (see section 2.1.4.2).

To observe localisation of GFP-tagged Erg6p by direct fluoresceells were grown
at 25°C to early logarithmic phase (0.1-0.2 gunits/ml) in complete SD medium. The
GFP-tagged proteins were viewed in the fluorescence microscopeven slips using the

appropriate filter for GFP.
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3 Results

3.1 Effect of YSL2 deletion on the vacuolar composition

Ysl2p/Mon2p was previously identified and characterised in the grolp 8inger-
Kriiger as an important regulator of the vesicle transport ost yigaN/endosomes (Singer-
Kriger et al., 1993; Jochunet al., 2002; see section 1.2.1). Deletion Y82 has severe
effects on the cell phenotype, e.g. strong growth inhibition andn&atation of the vacuole.
The analysis of the vacuolar protein composition for wild type aysli?2 cells with one-
dimensional SDS-PAGE in the group of B. Singer-Kruger revealed eliites in the protein
pattern of the silver-stained gel (unpublished data). On the one haatjtigs of several
proteins were reduced lyd2 vacuoles compared with wild type, what indicated that some
vacuolar proteins (e.g. components of the homotypic vacuole fusion) maissarted away
from the vacuole or falsely degraded. On the other hand, novel bamdsl? vacuoles
indicated that some proteins, which may play an important role le¢sevin the cell (e.g. on
TGN/endosomes), are missorted to the vacuole. ldentification of thedeins, whose
vacuolar levels are either falsely increased or reducagdi2 vacuoles, could help to further
specify the role of YsI2p in the sorting on TGN/endosomes. Therefotlee present study, a
two-dimensional (2-D) gel electrophoresis was used to sep&mteacuolar proteins first
according to their isoelectric point (pl) and subsequently acaptditheir molecular weight.
Vacuoles of wild type (RH1201) andysl2 (BS747) cells were isolated by differential
centrifugation in a 0-15% Ficoll gradient and subsequently subjdote®d-D gel
electrophoresis (see section 2.2.3.9. and 2.2.3.3, respectively). ExperintbniiSPwstripes
of different pH range confirmed that the isoelectric focusdifg-) was optimal when
performed with IEF-stripes with pH 3-10, since the composition ofeprs with marginal
isoelectric points did not differ between wild type angl2 vacuoles (data not shown). The
second dimension was performed on 12% SDS-gels due to their improseldtion
compared to low percentage SDS-gels (7 -10%).

For the qualitative analysis, gels were stained accorditigetsilver staining protocol,
while for the final analysis the gels were stained accordmmga colloidal Coomassie
procedure (see section 2.2.3.4) and protein spots, which were idergifspe@fic for either
the wild type orAysl2 vacuoles were cut out and sent for mass spectroscopic anbiysine (
group of Dr. A. Sickmann, Wirzburg). The mass spectroscopic resuttaled that the heat
shock proteins of the Hsp70 family, Ssb1p and Ssb2p (Fig. 5; arronedpéctively) and the
fructose-bisphosphate aldolase Il, Fbalp (Fig. 5; arrow 6), werealeszdant inAysl2
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vacuoles. On the other hand, Erg6p (Fig. 5; arrow 1+2), which plagk in the ergosterol
biosynthesis pathway by catalysing the conversion of zymosterééctusterol, and the
thioredoxin peroxidase, Tsalp (Fig. 5; arrow 3) were more abundayslia vacuoles. It is
not clear why Erg6p appears as a double spot, since accordingpethetions (SGD) it is
supposed to have a single isoelectric point.

= . +

Fig. 5. Protein composition of isolated vacuoles from wild type and Aysl2 cells resolved by two-
dimensional gel electrophoresis. Vacuoles from wt (RH1201) andyd2 cells (BS747) were isolated by
centrifugation in a Ficoll gradient as described2i2.3.9. Aliquots of approximately 50 ug (for qgtatlve
analysis) or 125 pg (for mass spectroscopic arglydipurified vacuoles were trichloroacetic aciggpitated
and subjected to two dimensional gel electrophsrasi described in 2.2.3.3 (first dimension withn7 IEF
stripes pH 3-10, second by 12% SDS-PAGE) and finstihined according to the silver stain (for quasite
analysis) or colloidal Coomassie procedure (for sremectroscopic analysis). The arrows indicateigbkated
proteins sent for mass spectrometry: 1) + 2) Er§dd;salp; 4) Ssblp; 5) Ssb2p; 6) Fbalp.

The total vacuolar levels of the identified proteins were analggedhmunoblotting

to validate the results obtained by mass spectroscopy. Thaenaofmot analysis of vacuoles
isolated from wild type andysl2 strains, containing Ergép C-terminally tagged with GFP,
demonstrated increased Erg6p levels in vacuolesys® cells, while in wild type vacuoles
no Erg6p-GFP could be detected (Fig. 6). Thus, the results of thespedsoscopic analysis
could be verified for Erg6p. In contrast to that, the analysis of theolar levels of Fbalp
and Tsalp did not confirm changes indicated by results from massospepl. While the
total cellular levels of both proteins were not altered, the amadifiibalp were rather equal
than decreased in vacuoles &fd2 cells compared to the wild type, and the amounts of
Tsalp were rather decreased than increased. The proteins Ssi8sbapdvere not further
analysed, because changes in the expression levels of theserhaperprobably secondary
effects of theYS.2 deletion. Thus, out of all proteins identified by the mass spectrascopi

analysis, only the increase of Erg6p levels onAi@2 vacuoles could be confirmed by the
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analysis of the vacuolar levels by one-dimensional SDS-PAGE amdnoblotting. For that
reason even the identification of Ergép has to be handled with cautigho#, the Erg6p
double spot was the most prominent difference between the protempaftAysi2 and wild
type vacuoles separated by two-dimensional gel electrophoresis, @vrs if variations
during the preparation of vacuoles have caused isolation of false pr&rj6p still emerged
in every experiment as the most obvious candidate. The missorting& E the vacuole
may have caused changes in ergosterol levels in the cell, since Erg6peregn&adf the final
steps of the ergosterol synthesis (Patkal., 1995). This may have multiple cellular effects
such as inhibition of vacuole fusion and alterations in lipid raftgo(lead Wickner, 2001,
Tedrick et al., 2004). Thus, the phenotypes &ysl2 cells could partially be caused by the
missorting of Erg6p.

Additionally, the effect of thé&/S_2 deletion on the cellular and vacuolar levels was
analysed for several proteins, which are known to be transported hhid@sly/endosomes.
The cytosolic marker protein phosphoglycerokinase (PGK) did not showclzamyges in
cellular or vacuolar levels upor8_2 deletion (Fig. 6) and served therefore as a control. Early
pulse chase experiments proposed a role for YsI2p in processing aind sbracuolar
enzymes carboxypeptidase Y (CPY) and alkaline phosphatase (Aifye(-Kriiger and
Ferro-Novick, 1997; Bonangelina al., 2002). The accumulation of precursor forms of CPY
in total cell lysates oAyd2 cells (Fig. 6), observed in the present study, is in agreem#nt w
the previous results. On the other hangsl2 cells seem to accumulate an additional ALP
form which is smaller than in the wild type cells. It remamde shown if this form is the
soluble, luminal form of ALP while the higher mass band represbatsature, membrane
bound form (Steppt al., 1997) or if the smaller size protein is a degradation product of ALP
Interestingly, the vacuolar level is significantly reducechim¢ase of ALP but not for CPY in
Aysl2 cells compared to wild type (Fig. 6). Furthermore, the levklsex2p, a serin protease
which cycles between the TGN and early endosomes, were foundréaliied in total cell
lysates upon deletion ofSL2 (Fig. 6). Since Kex2p is not transported to the vacuole, its
guantities in vacuolar fractions were not determined. Anyhow, a axioide chase did not
demonstrate any differences in the degradation kinetics for HA-Kex2p (dataomat)s
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Fig. 6. Effect of the YSL2 deletion on the on the cellular and vacuolar levels of various proteins
involved in vesicular transport and vacuolar function. Same amounts of total cell lysates and isolated
vacuoles (5 pg) of wt (RH1201, YML165, YML173) angd2 (BS747, YML164, YML172) cells were
analysed by SDS-PAGE and immunoblotting using amiete antibodies according to 2.1.4.1. For Kex2p
detection BS188 and BS695 were transformed withpth&Kex2 plasmid and detected with the mouse arti-H
antibody.

The visualisation of the actin cytoskeleton in previous studies did notdpramiform
results considering the effect of théSL2 deletion. Whereas Bonangelira al. (2002)
observed no changes in actin distributioysl2 cells compared to wild type, Singer-Kriger
and Ferro-Novick (1997) reported that cortical actin patches were randomly distributed
over the periphery of both mother and daughter cell during allst#dg@e cell cycle. In the
present study the levels of peripherally associated actin oneidolacuoles ofysl2 cells
(Fig. 6A) seemed to be reduced. It is conceivable that the chamgés idistribution of
cortical actin patches (Singer-Kruger and Ferro-Novick, 1997) andhidweges in the levels
of peripherally associated actin on isolated vacuol@s/g cells could have the same origin.
Possible origin could consist in alterations of the ergosteroil@elevels, since Tedricét al.
(2004) provided links between ergosterol, the cytoskeleton and membrane fusion.

Finally, the loss o¥SL2 may have an influence on the distribution of the V-ATPase, a
proton pump responsible for the acidification of endosomes and the vaceelsgstion
1.1.2.3), since the amounts of the 69 and 100 kDa subunits (subunits afahéd \§ sectors,
respectively) were found to be reduced in vacuoles (Fig. 6). Mareiine100 kDa subunit
appeared to be less abundant at the cellular level (Fig. 6). Anghinyugh the 60 kDa and
69 kDa subunits are both part of the 8omplex, inexplicably only the level of the 69 kDa
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subunit is reduced inysl2 vacuoles. Since it has been demonstrated, that the assentisy of t
Vo and M subunit is performed on the early endosomes (S¢pak, 2004) by the RAVE
complex, and since Ysllp, a subunit of the RAVE complex, and Ys|2p showathe
synthetic lethality withAypt51, a subcellular fractionation was performed to analyse if the
explanation for reduced vacuolar levels of V-ATPase subunits couldabersi2p plays a
role in the endosomal sorting of the V-ATPase (see section 319hotv, the reduction of
vacuolar levels does not seem to be caused by accumulation of th®&56& in endosomal
compartments, since subcellular fractionation experiments could naind@ate differences
in the subcellular distribution of the 100 kDa V-ATPase subunit betwédrtype andAysl2
cells (Fig. 7). Recently, the V-ATPase was identified asntlagor component of lipid rafts
(Yoshinakaet al., 2004). Thus, the reduced vacuolar levels of the V-ATPase could rather be
caused by the changes in ergosterol distribution and possibleflaséts. Anyhow, the
analysis of the vacuole levels should be repeated for all erdnpiroteins since the present
analysis were performed from single vacuole isolation exparis respectively and need
therefore independent repetitions for their significance.

Summarized, although YsI2p does seem to be important for the tran$paveral
proteins e.g. Kex2p or ALP, this may not be its only role. The patewote of YsI2p in the

localisation of Erg6p remains to be determined.

3.2 Deletion of YSL2 has no effect on the localization of a subset of
TGN/endosomal marker proteins

Mutantsysl1-1 andysl2-1 were identified in a synthetic lethality screen usiypt51
mutant cells (Singer-Kriiger and Ferro-Novick, 1997). A recent study demeddinat Ysl1p
(also named Soi3p or Ravlp, see section 1.1.3) resides on early endoSgusst (al.,
2004) and is as a part of the RAVE complex responsible for the llysefithe V-ATPase
(Seolet al., 2001). YsI2p also seems to localise to early endosomes (Ja&tlaun2002; see
section 1.2.1) and results from present work indicate its importantieefatability of the V-
ATPase subunits (see section 3.1; Fig. 6). Since Ysllp and YsI2p prdbeddige both on
early endosomes and show the same genetic interactiomypthl, the two proteins could
play a role in related pathways. Thus, it is possible that tipYsportance for the stability
of the V-ATPase subunits is connected to Ysllp, e.g. YsI2p couldvestiisllp from
vacuolar degradation by mediating its early endosomal localisalionapproach that
question, the effect of the deletion ¥8L2 on the distribution of Ysl1p, the V-ATPase and
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other endosomal and TGN marker proteins was examined by aetlofration of early
endosomes and TGN/late endosomes based on their physio-chemicetecistics (Sipost
al., 2004).

In experiments performed by Sipes al. (2004) Ysl1p/Soi3p was found in high-
density gradient fractions distinct from that of the PVC SEARepl12p and the bulk of the
TGN-marker protein Kex2p, although each of these proteins was presenall amounts in
the dense fractions containing Ysllp-HA. The high density of Ysllp bremes was
suggestive of early endocytic membranes, because studiasfaftor internalization
demonstrated a higher density for early versus late endoaytiers (Singer-Krugeet al.,
1993). Additionally, Ysllp cofractionated with the dense fraction of Chsgmwg%t al.,
2004), which is thought to reside on early endosomal membranes (Vatiaig 2002).
Thus, Ysllp was also postulated to reside on early endosomal membtrahesieletion of
YSL2 has an effect on the localisation of Ysl1lp or V-ATPase, it shoufmbbsible to observe
changes in the subcellular fractionation pattern of these protéies Aysi2 and wild type
cells are compared. Additionally, the subcellular localisatioiYsi2p has not been clearly
proven yet. While data from the B. Singer-Kriger group provide indioesah early
endosomal localisation (Jochugnal., 2002), the subcellular fractionation experiments from
Efe et al. (2005) propose a TGN localisation. Thus, it was conceivable to uselbellslar
fractionation in the present work to approach this question.

Spheroblasted wild type aysl2 cells were homogenised and separated by differential
sucrose centrifugation. After fractionation by sequential cemgation at 15,000 x g and
100,000 x g the enriched high-speed pellet was resuspended and loadedtam dhea
sucrose gradient (29-60 %) and centrifuged at 100,000 x g for 18 hoaise(on 2.2.3.9).
The collected fractions were separated by SDS-PAGE and analysed bgolvotting.

The distribution of the analysed proteins was in agreement wiheriments
performed by Sipost al. (2004), since Ysllp was found in distinct fractions from the
TGN/late endosome markers Kex2p and Pepl2p (Fig. 7). While Ysllp antDéh&Da
subunit of the V-ATPase were found mainly in high density fractiéig (7, Fr. 8-12; 36-
48% of sucrose), suggested to contain early endocytic membranef, H @idrker proteins
Tlg2p, Vps1lOp, Pepl2p, and Kex2p localised mainly in low density fractiogis7(F-r. 3-8;

29-36% of sucrose).
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Fig. 7: Subcellular fractionation of TGN/endosomal proteinsin wild type and Aysl2 cells. Lysates of wild
type (YML231) andAysli2 (YML233) cells were prepared by homogenisatiorsplieroblasts as described in
2.2.3.8. After fractionation by sequential centgidition at 15,000 x g and 100,000 x g, the high-gpetlet was
loaded on the top of a sucrose gradient (29 — 6@nd)centrifuged for 18 h at 100,000 x g. The gratlivas
collected in 14 fractions (fraction 1 is on the tégaction 14 on the bottom of the gradient), aftezcipitation
10% of each fraction was analysed by SDS-PAGE amdunoblotting using appropriate antibodies accaydin
to 2.1.4.1. Asteriks indicate the size of the d=bjprotein.

Anyhow, the deletion o¥S.2 did not seem to influence the localisation of Ysllp or
V-ATPase or any other analysed protein, since their sedimamtatiofiles revealed no
differences between wild type amg/sl2 cells (Fig. 7). These findings suggest that either
YsI2p may not be implicated in the sorting of e.g. V-ATPaséhairthis pump is able to use
alternative routes to reach its final destination. The analysis of Kex2p sudciHgktionation
pattern inAysl2 cells (data not shown) provided no clear result, probably due todteticn
of its total cellular level upon deletion ¥8.2 as observed in present work (see section 3.1,
Fig. 6).

The distribution of YsI2p in this study (Fig. 7) was not in accordanith recently
published subcellular fractionation experiments of &fal. (2005) since in their experiments
YsI2p was detected in fractions containing Kex2p and Pepl12p, whardses present study
Pepl2p and Kex2p were found in lower density fractions (Fig. 7, frabti@nthen YsI2p
(Fig. 7, fraction 8-12). The high density fractions, which contain Ysi@ptain also Ysl1p-
HA and V-ATPase (Fig. 7). According to Sipesal. (2004) these high density fractions

correspond to the early endosomes. Thus, YsI2p does seem to localiaglyrm early
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endosomes. The additional pool of YsI2p in low density fractions (Figaction 2-6) allows
the possibility that YsI2p localises additionally on TGN, as indicatedivydr studies (Efet

al., 2005; Gillinghanet al., 2006). It remains dubious why Edeal. (2005) did not observe
any difference between the fractionation of YsI2p on the one sideepitlp and Kex2p on
the other side, although they have used an analogous fractionatisimexppeNevertheless,
the result of the present subcellular fractionation supports theopsegbservations from the
B. Singer-Kriiger group (Jochuat al. 2002), which postulate an endosomal localisation for
Ysl2p.

3.3 Search for novel Ysl2 interaction partners

3.3.1 The two hybrid screen offers several putative interaction partners
of YsI2p

A two-hybrid screen is usually the fastest and easiest méthalde initial analysis of
protein-protein interaction networks, especially if it is perforiog@ robot. For that reason it
was the method of choice in the search for novel YsI2p interactiomepariAll genes frons.
cerevisiae are available as a collection of prey plasmids for a twoithyareen (group of Dr.
P. Uetz). For the two hybrid screen, the gene of interest has to be inserted-plasbad, so
that it can be analysed in combination with the prey collectiora isearch for novel
interaction partners. Since YslI2p is a large protein of 186 kDa (Fig. 8A), thatagh risk of
misfolding or mislocalisation upon expression. Thus, the screen wasrped not only with
the entireYSL2 gene, but also with different subdomains of YsI2p (see section 2.22-Ys
term (amino acids 1-505), YsI2C-term (amino acids 505-1071), YsI2Riimino acids 662-
1077), YsI2ZMKLF (amino acids 529-723), YsI2EPLL (amino acids 1100-1636) and
YsI2PELD (amino acids 1417-1636); Fig. 8A). The constructs wereysathlfor cellular
expression levels by immunodetection of the included HA-epitope. Someobatructs tend
to show a high self-activation, i.e. cells transformed with these ptesmids have high
expression rates of the reporter getasZ and HIS3 even in the absence of any prey
construct. For that reason all Ysl2-constructs were additionailglysed by the R3-
galactosidase assay after co-transformation with the emptypbeismid (data not shown).
Cells showed a very high [3-galactosidase expression only aftefdrmation with the pAS1-
YsI2EPLL plasmid (data not shown); therefore it was not used iaciteen. pAS1-YsI2PILT

is a moderate self-activator, i.e. the R-galactose assay skowedest reaction in cells which
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were co-transformed with the pAS1-YsI2PILT and an empty pACTéHsmpid. Cells
transformed with the pAS1-YsI2PILT plasmid showed two differentwttophenotypes.
Analysis of the YsI2PILT expression levels in the two typesotdnies demonstrated that the
cells with high expression levels of YsI2PILT gave rise talseplonies, indicating that the
recombinant protein may be toxic to the cell. In agreement, atipatinteraction partners of
YsI2PILT showed a much stronger interaction when small colonies syecifically chosen
for the analysis.

The screen was performed by the group of Dr. Peter Wadsfuhe) and several
possible YsI2p interaction partners were obtained. All putativeaictien partners (Fig. 8B)
were retested in the Y190 strain. The cells were testedrdavtly on 3-amino-1,2,4-triazole
(3-AT) and for 3-galactosidase activity (Fig. 8C). For thealdgosidase test with YsI2-PILT
as bait, the transformed cells were preincubated for two daySDpe,.-tp-+is plates
containing 25 mM 3-AT prior to the 3-galactosidase assay to minimézeeaction caused by
the self-activator activity of YsI2PILT. The intensities of tBegalactosidase reaction of
strains expressing YsI2PILT with respective partners variechglwxperimental repetitions,
possibly due to different expression levels of YsI2PILT. As a megabntrol, all positive
prey plasmids were tested for interaction with pAS1-Sjl2p wuebe the possibility of high
self-activator activity (data not shown).

Surprisingly, only the interactions obtained for YsI2PILT as bautict be reproduced
upon retesting of the isolated plasmids in the strain Y190 (Fig. 83§ of the other putative
interaction partners of Ysl2 subdomains showed a positive reaction upstingt(Fig. 8C).
Nevertheless, some prey proteins were found in more than one scgednh4p, membrane
protein involved in zinc metabolism with a possible role in sterobbwdism (Lyonset al.,
2004), was found in screen with YsI2PELD and also with YsI2C-tetme. idlentified prey
partners of YsI2PILT were the gene product of YMR279C, a proteimkhown function,
Ent4p, an uncharacterised protein with an N-terminal epsin-like domdiBad27p, an URI-
type prefoldin (Tronnersj@&t al., 2007) (Fig. 8C). Mrs6p, a Rab escort protein (Benito-
Morenoet al., 1994), showed also a significant interaction with YsI2PILT (Fig. 8C), but at the
same it was identified in 14 screens (according to P. Uel®t imdicated strong unspecific
binding to other proteins. For that reason it was not considered in figtindies. The
interaction with Atrlp was not reproducible through the repetitiadh®agh it was identified
in the screen as an interaction partner of YsI2PILT and YsIgN-t&nyhow, since the
interaction between YsI2N-term and Atrlp was also not reprodudiige 8C), it was not
further considered in the studies.
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It was of interest to verify the putative interaction partnensh alternative
biochemical assays. Ent4p is a close homologue of Ent3p and Ent5p, arbiboth already
known to participate in endosomal transport processes (Ewysler2004; Costagutet al.,
2006; Copicet al., 2007). For that reason Ent4p was an interesting putative YsI2p binding
partner and thus was analyseditro andin vivo for interaction with Ysl2p. GST-pull down
experiments were performed to test the interaction between -B#&t4and different GST-
constructs containing subdomains of YsI2p. A GST-fusion of Gga2p was idciodine
experiment, since Ggaz2p is already known to interact with Ent3jatftg (Costagutet al.,
2006). Furthermore, it is a possible effector of YsI2p and Arllp @eer 3.5). Glutathione
S-transferase (GST) fusions containing amino acids 1-326 of GgaZp-GG&2.-32¢ O
amino acids 1-505 (YsI2N-term), 662-1077 (YsI2PILT) or 1100-1636 (YsI2EBLN)sIZ2p
were expressed ii. coli and purified by glutathione-Sepharose affinity purification (see
section 2.2.3.5). A GST-Ypt7p fusion was provided by Dr. Birgit Singeg&irias a negative
control. GST-fusions were immobilized on glutathione-Sepharose beadscabdted with a
yeast cell lysate containing Ent4p-HA (see section 2.2.3.6). No binfliBgt4p-HA to GST-
Ypt7p and negligible binding to GST-EPLL could be observed (Fig. 8D),eakdEnt4p-HA
revealed a weak binding to GST-YsI2PILT, GST-YsI2N-term and G§a2G,s Although
Ent4p was detected as an YsI2PILT binding partner in the twochgbréeen (Fig. 8C) and the
two hybrid screen with YsI2Nterm did not reveal Ent4p as a potenteiaction partner, in
the GST-pull down analysis the strongest binding of Ent4p-HA wa<tddtavith GST-
YsI2N-term (Fig. 8D). This could be because the GST-YsI2PILiofuprotein was isolated

in a very low yield or because GST-YsI2N-term has a higher level of unspeicidiing.
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Fig. 8 The PILT domain of Yd2p interacts with several proteinsin the two-hybrid system. (A) Scheme of
different subdomains of YsI2p, which were used ¢émayate the pAS1- and pGEX-constructs, in appra@ma

relation to the full length protein. The numbersligate the beginning and ending amino acids of the

subdomains. (B) List of all putative interactionrtpars from the two hybrid screen performed in EhelUetz
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group. (C) Yeast strain Y190 was co-transformechwivmbinations of pAS1-YsI2Nterm, pAS1-YsI2MKLF,
pAS1-Ysl2Cterm, pAS1-YsI2PELD, pGBD-C2-YsI2 or pAS$I2PILT as bait plasmids and pOAD-Rnh203,
pOAD-Rad33, pOAD-Atrl, pOAD-Izh4, pOAD-Bud27, pOADMR279C, pOAD-Mrs6, pACTII-Bspl or
pPACTII-Ent4 as prey plasmids. Strains BS714 (Y12hsformed with pAS1-YPT51 and clone #14) and BS934
(Y190 transformed with pAS1-Sjl2-588 and pYPR171#@)J served as a negative and positive control,
respectively. Transformants were streaked out on R, wis plates either with or without 25 mM 3-amino-
1,2,4-triazole (3-AT) and analysed for 3-galactas@l activity or growth on 3-AT, respectively, asa#ed in
Materials and Methods (see section 2.2.2). (DXfmtindsin vitro to several YsI2p-subdomains and the VHS-
GAT domain of Gga2p. 80 pg of GST-Ypt7p, GST-Ysl@&m, GST-YsI2PILT, GST-YsI2EPLL and GST-
Gga3 . 3¢ Wwere immobilised onto glutathione-Sepharose beadsincubated with a yeast cell lysate containing
Ent4p-HA (YML221). After extensive washing, boundofeins were eluted and separated by SDS-PAGE.
Recombinant proteins were stained with Coomassidliabt blue (Co), Ent4p-HA was detected by

immunoblotting.

Nevertheless, thim vitro binding of Ent4p-HA to GST-fusion constructs of YsI2p and Gga2p
provides a further hint for the Ent4-YslI2 interaction although the codim@precipitation
experiments performed to verify vivo the interaction between YsI2p-TAP and Ent4p-HA
were negative (data not shown). For that reason, further studigscarieed to determine
whether Ent4p and YsI2p are true binding partners.

Additionally, Bud27p and Ymr279c were detected as positive interactionepsrof
YsI2PILT in the two hybrid analysis (Fig. 8B, C). YMR279csndentified as a heat-induced
gene in a high-throughput screen (Saketkal., 2003) whose gene product is predicted to
have a molecular weight of 60 kDa and 13 transmembrane domains (8GI¥s not
possible to express C-terminally HA-epitope tagged Ymr279c, althdweglpitope sequence
was properly inserted, as verified by PCR. Possibly, the eptagpenay generate a non-
functional protein that is degraded. Therefore, the interactioneketwsl2p and Ymr279c
could not be further analysed. Co-immunoprecipitation experiments medowith YsI2p-
TAP and Bud27p-HA, another putative YsI2p interaction partner, were neddtt@ not
shown). Since Bud27p is involved in distinct cellular process, e.g. tigin®ey sumoylation
and DNA repair (Tronnersjét al., 2007), it is improbable that it is a real interaction partner
of YsI2pin vivo.

Summarized, out of all analysed proteins Ent4p remains the most @ohighction
partner of Ysl2pn vivo, since the two hybrid interaction was reproducible and also supported
by the result from the GST-pull down. Further experiments remaaessary for the

verification of the Ent4-Ysl|2 interaction.
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3.3.2 YsI2-TAP large scale purification did not provide novel interaction

partners

A large scale purification of YsI2p-TAP was applied as Herm@ative approach to
identify further YsI2p interaction partners by co-immunoprecipitatibhe TAP-epitope
consists of the 1gG-binding units of protein A frdd@phylococcus aureus (ProtA) and the
Calmodulin _Bnding Feptide (CBP), fused in tandem and separated by a TEV protease
cleavage site allowing forahdem_Afinity Purification (TAP) (Rigautet al., 1999) YsI2p
and putative binding proteins were isolated from a yeast strairssipg Ysl2p with a C-
terminal TAP epitope (BS986). Sjl2p-TAP (BS906) was used as a negative control.

Growth of the yeast cells and the purification of the TAP-fusiootepns were
performed as described in Wicley al. (2004), the duration of the incubation with the 1gG
Sepharose (2 h) and the amounts of Sepharose (15 pl IgG Sepharosals Jvget weight))
were optimized according to the YsI2p yield. Cells were grotvBOAC either in 2 | flask
culture or in 20 | fermentation culture, harvested, and stored adrops at -80°C. Upon
gentle lysis by grinding under liquid nitrogen (Kellogg and Moazed, 268&jon 2.2.3.8),
YsI2p-TAP and possible interacting proteins were isolated frontotiaé cellular extracts in
presence of 0.2% NP-40 by affinity purification via 1gG-sepharnse released from the
matrix by cleavage with the site specific TEV-protea&ter elution proteins were either
subjected to TCA precipitation and separation by SDS-PAGE adnefugpurified by the
calmodulin binding domain. Whereas after the TEV cleavage numeroukimgato-isolated
proteins could be observed in the YsI2p- and Sjl2p-eluates (Fig. 9A1 land 2), the second
purification step of rebinding to the calmodulin-Sepharose strongly reduced urtspeatiin
binding (Fig. 9A; lane 3 and 4). YsI2p could be enriched with a high piHidy 9A; lane 3).
Unfortunately, under the conditions published by Rigautal. (1999) no prominent
copurifying proteins were detected (Fig. 9A), independently of threase of cell amounts or
duration of the silver staining (Fig. 9B).

In an analogous large-scale purification of YsI2p tagged with tytesof the 19G-binding Z
domain of protein A Gillinghanet al. (2006) have identified Doplp as an interaction partner
of YsI2p. Moreover, Doplp was found to co-purify equimolar to YsI2p, indigahat the
two proteins stably interact and coexist in a complex. Co-immunipgegon experiments
(Efe et al., 2005) and immunofluorescence analysis (Gillinghearal., 2006) supported this
finding (see section 1.2.1). This result is in the contrast tarides of the present study, in
which no band could be specifically co-isolated.
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Fig. 9: Comparison of Ysl2p purification after TEV cleavage and elution from calmodulin beads. (A)
Immunoprecipitations were performed with lysatescells (wet weight ~3 g) expressing TAP-tagged ¥sl2
(BS986) or Sjl2p (BS906). Eluates were analysedrattie TEV cleavage (lane 1 and 2) or elution from
calmodulin beads (lane 3 and 4). 15% of the eluatye separated by SDS-PAGE and stained with s{B&r
min). (B) Immunoprecipitations were performed witisates of cells (wet weight ~ 18 g) expressing TAP
tagged YsI2p or Sjl2p. Eluates were analysed #fieelution from calmodulin beads (lane 1-3 represtuates
1-3) 50% of the eluates were separated by SDS-Pa@Esilver stained for a much longer period (15)rttian

in (A). (C) Estimation of the isolated YsI2p qudies in different experiments by comparison witfffedent
guantities of a BSA standard. Co-immunoprecipita&iovere performed with lysates of cells expres3iAg-
tagged YsI2p. Eluates were analysed after the TIE&Vvage (lane 1) or after elution from calmodulkrabs. The
eluates from calmodulin beads were compared fotuieg grown in 2 | flask culture (lane 2) and in 20
fermentation culture (lane 3). The proteins wengasated by SDS-PAGE and analysed with the sihainistg
procedure.

An estimation of the isolated YsI2p quantities was done by comparigbe intensity
of the YsI2p band with different quantities (1-100 ng) of the BSAdsted after SDS-PAGE
and silver staining (Fig. 9C). Estimation was performed for eduateer the TEV cleavage
(Fig. 9C, lane 1) and for the 2 | flask culture (Fig. 9C, lane 2)thad20 | fermentation
culture (Fig. 9C, lane 3) after binding to the calmodulin-Sepharasisb®/hereas after TEV
cleavage ~170 ng of YsI2p could be isolated per 1 g cells (wehtyelige additional binding
to calmodulin Sepharose-beads reduced the amounts of isolated Y s|2pgiol2§ cells for 2
| flask culture or even to less than 10 ng in the case of 20 efaation culture (Fig. 9C).
Therefore, the increase in protein purity by the second purificatemis coupled to an 8-28

fold reduction of isolated protein amounts.

3.4 Further analysis of YsI2p

3.4.1 Importance of the C-terminal 100 amino acids of YsI2p

Since it was known that the deletion¥XL2 causes a strong growth defect as well as
a delay in the endocytosis and biosynthetic delivery to the va¢loddumet al., 2002), it
was interesting to analyse which domains of the wild type pradee important for its
function. To approach this question, a deletion series of Ys|2p wasdréa which the C-
terminal 100, 200, 300, 400, 500, 750, or 900 amino acids were exchanged by inséh#n of
TAP-epitope (see section 3.3.2) by homologous recombination in a diplod @%811)
with subsequent sporulation and dissection of tetrads. The strain BS8HEficgant in one
copy of NEOL (see section 2.1.1). After homologous recombination it was sporulaited ei
upon transformation with a plasmid encoding HA-NEO1 to generate hajpheml strains

70



Results

expressing plasmid-derived HA-Neolp for co-immunoprecipitations MslBAXp-TAP and
HA-Neolp (see section 3.4.2, selection ongPlates) or without transformation to generate
haploid strains expressing wild-type Neolp for growth tests at 88tC37°C (selection on
YPD plates). Surprisingly, the deletion of the last C-termli®@ amino acids caused a strong
growth defect at 30°C and abolished growth at 37°C (Fig. 10A), both phen&types from
Aydl2 cells (Jochunet al., 2002). All other deletions had the same effect (Fig. 10A). The
YsI2A400p-TAP construct and some of YARDOp-TAP clones (deletion of 100 amino acids
did not produce consistent phenotypes) caused even a stronger growth dndmartxysl 2,
indicating that the expression of these modified proteins may irthibiprocesses in which
Ysl2p commonly participates. The immunoblot analysis of proteindedemonstrated that
expression levels of the Y&Xp-TAP (X=100, 200, 300, 400, 500, 750, or 900 amino acids)
mutants were only partially reduced when compared to Ys|2p-TAg @®B). In other
experiments the levels of YsI2p-TAP and YsI®DOp-TAP seemed even comparable (Fig.
10C, anti-YslI2 blot). Consequently, it is not the degradation of AV§2TAP molecules that
induces the\ysl 2-like phenotype.

A possible explanation for the severe growth phenotype upon the deletion of C
terminal 100 amino acids could be that the C-terminus is cruci#hédocalisation of YsI2p.
To approach that question the localisation of full length YsI2p andA\16i2p were compared
by indirect immunofluorescence. These localisation studies couldeqgierformed with
strains expressing Ysl2p-TAP, since the TAP-tag is not seitadsl detection via indirect
immunofluorescence. Unfortunately, the attempt to add an alterrgiit@pe to YsIAXp
demonstrated that the addition of a C-terminal triple HA-epitop@é YsI2A100p construct
induced high instability of the protein. The total protein amounts inlyaktes were
comparable, since the cellular levels of the control protein @B similar (Fig. 10C, anti-
CPY blots). The cellular levels of Y$1200p-HA were much lower than of YsI2p-HA after
comparison of lysates upon immunoblotting with the anti-HA antibody. (FOC, anti-HA
blot). Surprisingly, the difference between the expression lsesms to be induced by the
addition of the HA-tag since the expression levels of YsI2p-TAPYah2A100p-TAP were
more similar (Fig. 10C, anti-YsI2 blot). The additional phenotypestadins expressing
Ysl2A100p-HA observed by indirect immunofluorescence, e.g. fragmented vacuoles
clumping of cells and reduced adhesion to polylysine, are all known as yhehafAys 2
cells. An explanation for these phenotypes could be either the impertd the C-terminus
for YsI2p function or the reduction of Y&200p-HA cellular levelsSince the expression of
YsI2A100p-TAP has the same effect on the cell growth, although cellelesis of
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YsI2A100p-TAP are not reduced (Fig. 10C, anti-YsI2 blot), it seemshbatetevance of the
C-terminus for the YsI2p function and not its cellular level isakplanation for the severe
phenotype.
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Fig. 10: The C-terminal 100 amino acids of Ysl2p are extraordinary important for its function. (A)
Dilution series of strains with sequential deletiaf YsI2p: YsI2p-TAP (BS986), YsiL00p-TAP (YML138),
Ysl2A200p-TAP (YML101), YsI2A300p-TAP (YML103), Ysl2400p-TAP (YML97), YsIA500p-TAP
(YML107), YsI2A750p-TAP (YML110), and YsI2900p-TAP (YML113) were incubated at 30°C and 37H&).
Lysates of YML113 (YsIZA900p-TAP), YML109 (YsIA750p-TAP), YML107 (YsIA500p-TAP), YML121
(YsI2A400p-TAP), YML103 (YsIZA300p-TAP), YML102 (YslA200p-TAP), and BS986 (YsI2p-TAP) were
prepared with glass beads, same amounts were tpaaSDS-PAGE(C) Lysates of YML440 (YsI2100p-
HA), BS1121 (YsI2p-HA), YML138 (YsI2100p-TAP) and BS986 (YsI2p-TAP) were prepared vgthss

beads, same amounts were separated by SDS-PAGHalyded by immunoblotting.

Although the indirect immunofluorescence demonstrated the loss of ptenstaming
for YsI2A100p-HA (YML440) when compared to the YsI2p-HA (BS1121) localisation (data
not shown), it was unclear if it occurred due to incapability of brame localisation of
YsI2A100p-HA or due to its reduced levels as demonstrated by the immunablgsis (Fig.
10C). A possible solution could be the addition of another epitope (e.g. 13GWR), which
may stabilise the YsI2100p construct similar to the TAP-epitope and which possibly would
allow its detection by indirect immunofluorescence. Anyhow, lsasibn studies performed
by Efe et al. (2005) indicated that the A and B domains (representing the Nites)nof

72



Results

YslI2p are sufficient for membrane binding, while YsI2(d-F)p-GRPrdit appear to associate
with membranes. Thus, the relevance of the C-terminus for the ¥si2pon does not seem
to be related to its membrane association, but rather to ésrrq@rotein-protein interactions

(see section 3.4.2).

3.4.2 Dimerisation of YsI2p and the role of the C-terminal 100 amino

acids

In earlier sucrose gradient experiments from the lab of B. SkKigayer, YsI2p was
found in fractions with marker proteins of higher molecular mass thanmtass of the
monomeric protein of 187 kDa. To analyse if YsI2p is capable dfirgeraction, in the
present study a diploid strain was constructed harbouring both an YAR@fd YsI2p-HA
chimera. Detergent-solubilized whole cell native extracts feordiploid YsI2p-HA/YsI2p
control strain and the double tagged diploid YslI2p-HA/YsI2-TAP wéen tsubjected to
centrifugation at 13,000 x g and YsI2p-TAP assemblies were iddbgtaffinity purification
via lgG-Sepharose and released from the matrix by the sitdispeEV protease (Rigaudt
al., 1999). Eluates were analysed by immunoblotting using rabbit anti-mgGsanid anti-
HA antibodies (see section 2.1.4.1). YsI2p-HA was found in immunoprecipitatesy'si2p-
TAP expressing cells (Fig. 11A; IP lane 2), but not in the costaoiple (Fig. 11A; IP lane
3), suggesting that YsI2p-HA interacted specifically with YsI2pPTiAvivo. The interaction
was not influenced by variations of the detergent concentration (aatashown).
Interestingly, the loss of the C-terminal 100 amino acids, that h&en shown to cause
severe defects similar to the deletionY&®.2 (see section 3.4.1), abolished the YsI2p-YsI2p
interaction as well (Fig. 11A; IP lane 1), although YsIROp-TAP was clearly expressed
(Fig. 11A; input lane 1).

To exclude the possibility that the deletion of the C-terminal 10@a@uarcids caused
the misfolding of the protein, the established co-immunoprecipitatioNeaflp-HA with
YsI2p-TAP (Wicky et al., 2004) was repeated with cell extracts of strains expressing
YsI2A500p-TAP and HA-Neolp. YsI2p-TAP or Y&300p-TAP assemblies were isolated
from total cellular extracts by affinity purification vig®& Sepharose and released from the
matrix by the site specific TEV protease as described abawmunoprecipitates were
analysed by immunoblotting using rabbit anti-mouse IgG and anti+HiRaglies (see section
2.1.4.1). The analysis demonstrated that despite of the loss of C-teb@inamino acids of
YsI2p the Ysl|2-Neol interaction is preserved, since HA-Neolp cbeldo-isolated with
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Ysl2A500p-TAP (Fig. 11B, lane 1). Consequently, the loss of the YsI2p-Ys|2matiten
upon deletion of the C-terminal 100 amino acids does indicate thatetiien of YsI2p is

particularly important for the Ysl2p-YsI2p interaction.

A B
input anti-TAP IP anti-TAP |P
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Fig. 11: Yd2p needs the C-terminal 100 amino acids to interact with itself. (A) The deletion of the C-
terminal 100 amino acids does abolish the YsI2@2{yshteraction. Detergent solubilized (0.8% NP-A@jive
lysates from cells (50 Qfgy units) expressing YsI2p-HA/YsI2p-TAP (YML174), 2g-HA/YSI2A100p-TAP
(YML271) or only YsI2p-HA (BS727) were cleared &,000 x g and subjected to immunoprecipitation gisin
IgG Sepharose. After binding the proteins wereeeluby boiling at 95°C for 5 min. 25% (for anti-TAP
detection) or 12.5% (for anti-HA) of the total sdmpwere separated by SDS-PAGE and detected by
immunoblotting with rabbit anti-mouse 1gG or antAtantibody. (lane 1 - YML271; lane 2 - YML174; laBe-
BS727) (B) The deletion of C-terminal 500 aminodactdoes not abolish the YsI2p-Neolp interaction= Co
immunoprecipitations were performed with lysateseifs expressing Neolp-HA/YsI2p-TAP (BS912), Neolp
HA/YsI2A500p-TAP (YML35) or Neolp-HA (BS862) in the presenaf 0.01% (w/v) NP-40 until the TEV
cleavage. 50% (for YsI2p detection) or 12.5% (feollp) of the total sample were separated by SDSH &
probed with anti-YsI2p and anti-HA antibodies, resfively, as described in section 2.1.4. (lane YIML35;
lane 2 - BS912; lane 3 - BS862)

To verify the YsI2p-YsI2p interaction with am vitro assay a GST-pull down was
performed with GST-fusions of different subdomains of YsI2p: GSPINd4erm encoding
amino acids 1-505), GST-Ysl2C-termntodingamino acids 505-1071) and GST-YsI2EPLL
(encodingamino acids 1100-1636) (see section 2.2.1). A GST-Ypt7p fusion was provided by
Dr. Birgit Singer-Krliger as a negative control. After expression anéigation inE. coli, the
GST-fusions were immobilized on glutathione-Sepharose beads and etuitat a yeast
cell lysate containing YsI2p-HA. Surprisingly, YsI2p-HA did not speally bind to any of
the GST-fusions (data not shown). Alternatively, purified GST-fusiohs/sl2p (GST-
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YsI2N-term encodingamino acids 1-505), GST-YsI2PELPBncodingamino acids 1417-1636)
and GST-YsI2EPLL d€ncoding amino acids 1100-1636)) were added to the detergent-
solubilized (0.8 % NP-40) yeast extract during the isolation oRp¢3IAP by affinity
purification via IgG Sepharose, but no specific co-purification ofafrthe GST-fusions was
detectable (data not shown). As a further approach, purified GST-RIsl2encodingamino
acids 1100-1636) was rebound to the GST-Sepharose and incubated withI2EB{ s
(encoding amino acids 1100-1636) or YsI2N-terencpding amino acids 1-505; after
expression as GST-YsI2Secfull and subsequent thrombin cleavage)ffétendies could be
observed for either His-YSI2EPLL or YsI2N-term between the bind:n@ST-Ypt7 and
GST-YsI2EPLL (data not shown). Thus, none of ithe@itro methods could demonstrate the
Ysl2-Ys|2 interaction.

It is surprising that although co-immunoprecipitation experimentsarly
demonstrated an interaction of YsI2p with itself, in was not possibldemonstrate this
interaction by any of then vitro approaches. For alh vitro analysis, recombinant proteins
from E. coli were used (GST- and HIS-fusion proteins). It is possible thabdification of
the C-terminus (like phosphorylation or ubiquitination) are cruciatterinteractions, since
these modifications are present only after expressidh @arevisiae. Alternatively, the full
length of YsI2p or an additional linking protein (e.g. Doplp) is necedsamhe Ysl|2-Ys|2

interaction.

3.5 The Neol/Ysl2/Arll network is implicated in the recruitment of
adaptor proteins to TGN/endosomal membranes

3.5.1 Deletion of GGA2 suppresses the temperature-sensitive neol-69

mutant

Earlier studies from the Dr. Birgit Singer-Krliger group providetlence for a
genetic interaction betweekRL1 andNEO1 showing that théRL1 deletion suppresses the
temperature-sensitivity afeol-69 cells (Wicky et al. 2004, see section 1.2.3.1). Electron
microscopy of theneol-69 mutant cells has shown an accumulation of aberrantly shaped,
flattened membrane elongations, that are probably endosome-deriicq @Vval. 2004). A
possible explanation for the growth defect of these cells isren@etal interaction of Neol-
69p with Arl1lp and interacting partners that are functionally coede&uch assemblies may
impair the process of membrane trafficking within the TGN/endosoffe@ example by

accumulating at endosomal membrane protrusions), thereby calsiggoivth inhibition in
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the neol-69 mutant at nonpermissive temperatures. Deletion of specific comgookiite
Neolp-dependent machinery, like demonstrated for Arllp (Wethkal., 2004), would then
prevent the accumulation of further downstream effectors and reélseogrowth in theneol-
69 mutant.

To date the biochemical interaction between YsI2p and Arllp has beemsieated
in vitro (Jochumet al., 2002), but it is still unclear which cellular processes arelaggd by
their common effort. Arllp was proposed to be implicated in tethemogepses due to its
role as a recruiting factor for golgins (Paetcal., 2003a; Settyt al., 2003). Anyhow, this
could not explain a subset of shared effectors with Arflp (Van Valkghlat al., 2001) or
its role in the distribution of the analysed adaptors AP-1 and-KQQ® et al., 2001). Arllp
interacts together with YsI2p and the aminophospholipid (APL)-trarstol@olp similar to
the network of the small GTPase Arflp, Arf GEF Gea2p, and ARisivaase Drs2p, which
are known to participate in vesicle budding on the TGN (Chargakit, 2004). Thus, it is
possible that Arllp participates not only in recruitment of Golginsataat in vesicle budding
processes, like other Arf GTPases. If so, it should be possiblentongérate a dependence of
specific coat adaptors (see section 1.1.2.1) on Arllp. The idea waetmide if a deletion
of putative Arllp effectors can also suppress the growth defectea#f-69 cells like
demonstrated for the deletion &RL1. Since the intention was to analyse a possible
implication of Arllp in coat assembly during vesicle formation, ysed effectors were
primarily coat adaptors known to play a role in the TGN/endosonfieckiag and to be
recruited to membranes by Arf GTPases. If some of thesecasajut depend on Neolp and
Arllp and for that do accumulate in theo1l-69 mutant, their deletion could have an effect on
the growth of neol-69 cells. Therefore, the major adaptors known to participate in
TGN/endosomal transport were individually deleted inrib&l-69 strain: the gene&GA1
and GGA2 (Costaguteet al., 2001),APL2 (subunit of AP-1 adaptor complex; Stegpal.,
1995) andAPL6 (subunit of AP-3 adaptor complex; Stegpal., 1997). The growth of the
cells was compared at 25°C and 37 °C (Fig. 12A).

While at 25°C all mutants grew similarly and no genetic inteva was observable
between thaeol-69 mutation and any of the deletions, at 37°C the deletions of the aslaptor
had different effect on the growth of cells. The best suppression pédtheés9 growth defect
at 37°C was achieved by the deletiorG8A2 (Fig.12A), the suppression was comparable to
the one caused by deletion ARL1, the growth was wild-type like. Deletions of all other
adaptors suppressed th@1-69 growth defect to a lesser extend. The suppressionodf69
by deletion ofAPL2 was clearly less pronounced than by deletiofGG2, similar slight
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rescue was achieved by deletion APL6 and deletion ofGGA1 has shown no effect
(Fig.12A).

Additionally to the adaptors, several GTPases, which participalé&siN/endosomal
transport processes, were included in the analysis to deterntiveestippression afeol-69
growth defect is restricted to the lossARL1 and its effectors. In the first place the deletion
of ARF1 was analysed and showed minor suppression (Fig. 12B), comparaizlgl 2qFig.
12A). Deletion ofARL3, which is already known to be closely connected\®h.1 (Panicet
al., 2003, Settyt al., 2003), suppressed with same intensityasl (Fig. 12B). Deletion of
Rab GTPase¥PT51 and YPT7, both essential for trafficking within the endomembrane
system (Singer-Krugest al., 1990; Wichmanret al., 1992), did not have any effect on the
growth defect oheol-69 cells, indicating that the suppressor capability may be ct=irto
Arf GTPases (Fig. 12B).
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Fig. 12: The neol-69 mutation shows genetic interactions with adaptors and Arf GTPases. (A) Genetic
interactions between theo1-69 mutation and deletion mutants of endosomal adapihstion series 0 ARL1
neol-69 (BS917),Aarll neol-69 (BS1323),4gga2 neol-69 (YML281), Aarl3 neol-69 (YML341), dapl2 neol-
69 (YML296), dapl6 neol-69 (YML278) and Aggal neol-69 (YML290) cells after growth at 37°C and 25°C.
(B) Genetic interactions between theol-69 mutation and deletions mutants of endosomal s@alPases.
Dilution series ofARL1 neol-69 (BS917),Aarl1 neol-69 (BS1323),Aarl3 neol-69 (YML341), Aarfl neol-69
(YMLA413), dypt51 neol-69 (YML371) anddypt7 neol-69 (YML376) cells after growth at 37°C and 25°C.

SinceGGA2 was the only adaptor whose deletion showed a suppression rotlie
69 growth phenotype comparableABL1, the implication of Gga2p in the YsI2-Arllp-Neolp

was further analysed.
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3.5.2 Influence of the Neo1-69p mutant protein on the Gga2p localisation

The growth defect of theeol-69 mutant is possibly caused by accumulation of the
budding machinery components on endosomes. In agreement with that theoryaddllp
Ysl2p, both known to interact with Neolp, are detectable in those abemambrane
protrusions (Wickyet al., 2004). Sinc&sGA2 shows a similar genetic interaction wiibol-

69 mutant likeARL1 (see section 3.5.1), it was logical to analyse the subcetligaibution
of Ggaz2p in theneol-69 cells. The distribution of Gga2p was analysed by indirect
immunofluorescence of cells expressing Gga2p C-terminally tagged witheaHA-epitope.

In former studies Gga2p-HA has been shown to localise in wile-tells at several discrete
punctuate structures, likely representing the TGN and endosomssetHil., 2001; Boman
et al., 2002). In the present study, the staining pattern was simiknlyncytosolic with
several punctuate structures (Fig. 13A). The pattern of Gga2s&izmn was affected by the
neol-69 mutation already at permissive temperature. While in a leggion of cells the
uniformly observed punctuate pattern of Gga2p-HA was replaceddiyuae background-
like staining, indicating a reduction in the total levels of Gga2ghe remaining cells the
Ggazp-HA positive structures were more prominent and appeared brighter anthiangar

A B
untagged GgaZp-HA Clc1p-HA

control f neot-t f neoi-64

control neoi-69

Fig. 13: Neol-69p affects the subcellular distribution of Gga2p-HA. (A) Wild-type cells lacking the HA-
epitope (BS64) (control), wild-type (wt) cells ergsing Gga2p-HA (YML303), andeol-69 cells expressing
Gga2p-HA (YML307) were grown at 25°C, fixed, andhised by indirect immunofluorescence with a
monoclonal mouse anti-HA antibody as described he tMaterials and Methods. (B) Indirect
immunofluorescence was performed with wild type 1IB$9) andcheol-69 (BS1557) cells each expressing HA-

Clclp as described in the legend of Fig. 13A.
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wild type cells (Fig. 13A). The quantification of this effeevealed that 19 % of thes01-69

cells (n = 241) exhibited the prominent punctuate pattern, simitastdts obtained for Arllp
(25%) and Ysl2p (19%) (Wickst al., 2004). These results indicate that the examined protein
Ggaz2p tends to accumulate in theol-69 structures (brighter staining in some cells)
comparable to the distribution of YsI2p and Arllp (Wiekyl., 2004).

The staining of Clclp, N-terminally tagged with a triple HA-epé to preserve
functionality (Bottcheret al., 2006), was also analysed. No differences of the HA-Clclp
localisation in theneol-69 mutant could be observed compared to wild type (Fig. 13B). This
observation is not unexpected, since clathrin participates in numerocessses within the
cell and only a subset of clathrin molecules is possibly influebgetthe neo1l-69 mutation.
Thus, it remains to be proven, if a subset of clathrin moleculesmadates on abberant

strunctures of thaeol-69 mutant cells.

3.5.3 The localisation of Gga2p to endosomal structures is dependent on
Arllp

Until now the localisation of adaptor proteins was always cjoselated to Arf-
GTPases, namely to Arflp (DellAngeliehal., 2000; Seamaet al., 1996; Ooiet al., 1998).
Since the deletion dBGA2 suppresses theeol-69 growth defect comparable to the deletion
of ARL1 (section 3.5.1, Wickgt al., 2004), the next logical step was to analyse the possible
dependence of the Gga2p localisation on the presence of Arllp. AdrlEcells expressing
Gga2p-HA were stained by indirect immunofluorescence.

When compared to wild typeharll cells exhibited a more homogenous cytoplasmic
staining pattern of Gga2p-HA. The punctuate structures wereoksssus than in the wild
type cells (Fig. 14). To demonstrate more clearly the possiblease in punctuate staining
between wild-type andarll cells, use was made of one clasgok mutant,vps27, in which
abnormal, more expanded endosomal structures (class E compartroemtukate in
proximity to the vacuole (Pipeat al., 1995). Previously it was demonstrated that proteins
such as Neolp or YslI2p collapse in tips27 cells (Wickyet al., 2004; Jochunet al., 2002),
to form one or few large structures. Indirect immunofluorescenadiest performed here
confirmed the clump formation for the adaptor Gga2p already publishethér recent
studies (Hirstet al., 2001; Bomaret al., 2002; Fig. 14). The deletion &RL1 in the vps27

mutant resulted again in a diffuse cytoplasmic localisationg#2p-HA and no association
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with the abnormal, expanded endosomal structures segs2n ARL1 cells (Fig. 14). Thus,

Arllp is responsible for the recruitment of Gga2p to TGN/endosomal structures.

” kY

control Aar vpsZ7iAart

control A Aarlt W vps27Aarit

Fig. 14: Localisation of Gga2p-HA is affected by the loss of Arllp. Indirect immunofluorescence was
performed with untagged cells (BS64) (control),daiype (YML303),Aarll (YML360), vps27 (YML333) and
vps27 Aarll (YML397) cells expressing Gga2p-HA as describethinlegend to Fig. 13A.

From previous studies Gga2p was known to be recruited to membran®glby
(Dell’Angelicaet al., 2000). Thus, it was interesting to analyse the effect cAftd deletion
on the Gga2p localisation in tlwps27 mutant. In accordance with expectations, the deletion
of ARF1 caused the same loss of punctuate staining ing$2¥ mutant as observed for the
vps27Aarll mutant (data not shown). Thus, the subset of Gga2p that collapsesvpsdie
mutant is dependent on both, Arllp and Arflp. If these two small GTiragest Ggaz2p to
TGN/endosomal structures by collaboration or by independent pathreaysins to be

shown.

3.5.4 Deletion of YSL2 severely perturbs the localisation of Gga2p

Since theneol-69 mutation has the same effect on the YsI2p and Gga2p localisation
(Wicky et al., 2004; section 3.5.2), it seems that both proteins are probably localitieel i
aberrant membrane protrusions caused by¢b&-69 mutation. Further, in the present study
Arllp has been demonstrated to be responsible for the recruitih@ga@p to endosomal
membranes (section 3.5.3). Since YsI2p interacts directly with Anhtbhas been proposed
to be a GEF for this small GTPase (Jochairal., 2002, see section 1.2.2), it was interesting
to show whether YsI2p may also be involved in this recruitment oR@gaherefore, the
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influence of theYS.2 deletion on the localisation of Gga2p-HA was analysed by indirec
immunofluorescence.

Remarkably, comparison of the staining pattern of Gga2p Grtelijntagged with a
triple HA-epitope in wild type andwysl2 cells revealed that the deletion Y¥¥.2 caused a
general loss of the punctuate Gga2p-HA staining (Fig. 15A). aMhilthe wild type cells
Ggaz2p-HA distributes between cytosol and distinct punctuate structimespunctuate
localisation of Gga2p is lost iAysi2 cells (Fig. 15A). Thus, YsI2p has a function in the
membrane association of this adaptor protein. To exclude the posdifityoss ofYSL 2
results in a general mislocalization for all proteins whickide on TGN/endosomal
structures, the staining pattern of Tlglp-Myc, a SNARE proteinrdsades within the same
compartment as Ggaz2p, YsI2p, and Neolp (Jahn and Scheller, 2006; &\Vatky?2004; see
section 1.1.2.3) was also determined. HoweveAys2 cells the staining pattern of Tlglp-
Myc was similar to wild type cells (Fig. 15B), indicatirftat the loss o¥SL2 does not have
pleiotropic effects on endosome biogenesis and membrane trafficking.

Earlier studies from the group of Dr. Birgit Singer-Krugerdaemonstrated that
overexpression ofARL1 can suppress multiple defects&fsl2 cells including its impaired
growth at 37°C, the defect in endocytosis and in vacuole biogenestaufdet al., 2002).
Thus, it was consistent to analyse whetABL.1 overexpression also restores the staining
pattern of Gga2p in thitysl2 mutant cells. Therefordys2 cells were transformed with 2 um
plasmids encodindRL1 or ARF1, respectively, and the staining pattern of Gga2p-HA was
analysed (Fig. 15A). Consistent with previous resuMRl.1 overexpression was able to
restore the Ggaz2p localisation to punctuate structures. In codlyd& cells overexpressing
ARF1 still exhibited the greatly diminished Gga2p-HA staining. Mosgpwverexpression of
ARF1 further impaired the growth diysl2, while ARL1 overexpression suppressed it (data
not shown; Jochurat al., 2002). Thus,Ysl2p may have a role in the localisation of Ggaz2p,

likely mediated by Arllp.
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Fig. 15: Loss of Yd2p severely affects the subcellular distribution of Gga2p-HA. (A) Indirect
immunofluorescence was performed with wild type ([Y3@3) andAysl2 (YML363) cells expressing Gga2p-
HA as well as withAysl2 cells (YML363) transformed with eithepth-based ARL1 or 2 um- based ARF1 as
described in the legend to Fig. 13A. (B) Wild-ty(i#S64) andAys2 cells (BS695), each transformed with
pmycTLG1 were grown in SR, medium at 25°C, fixed, and stained by indirect mm@fluorescence with a

rabbit anti-c-Myc antibody as described in Materiahd Methods, section 2.1.4.3.

The localisation studies performed for Gga2pNarl1 andAysl2 cells have indicated
a loss of punctuate structures in both deletion strains. Anyhowletegon ofYS_2 seems to
result in a stronger loss of punctuate staining (Fig. 15), than tegatebf ARL1 (Fig. 14).
Subcellular fractionation was the method of choice to respondeiftdtal cellular levels
or/and the distribution between membranes and the cytosol is chang&bddp upon
deletion ofARL1 or YSL2. Analysis of the cell lysates of wild typ&ysl2 andAarl1 cells has
demonstrated that the deletionYSL2 or ARL1 had no effect on the total cellular levels of
Gga2p-HA (Fig. 16A). For the fractionation the precleared lysateildf type, Aysl2 and
Aarll cells was subjected to ultracentrifugation. The protein concentratidhge respective
supernatant and pellet fractions were determined by the Miapa&Bsadford procedure

(Bradford, 1976). Several quantities (ig) of the supernatant anet pelttions of the
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respective strain were loaded on the same SDS-gel. After imnaitiodp) the intensity of the
Gga2p bands derived from the pellet fractions was compared to thaedddrom the
supernatant fractions (Fig. 16B). The amounts of pellet and supdrfratztions showing the
same intensity of the Gga2p band for a given strain werentieent. These values were
divided by the total protein amounts of the pellet and supernatatiofiscrespectively. The
two ratios were then expressed using a common denominator, alldwirtetermination of
the percentage of total Gga2p present in each fraction (d&Ens2@.3.2). The Gga2p levels
did not differ considerably in wild-type and tlgsl2 mutant, approximately ~3/4 of the
Gga2p-HA was found soluble and only ¥ bound to membranes (Fig. 16B).

Further, the pellet or supernatant fractions of wild tyjar|1 and Aysl2 cells were
loaded on the same gel, respectively (Fig. 16C). Surprisingly, the tipgiati Gga2p in the
respective supernatant and pellet fractions were very sifildy. a slight accumulation of
the higher mass band could be observed inAys2 muntant (Fig. 16C, marked with *),
which could represent a covalently modified form of Gga2p (e.g. phosptiorylor
ubiquitination). Previous studies by Hiret al. (2001) demonstrated that the stability of
membrane association upon freezing/thawing or lysis by homogeniss much lower for
GGAs than for AP-1. They used this experiment to explain why ¢henot verify observed
interactions of GGA proteins with biochemical methods. Thereftre, results of the
subcellular fractionation performed in the present study may eftdct the realin vivo

situation but rather artefacts of the experimental procedure.
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Fig. 16: Deletion of YSL2 or ARL1 does not perturb the subcellular distribution of Gga2p-HA according to

the subcellular fractionation. (A) Lysates ofAysl2 (YML363), Aarl1 (YML360) and wild type cells (YML303)
were prepared with glass beads, same amounts wperased by SDS-PAGE. Gga2p-HA was detected by
immunoblotting with monoclonal mouse anti-HA antilyo (B) Comparison of the Gga2p-HA quantities in
pellet and supernatant fractions faysl2 (YML363) and wild type cells (YML303). After a 10@00 x ¢
centrifugation of a solubilised and preclearedlItotl lysate, several quantities of the supernatamd pellet
fractions were analysed by SDS-PAGE. Gga2p-HA weteaed by immunoblotting with the mouse anti-HA
antibody. Determination of the percentage of membrassociated Gga2p was performed by loading devera

amounts (ug) of the pellet and supernatant frastioh either the wild type oAydl2 strain on a SDS-
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polyacrylamid gel. After immunoblotting, the intérysof the Gga2p bands derived from the pellettitats was
compared to that derived from the supernatantifrast Numbers in bold indicate the amounts in thiéepand
supernatant, which are estimated to show an eauivalgnal for Gga2p-HA. The calculation of thetidligition
(in percentage) of Gga2p-HA between the supernatahipellet is shown for wild type cells as an eglemThe
amounts of pellet and supernatant fractions showiagame intensity of the Gga2p band for a giveirswere
determined. These values were divided by the totatein amounts of the pellet and supernatant ifmast
respectively. The two ratios were expressed usimgramon denominator, allowing the determinatioritef
percentage of total Gga2p present in each fract{@). The pellet and supernatant fractions A#érll
(YML360), Aysl2 (YML363) and wild type cells (YML303) were compdreconsidering the Gga2p-HA
distribution. Cellfractionation was performed ag(8), several quantities of either the pellet a& Hupernatant
fractions of all strains were loaded on the sam&-8Bl. An enriched band in pellet fraction of thysl2 strain is

indicated by an asterix (*).

3.5.5 GGA1l and GGAZ2 genetically interact with ARL1

Since several lines of evidence indicate a recruitment of Gogg2pllp (see section
3.5.1 and 3.5.3), it was interesting to analyse the possible genetaciime betweemRL1
and theGGA proteins.

Single deletions oARL1, GGALl andGGA2 are all known to have subtle or no growth
defects and moderate deficiencies in membrane traffic é.eb., 1997; Luet al., 2001,
Dell’Angelicaet al., 2000; Hirstet al., 2000; Zhdankinat al., 2001). In the present study, the
growth of the single\ggal, Agga2, andAarl1l mutants, all possible double mutants and the
triple AggalAgga2Aarll mutant was compared at 25°C and 37°C (Fig. 17). At both
temperatures all single and double mutants grew comparable dotypié, only for the
Aarll4gga2 a slight growth defect could be observed. The additional deletiocBG#1
further impaired the growth. The defect could be observed at 25°Cwasit clearly
pronounced at 37°C. The result indicates that Arllp and the GGA protgngate an

important transport route in the TGN/endosomal system by a common effort.

Neo0o® 29000 @

Fig. 17: Aarl1Agga2Aggal cells show strongly impaired
growth. Dilution series of wild type (BS64)Aarll
0002900090 (BS1105), Agga2 (YML269), Aggal (YML268),
00009000 Agga2harll  (YML318), Aggaldarll  (YML355),
sainggafl MM X N X B
AarliAgga2 . @& = . &
aggataggazl W M BN W W W
AarliAggaisgga2 I. ﬂ . el

AggalAgga? (CB255) andharl1Agga2Aggal (YML460)

cells were grown at 25° and 37°C.
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3.5.6 Arllp and Ysl2p interact physically with Gga2p

The immunofluorescence and genetic data (section 3.5.1-3.5.5) are highly inditative
a close connection between Gga2p and the YsI2p-Arllp-Neolp network. Thuss ibfw
interest to analyse if the Gga2p localisation is mediated mBctdinteraction with these
proteins. The interaction between Arllp and Gga2p was of majoesttesince the GGA
proteins were to date regarded to be recruited to membrane®m@ependent manner, but
solely by the action of Arflp (Zhdankingt al., 2001). In former binding assays GGA
subdomains were expressed as GST-fusioris. icoli, Arflp was used either from bovine
brain cytosol or was recombinantly expressed. GST-fusions webeynnd to the glutathione-
Sepharose and subsequently incubated with the Arflp-containing samplesenge or
absence of GT¥S (Bomanet al., 2000; Dell’Angelicaet al., 2000). Since GGAs are Arflp
effectors, the GTPase could be isolated only with constructsicimgtdhe GAT domain in a
GTP dependent manner.

In the present work Gga2p was expressed as a GST-fusion thanhsantano acids
1-326 of GgaZ2p including the VHS (Vps27, HRS, and STAM) domain that reesgacdic-
cluster-dileucine signals present in the cytosolic tails ajacé@Puertollancet al., 2001a; Zhu
et al., 2001) and the GAT (GGA and TOM) domain that interacts with the-&dund form
of ADP-ribosylation factors (Arfs) (Bomaret al., 2000; Dell’Angelicaet al., 2000;
Puertollancet al., 2001b). GST-Ggaz,sis similar to a construct of the homologous Ggalp
previously used to demonstrate the interaction of Ggalp with Arflp (Zhdasilkaha2001).
The purified GST-fusions of Gga2p and the control proteins were rebouhd gutathion-
Sepharose and incubated with a yeast cell lysate containing chroailyséiA-epitope
tagged proteins. GST-pull down with Arl1p was of major interest, bl&pYand Neolp were
also analysed as well as several other proteins (Ysl1p, Vpsl1l3p and Sjl2p) as negatve c

To analyse the physical interaction between Arllp and Gga2p, G&Z-g&gwas
immobilized on glutathione-Sepharose beads and incubsétie@ yeast cell lysate containing
Arllp-HA (Fig. 18A). Purified GST and a GST-Ypt7p fusion were prodithy Dr. Birgit
Singer-Kriiger as negative controls. GST-YsI2N-term was prelyioesnonstrated to interact
with in vitro translated Arllp (Jochurt al., 2002) and was therefore included as a positive
control. Although the intensity of the Arllp-HA interaction with G6&§aZ. 326 (Fig. 18A;
lane 3) is weaker than with GST-YsI2N-term (~50%) (Fi§Allane 4), it is clearly
distinguishable from the negative controls (Fig. 18A; lane 1 and 2hvghiow no binding of
Arllp-HA. Thus, Arllp can bind to Gga2p vitro.
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Since Ysl2p was shown to be important for the Gga2p localisatiersészion 3.5.4),
it was further analysed if this dependence is caused by a iite@ction of the two proteins.
Like for the GST-pull down with Arl1p-HA, GST-Ggaz-swas immobilized on glutathione-
Sepharose beads and incubatath a yeast cell lysate containing Ysl2p-HA (Fig. 18A).
Purified GST and a GST-Ypt7p fusion were provided Dr. Birgit Silkgéiger as negative
controls. Specific binding of YsI2p-HA to GST-Ggags(Fig. 18B; lane 3) but no binding to
the control recombinant proteins GST and GST-Ypt7 (Fig. 18B; laned12a could be
detected. Thus, Ysl2p can bind to Gga2pitro. Since the membrane recruitment of adaptor
proteins is thought to be mediated mainly by Arf-GTPases, the @faR -36pull down with
YsI2p-HA was repeated with Aarll lysate. The immunoblot analysis showed only a
moderate reduction of isolated Arllp-HA compared to the pull down invildetype strain
(Fig. 18C; lane 3 and 6), indicating that the interaction betwésl2p and Ggaz2p is
independent of Arllp. In the reverse GST pull down experiment, diffeegnins of YsI2p
were expressed as GST fusions and incubated with yeast &gsatening Gga2p-HA, but
unfortunately, no interaction could be observed between the two pr{taitasnot shown).
This may indicate that either the complete length or additiomalifroations of YsI2p are
necessary to mediate the interaction. Anyhow, it is also posiiatethe GST-Ggaz.s
construct binds unspecifically to proteins so that the interactiomemirated here are not
representative.

Thus, to analyse the specificity of the GST-Gggaginteractions with YslI2p-HA and
Arllp-HA other proteins known to participate in cellular transpmcesses were also
included in the analysis (Fig.18D). Neolp was analysed, sinceclbvgsly linked to YsI2p
and Arllp (Wickyet al., 2004) and has in this study been demonstrated to be important for the
membrane recruitment of Gga2p (see section 3.5.1-3.5.2). Ysl1p localesadyt endosomes
(Siposet al., 2004), but does not seem to function in dependence on YsI2p (see section 3.2),
Vpsl3p is known to regulate the cycling of Kex2p on the TGN (BrickndrFRaller, 1997)
and Sjl2p is known to regulate early endocytic processes (Bowtlakr, 2006). Thus, all
three proteins were included in the analysis as controls tadexthe possibility that proteins
which participate in vesicular transport are generally enriched imgoabation on Sepharose
beads with GST-Gga2.s GST-Ypt7p and GST-Ggagzswere immobilized on glutathione-
Sepharose beads and incubated with a yeast cell lysate contaisihgepdip, Ysllp-HA,
Vps13p-HA or Sji2p-HA. 0.8% NP-40 were used for the solubilisation optbteins except
in the case of HA-Neolp, where 0.01% are known to preserve thectiaaravith Ysl|2p
(Wicky et al., 2004).
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Fig. 18: Gga2p interactsin vitro with the Ysl2p/Arl1p/Neolp network. (A) Arllp-HA bindsin vitro to Gga2p
via a region containing the VHS-GAT domains of Gga20 pg of GST, GST-Ypt7, GST-YsI2N-term and
GST- Ggazszs Were immobilised onto glutathione-Sepharose beadsincubated with a detergent-solubilized
(0.6 % Triton X-100) yeast cell lysate containind1p-HA (YML346). After extensive washing, boundopeins
were eluted and separated by SDS-PAGE. Recombprateins were stained with Coomassie brilliant blue
(Co), Arl1p-HA was detected by immunoblotting usiagnonoclonal mouse anti-HA antibody. (B3I2p-HA
bindsin vitro to Gga2p via the VHS-GAT domain of Gga2p. 80 uG&T, GST-Ypt7 and GST- Ggazswere
immobilised onto glutathione-Sepharose beads atubated with a detergent-solubilized (0.6 % Tri¥6A00)
yeast cell lysate containing YsI2p-HA (BS1121). ekftextensive washing, bound proteins were elutetl an
separated by SDS-PAGE. Recombinant proteins waneest with Coomassie brilliant blue (Co), YsI2p-kAas
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detected by immunoblotting using a monoclonal maugeHA antibody. (C) YsI2p-HA binds vitro to Gga2p

via the VHS-GAT domain of Gga2p independently oflfsr 80 pg of GST, GST-Ypt7 and GST- Ggaz were
immobilised onto glutathione-Sepharose beads acgbated with a wild type (BS1121) darll (YML424)
detergent-solubilized (0.6 % Triton X-100) yeast ¢gsate containing YsI2p-HA. After extensive wasty,
bound proteins were eluted and separated by SDSEPAR@combinant proteins were stained with Coomassie
brilliant blue (Co), Ysl2p-HA was detected by imnalootting using a monoclonal mouse anti-HA antibaod)
Possible specificity of 80 pg of GST-Ypt7 and GS@aQ 3, were immobilised onto glutathione-Sepharose
beads and incubated with a yeast cell lysate aantaiVps13p-HA (CB8), Ysllp-HA (YML231), HA-Neolp
(BS1488) or Sjl2p-HA (BS1127). For the solubilisatiof the yeast proteins 0.6% Triton X-100 was used
except for HA-Neolp 0.01% NP-40. After extensiveshiag, bound proteins were eluted and separated by
SDS-PAGE. Recombinant proteins were stained witbn@ssie brilliant blue (Co), HA-tagged proteins sver

detected by immunoblotting using a monoclonal margeHA antibody.

HA-Neolp was isolated by GST-Ggags and not by GST-Ypt7 (Fig. 18D). Thus,
like YsI2p and Arllp also Neolp seemed to interact with Gga2p. Wnfely, also Sjl2p-
HA, which has a role in distinct early endocytic processes,iswéasted specifically by GST-
GgaZ.sz»s and not by GST-Ypt7. Yslip-HA showed only a slight increase sidation with
GST-Ggazszscomparedo GST-Ypt7p. The GST-pull down with Vps13p-HA suggested that
the GST-Ggagsze construct did not enrich every protein similarly, since there is no difference
between the weak interactions in the negative control (Fig.18D;2pa@d GST-Ggaz.s
(Fig.18D; lane 1). Anyhow, the specific interaction with Sjl2p als® #he increase in the
amount of isolated Ysllp suggest that the GST-@ggZonstruct interactsn vitro with
many proteins whiclin vivo do not interact with Gga2p. Thus, the positive interactions with
YslI2p, Arllp and Neolp have also to be regarded with caution and to be cadnfigme
additional methods.

To confirm the interaction of Gga2p with YsI2p and Arllp co-immunopretipi
experiments were performed in strains expressing Gga2p-HAN&Zp Gga2p-Myc/
YsI2p-HA or Gga2p-Myc/Arllp-HA by isolation of Gga2p via the refpe antibody and
immunoblot analysis of the coisolated proteins. Anyhow, no or only nenachment of
YslI2p or Arllp could be observed when compared to strains with untaggeg Gigia not
shown). Remarkably, the analysis of the interaction of Gga2p wip¥sd Arllp reminds
of experiments considering the Ent4p-YsI2p interaction (see section. 3tBHJth cases the
interaction could be shown by GST-pull down experiments but not by co-imunopreaistati
For mammalian GGA proteins it has been shown that cycles of phosyiwrl
dephosphorylation regulate their binding to cargo proteingvo althoughin vitro the VHS
domain of the GGAs could clearly bind to the respective cargo pr({idarayet al., 2002a).
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Similar, cycles of phosphorylation could also regulate the interacti Gga2p with YsI2p or

Arllp. Mutations in the respective phosphorylation site in the hingeeet of Gga2p could

help to analyse if the interactions to YsI2p or Arllp depend on this icattiiih. Further, the

dependence of the Gga2p-Arllp interaction on the nucleotide state lgf Aals not been

analysed yet. If Gga2p is an effector of Arllp, their inteceacBhould be stabilized by the
addition of nonhydrolysable GTP-analogue @3$P to the co-immunoprecipitation
experiment.

The controls in the GST-pull down (Fig. 18D) have demonstrated thatG&EBZ 326
seems to have a high rate of false positives partners in thegp@ISdown assay. Thus, it is
still possible that the GgaZ2p vivo does not directly interact with YsI2p or Arllp. Anyhow,
the genetic (section 3.5.1. and 3.5.5.) and microscopy data (section 3.535dndhave
clearly demonstrated that Gga2p participates in common pathwty#mip and Ysl2p and
that the localisation of Gga2p depends on the presence of YsI2p dmd Additionally, the
positive result from the GST-pull down assays with Ys|2p and Arllpcateithat the
dependence in GgaZ2p localisation is mediated by a direct interadtGga2p with YsI2p and
Arllp. If the interaction is direct or mediated by e.g. Arffgmains to be analysed by
alternative biochemical assays.

3.6 Further studies considering physical interactions of the novel

protein Tvp38p with Ysl2p

3.6.1 In vitro binding experiments verify the two hybrid interaction

between Tvp38p and the N-terminus of YsI2p

A two hybrid screen was recently performed in the group oBDgit Singer-Krtiger with
the Sec7 domain of YsI2p (amino acids 211 to 514). The region has arkeamblogy to
Sec7 family members and in known to be responsible for the YslZjp-Anteraction
(Jochumet al., 2002). Among the interacting partners a novel protein named Tvp38p was
identified. The name originates from an experiment in which Tvp38y2 (Eompartment
vesicle_potein) was discovered in Tlg2-containing membrane fraction by@mut analysis
of immunoisolated Golgi subcompartments ®f cerevisae (Inadomeet al., 2005). In
agreement, indirect immunofluorescence studies performed in the grBupSinger-Kriger
demonstrated a TGN/early endosomal localisation for Tvp38p (A. Zjdgiplomarbeit). Its
conserved sequence is found in higher eukaryotes, but these homologuesohdesn
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characterized yet. Tvp38p is nonessential and the processing ob@PXLP occurred in
Atvp38 cells as in the wild type (Inadoneeal., 2005). Interestingly, pulse chase experiments
performed in the group of B. Singer-Krtiger showed that Vps10p seebgsrhore stabile in
Atvp38 cells than in wild type (A. Ziegler, Diplomarbeit). There igg@netic interaction
between Tvp38p and Ypt51lp, but Tvp38p does not seem to participate in the endocytic

processes since LY and Ste2p transport are not perturbed.
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Fig. 19: Tvp38p interactsin vitro with the N-terminus of Yd2p. GST and GST
fusions were immobilized onto glutathione-Sepharfosads and incubated with a
detergent-solubilized (0.6 % Triton x-100) yeadt lysate containing HA-epitope
tagged Tvp38p. After extensive washing, bound jmetewere eluted and
separated by SDS-PAGE. Recombinant proteins wexi@est with Coomassie
Brilliant Blue (Co), Tvp38p-HA was detected by imnablotting.

Co-immunoprecipitation experiments performed with YsI2p-TAP and Tp4b38 in
the group of Dr. Singer-Kriiger confirmed the result of the tylwrid analysis. In the present
work it was analysed if the result from the two hybrid andinmarunoprecipitation
experiments can be verified with anvitro GST-pull down experiment. For that purpose, the
N-terminal region of YslI2p (amino acids 2-514), containing the Sec7 idous&d in the
initial two-hybrid screen, was expressed B coli as a GST-fusion and purified by
glutathione-Sepharose affinity purification. Purified GST, GST-Yatd GST-Ypt51 were
provided by the Dr. Birgit Singer-Kriiger as negative controls. @8d GST-fusions were
immobilized on glutathione-Sepharose beads and incubated with a detsigdilized yeast
cell lysate containing triple HA-epitope tagged Tvp38p. The immundtalysis of the
eluates revealed that Tvp38p-HA bound specifically to GST-Ys|2M-(€ig. 19; lane 4) and
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not to the control recombinant proteins (Fig. 19; lane 1-3). Thusnousoprecipitation

analysis could be verified, Tvp38p-HA can bind Ysi@pmitro.

3.6.2 Tvp38p interacts with Syslp in vivo

Recent large scale analysis of protein-protein interactioB8scerevisiae using a split-
ubiquitin technique, specifically applied for putative integral memdraroteins, identified
Syslp as a possible interaction partner of Tvp38p (Mdlexd., 2005). Syslp is an integral
membrane protein that localizes to the TGN (Setitsd., 2004; Behniaet al., 2004). It has
recently been demonstrated that Syslp is the sole membrane réoefiteracetylated Arl3p,
while Arl3p in turn is necessary for the Arllp membrane bindiregty®t al., 2003; Settyet
al., 2004; Behniat al., 2004; Paniet al., 2003a; see section 1.2.2). Since Ysl2p has yet not
been proven to be the GEF for Arllp although their common role has beemsisated
(Jochumet al., 2002, Wickyet al., 2004; section 3.5), it would be highly interesting to prove
if Tvp38p is a common interacting partner for Syslp and YsI2p. Byahaidditional hint for
a role of YsI2p in the Sys1p/Arl3p/Arllp network would be provided.

The putativein vivo interaction between Tvp38p and Syslp was analysed in the
present work by co-immunoprecipitation experiments. The co-immunopegmpig were
carried out using extracts of cells expressing either both Tvp38m@iktA Syslp-Myc, or
Tvp38p-HA alone (control strain). A strain expressing Syslp C-teliyitagged with a Myc
epitope was provided by the group of Dr. Birgit Singer-KrtigereAine lysis proteins were
solubilized from the total cellular lysates by different conadiins of the detergent (0.01-
1.25% NP-40). This titration of the detergent was applied, since foip\yavhich is also an
integral membrane protein, it has already been demonstratetehatrease of the detergent
concentration abolishes the co-immunoprecipitation with YsI2p (Wetly., 2004). Syslp-
Myc assemblies were isolated from the precleared lysa&dfimity purification with an anti-
Myc antibody coupled to protein A-Sepharose and released from thix toatboiling in
SDS-PAGE sample buffer. Immunoprecipitates were then analysednbunoblotting using
anti-HA and anti-Myc antibodies (see section 2.1.4.1). Sys1-Myc wabilsged in similar
guantities at all detergent concentrations (Fig. 20A, anti-Myqg.bdwever, Tvp38p was
found in immunoprecipitates from Syslp-Myc expressing cells andimahe negative
control, but as already shown for Neol-YsI2 interaction (Wiekgl., 2004), only in the
presence of 0.01% NP-40 (Fig. 20A, anti-HA blot). The increase of thergeet

concentration led to the complete loss of the interaction between Syslp and Tvp38p.
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Fig. 20: Tvp38p associates with the integral membrane protein Syslp. (A) Detergent (0.01% - 1.25% NP-40)
solubilized lysates from cells (50 @ units) expressing Syslp-Myc/Tvp38p-HA (CB223) atyoTvp38p-HA
(BS1299) were cleared at 15,000 x g and subjecté@mirhunoprecipitation using anti-Myc antibody andtpin
A-Sepharose. Isolated proteins (33.3 % of the fotatipitates) were separated by SDS-PAGE and tweltdxy
immunoblotting using mouse monoclonal anti-Myc amti-HA antibodies. (B) Detergent (0.01 % NP-40)
solubilized lysates from cells (150 @9 units) expressing Syslp-Myc/Tvp38p-HA (CB223) otyoTvp38p-
HA (BS1299) were cleared at 15,000 x g and subs#gtyuat 100,000 x g. The supernatant was subjettied
immunoprecipitation using an anti-Myc antibody ammbtein A-Sepharose. After bindinghe proteins were
eluted by heating in SDS-PAGE buffer with 8M uré®@°C for 10 min. 33,3 % (for anti-HA detection) 16,6
% (for anti-Myc) of the total precipitate were seggad by SDS-PAGE and detected by immunoblottindp wi
anti —Myc or anti-HA antibody as described in sect?.1.4.1.

To exclude the possibility that the Syslp-Tvp38p interaction is rteedidy
membranes which include both proteins, Syslp-Myc assemblies welseds from
precleared cell lysates, solubilised with 0.01% NP-40 and subsequaenttyfuged for 1h at
100,000 x g to pellet unsolubilized material. The solubilized Tvp38p-HA csiipurified
specifically with Syslp-Myc (Fig. 20B, anti-HA blot). These detdicate that then vivo
interaction of Syslp and Tvp38p is most likely mediated by the saletifproteins and not

by membranes.
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4 Discussion

4.1 Loss of YSL2 perturbs the sorting of several components of the
vacuolar fusion machinery

In the present work the compositions/yisl2 and wild type vacuoles were compared
using two-dimensional electrophoresis and mass spectroscopy toyigeotiéins which are
either strongly enriched or reduced in the vacuoles ofAfls2 mutant. By identification of
these proteins the role of YslI2p in transport processes could possibly be furtifeddspec

The most prominent alteration updi®L.2 deletion is the increase of vacuolar levels
for Erg6p. In wild type cells Erg6p localises mainly in lipid deigpland the ER (Millnest
al., 2004; see section 1.1.4). There, on the contact zone between ER and tigiesp&rg6p
regulates one of the final maturation steps of the ergosterdlesystthe C-24 methylation of
zymosterol (Zinseret al., 1993; Parkset al., 1995). Interestingly, recent study has
demonstrated that the lipid particles directly contact withyeardosomes through the action
of Rab GTPases (Lidt al., 2007), probably to transport lipids between these compartments.
Erg6p could possibly be missortedAgsi2 cells during such contact from the lipid particle to
endosomes and finally to the vacuole. That could explain its accumulatibe vacuoles of
Ays 2 cells, which was observed in the present study. If this misatian causes changes in
ergosterol levels remains to be determined.

Secondly, reduced actin levels could be observed on vacuolgsi@fcells. In wild
type cells actin associates with vacuoles and its dynamisseisdbly and reassembly has
been implicated in several membrane fusion systems (Staghiaés 2002; Eitzen 2003).
Recent reports have defined a rdte lipids in the regulation of actin cytoskeleton
remodelling in conjunction with vesicular trafficking (Friaattal., 2001; Aneset al., 2003).
Further, Tedricket al. (2004) provide links between ergosterol, the cytoskeleton and
membrane fusion. They demonstrated that both growth defects and vaagpteritation
caused by defects in the actin-remodelling machinery can be suppogdtedvacuolar sterol
enrichment and greatly enhanced vacuole membrane fusiERG8 upregulated cells. Thus,
some perturbations in ergosterol synthesis could have conditioned reduiceteels on
Aysl2 vacuoles. On the other hand, there are also several lines afievide a connection of
YslI2p with the actin network. Efet al. (2005) observed a polarized accumulation of the N-
terminal YsI2p fragments in nascent buds (neck and cortical are colocalization with

cytoskeletal elements. Further, Singer-Kriiger and Ferro-N¢¥&%7) reported that iysi2-1
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cells cortical actin patches were more randomly distributed theeperiphery of both mother
and daughter cell during all stages of the cell cycle. Thus, chantes YsI2p function could
have a ubiquitous influence on the actin distribution.

Thirdly, the reduced vacuolar levels of some V-ATPase subunits coulklade
observed inAysl2 cells. The V-ATPase was identified as an important componernpidf |
rafts (Yoshinakaet al., 2004) and Vmalp, a V-ATPase subunit, interacts also with Vrplp, a
part of the actin remodelling machinery (Gawnal., 2002). Since additionally the VvV
complex is known to participate in the formation of the vacuole fuhianrel (Peterst al.,
2001; Bayeret al., 2003), the V-ATPase seems to be together with actin a compdrtéet o
vacuole fusion machinery. Possible changes in ergosterol biosynthagi cause defects in
the assembly of the vacuole fusion machinery. If missorting of Eig@lpe vacuole causes
alterations in ergosterol levels remains to be determined.

Mass spectroscopic analysis from the present work proposes aioedattthe
aldolase level on the vacuole up¥BL2 deletion. Former studies have already proposed a
close connection between the aldolase and V-ATPaset(Bly 2001; Luet al., 2004, see
section 1.1.3). Thus, the reduction of the Fbalp levels on the vacuole couldsbd bg the
reduction of the V-ATPase levels as observed in present studpiténas that it remains
astonishing that in the present study the mass spectroscoptccadd| not be confirmed by
immunoblot analysis using a Fbalp-specific antibody. In the immunobllysenthe Fbalp
level was altered neither in the vacuole nor in the total cellular lysates.

The delay in the maturation of Apelp, which is transported to the vadadiliee Cvt
(cytoplasm to vacuole transport) pathway, is describedys® cells by Efeet al. (2005, see
also section 1.2.1). The Cvt vesicles fuse with the vacuolar membsamg the common
vacuole fusion machinery. Further, as shown in present work probably aneremarts of
this fusion machinery is missorted or its levels are reduceatieém\ysi2 cells. Thus, the
problem in the Cvt pathway ohysl2 cells could have the same origin as the vacuole
fragmentation and by that be a secondary effect of#he& deletion and not an evidence for a
direct role ofYSL2 in the cytoplasm to vacuole transport, as proposed bgtlafe(2005).

It would be interesting to compare the lipid compositiomydi2 and wild type cells
to see if theyS.2 deletion causes changes in ergosterol levels. The analyikie wacuolar
levels of other components of the vacuole fusion machinery could possibly show whegher t
are missorted as well. Cells with reduced ergosterol lesglsmore resistant to nystatin
(Tedrick et al., 2004), thus it would be interesting to compare the growth of tyild and
Aysl2 cells after addition of this drug.
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4.2 Ysl2p is possibly involved in the sorting of Kex2p

Since on the one hand the vacuole levels of the V-ATPase areedeniutysl2 cells
(see section 3.1) and on the other hand Ysllp, a protein involved instraldg of the V-
ATPase is resident on early endosomes like YsI2p (Sipals 2004), it was conceivable that
the YsI2p role in the V-ATPase sorting is interceded by Ysll1p.tikr reason, subcellular
fractionation studies were conducted to analyse the effect ofy$h2 deletion on the
distribution of Ysllp and the V-ATPase. The protocol used for the sularetftakctionation
enables a separation of the early endosome on the one side frorariddate endosome on
the other side according to their physio-chemical charadtsri€diposet al., 2004). The
organelle fractionation was successful, since Ysllp, known as anermtbsomal marker,
was found in distinct fractions than Kex2p or Pepl2p, which are us@dHsand late
endosome marker, respectively. Neither the localisation afpyshe V-ATPase 100 kDa
subunit nor of any of the other TGN/endosome markers was affegctbe ldeletion ofySL2.
Thus, the subcellular fractionation experiment indicated that YsI2p doeseem to be
crucial for the sorting of Ysl1p or the V-ATPase proteins. Regehfeet al. (2005) analysed
the distribution of Snclp, Tlg2p and Chs3p, all known to be transported betwaé and
endosomes, but have not observed any chang®gslia cells compared to wild type. Only at
37°C, whereAysl2 cells display a severe growth defect, Efal. (2005) observed different
internal distributions of Snclp and TIg2p, indicating a general membraffieking defect.
Additionally, a slight missorting of p2CPY to the extracellulpace observed inys2 cells
(Jochumet al., 2002) could also be caused by a general trafficking defect. ffims® minor
changes in the distribution of analysed proteins (Jockuml., 2002; Efeet al., 2005),
support the result of the present fractionation experiment indicttat YsI2p is not directly
involved in the sorting of Ysl1p, V-ATPase, Pepl12p, Tlg2p or Vps1O0p.

Interestingly, in the present study a 50% reduction of Kex2plaellevel inAysl2
cells could be observed. Therefore, it is possible that YsI2p ipatés in the sorting of
Kex2p. Similar reduction of the Kex2p cellular level could be obsenvede AggalAgga2
strain (Mullins and Bonifacino, 2001). Furth&GA deficient cells show lik&S_2 deficient
cells a delay in alpha factor maturation and in contrast toetleced Kex2p levels, the
Vps10p sorting is not perturbed (Hiettal., 2000). This result is highly interesting with the
view on the results from the present study, which have demonsgratependency of Ggaz2p
on the YsI2p network (see section 4.5). It would be interesting toyssndhe putative
common role of YsI2p and Gga2p in the sorting of Kex2p between endosomes [dnalithG
alternative methods, e.g. pulse chase experiments.
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Former fluorescence analysis of the YsI2p localisation indichteh endosomal and
TGN localisation for YsI2p (Jochurt al., 2002; Efeet al., 2005, Gillinghanmet al., 2006).
The subcellular distribution of YsI2p performed in this work demonstiatesjor pool of
YslI2p in the same fractions as the early endosomal marker YRiig, the results from the
present work support former results (Jochemal., 2002), which propose a primarily
endosomal localisation for YsI2p. Furthermore, the subcellular fractionationreepés from

the present work specify the Ysl2p localisation as early endosomal.

4.3 Novel interaction partners of Ysl2

4.3.1 Ent4p is a putative interaction partner of YslI2p

Two novel phosphoinositide-binding proteins, Ent3p and Ent®pe identified in a
two-hybrid screen for accessory protethat interact with AP-1 and the GGAs in yeast
(Duncanet al., 2003). Capability of clathrin and cargo binding identified them as monomeri
adaptors for sorting vesicles between the TGN and endosomes (Legantieminet al.,
2004; Duncaret al., 2003; Millset al., 2003; Chidambararat al., 2004; Hirstet al., 2004)
and also in the sortingf proteins into multivesicular bodies (Dunaaral., 2003; Eugsteet
al., 2004; Copicet al., 2007). The interactions of Ent-proteins with AP-1 and GGAs were
confirmed by biochemical methods. Remarkably, the proteins showediffaffinities for
AP-1 and GGAs. Ent3p acts primarily with GGA proteins, wheErdSp acts with both AP-

1 and GGA proteins but is more critical for AP-1-mediated trangQastaguteet al., 2006).
Together, AP-1Ent3p, Ent5p, and the GGAs cooperate in different ways topsoigins
between the TGN and the endosomes.

In the present work, a homologue of Ent3p and Ent5p, the uncharattprein
Ent4p was identified as a novel putative interaction partner of Yel2ptwo hybrid screen.
Among all the identified clones it is the most interesting simgeAent4 is synthetic lethal
with ricl andypt6 (Tonget al., 2004) similar to the components of the YsI2p-Arllp-Neolp
network. Even more important was the identified cooperation betweerprBtgins and
Gga2p (Costagutet al., 2006), the novel interaction partner of YsI2p and Arllp (see section
3.5 and 4.5). To analyse if the two hybrid interaction between th€ &dmain of YsI2p
(amino acids 662-1077) and Ent4p could be confirmed with alternative bimaienethods,

a GST-pull down was performed, where only a weak interaction cfpEwith the PILT
subdomain of Ysl|2p could be observed. The low specificity of the iniienacbuld be caused
by low amounts of the GST-YsI2PILT fusion, since the quantitigauafied GST-YsI2PILT
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were much lower than of GST-YsI2N-term or GST-YsI2EPLL.isltpossible, that this
subdomain of YsI2p is only partially functional upon expressioR. icoli, and therefore the
comparably week interaction with Ent4p not representative. The nNrgs of YsI2p
interacted as well with Ent4p in the GST-pull down assay, despitee negative two hybrid
test with YsI2N-term and Ent4p. It is possible that the intemaavith Ent4p is mediated by
the 3-dimensional structure of YsI2p or that the N-terminus of Ysépahhigher level of
unspecific binding. Unfortunately, the interaction between YsI2p and Esudfd not be
verified in vivo although the procedure was performed similarly to the co-
immunoprecipitation method used to demonstrate the interaction betwetm &t Gga2p
(Duncanet al., 2003).

Additionally to the interaction with Ysl2p, the GST-pull down experinfformed
in present work demonstrated the interaction between Ent4p and Gga2pnt€hastion
would support further the analogy of Ent4p role to the adaptors Ent3grdaBd since these
proteins were already shown to interact with GGAs. Neverthekeshould be mentioned that
for Ent3p and Ent5p the interaction was shown withytkesar domain of Gga2p and not with
the VHS-GAT domain as found for Ent4p. Thus, it is possible that thgugfication of
Ent4p-HA is indirect or caused by strong unspecific binding hef GST-GgaZp.se)
construct. Experiments which demonstrai®ivo an interaction between Ent4p and YsI2p or
Gga2p would support the importance of the YslI2p-Arllp-Neolp network for th@pGga
localisation (see section 3.5).

Another putative YsI2p interaction partner identified by the two llylsgreen is
Bud27p. However, a recent study has identified this URI-type (fmoblventional prefoldin
RPB5 Interactor) prefoldin as a part of a larger complex involved ansription,
sumoylation and DNA repair (Tronners@ al., 2007). The same study has identified 16
putative interaction partners of Bud27p using a two hybrid approach. This high arhbuat
hybrid interaction partners could indicate a high rate of unspegiécactions for Bud27p in
two hybrid screens. Due to this unspecific binding and the involvemdud#7p in distinct

cellular process it seems unlikely that Bud27p interias/o with YsI2p.

4.3.2 Possible explanations for lack of success in large scale purification
of YsI2p-TAP

Identification of interaction partners is one of the most sutides®thods to improve

the understanding of the role for a given protein. Since the twadhgbreen did not reveal
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novel interaction partners except Entdp (see section 4.3.1), a larde soa
immunoprecipitation approach using YsI2p-TAP was applied to searciprédeins that
physically interact withYsl2p. However, the SDS-PAGE analysis of the YsI2p isolate could
not reveal any specific band purified only in the presence of Ysi@mat with the negative
control. Even the upscaling of the isolation did not allow the idertiicaof Ys|2p-
copurifying proteins. Astonishingly, Gillinghaet al. (2006) were recently successful with a
similar approach in their search for novel binding partners of YsRpy inserted two copies
of the 19G-binding Z domain of protein A at tBeterminus of thérS_2 gene in a strain that
lacks the four major vacuolar proteases. Upon Coomassie stainirgiafrttunoprecipitates,
a prominent doublet could be observed. The bands were identified by peas®scopy as
the YsI2-ZZ fusion protein and Doplp. The converse experiment confirmsdrabult
(Gillingham et al., 2006) as well as the co-immunoprecipitation experiments byetEdk
(2005), in which YsI2p-GFP could be co-purified with Doplp-HA.

There are several explanations for the loss of the Ysl|2-Dopl dtimraduring the
purification procedure applied in the present work. The most promineateatiffes between
the experimental conditions applied in the present work and the procedure usddbiasi
et al. are the choice of the epitope-tag and the strain background onetlsederand the lysis
method on the other side. Gillinghaatnal. have used a strain deficient in four major vacuolar
proteases to increase the half-life of proteins in general. ¥#Eweven in the presence of
proteases the Ysl|2-Dop1l interaction could be detected btEde (2005). Still, Efeet al.
analysed their samples solely by immunoblotting and not by silagrirgg, thus it is unclear
if the co-immunoprecipitation of Doplp and YslI2p is stochiometrical. Aerrative
explanation for the failure to detect the Ysl2p/Doplp interaction sywiork could be that
upon TEV cleavage Ysl2p (186 kDa) tagged with the remaining calmoduildinigi protein
(CBP; 4kDa) was undistinguishable from Doplp (194 kDa) due to sinules.g=inally, the
lysis method used in the present work could have been inappropriate fderki&cation of
YslI2p interaction partners. It consisted of grinding cells underdiaiirogen, a method
developed by Kellogg and Moazeed (2002) to preserve existing prote@rpiteractions.
Gillinghamet al. (2006) used homogenisation of spheroblasted cells as the method ef choic
which could probably be gentler than the grinding performed in this workhaneffore may
be more suitable for identification of interaction partners.

An interesting observation from the present work was that the lgrofvn the 20 |
fermentation culture reduces the amounts of isolated YsI2p per gglsncompared to the
growth in the 2 | flask culture. This could be explained by the degisity of the cell culture
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at the harvest. While in the 2 | flask culture cells were hgedeat ~ 1 Olghdml, in the
continuous 20 | fermentation culture the pH ands@&turation of the culture were adjusted, so
that cells were grown until 25 QB per ml cells. The high density may have caused changes
in the Ysl2p expression but further analysis should be performed twnedhfs observation,

e.g. YsI2p amounts should be compared at different densities f& krend 20 | culture,

respectively.

4.4 The C-terminus of YsI2p is crucial for the interaction of the
protein with itself

Since Ysl2p is a very large protein of 186 kDa, it was intergdth address which
domains of the protein are important for function. Therefore, a delséries was constructed
in the present work, by which up to 900 C-terminal amino acids of Ys&p deleted in
approximately 100 amino acid steps and exchanged by the TAP-edapsequently, the
effect on the cell growth was analysed for the respet®@-deletions.

Remarkably, the last 100 amino acids of YsI2p seem to have alcral@ for the
protein function since their loss causes a similar growth defect as themleletihe complete
YSL2 gene. This result is in agreement with studies fromdEfal. (2005), in which the
deletion of only the F domain of YsI2p (corresponds to the C-termieds}o reduced
restoration of cell growth when expressed from a 2 p plasmidAysld strain. Analogous
tests with chlorpromazine (CPZ), a cationic amphipathic moletae changes the lateral
organisation of cellular membranes (Juéal., 2001) and interacts with negatively charged
lipids (Chenet al., 2003), show that only the constructs which contain the F-domain can
suppress the CPZ sensitivity of thgsl2 cells (Efeet al., 2005). Thus, the C-terminal part of
YSL2 seams to be crucial for its function. Interestingly, this reknss to be independent of
Arllp, since the N-terminal region of YsI2p is sufficient for theeraction between YsI2p
and Arllp (Jochunet al., 2002). The putative role as an Arllp GEF would in that case be
only one of the functions of the YsI2p protein. It is yet possible amaires to be shown, if
the dimerisation of YsI2p, which could here be specified for ther@Gites, is necessary for
the interaction with Arllp. The idea of YsI2p having additionally to poeative GEF
function also other roles in the cell is also supported by diffeseimcdeletion phenotypes:
while Aarl1 cells show only slight growth and sorting defects ét.al., 2001; Jochuneat al.,
2002), the loss ofS.2 severely inhibits the cell growth (Jochwtral., 2002). In this context
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it remains puzzling, how the overexpressionABL1 suppresses all defects caused by the
YSL2 deletion analysed to date (Jochatnal., 2002).

Unfortunately, no localisation studies could be performed with thennhatgressing
Ysl2A100p-HA due to the high instability of the shortened version of Ys|2p.Wdugd have
helped to determine whether the crucial role of YsI2p is connectels temembrane
association and/or to its dimerisation. However, recentlyeEée (2005) have demonstrated
by fluorescence microscopy that while the construct encoding demaand B of YsI2p (N-
terminus) is localised to punctuate structures, a construct endbeéirigrterminal half of the
protein is entirely cytosolic. Thus, the membrane associationsseeprimarily be mediated
by the N-terminus (Efet al., 2005). On the other hand, the co-immunoprecipitation of YsI2p-
HA with YsI2p-TAP performed in the present work and elsewhere ¢Ef., 2005) was
abolished by the C-terminal deletion of only 100 of the ~1600 amino asidsuld be shown
in the present study. Since the co-immunoprecipitation of Neolp [&p Yslpreserved even
upon deletion of 500 amino acids, the C-terminal deletions do not seerus® @&grotein
misfolding but rather to disturb directly the dimerisation of YsI2pus, YsI2p seems to
dimerise via its C-terminal domain. Since the loss of the da#on is coupled to the severe
growth defect, it seems probable that this dimerisation isatriae the function of the entire
protein, e.g. the putative role of YsI2p as a scaffolding proteitif{Glamet al., see section
1.2.1). Nevertheless, it is still unclear how the dimerisationasraplished. Irvitro analysis
could not demonstrate an interaction between the C-terminus andhanypatt of the YsI2p
protein (see section 3.4.2). It is possible that a C-terminal matidn (phosphorylation,
ubiquitination) is necessary for the interaction or, alternatjvebt the YslI2-YsI2 binding is
not direct but mediated by a further component e.g. Doplp. That couldinexp&a

inconsistence between threvivo andin vitro analysis.

4.5 Ggaz2 is recruited to TGN/endosomal membranes by the Ysi2-
Arl1-Neo1l network

The Neolp-Arllp-YsI2p network is similar to the complex composechef APL
translocase Drs2p, Arflp and the Sec7 family Arf GEF Gea2p, dératmas to regulate
vesicle formation on the TGN (Chantaéhtal., 2004). Due to that similarity, a role in vesicle
budding is highly indicative for the Neolp-Arllp-YsI2p network. Howevergesia family of
Arll effectors, the GRIP domain proteins, function as vesicle ettt promote vesicle

targeting by mediating long-range contacts between opposing mesk{&hyte and Munro,
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2002; Barr and Short, 2003; Graham, 2004), Arllp was as well proposed to nkeyia
recruitment of vesicle tethers to membranes (Graham, 2004 eBalr¢gl 2004; Munro, 2005).
Nevertheless, earlier studies in mammalian cells suggested aomifectors for Arflp and
Arllp, e.g. Arfaptinl and MKLP1 (Van Valkenburghal., 2001). Further, the importance of
Arllp for the association of the adaptors COPI and AP-1 with thei @Gpjgaratus could be
demonstrated (L@t al., 2001). These results were difficult to integrate in a proposedfole
Arllp, being solely a regulator of tethering. Thus, it was hightlgresting to analyse whether
the role of Arllp upon membrane recruitment comprises as welhifieion of the vesicle
formation.

In the present work the first evidence for the role of the Neolp-AfElpp network
in the budding of vesicles was obtained by identifying additisnppressors of theeol-69
mutant. Theneol-69 mutant accumulates aberrant membrane protrusions (W&cky.,
2004). Arllp and Ysl2p possibly aggregate in such protrusions and the delbtdRiL1
suppresses theeol-69 growth defect (Wickyet al., 2004). To explain this suppression a
model was proposed, in which the accumulation of Arl1p and its effecyde responsible
for the neol-69 growth defect so that the removal of Arllp and associated prateird
restore the growth of tha201-69 mutant (Wickyet al., 2004).

The identification of otheneol-69 suppressors described here supports the role of
Arllp and its accessory proteins in the vesicle budding: whileioielet Ypt GTPases, which
mainly regulate the tethering of vesicles, had no effect onrthetly of theneol-69 mutant,
the deletion of Arf GTPases caused suppression oheb®69 growth defect to different
extend. Arl3p is known to recruit Arllp to membranes (Seitgl., 2003; .Paniet al., 2003,
see section 1.2.2). Thus, the finding that A3 deletion suppresses timeol-69 growth
defect similar to the deletion #RL1 is in agreement with the present model. It is interesting
that the deletion oARF1 partially suppresses tmeol-69 defect. This could be explained by
the involvement of Arflp in proximate reactions.

Suppressions obtained by deletion of adaptor proteins inethie69 mutant support
the role of Arllp in vesicle formation, but also further underline specificity of this
approach. Although all tested adaptors are principally known to héteztto membranes by
Arflp (Stamnes and Rothman, 1993; @oal., 1998; Zhdankinat al., 2001), their deletion
had different effects on the growth of th@1-69 mutant; while the deletion &GA2 caused
wild-type like growth, the deletion of other adaptors showed only apgkP-1, AP-3) or no
suppressionGGA1). According to the model, the deletion of an Arll-effector shouldecaus
suppression of theeol-69 growth defect with the similar strength like the los&\BL 1 itself.
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If Gga2p would be primarly recruited by Arflp, loss of Arflp shoulscue similarly or
better than loss of Arl1p. However, this was not the case. Therdfee=ms more likely that
Ggazp is recruited by Arllp/Arl3p. On the other hand, AP-1 and AP-3 abalply recruited
by Arflp to structures in proximity to Neolp, since they suppifes®eol-69 mutant in a
similar range. Deletion d8GAL1 has no effect on the growth of theol-69 mutant. A reason
could be that Gga2p is much more abundant in the cell than Ggalp (Castagyt2001).
Thus, theneol-69 supression experiment does not provide any clear evidence concémiing t
Ggal-Arll interdependency, Ggalp could be an Arllp effector as well.

The relationship between GGAs and AP-1 has up to date not been fullstoode
Several biochemical studies have proven a close connection ordaeen interaction
(Costagutat al., 2001; Dorayet al., 2002a; Bakt al., 2004). In contrast, results from genetic
studies in yeast and mammalian cells are consistent with &@EAAP-1 function in distinct
pathways (Black and Pelham, 2000; Megeal., 2000; Puertollanet al., 2001b, Heet al.,
2003). In the present work, the partial suppression afiebe-69-associated growth defect by
deletion ofARF1 andAPL?2 indicates a close spatial connection between Arllp and Arflp and
associated proteins.

The immunofluorescence results are in agreement with the niodehjch the Ysl2-
Neol-Arllp network recruits Gga2p to membranes and indicate dorogach of the three
components for the localisation of Ggaz2p. Firstly, Gga2p accumulatéseimberrant
membrane protrusions of th@01-69 mutant like earlier observed for YsI2p and Arllp
(Wicky et al., 2004). Secondly, localisation of Gga2p in #ysl2 andAarl1 strains supported
the independent role of both proteins in the recruitment of Gga2p. Whildetetion ofyS.2
has a severe effect on the distribution of Gga2p, the deletidRLdf had a less pronounced
effect on the Gga2p localisation. The Gga2-Ysl2 interaction séent® independent of
Arllp, since the interaction between GST-Ggaz) and YsI2p-HA could be partially
reproduced in the absence of Arllp. This would be consistent with thestogginat the
interaction between Gga proteins and Arflp is not sufficient foGBA recruitment (Boman
et al., 2002). Additionally to Arf GTPases other factors are thought to enisarspecific
localization of adaptors (Bonifacino, 2004; Hirat al., 2001). Possibly, an additional
interaction with Ysl2p stabilizes the Gga2p recruitment by Arllp.tke other hand, it is
remarkable that thARL1 overexpression suppressesddfects caused by thSL.2 deletion
tested so far, including the growth defect, vacuole fragmentatiohuduwet al., 2002) and as
shown in present work the severe mislocalisation of Gga2p. Théismappression of the
Ggaz2p mislocalisation imysl2 cells by the overexpression &RL1 and not of ARF1
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underlines also that the effect of YsI2p on the GgaZ2p localisatjpmmsirily linked to Arllp
and not Arflp.

It remains unclear, if Gga2p is recruited to membranes blpAand Arllp
independently of each other or by a common effort of the two GTHasesal. (2001) have
proposed a shared role for the two GTPases in mammals, since dominantihABRivealso
increases the Golgi localisation of hARF1. For yeast, it appearshe first interpretation is
better applicable, since the search for suppressors oletiie69 mutant from present work
suggests a closer proximity between Arllp and Gga2p than wiilp AFurther biochemical
experiments are necessary to demonstrate the nucleotide depemdahe Gga2p-Arllp
interaction, i.e. in the case that Gga2p is an Arllp effector, aniaddt GTHRS should
increase the affinity of Gga2p for Arllp. Interestingly, the Bldbmain protein p56 has been
identified in mammals as an accessory protein of GGAs and ARiil et al., 2003;
Bonifacino, 2004). Since GRIP domain proteins are identified as speftfdictors of Arllp
(Panicet al., 2003a; Settyt al., 2003; Luet al., 2003), this could be a further link for an
implication of Arllp in recruitment of coat adaptors. It would tteriesting to analyse if there
is a functional link between the yeast GRIP-domain protein Imhlp and GGAs.

The synthetic sickness of the tripharl1Agga2Aggal mutant can be explained by a
role for Arllp and GGAs in both parallel and common pathways. Anykowe both Arllp
and Gga2p show a similar genetic interaction with ib&l-69 mutant and interact in a
biochemical assay and since the localisation of Gga2p depends presiemce of Arllp, it
seems probable that the GGA proteins and Arllp play a role in a common pathway.

It is still unclear which transport pathway is regulated cdaadér by Gga2p and the
Ysl2-Arl1-Neol network. GGAs may be implicated in the anterogradd retrograde
transport between the TGN and endosomes as well as in tlodoselef cargo during the
MVB formation (Black and Pelham, 2000; Puertollano and Bonifacino, 2004; &calitt
2004, see section 1.1.2). On the other hand, the Ysl2-Arl1-Neol networkdmasuggested
to regulate endocytosis, vacuolar protein sorting and vacuole biogédeshunet al., 2002;
see section 1.2). Thus, Gga2p and the Ysl2-Arl1-Neol-network could possiplpgether a
role in the maturation of early endosomes. This hypothesis is saegploy the synthetic
lethality of ysl2-1 and Aypt51, a Rab GTPase known to regulate the early to late endosome
transport (Singer-Kriger and Ferro-Novick, 1997). Further, the tdsthe Ggaz2p-HA
association with thgps E compartment of thaarl1vps27 mutant, as observed in the present
work, indicates that a fraction of Gga2p, which is dependent on Arllprhasndosomal
localisation. This endosomal localisation would as well be applidalderole of Gga2p and
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the YsI2p-Arllp-Neolp network in retrograde transport from early @mdeso TGN. This
would be in agreement with the findings in mammalian cells whichodstrate that the
depletion of hArll by RNA interference causes an early endosaroahailation of proteins
which normaly cycle between the TGN and endosomes, such as TGN46dLHong, 2003;
Yoshinoet al., 2003). These experiments indicate a regulatory role for Arllptiograde
transport from endosomes to the TGN. On the other hand, simila@®Kex2p missorting
exhibited by theAysl2 andAggalAgga2 mutants together with an additional TGN localisation
of Arllp and YsI2p (Efest al., 2005; Gillinghanet al., 2006) could point to a related role for
Ggaz2p and the YsI2p-Arl1p-Neolp network in the sorting from the TGN.

Although it is concievable that Gga2p and the YsI2-Arl1-Neol netwogklate
multiple pathways, probably only a specific pathway is regulatettidiy combination. Thus,
additional experiments e.g. the analysis of cargo sorting wilhdzessary to identify the
common pathway for these proteins.

4.6 Tvp38p could unify the YsI2-Arl1-Neol with the Sysl1-Arl3-Arll
network

A two hybrid screen performed previously in the group of B. Sikgéger with
YsI2N-term as bait identified Tvp38p as a possible interaction pastnés|2p. Subsequent
co-immunoprecipitation studies using YsI2p-TAP and Tvp38p-HA confirmedni@saction.
The GST-pull down experiment performed in the present work providedicaddisupport
for these results. Further, the GST-pull down has demonstratethéhistterminus of YsI2p
is sufficient for this interaction. Thus, Tvp38p seems to represent a Ysl2p-binding.prote

Interestingly, a large scale split ubiquitin screen developedisimover interactions
between transmembrane proteins, identified Syslp as an intenaattoar of Tvp38p (Miller
et al., 2005). Syslp has been recently identified as a factor respof@iblaembrane
association of Arl3p, which in turn recruits Arllp to membranes (Betirah, 2004; Settyet
al., 2004, see section 1.2.2). The Tvp38-Sys1 interaction could be confirmedpreseat
work by a co-immunoprecipitation approach. The solubilisation conditi®@% NP-40)
identified to detect the YsI2p-Neolp interaction allowed to unrahel Tvp38-YsI2
interaction and thus may be necessary to somehow preserve the atigiorand/or lipid
environment of the transmembrane proteins Neolp and Tvp38p.

The finding that the integral membrane protein Tvp38p interactswith Syslp and
YslI2p allows postulating a model which combines the Sys1-Arl3-Ariork with the Ys|2-
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Arl1-Neol network and confirms the close links between YsI2p antipADepletion of
Arl3p causes a loss of the TGN localisation for Arllp and fiscedr Imhlp (Behniat al.,
2004; Settyet al., 2003; Paniet al., 2003). Burckt al. (2004) proposed that Arl3p and Arllp
are activated sequentially and that the GEF for Arllp migharbeffector of Arl3p. It is
possible that YsI2p is this missing link that connects Arl3p antpAo form an Arf GTPase
cascade. Whether this is a correct idea remains to be shownabysing the connection
between YsI2p and Arl3p.

Interestingly, the same large-scale split-ubiquitin scr@en identified Geslp as an
interaction partner of Tvp38p (Millest al., 2005). Recently, Gcslp was shown to be a GAP
not only for Arflp but also for Arllp (Litet al., 2005). Verification of the Gcsl1l-Tvp38
interaction by further biochemical studies would support a possikdeofolvp38p in the

Arll-network. The precise role of Tvp38p in this network still remains to be uncovered.

4.7. Future projects

Results from the present work revealed an importance of Yslapddocalisation of
Erg6p. In the absence of YsI2p, Erg6p mislocalises to the vacuolésaiothl cellular levels
are reduced. To substantiate these results, it would be necessdatermine whether the
mislocalisation of Ergép can be demonstrated by an alternaiethod, e.g. subcellular
fractionation. Moreover, it would be interesting to analyse whetiiemislocalisation causes
reduced cellular ergosterol levels. If this is the case, one camialyse wheter
supplementation with ergosterol rescuesAi@2-associated defects.

In the present work, Ent4p was identified in a two hybrid screema asitative
interaction partner of YsI2p. This interaction was supported by &-ge8 down assay.
Further binding studies, e.g. a reverse GST-pull down assay wibmbatant Ent4p and
yeast extract expressing YsI2p-HA, would support this interactibarthermore,
immunofluorescence studies with Entdp inAgsl2 strain could help to analyse the
dependence of the Ent4p localisation on the presence of YsI2p. A pagsitdtic interaction
of the Aent4 deletion with theneol-69 or Aysl2 mutations could be of interest as well. The
interaction between Ent4p and Gga2p could also be verified with ditermaethods, e.g. by
analysing if the localisation of Ent4p depends on the presence of Giga#pthe case of its
homologues Ent3p and Ent5p (Dunahal., 2003; Costagutet al., 2006).

The positive Ysl2-YsI2 co-immunoprecipitation and the relevance of tternanal

100 amino acids for this interaction is a further result of theeptesork. It remains to be
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analysed whether the interaction is fulfilled by the C-termitsedf or if only a C-terminal
modification (e.g. phosphorylation, ubiquitination) is needed for the dimerisation.

Finally, the role of the Ysl2-Arl1-Neol network for the losalion of Gga2p could be
further analysed, e.g. the dependence of the Arl1-Gga2 interaction ostiTé&mains to be
shown. Further, the pathway, which is regulated commonly by tH2A$l-Neol network
and Ggaz2p, could be specified by e.g. analysis of the sorting fafispearkers like Kex2p.
Additionally, it would be interesting whether Arllp also reguldtes recruitment of other
adaptors like AP-1 or Ggalp and whether this regulation is diresedrated through Arflp.
Finally, it would be interesting, whether in the mammalian syste®RL1 fulfils an
analogous role by the analysis of the dependence of the hGGA3 (Hwnarlogue of
Gga2p) localisation on the presence of hARL1 and hMON2.
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