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Zusammenfassung 

Die Proteinkinase D (PKD) Familie der Serin/Threonin Kinasen umfasst in Säugerzellen 

drei Mitglieder: PKD1, PKD2 und PKD3. PKDs werden downstream von G-Protein 

gekoppelten Rezeptoren (GPCR) als Effektoren von Diacylglycerol (DAG) aktiviert. Sie 

sind an der Regulation zahlreicher zellulärer Prozesse, wie z.B. Zellmotilität, Überleben der 

Zelle bei oxidativem Stress und Aktivität von Transkriptionsfaktoren beteiligt. Am besten 

beschrieben ist die Funktion am Golgi Komplex. Hier kontrolliert PKD am Trans-Golgi 

Netzwerk (TGN) die Abschnürung von Transportvesikeln. Der Aktivierungsstatus von PKD 

ist stets streng reguliert und die jeweilige Funktion eng mit der subzellulären Lokalisierung 

verknüpft.  

Genetisch codierte, Fluoreszenz-basierte Kinaseaktivitätsreporter sind wichtige molekulare 

Werkzeuge, um die räumliche und zeitliche Veränderung von Kinaseaktivität auf 

subzellulärer Ebene zu beobachten und somit die Antwort der Kinase auf Veränderungen 

der physiologischen Umgebung zu erfassen. Im Rahmen dieser Arbeit wurden zwei dieser 

Reporter, die spezifisch für die Messung von PKD-Aktivität am Golgi Komplex eingesetzt 

werden können, entwickelt. Bei beiden Reportern wird die PKD-Aktivität über den 

Phosphorylierungsstatus der PKD-Substratsequenz von Phosphatidylinositol-4 Kinase IIIβ 

(PI4KIIIβ) visualisiert. Der erste Reporter, G-PKDrep wurde für Aktivitätsmessungen in 

fixierten Zellen entwickelt, wobei der Phosphorylierungsgrad der Substratsequenz mit einem 

phosphospezifischen Antikörper quantifiziert wird. Mit G-PKDrep-live wurde G-PKDrep zu 

einem FRET-basierten Reporter weiterentwickelt, mit dem PKD-Aktivität am Golgi 

Komplex in lebenden Zellen über die Zeit gemessen werden kann.  

Mit Hilfe von G-PKDrep konnte unter Verwendung der Mikrotubuli-zerstörenden Substanz 

Nocodazol eine Funktion von PKD in der Organisation des Golgi Komplex aufgezeigt 

werden. Hierbei wurde gezeigt, dass die durch Mikrotubuli-Verlust hervorgerufene Golgi-

Fragmentierung abhängig von PKD-Aktivität ist. Zur Aufklärung der zugrunde liegenden 

Signalwege dieses Prozesses wurde eine globale SILAC-basierte Phosphoproteom-Studie 

durchgeführt. Durch Expression einer kinasetoten PKD wurden dabei 124 PKD-abhängige 

Phosphorylierungsstellen identifiziert, die unter Nocodazolbedingungen signifikant 

herabreguliert waren. Dabei wurden viele PKD-Zielsequenzen in Golgi-residenten 

Proteinen, z.B. Mitglieder des IGF2-Rezeptor Netzwerks, identifiziert. Zudem zeigte sich, 

dass PKD nach Nocodazolstimulation den MAP-Kinase Signalweg aktiviert, dessen 

downstream Effektoren zu Beginn der Mitose die Golgi-Fragmentierung initiieren. 
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Im Zellzyklus fragmentiert der Golgi Apparat beginnend in der G2-Phase in einem 

sequenziellen Prozess, wobei die anfängliche Spaltung des Golgi-Bandes in einzelne Golgi-

Stapel essenziell für den Eintritt der Zelle in die Mitose ist. Im Rahmen dieser Arbeit konnte 

gezeigt werden, dass die Trennung der Golgi-Stapel PKD-abhängig ist und dass PKD somit 

eine Funktion beim Eintritt der Zelle in die Mitose hat. Weiterhin konnte gezeigt werden, 

dass PKD bei diesem Prozess upstream vom MAP-Kinase Signalweg agiert. 

Zusammengefasst konnte mit Hilfe der in dieser Arbeit entwickelten und etablierten 

molekularen Werkzeuge eine bisher unbekannte Funktion von PKD in der Organisation des 

Golgi Komplex beschrieben werden. 



Summary 

10 

Summary 

The protein kinase D (PKD) family of serine/threonine kinases comprises three members in 

mammalian cells, PKD1, PKD2 and PKD3. PKDs get activated downstream of GPCR 

activation, dependent on PKCs and DAG. They are involved in various cellular functions 

such as cell motility, oxidative stress response or regulation of transcription factor activity. 

At the TGN, PKD controls the fission of transport carriers, which are destined for the 

plasma membrane. Importantly, the cellular function of PKD is strictly associated with its 

subcellular localization and PKD´s activation state is tightly regulated.  

Genetically encoded, fluorescent kinase activity reporters are important molecular tools to 

track spatiotemporal changes on kinase activity on a subcellular level. Within this work, two 

different PKD-specific kinase activity reporters targeted to Golgi complex were developed. 

Both constructs report changes in PKD activity via the phosphorylation state of the PKD-

specific substrate sequence of PI4KIIIβ. The first reporter, G-PKDrep was designed to 

measure PKD activity in fixed cells. Here, reporter phosphorylation was visualized and 

quantified using a phosphospecific antibody. In contrast, the newly developed G-PKDrep-

live is based on FRET and thus allows tracking PKD activity at the TGN in living cells over 

the time. 

Using G-PKDrep and the microtubule-disrupting agent nocodazole, a function of PKD in 

Golgi maintenance was discovered. Specifically, it was shown that nocodazole-induced 

Golgi fragmentation was dependent on PKD activity. To elucidate the underlying signaling 

pathways in this process a global quantitative SILAC-based phosphoproteomic analysis was 

performed. In this screen, 124 PKD-dependent phosphorylation sites, which were 

significantly downregulated in nocodazole-treated cells expressing a kinase-dead PKD 

mutant, were detected. Among these PKD-dependent phosphorylation sites predominantly 

Golgi-resident proteins such as members of the IGF2 receptor network were present. 

Furthermore, it could be shown that members of the MAP kinase pathway were activated 

upon nocodazole stimulation in a PKD-dependent manner. Of note, MAPK downstream 

effectors cause Golgi dispersal in G2 phase of the cell cycle.  

Golgi ribbon cleavage into isolated Golgi stacks is essential for mitotic entry. In this work it 

could be shown that cleavage of the non-compact zones of the Golgi ribbon is dependent on 

PKD activity, which implicates a function for PKD in mitotic entry. Furthermore, it could be 

shown that PKD acts in this process upstream of the MAP kinase pathway.  
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Taken together, the molecular tools developed and established in this work contributed to 

identify a critical role of PKD in Golgi complex function and maintenance. 
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1 Einleitung 

Phosphorylierungen gehören zu den wichtigsten und häufigsten posttranslationalen 

Proteinmodifikationen in der Zelle. Sie sind reversibel, modulieren in vielen Fällen die 

Eigenschaften des Zielmoleküls und wirken daher regulatorisch. Proteinphosphorylierungen 

werden von Proteinkinasen katalysiert. Das humane Kinom umfasst 518 Kinasen (Manning 

et al. 2002), die essentielle Mediatoren intrazellulärer Signalwege darstellen und zusammen 

mit ihren Gegenspielern, den Phosphatasen fast alle zellulären Prozesse regulieren. Die 

Aktivität von Kinasen ist daher äußerst streng reguliert und ihre räumliche und zeitliche 

Verteilung in der Zelle sehr komplex. Deregulierung intrazellulärer Signalwege ist ein 

Markenzeichen von Krebs und anderen Krankheiten, weshalb Proteinkinasen prominente 

Ziele für Therapeutika sind.  

 

1.1 Proteinkinase D 

1.1.1 Identifizierung, Klassifizierung und Strukturdomänen 

Die Proteinkinase D (PKD) Familie der Serin/Threonin Kinasen umfasst drei Mitglieder in 

Säugerzellen: PKD 1, 2 und 3. PKD1, die bisher am besten charakterisierte Isoform wurde 

von zwei Arbeitsgruppen unabhängig identifiziert und initial als PKCµ der PKC Familie 

zugeordnet (Johannes et al. 1994; Valverde et al. 1994). Aufgrund der höchsten Homologie 

der katalytischen Domäne mit Myosin Light Chain Kinasen und Calcium/Calmodulin 

abhängigen Kinasen (CAMKs) wird PKD1 zusammen mit der später identifizierten PKD2 

(Sturany et al. 2001) und PKD3 (Hayashi et al. 1999) als neue Familie innerhalb der 

Superfamilie der CAMKs geführt (Rozengurt et al. 2005). 

Alle PKD Isoformen lassen sich strukturell in eine N-terminale regulatorische und eine C-

terminale Kinasedomäne unterteilen (Abbildung 1). Die regulatorische Domäne ist aus einer 

cysteinreichen Region, bestehend aus zwei Zinkfinger Motiven (C1a und C1b), einer Region 

mit sauren Aminosäureresten, sowie einer Pleckstrin-Homologie-Domäne (PH-Domäne) 

zusammengesetzt. Sowohl die cysteinreiche Domäne, als auch die PH-Domäne üben einen 

inhibitorischen Effekt auf die PKD-Aktivität aus (Iglesias und Rozengurt 1998; Iglesias und 

Rozengurt 1999). Die cysteinreiche Domäne ist Bindestelle für Diacylglycerol (DAG) und 

damit für die Rekrutierung von PKD an den Golgi Apparat und die Plasmamembran 
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verantwortlich (Maeda et al. 2001; Rey et al. 2001a). PKD1 und PKD2 besitzen am N-

terminus eine apolare Region, bestehend aus Alanin -und Prolinresten, die ebenfalls zur 

Rekrutierung von PKD am Golgi Komplex beiträgt (Hausser et al. 2002). Die 

Kinasedomäne ist verantwortlich für die katalytische Aktivität von PKD. Drei unabhängigen 

Studien zufolge wird das PKD-Zielmotiv heute einvernehmlich wie folgt beschrieben: 

(L/V/I) X (R/K) X X (S/T) X X (Nishikawa et al. 1997; Hutti et al. 2004; Doppler et al. 

2005). 

 

Abbildung 1: Domänenstruktur der verschiedenen PKD-Isoformen. AP: Alanin/Prolin reiche Region; C1: 

Cysteinreiche Domäne; C1a, C1b: Zinkfinger Motive; AC: Saure Aminosäuren-reiche Region; PH: Pleckstrin Homologie 

Domäne (Wang 2006, modifiziert) 

 

1.1.2 Aktivierung von PKD 

In den meisten Fällen wird PKD in Abhängigkeit von DAG und Proteinkinase C (PKC) 

aktiviert (Zugaza et al. 1997). DAG ist ein wichtiger sekundärer Botenstoff, der aus 

Phospholipase C (PLC) katalysierter Lipidhydrolyse von Phosphatidylinositol (4,5)-

bisphosphat (PIP2) infolge von Aktivierung G-Protein gekoppelter Rezeptoren (GPCR) oder 

Rezeptortyrosinkinasen entsteht. Einerseits bindet DAG direkt an die C1a-Domäne von 

PKD und reguliert die Lokalisation. Zum anderen bindet und aktiviert DAG analog PKCs 

(Newton 2001). Besonders neue PKC Isoformen (δ-θ) interagieren dann mit der PH-

Domäne von PKD1, heben deren inhibitorischen Effekt auf und transphosphorylieren den 

„activation loop“ in der katalytischen Domäne an den Serinresten 744 und 748 (Maus-

PKD1), was zur Aktivierung von PKD1 führt (Waldron und Rozengurt 2003). Jedoch auch 

klassische PKCs können PKD1 aktivieren (Wong und Jin 2005). Auch DAG-Analoga, wie 

etwa Phorbol 12,13-dibutyrat (PdBu) können an die C1 Domäne binden und PKD1 analog 

aktivieren (Valverde et al. 1994; Iglesias et al. 1998). Die Aktivierung von PKD2 und PKD3 

erfolgt ähnlich (Sturany et al. 2002; Rey et al. 2003). Aktivierte PKD1 autophosphoryliert 

an Serin 916, PKD2 an Serin 876. Diese Autophosphorylierung kann als Maß für den PKD-

Regulatory domain 
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Aktivierungstatus betrachtet werden (Matthews et al. 1999a). Jüngeren Studien zufolge ist 

Phosphorylierung an Serin 744 essentiell für die Kinaseaktivität, während die 

Phosphorylierung an Serin 748 bei längerer PKD-Aktivierung, wie etwa im Rahmen 

mitogener Signalwege, PKC-unabhängig durch Autophosphorylierung gehalten wird 

(Jacamo et al. 2008; Sinnett-Smith et al. 2009). Weiterhin konnte gezeigt werden, dass 

Phosphorylierung an Serin 916 essentiell für Serin 748 vermittelte Autophosphorylierung ist 

und dass die Autophosphorylierung dieser beiden Serinreste PKD-Aktivität negativ reguliert 

(Rybin et al. 2009). In wenigen Fällen kann PKD auch gänzlich unabhängig von PKCs 

aktiviert werden. So wurde beispielsweise gezeigt, dass Caspase 3 die regulatorische 

Domäne von PKD abspalten kann, was zur Aktivierung von PKD führt (Endo et al. 2000; 

Vantus et al. 2004). In Osteoblasten kann PKD unabhängig von PKC durch „bone 

morphogenetic protein 2 (BMP2) aktiviert werden (Lemonnier et al. 2004). 

 

1.1.3 PKD-Funktionen und subzelluläre Lokalisierung 

PKD ist an der Regulierung diverser Prozesse beteiligt und kann in verschiedene 

Kompartimente in der Zelle rekrutiert werden. Die subzelluläre Lokalisierung von PKD ist 

daher stark mit der jeweilig ausgeübten Funktion verknüpft. Außerdem ist sie vom 

Aktivierungsstatus und vom Zelltyp abhängig. PKD reguliert zahlreiche zelluläre Prozesse, 

die am besten charakterisierten sind Proteintransport vom Golgi Komplex, Zellmotilität, 

Überleben der Zelle bei oxidativem Stress, Aktivität von Transkriptionsfaktoren, 

Differenzierung, Zellproliferation und Modulation der Immunantwort (Van Lint et al. 2002; 

Wang 2006; Fu und Rubin 2011). Eine Übersicht über die wichtigsten Funktionen und 

Effektoren von PKD, sowie die dabei erfolgende räumliche Verteilung innerhalb der Zelle 

gibt Abbildung 2. Im basalen Zustand ist PKD weitestgehend im Cytosol und in geringem 

Maße am Golgi Apparat und Mitochondrien lokalisiert (Prestle et al. 1996; Matthews et al. 

1999b). Nach Aktivierung downstream von GPCR-Agonisten transloziert PKD infolge von 

DAG-Bindung an die Plasmamembran, wo die Transphosphorylierung durch nPKCs und 

damit vollständige Aktivierung stattfindet (Rey et al. 2001a). Aktivierte PKD kann dann von 

der Membran zurück ins Cytoplasma dissoziieren und in den Zellkern einwandern 

(Matthews et al. 2000). Die Rekrutierung von PKD zum Golgi Komplex und dortige Rolle 

im Proteintransport ist detailliert im nächsten Absatz beschrieben (1.1.4).  
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Abbildung 2: Funktionen, subzelluläre Verteilung und Effektoren von PKD (Fu und Rubin 2011, modifiziert) 

 

 

An der Plasmamembran reguliert PKD die Migration von Zellen negativ durch 

Einflussnahme auf das Aktinzytoskelett (Eiseler et al. 2007). Dabei wird die Cofilin-

regulierende Phosphatase Slingshot-1-like (SSH1L) von PKD durch direkte 

Phosphorylierung an den Serinresten 937 und 978 inaktiviert und transloziert durch Bildung 

von Komplexen mit dem Phosphoadapterprotein 14-3-3 ins Cytoplasma (Eiseler et al. 

2009a; Peterburs et al. 2009). Zusätzlich vermittelt PKD die Phosphorylierung an Serin 402 

in der katalytischen Domäne von SSH1L, was die Substratbindung verhindert und die 

Inaktivierung verstärkt (Barisic et al. 2011). An der Plasmamembran reichert sich durch 

Lim-Kinase phosphoryliertes inaktives Phosphoserin-3-Cofilin an und blockiert die 

„Barbed-end“ Bildung, die gerichtete Zellmigration stagniert Eine aktuellere Studie zeigt, 

dass PKD zusätzlich Cofilin auch über Phosphorylierung von „p21-activated kinase 4“ 

(PAK4) negativ reguliert (Spratley et al. 2011). Gleichzeitig inhibiert PKD die F-

Aktinpolymerisierung am „leading edge“ der Zelle durch direkte Phosphorylierung von 

Cortactin an Serin 298. 14-3-3-Bindung stabilisiert daraufhin einen Komplex aus WAVE-2, 

Arp2/3 und Cortactin und minimiert den F-Aktin Durchsatz (De Kimpe et al. 2009; Eiseler 



1 Einleitung 

 17 

et al. 2010). Weiterhin wurde gezeigt, dass PKD durch Phosphorylierung von Rab interactor 

1 (RIN1) an Serin 292 die Zellmigration über die Aktivierung eines Abl-Kinasen 

Signalwegs inhibiert (Ziegler et al. 2011). Neben der Inhibition der Zellmigration stabilisiert 

PKD auch Zell-Zellkontakte und damit Adhesion durch direkte Phosphorylierung von E-

Cadherin (Jaggi et al. 2005). Des Weiteren erhöht PKD indirekt die Expression von E-

Cadherin durch Phosphorylierung des Transkriptionsfaktors SNAIL im Zellkern und 

verstärkt damit den Effekt (Du et al. 2010). Beide Mechanismen unterdrücken somit die 

epitheliale zu mesenchymaler Transition (EMT). EMT und darauffolgende Zellmigration 

sind entscheidende Prozesse bei der Metastasierung von Tumoren. 

Eine weitere Funktion von PKD ist die Übermittlung von Überlebenssignalen an 

Mitochondrien nach oxidativem Stress. Erste Hinweise darauf fanden Johannes und 

Mitarbeiter: PKD1 überexprimierende Zellen zeigten eine geringere Tumor Nekrose Faktor 

(TNF) vermittelte Apoptoserate aufgrund der erhöhten Expression NFκB induzierter Gene 

(Johannes et al. 1998). Unter oxidativem Stress wird PKD dann von Src und Abl Kinasen an 

Tyrosin 463 und Tyrosin 95 phosphoryliert. Die Phosphorylierung an T463 in der PH-

Domäne hebt deren inhibitorischen Effekt auf (Storz et al. 2003), während die 

Phosphorylierung an T95 eine Bindestelle für PKCδ generiert, die PKD dann an den 

activation loop Serinen transphosphorylieren kann (Storz et al. 2004; Doppler und Storz 

2007). Aktive PKD induziert daraufhin die Degradation von IκB und damit verbundene 

Translokation von NFκB in den Zellkern. NFκB induziert schließlich die Expression von 

anti-apoptotischen Genen, unter anderem Mangan-abhängigen Superoxid-Dismutasen, die 

zur Detoxifizierung der Mitochondrien beitragen (Storz et al. 2005). Neueren Erkenntnissen 

zufolge wird PKD bei oxidativem Stress durch lokal erhöhtes DAG, das downstream von 

PLD1 entsteht, an die äußere Mitochondriummembran rekrutiert (Cowell et al. 2009a). 

Im basalen Zustand pendelt PKD zwischen dem Zellkern und dem Cytoplasma, wobei 

gezeigt wurde, dass die C1b-Domäne beim nuklearen Import eine Rolle spielt und die PH-

Domäne beim nuklearen Export. Aktivierte PKD weist dabei verstärkte Präsenz im Nukleus 

auf (Rey et al. 2001b). Im Nukleus reguliert PKD die Transkription von Genen durch 

Phosphorylierung von Klasse IIa Histon Deacetylasen (HDAC4, HDAC5, HDAC7, 

HDAC9) im Zellkern. IIa HDACs reprimieren die Expression von Genen, die von 

Transkriptionsfaktoren wie Mef2 oder RunX induziert werden u.a. durch Veränderung der 

Zugänglichkeit des Chromatins. Von PKD phosphorylierte HDACs assoziieren dann mit 14-

3-3 Proteinen, die ihren nuklearen Export ins Cytoplasma initiieren. Dies führt zur 
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Expression der reprimierten Gene (Vega et al. 2004; Dequiedt et al. 2005; Parra et al. 2005). 

Deregulierung von IIa HDACs kann zu Herzversagen infolge von Hypertrophie führen, 

Krebs hervorrufen, oder Defekte in glatten –und Skelettmuskelzellen verursachen. Es konnte 

in diesem Zusammenhang gezeigt werden, dass PKD durch HDAC-Phosphorylierung und 

daran gekoppelte Expression von Mef2-kontrollierten Genen, Stress-Signale bei der 

Remodellierung von Herzmuskelzellen übermittelt: Mäuse mit PKD1-depletierten 

Herzmuskelzellen waren weniger anfällig für Hypertrophie und Fibrose, zudem waren die 

Herzen dieser Mäuse resistenter gegen Stressstimuli wie Bluthochdruck oder chronische 

Aktivierung der adrenergen Signalwege (Fielitz et al. 2008). PKD kontrolliert allerdings 

auch in Skelettmuskelzellen die Mef2-Genexpression indirekt über HDAC-

Phosphorylierung. Wichtig ist dies bei der trainingsbedingten Umwandlung von schnellen 

IIb zu ausdauernden IIa Muskelfasern (Ellwanger et al. 2011).  

Auch für den Differenzierungprozess von mesenchymalen Stammzellen zu Osteoblasten ist 

PKD-vermittelte HDAC-Phosphorylierung von Bedeutung: Durch BMP2-Stimulation 

aktivierte PKD katalysiert die Phosphorylierung und den nuklearen Export von HDAC7. 

Dies hebt die Repression von HDAC7 auf den Transkriptionsfaktor RunX2, einem 

wichtigen Transkriptionsfaktor der mesenchymalen Differenzierung zu Osteoblasten, auf 

(Jensen et al. 2008; Jensen et al. 2009). Runx2 induziert Osterix (Osx), einen weiteren 

wichtigen Transkriptionsfaktor für osteoblastische Differenzierung (Celil und Campbell 

2005). Weiterhin wurde gezeigt, dass PKD über den Mechanismus der HDAC-

Phosphorylierung auf verschiedene Arten an der Regulierung der adaptiven Immunantwort 

beteiligt ist. Während der T-Zellreifung induziert PKD durch HDAC7-Phosphorylierung 

und damit verbundene Expression des Transkriptionsfaktors Nur77 Apoptose und ist somit 

an der Negativselektion beteiligt (Dequiedt et al. 2005). In B-Zellen regulieren PKD1 und 

PKD3 den nuklearen Export von HDAC5 und HDAC7 nach Aktivierung des B-

Zellrezeptors (Matthews et al. 2006).  

Die PKD-Aktivierung nach Stimulation mit mitogenen GPCR-Agonisten wie Vasopressin, 

Bombesin, Bradykinin oder PDGF suggeriert eine Beteiligung von PKD bei der Zellteilung 

(Zhukova et al. 2001). Des Weiteren wurde gezeigt, dass aktive PKD wichtige mitogene 

Signalwege wie die ERK und JNK Signalwege moduliert (Hausser et al. 2001; Brandlin et 

al. 2002). PKD reguliert auch VEGF-induzierte Endothelzellproliferation über den MAP-

Kinase Signalweg (Wong und Jin 2005). Studien vom Rozengurt Lab zeigten später, das 
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PKD1 und PKD3 während der Mitose aktiviert sind und alle PKD Isoformen mit dem 

Zentrosom, der Spindel und dem „Midbody“ kolokalisieren (Papazyan et al. 2008).  

 

1.1.4 Rolle von PKD am Golgi Komplex 

Der Golgi Komplex ist ein zentrales Organell im Endomembransystem, dessen 

Hauptfunktion das Sortieren und der Transport von Proteinen und Lipiden zur 

Plasmamembran oder anderen membranumhüllten Organellen, wie dem Lysosom, ist. In den 

meisten eukaryotischen Zellen liegt der Golgi perinuklear und perizentrosomal und ist in 

Form von Stapeln flacher Membranstrukturen, die auch Golgi-Zisternen genannt werden, 

aufgebaut. Diese Stapel sind polar, sie haben eine cis-Seite (dem ER zugewandt) und eine 

trans-Seite (der Plasmamembran zugewandt, auch Trans-Golgi-Netzwerk (TGN) genannt). 

In Säugerzellen sind diese Stapel zusätzlich lateral zum sogenannten Golgi-Band verbunden 

(Wilson et al. 2011). Die PKD-Lokalisierung am Golgi Apparat wurde als erstes von Prestle 

und Mitarbeitern beschrieben (Prestle et al. 1996). Die Rekrutierung ist abhängig von der 

lokalen DAG-Konzentration und erfolgt durch Bindung von DAG an die C1a Domäne von 

PKD (Maeda et al. 2001; Baron und Malhotra 2002; Hausser et al. 2002). Gleichzeitig 

bindet PKD über die C1b Domäne die GTPase Arf1 am TGN (Pusapati et al. 2010). 

Forschungen mit dem Schwamm-Metabolit Ilimaquinone (IQ) haben maßgeblich zur 

Erkenntnis beigetragen, dass PKD den Proteintransport vom TGN zur basolateralen 

Plasmamembran reguliert. Nach IQ-Behandlung von Zellen zerfallen die Golgi Zisternen in 

viele kleine Vesikel, vermutlich in Folge einer Überaktivierung der Cargo-

Transportmaschinerie am Golgi Komplex. Dieser Prozess geschieht abhängig von βγ 

Untereinheiten heterotrimerer G-Proteine und PKD (Jamora et al. 1997; Jamora et al. 1999; 

Diaz Anel und Malhotra 2005). PKD wird dabei downstream von der G-Protein Stimulation 

aktiviert: Die β1γ2/β3γ2 Untereinheiten interagieren mit der PH-Domäne von PKD und 

heben deren Autoinhibition auf. Ob die Gβγ Untereinheiten von der Plasmamembran 

translozieren, oder Golgi-ständig sind, wird zurzeit kontrovers diskutiert (Irannejad und 

Wedegaertner 2010; Saini et al. 2010). Gleichzeitig ist die PKD-Aktivierung aber auch 

DAG-abhängig, da PKCη am Golgi die Serine des „activation loop“ transphosphoryliert 

(Diaz Anel und Malhotra 2005). Zusätzlich scheint die DAG-Konzentration am Golgi 

abhängig von der cytoplasmatischen Ca
2+

-Konzentration zu sein. Durch die PLC-

katalysierte Hydrolyse von PIP2 infolge von GPCR-Aktivierung entsteht neben DAG auch 

Inositoltrisphosphat (IP3). IP3 kann dann an IP3-Rezeptoren an Membranen des 
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endoplasmatischen Retikulums (ER) binden, was die Freisetzung von Ca
2+

 aus 

intrazellulären Speichern im Cytosol veranlasst. Dies ist essenziell für die Erhöhung der 

DAG-Konzentration am Golgi (Kunkel und Newton 2010). Studien mit einer kinasetoten 

PKD1 zeigten, dass PKD die Abspaltung der Frachtvesikel vom TGN reguliert. 

Überexpression einer kinasetoten PKD1, die dominant-negativ auf die Aktivität wirkt 

inhibiert diesen Prozess. Die Transportvesikel bleiben dann in Form tubulärer Strukturen mit 

dem TGN verbunden (Liljedahl et al. 2001). Der gleiche Phänotyp konnte durch siRNA-

vermittelte PKD-Depletion erzeugt werden. Überexpression einer konstitutiv-aktiven PKD 

führt im Gegensatz dazu zur Golgi-Vesikulierung, was dem Phänotyp nach IQ-Behandlung 

entspricht (Bossard et al. 2007). Yeaman und Kollegen konnten zeigen, dass alle drei PKD 

Isoformen beim basolateralen Proteintransport vom TGN mitwirken (Yeaman et al. 2004).  

PKD reguliert die Vesikelabspaltung am TGN durch Einflussnahme auf den 

Lipidmetabolismus. Hauptsächlich geschieht dies über das „PKD-CERT“ Netzwerk 

(Olayioye und Hausser 2011). Zentral ist dabei die PKD-vermittelte Aktivierung von 

Phosphatidylinositol-4 Kinase IIIβ (PI4KIIIβ) durch direkte Phosphorylierung an Serin 294 

(Hausser et al. 2005). Als zusätzlicher regulatorischer Mechanismus können 14-3-3 

Phospho-Adapterproteine an Phosphoserin 294 binden und die Lipidkinaseaktivität 

stabilisieren, indem sie vor Dephosphorylierung schützen (Hausser et al. 2006). Aktive 

PI4KIIIβ phosphoryliert Phosphatidylinositol (PI) an der D-4 Position, dabei entsteht das 

Golgimembran-spezifische Signalpeptid PI4P (Graham und Burd 2011). Mehrere 

Lipidtransportproteine (LTP) werden durch Bindung ihrer PH-Domänen an PI4P an die 

Golgimembranen, vorwiegend in der Trans-Region rekrutiert, darunter „ceramide transfer 

protein“ (CERT) und „oxysterol binding protein“ (OSBP) (Levine und Munro 1998; Toth et 

al. 2006). OSBP ist ein Transferprotein für Cholesterol. CERT transportiert Ceramid vom 

ER zum TGN, das dann von Sphingomyelinsynthasen zusammen mit Phosphatidylcholin zu 

Sphingomyelin und DAG umgesetzt wird (Hanada et al. 2009). Lokal generiertes DAG 

rekrutiert und aktiviert wiederum PKD. In einem negativen Rückkopplungsmechanismus 

phosphoryliert PKD CERT an Serin 132 und OSBP an Serin 240, was zur Dissoziation der 

beiden LTPs von den TGN-Membranen führt (Fugmann et al. 2007; Nhek et al. 2010). 

Gleichzeitig aktiviert Arf1, das mit PKD und PI4KIIIβ interagiert, Phospholipase D (PLD). 

PLD setzt in einem weiteren Schritt Phosphatidylcholin zu Phosphatidylsäure um. Die 

Akkumulation dieser veränderten Lipide führt dann zur Abspaltung der Vesikel-Carrier, die 

für die Zelloberfläche bestimmt sind (Malhotra und Campelo 2011). Eine aktuelle Studie 

zeigt, dass PI4KIIIβ mit dem Fission-Protein BARS über 14-3-3γ-Dimere verbunden wird 
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und einen Komplex bildet, der essentiell für die Bildung und Abschnürung der 

Transportvesikel ist (Valente et al. 2012). Phosphorylierung von BARS durch PAK, bzw. 

von PI4KIIIβ durch PKD stabilisiert dabei diesen Komplex. Neben der Abspaltung 

Membran gerichteter Transportvesikel scheint PKD neusten Erkenntnissen zufolge auch 

eine Funktion beim Transport von Transmembranproteinen zum Lysosom innezuhaben 

(Marks et al. 2012).  

 

1.2 Genetisch kodierte Fluoreszenz-basierte Kinaseaktivitätsreporter 

Da die Aktivität von Proteinkinasen räumlich und zeitlich sehr eng reguliert ist, haben 

biochemische Assays, wie etwa Western Blot oft nur eine qualitative Aussagekraft. Sie 

erlauben in der Regel keine Aussage darüber, wo genau in der Zelle und wie lange eine 

Kinase nach einem bestimmten Stimulus aktiv ist. Hierzu bedarf es molekularer Werkzeuge, 

sogenannter Aktivitätsreporter, mit denen sich Kinaseaktivität spezifisch auf subzellulärer 

Ebene durch Fluoreszenzmikroskopie visualisieren lässt. Gleichzeitig ist es mit solchen 

Reportern durch zuverlässiges „Targeting“ möglich, Kinaseaktivität in einer Zellpopulation 

an bestimmten Zellorganellen zu quantifizieren. Kinaseaktivitätsreporter sind gentechnisch 

generierte Fusionsproteine, die zumeist aus einer kinasespezifischen Substratsequenz 

bestehen, die mit einem oder mehreren Derivaten des Grün-fluoreszierenden Proteins (GFP) 

verknüpft ist. Die Phosphorylierung des Substratmotivs kann dann auf verschiedene Arten 

ausgelesen und quantifiziert werden. Ein häufiger Ansatz ist die Verwendung von 

„Fluorescence (Förster) resonance energy transfer“ (FRET). Für FRET benötigt man zwei 

Fluorophore, ein Donor-Fluorophor und ein Akzeptor-Fluorophor. Das Emissionsspektrum 

des Donors muss hierbei mit dem Anregungsspektrum des Akzeptors überlappen. Dann 

kann FRET stattfinden, also Energie vom angeregten Donor zum Akzeptor übertragen 

werden. FRET ist abhängig vom Abstand der Fluorophore und nimmt stark ab, wenn Donor 

und Akzeptor weiter als 10 nm voneinander entfernt sind. Diese Abhängigkeit macht es 

möglich, mittels FRET den Abstand zwischen zwei Molekülen zu messen, bzw. eine 

potentielle Interaktion festzustellen (Stryer 1978). Auch in FRET-basierten 

Kinaseaktivitätsreportern macht man sich diesen Zusammenhang zu Nutze. Im Kern des 

Moleküls ist die kinasespezifische Substratsequenz in der Regel über einen flexiblen Linker 

mit einem Phosphoaminosäurebindeprotein verbunden. Das Fusionsprotein wird dann von 

FRET-Donor -und Akzeptor flankiert. Bei den meisten Aktivitätsreportern wird hierfür ein 

Derivat des „Cyan fluorescent protein“ (CFP) als FRET-Donor und ein Derivat des „Yellow 
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fluorescent protein“ (YFP) als FRET-Akzeptor verwendet. Nach Aktivierung der Kinase 

und damit verbundener Phosphorylierung der Substratsequenz formiert sich ein 

intramolekularer Komplex zwischen dem Phosphoadapterprotein und der phosphorylierten 

Sequenz. Damit verändert sich die Distanz zwischen Donor und Akzeptor, was wiederum 

die FRET-Effizienz ändert (Ni et al. 2006).  

 

 

Abbildung 3: Schematischer Aufbau eines FRET-basierten Kinaseaktivitätsreporters. Ein FRET-basierter 

Kinaseaktivitätsreporter besteht aus vier aneinandergereihten Elementen: FRET-Donor, Phosphoaminosäurebindedomäne, 

Substratdomäne und FRET-Akzeptor. Weitere Elemente können Targeting-Sequenzen sein, die den Reporter an 

verschiedene subzelluläre Kompartimente rekrutieren (Ni et al. 2006). 

 

In jüngerer Vergangenheit wurden bereits einige FRET-basierte Kinaseaktivitätsreporter 

nach diesem Schema konstruiert, beispielsweise für die Tyrosinkinasen Src, Abl und EGF 

Rezeptor (Ting et al. 2001) und auch für Serin/Threoninkinasen wie PKA, PKC und PKD 

(Zhang et al. 2001; Violin et al. 2003; Kunkel et al. 2007). Durch die beständige 

Weiterentwicklung der Fluorophore in stabilere, und hellere Varianten von CFP und YFP 

mit verbesserten Eigenschaften bei der Energieübertragung werden auch die bestehenden 

Reporter konsequent weiterentwickelt. Ein prominentes Beispiel hierfür ist der sich 

mittlerweile in der vierten Generation befindliche PKA Sensor AKAR (Depry et al. 2011).  

Es gibt verschiedene mikroskopische Techniken FRET zu quantifizieren, die sich je nach 

experimenteller Fragestellung unterschiedlich gut eignen (Padilla-Parra und Tramier 2012). 

Intramolekulare FRET-Ereignisse in Biosensoren werden meistens durch ratiometrische 

Messung quantifiziert. Dabei wird die Intensität des FRET-Signals auf die Intensität des 

FRET-Donors normiert, was eine quantitative Erfassung schneller dynamischer Änderungen 

von FRET-Ereignissen erlaubt. Mittels „sensitized emission“ wird die FRET-Emission nach 

Donor Anregung direkt bestimmt. Abbildungsfehler wie spektraler „Crosstalk“ und 
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„Bleedthrough“ werden dabei durch mathematische Verfahren korrigiert. Eine weitere 

Methode ist das Akzeptor-Photobleaching: Hierbei wird die FRET-Effizienz aus dem 

Anstieg der Emission des FRET-Donors nach Ausbleichen des FRET-Akzeptors und damit 

unterbundenem FRET errechnet. Diese einfach zu handhabende Methode eignet sich sowohl 

für intramolekulare FRET-Ereignisse, als auch zur Detektion von intermolekularen 

Interaktionen, ist jedoch auf fixierte Präparate limitiert. Die exakteste Methode zur FRET-

Quantifizierung ist „Fluorescence lifetime imaging microscopy“ (FLIM). Dieser Ansatz 

basiert auf der Messung der verkürzten Fluoreszenz-Lebenszeit des Donors infolge von 

FRET. Die Methode erlaubt eine sehr präzise Bestimmung der FRET-Effizienz und eignet 

sich daher sehr gut zur quantitativen Bestimmung von Protein-Protein Interaktionen in 

lebenden Zellen. Ein detaillierter Überblick über die Methoden ist im Review von Bunt und 

Wouters zu finden (Bunt und Wouters 2004). 

 

1.3 Stabiles Isotopen Labeling mit Aminosäuren in der Zellkultur (SILAC) 

Phosphorylierungsereignisse können mit biochemischen Methoden, wie beispielsweise 

Western Blot mit phosphospezifischen Antikörpern oder P
32

-Markierung relativ leicht 

sichtbar gemacht werden. Die Identifizierung neuer Kinasesubstrate sowie die Aufklärung 

der Lokalisierung der Phosphorylierung im Protein ist eine weitaus größere 

Herausforderung, die jedoch sehr wichtig für die Entschlüsselung von intrazellulären 

Signalwegen ist. Massenspektrometrie (MS) ist hierfür ein ideales Werkzeug, da im Prinzip 

jede Phosphorylierungsstelle innerhalb eines Proteins detektiert werden kann. Quantitative 

Studien, die die Intensität der Phosphorylierung berücksichtigen, würden die Aufklärung 

von dynamischen Signalwegen erleichtern, sind mit einfacher MS-Analyse aber nicht 

durchführbar. Da die Ionisierungseffizienz und damit die Signalstärke aufgrund der 

unterschiedlichen chemischen Strukturen zwischen den Peptiden stark variiert, können 

Phosphorylierungsintensitäten nicht direkt verglichen werden (Macek et al. 2009). Eine 

Lösung für dieses Problem bietet „Stable isotope labeling by amino acids in cell culture“ 

(SILAC) (Ong et al. 2002). Mit SILAC ist es möglich, zwei Zellpopulationen, deren 

Proteine mit unterschiedlichen stabilen Isotopen markiert sind, vergleichend zu analysieren. 

Für Proteinmarkierungen eignet sich dafür besonders das schwere Kohlenstoff-Atom 
13

C, 

das in der schweren Markierungsvariante (SILAC-Heavy) die 
12

C-Atome in bestimmten 

Aminosäuren (zumeist Lysin oder Arginin) im Vergleich zur leichten Variante (SILAC-

Light) ersetzt. Die markierten Proteine bleiben in ihren biochemischen und physikalischen 
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Eigenschaften identisch, die Massendifferenz kann aber im Massenspektrometer detektiert 

werden. Nach Mischen der Proben, tryptischem Verdau und chromatographischer, gelfreier 

Anreicherung der Phophopeptide können dann theoretisch gesamte Phosphoproteome von 

Zellen in verschiedenen Zuständen in einem einzigen Experiment quantitativ erfasst werden 

(Macek et al. 2009). Die Intensität jedes identifizierten Phosphorylierungsereignisses wird 

dabei ratiometrisch ermittelt und auf signifikante Regulierung getestet. Globale, quantitative 

Phosphoproteomexperimente öffnen neue Perspektiven in der Erforschung komplexer 

biologischer Signalwege. Inzwischen wurde eine Vielzahl solcher Studien in 

unterschiedlichen zellulären Systemen durchgeführt. Das Potential globaler quantitativer 

MS-basierter Phosphoproteom Analysen soll hier exemplarisch anhand von Beispielen 

illustriert werden: In einer Studie in Hefezellen wurde der Alpha Pheromonsignalweg 

untersucht (Gruhler et al. 2005). Dazu wurden die Phosphoproteome in einem doppelt 

auxotrophen Hefestamm von „Yeast alpha factor pheromon“ stimulierten Zellen, deren 

Proteine in SILAC-Light Medium markiert wurden, mit unstimulierten, in SILAC-Heavy 

Medium markierten Zellen verglichen. Hierbei wurden viele signifikant regulierte 

Phosphorylierungsstellen detektiert, die bereits dem Pheromonsignalweg zugeordnet waren. 

Darüber hinaus wurde aber auch eine bisher unbekannte Funktion des Pheromonsignalwegs 

in der Regulierung des mRNA-Stoffwechsel entdeckt (Mumby und Brekken 2005). In 

anderen aktuelleren Studien wurden statt Stimulatoren spezifische Inhibitoren verwendet, 

um gezielt Signalwege unterhalb der inhibierten Kinasen zu entschlüsseln: So wurden durch 

den Einsatz chemischer Inhibitoren global Phosphorylierungsereignisse downstream von 

mTOR1, Polo-like und Aurora Kinasen in Säugerzellen identifiziert (Hsu et al. 2011; 

Kettenbach et al. 2011; Yu et al. 2011). 

 

1.4 Zielsetzung 

Seit der Entdeckung, dass der Golgi Komplex bei Überexpression einer konstitutiv aktiven 

PKD fragmentiert, wird eine Rolle von PKD in der Regulierung der Golgi Morphologie 

postuliert. Ziel dieser Studie war es, die Funktion von PKD am Golgi Apparat mit Fokus auf 

eine potenzielle Funktion in der Golgi Morphologie näher zu erforschen und falls gegeben, 

den zugrunde liegenden Signalweg zu entschlüsseln. Für diesen Zweck sollten genetisch 

kodierte Golgi-lokalisierte Aktivitätsreporter entwickelt und eingesetzt werden. Es wurden 

zwei unterschiedliche Reporter entwickelt: G-PKDrep, ein Reporter für quantitative 

Aktivitätsmessungen in fixierten Zellen sowie quantitative Western Blot Analyse. Der 
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zweite Reporter, G-PKDrep-live basiert auf FRET und wurde für PKD-Aktivitätsmessungen 

am Golgi Komplex in lebenden Zellen entwickelt. Weiterhin sollte mit der Mikrotubuli-

zerstörenden Substanz Nocodazol eine potenzielle Verknüpfung zwischen Mikrotubuli, 

PKD-Aktivität und Golgi Struktur erforscht werden. Mit Hilfe von G-PKDrep konnte 

gezeigt werden, dass die Nocodazol-induzierte Golgi-Fragmentierung von PKD-Aktivität 

abhängig ist. Um den zugrunde liegenden Signalweg zu entschlüsseln, war ein weiteres Ziel, 

in einer SILAC-basierten Phosphoproteomstudie PKD-abhängige 

Phosphorylierungsereignisse nach Nocodazolstimulation zu identifizieren. In einer weiteren 

parallelen Studie sollte eine potenzielle Funktion von PKD während der Mitose mit Fokus 

auf die Golgi Morphologie untersucht werden und auf Parallelen zum 

Nocodazolmechanismus geprüft werden. 
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2 Ergebnisse und Diskussion 

2.1 Generierung von Golgi-PKD-Aktivitätsreportern 

Kinaseaktivitätsreporter sind wichtige molekulare Werkzeuge, um die räumliche und 

zeitliche Regulierung von Kinasen in der Zelle besser zu verstehen. Um die Funktion von 

PKD am Golgi Apparat genauer zu untersuchen, wurden im Rahmen dieser Arbeit genetisch 

codierte PKD-Aktivitätsreporter generiert, die spezifisch am TGN lokalisieren. Die beiden 

Reporter, G-PKDrep und G-PKDrep-live bestehen im Kern aus der PKD-spezifischen 

Substratsequenz von PI4KIIIβ um Serin 294, deren Phosphorylierungsintensität den 

Aktivierungsgrad von PKD1 und PKD2 angibt. Beide Reporter werden durch eine C-

terminal fusionierte GRIP-Domäne des TGN-Proteins p230 (Kjer-Nielsen et al. 1999) an 

den Golgi Komplex rekrutiert. Bei G-PKDrep ist die Substratsequenz N-terminal mit einem 

EGFP verknüpft. Die Phosphorylierung wird über einen phosphospezifischen Antikörper 

ausgelesen und dann zum EGFP-Signal normiert. PKD-Aktivität kann somit am TGN mit 

indirekter Immunfluoreszenz auf Einzelzellebene, oder durch quantitative Western Blot 

Analyse in einer Zellpopulation visualisiert werden. Durch Vergleich der Reporterantwort 

auf verschiedene PKD-Stimulatoren und Inhibitoren mit dem Antikörpersignal der PKD-

autokatalytischen Phosphorylierungsseite Serin 916 konnte gezeigt werden, dass das 

Reporterphosphorylierungssignal den Aktivierungsstatus von PKD gut visualisiert (Fuchs et 

al. 2009, siehe 3.1). Die cytoplasmatische Variante des Reporters PKDrep mit deletierter 

GRIP-Domäne kann Aufschluss über die räumliche Verteilung der PKD-Aktivität in der 

gesamten Zelle geben. In Mausneuronen des Hippocampus führte der Einsatz von PKDrep 

zur Erkenntnis, dass PKD in Dendriten und am Golgi aktiv ist, nicht aber im Axon (Czondor 

et al. 2009). Der Reporter ist somit ein einfach zu handhabendes Instrument um PKD-

Aktivität in bestimmten Zellkompartimenten quantitativ zu erfassen. Nachteilig ist jedoch 

die fehlende temporale Auflösung – Aktivitätsmessungen in fixierten Zellen erlauben keine 

Messungen über die Zeit. Eine sehr grobe zeitliche Auflösung lässt sich mit Kinetiken 

erreichen, es handelt sich dann aber trotzdem stets um Messungen in unterschiedlichen 

Zellen, bzw. unterschiedlichen Präparaten. Aus diesem Grund haben wir G-PKDrep 

weiterentwickelt zu G-PKDrep-live, einem FRET-basierten Aktivitätsreporter (Eisler et al. 

2012, siehe 3.2). Bei G-PKDrep-live wurde das EGFP gegen ein ECFP (FRET-Donor) 

ausgetauscht. C-terminal wurde ein 14-3-3τ Phosphoadapterprotein angefügt, dass dann über 

einen flexiblen Linker an die Substratsequenz gekoppelt ist. Weiter C-terminal ist die 
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Substratsequenz über einen weiteren flexiblen Linker mit dem YFP-Derivat cpVENUS 

(FRET-Akzeptor) verknüpft. Bei PKD-spezifischer Phosphorylierung der Substratsequenz, 

bindet das 14-3-3τ reversibel die Phosphorylierungsstelle genau wie am Golgi Apparat in 

PI4KIIIβ (Hausser et al. 2006). Die Fluorophore werden durch die Bindung räumlich näher 

zueinander ausgerichtet, was zu einem Anstieg in der FRET-Effizienz führt. 

Dephosphorylierung kehrt den Effekt um, der weiterentwickelte Reporter zeigt also 

reversibel und dynamisch Änderungen der PKD-Aktivität auf. G-PKDrep-live löst somit das 

Problem der punktuellen zeitlichen Auflösung und erlaubt Aufzeichnung von PKD-Aktivität 

am Golgi Komplex in Realzeit. Der Reporter kann daher dazu beitragen, die komplex 

regulierte Rolle von PKD an intrazellulären Membransystemen wie dem Golgi Komplex 

besser zu verstehen und auch dazu anregen moderne Ansätze wie diesen weiterzuführen 

(Gautam 2012).  

Der dynamische FRET-Anstieg von G-PKDrep-live liegt nach Phorbolester-Stimulation bei 

ratiometrischen Messungen am Golgi Komplex bei etwa 10 % und liegt damit in etwa im 

Bereich des PKD-Reporters DKAR am Golgi (Kunkel und Newton 2010). Dabei 

verdoppelte der Austausch des FRET-Akzeptors VENUS gegen ein zirkulär permutiertes 

VENUS die FRET-Effizienz (Stephan Eisler, unveröffentlicht). Die zirkuläre Permutation 

an Position E172 im VENUS verändert dabei die räumliche Orientierung der GFP-

Fassstruktur und verbessert dadurch die Energieaufnahme bei FRET (Nagai et al. 2004), 

weshalb das Molekül schon in zwei anderen Sensoren als FRET-Akzeptor eingesetzt wurde: 

Im Calcium-Indikator Yellow Cameleon (Nagai et al. 2004) und in der dritten Generation 

des PKA-Aktivitätsreporters AKAR3 (Allen und Zhang 2006). Zwischenzeitlich wurden 

auch einige neue CFP-Derivate mit erhöhter Stabilität und Helligkeit speziell für den Einsatz 

als FRET-Donoren entwickelt (Markwardt et al. 2011). Beispielsweise wurde für die vierte 

Generation des PKA-Reporters AKAR4 der FRET-Donor ECFP gegen Cerulean getauscht, 

was den dynamischen FRET-Anstieg nach PKA-Stimulation von etwa 35 % auf fast 60 % 

erhöhte (Depry et al. 2011). Der Austausch des ECFP in G-PKDrep-live gegen ein 

modernes CFP-Derivat wäre demnach eine denkbare Modifikation, um die Funktionalität 

des Moleküls weiter zu verbessern.  
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2.2 Verbindung zwischen Mikrotubuli, PKD-Aktivität und Golgi Integrität 

Die Entdeckung, dass eine konstitutiv aktive PKD zur Fragmentierung des Golgi Komplexes 

führt (Bossard et al. 2007), lässt die Vermutung zu, dass PKD neben der Regulation des 

Proteintransportes auch eine Funktion bei der Regulierung der Golgi Morphologie innehat. 

Die Organisation und Funktion des Golgi Komplexes sind stark abhängig von Elementen 

des Zytoskeletts, wie Aktinfilamenten (Valderrama et al. 1998) und Mikrotubuli (Thyberg 

und Moskalewski 1999). Werden Mikrotubuli durch depolymerisierende Substanzen wie 

Nocodazol zerstört, lösen sich die Golgi-Stapel voneinander und zerfallen in kleine 

Fragmente, sogenannte „Ministacks“ (Cole et al. 1996). Durch den Einsatz von G-PKDrep 

im quantitativen Western Blot konnten wir zeigen, dass PKD durch Nocodazol-induzierte 

Mikrotubuli-Depolymerisierung am TGN aktiviert wird. Experimente mit dem Reporter in 

der indirekten Immunfloreszenz belegen, dass PKD in den Golgi-Ministacks aktiv ist. Durch 

weitere Experimente in denen PKD-Aktivität durch Überexpression einer dominant-negativ 

wirkenden, kinasetoten PKD1 (PKD1kd) minimiert wurde konnten wir zeigen, dass die 

Nocodazol-induzierte Golgi-Fragmentierung auch abhängig von PKD-Aktivität ist. Die 

prozentuale Anzahl intakter Golgi Strukturen in Zellen, die PKDkd überexprimieren ist nach 

30 min Nocodazolstimulation mehr als doppelt so hoch wie in Kontrollzellen. Den gleichen 

Phänotyp zeigten Zellen, in denen PKD1 und PKD2 durch siRNA depletiert wurde (Fuchs et 

al. 2009, siehe 3.1). Mit diesen Experimenten konnten wir eindeutig eine Verbindung 

zwischen Mikrotubuli und PKD-Aktivität aufzeigen und postulierten, dass Mikrotubuli die 

Aktivität von PKD und damit die Integrität des Golgi Komplexes kontrollieren. Der 

zugrunde liegende molekulare Mechanismus blieb allerdings unklar. Eine Möglichkeit ist, 

dass der Golgi Komplex nach Zerstörung der Mikrotubuli durch PKD-kontrollierte, 

verstärkte Vesikelabschnürung am TGN fragmentiert. Demnach entspräche der molekulare 

Mechanismus dem der Golgi-Fragmentierung nach Behandlung mit dem 

Schwammmetabolit IQ, bzw. dem der Überexpression einer konstitutiv aktiven PKD 

(Malhotra und Campelo 2011): Der Golgi Komplex dispergiert durch Hyperaktivierung der 

„Fission-Machinery“, initiiert durch PKD-vermittelte Phosphorylierung von PI4KIIIβ, 

CERT und OSBP. Die Tatsache, dass die Funktionalität der Golgi-Ministacks bezüglich der 

Sekretion nicht beeinträchtigt ist, unterstützt diese Hypothese (Breitfeld et al. 1990). 

Dagegen spricht, dass Nocodazolbehandlung die Rekrutierung von CERT zum Golgi 

Komplex und damit die Sphingomyelinsynthese reduziert, jedoch ohne dabei den 

Phosphorylierungsstatus von CERT zu verändern (Chandran und Machamer 2008). Es wäre 

also durchaus auch ein anderer Signalweg denkbar. Beispielsweise ist bekannt, dass 
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Nocodazol auch Raf-1 aktiviert. Co-Expression von PAK1/2 verstärkt diese Aktivierung 

(Zang et al. 2001). Es wäre also möglich, dass PKD die Nocodazol-induzierte Golgi-

Fragmentierung upstream von Raf-1 über den MAP-Kinase Signalweg reguliert, der auch 

initial die Golgi-Fragmentierung während der Mitose steuert (Colanzi et al. 2003a). 

 

2.3 PKD kontrolliert die Fragmentierung des Golgi Komplexes beim Eintritt 

der Zelle in die Mitose 

Im Zellzyklus von Säugerzellen fragmentiert der Golgi Komplex bei der Mitose in einem 

sequenziellen Prozess. Dies ermöglicht die korrekte Verteilung der Golgimembranen auf die 

Tochterzellen. Initial werden in der späten G2-Phase des Zellzyklus die tubulären, 

sogenannten „Nicht-kompakten-Zonen“ gespalten, die die Zisternenstapel lateral zu einem 

Golgi-Band verbinden. Dieser Prozess wird unter anderem über die Proteine des MAP-

Kinase Signalwegs Raf, MEK1 und Erk1c reguliert (Shaul und Seger 2006; Feinstein und 

Linstedt 2007). Weiterhin sind das „Fission“- Protein BARS, sowie die Golgimatrix 

Proteine GRASP65 und GRASP55 und die Kinase Plk1 essentiell für die Abtrennung 

zwischen den Stapeln (Sutterlin et al. 2001; Sutterlin et al. 2002; Colanzi et al. 2007; Duran 

et al. 2008). Die Trennung der Golgi-Stapel ist essentiell für den Eintritt der Zelle in die 

Mitose, weshalb ein G2/M Golgi Checkpoint postuliert wurde (Colanzi und Corda 2007). 

Nach Eintritt der Zelle in die Mitose fragmentieren die isolierten Golgi-Stapel dann weiter. 

Die Golgimembranen sind in der Metaphase schließlich als fein dispergierter Nebel (Golgi-

Haze) über das Cytoplasma verteilt. Die anschließende Fragmentierung ist unabhängig von 

MEK1 und BARS und wird hauptsächlich von den Kinasen Cdc2 und Plk2 reguliert, die 

downstream von MEK1 aktiviert werden (Persico et al. 2009). Jedoch scheinen auch 

Mikrotubuli beim Transport der Golgimembranen von Pro zur Metaphase und bei der 

vollständigen Defragmentierung in der Metaphase eine Rolle zu spielen (Shima et al. 1998; 

Jesch et al. 2001). Neben der korrekten Aufteilung der Golgi-Membranen auf die 

Tochterzellen könnte die Durchtrennung des Golgi-Bandes auch notwendig für die 

Separierung des Golgi Komplexes vom Zentrosom und damit für die Verdopplung des 

Zentrosoms sein. Es ist denkbar, dass durch die Isolierung der Zisternenstapel in G2 Golgi-

Band Determinanten vom Rest des Golgi Komplexes isoliert werden und so beim 

Spindelaufbau helfen können (Sutterlin und Colanzi 2010). Vielen Proteinen mit Funktionen 

in der Regulierung der Golgi-Integrität, wie etwa GM130, oder GRASP65 wurde auch eine 
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Rolle beim Spindelaufbau nachgewiesen (Sutterlin et al. 2005; Kodani und Sutterlin 2008). 

In einer jüngeren Studie konnten Persico und Mitarbeiter zeigen, dass Aurora-A Kinase 

abhängig von der Golgi-Fragmentierung zum Zentrosom rekrutiert und dort aktiviert wird 

(Persico et al. 2010). Bereits 2001 wurde publiziert, dass PKD upstream vom MAP-Kinase 

Signalweg agiert, was eine Funktion in der Regulation des Zellzyklus vermuten lässt 

(Hausser et al. 2001). Wong und Jin zeigten 2005, dass PKD die VEGF-induzierte 

Endothelzellproliferation über den MAP-Kinase Signalweg kontrolliert (Wong und Jin 

2005). Des Weiteren konnte 2008 erstmals gezeigt werden, dass PKD auch während der 

Mitose aktiv ist, was diese Vermutung bestärkt (Papazyan et al. 2008). Aufgrund dessen 

ergab sich für uns die Fragestellung, ob PKD eine Funktion in der Golgi-Organisation 

während der Mitose hat und wie PKD in diesem Zusammenhang agiert. Unsere Resultate 

zeigen, dass PKD-depletierte Zellen in der G2-Phase des Zellzyklus akkumulieren und stark 

verzögert in die Mitose eintreten (Kienzle et al. 2012, siehe 3.4). Der verspätete G2/M-

Übergang deutet auf eine Beteiligung von PKD bei der Kontrolle des Golgi Checkpoint hin. 

Tatsächlich bleibt der Golgi Komplex in PKD-depletierten Zellen in der G2 Phase 

mehrheitlich kompakt, während er bei Kontrollzellen größtenteils bereits partiell 

fragmentiert ist. Zusätzlich belegen FRAP-Experimente, dass PKD-Depletion die Spaltung 

der nicht-kompakten Zonen im Golgi-Band verhindert und so den Eintritt der Zelle in die 

Mitose blockiert. PKD agiert hierbei über den MAP-Kinase Signalweg. Die 

Phosphorylierung und damit verbundene Aktivierung von MEK1 an Serin 221 bleibt in 

PKD-depletierten Zellen aus. PKD wirkt also upstream von Raf-1/MEK1, jedoch ist Raf-1 

nicht direktes PKD-Substrat (Christine Kienzle, unveröffentlicht). Wie PKD in diesem 

Prozess genau agiert, bleibt noch zu klären. Eine mögliche Variante ist, dass PKD über die 

Phosphorylierung von PAK Raf-1 aktiviert. Die Interaktion mit PAK1 ist essentiell für die 

Aktivierung von Raf-1, so dass PAK Kinasen ein potenzielles Ziel darstellen (Zang et al. 

2002). Erst kürzlich konnte gezeigt, dass PKD PAK4 im Zusammenhang der Zellmigration 

phosphoryliert und damit Einfluss auf den Aktivitätsstatus von Cofilin nimmt (Spratley et al. 

2011). Weiterhin ist das Protein BARS, einer der wichtigsten Regulatoren bei der Isolierung 

der Golgi-Stapel in G2, ein Ziel von PAK1, so dass PKD auch über diesen Weg BARS 

regulieren könnte (Barnes et al. 2003). Auch PAK1 ist essentiell für den Eintritt der Zelle in 

die Mitose (Cotteret und Chernoff 2005). Neben BARS sind auch die beiden Golgi 

Matrixproteine GRASP65 und GRASP55 essentiell für die Spaltung der nicht-kompakten 

Zonen. Sie werden wahrscheinlich downstream von MEK1 aktiviert. Es besteht aber auch 

die Möglichkeit, dass PKD die initiale Fragmentierung des Golgi in G2 über die bekannten 
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Substrate des Vesikeltransportsignalwegs, wie PI4KIIIβ, CERT und OSBP steuert, wie bei 

Golgi-Fragmentierung infolge von Nocodazolbehandlung postuliert. Dies ist allerdings eher 

unwahrscheinlich, da der vesikuläre Transport während der Mitose mit der Separierung vom 

Zentrosom zum Erliegen kommt (Lowe et al. 1998). Allerdings wurde auch BARS 

ursprünglich als Fission-Protein identifiziert. Es ist daher vorstellbar, dass PKD zusammen 

mit PAK ähnlich wie für den vesikulären Transport gezeigt einen Komplex aus BARS und 

PI4KIIIβ stabilisiert (Valente et al. 2012).  

Wie PKD in G2 aktiviert wird, muss noch endgültig geklärt werden. Wir vermuten, dass 

PKD downstream vom G-Protein RhoA aktiviert wird. Es wurde bereits gezeigt, dass RhoA 

PKD aktivieren kann (Cowell et al. 2009b). Überexpression von konstitutiv aktivem RhoA 

führt zur Vesikulierung des Golgi Komplexes, was phänotypisch zu unseren Beobachtungen 

passt (Zilberman et al. 2011). Weiterhin haben RhoGTPasen eine Funktion beim Eintritt in 

die Mitose: Es konnte gezeigt werden, dass die Inaktivierung von RhoGTPasen die 

zentrosomale Aktivierung von Aurora-A beim G2/M-Übergang verhindert (Ando et al. 

2007). Dies passt zu den Entdeckungen von Persico und Mitarbeitern, die später 

herausfanden, dass zentrosomale Aurora-A Aktivierung abhängig von der Spaltung des 

Golgi-Bandes ist (Persico et al. 2010). Eine sehr aktuelle Studie zeigt weiterhin, dass 

Downstream-Effektoren vom RhoA/Rock Signalweg die Mikrotubuliorganisation und 

Spindelorientierung regulieren (Heng et al. 2012).  

 

2.4 Globale Analyse PKD-abhängiger Phosphorylierungsereignisse in 

Nocodazol-behandelten Zellen 

Die bisherigen Studien haben aufgezeigt, dass PKD nach Mikrotubuli-Depolymerisierung 

aktiv an der Fragmentierung des Golgi Komplexes beteiligt ist (Fuchs et al. 2009). Der 

zugrunde liegende Signalweg ist jedoch noch nicht geklärt. Im Zellzyklus vermittelt PKD 

ebenfalls die für den Eintritt in die Mitose nötige Trennung der Golgi-Stapel. Die Golgi-

Fragmentierung während der Mitose ist ähnlich wie bei Nocodazol-Behandlung auch eng 

mit der Umstrukturierung des Mikrotubuli Zytoskeletts verbunden. Wir konnten zeigen, dass 

PKD hier upstream vom MAP-Kinase Signalweg agiert, es wurde jedoch noch kein direktes 

Substrat identifiziert. Um mehr Licht in den Signalweg der Nocodazol-vermittelten 

Mikrotubuli-Depolymerisierung und damit verbundenen Golgi-Fragmentierung zu bringen, 

haben wir eine SILAC-basierte globale, quantitative Phosphoproteomstudie durchgeführt 
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(Franz-Wachtel et al. 2012, siehe 3.3). Der Fokus der Studie lag in der Identifizierung von 

Phosphorylierungsstellen, die in diesem Kontext downstream von PKD liegen. Hierzu 

wurden Phosphorylierungsstellen im Phosphoproteom von HEK293 Zellen analysiert, die 

nach Nocodazolstimulation unter Überexpression einer dominant-negativen, kinasetoten 

PKD (PKD1kd) herunterreguliert waren. Die kinasetote PKD lokalisiert vorwiegend am 

Golgi Komplex (Hausser et al. 2002) und blockiert dort spezifisch Nocodazol-vermittelte 

PKD-Aktivität. Dies ist die erste globale, quantitative Phosphoproteomstudie, in der 

Kinaseaktivität durch Überexpression eines dominant-negativ agierenden Proteins 

organellspezifisch geblockt wird. Um die basale PKD-Aktivität zu erhöhen, wurden für das 

Referenz-Phosphoproteom nocodazolstimulierte HEK293 Zellen eingesetzt, die eine 

konstitutiv-aktive PKD-Variante überexprimieren. Durch ein analoges SILAC-Experiment 

mit Nocodazol-stimulierten, parentalen HEK293 Zellen konnte klar gezeigt werden, dass die 

Aktivität endogener PKD-Isoformen nach Nocodazol-Stimulation den dominant-negativen 

Effekt der kinasetoten PKD nicht ausreichend induziert, um Herabregulierung von 

Phosphorylierungsereignissen in einer globalen Studie zu quantifizieren. Die Expression 

einer konstitutiv-aktiven PKD war daher für die Identifizierung signifikanter 

Phosphorylierungsereignisse essentiell. Die Analyse des Phosphoproteoms ergab, dass 124 

von insgesamt 5402 lokalisierten Phosphorylierungsstellen nach Nocodazol-Behandlung 

durch den Verlust der PKD-Aktivität signifikant herabreguliert waren. 49 

Phosphorylierungstellen waren nach Nocodazol-Behandlung durch den Verlust der PKD-

Aktivität signifikant hochreguliert. Alle signifikant herabregulierten Phosphopeptide wurden 

einer ausführlichen Motivanalyse unterzogen. Dabei wurden die relativen Häufigkeiten der 

20 proteinogenen Aminosäuren an den Positionen -6 bis +6 im Motiv bestimmt und 

statistisch ausgewertet. Das Ergebnis zeigt eine signifikante Anreicherung des PKD 

Konsensus Motivs, wobei vor allem Leucin und Valin an der -5 Position, Lysin an der -3 

Position und Lysin, oder Glutamin an der -2 Position signifikant überrepräsentiert waren. 

Dieses Ergebnis ist überraschend, da die meisten bekannten PKD-Motive ein Arginin an der 

-3 Position tragen. Gleichzeitig scheint PKD geladene Aminosäuren an den -4 und -2 

Positionen im Motiv zu favorisieren. Interessanterweise war Prolin an der +1 Position 

signifikant unterrepräsentiert, was auf einen inhibitorischen Effekt bezüglich der PKD 

Phosphorylierung im Motiv hindeutet und sogar eine weitere Eingrenzung des Konsensus 

Motivs erlaubt – tatsächlich trägt keine bislang identifizierte PKD-Substratsequenz ein 

Prolin an der +1 Postition. Insgesamt bestätigt die signifikante Anreicherung des PKD-

Motivs unter den herabregulierten Phosphorylierungsereignissen das Konzept der Studie. 
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Weiterhin wurden die signifikant herabregulierten Phosphorylierungsereignisse bezüglich 

der Funktion der zugehörigen Proteine statistisch klassifiziert. Dabei stellte sich heraus, dass 

unter den PKD-abhängigen Phosphorylierungsstellen Proteine mit Funktionen in 

Membranorganisation und Golgi-assoziierte Proteine signifikant angereichert waren. Dies 

bestätigt die Golgi-spezifische Funktion von PKD im Nocodazol-vermittelten Golgi-Abbau. 

Unter den direkten membranassoziierten PKD-Substraten wurde die bekannte PKD-

Phosphorylierungsstelle Serin 298 in Cortactin identifiziert (Eiseler et al. 2010). Da neben 

der Kontrolle der Aktinpolymerisierung am „Leading edge“ der Zelle auch eine Funktion für 

Cortactin in Aktin-gestützter Vesikelbildung am TGN beschrieben wurde (Cao et al. 2005), 

ist eine Beteiligung von Cortactin bei der Nocodazol-vermittelten Golgi-Fragmentierung 

möglich. Weitere Membran-assoziierte potenziell direkte PKD-Substrate sind die Sorting 

Nexine SNX1 und SNX2 (Serin 164, Serin 226). Sie sind als Dimer zusammen mit Vps 

Proteinen Bestandteil des Retromerkomplexes. Dieser heteropentamere Proteinkomplex 

assoziiert an der cytosolischen Seite des Endosoms und vermittelt den retrograden 

Vesikeltransport zum TGN (Bonifacino und Hurley 2008). Auf diese Weise wird 

beispielsweise der Mannose-6-phosphatrezeptor (IGF2-Rezeptor) vom Endosom zum TGN 

recycled. Interessanterweise konnten neben einer Phosphorylierungsstelle im IGF2-Rezeptor 

selbst auch weitere Komponenten des IGF2-Rezeptor-Netzwerks, wie z.B. das Protein 

Vti1B als signifikant herabregulierte potenzielle PKD-Substrate identifiziert werden. Unter 

diesen ist auch das Golgi-SNARE Protein GS15 identifiziert worden. Neben einer Funktion 

im retrograden Transport zum Golgi Komplex (Tai et al. 2004) wurde für GS15 auch eine 

Rolle in der Regulierung der Golgi-Struktur beschrieben (Xu et al. 2002). Es scheint also, 

dass vermehrt Proteine mit Funktionen im retrograden Transport vom Endosom zum TGN 

potenzielle PKD-Ziele im Rahmen des Nocodazol-vermittelten Golgi-Abbaus sind. Der 

retrograde Transport ist jedoch stark von Mikrotubuli abhängig, was in vitro demonstriert 

wurde (Itin et al. 1999) und daher nach Nocodazolbehandlung blockiert. Da PKD nicht ans 

Endosom rekrutiert wird (Maeda et al. 2001), interagieren diese Proteine 

höchstwahrscheinlich am TGN miteinander. Die Frage ob und wie diese Proteine an der 

Regulierung der Golgi-Integrität nach Nocodazolbehandlung beteiligt sind, bleibt zu klären. 

Außerdem waren mehrere Phosphorylierungsstellen in Mitgliedern der Oxysterol bindenden 

Proteine (OSBPs) signifikant herabreguliert, darunter OSBP1 und OSBP10. Darunter war 

auch die bekannte PKD-Seite Serin 240 in OSPB1. Diese Proteine haben eine Funktion im 

vesikulären Transport, indem sie Cholesterol zwischen verschiedenen zellulären 

Kompartimenten transportieren (Ridgway 2010). OSBP1 wird innerhalb eines negativen 
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Feedbackloops durch PKD-Phosphorylierung negativ reguliert und dissoziiert vom Golgi, 

was die Vesikelabschnürung inhibiert (Nhek et al. 2010). Die anderen bekannten Substrate 

der PKD-kontrollierten Fissionmaschinerie, PI4KIIIβ und CERT konnten allerdings in 

dieser Studie nicht identifiziert werden. Dies lässt eher darauf schließen, dass die Golgi-

Fragmentierung nach Mikrotubuliverlust nicht über die konventionelle Abschnürung von 

Transportcarriern von statten geht. Mit dieser Hypothese übereinstimmend ist eine frühere 

Studie, die zeigt, dass sich der Phosphorylierungsstatus von CERT nach 

Nocodazolbehandlung der Zellen nicht ändert. Trotz funktioneller PH-Domäne ist der 

CERT-Gehalt am Golgi Komplex nach Nocodazol-Behandlung reduziert, was die 

Syntheserate von Sphingomyelin drosselt (Chandran und Machamer 2008). 

Beim Eintritt der Mitose fragmentiert der Golgi Komplex in PKD-abhängiger Weise. 

Sicherlich lässt sich dieser hochkomplex regulierte, mehrstufige Prozess nicht direkt mit 

dem artifiziellen, Mikrotubuli-destruktiven Stimulus Nocodazol vergleichen, jedoch könnten 

bei der Initiierung des Prozesses ähnliche molekulare Mechanismen zugrunde liegen. Wir 

konnten zeigen, dass PKD über den MAP-Kinase Signalweg agiert (Kienzle et al. 2012). 

Raf-1 -und MEK-1 aktivierungsspezifische Phosphorylierungen waren in der 

Phosphoproteomstudie nach Nocodazol-Stimulation nicht PKD-abhängig herunterreguliert. 

Beim downstream gelegenen Erk1 jedoch war der Aktivierungsstatus nach Nocodazol-

Stimulation in PKD inaktiven Zellen signifikant niedriger. Sowohl die 

aktivierungsspezifische Phosphorylierungsstelle Threonin 202 als auch Tyrosin 204 in Erk1 

waren unter diesen Bedingungen signifikant herabreguliert. Damit ist es wahrscheinlich, 

dass PKD auch in der Nocodazolabhängigen Golgi-Fragmentierung den MAP-Kinase 

Signalweg aktiviert. Möglicherweise waren Raf-1 und MEK-1 nach 30 minütiger 

Nocodazol-Stimulation bereits wieder inaktiv, so dass lediglich Erk1 noch aktiv war. Die 

Western Blot Kinetik mit einem aktivierungsspezifischen Phospho-MEK-Antikörper über 

verschiedene Zeitpunkte im Zellzyklus zeigt, dass MEK nur über einen relativ kurzen 

Zeitraum aktiv ist (Kienzle et al. 2012, Figure 3b). Interessanterweise führt im Cytosol 

angereichertes OSBP durch Bildung eines Oligmers unter anderem mit der Phosphatase 

PP2a zu einer verstärkten Deaktivierung von Erk (Wang et al. 2005a). Da PKD-vermittelte 

Phosphorylierung von OSBP zur Dissoziierung vom Golgi Komplex führt und dieses 

Ereignis signifikant unter Nocodazol-Bedingungen herabreguliert ist (siehe oben), könnte 

dies auf einen negativen Rückkopplungsmechanismus hindeuten. Ob der MAP-Kinase 

Signalweg für den Nocodazol-vermittelten Golgi-Abbau essentiell ist, bleibt noch zu klären. 

Es konnte auch in der Vergangenheit schon gezeigt werden, dass Nocodazol Raf-1 aktiviert 
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und dass Überexpression von PAK Kinasen diese Aktivierung steigert (Zang et al. 2002). 

Bereits bei der PKD-vermittelten Separierung des Golgi-Bandes in der Mitose schlugen wir 

PAK Kinasen als mögliche PKD-Substrate vor. Zwar konnten Phosphorylierungsereignisse 

in PAK1, PAK2 und PAK4 detektiert werden, beispielsweise das bereits im Zusammenhang 

mit Cofilin-Regulierung beschriebene PKD-spezifische Phospho-Serin 474 in PAK4 

(Spratley et al. 2011). Allerdings waren alle detektierten PAK Phosphorylierungsereignisse 

im Zusammenhang mit Nocodazol-Stimulation nicht signifikant PKD-abhängig 

herabreguliert. Dies macht PAK Kinasen als PKD-Substrate upstream vom MAP-Kinase 

Signalweg im Zusammenhang mit Golgi-Dispersion nach Mikrotubuliverlust eher 

unwahrscheinlich. 

Der globale Screen wurde auf mehrere Arten validiert. Zunächst wurde ein globales SILAC-

basiertes in vitro Phosphorylierungsexperiment durchgeführt. Bei diesem wurden Proteine 

aus HEK293 Zelllysaten mit gereinigter, aktiver PKD1 phosphoryliert und mit Proteinen aus 

unphosphoryliertem Zelllysat verglichen. Es konnte gezeigt werden, dass 70 der 124 im 

initialen Experiment signifikant herabregulierten Phosphorylierungsstellen auch in vitro von 

PKD1 phosphoryliert werden, wobei dies vorwiegend die Golgi –und membranassoziierten 

Proteine sind. Zusätzlich wurde exemplarisch die PKD vermittelte in vitro Phosphorylierung 

eines weiteren potenzielles signifikant regulierten PKD-Substrats, MgcRacGAP an Serin 

203, massenspektrometrisch validiert. Eine weitere Art der Validierung ist die 

Identifizierung bereits bekannter Substrate. In dieser Studie wurden die bekannten PKD-

Phosphorylierungsstellen in Cortactin, OSBP und c-Jun nach Nocodazol-Behandlung unter 

PKD-Aktivitätsverlust signifikant herabreguliert. Weitere Phosphorylierungsstellen in 

bekannten Substraten, wie SSH1L oder PAK4 wurden zwar identifiziert, waren aber nicht 

signifikant herabreguliert. Dies lässt sich vermutlich mit der räumlich und zeitlich 

limitierten PKD-Aktivierung am Golgi im Rahmen der durch Nocodazol induzierten 

Signalwege begründen. Zu bemerken bleibt aber, dass in einer solchen Studie nicht das 

gesamte Phosphoproteom erfasst werden kann. Zur Validierung trägt auch bei, dass in 

PKD1 selbst insgesamt 9 Phosphorylierungsstellen signifikant herabreguliert waren, unter 

anderem das autokatalytische C-terminal gelegene Serin 916 (Matthews et al. 1999a). 

Darüber hinaus wurden zwei dieser Phosphorylierungstellen in dieser Studie zum ersten Mal 

beschrieben.  

Diese globale Studie liefert wichtige Hinweise auf potenzielle Mechanismen der Golgi-

Fragmentierung infolge von Mikrotubuli-Depolymerisierung. Sie beinhaltet einen Reichtum 
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an Informationen für künftige Studien auf diesem und benachbarten Gebieten. Des Weiteren 

ergeben sich daraus Kandidaten, die direkte PKD-Substrate sein können, was ein wichtiger 

Beitrag für die zukünftige Erweiterung des „PKDom´s“ ist. 

 

2.5 Schlussfolgerung 

Zusammenfassend konnte gezeigt werden, dass die in dieser Arbeit entwickelten und 

etablierten PKD-Aktivitätsreporter wichtige molekulare Werkzeuge darstellen, um die 

räumliche und zeitliche Regulierung von PKD am Golgi Komplex genauer zu erforschen. 

Mit ihrer Hilfe konnte eine Verbindung zwischen PKD-Aktivität und Mikrotubuli aufgezeigt 

werden, über die die Integrität des Golgi Komplexes reguliert ist. Zur Aufschlüsselung der 

zugrunde liegenden molekularen Mechanismen wurde in Form einer SILAC-basierten 

globalen Phosphoproteomstudie ein weiteres wichtiges molekulares Werkzeug eingesetzt, 

um PKD-abhängige Phosphorylierungsereignisse nach Nocodazolbehandlung zu 

identifizieren. Hier deutet besonders die PKD-abhängige Erk1-Phosphorylierung auf eine 

Beteiligung des MAP-Kinase Signalwegs in diesem Prozess hin. Dies spräche für einen 

Golgi-Defragmentierungsprozess analog zur PKD-abhängigen Spaltung des Golgi-Bandes 

beim Eintritt der Zelle in die Mitose, ebenfalls eine Entdeckung im Rahmen dieser Arbeit. 

Jedoch wurden auch viele andere Golgi-ständige Proteine als potenzielle PKD-Substrate 

identifiziert, wie beispielsweise einige Mitglieder des IGF2-Rezeptor Netzwerks. Sollte sich 

für diese ein Zusammenhang mit dem Nocodazol-abhängigen Golgi-Abbau herstellen 

lassen, könnte für diese Proteine eine neue, bisher unbekannte Funktion beschrieben werden. 

Zukünftige Studien werden dies klären. 
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3.1.1 Abstract 

The Protein Kinase D (PKD) family comprises multifunctional serine/threonine specific 

protein kinases with three mammalian isoforms: PKD1, PKD2 and PKD3. A prominent 

PKD function is the regulation of basolateral-targeted transport carrier fission from the 

trans-Golgi network (TGN). To visualize site-specific PKD activation at this organelle, we 

designed a molecular reporter consisting of a PKD-specific substrate sequence fused to 

EGFP, specifically targeted to the TGN via the p230 GRIP domain. Quantitative analyses 

using a phosphospecific antibody and ratiometric fluorescence imaging revealed that Golgi-

specific phosphorylation of the reporter was strictly dependent on stimulation of endogenous 

PKD or transient expression of active PKD constructs. Conversely, PKD-specific 

pharmacological inhibitors and siRNA-mediated PKD knock down suppressed reporter 

phosphorylation. Using this reporter we investigated a potential role for PKD in the 

regulation of Golgi complex morphology. Interestingly, nocodazole-induced Golgi complex 

break up and dispersal  was associated with local PKD activation as measured by reporter 

phosphorylation and this was efficiently blocked by expression of a dominant-negative PKD 

mutant or PKD depletion. Our data thus identify a novel link between PKD activity and the 

microtubule cytoskeleton, whereby Golgi complex integrity is regulated.  

 

3.1.2 Introduction 

PKD is a family of serine/threonine specific protein kinases with three members in 

mammalian cells: PKD1, PKD2 and PKD3. PKD has a unique position in diacylglycerol 

(DAG) and protein kinase C (PKC)-initiated signal transduction pathways where it serves as 

a direct DAG target and a downstream kinase of novel nPKCs and is involved in various 

cellular functions such as apoptosis, oxidative stress response, immune response, cell 

adhesion and invasion, and secretory vesicle transport (reviewed in (1)). The subcellular 

localization of PKD is dependent on cell type and stimulation and thus strictly associated 

with its function. The best characterized function so far is the role of PKD at the Golgi 

complex. PKD binds to the TGN via its first cysteine-rich domain, which directly interacts 

with DAG (2,3,4). DAG is also required for the recruitment and activation of PKCh, which 

then phosphorylates and activates Golgi-associated PKD (5). Experiments with the Golgi 

vesiculation-inducing sponge metabolite ilimaquinone indicated that bg subunits of 

heterotrimeric G proteins and PKD are involved in the regulation of Golgi membrane 

dynamics and protein secretion (6). The excessive activation of PKD by ilimaquinone 
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resulted in Golgi fragmentation whereas expression of a kinase-inactive form of PKD led to 

the formation of tubules at the TGN. These tubules represented carriers that contained cargo 

protein and failed to detach from the TGN. These findings demonstrated that PKD activity is 

crucial for the fission of basolateral-targeted transport carriers from the TGN (7,8) and 

indicate that a tight control of PKD activity is critical to maintain Golgi complex integrity. 

Phosphatidylinositol 4-kinase IIIb (PI4KIIIb), which is reported to be highly involved in 

controlling the structural integrity of the Golgi complex was identified as direct downstream 

target of PKD1 and PKD2 and found to be activated by PKD-mediated phosphorylation on 

serine 294, which is located within a typical PKD substrate sequence (9). PKD mediated 

activation of PI4KIIIb is believed to control the fission of transport carriers by regulating 

phosphatidylinositol-(4)-phosphate levels at the TGN and binding of 14-3-3 proteins to the 

phosphorylated serine 294 was shown to stabilize lipid kinase activity of PI4KIIIb (10). 

Furthermore, PKD mediated phosphorylation of the ceramide transfer protein CERT was 

shown to decrease the affinity of CERT towards Golgi membranes, thus reducing ceramide 

transfer activity. In turn, CERT is critical for PKD activation at the Golgi complex and 

PKD-mediated secretory transport by providing the DAG precursor ceramide (11), thus 

constituting a feed back loop. 

Recently, a D kinase activity reporter (DKAR) was generated, consisting of two different 

fluorescent proteins flanking a phosphoamino acid-binding domain and a kinase substrate 

sequence. The reporter was used to visualize agonist-stimulated PKD activation in live cells 

and unexpectedly revealed an apparent role for Ca
2+

 as major contributor to the activation of 

PKD (12). However, studies with the C kinase activity reporter CKAR targeted to different 

organelles such as plasma membrane, mitochondria, nucleus and Golgi showed that the 

magnitude and duration of PKC signaling is location-specific and controlled by both the 

level of phosphatase activity and persistence of DAG at each location (13). The same 

conditions apply to PKD, which is located and activated at different intracellular 

compartments dependent on stimuli and cell type (1). Therefore, to analyze PKD function at 

the Golgi complex, we generated a genetically
 
encoded fluorescent reporter designed to 

respond specifically
 
to PKD activity at this organelle. The reporter consists

 
of EGFP fused to 

the PKD substrate sequence of PI4KIIIb. Phosphorylation
 
of this substrate sequence can be 

visualized and quantified using a phospho-serine 294 specific antibody. Thus, the 

genetically
 
encoded fluorescent reporter described in this study allows the monitoring of 

Golgi-associated PKD
 
activity under conditions that have not been studied thus far. Using 

our new reporter we explore whether PKD signaling is involved in nocodazole-induced 
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Golgi dispersal. Our results indicate a critical role of PKD in this process and suggest that 

the microtubule cytoskeleton controls PKD activity to maintain Golgi complex integrity. 

 

3.1.3 Results and discussion 

Design of the reporter 

Here we designed a fluorescent Golgi-localized PKD reporter (G-PKDrep) to reveal local 

kinetics of PKD activation under experimental conditions that perturb normal Golgi function 

and morphology. In order to achieve PKD selectivity of the reporter, the sequence encoding 

for amino acids 286 to 301 of PI4KIIIb was fused to EGFP. These amino acids have been 

shown to represent a substrate sequence in which serine 294 is specifically phosphorylated 

by active PKD1 and PKD2 (9). An antibody specific for phosphorylated serine 294 can then 

be used to detect the phosphorylation status of the reporter and thus PKD activity. The 

kinase substrate sequence was flanked by linker peptides to ensure its rotational freedom and 

accessibility for PKD, phosphatases and the phosphospecific antibody (Figure 1A). In order 

to target the reporter to the TGN, a sequence encoding for the amino acids 2131 to 2221 of 

the TGN associated protein p230 (14) was fused to the kinase phosphorylation sequence. 

These amino acids contain the GRIP domain of p230 (also known as tGolgin1 or golgin-

245), which interacts with the small GTPase Arl1, thereby mediating localization to the 

cytoplasmic face of the TGN (15,16,17,18,19). A modified reporter, in which the phospho-

acceptor serine was mutated to alanine (G-PKDrep S/A) was used as control. 

To verify localization of the reporter at the TGN, G-PKDrep and G-PKDrep S/A were 

expressed in COS7 cells and staining was carried out using an antibody specific for the TGN 

resident protein TGN46. Both, G-PKDrep and G-PKDrep S/A, were specifically targeted to 

the TGN in low level expressing cells, demonstrated by co-localization with TGN46 (Figure 

1B). It has been reported that strong expression of the last 98 amino acids of p230 leads to 

displacement of endogenous p230 from the TGN, presumably due to competition for Arl1-

GTP binding (14). Likewise, under these conditions, the dislocalization of several TGN 

resident integral membrane proteins, as for example TGN46, has been described (20). Such 

a displacement of TGN46 could be observed in COS7 cells expressing the G-PKDrep at 

high levels (data not shown). For this reason, only cells that express the reporter at low 

levels were analyzed in the subsequent microscopic studies.  
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Figure 1: Design and localization of G-PKDrep. A) The G-PKDrep consists of EGFP (amino acids 1-239) 

linked to the substrate sequence of PI4KIIIβ (amino acids 286-301). Golgi targeting is mediated by the GRIP 

domain of p230 (amino acids 2131-2221) linked to the C-terminus of the G-PKDrep. In its phosphorylated 

state, the serine 294 within thee substrate sequence (marked in red) is recognized by a phosphospecific 

antibody. B) COS7 cells transfected with G-PKDrep or G-PKDrep S/A were fixed and stained with a TGN46-

specific antibody (red). Scale bar, 20 µm. 

 

Phosphorylation of G-PKDrep is triggered by PKD 

To determine whether the G-PKDrep can serve as a substrate for PKD, the reporter was 

transiently expressed in HEK293T cells and detected with a GFP-specific antibody. G-

PKDrep migrated at a molecular weight of approximately 43 kDa (Figure 2A). Quantitative 

immunoblotting with the antibody specific for phosphorylated serine 294 revealed a 

constitutive phosphorylation of G-PKDrep in growing cells. Phosphorylation strongly 

increased (up to 20 fold) upon coexpression of wild type (WT) PKD1-GFP, and 

constitutively active PKD1ca-GFP, and up to 7 fold in the case of WT PKD2-GFP. As 

expected, expression of kinase-dead PKD1kd-GFP or PKD2kd-GFP failed to induce 

reporter phosphorylation, verifying that reporter phosphorylation was strictly dependent on 

PKD activity. Importantly, the phosphospecific antibody did not reveal a signal when the 

modified G-PKDrep S/A was expressed (Figure 2A). To assess suitability of the G-PKDrep 

for detecting endogenous PKD kinase activity, we treated HEK293T cells with the phorbol 

ester phorbol 12,13-dibutyrate (PdBu), which is known to stimulate PKD in a PKC 
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dependent manner (21). In HEK293T cells treated with PdBu, endogenous PKD activity 

increased by 3.5 fold, as judged by the level of autophosphorylated PKD detected with an 

antibody specific for serine 910 (Figure 2B, (22)). This goes along with an apparent 

decrease of total PKD levels due to the preferential detection of the non-phosphorylated 

protein by the PKD antibody C-20. Under these conditions, phosphorylation of the 

transfected G-PKDrep also increased (2.5 fold compared to the control). Pretreatment of 

these cells with the PKD inhibitor Gö6976 or the nPKC inhibitor Gö6983 resulted in the 

inhibition of PKD kinase activity and consequently in a loss of G-PKDrep phosphorylation, 

assessed by detection with the pS294 antibody (Figure 2B). Finally, we used an RNA 

interference approach to downregulate PKD1 and PKD2 singly and in combination in 

HEK293T cells, which express both PKD isoforms. Depletion of only one isoform was 

sufficient to decrease the level of G-PKDrep phosphorylation to 50% compared to the 

control, as judged by immunoblotting with the pS294 antibody and quantitative Western blot 

analysis (Figure 2C). However, depletion of both isoforms did not further decrease the level 

of G-PKDrep phosphorylation. This residual phosphorylation correlates with the remaining 

expression levels of PKD1 and 2 in the double knock down setting (Figure 2C). Of note, the 

results are in accordance with reported overlapping substrate specificities of PKD1 and 

PKD2 towards PI4KIIIb (9) and partly redundant functions of the three PKD isoforms at the 

TGN (8,23). Finally, we analyzed whether expression and phosphorylation of G-PKDrep 

competes with PKD-mediated phosphorylation and thus activation of endogenous PI4KIIIb. 

However, we could not detect different PI4KIIIb phosphorylation levels in cells expressing 

G-PKDrep compared to control cells (Supplementary figure 1) suggesting that endogenous 

PI4KIIIb activity is not affected. 

Figure 2: G-PKDrep is a sensitive, specific and reversible tool to measure endogenous PKD activity. (A) 

HEK293T cells were transfected with G-PKDrep and the S/A variant, respectively along with an empty vector 

or the indicated PKD expression plasmids. Cells were lysed and reporter phosphorylation was assessed by 

immunoblotting with the pS294 specific antibody. Expression of the G-PKDrep and PKD-GFP fusion proteins 

was verified with a GFP-specific antibody. Representative immunoblots (n = 2) and quantitative data of G-

PKDrep phosphorylation normalized with the level of G-PKDrep are shown. (B) HEK293T cells transiently 

expressing G-PKDrep were pretreated with the PKD inhibitor Gö6976 or the nPKC inhibitor Gö6983 for 60 

min, and then treated with PdBu for 15 min. G-PKDrep phosphorylation and expression was determined as 

described in (A). PKD1 phosphorylation and expression in cell lysates were determined via immunoblotting 

using specific antibodies. Representative immunoblots (n = 2) and quantitative data are shown. (C) HEK293T 

cells were transfected with lacZ, PKD1, PKD2, or PKD1- and PKD2-specific siRNAs, respectively, followed 

by transfection with G-PKDrep 48h later. Reporter phosphorylation was analyzed as described in (A). 

Depletion of PKD1 and PKD2 was verified by immunoblotting of cell lysates with specific antibodies. 

Detection of GAPDH served as a loading control. Quantitative data are shown in the diagram. (D) HEK293T 

cells transiently expressing G-PKDrep were serum starved overnight followed by stimulation with 10% serum 

for the indicated time. Phosphorylation and expression of the PKD reporter and phosphorylation of PKD were 

analyzed as described in (A, B).  
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Studying dynamic changes in PKD activity requires the G-PKDrep not only to be sensitive 

and specific but also reversible in its phosphorylation. Serum growth factors have been 

reported to reversibly activate PKD in a PKC-dependent manner (24). Therefore, we 

investigated the kinetics of serum-stimulated PKD activity in serum-starved HEK293T cells 

transiently transfected with the G-PKDrep using autophosphorylation and G-PKDrep 

phosphorylation as an indicator. In both cases, serum treatment induced rapid PKD 

activation peaking at 5 min and declining to nearly basal levels 90 min after onset of serum 

stimulation (Figure 2D). Taken together, this establishes that PKD specifically 

phosphorylates the serine within the substrate sequence of the G-PKDrep in living cells and 

that the G-PKDrep is able to reversibly report signaling by endogenous PKD.  

 

PKD activity at the Golgi complex can be visualized and quantified using G-PKDrep 

We next tested whether the reporter could be used to visualize and quantify PKD activity at 

the Golgi complex by immunofluorescence. To this end, COS7 cells transiently expressing 

G-PKDrep and control construct (G-PKDrep S/A) were fixed and stained with the phospho-

S294 specific followed by an Alexa546-coupled secondary antibody.  In cells expressing G-

PKDrep colocalization of G-PKDrep and the pS294 antibody at the Golgi complex was 

observed (Figure 3A), indicating that PKD is active at this organelle. Interestingly, some 

cells expressing G-PKDrep were negative for pS294 staining demonstrating that growing 

cells display heterogeneity in endogenous PKD activity at the Golgi complex (see also 

Figure 3B). In cells expressing G-PKDrep S/A, however, no specific binding of the pS294 

antibody was detected, again demonstrating the specificity of the reporter. To quantify PKD 

activity at the Golgi complex on a single cell level we used ratiometric imaging. We selected 

Golgi areas of reporter transfected cells, measured the fluorescence intensity at the Golgi 

complex for EGFP and Alexa546 and calculated the ratio of Alexa546 to EGFP signal.  

PdBu stimulation resulted in a 3 fold increase (p < 0.001) in reporter phosphorylation at the 

Golgi complex compared to non-treated cells (Figure 3B). This is in line with data on PdBu-

induced G-PKDrep phosphorylation obtained by quantitative Western blotting (Figure 2B) 

and establishes our G-PKDrep as a novel tool to visualize and quantify PKD activation at 

this compartment in single cells under different conditions. PKD is a critical regulator of 

transport carrier fission at the TGN (7). Our newly designed G-PKDrep can thus be a useful 

tool to track PKD activity at TGN domains where basolateral cargo is packed into transport 

carriers. 
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Figure 3: PKD activity at the Golgi complex can be visualized and quantified using G-PKDrep. (A) 

COS7 cells transfected with the G-PKDrep or G-PKDrep S/A were fixed and stained with the pS294-specific 

antibody (red). Scale bar, 20 µm. (B) COS7 cells expressing the G-PKDrep were left untreated (top panel) or 

treated with PdBu (bottom panel), fixed and stained with the pS294-specific antibody followed by Alexa546-

coupled anti-rabbit IgG (red). Scale bar, 10 µm.  Fluorescence intensity of Alexa546 and EGFP was quantified 

in Golgi regions of transfected cells and the ratio was calculated as described in the material and methods 

section. The diagram shows the mean ± SEM of 220 Golgi regions analyzed per sample. The significance of 

differences was calculated by an unpaired two-tailed student’s t-test.  

 

Nocodazole-induced Golgi dispersal is dependent on PKD activation  

PKD is known to play an important role during the process that leads to the fission of cargo-

vesicles from the TGN (7). It is also known that ilimaquinone-induced Golgi complex 

dispersal is a PKD dependent process (6). We therefore asked whether PKD is involved in 

the nocodazole-induced dispersal of the Golgi complex. To address this, HEK293T cells 

transiently expressing the G-PKDrep were treated with nocodazole for 10, 20, 30, and 60 
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minutes. Of note, microtubules were already depolymerized within 10 minutes of 

nocodazole treatment (Supplementary figure 2). Western blot analysis revealed that 

phosphorylation of G-PKDrep was strongly enhanced in cells treated with nocodazole for 

the indicated times compared to control cells (figure 4A). Quantification with the odyssey 

software revealed a four to five fold increase in reporter phosphorylation (Figure 4A). In line 

with this, endogenous PKD activity increased about three fold upon nocodazole treatment as 

detected with the pS910 specific antibody (Figure 4A). This indicates that PKD is activated 

upon nocodazole-induced microtubule depolymerization and Golgi dispersal. To visualize 

PKD activity during Golgi complex dispersal, G-PKDrep expressing COS7 cells were 

treated with nocodazole for 120 minutes and stained with the pS294-specific antibody. In 

control cells, the G-PKDrep localized to the juxta-nuclear Golgi complex region. In 

nocodazole treated cells, however, association of the G-PKDrep with Golgi mini stacks was 

observed (Figure 4B). This is in accordance with the previously reported distribution of 

p230 upon nocodazole treatment ((25) and supplementary figure 3). Additionally, staining of 

nocodazole-treated cells with the pS294 specific antibody indicated that Golgi mini stack-

associated G-PKDrep was strongly phosphorylated (figure 4B).  
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Figure 4: Activation of PKD is crucial for nocodazole-induced Golgi dispersal. (A) HEK293T cells 

transiently expressing G-PKDrep were left untreated or treated with nocodazole for the indicated time points. 

G-PKDrep phosphorylation and expression, and PKD phosphorylation in cell lysates were determined via 

immunoblotting using specific antibodies as described in figure 2A and B. Representative immunoblots (n = 3) 

and quantitative data are shown. (B) COS7 cells were transfected with the G-PKDrep, left untreated or treated 

with nocodazole for 120 minutes, fixed and stained with the pS294-specific antibody (red). N: nucleus, Scale 

bar, 10 µm. (C) HEK293T cells transiently expressing G-PKDrep along with empty vector, PKDca-GFP or 

PKD1kd-GFP were left untreated or treated with nocodazole for 60 minutes. G-PKDrep phosphorylation and 

expression in cell lysates were determined via quantitative immunoblotting using specific antibodies as 

described in figure 2A. The diagram shows the results of three independent experiments ± SEM. The 

normalized reporter phosphorylation of the control sample was arbitrarily set to 1. (D) COS7 cells were 

transfected with GFP vector or PKD1kd-GFP (green), left untreated or treated with nocodazole for 30 minutes, 

fixed and stained with the TGN46-specific antibody (red). Scale bar, 20 µm. (E) COS7 cells expressing GFP 
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vector or PKD1kd-GFP were left untreated or treated with nocodazole for 10, 20, and 30 min, fixed and stained 

with a TGN46-specific antibody. The diagram shows the percentage of transfected cells with an intact Golgi 

complex or a dispersed Golgi complex in untreated and nocodazole-treated cells. A compact, perinuclear 

structure was considered as an intact Golgi complex, whereas the appearance of dotted TGN46-positive 

structures was judged as Golgi dispersal. At least 150 cells per sample were analyzed. Shown is a 

representative result (n=2). (F, G) COS7 cells transfected with siLacZ and siPKD1 plus PKD2 were left 

untreated or treated with nocodazole for 30 minutes, fixed and stained with a p230-specific antibody (red). 

Scale bar, 40 µm. The diagram in (F) shows the percentage of cells with an intact Golgi complex or a dispersed 

Golgi complex. At least 70 cells per sample were analyzed. Shown is a representative result (n=2). 

 

To analyze whether disruption of normal Golgi morphology generally triggers PKD 

activation, we treated reporter expressing cells with brefeldin A (BFA), which inhibits  

activation of Arf1 and thus anterograde transport from the ER to the Golgi complex, 

eventually resulting in the complete dissolution of Golgi membranes into the ER (26). 

However, we could not observe activation of endogenous PKD or phosphorylation of G-

PKDrep in BFA-treated cells (supplementary figure 4A). Furthermore, we analyzed whether 

the actin cytoskeleton impacts on PKD activation at the Golgi complex. Actin filaments 

keep the Golgi complex under tension by connecting it with the plasma membrane and 

facilitate e.g. the retrograde Golgi-to-endoplasmic reticulum membrane transport (27,28). 

However, disruption of the actin cytoskeleton with cytochalasin D also had no effect on 

endogenous PKD and G-PKDrep phosphorylation, respectively (supplementary figure 4B). 

Interestingly, cytochalasin D does not lead to a fragmentation of the Golgi complex, but 

rather induces a large swelling of the cisternae (29). The lack of PKD activation and Golgi 

complex fragmentation upon disruption of the actin cytoskeleton is thus in line with the well 

established selective role of PKD in membrane fission events. Furthermore, these data 

indicate that PKD activity at the Golgi compartment is specifically linked to the microtubule 

cytoskeleton.  

Having demonstrated that PKD is activated during nocodazole-induced Golgi complex 

dispersal, we aimed to analyze whether PKD kinase activity is essential for this process. To 

address this, we made use of a kinase-inactive PKD1kd-GFP protein, which acts in a 

dominant-negative manner on endogenous PKD (7,11). We analyzed nocodazole-induced 

G-PKDrep phosphorylation in cells co-expressing PKD1kd-GFP or PKD1ca-GFP. Indeed, 

G-PKDrep phosphorylation was blocked in the presence of the dominant-negative PKD1kd-

GFP protein compared to control cells, whereas cells expressing PKD1ca-GFP already 

demonstrated high endogenous PKD activation, which could not be further increased upon 

nocodazole treatment (Figure 4C). To analyze whether expression of PKD1kd-GFP 

interferes with nocodazole-induced Golgi dispersal, transfected COS7 cells were treated for 
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10, 20, and 30 minutes with nocodazole. By 30 minutes, an increasing number of GFP 

expressing cells demonstrated dispersal of Golgi membranes, which was accompanied by 

the disappearance of the compact, perinuclear structure and the appearance of Golgi mini-

stacks as assessed by staining of TGN46 (Figure 4D, E). Cells expressing the PKD1kd-GFP 

protein, however, showed a delay in the formation of Golgi mini-stacks during the observed 

time and mainly preserved an intact Golgi structure (Figure 4D, E). These results point to an 

essential role of PKD activation in nocodazole-induced Golgi membrane break-up and 

dispersal.  In line with this, siRNA-mediated combined depletion of PKD1 and PKD2 in 

COS7 cells partially blocked nocodazole-induced Golgi dispersal compared to control cells 

(Figure 4F, G) confirming our hypothesis. There is substantial evidence that microtubules 

are essential for the structural integrity of the Golgi complex and the positioning adjacent to 

the centrosome and the nucleus (extensively reviewed in (30)). The loss of microtubules 

induced by nocodazole treatment results in the disconnection of Golgi stacks and dispersal 

into 70 -100 smaller fragments (31). How these structures arise is controversially discussed 

and two models have been proposed. The first model suggests that nocodazole-induced 

microtubule disruption inhibits anterograde trafficking of endoplasmatic reticulum (ER)-

derived tubulo-vesicular elements to the Golgi complex, but not retrograde trafficking from 

the Golgi to the ER. Consequently, Golgi proteins and membranes were proposed to recycle 

to the ER and reform small Golgi mini stacks at peripheral ER exit sites (31,32). The second 

model predicts that the loss of microtubules either by nocodazole or during mitosis induces a 

direct fragmentation of Golgi membranes into smaller units (33). Direct evidence for the 

latter was provided by a study using an ER-trapping technique. The authors clearly 

demonstrated that the initial fragmentation and dispersal of the Golgi apparatus in response 

to nocodazole treatment primarily occurs through a mechanism that does not involve the 

recycling of Golgi membranes through the ER (34). After 1-2 h of nocodazole treatment, the 

central Golgi complex is completely replaced by peripheral mini-stacks. These Golgi mini-

stacks are physically and functionally separated from each other, appear structurally and 

functionally normal and polarized, as they maintain secretory capacity, evident from 

synchronized waves of cargo transport (35). PKD activation at the Golgi complex is 

dependent on signaling by Gb/g proteins and PKCh (5,6). Excessive activation of this 

signaling pathway by overexpression of a constitutively active PKCh resulted in complete 

Golgi vesiculation, which in turn could be blocked by expression of PKD1kd (5). Consistent 

with this, expression of constitutively active PKD1 caused a similar phenotype (23). 

Considering the essential role of PKD in membrane fission (7), we propose that Golgi 
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membranes directly fragment in a PKD-dependent manner in response to nocodazole and 

that the microtubule cytoskeleton tightly controls PKD activity to maintain Golgi complex 

integrity. Future studies are needed to unravel the signaling pathway that interconnects 

microtubular structures and PKD activation at the molecular level. 

 

3.1.4 Materials and methods 

DNA constructs, reagents and antibodies 

The kinase substrate sequence of PI4KIIIb was generated by annealing of oligonucleotides 

containing the cDNA sequence for the linkers and phosphorylation substrate region (for: 5’-

a gct tta ggt ggt tct ggt ggt agc agc aac ctg aaa cga aca gcc agc aac cct aaa gtg gag aat gag 

ggt ggt tct ggt ggt g-3’ and rev: 5’-tc gac acc acc aga acc acc ctc att ctc cac ttt agg gtt gct ggc 

tgt tcg ttt cag gtt gct gct acc acc aga acc acc taa-3’). HindIII and SalI sites were incorporated 

at the 5’ and 3’ ends of the oligonucleotides, respectively. The mutation S294A was 

incorporated by exchanging the triplet agc for gcc within the oligonucleotides. Annealed 

oligonucleotides were inserted in the MCS of the pEGFP-C1 vector (Clontech, Germany) 

using the HindIII and SalI restriction sites. Targeting of the reporter to the TGN was 

achieved by fusion with the GRIP domain of p230 (amino acids 2131-2221) created by PCR 

using the template pEGFP-C1-p230-C98aa and primers 5’-ccgggatcc gaa cag att cac aat tta 

gaa gac cg-3’ and 5’- gccggatcc tca aga tga aga tcg gag cca-3’. BamHI sites were 

incorporated at the 5’ and 3’ ends of the sequence. Integrity of the constructs was verified by 

sequencing. Plasmids encoding PKD1-GFP, PKD1K612W-GFP (kd), PKD1S738/742E-GFP (ca), 

PKD2-GFP, and PKD2K580W-GFP (kd) were described previously (9,11). The plasmid 

encoding the GRIP domain of p230 (pEGFP-C1-p230-C98aa) was kindly provided by Paul 

Gleeson (University of Melbourne, Australia). Commercially available antibodies used 

were: anti-PKD2 rabbit polyclonal antibody (Calbiochem, Germany), anti-PKD C-20 rabbit 

polyclonal antibody (Santa Cruz Biotechnology), anti-Flag M2 mouse monoclonal antibody 

and anti-GAPDH rabbit polyclonal antibody (all Sigma-Aldrich, Germany), anti-tubulin 

mouse monoclonal antibody (Neomarkers, USA), anti-GFP mouse monoclonal antibody 

(Roche Applied Science, Germany), anti-TGN46 sheep polyclonal antibody (GeneTex, 

Texas, USA), anti-p230 mouse monoclonal antibody (BD Biosciences, Germany) anti-b-

COP rabbit polyclonal antibody (Affinity Bioreagents, Colorado, USA). The antibodies 

specific for phosphorylated serine 294 in PI4KIIIb and phosphorylated serine 910 in human 
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PKD1, respectively were described elsewhere (3,9). Secondary antibodies used were Alexa 

488, 546 and 633 -coupled goat anti-mouse and anti-rabbit IgGs, Alexa 456-coupled donkey 

anti-sheep IgG (Invitrogen, Germany), and IRdye680 and IRdye800-coupled goat anti-

mouse IgG and anti-rabbit IgGs (Li-COR Biosciences, Germany). 

 

Cell culture 

HEK293T cells and COS7 cells were maintained in RPMI 1640 medium supplemented with 

10% fetal calf serum. For transient transfections of plasmids, HEK293T cells were 

transfected with TransIT293 (Mirus Bio Corporation, WI, USA) according to the 

manufacturers instructions. In the case of siRNA
 
oligonucleotides, HEK293T and COS7 

cells were transfected with Oligofectamine
 
(Invitrogen) according to the manufacturer’s 

instructions. After 48 hours, cells were transfected with G-PKDrep and harvested 24 hours 

later. siRNA oligonucleotides used were 5' -gucgagagaagaggucaaatt- 3' (PKD1), and 5' -

gcaaagacugcaaguuuaatt- 3' (PKD2). As a control, a lacZ-specific siRNA was used (5’-

gcggcugccggaauuuacctt-3’). All oligonucleotides were purchased from
 
MWG Biotech. 

COS7 cells were transfected with Lipofectamine 2000 (Invitrogen, Germany). HEK293T 

cells were treated with 5 µM Gö6976 or Gö6983 (Calbiochem, Germany) for 1 hour prior to 

stimulation with 1 µM PdBu (Sigma-Aldrich, Germany) for 15 minutes. The following 

reagents were used: nocodazole (5 µg/ml, Calbiochem, Germany), brefeldin A (1 µg/ml, 

Sigma-Aldrich, Germany), and cytochalasin D (1 µM, Alexis, Germany) for the indicated 

times. 

 

Immunofluorescence and microscopy 

Transfected COS7 cells were grown on coverslips, washed with PBS, fixed in 4% 

formaldehyde at room temperature for 15 minutes, washed, permeabilized with 0.1% Triton-

X 100 (5 minutes, RT) and blocked with blocking buffer (5% normal goat serum and 0.05% 

Tween 20 in PBS) for 30 minutes. In case of a-tubulin staining, cells were fixed for 2 min at 

-20°C using Cytoskelfix (Cytoskeleton, USA). The cells were incubated with the primary 

antibodies diluted in blocking buffer for 2 hours, washed, incubated with secondary 

antibodies diluted in blocking buffer for 1 hour, washed, mounted in Fluormount G 

(Southern Biotechnology, AL, USA) and analyzed by confocal laser scanning microscopy 
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(TCS SP2, Leica, Germany). Alexa488 was excited with the 488 nm line of the argon laser 

and emission was detected in the spectral window 500-535 nm. Alexa546 was excited with 

the 543 nm line of a helium-neon laser and emission was detected from 555-700 nm. Cells 

were imaged with a 40.0x/1.25 HCX PL APO objective lens and the pinhole was set to 

airy1.  

 

Ratiometric imaging 

COS7 cells transiently expressing the reporter plasmid were left untreated or stimulated with 

PdBu, fixed and stained with the phospho-specific serine 294 antibody. EGFP and Alexa546 

images were obtained using the 488 nm and the 543 nm lines, respectively and the above 

mentioned emission windows. Laser powers were adjusted to prevent fluorophore saturation 

and identical PMT and laser settings were maintained throughout the experiment. Image 

analysis was performed with Image J. Regions of interest of identical Golgi areas of reporter 

expressing cells were selected in the EGFP channel, mean pixel intensity values of the 

selected areas in both channels were measured using the “measure” command in ImageJ, 

and the Alexa546 to EGFP ratio was calculated for 220 Golgi areas of each set. Difference 

values, i.e. the absolute increase in signal, were obtained by subtracting the ratio Alexa546 

over EGFP of the S/A reporter.  

 

Protein extraction of cells 

Whole cell extracts were obtained by solubilizing cells in lysis buffer (20 mM Tris pH 7.4, 

150 mM NaCl, 1% Triton X-100 or NP-40, 1 mM EGTA, 1 mM EDTA, 10 mM sodium 

fluoride, 20 mM b-glycerolphosphate plus complete (Roche Applied Science, Germany) 

protease inhibitors). Lysates were clarified by centrifugation at 10.000 x g for 15 minutes. 

 

Western blotting 

Equal amounts of proteins were subjected to SDS-PAGE and blotted onto nitrocellulose 

membranes (Pall, Germany). After blocking with 0.5% blocking reagent (Roche Applied 

Science, Germany), filters were probed with specific antibodies. Proteins were visualized 

with IRdye-coupled secondary antibodies. Quantitative analysis was performed with the 
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Odyssey software (Licor-Biosciences, Germany). Phosphorylation of G-PKDrep was 

normalized with the level of expression. The densitometry of the control sample was 

arbitrarily
 
set to 1.0. 
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3.1.7 Supplement 

 

Supplementary figure 1: Expression of G-PKDrep does 

not interfere with PI4KIIIb phosphorylation. PI4KIIIb was 

immunoprecipitated from HEK293T cells transiently 

expressing GFP or G-PKDrep. PI4KIIIb phosphorylation and 

expression was detected using pS294- and PI4KIIIb-specific 

antibodies, respectively. IP: immunoprecipitation. G-PKDrep 

expression and phosphorylation was determined in cell lysates 

(TCL) via immunoblotting using specific antibodies as 

described in figure 2A. 

 

 

 

 

 

 

 

 

Supplementary figure 2:  Nocodazole treatment disrupts microtubules in COS7 cells. COS7 cells were 

left untreated or treated with nocodazole for 10 minutes, fixed and stained for α-tubulin using a specific 

antibody. Scale bar, 10 µm.  
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Supplementary figure 3: Localization of p230 in nocodazole-treated COS7 cells. COS7 cells were left 

untreated or treated with nocodazole for 120 minutes, fixed and stained for β-COP (red) and p230 (green) 

using specific antibodies. Scale bar, 10 µm. 

 

 

 

 

Supplementary figure 4: Brefeldin A and Cytochalasin D treatment does not activate PKD at the Golgi 

complex. HEK293T cells transiently expressing G-PKDrep were left untreated or treated with (A) BFA (1 

µg/ml) for 60 min or (B) Cytochalasin D (1 µM) for 30 minutes. G-PKDrep phosphorylation and expression, 

and PKD phosphorylation in cell lysates were determined via immunoblotting using specific antibodies as 

described in figure 2A and B. 
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3.2.1 Abstract  

The serine/threonine protein kinase D (PKD) is recruited to the trans-Golgi-network (TGN) 

by interaction with diacylglycerol and Arf1 and promotes the fission of vesicles containing 

cargo destined for the plasma membrane. PKD activation is mediated by PKCη-induced 

phosphorylation. However, signaling pathways that activate PKD specifically at the TGN 

are only poorly characterized. Recently we created G-PKDrep, a genetically encoded 

fluorescent reporter for PKD activity at the TGN in fixed cells. To establish a reporter useful 

for monitoring Golgi-specific PKD activity in living cells we now refined G-PKDrep to 

generate G-PKDrep-live. Specifically, phosphorylation of G-PKDrep-live expressed in 

mammalian cells results in changes of fluorescence resonance energy transfer (FRET), and 

allows for indirectly imaging PKD activity. In a proof of principle experiment using 

phorbolester treatment, we demonstrate the reporter’s capability to track rapid activation of 

PKD at the TGN. Furthermore, activation induced FRET changes are reversed by treatment 

with PKD-specific pharmacological inhibitors. Thus, the newly developed reporter G-

PKDrep-live is a suitable tool to visualize dynamic changes in PKD activity at the TGN in 

living cells. 

 

3.2.2 Introduction 

Protein kinase D (PKD) comprises a family of three isoforms belonging to the Ca2+/ 

calmodulin-dependent kinase group of serine/threonine protein kinases. The best 

characterized function so far is the regulation of constitutive protein transport from the trans-

Golgi-network (TGN) to the basolateral plasma membrane [1,2]. Several studies have 

reported the requirement of PKD in protein secretion. For example, pharmacological 

inhibition of PKD, siRNA-mediated PKD depletion or expression of an inactive kinase dead 

PKD protein abrogated protein transport from the Golgi to the plasma membrane [1-3]. 

Specifically, PKD controls the fission of vesicles containing cargo destined for the plasma 

membrane such as large Herpes simplex virus type I capsids [4]. PKD is recruited to the 

TGN via direct interaction with diacylglycerol (DAG) and the GTPase Arf1 [5-7]. On top of 

that, DAG also controls activity and duration of PKD kinase activity [8]. This is evident 

from the fact that PKCη, a kinase phosphorylating the activation loop serines thereby being 

a direct activator of PKD, is recruited to the TGN in a DAG-dependent manner [9]. Besides 

DAG, Ca
2+

 is required for the activation of PKD at the TGN: The signaling pathway leading 

to increased intracellular Ca
2+ 

is evoked by plasma membrane receptor signals and seems to 
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be important for DAG production at the TGN [10]. The sponge metabolite Ilimaquinone 

converts Golgi membranes into small vesicles in a PKD-dependent manner [11]. The 

trimeric G protein subunits Gβ/γ were found to be necessary for PKD activation in this 

context, however, whether Gβ/γ translates signals from the PM to the Golgi or is a Golgi 

resident enzyme is still not clear [11-13]. Furthermore, PKD has been reported to play an 

important role in insulin secretion with active MAPK p38δ keeping PKD activity under 

control [14]. Finally, nocodazole-induced fragmentation of Golgi membranes is 

accompanied by local PKD activation and dependent on PKD activity [15]. Besides the 

Golgi complex, PKD is also recruited to different organelles such as the plasma membrane 

and the nucleus, regulating actin remodeling and transcription, respectively [16]. Thus, tools 

allowing the analysis of organelle-specific PKD activity are important for a deeper 

understanding of PKD function. Recently, we designed G-PKDrep, a PKD reporter 

consisting of a PKD-specific substrate sequence fused to GFP, specifically targeted to the 

TGN via the p230 GRIP domain. Golgi-specific phosphorylation of the reporter was strictly 

dependent on stimulation of endogenous PKD or transient expression of active PKD 

constructs [15]. However, as detection of PKD-specific reporter phosphorylation was 

performed with a phospho-specific antibody, the reporter could not be used for studies in 

live cells. We thus refined G-PKDrep to generate G-PKDrep-live, a FRET-based genetically 

encoded fluorescent reporter. We show that G-PKDrep-live is a sensitive and reversible 

reporter of endogenous PKD activity at the TGN in live cells.  

 

3.2.3 Material and Methods 

Antibodies and reagents 

The pS294-specific antibody has been described elsewhere [15,17]. Commercially available 

antibodies used were GFP-specific mouse monoclonal antibody (Roche Diagnostics, 

Germany) and TGN46-specific sheep polyclonal antibody (Acris Antibodies, Germany). 

Secondary antibodies used were donkey anti-sheep IgG Alexa546-coupled (Invitrogen, 

Germany) and goat anti-mouse and anti-rabbit IgG HRP-coupled (Dianova, Germany). 

Purified PKCα was from Sigma-Aldrich (Germany), purified PKD1 was described before 

[18]. AKAR3 was a gift of Jin Zhang (John-Hopkins University School of Medicine, USA). 
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Generation of G-PKDrep live 

EGFP in the mammalian expression vector pEGFP-C1 (Clontech, Germany) was replaced 

by mCFP using AgeI and BglII restriction sites that had been introduced to mCFP by PCR 

using the primers 5`-cgctaccggtcgccaccatggtgagcaagggcgaggag-3` and 5`-tcg 

agatctgagtccggacttgtacagctcgtccat-3`. The 12 C-terminal amino acids of mCFP were deleted 

by mutagenesis PCR using the primers 5´-aaggagttcgtgaccgccgcctcc ggactcagatctgagaag-3´ 

and 5´-cttctcagatctgagtccggaggcggcggtcacgaactcctt-3`. 14-3-3τ was introduced via the BglII 

restriction site. Start and stop codon, respectively, in the sequence of 14-3-3τ were replaced 

with BglII sites by PCR with the primers 5`-ggaagatct gagaagactgagctgatccag-3` and 5`-

ggaagatctgttttcagccccttctgccgc-3`. The 13 C-terminal amino acids of 14-3-3τ were deleted 

by mutagenesis PCR using the primers 5´-acatcagacagtgcaggaggtggttctggtggtagcagc-3´ and 

5´-gctgctaccaccagaaccacctcctgcactgtctgatgt-3´. The kinase substrate sequence of PI4KIIIβ 

and the mutation S294A were described previously [15] and inserted C-terminal to 14-3-3τ 

via HindIII and SalI restriction sites. cpVENUS E172 was amplified by PCR using AKAR3 

[19] as template with the primers 5`-cagtacgtcgacatgggcggcgtgcag-3` and 5`-

aaggagccgcggtctcgatgttgtggcg-3` and inserted C-terminal to the substrate sequence via SalI 

and SacII restriction sites. TGN-targeting was achieved by fusion with the GRIP domain of 

p230 as described previously [15]. Integrity of the construct was verified by sequencing. 

 

Cell culture 

HeLa and COS7 cells were maintained in RPMI-1640 medium supplemented with 10% fetal 

calf serum and transfected with TransIT-HeLaMONSTER (Mirus Bio Corporation, USA) 

and Lipofectamine2000 (Invitrogen, Germany), respectively, according to the 

manufacturer’s instructions. Cells were treated with Gö6976 (Calbiochem, Germany) for 2 

hours at 5 µM and PdBu (Sigma-Aldrich, Germany) for 15 minutes at 1 µM.   

 

Protein purification  

G-PKDrep-live was cloned into the bacterial expression vector pQE9 (Qiagen, Germany), 

cultures were grown to an OD600 of 0,5 and induced with 0,5 mM IPTG for 5 hours at 30 °C. 

Cells were lysed in 10 ml buffer (300 mM NaCl; 50 mM Na2HPO4/NaH2PO4 pH 8.0). G-

PKDrep-live was purified from cleared lysates by nickel-chelation chromatography using 
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nickel–nitrilotriacetic acid-agarose (Qiagen, Germany). Following several washing steps 

(300 mM NaCl, 50 mM Na2HPO4/NaH2PO4 pH 6.0), G-PKDrep-live was eluted in a buffer 

containing 250 mM NaCl, 50 mM Na2HPO4/NaH2PO4 pH 8.0, and 250 mM imidazole. 

Imidazole was removed by dialysis against PBS.  

 

Live-cell imaging  

Transiently transfected COS7 cells were plated on glass bottom petri dishes and allowed to 

grow for 24 hours. Cells were incubated in phenol red-free RPMI-1640 12 hours prior 

imaging. In pre-treatment experiments, Gö6976 was added 10 minutes before imaging. Cells 

were imaged in the dark at 37°C, 5 % CO2 on a Leica Video microscope equipped with the 

Lambda DG-4 illumination system (Sutter, USA) and an Orca ER-A camera (Hamamatsu 

Photonics, Japan) controlled by Volocity 4.2 software. CFP and FRET images were obtained 

through a 436/20 filter and 470/30, 535/30 emission filters, respectively. Emission filters 

were changed by a fast switchable emission wheel (Orbit, Improvision, UK). Exposure times 

varied between 200 and 1500 ms, images were taken every 20 s.  

 

Immunofluorescence 

Indirect immunofluorescence staining of transiently transfected COS7 or HeLa cells was 

done as described in [15]. Cells were analyzed by confocal laser scanning microscopy (LSM 

710, Zeiss, Germany). cpVENUS was excited at 514 nm using an argon-ion laser and 

emission was detected at 519-553 nm. Alexa546 was excited at 561 nm using a Diode 

pumped solid state laser and emission was detected at 566-680 nm. 

 

In vitro FRET measurements  

FRET measurements were performed in the infinite200 reader (TECAN, Germany). Cells 

transiently expressing G-PKDrep-live were solubilized in lysis buffer (50 mM Tris–HCl, pH 

7.4, 100 mM NaCl, 1 mM EDTA, 0.2% Triton X-100, Complete protease inhibitor and 

PhosSTOP (Roche Diagnostics, Germany)). Lysates were clarified by centrifugation at 

16.000 x g for 15 minutes. 100 μl lysate were measured in a black flat bottom 96 well plate. 

mCFP was excited at 433 nm and the emission of mCFP and cpVENUS was measured at a 
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wavelength of 480 nm (CFP) and 530 nm (YFP-C), respectively. To analyze expression of 

the FRET reporter, cpVENUS was excited at 480 nm and its emission was measured at 530 

nm. The YFP-C/CFP ratio was calculated and normalized for each sample. The background 

values of non-transfected cell lysates were subtracted.   

To measure in vitro reporter phosphorylation, 15 µl of purified G-PKDrep-live were 

incubated with 500 µM ATP and 5 µl purified PKD1 in 500 mM Tris pH 7.5, 100 mM 

MgCl2, and 2 mM DTT in 100 µl reaction volume in a 96 flat bottom white polystyrol plate 

at 37°C for 60 min in the infinite200 reader. FRET values were measured each minute. A 

spectral scan measuring the emission spectrum from 465 nm to 600 nm in 5 nm steps was 

performed at the excitation wavelength 433 nm. In vitro reporter phosphorylation using 

PKCα was performed according to the manufacturer’s instructions.  

 

3.2.4 Results and Discussion 

To examine PKD signaling specifically at the TGN in living cells, we reengineered our 

reporter for fixed cells G-PKDrep, which harbored the PKD specific substrate sequence of 

the TGN-localized substrate PI4KIIIβ [17]. We did so by fusing the substrate sequence to a 

14-3-3 phospho-adapter protein via the flexible linker GGSGG and flanking both with the 

FRET pair CFP and cpVENUS E172 [19]. We chose cpVENUS E172 as FRET acceptor 

because it has been demonstrated to improve the dynamic range of the PKA-specific 

reporter AKAR3 [19]. PKD-specific phosphorylation of the substrate sequence causes an 

intramolecular complexation by the phospho-binding protein 14-3-3 [20] thereby increasing 

fluorescence resonance energy transfer (FRET) between the fluorescent proteins (Figure 

1A). The resulting change in FRET enables the visualization of PKD signaling in real time 

in living cells. Previously, Newton and colleagues generated DKAR, a FRET-based 

genetically encoded PKD-specific kinase activity reporter consisting of a phosphoamino 

acid-binding domain and a PKD consensus sequence flanked by a FRET pair [21]. The 

authors targeted DKAR to the Golgi complex using the N-terminal residues of eNOS, 

thereby showing that UTP activates PKD at this compartment in a Ca
2+

-dependent manner 

[10]. However, the N-terminal fatty acid modifications target eNOS to the Golgi complex 

and to cholesterol-enriched domains of the plasma membrane, including caveolae and 

microdomains. The relative proportion of eNOS in the Golgi complex versus the plasma 

membrane is variable and can depend on the species and state of confluency [22]. Therefore, 

we used the GRIP domain of the trans-Golgi associated protein p230 for TGN targeting. The 
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GRIP domain interacts with the small GTPase Arl1 and thus mediates localization 

exclusively to the cytoplasmic face of the TGN [23] (Figure 2A). First, we proved the 

functionality of G-PKDrep-live in vitro. As detected with a pS294-specific antibody 

phosphorylation of purified reporter could only occur in case PKD1 and ATP are present 

whereas PKCα failed to phosphorylate the reporter at this site (Figure 1B). The 

phosphorylation was accompanied by a rapid increase in emission ratio of 29% in 20 min 

reaching a plateau at 40 min compared to non-phosphorylated reporter (Figure 1C) showing 

that the response requires PKD1-mediated phosphorylation. This increase in emission ratio 

was statistically significant (p ˂ 0.05) as calculated from the 60 min values (Figure 1D). The 

FRET efficiencies were quantified using trypsin, which separates the fluorescent proteins 

without affecting their properties [24]. Compared to post trypsin treatment the emissions of 

the CFP in the intact reporter before and after phosphorylation were 7.5% and 13% less, 

respectively (Figure 1E). Thus, the corresponding FRET efficiencies are comparable to 

AKAR1, a reporter for PKA activity [25]. 

 

Figure 1: Design and functionality of G-PKDrep-live  

A: G-PKDrep-live consists of mCFP, 14-3-3τ, a PKD phosphorylation sequence (amino acids 286-301 of 

PI4KIIIβ, and cpVENUS E172. Golgi targeting is achieved by the GRIP domain of p230. In the 

unphosphorylated state, mCFP and cpVENUS E172 are separated, thereby impeding FRET. Once 

phosphorylated by PKD at serine 294 within the substrate sequence, 14-3-3τ binds the phosphorylated 

sequence resulting in a conformational change allowing FRET to occur. B: in vitro kinase assay monitoring 

reporter phosphorylation of G-PKDrep-live following 30 min of incubation with ATP or PKD1 plus ATP or 
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PKCα plus ATP. Western blots show presence and phosphorylation of the reporter detected with anti-GFP or 

anti-pS294 antibody, respectively C:  Phosphorylation time course of G-PKDrep-live in the presence and 

absence of PKD1 and/or ATP, respectively, 60 min values are depicted in D (n = 5; mean ± SEM). Statistical 

analysis was performed using the Kruskal-Wallis test for nonparametric distribution and Dunn’s multiple 

comparison test (G-PKDrep-live + PKD1 vs. G-PKDrep-live + PKD1+ ATP: p ˂ 0. 05). E: Emission spectra 

of purified G-PKDrep-live before (without PKD1 or without ATP) and after (with PKD1 and ATP) PKD1-

mediated phosphorylation (excitation 434 nm). The curve with the filled squares depicts the spectrum of the 

phosphorylated reporter after digestion with trypsin to quench the energy transfer and quantify the FRET.  

 

Next, we aimed to investigate the ability of G-PKDrep-live to report on endogenous PKD 

activity. The reporter co-localized with the TGN-resident protein TGN46 in HeLa and COS7 

cells (Figure 2A). In lysates of HeLa cells that transiently expressed G-PKDrep-live 

stimulation with the phorbolester PdBu significantly increased the emission ratio whereas 

treatment with the PKD inhibitor Gö6976 [15] significantly decreased the FRET signal 

compared to the untreated control (Figure 2B). Likewise, PdBu-stimulation did not induce 

an increase in emission ratio when cells were pretreated with Gö6976. Of note, Gö6976 is 

also an inhibitor of PKCα and PKCβ1, however, PKCα does not phosphorylate the reporter 

in vitro (Figure 1B) indicating that the cellular response requires PKD activity. Notably, the 

emission ratio in lysates obtained from cells expressing a non-phosphorylatable G-PKDrep-

live S/A was less compared to G-PKDrep-live containing lysates (Figure 2B). This indicates 

that a portion of the reporter is in a phosphorylated state and is in line with the reported 

basal kinase activity of PKD at the TGN in growing cells [5]. We next tested the ability of 

G-PKDrep-live to visualize endogenous PKD signaling in living cells. COS7 cells 

overexpressing G-PKDrep-live or G-PKDrep-live S/A were analyzed following PdBu 

stimulation (Figure 2C, left). We first monitored the YFP-C/CFP ratio for 10 minutes to 

establish a baseline. Subsequent PdBu treatment dramatically increased the YFP-C/CFP 

ratio at the perinuclear region representing the Golgi complex. G-PKDrep-live S/A did not 

undergo a YFP-C/CFP ratio change upon PdBu treatment, confirming that the change in 

emission ratio observed with G-PKDrep-live reflects the conformational change induced by 

phosphorylation of the reporter at the PKD consensus serine in the substrate sequence 

(Figure 2C). The pseudocolor images of venus to cyan emission ratios depict the FRET 

response of the reporter to PdBu stimulation (Figure 2C, right). 

It was speculated that the high affinity of the 14-3-3 protein to the phosphorylated substrate 

might prevent dephosphorylation by phosphatases thus impeding dynamic changes in the 

FRET ratio. Consistent with this hypothesis, the FRET response of AKAR1 was mainly 

irreversible in living cells [25]. Recently developed FRET-based kinase activity reporters 

such as the PKA and PKD reporter AKAR2 and DKAR, respectively, therefore contain 
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forkhead associated domains (FHA) as phospho-adapter proteins [21,26]. However, FHA 

displays specificity for phosphothreonine-containing epitopes [27] whereas PKD 

preferentially phosphorylates serine residues [28-30]. Thus, the use of FHA instead of a 

physiological substrate sequence might affect specificity of the PKD reporter. To analyze 

whether G-PKDrep-live is able to reversibly report endogenous PKD signaling, we treated 

COS7 cells with PdBu and imaged until the YFP-C/CFP ratio reached a maximal response 

(Figure 2D). We then treated the cells with the PKD inhibitor Gö6976. Following PKD 

inhibition, the YFP-C/CFP ratio change induced by PdBu treatment reversed (Figure 2D). 

Furthermore, pretreatment of COS7 cells for one hour with Gö6976 significantly inhibited 

the PdBu-induced increase in emission ratio (p ˂ 0.001, unpaired two-tailed student’s t-test). 

Thus, we conclude that G-PKDrep-live is a sensitive, specific, and reversible reporter of 

PKD signaling that allows monitoring of dynamic changes in kinase activity at the TGN. 

 

Figure 2: G-PKDrep-live reversibly reports signaling by PKD at the TGN 

A: HeLa and COS7 cells expressing G-PKDrep-live were fixed and stained with a TGN46-specific antibody 

followed by Alexa546-coupled anti-sheep IgG. The images shown are stacks of several confocal sections, scale 

bar 10 µm. B: FRET response of lysates obtained from HeLa cells transfected with G-PKDrep-live or G-

PKDrep-live S/A and treated as indicated. Statistical analysis was performed using the Kruskal-Wallis test for 

nonparametric distribution and Dunn’s multiple comparison test (n ≥ 9, * p ˂ 0. 05, ** p ˂ 0. 01, *** p ˂ 

0.0001). C: Left: COS7 cells over-expressing G-PKDrep-live or G-PKDrep-live S/A were treated with PdBu, 

and the ratio of YFP-C (cpVENUS) to CFP emission was monitored. Ratios were normalized and plotted over 

time. Shown is the mean (± SEM) of 10 independently analyzed cells. Right: Pseudocolor representations 
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corresponding to the basal (blue/green) and maximal (red/white) FRET levels of G-PKDrep-live without PdBu 

(0 min) and after 45 min PdBu stimulation tracked in the same cell. Dashed lines indicate the border of the cell 

and the nucleus (N), scale bar 10 µm. D: COS7 cells expressing G-PKDrep-live were either left untreated or 

pretreated with Gö6976. Cells were imaged throughout PdBu and Gö6976 treatment. Shown is the mean (± 

SEM) of at least 10 independently analyzed cells.  

 

 

3.2.5 Concluding Remarks 

We here show that the FRET-based reporter G-PKDrep-live specifically monitors 

endogenous PKD activity at the TGN in living cells. The reporter will therefore be a useful 

tool to identify signaling pathways that activate PKD at this compartment and control PKD-

mediated fission of vesicles. 
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3.3.1 Abstract 

Protein kinase D (PKD) is a cytosolic serine/threonine kinase implicated in regulation of 

several cellular processes such as response to oxidative stress, directed cell migration, 

invasion, differentiation, and fission of the vesicles at the trans-Golgi network. Its variety of 

functions must be mediated by numerous substrates; however, only a couple of PKD 

substrates have been identified so far. Here we perform stable isotope labeling of amino 

acids in cell culture-based quantitative phosphoproteomic analysis to detect phosphorylation 

events dependent on PKD1 activity in human cells. We compare relative phosphorylation 

levels between constitutively active and kinase dead PKD1 strains of HEK293 cells, both 

treated with nocodazole, a microtubule-depolymerizing reagent that disrupts the Golgi 

complex and activates PKD1. We identify 124 phosphorylation sites that are significantly 

downregulated upon decrease of PKD1 activity and show that the PKD target motif is 

significantly enriched among down-regulated phosphorylation events, pointing to the 

presence of direct PKD1 substrates. We further perform PKD1 target motif analysis, 

showing that a proline residue at position +1 relative to the phosphorylation site serves as an 

inhibitory cue for PKD1 activity. Among PKD1-dependent phosphorylation events, we 

detect predominantly proteins with localization at Golgi membranes and function in protein 

sorting, among them several sorting nexins and members of the insulin-like growth factor 2 

receptor pathway. This study presents the first global detection of PKD1-dependent 

phosphorylation events and provides a wealth of information for functional follow-up of 

PKD1 activity upon disruption of the Golgi network in human cells. 

 

3.3.2 Introduction 

The protein kinase D (PKD) family comprises three closely related members, PKD1, 2 and 

3, which belong to the CAMK (calcium and calmodulin-dependent kinases) family of 

serine/threonine kinases (1). Dependent on stimulus and cell type, active PKD localizes to 

organelles such as the Golgi complex, mitochondria, nucleus, plasma membrane and the F-

actin cytoskeleton to control various cellular processes including survival responses to 

oxidative stress (2), directed cell migration (3-5), invasion (6, 7), differentiation (8-10), and 

fission of the cell surface-directed transport carriers at the trans-Golgi network (TGN) (11, 

12). In most cases, involvement of PKD in these processes has been demonstrated by 

expression of a kinase-dead PKD protein (PKDkd), which acts in a dominant-negative 

fashion towards the endogenous PKD proteins and thereby presents a functional knock-out. 
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For example, expression of PKD1kd induces the formation of tubule-like structures thus 

blocking secretion of basolateral cargo at the Golgi complex (11). Conversely, expression of 

a constitutive active PKD (PKD1ca) induces extensive fragmentation of Golgi membranes 

(13). Likewise, PKD1kd enhances directed migration of breast cancer cells whereas PKD1ca 

suppresses migration of these cells (3, 4).  

These multiple functions of PKD are obviously mediated through numerous substrates. 

During the last years the knowledge on these substrates has increased dramatically; For 

instance, it was shown that PKD controls directed cell migration by direct phosphorylation 

of the cofilin phosphatase slingshot 1 (4, 5, 14), the kinase PAK4 (15), cortactin (16), and 

the tumor suppressor RIN1 (17) thereby affecting dynamic F-actin remodeling at the leading 

edge. At the TGN, PKD directly phosphorylates the lipid kinase PI4KIIIβ (18) and the lipid 

transfer proteins CERT (19) and OSBP (20), thus mediating the fission of vesicles destined 

for the cell surface. However, knockdown of CERT did not suppress soluble cargo secretion 

as effectively as a kinase-dead, dominant-negative PKD1 variant (19), demonstrating that 

yet unidentified PKD substrates contribute to proper Golgi function. The microtubule-

depolymerizing reagent nocodazole, which disrupts the Golgi complex to generate Golgi 

mini-stacks, activates PKD and this nocodazole-dependent fragmentation of the Golgi can 

be blocked by expression of a kinase dead PKD1 protein (21). The PKD signaling pathways 

involved in nocodazole-dependent Golgi dispersal, however, remain to be investigated.  

Mass spectrometry-based proteomics is increasingly used in global detection of kinase 

substrates in eukaryotic cells. Modern, gel-free biochemical approaches for phosphopeptide 

enrichment (22) are used in combination with specific inactivation of kinases to perform 

quantitative phosphoproteomic readouts of kinase activity. Specific inhibition of analog-

sensitive kinases (23, 24) and subsequent SILAC-based quantitative phosphoproteomics has 

recently been used to identify CDK1- and Aurora-dependent phosphorylation events in the 

budding- and fission yeast, respectively (25, 26). Likewise, chemical inhibition of 

endogenous kinases has been used to identify phosphorylation events downstream of the 

mTORC1, Polo-like and Aurora kinases in human cells (27-29). In a groundbreaking study, 

a combination of the above approaches was used to systematically inactivate all protein 

kinases and phosphatases in budding yeast and derive the first comprehensive 

kinase/phosphatase substrate network of a eukaryotic microorganism (30).   

Here we perform a global, SILAC-based quantitative phosphoproteomic study to identify 

phosphorylation events dependent on PKD activity. We compare two nocodazole-treated 
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HEK293 strains, expressing constitutively active or dominant-negative (kinase dead) forms 

of PKD1. We demonstrate that 124 phosphorylation events are down-regulated upon loss of 

PKD activity under conditions of nocodazole-dependent Golgi complex fragmentation. We 

perform functional enrichment analysis and show that proteins with localization and 

function at the membrane are significantly enriched among detected PKD targets. We 

further classify the PKD-dependent phosphorylation events based on their level of 

confidence, perform analysis of PKD1 target sequence motifs and show that proline residues 

at position +1 relative to a PKD1-dependent phosphorylation site act as inhibitory cue for 

PKD activity.  

 

3.3.3 Experimental Procedures 

Cell culture 

Flp-In T-Rex-293 cells (Invitrogen) were grown in DMEM containing 10% FCS, zeocin at 

100 μg/ml, and blasticidin at 15 μg/ml. These cells stably express the Tet repressor and 

contain a single FRT site and were used to generate the Flp-In-PKD1 lines. Cells were 

cotransfected with pcDNA5/FRT/TO-EGFP-PKD1DPH (PKD1 constitutive active or 

PKD1ca)(31) and PKD1K612W (PKD1 kinase dead or PKD1kd)(31), respectively, and the 

Flp recombinase expression plasmid pOG44 at a ratio of 1:10 and then selected with 

hygromycin at 100 μg/ml. Induction of protein expression with doxycycline was at 10 

ng/ml. 

 

SILAC experiments 

All cell lines were maintained in custom-made SILAC DMEM medium for 14 days. PKD1 

constitutive active cells (FlpIN T-Rex293 PKD1ΔPH-GFP or PKD1ca) were labeled with 

SILAC heavy label (Lys8Arg10); Parental FlpIN T-Rex293 cells were labeled with SILAC 

medium-heavy label (Lys4Arg6); and PKD1 kinase dead cells (PKD1kd-GFP or PKD1kd) 

were labeled with the SILAC light label (Lys0Arg0). Incorporation levels of the SILAC 

labels were in all cases higher than 95%. For phosphoproteome analysis cells were plated on 

15 cm dishes (7.5*10
6
 cells/dish) followed by induction of protein expression 24 hours later 

for additional 24 hours. Prior to harvesting, cells were left untreated or were stimulated with 

nocodazole (5 ng/µl) for 30 minutes as described previously (21). Three different SILAC 
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experiments were performed: First, nocodazole-stimulated PKD1kd and nocodazole-

stimulated PKD1ca cells were compared with each other, [PKDca/PKDkd]
Noco+

. Second, 

unstimulated PKD1kd expressing cells were compared to unstimulated parental cells, 

[parental/PKDkd]
Noco-

. Finally, nocodazole-stimulated PKD1kd expressing cells were 

compared to nocodazole-stimulated parental cells, [parental/PKDkd]
Noco+

. 

Cells were lysed in lysis buffer (6M Urea, 2M Thiourea, 10 mM Tris pH 8.0, 1% 

Octylglucoside, 1x Complete protease inhibitor cocktail (Roche Applied Science), 1x 

PhosSTOP phosphatase inhibitor cocktail (Roche Applied Science)) for 30 min at room 

temperature and then sonified for one minute on ice (Bandelin SONOPULS HD 200, 

Program MS73D). The proteins were precipitated using ice cold acetone/methanol for 30 

min on ice. Proteins were pelleted by centrifugation (2000g, 20 min, 4°C) and washed three 

times with 80% ice-cold acetone. Dried proteins were resolved in digestion buffer (6 M 

Urea, 2 M Thiourea, 10 mM Tris pH 8.0).  

 

In vitro phosphorylation assay 

HEK293T cells were maintained in DMEM SILAC heavy or SILAC light media for 14 days 

(incorporation > 95%).  Cells were plated on 15 cm dishes (15*10
6
cells/dish), and 24 h later 

cells were harvested in phosphorylation buffer (50 mM Tris pH7.5, 10 mM MgCl2, 1x 

complete protease inhibitor) and lysed by sonification for 7 min in ice-cold water (Bio 

Rupter, Diagenode, 30s cycles mean intensity). Lysates were clarified by centrifugation 

(16000g, 10 min, room temperature) and incubated 20 min at room temperature to allow 

protein dephosphorylation by endogenous phosphatases to occur. Subsequently, 1 mg of 

lysate (2,5 ml volume) was incubated with 700 µl purified active PKD1 (32) (SILAC heavy) 

or PBS (SILAC light). Furthermore, DTT (2 mM), ATP (5 mM) and PhosSTOP were added 

to the reaction mix and incubated 30 min at 37°C. Acetone/methanol protein precipitation 

was performed as described above. The dried protein pellets were resolved in water. 

 

SDS-PAGE and Western Blot analysis 

SDS-PAGE and Western Blot analysis have been described elsewhere (17). Proteins were 

visualized using the ECL detection system (Pierce) according to the manufacturer’s 

specifications. Infrared dye-labeled secondary antibodies were visualized using the Odyssey 
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infrared imaging System (LICOR Biosciences). The antibody specific for PKD 

autophosphorylation at serine 910 has been described elsewhere (21). The PKD pMOTIF 

antibody was from Cell Signaling. The GFP-specific mouse monoclonal antibody was 

obtained from Roche Applied Science. The tubulin α-specific monoclonal antibody was 

from Neomarkers. Secondary antibodies used were goat anti-rabbit IgG HRP coupled 

(Dianova, Germany) and goat anti-mouse infrared dye-labeled secondary antibodies 

(LICOR Biosciences). The antibodies specific for phosphorylated serine 294 in PI4KIIIβ 

and phosphorylated serine 910 in human PKD1 were described elsewhere (18). 

 

In vitro FRET using G-PKDrep-live 

FRET-measurements were performed with an infinite 200 reader (TECAN, Mainz, 

Germany). Parental and PKD1kd-GFP expressing HEK293FlpIN cells were transiently 

transfected with G-PKDrep-live (33) using TransIT293 (Mirus, Houston, TX) according to 

the manufacturer’s instructions. Expression of PKD1kd-EGFP was induced 24 later by 

doxocyline (10 ng/ml). 48 h later, cells were stimulated with nocodazole (5 µg/ml) for 30 

min. Cells were solubilized in lysis buffer (50 mM Tris-HCl, pH7.4, 100 mM NaCl, 1 mM 

EDTA, 0.2% Triton X-100, Complete protease inhibitor and PhosSTOP (Roche Applied 

Science)) and lysates were clarified by centrifugation at 16000 g for 15 min. 100 µl lysate 

were measured in a black flat-bottomed 96-well plate. mCFP was excited at 430 nm and the 

emission of mCFP and cpVENUS was detected at 460 nm (CFP) and 550 nm (YFP-C), 

respectively. The YFP-C/CFP ratio was calculated for each sample. The background of 

nontransfected cell lysates was subtracted for each cell type. 

 

Phosphorylation of G-PKDrep  

Parental and HEK293FlpIn cells expressing PKD1kd-GFP were transiently transfected with 

a plasmid encoding G-PKDrep (21) using TransIT293 (Mirus, USA) according to the 

manufacturer’s instructions. Expression of PKD1kd-EGFP was induced 24 h later by 

doxocycline (10 ng/ml). 48 h later, cells were stimulated with nocodazole (5 µg/ml) for 30 

min. Cells were solubilized in lysis buffer (20 mM Tris pH 7.4, 150 mM NaCl, 1% Triton 

X-100 or NP-40, 1 mM EGTA, 1 mM EDTA, Complete protease inhibitor and PhosSTOP) 

and SDS-PAGE and Western Blotting was performed as described above. Quantitative 
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analysis was performed with the Odyssey software (Licor-Biosciences, Germany). 

Phosphorylation of G-PKDrep was normalized with the level of expression. The 

densitometry of the control sample was arbitrarily set to 1.0. 

 

Immunofluorescence  

HEK293FlpIN cells expressing PKD1kd-EGFP were grown on coverslips, washed with 

PBS, fixed in 4% para-formaldehyde at room temperature for 15 min, washed, 

permeabilized with 0.1% Triton-X 100 (5 min, RT) and blocked with blocking buffer (5% 

fetal calf serum in PBS) for 30 min. The cells were incubated with the primary antibodies 

(giantin-specific polyclonal rabbit, Abcam; and p230-specific monoclonal mouse antibody, 

BD Biosciences) in blocking buffer for 2 h, washed, incubated with secondary antibodies 

(Alexa 546-coupled anti-mouse and anti-rabbit IgG; Invitrogen) in blocking buffer for 1 h, 

washed, and mounted in ProLong Gold (Invitrogen) supplemented with 1 µg/ml 4´,6´-

diamino-2-phenylindole. Cells were analyzed by confocal laser scanning microscopy (LSM 

710, Zeiss). EGFP was excited with the 488 nm line of the argon laser and fluorescence was 

detected at 490-550 nm. Alexa546 was excited at 561 nm using a diode pumped solid state 

laser and emission was detected at 566–680 nm. 4´,6´-diamino-2-phenylindole was excited 

with the 405 nm line of the argon laser and fluorescence was detected at 415-485 nm. 

 

Protein digestion and isoelectric focusing 

Protein extracts derived from the “light” and “heavy” labeled cell cultures were mixed in a 

1:1 ratio according to measured protein amounts. Ten milligrams of the mixture was 

digested in solution with trypsin as described previously (34). For proteome analysis, 2% of 

the total tryptic peptides were fractionated by isoelectric focusing on an OffGel 3100 

Fractionator (Agilent) according to manufacturer's instructions. Focusing was done with 24 

cm (24 well) Immobiline DryStrips pH 3-10 (BioRad) at a maximum current of 50 µA for 

50 kVh. In SILAC experiments [parental/PKD1kd]
Noco-

 and [parental/PKD1kd]
Noco+ 

100 µg 

of protein extracts were separated on a 1D gel and in-gel digested by trypsin as described 

previously (34). Peptide fractions were collected and desalted separately using C18 

StageTips (35).  
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Phosphopeptide enrichment 

Phosphopeptide enrichment and phosphoproteome analysis was done as described 

previously (36) with minor modifications: About 95% of the peptides were separated by 

strong cation exchange (SCX) chromatography with a gradient of 0 to 35% SCX solvent B 

resulting in eleven fractions that were subjected to phosphopeptide enrichment by TiO2 

beads. Fractions containing a lot of peptides were subjected to TiO2 enrichment multiple 

times. Elution from the beads was performed three times with 100 µl of 40% ammonia 

hydroxide solution in 60% acetonitrile (pH>10.5). Enrichment of phosphopeptides from the 

SCX flow-through was done in three cycles. 

 

Mass spectrometry 

LC-MS/MS analyses were performed on an EasyLC nano-HPLC (Proxeon Biosystems) 

coupled to an LTQ Orbitrap XL or an LTQ Orbitrap Elite mass spectrometer (Thermo 

Scientific) as described previously (26). The peptide mixtures were injected onto the column 

in HPLC solvent A (0.5% acetic acid) at a flow rate of 500 nL/min and subsequently eluted 

with a 106 min gradient of 5%–33% HPLC solvent B (80% ACN in 0.5% acetic acid) at a 

flow rate of 200 nL/min. 

For proteome analysis, 10 (Orbitrap XL) or 20 (Orbitrap Elite) most intense precursor ions 

were sequentially fragmented in each scan cycle. The phosphoproteome analysis was 

exclusively done on the Orbitrap XL, with five most intense precursor ions fragmented by 

multistage activation of neutral loss ions at –98, –49, and –32.6 Th relative to the precursor 

ion (37). In all measurements, sequenced precursor masses were excluded from further 

selection for 90 s. The target values for the LTQ were 5000 charges (MS/MS) and 10
6
 

charges (MS); the maximum allowed fill times were 1000 ms. The lock mass option was 

used for real time recalibration of MS spectra (38). The experiments [PKD1ca/PKD1kd]
Noco+

 

and [parental/PKDkd]
Noco-

 were performed in two biological replicates, whereas the 

experiment [parental/PKDkd]
Noco+

 was performed in three biological replicates. For the 

measurement of the in-vitro phosphorylation assay, an inclusion list containing 51 selected 

phosphopeptide masses detected as downregulated (PKD1-dependent) in the monolayer 

cell culture experiment was used. 
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MS data processing 

The MS data of all SILAC experiments were processed using default parameters of the 

MaxQuant software (v1.0.14.3) (39). Peak lists were derived using the Quant module of the 

software and subsequently submitted to Mascot (Matrix Science, UK) database search 

engine (v2.2.0) to query a custom made target decoy database (40) consisting of the IPI 

human proteome database (v3.84, 90,166 protein entries), 262 commonly observed 

contaminants and two GFP tagged versions of PKD1.  

In database search, full tryptic specificity was required and up to two missed cleavages were 

allowed. Carbamidomethylation of cysteine was set as fixed modification; protein N-

terminal acetylation, oxidation of methionine, and phosphorylation of serine, threonine and 

tyrosine were set as variable modifications. Initial precursor mass tolerance was set to 7 ppm 

and 0.5 Da at the fragment ion level.  

Identified peptides were parsed using the Identify module of MaxQuant and further 

processed for statistical validation of identified and quantified peptides, phosphorylation 

sites (p-sites) and protein groups. For protein group quantitation a minimum of two 

quantified peptides were required. False discovery rates were set to 1% at peptide, 

phosphorylation site, and protein group level. Downstream analysis of all resulting text files 

was performed using R (v 2.13.0). 

 

Normalization of detected phosphorylation sites 

To assign a p-site to a specific residue we used a minimal reported localization probability 

of 0.75, and we refer to these as localized phosphorylation sites. Quantified proteins were 

used to normalize the raw p-site ratios (Supplemental Table 1). For each quantified p-site for 

which also the corresponding protein was quantified, we divided the p-site ratio by the 

protein ratio. Given the distributions of measured intensities and ratios of all quantified 

peptides we calculated  a p-value for each heavy to light ratio indicating its significance as 

described in (39)(“Significance B”). Derived p-values were further corrected for multiple 

hypothesis testing using the method of Benjamini and Hochberg (41). All p-sites having a 

Benjamini-Hochberg corrected p-value below 0.05 were regarded as significantly regulated.  
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Functional enrichment analysis 

To test whether specific Gene Ontology and Kyoto Encyclopedia of Genes and Genomes 

terms were significantly enriched among proteins carrying down or up regulated p-sites, 

respectively, we used Fisher’s exact test and tested against the entire detected 

phosphoproteome. All terms with Benjamini-Hochberg corrected p-values below 0.05 were 

regarded as significantly overrepresented.  

 

Consensus motif analysis 

The frequencies of the 20 amino acids at -/+6 flanking positions of down-regulated p-sites 

were compared to the frequencies of all detected localized p-sites at the corresponding 

positions. The hypergeometric distribution was used as a null model, and Fisher’s exact test 

was applied to derive p-values. p-values below 1e-6 were regarded to be statistically 

significant. To address the problem of multiple testing we used the Bonferroni correction to 

control the family wise error rate of the 260 performed statistical tests. Corrected p-values 

below 0.01 (uncorrected p-values below 3.85e-5) were considered to be statistically 

significant. 

 

3.3.4 Results 

In this study we aimed to perform a global detection of PKD-dependent phosphorylation 

events in HEK293 cells. We first SILAC-labeled constitutive-active PKD1 strain (PKD1ca, 

heavy label) and kinase-dead PKD1 strain (PKD1kd, light label). We verified that the 

endogenous PKD1 activity was decreased in the PKD1kd compared to the PKD1ca 

expressing cells and localized to the Golgi apparatus. Prior to harvesting, we treated both 

strains with nocodazole, a microtubule-depolymerizing reagent that disrupts the Golgi 

complex and activates PKD (21). To detect potential bias caused by the use of the PKDca 

strain and nocodazole, we performed two additional SILAC experiments, comparing 

PKD1kd and parental strain with and without nocodazole treatment. Upon cell lysis, equal 

amounts of protein extracts were mixed and digested with trypsin. A small portion of the 

resulting digest was prepared for proteome analysis by LC-MS. A larger portion of the 

digest was subjected to two stages of phosphopeptide enrichment, using strong cation 

exchange (SCX) and TiO2 chromatographies. All samples were measured on an LTQ-
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Orbitrap XL and LTQ-Orbitrap Elite mass spectrometers (Thermo) coupled to an Easy-LC 

nano-HPLC (Proxeon/Thermo). The LC-MS data were processed by MaxQuant software. 

All experiments were performed biological duplicates or triplicates. The phosphoproteomic 

workflow is depicted in Figure 1. 

 

 

Figure 1: The phosphoproteomic workflow. Heavy and light SILAC-labeled cells (expressing PKD1ca and 

PKD1kd, respectively) were treated with nocodazole for 30 minutes. Upon lysis, protein extracts were mixed 

and digested with trypsin. A part of the resulting digest was used for proteome analysis, whereas the other part 

was subjected to two stages of phosphopeptide enrichment, by SCX and TiO2 chromatographies. All samples 

were measured by LC-MS/MS; measured phosphopeptide ratios were normalized by the corresponding protein 

ratios. 
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PKD1 activity and localization in the PDK1kd strain 

The major prerequisite for global detection of PKD1-dependent phosphorylation events is a 

loss of endogenous PKD1 activity in the PKD1kd relative to the PKD1ca HEK293 strain. To 

test this, we performed a Western Blot analysis of the PKD1kd and PKD1ca cell lysates 

using an antibody specific for PKD1 and PKD2 autophosphorylation at serine 910 and 876, 

respectively (21). The analysis showed an increase of PKD phosphorylation upon 

nocodazole stimulation in the parental HEK293FlpIN cells. In contrast, a clear reduction of 

nocodazole-induced endogenous PKD phosphorylation was observed in the PKD1kd strain, 

demonstrating the loss of endogenous PKD activity (Supplemental Figure 1a). In addition, 

we analyzed endogenous PKD activity using the PKD-specific reporter constructs G-

PKDrep (21) and G-PKDrep-live, respectively (33). This was done as follows: Parental and 

PKD1kd-GFP expressing HEK293FlpIN cells were transiently transfected with plasmids 

encoding G-PKDrep and G-PKDrep-live, respectively. Doxycycline was added 24 hours 

later to induce expression of PKD1kd-GFP and cells were incubated for additional 24 hours. 

Afterwards, cells were stimulated with nocodazole for 30 minutes. Phosphorylation of G-

PKDrep and G-PKD-rep-live was quantified using Western Blot and FRET analysis, 

respectively, as described elsewhere (21, 33). The results are shown in Figure 2. In both 

experiments, PKD-mediated phosphorylation of the reporter constructs was increased upon 

nocodazole-stimulation and this was decreased upon expression of PKD1kd (Figure 2). Of 

note, a dominant-negative effect of PKD1kd was not visible in unstimulated cells. These 

results demonstrated that i) PKD1kd acts in a dominant-negative manner towards 

endogenous PKD and ii) this dominant-negative function requires stimulation of cells with 

nocodazole. Furthermore, we analyzed the localization of PKD1kd-GFP in HEK293FlpIN 

cells. As shown in Supplemental Figure 1b, the GFP-tagged PKD1kd protein colocalized 

with the Golgi complex specific marker proteins giantin (42) and p230 (43). This is in line 

with previous results (31) and points to a Golgi-specific block of endogenous PKD function 

by PKD1kd. Of note, nocodazole activates PKD specifically at the Golgi compartment (21).  

 

Figure 2: Expression of PKD1kd-GFP inhibits endogenous PKD activity upon nocodazole stimulation. 

(A) Parental and PKD1kd-GFP expressing HEK293FlpIN cells were transiently transfected with G-PKDrep, 

left untreated or stimulated with nocodazole for the indicated time. The cells were lysed and reporter 

phosphorylation was assessed by immunoblotting with the pS294 specific antibody. Expression of the G-

PKDrep fusion protein was verified with a GFP-specific antibody. Representative immunoblots (left panel) and 

quantitative data of G-PKDrep phosphorylation normalized with the level of G-PKDrep (right panel) are 

shown. (B) FRET response of lysates obtained from parental and PKD1kd-GFP expressing HEK293FlpIN 

cells transfected with G-PKDrep-live and treated as indicated. Statistical analysis was performed using the 

Kruskal-Wallis test for nonparametric distribution and Dunn’s multiple comparison test (n ≥ 4, * p ˂ 0. 05). 
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Quantitative phosphoproteome of the nocodazole-stimulated PKD1ca and PKD1kd cells 

The combined proteome and phosphoproteome analysis of the nocodazole-stimulated 

PKD1ca and PKD1kd cells, [PKDca/PKDkd]
Noco+

, resulted in identification of 180,416 

MS/MS spectra corresponding to 39,541 non-redundant peptide sequences and 5,952 protein 

groups. The estimated false discovery rate (FDR) was 0.43% at the peptide level and 2.05% 

at the protein group level. We detected a total of 6,889 phosphorylation events, of which 

5,402 were localized to a specific amino acid residue with a median localization probability 

99.8%; 4,843 phosphorylation events were localized on Ser, 505 on Thr, and 54 on Tyr. All 

detected protein groups and phosphorylation events are presented in the Supplemental Table 

1.  

Of 5,402 detected phosphorylation sites, 124 were significantly down-regulated and 49 were 

up-regulated in at least one replicate upon loss of PKD activity (Figure 3a and Table 1). This 

number excludes phosphorylation events that showed inconsistent or opposite regulation in 

biological replicates. The overall correlation between the phosphorylation levels measured 

in the two biological replicates was high (Supplemental Figure 3a). Importantly, PKD target 
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motifs were clearly enriched among down-regulated phosphopeptides, demonstrating that 

many of them are likely direct PKD1 substrates (Supplemental Table 2). To exclude the 

quantitation bias due to possible changes in protein expression, we also quantified the 

changes at the proteome level and we normalized phosphopeptide ratios by protein ratios. 

Comparison of normalized and measured phosphopeptide and protein ratios showed 

relatively small expression changes at the protein level (Supplemental Figure 2a). 

  

Figure 3: Distribution of ratios of all detected phosphorylation events measured in the three SILAC 

experiments. (A) Results of the [PKDca/PKDkd]
Noco+

analysis; The PKD target motif was overrepresented 

among phosphorylation sites downregulated upon loss of PKD1 activity, pointing to presence of direct PKD1 

substrates. (B) Results of the [parental/PKDkd]
Noco-

 analysis; (C) Results of the [parental/PKDkd]
Noco+ 

analysis. 

Blue triangles represent the phosphorylation sites matching the known PKD target motif 

(L/V/I)X(R/K)XX(S/T). 

 

Table 1: Overview of detected phosphorylation events in the three SILAC experiments performed in this 

study. Detailed results are presented in the Supplemental Table 1. Overlap of all localized sites is presented in 

supplemental Figure 6. 

 

Phosphorylation 

events 

Localized 

phosphosites 

Downregulated 

phosphosites 

Upregulated 

phosphosites 

[PKDca/PKDkd]
Noco+

 6889 5402 124 49 

[parental/PKDkd]
Noco-

 9382 7450 22 37 

[parental/PKDkd]
Noco+

 9180 7253 50 17 

 

Quantitative phosphoproteome of the parental and PKD1kd cells 

In order to increase the PKD1 activity, our main experiment involved the PKD1ca strain and 

nocodazole stimulation, both of which could potentially result in detection of non-
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endogenous PKD substrates. To identify phosphorylation events influenced by nocodazole, 

we performed two additional SILAC experiments, comparing PKD1wt and PKD1kd strains 

with and without nocodazole stimulation. Despite of more than 9,000 phosphorylation sites 

detected in each experiment and high reproducibility between the biological replicates 

(Supplemental Figure 3b,c), the number of down-regulated phosphorylation events was 

significantly smaller than in the first experiment, in which PKD1ca strain was used (Figure 

3b,c; Table 1). The difference was especially pronounced in the unstimulated cells, 

[parental/PKDkd]
Noco-

, showing that the levels and the activity of the endogenous PKD were 

too small to measure the PKDkd effect in our assay. This result was in full agreement with 

the biological data using PKD-specific reporter constructs (see above and Figure 2). 

Comparison of the parental and PKD1kd under stimulation with nocodazole, 

[parental/PKDkd]
Noco+

, led only to a moderate increase of down-regulated phosphorylation 

events. Interestingly, besides a couple of known PKD1 substrates (PKD1 itself and c-jun), 

most of the downregulated sites did not conform to the canonical PKD1 target motif or 

expected cellular function (Supplemental Figure 4 and 5), most likely due to the fact that the 

activity of the endogenous kinase was still too low to detect significant reduction of PKD-

dependent phosphorylation events. Therefore, we suggest that the down-regulated 

phosphorylation events in this experiment were likely dependent on nocodazole under 

reduced PKD1 activity. Importantly, the overlap of the significantly regulated 

phosphorylation events in the three experiments was minimal (Supplemental Figure 6), 

demonstrating that the PKD activation through the use of the PKD1ca strain and nocodazole 

stimulation was necessary to detect the phosphorylation events dependent on the PKD1 

activity. Protein groups and phosphorylation events detected in all SILAC experiments are 

presented in the Supplemental Table 1. 

 

PKD1 target motif analysis 

Because the subset of down-regulated sites from the main SILAC experiment 

[PKDca/PKDkd]
Noco+ 

likely contained direct PKD1 substrates, we further focused on this 

part of the dataset. To identify the PKD1 target motif, we tested the frequencies of 20 

common amino acids in positions -6 to +6 relative to the PKD1-dependent phosphorylation 

site. We performed this analysis on all 124 significantly downregulated sites; the results 

showed a significant overrepresentation (p<3.85E-5) of the amino acids leucine or valine at 

position -5, as well as lysine at position -3 and lysine or glutamine at position -2 relative to 
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the phosphorylation site. Combined, this was in strong agreement with the previously 

established PKD target motif [LVI]X[RK]XX[ST] (44, 45). It should be noted that the 

amino acid frequencies were tested independently and that the overrepresented residues do 

not always appear in a strict motif. However, there appears to be a strong requirement for 

the positively charged region at positions -2 through -4, as well as for a hydrophobic residue 

(leucine or valine) at position -5 relative to the phosphorylation site. Importantly, we also 

observed a significant underrepresentation of glutamate at position -5, as well as proline 

residues at position +1 relative to the phosphorylation site, suggesting that PKD1 disfavors 

substrates with these residues in close proximity to the phosphorylation site (Figure 4). 

 

 

 
Figure 4: PKD1 target motif analysis. Frequencies of the 20 common amino acids were tested on positions -

6 to +6 relative to the phosphorylation site. The 124 phosphorylation sites downregulated upon loss of PKD1 

activity in the [PKDca/PKDkd]
Noco+ 

analysis were used as the test dataset. Significantly overrepresented amino 

acid residues were in agreement with the previously published PKD target motif. Importantly, several residues 

were significantly underrepresented, especially proline at position +1 relative to phosphorylation site. 

 

 



3 Publikationsmanuskripte 

 89 

Functional enrichment analysis of PKD1-dependent phosphoproteins 

To gain insight into the PKD1-mediated signaling under conditions of nocodazole-

dependent Golgi dispersal, we performed a bioinformatic functional enrichment analysis of 

phosphoproteins that were regulated and therefore dependent on PKD1 activity.  

In agreement with the known effects of PKD1 under nocodazole treatment, functional 

enrichment analysis of downregulated PKD-dependent phosphorylation events pointed to a 

significant overrepresentation of proteins involved in regulation of membrane organization 

(Figure 5). Among them we detected lamin; Hip1-related protein; cortactin; sorting nexin-1, 

-2, and -17 and insulin-like growth factor 2 receptor. Also in agreement with expected 

activity of PKD1, we observed a significant overrepresentation of the Golgi localization 

among proteins carrying down-regulated phosphorylation events. Among them we detected 

the vesicle-associated membrane protein-associated protein B/C, Sorting nexin-1 and -17, 

Oxysterol-binding protein-related protein 10, Endoplasmic reticulum-Golgi intermediate 

compartment protein 2, EGFR substrate 8 and transmembrane protein 43. 

 

 

Figure 5: Functional enrichment analysis of PKD1-dependent phosphoproteins. In agreement with 

nocodazole-dependent fragmentation of the TGN and expected PKD1 activation in this process, all GO terms 

overrepresented in the proteins with PKD1-dependent phosphorylation sites pointed to membrane localization 

and functions related to membrane organization. 

 

Among down-regulated phosphorylation events we expected to detect at least some known 

direct PKD1 targets. Indeed, besides serine 910, the known autocatalytic site on PKD1, eight 

additional phosphorylation sites were downregulated on PKD1 itself; among them, serine 

225 and 548 were significantly regulated and have not been described before. We also 

detected downregulation of phosphorylation at Ser298 on cortactin, which was previously 
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shown to be directly phosphorylated by PKD1 and involved in actin polymerization and cell 

motility (16, 46). Of note, cortactin is also critically involved in actin-supported vesicle 

fission at the TGN (47). Most of other phosphorylation events previously linked to PKD1 

activity (e.g. on slingshot, PAK4 etc.) were detected, but not regulated in our dataset, most 

likely due to specific experimental conditions such as nocodazole treatment. Indeed, 

nocodazole activates PKD1 specifically at the Golgi apparatus (21) thereby channeling PKD 

activity towards a locally restricted response. However, this response might be independent 

of vesicle fission events and thus requires different substrates. This hypothesis is confirmed 

by the fact that nocodazole treatment does not alter the phosphorylation of CERT (48). 

Other down-regulated phosphorylation events, especially those that fit to the predicted target 

motif of the kinase, present novel, potentially direct substrates of PKD1. Of note, among 

these potential direct PKD substrates were also serine/threonine-protein kinases such as 

SIK3, cdc28, mitogen-activated protein kinases 1 and 3. Furthermore, we also detected 

phosphatases such as protein phosphatase 1 regulatory subunit 12A and a phosphatase 

inhibitor (phosphatase and actin regulator 4). It is thus possible that some of the detected 

downregulated phosphorylation events are secondary effects due to the changes in activity 

of kinases and phosphatases. 

As expected, the small number of up-regulated phosphorylation events (49 events on 29 

proteins), did not lead to significant enrichment of any functional category; however, we 

note that upregulated phosphorylation events were detected on several kinases, such as Bcr 

and Cdc2-related kinase. These kinases with upregulated phosphorylation sites are not direct 

targets of PKD1 but are likely positioned further downstream in signaling networks shared 

by PKD1. The complete results of the functional enrichment analysis are presented in the 

Supplemental Table 3.  

 

In-vitro validation of PKD1-dependent phosphorylation events 

To test whether some of the detected down-regulated phosphorylation sites are direct PKD1 

targets, we performed a comprehensive in-vitro assay of PKD1 activity on the whole, 

SILAC heavy- and light labeled HEK293 protein extracts. To achieve partial protein 

dephosphorylation through endogenous phosphatase activity, prior to treatment with PKD1 

the lysates were left on room temperature without phosphatase inhibitors. Equal amounts of 

protein extracts were then incubated either with purified active PKD1 (SILAC heavy 
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extract), or with the corresponding volume of PBS (SILAC light extract) in ATP-containing 

phosphorylation buffer (Supplemental Figure 7), mixed and digested with trypsin. After 

phosphopeptide enrichment and LC-MS measurement, we detected 7,205 localized 

phosphorylation sites, of which 777 were at least two-fold upregulated upon incubation with 

PKD1. Among them we detected 70 phosphorylation sites that were significantly down-

regulated upon PKD1 inhibition in the monolayer cell culture experiment. The median ratio 

of these 70 phosphorylation sites was 1.84, pointing that majority of them were also 

phosphorylated by PKD1 in vitro (Supplemental Table 4). Importantly, in this experiment 

we confirmed PKD1 dependence of phosphorylation sites on many proteins with functions 

related to Golgi membrane, such as sorting nexins, vesicle-associated membrane protein-

associated protein B/C, Vti1B and EGFR substrate 8.  

In a second in vitro validation approach we overexpressed a potential PKD1 target, protein 

MgcRacGAP, in HEK293 cells. To verify PKD1-mediated direct phosphorylation of serine 

203, a Class 1 site from our cell culture experiment, immunoprecipitated MgcRacGAP was 

incubated with or without purified PKD1 in ATP-containing phosphorylation buffer. After 

the reaction, the MgcRacGAP protein was tryptically digested and intensity of the 

phosphorylated serine 203 peptide was analyzed by mass spectrometry for both samples 

(Supplemental Figure 8). Indeed, the MgcRacGAP peptide phosphorylated at serine 203 was 

detected in the sample incubated with PKD1 but not in the control sample, verifying direct 

phosphorylation by PKD1. 

3.3.5 Discussion 

Although the mechanisms of regulation of PKD and its importance in diverse cellular 

processes have been intensively characterized in the past, the identification of specific 

substrates that transmit the PKD signal is still an important issue to address. Here we have 

made use of a SILAC-based screen to identify phosphoproteins and phosphosites directly 

and indirectly controlled by PKD activity. We used HEK293 cells that inducibly and stably 

expressed a kinase dead or a constitutive active PKD1 protein and we stimulated cells with 

nocodazole, which has previously been shown to activate PKD at the Golgi compartment 

(21). Moreover, PKD1 is critical for nocodazole-mediated fission of Golgi membranes into 

so-called Golgi-ministacks. It is important to note that stimulation of cells is essential to 

identify PKD substrates and downstream signaling pathways, because expression of 

PKD1kd-GFP will only result in a dominant-negative phenotype under conditions of Golgi 

dispersal, whereas expression of PKD1ca bypasses external signaling. Previous studies have 
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shown that PKD controls fission of vesicles destined for the plasma membrane by direct 

phosphorylation of the lipid kinase PI4KIIIb (18), and the lipid transfer proteins CERT (19) 

and OSBP (20). However, we could only observe a significant change in OSBP 

phosphorylation in our cellular system. This indicates that other proteins mediate Golgi 

complex fission downstream of nocodazole-induced PKD activation. In line with this is a 

previous study showing that phosphorylation of CERT does not alter upon nocodazole 

treatment (48). Of note, phosphorylation of the PKD substrate cortactin at serine 298 

decreased significantly in PKD1kd-expressing cells upon nocodazole treatment. Cortactin 

has been previously described to localize to dynamic F-actin-containing structures at the 

plasma membrane such as lamellipodia. Recently, it was demonstrated that PKD-mediated 

phosphorylation of cortactin at serine 298 controls F-actin binding and thus nucleation 

complex turnover (16). In addition, cortactin is also critically involved in actin-supported 

vesicle fission at the trans-Golgi network (47). It is thus intriguing to speculate that PKD-

mediated phosphorylation of cortactin could mediate nocodazole-induced Golgi dispersal. In 

addition to cortactin and OSBP, several other proteins such as c-jun, MgcRacGAP, sorting 

nexin 2, VAP-B/C, Vti1B, EGFR substrate 8 and IGF2 receptor (CI-MPR) have been 

identified as potential PKD substrates in nocodazole-induced Golgi fragmentation. In line 

with our results, the transcription factor c-jun has been identified as a direct PKD substrate 

in previous studies (49, 50).  

The main function of the IGF2 receptor network is trafficking of lysosomal enzymes from 

the TGN to the endosomes and their subsequent transfer to lysosomes. Nocodazole inhibits 

the initial rate of mannose 6-phosphate receptor (MPR) transport from endosomes to the 

TGN in vitro (51) indicating the importance of microtubules in this process. Interestingly, a 

couple of components of the IGF2 receptor network such as Vti1B were also significantly 

regulated and could thus be PKD1 targets. As PKD is not recruited to endosomes (52) it is 

most likely that the kinase interacts with these proteins at the TGN under conditions of 

nocodazole treatment. It will be a future challenge to clarify the interplay of PKD and these 

proteins in Golgi structure and maintenance. 
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3.3.8 Supplement 

 

 

 

Supplementary Figure 1. (A) Expression of PKD1kd inhibits nocodazole-induced PKD activation. 

Parental HEK293FlpIN and PKD1kd-EGFP expressing HEK293FlpIN cells were treated with doxycycline for 

24 hours followed by stimulation with nocodazole (5 µg/ml, 30 minutes) or its solvent DMSO. Cell lysates 

were analyzed by Western Blotting using the phospho-serine 910 specific antibody to detect 

autophosphorylation of endogenous PKD. Expression of the PKD construct was verified using a GFP-specific 

antibody. Equal protein loads were verified using a tubulin α-specific antibody. (B) Subcellular localization 

of PKD1kd-EGFP. HEK293FlpIN cells inducibly expressing GFP-tagged PKD1kd  were fixed and stained 

with a giantin or a p230-specific antibody followed by Alexa546-coupled anti-rabbit or Alexa 546-coupled 

anti-mouse IgG. Nuclei were stained with DAPI. The images shown are stacks of several confocal sections. 

Scale bar, 10 µm.  

 

 

 

Supplementary Figure 2. Correlation of phosphorylation site ratios obtained before and after 

normalization by protein ratios.  
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Supplementary figure 3. Quantitation reproducibility of all detected phosphorylation events measured 

in two (Experiment 1, Experiment 2), respectively three (Experiment 3) biological replicates. 

 

 

Supplementary figure 4. Motif enrichment analysis of the [parental/PKDkd]
Noco- 

experiment. Note that 

there were no significantly enriched GO/KEGG terms. 
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Supplementary figure 5. Motif and GO/KEGG enrichment analysis of the [parental/PKDkd]
Noco+  

experiment. 

 

 

 

Supplementary Figure 6. Overlap of regulated phosphorylation sites in SILAC experiments. 
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Supplementary Figure 7. In vitro phosphorylation assay. (A) HEK293T cell lysates were incubated with or 

without active purified PKD1 as described in the material and methods section. Western Blot analysis showed 

the presence of PKD-dependent phospho-proteins using the pMOTIF specific antibody. (B) Of 7,205 detected 

phosphorylation sites in the in-vitro experiment, 53 corresponded to classified downregulated sites from the 

monolayer cell culture experiment; (C) The measured median ratio of these 53 phosphorylation sites was 1.98 

(log2 0.99), pointing that majority were substrates of the PKD1 in vitro. 

 

 

 

Supplementary Figure 8. Annotated spectra of MgcRacGAP detected in monolayer cell culture and in 

vitro experiment. 

 

 

Supplemental tables 1 – 4 can be downloaded using the following link: 

 http://www.mcponline.org/content/early/2012/04/10/mcp.M111.016014/suppl/DC1   

http://www.mcponline.org/content/early/2012/04/10/mcp.M111.016014/suppl/DC1
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3.4.1 Abstract 

At the onset of mitosis, the Golgi complex is converted into small fragments, a process that 

is required for correct partitioning of Golgi membranes to the daughter cells. Inhibition of 

mitotic Golgi fragmentation results in cell cycle arrest at the G2 stage. Protein kinase D 

(PKD) is known to be involved in Golgi-derived secretory vesicle formation, but its role in 

the structural regulation of Golgi membranes during the cell cycle has not been addressed. 

Here we show that depletion of PKD1 and PKD2 proteins from HeLa cells by RNAi leads to 

the accumulation of cells in the G2 phase of the cell cycle and prevents cells from entering 

mitosis. We further provide evidence that inhibition of PKD blocks mitotic Raf-1 and MEK 

activation, and, as a consequence, mitotic Golgi fragmentation, which could be rescued by 

expression of active MEK1. Finally, Golgi FRAP analyses demonstrated that PKD is crucial 

for the cleavage of the non-compact zones of Golgi membranes in G2 phase. Our results 

thus suggest that PKD controls interstack Golgi connections in a Raf-1-MEK1 dependent 

manner, whereby the onset of mitosis is regulated.  

 

3.4.2 Introduction 

The Golgi ribbon is a continuous membranous system localized to the perinuclear area that 

has an essential role in lipid biosynthesis, protein modifications and secretory trafficking. 

The ribbon is composed of individual stacks of flattened cisternae that are laterally 

connected by membranous tubular bridges, known as non-compact zones. During cell 

division, the Golgi complex disperses into vesicles to allow partitioning between daughter 

cells. The first step consists of the fragmentation of the non-compact zones of the Golgi 

ribbon. This occurs in the G2 phase of the cell cycle and results in the formation of isolated 

Golgi stacks. At the onset of mitosis, these isolated Golgi stacks are converted into scattered 

tubulo-reticular elements and then further fragmented and dispersed throughout the 

cytoplasm, appearing as the Golgi haze. Golgi fragmentation is now known to be required 

for entry of cells into mitosis, suggesting a direct role for Golgi organelle architecture in 

G2/M checkpoint control (reviewed in (Colanzi and Corda, 2007)). Indeed, increasing 

evidence is provided that correct segregation of the Golgi complex is monitored by a “Golgi 

mitotic checkpoint”. In the past years, several molecules involved in initial Golgi ribbon 

unlinking and further unstacking and vesiculation of Golgi membranes during mitosis have 

been identified. For example, Golgi fragmentation is inhibited via the functional block of the 

proteins BARS, Polo-like kinase and Grasp65 resulting in cell cycle arrest at the G2 stage 
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(Sutterlin et al., 2001; Colanzi et al., 2003b; Preisinger et al., 2005; Sutterlin et al., 2005; 

Duran et al., 2008). BARS/CtBP3 is a protein with a dual role as a transcriptional co-

repressor in the nucleus and an involvement in vesicle trafficking by inducing fission of 

Golgi tubules (Hidalgo et al., 2004; Colanzi et al., 2007). How BARS fulfils its mitotic 

function is still unresolved, but it has been proposed that BARS is regulated by 

phosphorylation to recruit protein cofactors involved in mitotic Golgi ribbon fission. The 

functions of Grasp65 and the structurally related Grasp55 protein are better understood. 

These proteins are important for the formation and/or maintenance of the tubules connecting 

the stacks within the Golgi ribbon. Mitotic phosphorylation of Grasp65 disrupted Grasp65 

oligomerization which is thought to be necessary for Golgi membrane linking (Wang et al., 

2003; Wang et al., 2005). In mitosis, Grasp65 is phosphorylated on multiple sites by Cdk1 

and Plk1 kinases (Lin et al., 2000;Wang et al., 2003;Preisinger et al., 2005;Yoshimura et al., 

2005;Sutterlin et al., 2005). Interestingly, expression of the wild-type Grasp65 C-terminus 

but not the phosphorylation-defective mutant caused a delay in mitotic entry, demonstrating 

the importance of phosphorylation in the regulation of Grasp65 function (Preisinger et al., 

2005;Yoshimura et al., 2005). Similarly, multisite phosphorylation of Grasp55 downstream 

of MEK-Erk appears to be required for Golgi fragmentation and mitotic progression 

(Feinstein and Linstedt, 2008;Duran et al., 2008; Xiang and Wang, 2010). The best 

characterized kinase cascade involved in mitotic Golgi fragmentation is the Raf-MEK-Erk 

pathway, playing a role before prophase in late G2. Initial in vitro reconstitution assays 

revealed a role for MEK1 but independence of Erk1/2 (Acharya et al., 1998). In line with 

this study was the observation that the first step of Golgi fragmentation, namely the breakup 

of perinuclear Golgi stacks into punctate structures, was mainly regulated by MEK, whereas 

the subsequent extensive dispersal of these structures was controlled by Cdc2 (Kano et al., 

2000). Later, MEK was shown to localize to Golgi membranes in mitotic cells (Colanzi et 

al., 2003b). Accordingly, inhibition of MEK1 by RNA interference or by using the 

MEK1/2-specific inhibitor U0126 delayed the passage of synchronized HeLa cells into M 

phase (Feinstein and Linstedt, 2007). Importantly, Raf kinases were shown to be upstream 

of MEK in mitotic Golgi fragmentation (Colanzi et al., 2003b).  

Protein kinase D (PKD) is a family of serine/threonine-specific protein kinases comprising 

three structurally related members: PKD1, PKD2, and PKD3. PKD is recruited to the TGN 

by direct interaction of its cysteine rich regions with DAG (Baron and Malhotra, 2002) and 

the GTPase Arf1 (Pusapati et al., 2010) and activated by PKCη-mediated phosphorylation 

(Diaz Anel and Malhotra, 2005). At the TGN, PKD is known to be involved in the fission of 
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transport carriers en route to the cell surface (Liljedahl et al., 2001). Intriguingly, 

overexpression of constitutively active PKD is known to induce hypervesiculation of the 

Golgi, whereas kinase-dead PKD blocks vesicle fission, leading to the appearance of long 

tubular structures (Bossard et al., 2007). Moreover, there is evidence that PKD activity is 

crucial for nocodazole-induced Golgi complex dispersal (Fuchs et al., 2009) pointing to a 

more general role of PKD in the maintenance of Golgi structure. In this study we provide 

evidence that PKD is required for mitotic entry of HeLa cells by driving the cleavage of 

Golgi interstack connections in the late G2 phase of the cell cycle. We further show that 

PKD signals through the Raf-1/MEK1 pathway to induce mitotic fragmentation of Golgi 

membranes. 

 

3.4.3 Material and Methods 

Plasmids, siRNAs, reagents and antibodies 

The plasmid encoding constitutive active MEK1 fused to mCherry was obtained from 

Addgene (Cambridge, USA). Commercially available antibodies used were: anti-PKD2 

rabbit polyclonal antibody (Calbiochem, Germany), anti-PKD1 C-20 and anti-Raf-1 C12 

rabbit polyclonal antibodies (Santa Cruz Biotechnology, Germany), anti-tubulin a mouse 

monoclonal antibody (Neomarkers, Fremont, USA), anti-phospho-H3 (Ser10) rabbit 

polyclonal antibody (Sigma-Aldrich, Germany),  anti-phospho-MEK1 (S221) rabbit 

polyclonal antibody (Cell Signaling, USA),  anti-phospho-Cdk1/Cdc2 (Tyr15) rabbit 

polyclonal antibody and anti-GM130 mouse monoclonal antibody (BD Biosciences, 

Germany). The rabbit polyclonal Mannosidase II antibody was provided by Vivek Malhotra 

(CRG, Barcelona, Spain). Secondary antibodies used were goat anti-mouse and anti-rabbit 

IgG, Alexa488, Alexa546 or Alexa633 coupled (Invitrogen, Germany), and goat anti-mouse 

and anti-rabbit IgG HRP coupled (Dianova, Germany). siRNAs specific for LacZ, human 

PKD1, and human PKD2 were obtained from Eurofins MWG Operon (Germany) and have 

been described in detail elsewhere (Peterburs et al., 2009). ON-Target plus Smartpools 

(human PRKD1, Gene ID: 5587 and human PRKD2, Gene ID: 25865) and the ON-Target 

plus NON-targeting control have been obtained from Dharmacon (Thermo Fisher Scientific, 

USA). The MEK1 specific inhibitor PD 98059 has been obtained from Cell Signaling 

(USA), the PKD specific inhibitor CID 755673 was from Tocris Bioscience (Bristol, UK).  
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Cell culture 

HeLa cells were obtained from ATCC and HeLa cells stably transfected with Mannosidase 

II fused to GFP were obtained from Vivek Malhotra (Centre of Genomic Regulation, 

Barcelona, Spain). Cells were maintained in RPMI 1640 or DMEM supplemented with 10 % 

fetal bovine serum. HeLa cells were tranfected with siRNA and ON-Target plus Smartpools 

using Oligofectamine (Invitrogen) according to the manufacturer’s instruction. Plasmid 

transfection was performed using TransIT-HeLaMONSTER reagent (MirusBio, Madison, 

USA) according to the manufacturer’s instructions.  

 

Cell synchronization at the G1/S border 

HeLa cells were synchronized at the G1/S border using a double thymidine block. In brief, 

cells grown on petri dishes or cover slips were transfected with specific siRNAs and 24 

hours later incubated in growth medium containing thymidine (Sigma-Aldrich, Germany) in 

a final concentration of 2 mM for 19 hours. Afterwards, cells where released from the 

thymidine block by washing with serum free medium and were re-feeded with growth 

medium for 9 hours. Subsequently, cells were subjected to the second thymidine block for 

additional 16 hours. After the second release, cells were harvested at distinct time points. In 

case of rescue experiments, plasmid transfection of HeLa cells was performed during the 

first release. 

 

Flow Cytometry 

Trypsinized cells were pelleted, washed in cold PBS and resuspended in ice-cold ethanol 

while vortexing. Cells were incubated over night at 4°C. The next day ethanol was removed 

by centrifugation, cells were washed using cold PBS and incubated with 50 µg/ml 

propidiumiodide (Invitrogen, Germany) for 30 minutes. Cells were analyzed with a 

Cytomics FC500 instrument (Beckman Coulter, Germany). Data were plotted with CXP 

software (Beckman Coulter, Germany). 10,000 events were analyzed for each sample.  
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Preparation of mitotic and interphase extracts 

HeLa cells grown to 70 % confluency were treated with thymidine (2 mM) for 10-12 hours 

causing the arrest of cells in S phase. Subsequently, cells were washed 3x with PBS and 

incubated with nocodazole (500 ng/ml) over night to arrest them in mitosis. Mitotic cells 

were detached from the dishes by a “mitotic shake off” procedure, leaving the non-mitotic 

cells still attached. Two washing steps with ice cold PBS and one with mitotic extract buffer 

(15 mM PIPES, ph 7.2, 50 mM KCl, 10 mM MgCl2, 20 mM b-Mercaptoethanol, 20 mM b-

glycerophosphate, 15 mM EGTA, 10.5 mM spermidine, 0.2 mM spermine, 1 mM DTT plus 

Complete protease inhibitors (Roche Diagnostics GmbH, Germany)) were performed. Cells 

were then resuspended in 2x volume of mitotic extract buffer. After swelling on ice for 10 

min, cells were homogenized using a 24 gauge needle. To yield the supernatant termed 

“mitotic extract”, cells were centrifuged in a table top ultracentrifuge using a TLS55 rotor 

for 45 min at 48000 rpm. The supernatant was harvested in aliquots, immediately frozen in 

liquid nitrogen and stored at -80°C. For preparation of interphase extracts confluent HeLa 

cells were washed and harvested with a cell scraper. Subsequent procedures were similar to 

those described above for mitotic extract preparation. Both extracts contained protein 

concentrations in the range of 5-10 mg/ml. 

 

Semi-intact assay 

The semi-intact assay was performed according to (Acharya et al., 1998). In brief, HeLa 

cells grown on fibronectin-coated coverslips to 90 % confluency were treated with 2 mM 

thymidine for 8 hours. The cells were washed with KHM buffer (25 mM HEPES pH 7.2, 

125 mM potassium acetate, 2.5 mM magnesium acetate) at RT, shifted to ice and washed 

again with cold KHM buffer. Permeabilization was done by incubation with 30 mg/ml 

digitonin in KHM buffer for 90 seconds at RT. After digitonin treatment, semi-intact cells 

were washed with 1 M KCl-KHM buffer to remove cytosolic proteins followed by a final 

washing step using KHM buffer. Coverslips with semi-intact cells were inverted on a 50 µl 

drop of a reaction mixture on a sheet of parafilm and incubated in a 32°C water bath for 1 

hour. The reaction mixture contained mitotic or interphase extract together with an ATP 

regenerating system (100 mM ATP, 100 mM UTP, 200 mM creatine phosphate, 2.76 mg/ml 

creatine kinase). After incubation, cells were fixed with 4 % PFA and Golgi complex was 

visualized using a rabbit Mannosidase II-specific antibody followed by an Alexa488-
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coupled anti-rabbit antibody. Golgi state was monitored using confocal laser scanning 

microscopy. 

 

Immunofluorescence and microscopy 

Transfected COS7 and MCF7 cells were grown on collagen-coated coverslips, washed with 

PBS, fixed in 4 % paraformaldehyde at room temperature for 15 minutes, washed, 

permeabilized with 0.1% Triton-X 100 (5 minutes, RT) and blocked with blocking buffer 

(5% FCS and 0.05% Tween 20 in PBS) for 30 minutes. The cells were incubated with the 

primary antibodies diluted in blocking buffer (1 µg/ml) for 2 hours, washed, incubated with 

secondary antibodies diluted in blocking buffer for 1 hour, washed, mounted in Fluormount 

G (Southern Biotechnology, AL, USA) and analyzed on a Confocal Laser Scanning 

Microscope (LSM 710, Zeiss, Germany). Nuclei were stained by incubation with 2.5 µM 

DRAQ5 (Biostatus Limited, UK) in PBS for 15 min prior to mounting. Alexa488 and GFP 

were excited with the 488 nm line of the argon laser and fluorescence was detected at 490-

550 nm. Alexa546 was excited with the 561 nm line of a diode-pumped solid state laser and 

fluorescence was detected at 560-620 nm. Alexa633 and DRAQ5 were excited with the 633 

nm line of a Helium neon laser and fluorescence was detected at 640-750 nm. Cells were 

imaged with an EC Plan-Neofluar 40.0x/1.3 Oil DIC or a Plan-Apochromat 20x/0.8 DIC 

objective lens. Images were processed with Adobe Photoshop. 

 

Golgi FRAP analysis 

To investigate membrane continuity, HeLa-ManII-GFP cells grown on glass-bottom dishes 

were transiently transfected with siRNAs. 48 hrs post transfection, half of the samples were 

incubated with 40 µg/ml bis-benzimide (Sigma-Aldrich, Germany) for 18 hours whereas the 

other cells were left untreated. Subsequently, the diffusion mobility of the ManII-GFP 

protein in living cells was imaged at RT using a laser scanning confocal microscope. Cells 

were imaged with a Plan Apochrome 63x/1.4 DIC M27 objective lens. An initial pre-bleach 

image was taken followed by bleaching the Golgi region of interest 5 times with high-

intensity laser light (488 nm line, 80 % laser power). Recovery of fluorescence in the 

bleached area was measured over time by scanning every 2 seconds. Fluorescence intensity 

values were normalized to the unbleached region.  
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Protein extraction of cells 

Whole cell extracts were obtained by solubilizing cells in hot protein sample buffer (95°C). 

After 10 min incubation at 95°C, extracts were shifted on ice and centrifuged (16,000 x g, 

15 minutes, and 4°C). Samples were subjected to SDS-PAGE. 

 

Western blotting 

Equal amounts of proteins were separated by SDS-PAGE and blotted onto nitrocellulose 

membranes (Pall, Germany). After blocking with 0.5 % blocking reagent (Roche 

Diagnostics GmbH, Germany), filters were probed with specific antibodies. Proteins were 

visualized with HRP-coupled secondary antibodies using the ECL detection system. 

 

Raf-Kinase assay 

HeLa cells were lysed in RIPA buffer (50 mM HEPES pH 7.4, 1 % Triton X-100, 0.5 % 

NaDOC, 0.1 % SDS, 50 mM NaF, 5 mM EDTA plus Complete Protease inhibitors and 

PhosSTOP (Roche Diagnostics GmbH, Germany)). For immunoprecipitation equal amounts 

of proteins were incubated with a Raf-1 specific antibody for 1.5 hours at 4°C. Immune 

complexes were collected with protein G-Agarose (KPL, USA) and washed four times with 

kinase buffer (20 mM MOPS pH 7.2, 5 mM EGTA, 25 mM b-glycerophosphate, 1 mM 

Na3VO4, 1 mM DTT). The Raf-1 kinase reaction was carried out for 30 minutes at 37°C in 

30 µl kinase buffer. Reaction was started by addition of a kinase buffer mixture containing 5 

mM ATP, 18.75 mM MgCl2 and 1 µg of purified inactive GST-MEK1 (Millipore, 

Germany). To terminate reaction, SDS-sample buffer was added and the samples were 

resolved by SDS-PAGE, blotted onto nitrocellulose and analyzed by Western blotting.  

 

3.4.4 Results  

Depletion of PKD induces an accumulation of HeLa cells in G2 stage.  

Previous studies revealed that both PKD1 and PKD2 are localized to TGN membranes to 

regulate the fission of vesicles (Yeaman et al., 2004) indicating a redundant function of the 

kinases at the Golgi. To analyze whether PKD is involved in cell cycle progression we thus 
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depleted PKD1 and PKD2 in asynchronous HeLa cells using specific siRNAs (Peterburs et 

al., 2009). Western Blot analysis proved the efficiency and specificity of the siRNAs (Figure 

1A). We then determined the mitotic index of HeLa cells transfected with a control siRNA 

(siLacZ) or with PKD1 and PKD2 specific siRNAs. To this end, HeLa cells were seeded on 

glass coverslips 48h after transfection, cells were fixed 24h later and stained with an 

antibody specific for Histone 3 phosphorylated at serine 10 (pH3), the localization pattern of 

which is characteristic for different mitotic stages (Colanzi et al., 2007). Phosphorylation of 

Histone 3 at Ser 10 starts at pericentromeric chromatin in late G2, is completed in prophase 

and decreases upon exit from mitosis (Hendzel et al., 1997). First, we evaluated the amount 

of phospho-H3 positive cells in the culture. In control cells, approximately 11.3 % stained 

positively, whereas upon PKD1/2 depletion slightly more cells were pH3 positive (12.3 %), 

pointing to an enrichment of cells in G2 and/or M phases of the cell cycle upon PKD1/2 

knockdown (Figure 1B, left). A detailed analysis and classification of the cells demonstrated 

that, in addition to late G2, all mitotic stages, including prophase, prometaphase, metaphase, 

anaphase, and telophase were present in the control sample, whereas PKD1/2 depletion 

caused an accumulation of cells predominantly in G2 stage and to a minor extent in 

prophase (Figure 1B, right). To exclude off-targets effects and prove specificity of the 

siRNAs used, we performed this experiment with independent PKD1 and PKD2-specific 

siRNAs. Indeed, depletion of PKD1 and 2 using different siRNA tools also led to an 

accumulation of cells in G2 and prophase (Supplementary figure 1) thus confirming our 

previous results.  
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Figure 1: Depletion of PKD induces an accumulation of HeLa cells in G2. HeLa cells were transfected with 

siLacZ as control or PKD1 and 2 specific siRNAs and cultured for 72h. (A) Cells were lysed and expression of 

PKD1 and PKD2 was analyzed by Western Blot analysis using specific antibodies. Detection of tubulin served 

as a loading control. (B and C) Cells were fixed and stained with a pHistone 3 (Ser10)-specific antibody and 

DRAQ5 to visualize the nucleus. (B) The amount of mitotic cells and cells in interphase was quantified. n = 

total number of cells analyzed. (C) Mitotic cells were further classified into the different mitotic phases based 

on the specific pH3 localization pattern. n = number of mitotic cells analyzed. 

 

Depletion of PKD induces a delay in G2/M transition 

To have a closer look on mitotic entry and progression, we synchronized HeLa cells at the 

G1/S border using a double thymidine block (Ma and Poon, 2011). Upon removal of 

thymidine we monitored cell cycle progression in siLacZ and siPKD1/2 transfected cells 

stained with propidium iodide by flow cytometry (Figure 2A). We found that progression 

through S phase and into G2 phase was not altered in PKD1/2 depleted cells (Figure 2A, 

lower panel) since they reached G2/M phase at the same time (8 hours after release) as 

control cells (Figure 2A, upper panel). However, control cells progressed through G2/M 

phase much faster than PKD1/2 depleted cells. This is obvious from the fact that most of 

PKD1/2 depleted cells were still in G2/M phase 10 and 12 hours after thymidine release 

(61% and 48.9% in PKD1/2 depleted cells vs. 29.5% and 8.5% in control cells). 

Furthermore, while control cells finished G2/M phase 14 hours after release, 27% of 

PKD1/2 depleted cells were still in G2/M phase. In line with this, we found that the amount 

of phospho-Histone 3 positive cells was dramatically increased in PKD1/2 depleted cells 

compared to control cells at this time point (20% in siPKD1/2 vs. 9% in siLacZ; Figure 2B). 

Thus, depletion of PKD1/2 delayed passage through the G2 and M phases of the cell cycle 

following a thymidine block. To corroborate this finding, we analyzed cell cycle specific 

phosphorylation of Cdk1/Cdc2. Cdk1/Cdc2 is a cell cycle-dependent kinase that is activated 

upon dephosphorylation of a specific tyrosine residue (Tyr-15) at the G2/M boundary, 

controlling mitotic entry and progression (Yoon et al. 2011). In control cells, Tyr-15 

phosphorylation of Cdk1/Cdc2 strongly decreased 10 hours post release, indicative of 

mitotic progression (Figure 2C). Of note, in cells lacking PKD1/2 Cdk1 was still 

phosphorylated 12 and 14 hours after release, pointing to a delay in mitotic entry. This is 

corroborated by the phosphorylation pattern of Histone 3 (Figure 2C). In control cells, 

histone phosphorylation was first detectable 8 hours after release, peaked at 10 hours, and 

decreased 12 and 14 hours after release. However, PKD1/2 depleted cells displayed a 

weaker and delayed Histone 3 phosphorylation compared to control cells. Of note, histone 3 
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phosphorylation was still at a high level 14 hours after release in PKD depleted cells, which 

is in line with a delay in mitotic progression.  
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Figure 2: Depletion of PKD induces a delay in mitosis entry. HeLa cells transfected with a control siRNA 

(siLacZ) or PKD1 and 2-specific siRNAs were synchronized at the G1/S border by a double thymidine 

treatment and released for 0, 6, 8, 10, 12, and 14 hours. (A) Cells were fixed, stained with PI to visualize G1, S 

and G2/M phases, and analyzed by flow cytometry. Percentage of cells being in G1, S, and G2/M phase is 

indicated. (B) 14 hours after release cells were fixed and stained with a pHistone 3 (Ser10)-specific antibody 

and DRAQ5 to visualize the nucleus. (C) The amount of mitotic cells and cells in interphase was quantified. n 

= total number of cells analyzed. (D) Cells were lysed and phosphorylation of Cdk1/Cdc2 and Histone H3 at 

tyrosine 15 and serine 10 was detected in Western Blot analysis using specific antibodies, respectively. 

Detection of tubulin served as a loading control. 

 

PKD is upstream of the Raf-Mek1 signaling pathway in mitotic Golgi fragmentation. 

To ensure correct partitioning between daughter cells, Golgi membranes have to be 

dispersed during a two-step fragmentation process resulting in the complete vesiculation of 

the Golgi ribbon into small vesicles (Colanzi et al., 2003a). The first step of this 

fragmentation process occurs in G2 and is characterized by the cleavage of tubular bridges 

connecting adjacent stacks. The inhibition of proteins involved in ribbon cleavage leads to 

an arrest of the cells in G2 (Colanzi and Corda, 2007). To determine the impact of specific 

kinases in Golgi dispersal during mitosis a “semi-intact assay” was used (Acharya et al., 

1998). In this assay Golgi membrane organization of permeabilized interphase cells is 

monitored upon incubation with cellular mitotic extract. To analyze whether inhibition of 

PKD impacts on mitotic Golgi fragmentation mitotic and interphase extracts of HeLa cells 

were applied to permeabilized HeLa cells and an ATP regeneration system at 32°C for 60 

min. The samples were visualized by fluorescence microscopy using a anti-Mannosidase II 

antibody. Microscopy images show that in 80 % of the cells the interphase Golgi stacks 

stayed intact when incubated with interphase extract. However, upon incubation with mitotic 

extracts Golgi membranes became fragmented in almost 90 % of permeabilized cells (Figure 

3A). Recent studies demonstrated that the cytosolic protein mitogen-activated protein kinase 

kinase 1 (MEK1) is crucial for Golgi complex break up, since the MEK1 inhibitor PD 98059 

blocked fragmentation of Golgi stacks (Acharya et al., 1998). We therefore treated 

permeabilized cells with PD 98059 or the specific PKD inhibitor CID 755673 (Sharlow et 

al., 2008). In line with previous studies inhibition of MEK1 strongly reduced the amount of 

cells harboring a fragmented Golgi down to 44% (Figure 3A). PKD inhibition was equally 

potent as inhibition by PD 98059 with approximately 60 % of permeabilized cells losing 

their ability to vesiculate Golgi membranes (Figure 3A). These data show that PKD is 

required for Golgi complex breakdown in HeLa cells during mitosis. We next wanted to 

investigate whether PKD is upstream or downstream of active MEK1. MEK1 is specifically 

activated during mitosis in a Raf-1 dependent manner (Colanzi et al., 2003b). We therefore 
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synchronized siLacZ and siPKD1/2 transfected HeLa cells at the G1/S border using a double 

thymidine block. Cells were harvested at distinct time points after release and MEK1 

phosphorylation was visualized using Western Blot analysis with a pS221-MEK1specific 

antibody. In control cells MEK1 phosphorylation starts at 6 hours after release and stays 

elevated (Figure 3B). Strikingly, PKD1/2 depletion completely blocked MEK1 

phosphorylation during mitosis (Figure 3B). We further analyzed whether Raf-1 activation 

was affected. To this end, we precipitated endogenous Raf-1 from lysates obtained from 

cells synchronized at the G1/S border (0 hours) or released for 8 hours. Precipitates were 

incubated with a GST-tagged kinase inactive MEK1 in the presence of ATP for 30 minutes. 

MEK1 phosphorylation was then monitored using the pS221 antibody. Figure 3C 

demonstrates that in control cells Raf-1 kinase activity was strongly increased 8 hours after 

release, however, depletion of PKD1/2 inhibited this increase completely. Of note, PKD did 

not directly phosphorylate Raf-1 in an in vitro kinase assay (data not shown). Taken together 

this indicates that PKD is upstream of the Raf-1-MEK1 signaling pathway in mitotic Golgi 

fragmentation. 

 

 

Figure 3: PKD is upstream of the Raf-Mek1 signaling pathway in mitotic Golgi fragmentation. (A) HeLa 

cells were grown on coverslips and synchronized with thymidine 8 hours at 37°C. Cells were then 

permeabilized by digitonin treatment and washed with 1M KCl in KHM. Afterwards the cells were incubated 

with interphase extract (IE) or mitotic extract (ME) or mitotic extract pretreated with the MEK1 inhibitor 

PD98059 (PD; 75 µM) and the PKD inhibitor CID 755673 (CID; 5 µM), respectively, and an ATP-

regenerating system at 32°C for 1 hour. The organization of Golgi membranes was monitored by fluorescence 
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microscopy using a mannosidase II specific antibody. Shown are representative images. Scale bar 10 µm. The 

left graph shows the percentage of cells with dispersed Golgi after incubation with interphase or mitotic extract 

(n = 200 cells/sample).  The right graph shows the percentage of permeabilized cells after incubation with 

mitotic extract pretreated with PD 98059 or CID 755673 (n= 150 cells/sample). (B) HeLa cells transfected with 

a control siRNA (siLacZ) or PKD1 and 2-specific siRNAs were synchronized at the G1/S border by a double 

thymidine treatment and released for the indicated time points. Cells were lysed and phosphorylation of MEK1 

was detected in Western Blot analysis using an antibody specific for phosphorylated serine 221. Detection of 

tubulin served as a loading control. (C) HeLa cells transfected with a control siRNA (siLacZ) or PKD1 and 2-

specific siRNAs were synchronized at the G1/S bordera by a double thymidine treatment, immediately 

harvested (0 hours) or released for 8 hours prior to analysis. Cells were lysed and C-Raf kinase activity was 

determined as described in the materials section. MEK1 phosphorylation was monitored using the pS221 

antibody and MEK1 and Raf-1 levels were visualized using specific antibodies as indicated. 

 

Depletion of PKD inhibits mitotic Golgi fragmentation in intact cells 

The first step in mitotic Golgi disassembly is the fragmentation of the non-compact zones of 

the Golgi ribbon. This occurs in G2 and results in the formation of isolated Golgi stacks 

(Feinstein and Linstedt, 2007). A functional block of proteins involved in this Golgi 

fragmentation step results in inhibition of the severing of the Golgi ribbon and arrest of the 

cell cycle at the G2 stage (Sutterlin et al., 2001; Hidalgo et al., 2004; Yoshimura et al., 

2005; Feinstein and Linstedt, 2007). Since our results indicate that cells accumulate in G2 

stage when PKD1 and 2 are depleted, we further investigated the morphology of the Golgi 

complex in this stage. To this end, we stained synchronized control and PKD1/2-depleted 

cells released for 8, 10, and 12 hours with the pH3-specific antibody to visualize cells in late 

G2 stage and, in addition, with a GM130-specific antibody to visualize the Golgi complex. 

Figure 4A shows representative images of pH3-positive cells demonstrating ribbon cleavage 

of tubular bridges in control cells released for 8 hours, whereas PKD1/2 knockdown cells 

showed an intact Golgi at this time point. Quantification of more than 100 pH3-positive cells 

in late G2 revealed that 72% of control cells harbored a dispersed Golgi complex whereas 

only 43% of PKD1/2 depleted cells showed this Golgi phenotype (Figure 4A, graph).  

Our previous results indicate that PKD is upstream of the Raf1-MEK pathway in mitotic 

Golgi fragmentation.  We thus investigated if a constitutive active (ca) form of MEK1 is 

able to rescue Golgi complex fragmentation and thus mitotic progression in PKD1/2-

depleted cells. To this end, we synchronized control and PKD1/2-depleted cells, with or 

without overexpression of a constitutive active form of MEK1 fused to mCherry, at the G1/S 

border. After release for 10, 12, and 14 hours, cells were fixed and stained with the pH3 and 

GM130-specific antibodies to visualize cells in G2 and M phases and the Golgi complex, 

respectively. In line with previous results (Figure 4A), quantification revealed that PKD1/2 

knockdown increased the number of pH3-positive cells (32.5% in siLacZ vs. 48.5% in 
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siPKD1/2, Figure 4B). Detailed analysis of the pH3 pattern revealed a predominant 

accumulation of PKD1/2 knockdown cells in late G2 phase (Figure 4C). Of note, expression 

of caMEK1 partially rescued PKD1/2 depleted cells from the G2 arrest allowing them to 

exit G2 and enter mitosis (Figure 4C). This is also corroborated by the finding that caMEK1 

expression reduced the amount of pH3-positive cells in PKD1/2 depleted cultures to the 

control level (Figure 4B). Finally, we specifically monitored Golgi complex morphology of 

control and PKD1/2 knockdown cells in G2 stage using fluorescence microscopy. 

Representative images are shown in figure 4D. Quantification revealed that approximately 

71% of control cells showed a dispersed Golgi complex during late G2, whereas only 48% 

of PKD-depleted cells showed this Golgi phenotype (Figure 4C). Remarkably, 

overexpression of caMEK1 restored Golgi fragmentation in PKD1/2-depleted cells to the 

control level (Figure 4C) demonstrating that MEK1 is downstream of PKD during mitotic 

Golgi fragmentation. Finally, we aimed to analyze whether PKD is crucial for the cleavage 

of the non-compact zones of the Golgi ribbon in G2 using a quantitative approach based on 

fluorescence recovery after photobleaching (FRAP) of Golgi resident enzymes (Colanzi et 

al., 2007). These enzymes diffuse along the length of the Golgi ribbon, as revealed by their 

fast FRAP. Hence, severing of tubular connections between stacks blocks diffusion of 

resident enzymes and thus impairs FRAP. HeLa cells stably transfected with the Golgi 

resident enzyme Mannosidase II fused to GFP (Man II-GFP), were either left untreated or 

accumulated in G2 stage with the topoisomerase-I inhibitor bis-benzimide (Colanzi et al., 

2007). A region corresponding to half of the Golgi complex was bleached by repeated laser 

illumination at high intensity and the FRAP of Man II-GFP was examined over time. In 

untreated control and PKD1/2 knockdown cells, recovery of Man II-GFP fluorescence was 

rapid, consistent with an intact Golgi ribbon (Figure 4E). In bis-benzimide-treated control 

cells, however, FRAP of Man II-GFP was slower and did not reach the plateau that was seen 

in untreated cells, indicating that the non-compact zones were cleaved and thus continuous 

diffusion of enzymes was interrupted (Figure 4E). By contrast, PKD1/2-depleted cells 

treated with bis-benzimide demonstrated fast FRAP comparable to that seen in untreated 

cells. Quantitative analysis of 10 cells per sample (n = 2) confirmed that bis-benzimide 

treated PKD1/2 depleted cells show a significantly increased FRAP compared to control 

cells (Figure 4F), proving that PKD1/2 knockdown cells harbor an intact Golgi ribbon in G2 

stage. Our results thus clearly show that PKD is specifically required for severing of the 

non-compact zones of the Golgi complex in G2, which is a prerequisite for cells to pass the 

G2/M Golgi checkpoint.  
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Figure 4: Depletion of PKD inhibits mitotic Golgi fragmentation in intact cells (A) HeLa cells transfected 

with the indicated siRNAs were synchronized at the G1/S border and released for 8 and 10 hours. Cells were 

fixed and stained with antibodies specific for GM130 and pH3 to visualize the Golgi apparatus and mitotic 

cells, respectively. The images show cells in G2 stage. Scale bar 10 µm. The graph displays the results of 
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quantification of cells in interphase and G2 stage harboring an intact or a dispersed Golgi complex. 100 cells 

were counted per sample. (B, C, D) HeLa cells cultured on collagen-coated coverslips were synchronized at 

the G1/S border and transfected with siLacZ or siPKD1/2. One sample of each set up was additionally 

transfected with a caMEK1- plasmid fused to mCherry. Cells were released for 10, 12, and 14 hours, fixed, and 

stained with antibodies specific for GM130 and pH3. (B) The percentage of mitotic cells and (C) the 

classification of mitotic stages was determined as described in figure 1. N indicates the total number of cells 

(B) or the number of mitotic cells (C). (D) Left: The graph displays the results of quantification of cells in 

interphase and G2 stage harboring an intact or a dispersed Golgi complex. At least 35 cells per sample were 

analyzed. Right: Representative images showing Golgi complex morphology of control cells (siLacZ), PKD1/2 

depleted cells (siPKD1/2) and siRNA-transfected cells expressing caMEK1-mCherry (siLacZ + caMEK1 and 

siPKD1/2 + caMEK1) in G2 stage. GM130 (green), pH3 (cyan), caMEK1-mCherry (red). Scale bar 10 µm. (E, 

F) HeLa cells stably transfected with Man II-GFP and transiently transfected with siLacZ or siPKD1/2 were 

left untreated (interphase) or treated with bisbenzimide (G2 block). The region marked with a rectangle was 

photobleached and FRAP was measured over time.  (E) Shown are representative images illustrating the Golgi 

complex before (pre-bleach), directly after (bleach) and during recovery (post-bleach). The bleached areas are 

delineated by white-bordered rectangles. Scale bar 10 µm. The corresponding curves show the normalized 

FRAP kinetics of interphase cells and G2-accumulated cells over time. Fluorescence recovery in bleached 

areas was monitored every 2s. Curves of fluorescence intensities were normalized to non-bleached areas. (F) 

Quantification of fluorescence recovery in the photobleached region. Shown are the mean FRAP values (± 

SEM) 300 s after bleaching. Results were obtained from analysis of 10 cells for each experimental condition, 

and from two independent experiments. Statistical significances were calculated using the Kruskal-Wallis test 

for non-parametric distributions followed by Dunn’s Multiple Comparison test. (p < 0.001= ***; p < 0.01= 

**). 

 

3.4.5 Discussion 

In this study we identify PKD as a regulator of Golgi interstack connections and a novel 

player in Golgi mitotic checkpoint control. Using a cellular reconstitution assay we provide 

evidence that PKD is necessary and sufficient for the mitotic fragmentation of Golgi 

membranes. In intact cells we further show that PKD is critical for Golgi fragmentation in 

the late G2 phase of the cell cycle and mitotic entry by activating the Raf-1/MEK1 pathway. 

The importance of the Raf-1/MEK1 pathway in Golgi mitotic checkpoint control is 

underscored by the fact that expression of active MEK1 in PKD1/2-depleted cells rescued 

the block in Golgi membrane fragmentation and mitotic entry. The role of MEK in mitotic 

Golgi fragmentation has been clarified in the past years. Inhibition of MEK1 by the use of 

specific inhibitors and depletion of MEK1 by RNAi caused cells to arrest in the G2 stage of 

cell cycle (Feinstein and Linstedt, 2007). Dispersal of Golgi membranes by brefeldin A 

treatment or Grasp65 depletion abrograted the requirement for MEK1, indicating that the 

Golgi ribbon cleavage is the essential step for mitotic entry (Feinstein and Linstedt, 2007). A 

specific function for MEK1 in the Golgi mitotic checkpoint is further supported by the 

identification of its Golgi-localized effector, Erk1c (Shaul and Seger, 2006; Shaul et al., 

2009), an Erk1 splice variant that shows increased expression during G2 and mitosis. 

Depletion of Erk1c reduced mitotic Golgi fragmentation and mitotic progression (Shaul and 

Seger, 2006). A putative downstream target of this Raf-1/MEK1/Erk1c pathway is the Golgi 
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stacking protein Grasp55 (Feinstein and Linstedt, 2008). The functional block of the Golgi 

matrix components Grasp65 (Sutterlin et al., 2005)and Grasp55 (Duran et al., 2008), 

resulted in inhibition of the severing of the Golgi ribbon and arrest of the cell cycle at the G2 

stage. 

The known PKD substrates at the Golgi complex PI4KIIIb, CERT and OSBP are involved 

in lipid metabolism and trafficking (for review see (Olayioye and Hausser, 2011)). By 

phosphorylating and regulating these substrates PKD drives the fission of Golgi-derived 

transport carriers to maintain Golgi secretory function (Hausser et al., 2005;Fugmann et al., 

2007;Nhek et al., 2010). However, in mitotic cells, overall secretory traffic is shunted 

(Kreiner and Moore, 1990; Lowe et al., 1998), suggesting that PKD substrates in interphase 

cells differ from the ones targeted in cells that are entering mitosis. Indeed, both PI4KIIIb 

and CERT show reduced localization to Golgi membranes in mitotic cells (Godi et al., 1999; 

Chandran and Machamer, 2008).  

The molecular mechanism by which MEK1 is activated in late G2 stage of the cell cycle is 

still elusive. Raf-1 is immediately upstream of MEK1 (Colanzi et al., 2003b), however, 

mitotic Raf-1 activation was found to be Ras-independent (Ziogas et al., 1998) but Pak1-

dependent (Zang et al., 2001; Zang et al., 2002). Here we show that PKD is upstream of 

Raf-1 and MEK1 in the Golgi mitotic checkpoint, which is in line with our previous 

observation that PKD can stimulate MAPK signaling through Raf-1 (Hausser et al., 2001). 

Since PKD does not directly phosphorylate Raf-1, the question of how the signal is 

transferred from PKD to Raf-1 remains to be resolved. PKD was recently identified to 

phosphorylate and activate Pak4 (Spratley et al., 2011) and Pak kinases are known to 

phosphorylate and activate Raf-1 (Zang et al., 2001; Zang et al., 2002), making it tempting 

to speculate that PKD signals through intermediary kinases such as Paks to activate the Raf-

1/MEK1 pathway. PKD activity was found to increase during mitosis and active PKD 

associated with centrosomes, spindles and the midbody in rat intestinal epithelial IEC-18 

cells (Papazyan et al., 2008). Interestingly, there is increasing evidence for functional 

interactions between the Golgi and the centrosome during mitosis (Sutterlin and Colanzi, 

2010). During G2 phase of cell cycle, centrosomes function as a scaffold for activation of 

mitotic kinases. The mitotic kinase Aurora-A, for example, is activated at late G2 phase at 

the centrosome, facilitates centrosome maturation, and induces activation of cyclin B-Cdk1 

for mitotic entry (reviewed in (Cervigni et al., 2011)). Recently, Persico and co-workers 

demonstrated that G2-specific separation of the Golgi stacks is coordinated with the 
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separation of the duplicated centrosomes. Specifically, they demonstrated that Aurora-A is 

recruited to and activated at centrosomes in G2 in a Golgi-dependent manner (Persico et al., 

2010). An intact Golgi apparatus could impede centrosome separation, and this, in turn, 

could cause a delay in G2/M transition. Thus, under normal conditions, centrosome 

duplication might generate a signal activating MEK1, which in turn promotes centrosome 

separation.  

The question remains how PKD is locally activated during G2/M transition. Treatment of 

cells with nocodozole, which disrupts the microtubule cytoskeleton and promotes the 

formation of Golgi ministacks was shown to activate PKD (Fuchs et al., 2009). 

Additionally, activation of RhoA has been shown to activate PKD (Cowell et al., 2009) and 

nocodazole induced stimulation of Raf-1 is augmented by co-expression of Pak1/2 (Zang et 

al., 2001). Interestingly, expression of constitutively active RhoA was recently reported to 

promote the fragmentation of the Golgi complex into ministacks (Zilberman et al., 2011) 

and inactivation of Rho GTPases by toxin B treatment delayed Aurora-A activation and 

histone H3 phosphorylation (Ando et al., 2007). It thus appears that the profound 

cytoskeletal rearrangements occurring at mitotic onset, emanating from the centrosome as 

the microtubule organizing center, are linked to Golgi structural organization at the level of 

PKD. In future studies it will be interesting to explore whether and how PKD and Aurora-A 

kinase functions are connected. Taken together, we provide evidence for a novel role of 

PKD in Golgi mitotic checkpoint control by acting upstream of Raf-1/MEK1. Our data 

further emphasize the importance of PKD in the maintenance of the structural integrity of 

the Golgi complex. 
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3.4.8 Supplement 

 

 

Supplementary figure 1: Depletion of 

PKD induces an accumulation of 

HeLa cells in G2. HeLa cells were 

transfected with an ON-Target plus 

Smartpool Non-targeting control or ON-

Target plus Smartpool specific for 

human PKD1 and PKD2 and cultured 

for 72h. Cells were fixed and stained 

with a pHistone 3 (Ser10)-specific 

antibody and DRAQ5 to visualize the 

nucleus. Mitotic cells were classified 

into the different mitotic phases based 

on the specific pH3 localization pattern. 

n = number of mitotic cells analyzed. 
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