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SUMMARY

The  proton  pumping  ac�vity  of  the  V-type  H+-ATPase  (V-ATPase)  complex  is  essen�al  to

maintain  the  luminal  acidifica�on  of  defined  cellular  compartments.  A  broad  range  of

physiological func�ons, e.g. the proteoly�c degrada�on within lysosomes, intracellular protein

sor�ng and signalling by the mTORC1 (mechanis�c target of rapamycin complex 1) depend on

func�onal V-ATPase complexes. In addi�on, there is an ongoing debate about a role for the

V-ATPase V0 sector in promo�ng membrane fusion processes. 

The present work addresses the influence of the V-ATPase complex on vesicle fusion events in

gene�cally defined mouse models, lacking either the V-ATPase V0 subunit a3 or the V-ATPase

accessory subunit 2 (ATP6AP2), a chaperone for V-ATPase V0 sector assembly.

In fibroblasts, a detailed characterisa�on of endosome and phagosome matura�on revealed

func�onal vesicle fusion upon knockout of the V-ATPase V0 subunit a3. Similarly, phagosome

matura�on proceeded in ATP6AP2-deficient macrophages with significantly decreased V-ATPase

V0 subunit  levels.  Even  the  pharmacological  reduc�on  of  accessible,  free  V0 sectors  or

pharmacologically  inhibited vesicle acidifica�on did not disturb the acquisi�on of  lysosomal

markers to phagosomes. In summary, neither the presence nor the ac�vity of the V-ATPase

complex were required for endocy�c and phagosomal fusion processes. Therefore, a general

fusion promo�ng influence of V-ATPases is not supported by the data obtained in this study.

Despite  of  the  V-ATPase-independent  progression  of  vesicle  fusion  in  fibroblasts  and

macrophages,  the  liver-specific  deple�on  of  ATP6AP2  led  to  a massive  accumula�on  of

endocy�c  and autophagic  vacuoles.  This  vacuolisa�on was  not  caused by a  major  block  in

lysosomal protein degrada�on or impaired vesicle  fusion along the endocy�c and autophagic

pathways.  The  V-ATPase  complex  inhibits  the  forma�on  of  autophagosomes  through  the

s�mula�on  of  mTORC1.  Unexpectedly,  mTORC1  signalling  was  increased  in  liver  lacking

ATP6AP2. Although the presence of the V-ATPase was required for the ac�va�on of mTORC1 by

amino acids, other s�mulatory pathways, e.g. PI3K/ Akt signalling, contributed to the increased

mTORC1  ac�vity  in  the  absence  of  ATP6AP2.  It  can  be  concluded  that  the  regula�on  of

autophagy is based on mul�ple pathways, such as the PI3K/ Akt signalling, in addi�on to the

V-ATPase-mediated s�mula�on of mTORC1.
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ZUSAMMENFASSUNG

Die vesikuläre H+-ATPase (V-ATPase) vermi$elt als Protonenpumpe die Ansäuerung definierter

Kompar�mente der Zelle. Auf diese Weise ermöglicht die V-ATPase eine Vielzahl physiologischer

Funk�onen,  beispielsweise die  lysosomale Proteindegradierung,  die  intrazelluläre Sor�erung

von  Proteinen  und  den  mTORC1  (mechanis c  target  of  rapamycin  complex  1)  Signalweg.

Darüber hinaus wird eine mögliche Beteiligung des V0 Komplexes der V-ATPase an der Fusion

biologischer Membranen disku�ert.

In der vorliegenden Arbeit  wurde anhand von Mausmodellen untersucht,  inwieweit sich die

genomische  Dele�on der  V0 Untereinheit  a3   bzw.  des  V-ATPase  akzessorischen  Proteins  2

(ATP6AP2), eines Assemblierungshelfers des V0 Komplexes, auf die Fusion von Vesikeln auswirkt.

Die detaillierte Analyse der Endosomen- und Phagosomenreifung in Fibroblasten demonstrierte

auch in Abwesenheit der V0  Untereinheit a3 eine funk�onale Vesikelfusion. Ebenso ha$en der

Knockout von ATP6AP2 und die daraus resul�erende, verminderte Expression von V0 Komplex

Untereinheiten  keinen  Einfluss  auf  die  Phagosomenreifung  in  Makrophagen.  Selbst  die

pharmakologische  Reduk�on frei  zugänglicher  V0 Komplexe  oder der  induzierte Ans�eg des

vesikulären  pH-Wertes  konnten  den  Transfer  lysosomaler  Markerproteine  auf  Phagosomen

nicht  beeinträch�gen.  Zusammenfassend  war  weder  die  Präsenz  der  V-ATPase  noch  ihre

Ak�vität für den Ablauf der analysierten Fusionsprozesse notwendig. Dementsprechend kann

ein fusionsfördernder Einfluss des Komplexes mit den Ergebnissen dieser Arbeit nicht bestä�gt

werden.

Obwohl  die  Vesikelfusion  in  Fibroblasten  und  Makrophagen  von  der  V-ATPase  unabhängig

ablief, führte der Leber-spezifische Verlust von ATP6AP2 zu einer vermehrten Akkumula�on von

endosomalen  und  autophagosomalen  Strukturen.  Als  Ursache  dieser  Vesikelansammlung

konnte  sowohl  eine  Blockade  des  lysosomalen  Proteinabbaus,  als  auch  eine  ausbleibende

Vesikelfusion  zwischen  endosomalen  und  autophagosomalen  Organellen  ausgeschlossen

werden. Durch die S�mula�on von mTORC1 inhibiert  die V-ATPase indirekt  die Bildung von

Autophagosomen.  Überraschenderweise  zeigte  sich  in  ATP6AP2-deple�erter  Leber  trotz

ausgeprägter Autophagie ein erhöhtes Maß an mTORC1 Ak�vität.  Zwar war die Präsenz der

V-ATPase für die Aminosäure-abhängige Ak�vierung von mTORC1 essen�ell, jedoch vermi$elte

darüber hinaus  die  S�mula�on des  PI3K/  Akt  Signalweges  eine gesteigerte  Ak�vierung  von
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mTORC1 in Abwesenheit von ATP6AP2. Daraus lässt sich ableiten, dass neben der S�mula�on

von mTORC1 durch die V-ATPase eine Vielzahl von zusätzlichen Faktoren, z. B. der PI3K/ Akt

Signalweg, zur Regula�on der Autophagie beitragen.
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1. INTRODUCTION

1.1. Vesicle fusion in biological systems

As the smallest  autonomously  living  unit,  a  cell  consists  of  various  compartments  that  are

separated  by  biological  membranes  and  designated  to  dis�nct  cellular  func�ons.  This

compartmentaliza�on  is  not  constrained  to  a  rigid  state,  but  rather  relies  on  transport

processes and interac�ons to create a func�onal meshwork. Direct contact and the fission of

vesicles from a donor compartment to subsequent fusion with an acceptor compartment are,

among others, means of oriented transmission. These vesicle fission and fusion processes are

important in many cellular aspects,  e.g. the distribu�on of newly synthesised proteins or the

sor�ng of endocy�c cargo (summarised in Huotari and Helenius, 2011). Neuronal transmission

at the synapse is also highly dependent on fusion of secretory vesicles with the presynap�c

membrane  and  illustrates  the  variety  of  applica�ons  that  are  accomplished  by  regulated

altera�ons  in  the cell´s  compartmentaliza�on state  (Sudhof  and Rizo,  2011).  Next  to  these

intracellular  events,  fusion  can  occur  between  two  or  more  cells  and  thereby  plays  an

important role in �ssue and organ development.

Due  to  a  high  degree  of  conserva�on,  current  models  of  the  mechanism  behind  fusion

processes have gained a considerable amount of knowledge from studies conducted within the

yeast  Saccharomyces cerevisiae  (summarised in  Gautreau et  al.,  2014).  This  conserva�on is

reflected  by  the  fact  that  the  proteins  required  for  yeast  vacuole  fusion  mostly  exhibit

orthologous gene products in mammalian cells. Based on ini�al findings in yeast, in vitro fusion

assays and the complete recons�tu�on of single fusion events fostered the understanding of

the mammalian fusion process and of the molecules that are involved in it. In the course of

vesicle fusion, compartments designated to fuse with each other undergo three dis�nct phases:

a tethering phase, followed by vesicle docking and finally, organelle fusion upon forma�on of a

fusion pore.

1.1.1. Vesicle tethering

An ini�al, loose contact between two vesicles is established during the phase of tethering and it

bridges distances of more than 25 nm  (Pfeffer, 1999). In the endocy�c pathway, tethering is

mediated  by  different  classes  of  tethering  factors  (summarised  in  Gautreau et  al.,  2014).
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The early endosomal an�gen 1 (EEA1) and rabenosyn-5 are two long coiled-coil proteins that

belong to one class of tethering molecules  (Simonsen et al., 1998; Christoforidis et al., 1999;

Nielsen et al.,  2000). They form dimers and bind to the small GTPase Rab5 (Ras-like protein

from rat brain 5) and phospha�dyl-inositol-3-phosphate on the endosomal membrane. 

The second class of tethering factors interacts with these long coiled-coil proteins and consists

of the two complexes 'homotypic fusion and protein sor�ng', shortened HOPS and 'class C core

vacuole/ endosome tethering', also named CORVET. Both complexes were first discovered in

yeast and appear to be conserved across species (Seals et al., 2000; Kim et al., 2001; Richardson

et al., 2004). Yeast HOPS and CORVET share a common core of the four C class vacuolar protein

sor�ng (Vps) proteins Vps11p, Vps16p, Vps18p and Vps33p and bear tethering as well as fusion

promo�ng proper�es  (Hickey and Wickner, 2010; Balderhaar et al.,  2013; Zick and Wickner,

2013). Addi�onal subunits of each complex specify their ability to bind different Rab proteins.

The be$er characterised HOPS complex binds to the protein 'yeast protein transport 7' (Ypt7p),

the  homologue  of  the  mammalian  late  endosomal  membrane  protein  Rab7,  whereas  the

CORVET complex interacts with the yeast homologue of the early endosomal Rab5 (Wurmser et

al.,  2000; Peplowska et al.,  2007; Plemel et al.,  2011; Cabrera et al.,  2013).  By implica�on,

mammalian HOPS-like proteins are thought to be involved in the tethering of Rab7-decorated

late  endosomes  and  lysosomes,  while  the  same  is  assumed  for  the  tethering  of  two

Rab5-posi�ve early endosomes by CORVET analogues  (Pryor et al.,  2004; Pols et al.,  2013).

However, mammalian HOPS complexes cannot directly a$ach to Rab7, but rather bind to the

Rab7  interac�ng  lysosomal  protein/  RILP  (van  der  Kant et  al.,  2013;  Lin et  al.,  2014).

Other fusion  processes,  like  fusion  of  secretory  vesicles  with  the  plasma membrane at  the

synapse rely on a similar tethering phase and tethering factors (reviewed in Onel et al., 2014).

1.1.2. SNARE-mediated docking

Tethering proteins can further act as adaptor molecules for upcoming fusion steps. Beside the

func�on as a tethering complex, HOPS subunits were shown to interact with vesicular soluble

N-ethylmaleimide-sensi�ve-factor  (NSF)  a$achment  receptor  (SNARE)  proteins  in  yeast  and

mammals. These SNARE proteins are required to ini�ate the next step of vesicle fusion, the

docking phase (Collins et al., 2005; Kramer and Ungermann, 2011; Lobingier and Merz, 2012). 
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During vesicle docking, the distance between the two lipid bilayers is reduced to less than five

to  ten  nm  upon  forma�on  of  trans-SNARE  complexes  (Pfeffer,  1999).  Such  a  complex  is

assembled from a total of four intertwined parallel α-helices consis�ng of one R-SNARE and one

of each of the three Q-SNARE subclasses Qa, Qb, Qc (Fasshauer et al., 1998; Bock et al., 2001).

While  the  R-SNARE  is  localised  on  one of  the  vesicles,  the  Q-SNAREs  belong  to  its  fusion

partner. The mammalian trans-SNARE complexes involved in homotypic late endosome fusion

as well as heterotypic fusion between late endosomes and lysosomes were largely analysed in

inhibitor studies and rely on the same set of Q-SNAREs, namely syntaxin 7 (Qa), V�1b (Qb) and

syntaxin 8 (Qc).  The  R-SNAREs  Vamp8  and  Vamp7  dis�nguish  between  homotypic  and

heterotypic fusion events, respec�vely (Antonin et al., 2000; Mullock et al., 2000; Ward et al.,

2000; Pryor et al., 2004). 
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In yeast homotypic vacuole fusion, trans-SNARE complex forma�on furthermore depends on an

acidic  vesicle  lumen  that  is  generated  by  the  vacuolar  H+-ATPase  (V-ATPase)  complex

(Ungermann et al., 1999). Once formed, trans-SNARE complexes display an excep�onal stability

and feature fusogenic characteris�cs that could be explained by a destabilisa�on of the lipid

bilayers  through  the  introduc�on  of  mechanical  forces  (Jahn  and  Scheller,  2006).  Thereby,

SNARE proteins  could  help  to  overcome the  energy  barrier  of  vesicle  fusion.  Upon fusion,

SNARE complexes convert from the trans to a cis-conforma�on and need to be re-transferred

into an ac�ve state as well as recycled to their donor compartments to allow the progress of

new fusion reac�ons (Fig. 1.1). The disassembly of low energy cis-SNARE complexes is mediated

by  NSF  and  its  cofactors  the  soluble  NSF  a$achment  proteins  (SNAPs),  which  u�lise  the

hydrolysis  of  ATP to provide the required energy  (Sollner et  al.,  1993; Mayer et  al.,  1996).

For subsequent re-sor�ng, SNARE proteins bind to clathrin adaptors and are transported from

the newly formed hybrid organelle independently of cargo sor�ng (Miller et al., 2007).

1.1.3. Forma,on of a fusion pore

The fusion promo�ng steps that follow SNARE pairing and lead to the final mixing of two lipid

bilayers are not yet completely understood. It could be shown that the local release of Ca2+ acts

in these late stages, as fast ac�ng Ca2+ chelators like 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-

tetraace�c  acid  (BAPTA)  and Ca2+ deple�on of  vesicles  are capable of  blocking  membrane

fusion (Peters and Mayer, 1998; Holroyd et al., 1999; Pryor et al., 2000). In yeast and mammals,

this Ca2+-mediated signalling occurs a4er the docking and forma�on of trans-SNARE complexes

and likely requires the Ca2+ sensor calmodulin.  A requirement for Ca2+ was further shown for

vesicle fusion in the Golgi apparatus and during regulated exocytosis at the synapse (reviewed

in Luzio et al., 2003). 

How the Ca2+ release is aiding the late stages of fusion mechanis�cally remains elusive. A link

from Ca2+/ calmodulin to the V-ATPase complex has been proposed in different species and

there is growing evidence for the importance of the V-ATPase in the comple�on of membrane

fusion (Peters et al., 2001; Bayer et al., 2003; Hiesinger et al., 2005; Liegeois et al., 2006; Sun-

Wada et al., 2006; Peri and Nusslein-Volhard, 2008; Zhang et al., 2008; Di Giovanni et al., 2010;

Strasser et  al.,  2011;  Poea-Guyon et  al.,  2013;  Wang et  al.,  2014).  The membrane integral

V0 sector  of  the  V-ATPase  complex  and  trans-SNARE  pairings  as  described  in  sec�on  1.1.2
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therefore  provide  the  basis  for  two models  of  a  fusion  pore,  the  last  intermediate  before

comple�on of the fusion process. 

SNARE proteins are part of the stalk hypothesis in which these par�ally s�ff proteins induce

curvature  of  membranes  un�l  the  forma�on  of  a  proteinous  fusion  pore  is  energe�cally

favoured (Jahn and Scheller, 2006). Between three and 15 trans-SNARE complexes have been

implied in one single fusion event  (Montecucco et al., 2005). The pore forma�on begins with

the mixing of the outer membrane leaflets to form the hemifusion intermediate at which fusion

can be arrested (Giraudo et al., 2005; Reese et al., 2005; Xu et al., 2005). Upon mixing of the

inner membrane leaflets, the fusion pore opens and vesicle fusion can progress (Fig. 1.1). 

A second model describes a fusion pore that is ini�ated with the aid of the V-ATPase V0 sector.

This membrane-integral part of the H+-ATPase complex is built around a highly hydrophobic,

hexameric  proteolipid  cylinder  consis�ng  of  the  V0 subunits  vacuolar  membrane  ATPase  3

(Vma3p),  Vma11p and Vma16p in  yeast  or  its  homologous  subunits  c,  c'  and c''  in  higher

eukaryotes (Hirata et  al.,  1997;  Forgac,  1999;  Wilkens et  al.,  1999)  (see  also  chapter  1.2).

Since the ini�al discovery of a fusogenic role for the V-ATPase in yeast, the associated model

has developed from a described requirement of the V-ATPase V0 sector in the membrane of

both fusion partners to the sufficiency of V0 sectors in just one of the two membranes (Peters

et al., 2001; Strasser et al., 2011). In contrast to the importance of acidifica�on for trans-SNARE

pairing, the role of the V-ATPase is limited to its physical presence and therefore independent of

the proton pumping ac�vity of the whole V-ATPase complex in these models. The current view

suggests that acyl chains from the lipid bilayer might invade a gap in the V0 sector, which is

formed upon conforma�onal changes (Clare et al., 2006; Strasser et al., 2011). This invasion will

influence the orienta�on and curvature of the lipid bilayer to allow the forma�on of a lipidic

fusion pore (Fig. 1.2). Like the SNARE-mediated fusion pore, it reflects the last stage of vesicle

fusion.  The  SNARE  proteins  have  furthermore  been  suggested  as  the  ini�ator  of  the

conforma�onal change in the yeast V0 sector (Strasser et al., 2011; Vavassori and Mayer, 2014).

Moreover,  the yeast  subunit  vacuolar  pH 1 (Vph1p)  has also  been linked to vacuole fusion

(Bayer et al., 2003) and both, its homologous a subunits and the proteolipid subunit c, emerged

repeatedly in independent studies of membrane fusion in higher eukaryotes. The rat V0 subunit

c was shown to interact with the SNARE synaptobrevin and thereby modulate neurotransmi$er

release by exocytosis  (Di Giovanni et al., 2010). Similarly, studies in  Drosophila melanogaster
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could  demonstrate  that  the  fly  homologue  of  the  V0 subunit  a1  regulates  synap�c  vesicle

release  in  associa�on  with  SNARE  complexes  (Hiesinger et  al.,  2005;  Wang et  al.,  2014).

Using chromaffin  cells  and  photoinac�va�on  of  the  V0 subunit  a1  in  mouse  and  cow,  the

V0 sector  of  the  V-ATPase  was  iden�fied  as  a  sensor  for  intra-granular  pH  that  regulates

exocytosis pH-dependently (Poea-Guyon et al., 2013). Interes�ngly, the deple�on of the same

subunit in zebrafish interferes with phagosomal fusion in microglial  cells (Peri and Nusslein-

Volhard,  2008).  In  addi�on,  muta�ons  of  the  V0 a  subunit  are  correlated  with  defec�ve

secre�on of Hedgehog-related proteins in  Caenorhabdi s elegans  (Liegeois et al., 2006) and

dele�on of the V0 subunit a3 leads to impaired secre�on of insulin from mouse pancrea�c islets

cells (Sun-Wada et al., 2006). 

Taken together, different isoforms of the V0 subunit a were found depending on the analysed

�ssue. This  further  suggests  a �ssue-specific contribu�on of  dis�nct V-ATPase complexes to

membrane fusion. 

The  common  feature  of  all  these  descrip�ons,  the  proton  pumping-independent  role  of

V-ATPases in membrane fusion, was challenged by recent observa�ons in yeast, where impaired

vacuole fusion was a$ributed to a lack of V-ATPase-mediated vesicle acidifica�on (Coonrod et

al., 2013). Therefore the nature of the linkage between V-ATPases and membrane fusion is s�ll

the topic of an ongoing debate.
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1.1.4. Meet and greet – the kiss and run hypothesis

The fusion reac�ons between dis�nct vesicles can be of either terminal or transient nature.

Terminal,  so-called  full  fusion  results  in  the  complete  blend  of  individual  compartments.

Full fusion  therefore  acts  reverse  to  vesicle  fission,  which  describes  the  budding  of  a  new

compartment up to its final dissec�on. To achieve a terminal fusion, the newly formed fusion

pore has to expand at the end of membrane fusion as it is described for full-collapse synap�c

vesicle exocytosis (Heuser and Reese, 1973).

Transient  fusion,  on the  other  hand,  allows  only  limited  mixing  of  luminal  and  membrane

contents, and it is followed by recurrent vesicle separa�on – a process termed kiss and run

(Fesce et al., 1994; Desjardins, 1995; Storrie and Desjardins, 1996). The first evidences for this

phenomenon  originate  from  studies  of  vesicle  exocytosis  e.g. at  neuromuscular  junc�ons

(Ceccarelli et al., 1973) and in mast cells (Fernandez et al., 1984; Alvarez de Toledo et al., 1993).

But also the biogenesis of  both, phagosomes and lysosomes involves such restricted fusion

steps (Desjardins, 1995; Storrie and Desjardins, 1996). During a kiss and run event, the fusion

pore will be closed a4er an undefined amount of �me. Platch-clamp experiments with mast

cells revealed a vesicle-size correlated increase in the opening �me of the pore las�ng between

milliseconds up to two seconds  (Alvarez de Toledo et al.,  1993). In macrophages, Rab5 was

suggested as a regulator of fusion pore opening dura�on (Duclos et al., 2000). 

A re-closable fusion pore could mimic the func�on of a channel for small solutes and molecules.

In this respect, the kiss and run hypothesis provides an explana�on for the observed, sequen�al

delivery of  small  and large endocy�c cargo into phagosomes and lysosomes, where smaller

molecules were the first to reach their des�na�on (Wang and Goren, 1987; Berthiaume et al.,

1995; Desjardins et al., 1997). Due to its fluctuate nature, studies of a fusion pore in events

other than vesicle exocytosis have relied on rigid snapshots for a long period of �me. With the

further  development  of  high  resolu�on  imaging  techniques,  studies  in  living  cells  could

demonstrate that indeed, in endocytosis and autophagy, a mixture of kiss and run and fusion

with subsequent fission co-exist and simultaneously contribute to content exchange between

compartments (Bright et al., 2005; Jahreiss et al., 2008).



8

1.2. The vesicular H+-ATPase complex

Apart  from the  afore  men�oned  func�on in  membrane  fusion,  the  vesicular  H+-ATPase  or

shortened  V-ATPase  complex  is  an  ubiquitously  encountered  mediator  of  essen�al  cellular

processes. V-ATPases are the major proton pumps in eukaryo�c membranes and responsible for

luminal  acidifica�on.  In  this  respect  they  facilitate  intracellular  transport  and  proteoly�c

processing, but also the entrance of various pathogens such as the influenza virus (Guinea and

Carrasco, 1995; Marjuki et al.,  2011). In specialised cells  that harbour plasma membranous

V-ATPases, these complexes enable e.g. bone resorp�on and acid secre�on (Nelson et al., 1992;

Scimeca et al., 2000). The upcoming sec�ons will focus on these func�ons and the regula�on of

the V-ATPase complex.

1.2.1. Structure and mechanism of V-ATPases

The  V-ATPases  are  mul�protein  complexes  belonging  to  a  family  of  ATP-dependent  proton

pumps.  They consist  of  14  different  subunits  that  are  arranged in  two main sectors  –  the

peripheral  V1 sector  containing  eight  and  the  membrane-integral  V0 sector  containing  six

different subunits (Fig. 1.3) (Toei et al., 2010; Co$er et al., 2015). A func�onal complex is made

of varying combina�ons of exis�ng isoforms and even splice variants of the individual subunits

(Table 1.1). 

Table 1.1: Func ons and isoforms of V-ATPase subunits

Modified from (Toei et al., 2010). 

Sector Subunit Molecular Mass Isoforms Func�on

V1

A 70 kDa - ATP hydrolysis, regulatory subunit

B 60 kDa
B1

ATP hydrolysis, ac�n binding
B2

C 40 kDa
C1

Stator and regulatory subunit, ac�n and RAVE binding
C2

D 34 kDa - Rotary subunit

E 33 kDa
E1

Stator subunit, RAVE binding
E2

F 14 kDa - Rotary subunit

G 13 kDa

G1

Stator subunit, RAVE bindingG2

G3

H 50 kDa - Stator and regulatory subunit
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Sector Subunit Molecular Mass Isoforms Func�on

V0

a 100 kDa

a1

Stator subunit, H+ transport, complex targe�ng
a2

a3

a4

d 38 kDa
d1

Rotary subunit, coupling
d2

e 9 kDa - unknown

c 17 kDa - Rotary subunit, H+ transport

c' 17 kDa - No mammalian subunit, H+ transport, assembly

c'' 21 kDa - Rotary subunit, H+ transport

The V-ATPase V0 subunit  a  is  the only  known subunit  that is  expressed in  four  isoforms in

mammalian cells. Interes�ngly, it is also the only subunit with more than one gene in yeast.

The yeast  a  subunit  isoforms  Vph1p  and  Stv1p  (similar  to  Vph1p  1)  show  dis�nct  cellular

localisa�ons. While Vph1p is located in the vacuolar membrane, Stv1p-containing V-ATPases are

found  at  the  Golgi  apparatus  (Manolson et  al.,  1994;  Kawasaki-Nishi et  al.,  2001a).

The respec�ve targe�ng informa�on is encoded in their N-terminal domain and this differen�al

V-ATPase composi�on affects the efficiencies of the proton pumps (Kawasaki-Nishi et al., 2001a;

Kawasaki-Nishi et al., 2001c). Therefore it might explain differences in the acidifica�on that is

achieved in both compartments of which the Golgi apparatus is the less acidic. 

There is no strict compartmentalisa�on of the mammalian V0 a1 to a4 subunits, but they are

also expressed with dis�nct �ssue preferences. The V0 subunit a1 is the predominant isoform in

neuronal cell  and especially found on synap�c vesicles  (Morel et al.,  2003; Hiesinger et al.,

2005; Peri and Nusslein-Volhard, 2008; Zhang et al., 2008). Among others, isoform 2 of subunit

a was found in apical endosomes in kidney proximal tubule cells (Hurtado-Lorenzo et al., 2006).

The V0 subunit a4 is also expressed in kidney, where it is located in the apical membrane of

renal  intercalated cells  and mediates  urinary  acid secre�on  (Smith et  al.,  2000;  Oka et  al.,

2001). Subunit a3, on the other hand, is present in various �ssues. It is indispensable for bone

resorp�on, because it targets the V-ATPase to the ruffled border of the resorp�on lacuna to

obtain op�mal pH condi�ons for enzyma�c matrix degrada�on (Scimeca et al., 2000; Toyomura

et al., 2003). V-ATPase V0 subunit a3 further mediates secre�on of insulin from pancrea�c islet
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cells and it is also the most prominent a isoform on lysosomes and lysosome-related organelles

(Sun-Wada et al., 2006; Tabata et al., 2008; Sun-Wada et al., 2009). 

Similar to F-type and A-type ATPases, a rotary mechanism serves to couple the hydrolysis of ATP

within sector V1 to the transport of protons across a membrane that is mediated by the sector

V0. A hexameric ring of the nucleo�de-binding subunits A and B (A3B3) builds up the cataly�c

centre of the V-ATPase in sector V1. The connec�on between this cataly�c unit and the site of

proton transloca�on in sector V0 is achieved by two types of stalks that include subunits of both

sectors each (summarised in Co$er et al., 2015). 

The central stalk, which consists of the V1 subunits D and F as well as the V0 subunit d, provides

the rotary connec�on between both sectors and conveys the energy gained by the processing

of ATP into complex movement  (Imamura et al.,  2003; Zhao et al.,  2015). The V0 subunit d

func�ons as a linker, which is localised on top of the V0 proteolipid cylinder built of the different

c subunits  (Iwata et al.,  2004).  Buried within these c subunits  are conserved, glutamic acid

residues that can be assessed through the V0 subunit a (Noumi et al., 1991; Hirata et al., 1997).

Therefore, subunit a is composed of eight transmembrane domains in its C-terminal region that

form a cytoplasmic (TM7 and TM8) and a luminal hemichannel (TM3, TM4, TM7) (Toei et al.,

2011). A cri�cal arginine residue stabilises the deprotonated glutamic acid of subunit c, so that

protons  can  be  captured  within  the  cytoplasmic  hemichannel.  Rota�on  of  the  proteolipid

cylinder then delivers the glutamic acid-bound proton across the membrane and to the luminal

hemichannel of subunit a, in which it will be released (Fig.  1.3)  (Kawasaki-Nishi et al., 2001b,

2003; Wang et al., 2004). Therefore, proton transport is always directed from the cytoplasm to

the luminal space.

The V0 subunit a is  also part of  the peripheral stalk that connects the V0 and V1 sectors by

interac�on with the V1 subunits C and H. Subunits C and H in turn bind to heterodimers of the

V1 subunits E and G that exist in triplicates in mammalian V-ATPase complexes (Fethiere et al.,

2004; Inoue and Forgac, 2005; Benlekbir et al., 2012). The peripheral stalk acts as a stator and

has to withstand the torque that develops during ATP hydrolysis and central stalk rota�on. 

An important feature of V-ATPases is their ability of reversible V0-V1 dissocia�on as a regulatory

measure. During this dissocia�on all contact sites between the two sectors have to be dissolved

and the ATPase ac�vity of free V1 sectors must be inhibited. It is assumed that the V1 subunit H

plays a significant role in ATP hydrolysis inhibi�on by binding to subunit F in free V1 sectors and
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thereby preven�ng the movement of the rotary central stalk  (Parra et al., 2000; Jefferies and

Forgac, 2008; Diab et al., 2009).

To  complement  the  structure  of  V-ATPases,  two  accessory  subunits  exist  in  mammalian

complexes that are a$ached to the V0 sector: the V-ATPase accessory protein 1/ Ac45 and the

V-ATPase accessory protein 2/ ATP6AP2, which is also known as the (pro-)renin receptor. In the

last years, both proteins have entered the focus of a$en�on as their necessity for V-ATPase

assembly and func�on was elaborated.

The type I transmembrane protein Ac45 was ini�ally iden�fied in bovine chromaffin granules

(Supek et al., 1994; Getlawi et al., 1996). It ac�vely regulates V-ATPase trafficking and func�on

in the course of vesicle secre�on (Jansen et al., 2008; Jansen et al., 2010). To do so, the full

length Ac45 has to undergo cleavage into a small N-terminal and a large C-terminal fragment,
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where  the  la$er  represents  the  ac�ve  form  of  the  protein  (Holthuis et  al.,  1999;

Schoonderwoert et al., 2002). The exact mechanism by with Ac45 influences V-ATPases is not

fully  understood,  yet.  Targeted  disrup�on  of  Ac45  expression  in  mice  is  lethal  at  an  early

embryonic stage following blastocyst injec�on (Schoonderwoert and Martens, 2002). A similar

phenotype was observed upon dele�on of the V-ATPase V0 subunit c and it was associated with

the loss of vesicle acidifica�on (Sun-Wada et al., 2000). This implies a �ght link between Ac45

and the V-ATPase in developmental func�ons. By regula�on of granular acidifica�on, cleaved

Ac45 modulates pro-hormone processing (Jansen et al., 2010). Comparable to the V-ATPase V0

subunit a3, Ac45 is further required to mediate the plasma membrane transport of V-ATPase

complexes and thus for bone resorp�on during osteoclast differen�a�on  (Feng et al.,  2008;

Yang et al., 2012). 

Like Ac45, ATP6AP2 is also a type I transmembrane protein that consists of 350 amino acids and

contains  a  large  extracellular  N-terminal  as  well  as  a  short  cytosolic  C-terminal  domain.

ATP6AP2 can be processed by the proteases furin or ADAM19 (Cousin et al., 2009; Yoshikawa et

al.,  2011). Cleavage of the full length protein results in a soluble N-terminal fragment and a

membrane-bound C-terminal fragment termed M8-9 (Fig. 1.4). This small C-terminal fragment

was  purified  in  1998  by  Ludwig  and  colleagues  as  an  accessory  protein  of  the  V-ATPase

complex, hence the name ATP6AP2 (Ludwig et al., 1998). 

The  full  length ATP6AP2,  also  called the  (pro-)renin  receptor  (PRR)  was  iden�fied in  2002,

represen�ng  a  new  member  of  the  renin  angiotensin  system  (RAS)  (Nguyen et  al.,  2002).

Its discovery  filled  a  long  exis�ng  gap  in  the  understanding  of  the  RAS,  which  mediates

hormonal  blood pressure regula�on. Before the PRR, there was no known receptor for the
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inac�ve  renin  precursor  prorenin  that  circulates  within  the  bloodstream  in  significant

concentra�ons (reviewed in Krop et al., 2013). The PRR binds both, the cleaved, enzyma�cally

ac�ve renin and the inac�ve prorenin (Nguyen et al., 2002). Binding of renin to the PRR elevates

its cataly�c ac�vity, whereas binding of prorenin to the PRR induces conforma�onal changes

that allow enzyma�c ac�vity without further proteoly�c processing (Krop et al., 2013). In both

cases,  increased  ac�on of  the  RAS  is  triggered.  The  affilia�on  of  the  PRR to  the  V-ATPase

complex  became clear  several  years  later,  because  its  knockout  in  mouse resulted in  early

lethality, a phenotype that was quite uncommon for other members of the RAS  (Methot and

Reudelhuber,  2001;  Burckle  and  Bader,  2006).  Furthermore  the  PRR  showed  a  clear

co-localisa�on with the V1 B1/2 subunit of the V-ATPase in kidney (Advani et al., 2009). Thus, to

allow thorough phenotypic analyses, �ssue-specific PRR knockout mice were designed.  

The dele�on of Atp6ap2 in podocytes and cardiomyocytes gave rise to cell mortality caused by

the accumula�on of vesicles that were filled with non-degraded material (Kinouchi et al., 2010;

Oshima et al., 2011; Riediger et al., 2011). This altera�on was clearly associated with a loss of

V-ATPase  V0 sectors  and  subsequent  impairment  in  V-ATPase  ac�vity  and  proteoly�c

degrada�on. In mouse embryonic fibroblasts lacking ATP6AP2, the V-ATPase V0 subunits as well

as  vesicle  acidifica�on were similarly  absent  (Kinouchi et  al.,  2010).  These findings  imply  a

chaperone func�on of ATP6AP2 for the V-ATPase V0 sector assembly and make ATP6AP2 an

a$rac�ve target for the genera�on of V-ATPase knockdown mice. 

Together with the V-ATPase complex, ATP6AP2 has further been brought in connec�on with the

canonical  wingless/  in  (Wnt)  signalling  pathway  (Cruciat et  al.,  2010;  Hermle et  al.,  2010;

Bernhard et al., 2012). There it was proposed to act as an adapter between the V-ATPase and

the  complex  consis�ng  of  Wnt3a,  frizzled  and  the  low-density  lipoprotein  receptor-related

protein 6 (LRP6).  The resul�ng acidifica�on of the signalling endosome is  a prerequisite for

proper pathway s�mula�on and subsequent transcrip�on of Wnt responsive genes.

1.2.3. Regula,on of V-ATPase ac,vity and func,onal implica,ons

The intracellular and intracompartmental pH underlies constant changes in response to various

s�muli. To control the ac�vity of V-ATPases is an important measure to regulate the magnitude

of proton enrichment. Since the subunit composi�on of V-ATPases influences their efficiency,

differen�al targe�ng of dis�nct V-ATPase complexes can regulate the intracellular pH (Kawasaki-

Nishi et al., 2001a; Kawasaki-Nishi et al., 2001c). The targeted delivery of individual V-ATPases
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in the course of vesicle fusion events provides an example for this. But there are also other

means  to  influence  the  V-ATPase´s  ac�vity,  one  major  mechanism  being  its  reversible

dissocia�on into separate and inac�ve V1 and V0 sectors.

In yeast, V-ATPase complex dissocia�on occurs upon glucose deple�on (Kane, 1995; Parra and

Kane, 1998). This dissocia�on requires the microtubular network, while the reversion, V-ATPase

associa�on, relies  on a protein complex termed regulator of the H+-ATPase of vacuolar and

endosomal  membranes,  shortly  RAVE  (Seol et  al.,  2001;  Xu  and  Forgac,  2001).  The

heterotrimeric RAVE complex aids to stabilise free V1 complexes during V-ATPase dissocia�on as

well as during its biosynthe�c assembly by binding to the V1 subunits E, G and C (Smardon et al.,

2002; Smardon and Kane, 2007). The switch between associa�on and dissocia�on of V1 and V0

sectors  in response  to  glucose is  controlled  by  the  Ras/  cAMP/ protein  kinase A  signalling

pathway and helps to couple nutrient availability to ATP consump�on (Bond and Forgac, 2008).

Reversible V-ATPase dissocia�on is also present in higher eukaryotes. The protein kinase A and

phospha�dylinositol-3-kinase  (PI3K)  steer  V-ATPase  assembly  in  insect  and  renal  cells,

respec�vely (Sau�n et al., 2005; Voss et al., 2007). Furthermore, during ac�va�on of dendri�c

cells V-ATPase assembly is also triggered in a PI3K-dependent manner to generate the acidic

compartments necessary for an�gen processing (Trombe$a et al., 2003; Liberman et al., 2014).

This  versa�le  regulatory  network  accounts  for  the  broad  func�onal  range  of  V-ATPase

complexes.  The proton mo�ve force that is built up by V-ATPase complexes can be u�lised to

transport  small  molecules  and  ions  across  the  membrane  to  ul�mately  generate  luminal

acidifica�on. Thereby intracellular V-ATPases provide the op�mal pH for enzyme func�on in

proteoly�cally  ac�ve  compartments,  e.g. late  endosomes,  phagosomes  and  lysosomes.

The plasma membranous V-ATPases exploit similar func�onal features to procure processes like

urine acidifica�on in the kidney and matrix resorp�on within bones (Karet et al., 1999; Scimeca

et al., 2000; Smith et al., 2000; Toyomura et al., 2003).

Low vesicular pH values generated by intracellular V-ATPases trigger the dissocia�on of receptor

ligand complexes,  which is  important upon receptor-mediated endocytosis  and in receptor-

guided  delivery  of  newly  synthesised  proteins  to  their  target  compartment  (Forgac,  2007).

The la$er  includes  protein  transport  via  the  mannose-6-phosphate  receptor  as  well  as  the

transport of β-glucocerebrosidase by the lysosomal integral membrane protein type 2 (LIMP-2)

(Zachos et al., 2012).
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Another important feature of an acidic luminal pH with respect to transport processes is the

evoked  binding  of  ADP-ribosyla�on  factor  1  (Arf1)  to  the  endosomal  membrane (Gu  and

Gruenberg, 2000). Arf1 acts as an adaptor for the coat protein complex that is required for the

budding of endosomal carrier vesicles and subsequent (re-)distribu�on of endosome-resident

cons�tuents. 

In addi�on, the gradual  acidifica�on of  newly formed endosomes is  important in  the afore

men�oned Wnt and the Notch pathway, which both depend on func�onal V-ATPase complexes

(Yan et al., 2009; Cruciat et al., 2010; Hermle et al., 2010; Vaccari et al., 2010; Bernhard et al.,

2012; Kobia et al., 2014). 

The V1 subunits B and C were shown to interact with filamentous ac�n and might be involved in

ac�n bundling (Lee et al., 1999; Vitavska et al., 2005). In epididymal clear cells and osteoclasts,

this contact was nega�vely correlated to PI3K ac�vity and par�ally pH-dependent (Chen et al.,

2004; Beaulieu et al., 2005). However the role of the V-ATPase-ac�n interplay will have to be

addressed in detail in follow-up studies.

On the downside,  various pathogens  take advantage of  the gradual  pH decrease along the

endocy�c axis and express for example pH-ac�vated fusion-promo�ng surface proteins such as

the influenza hemagglu�nin (Han et al., 2001). By fusion of the viral and endosomal membrane,

the pathogen escapes the ensued proteoly�c degrada�on. Moreover, V-ATPases at the plasma

membrane can be misused under pathogenic condi�ons. Explicitly, the metastasis of tumour

cells relies on the degrada�on of the extracellular matrix to escape the primary place of tumour

development and gain access to the blood stream (Mar�nez-Zaguilan et al., 1993; Capecci and

Forgac, 2013).

As already described for the forma�on of a fusion pore in membrane fusion (chapter  1.1.3),

there are also proposed proton pumping-independent func�ons of the V-ATPase complex. A

novel connec�on was established between V-ATPases and the mechanis�c target of rapamycin

(mTOR) complex 1/ mTORC1. This so called master regulator of metabolic func�on requires the

V-ATPase for amino acid sensing at the lysosome and subsequent ac�va�on of the complex

(Zoncu et al., 2011; Zhang et al., 2014; Jewell et al., 2015; Wang et al.,  2015). Once ac�ve,

mTORC1 promotes cell growth, while it directly inhibits autophagy and lysosomal biogenesis.

The meshwork of mTORC1 func�on and regula�on will be explained in more detail in sec�on

1.4.
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Overall, V-ATPases par�cipate in many of the most crucial processes for cellular life, and this

yields severe phenotypes,  e.g. embryonic lethality and accumula�on of autophagic vesicles in

V-ATPase  knockout  models.  Therefore  studies  on single  mechanis�c  aspects  prove  difficult,

since they have to dis�nguish between directly related and poten�ally superordinate effects

due to a defec�ve vesicle acidifica�on. 

1.3. Lysosomal processing in the endocy#c and autophagic pathways

The compartment lysosome is  a highly dynamic organelle that was ini�ally  discovered as a

source for acid phosphatase ac�vity (Duve et al., 1955; Bainton, 1981). A broad range of acid

hydrolases is enriched in the lysosomal lumen and the membrane contains a high density of

associated (LAMPs) and integral membrane proteins (LIMPs). Addi�onal lysosomal membrane

components,  e.g. V-ATPase  complexes  and  small  molecule  transporters  are  localised  to

lysosomes  and  generate  an  acidic  luminal  pH  or  help  to  redistribute  various  degrada�on

products, respec�vely (Eskelinen et al., 2003; Lubke et al., 2009). 

Because the low lysosomal pH (4.8 – 5.2) provides op�mal condi�ons for hydrolase ac�vity,

many  lysosomal  membrane  proteins  are  protected  from  proteoly�c  cleavage  by  dense

glycosyla�on  (Ohkuma and Poole,  1978; Fukuda,  1991; Schwake et  al.,  2013).  In dis�nc�on

from  late  endosomes,  lysosomes  lack  the  mannose-6-phosphate  receptor  within  their

membrane.

Lysosomes  provide  the  tools  for  the  enzyma�c  degrada�on  of  extracellular  proteins  or

nutrients. Upon endocy�c uptake of these compounds, the newly formed endosomes acquire

an acidic,  proteoly�cally  ac�ve milieu through fusion with  the storage organelles.  A  similar

delivery of proteases and microbicidal components represents the basis for the diges�on of

phagocytosed pathogens during phagosome matura�on or helps to reassimilate the cell´s own

cons�tuents in the course of  autophagy. Thereby lysosomes occupy the centre of  all  these

pathways and have to be reformed constantly (Fig. 1.5). 
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Endocytosis describes the uptake of extracellular par�cles through invagina�on of the plasma

membrane  and  subsequent  segmenta�on  of  an  endocy�c  vesicle.  Thereby  it  serves  to

incorporate  extracellular  nutrients  as  well  as  fluids  and  to  internalise  plasma  membrane

components like receptor-ligand complexes  or  lipids.  There are various means  of  endocy�c

uptake that differ in the size of the developing endocy�c vesicle or the involved coat proteins.

Three commonly known types are clathrin-mediated endocytosis, calveolin-/ flo�llin-mediated

endocytosis and macropinocytosis  (summarised in Hansen and Nichols, 2009). While clathrin-

and calveolin-1-/ flo�llin-coated endocy�c vesicles are smaller (60 – 110 nm in diameter) and
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rely on the ac�on of dynamin to pinch off, macropinosome forma�on depends on the ac�n

cytoskeleton and results in larger vesicles (up to 5 µm in diameter) (Swanson and Wa$s, 1995;

Hansen  and  Nichols,  2009).  Whether  these  endocytosis  modes  differ  in  the  upcoming

matura�on of their respec�ve endocy�c vesicles is not clarified, yet.

The  best  characterised  of  these  processes  is  clathrin-mediated  endocytosis.  Following

forma�on  of  the  clathrin-coated  vesicles,  they  deliver  their  endocytosed  cargo  to  early

endosomes in the cell periphery, where sor�ng for either recycling or degrada�on takes place.

The weakly acidic character of endosomes (pH 5.9 – 6.8) allows receptor-ligand dissocia�on and

subsequent  reuse of  the receptors upon re-transfer  to  the plasma membrane  (reviewed in

Huotari and Helenius, 2011). On the other hand, proteins that are marked for degrada�on, e.g.

by ubiquityla�on, are packed into intraluminal vesicles with the aid of the endosomal sor�ng

complexes required for transport, the ESCRT (Henne et al., 2013). This morphological change is

part of the endosome matura�on process into late endosomes/ mul�-vesicular bodies and is

accompanied by the movement of the endosomes into the perinuclear area. The pH drops to

4.9 – 6.0 and more than 30 intraluminal vesicles can be accumulated (Maxfield and Yamashiro,

1987; Huotari and Helenius, 2011).  Late endosomes pass through mul�ple fusion processes

with other late endosomes, lysosomes and endosome-lysosome hybrid organelles. Over �me,

early endosome marker proteins, e.g. EEA1 and Rab5, which are required for fusion with early

compartments, are exchanged for late markers,  e.g. Rab7, and enable fusion with other late

compartments  like  lysosomes  (Huotari  and  Helenius,  2011;  Gautreau et  al.,  2014).  Upon

acquisi�on of acid hydrolases from the lysosome, the endocytosed cargo can be dissected into

usable segments such as monosaccharides and amino acids. In this way, endocy�c degrada�on

provides the access to valuable extracellular resources.

1.3.2. Phagocy,c pathogen clearance

The endocy�c route is not restricted to fluids and non-viable par�cles. Furthermore it enables

the  entry  of  pathogens  in  a  process  termed  phagocytosis.  To  allow  the  uptake  of  such

pathogenic  organisms  into  so-called  phagosomes,  the  microbes  have  to  be  recognised  by

appropriate receptors that are expressed on the plasma membrane of and within specialised

phagocytes  and  bind to  conserved  an�genic  structures  (reviewed in  Brubaker et  al.,  2015;

Bryant et al., 2015). Protruding molecules like the bacterial sugar mannose, bacterial of fungal

lipoproteins or the fungal polysaccharide glucan are recognised ligands for plasma membranous
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pa$ern-recogni�on receptors. In addi�on, microbes that are decorated with opsonins can bind

to opsonin-specific receptors. IgG- or IgE-decorated pathogens, for example, form complexes

with receptors for the constant fragment (Fc) of the respec�ve an�body class (Unkeless et al.,

1988; van de Winkel and Anderson, 1991; Su$on and Gould, 1993). 

Upon engulfment of the pathogenic par�cles into phagosomes, these compartments have to

mature and gain microbicidal proper�es in a process comparable to the development of late

endosomes.  In the beginning of  phagosome matura�on, the vesicles  will  preferen�ally  fuse

with early endosomes and receptor molecules can be recycled back to the plasma membrane

(Mayorga et al., 1991). Upon fusion of early phagosomes with late endosomes, they acquire

membrane proteins that allow further fusion with lysosomes as well as decrease their luminal

pH by increasing the presence and ac�vity of V-ATPases. Phagosome matura�on terminates in

the delivery of lysosomal content or even full fusion with lysosomes to form a phagolysosome

(Desjardins et al., 1994; Desjardins et al., 1997). Degrada�on of the pathogens is then achieved

with the aid of hydrolases, specific microbicidal pep�des and the genera�on of reac�ve oxygen

species.

Through  the  neutralisa�on  of  pathogens,  professional  phagocytes,  e.g. macrophages  and

dendri�c cells are a major part of the innate immune system. They further help to induce a

more specific, adap�ve immune response by presen�ng an�genic pep�des on their cell surface

that are derived of the degraded pathogens and can subsequently ac�vate T and B cells.

1.3.3. Autophagy and nutrient recycling

Apart  from the  uptake  of  extracellular  par�cles,  cells  recycle  intracellular  components  in  a

process called macroautophagy (herea4er referred to as autophagy) to meet their demand for

essen�al  nutrients.  In  this  process,  cellular  cons�tuents  are  segregated  into  individual

compartments, the autophagosomes that will mature and obtain degrada�ve quali�es upon

fusion with lysosomes. Hence, engulfed par�cles can be broken down into reusable elements

(summarised  in  McEwan  and  Dikic,  2011).  Autophagy  can  have  either  a  selec�vely  or  a

non-selec�ve mode of opera�on. While selec�ve autophagy is a propagated measure of protein

quality control, the non-selec�ve autophagy randomly processes cellular contents to provide a

sufficient amount of nutrients during periods of amino acid depriva�on. 

The forma�on of an isola�on membrane represents the first step of autophagy. The genera�on

of this lipid bilayer is �ghtly coupled to the ac�vity of an ini�a�on complex surrounding the
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uncoordinated-51 (unc)-like kinase 1 or 2 (ULK1/ 2 complex) and to the recruitment of the PI3K

class-III (PI3KC3) complex that is triggered upon ULK-mediated phosphoryla�on. A$racted by

newly generated phospha�dylinositol-3-phosphate, autophagy-related (Atg) proteins arrive at

the site of  the isola�on membrane and contribute to its  elonga�on  (summarised in Tanida,

2011; Wirawan et al., 2012). During growth of the newly formed phagophore a cleaved form of

the  microtubule-associated  protein  1A/  1B-light  chain  3  (LC3),  LC3-I  is  conjugated  to

phospha�dylethanolamine  to  form  LC3-II  and  incorporated  into  the  autophagosomal

membrane (Kabeya et al., 2000; Kabeya et al., 2004). Once the autophagosome is completed,

LC3-II  is  ac�vely  removed  from  the  outer  membrane,  while  LC3-II  located  at  the  inner

membrane will be degraded in the course of autophagosome matura�on. The conversion of

LC3-I to LC3-II and subsequent LC3-II proteolysis are o4en used as markers for autophagic flux.

Early  autophagosomes  will  encouter  endocy�c  vesicles  in  various  fusion  and  kiss  and  run

processes  (Jahreiss et al., 2008; Tong et al., 2010). The combina�on of autophagosomes with

early and late endosomes yields an amphisome that features a decreased luminal pH and late

endocy�c marker proteins. Amphisomes then fuse with lysosomes and aquire acid hydrolases

to degrade the autophagic  cargo.  However,  amphisome forma�on is  not  a  prerequisite  for

fusion  with  lysosomes,  since  autophagosomes  can  also  directly  merge  with  the  storage

organelles (Liou et al., 1997). 

Since high rates of autophagy (i.e. more than protein synthesis and organelle biogenesis) would

lead  to  the  destruc�on  of  a  cell,  the  process  is  strictly  regulated  in  mul�ple  instances.

The switch between cell growth and the supply with nutrients by cellular degrada�on processes

is among others controlled by the afore men�oned mTOR complex 1.

1.4. Mechanis#c target of rapamycin complex 1

Environmental and intracellular signals are integrated by the mechanis�c target of rapamycin

complex 1 (mTORC1) to balance anabolic and catabolic processes within the cell and modulate

cell  growth. The conserved serine-threonine kinase mTOR was named according to its ini�al

discovery as an effector of the immunosuppressive macrolide rapamycin and represents the

heart of the two independently formed complexes mTORC1 and mTORC2 (Brown et al., 1994;

Saba�ni et al., 1994; Sabers et al., 1995). Although both complexes contribute to prolifera�on

and cell growth, mTORC1 exerts the major func�on in metabolic control. 
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Both,  mTORC1  and  mTORC2  share  common  and  complex-specific  subunits  (Laplante  and

Saba�ni,  2012).  Belonging specifically  to  mTORC1 are the kinase  inhibitor  proline-rich Akt1

substrate  1  (PRAS40)  as  well  as  the  regulatory-associated  protein  of  mTOR  (Raptor)  that

influences  mTORC1  localisa�on  and  substrate  binding.  Since  mTORC1  is  the  modulator  of

mul�ple cellular processes, the complex and its effectors are quite thoroughly controlled and
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the regulatory mesh is entangled in various cross-connec�ons. S�ll, mTORC1 is also associated

with  various  pathological  situa�ons,  e.g. type-2  diabetes,  cancer,  and  neurodegenera�on.

The upcoming sec�ons aim to give an overview on the ac�va�on of mTORC1 and its func�on

(Fig. 1.6).

1.4.1. Modes of mTORC1 ac,va,on

Ac�vity of mTORC1 can be triggered by either intracellular amino acid pools or extracellularly

ini�ated signalling of growth factors and pep�de hormones. Depending on the s�mulus, dis�nct

routes lead from the source of input to the ac�va�on mTORC1. 

The  presence  of  essen�al  amino  acids  is  sensed  either  in  the  cytoplasm  or  the  lumen of

lysosomes.  It  is  suggested  that  different  amino  acids  have  dis�nct  sensors  within  the  cell.

Recogni�on of arginine and glutamine takes place in the lysosome and requires the member 9

of the solute carrier family 38 (SLC38A9) as an amino acid transporter and/ or the V-ATPase

complex (Zoncu et al., 2011; Jewell et al., 2015; Jung et al., 2015; Rebsamen et al., 2015; Wang

et al.,  2015).  Mechanis�cally  s�ll  not fully  clarified, lysosomal  amino acids are proposed to

ac�vate mTORC1 by inducing the lysosome-associated Ragulator complex and the Ras-related

GTP-binding  (Rag)  proteins  RagA  to  RagD.  This  machinery  in  turn  recruits  mTORC1  to  the

lysosomal surface, a process that is  mediated by specific interac�ons between the mTORC1

component Raptor and the Rags (summarised in Bar-Peled and Saba�ni, 2014). The V-ATPase/

Ragulator axis is also implied in controlling the AMP-ac�vated kinase ac�vity, which represents

another master regulator of metabolic pathways (Zhang et al., 2014).  

The transloca�on of mTORC1 to the lysosome is necessary for subsequent ac�va�on of the

kinase mTOR by the lysosome-resident Ras homologue enriched in brain (Rheb) (Saucedo et al.,

2003;  Stocker et  al.,  2003; Long et  al.,  2005).  Both the V-ATPase and SLC38A9 are directly

involved in this signalling cascade. Overexpression studies using HEK 293T cells demonstrated a

direct and amino acid-dependent interac�on between the V-ATPase and the mTORC1 recrui�ng

Ragulator subunits p14 and p18 (Zoncu et al., 2011). Knockdown of the V-ATPase V0 subunit c

furthermore decreased the response of mTORC1 to amino acid s�mula�on (Zoncu et al., 2011;

Jewell et al., 2015). Similarly, deple�on of SLC38A9 renders mTORC1 insensi�ve to ac�va�on by

dis�nct amino acids, e.g. arginine (Jung et al., 2015; Rebsamen et al., 2015; Wang et al., 2015).

Addi�onal  immunoprecipita�on  experiments  using  overexpressed  SLC38A9  demonstrated  a

physical connec�on between the amino acid transporter and V1 and V0 subunits of the V-ATPase



1. INTRODUCTION 23

(Wang et al., 2015). However, whether both components act synergis�cally or in parallel means

has to be further elucidated.

In  addi�on,  sensing  of  leucine also  takes  place  within  the  cytoplasm  and  by  the  mTORC1

inhibi�ng  protein  sestrin  2  that  belongs  to  another  branch  of  mTORC1  regula�on

(Chantranupong et al., 2014; Wolfson et al., 2015). Sestrin 2 exerts its func�on via the Gator

supercomplex that acts as a GTPase ac�va�ng protein (GAP) for the Rags A and B and therefore

influences mTORC1 transloca�on to the lysosome. Following the binding of leucine, sestrin 2 is

inhibited and the Gator supercomplex releases RagA and B for upcoming mTORC1 induc�on.

The presence of  intracellular  amino  acids further  provides  the  basis  for  mTORC1 signalling

triggered by extracellular s�muli. Upon elucida�on by growth factors, e.g. the epidermal growth

factor  (EGF),  receptor  tyrosine  kinases  ini�ate  canonical  kinase  cascades  that  trigger  the

ac�va�on of PI3K. Phospha�dylinositol (3,4,5)-trisphosphate produced by PI3K then recruits the

protein  kinase  B/  Akt  and  is  also  involved  in  its  excita�on  (Laplante  and  Saba�ni,  2012).

Origina�ng from Akt, mTORC1 is influenced by both, direct and indirect routes. The mTORC1

component  PRAS40  is  directly  phosphorylated  by  the  kinase  Akt,  which  diminishes  the

PRAS40-inhibitory effect and allows subsequent mTORC1 ac�va�on (Sancak et al., 2007; Vander

Haar et al., 2007; Wang et al., 2007). Furthermore Akt silences the tuberous sclerosis complex

(TSC) consis�ng of TSC1, TSC2 and TBC1D7 (Dibble et al., 2012). This TSC works as a GAP for the

small GTPase Rheb that interacts with mTORC1 at the lysosome (Inoki et al., 2002; Inoki et al.,

2003; Tee et al., 2003). Hence, by blocking TSC, Akt triggers a second, indirect s�mula�on of

mTORC1 and therefore occupies a dual role in mTORC1 ac�va�on. In addi�on, growth factors

and pep�de hormones exert  a posi�ve effect on prolifera�on via the Ras-induced mitogen-

ac�vated protein (MAP) kinase cascade (reviewed in Meister et al., 2013).

1.4.2. Physiological relevance of mTORC1

Under nutrient-rich condi�ons, ac�ve mTORC1 promotes cell prolifera�on, energy metabolism

and the biosynthesis of proteins as well as lipids. Simultaneously, mTORC1 inhibits the cellular

recycling by interference with autophagy and excessive lysosomal degrada�on. This is achieved

through the phosphoryla�on of dis�nct mTORC1 downstream targets, among them a mul�tude

of transcrip�on factors.
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The mTOR complex 1 conveys a broad influence on the processes involved in protein synthesis

(summarised in Tee and Blenis, 2005; Magnuson et al., 2012). A major mTORC1 substrate is the

eukaryo�c ini�a�on factor 4E (eIF4E)-binding protein 1 (4E-BP1) that, upon phosphoryla�on by

mTORC1, releases the eIF4E to trigger cap-dependent mRNA transla�on (Brunn et al., 1997;

Hara et al., 1997; Burne$ et al., 1998). A second mTORC1 effector, the 70 kDa ribosomal S6

kinase  1  (p70S6K),  posi�vely  influences  mRNA  transcrip�on  as  well  as  transla�on,  when

ac�vated  by  phosphoryla�on  (Brown et  al.,  1995;  Burne$ et  al.,  1998).  To mediate  these

func�ons,  the  p70S6K itself  has  several  downstream targets  that  include  the  ribosomal  S6

protein  and  the  eukaryo�c  elonga�on  factor  2  kinase  (eEF2K).  Addi�onally,  biogenesis  of

ribosomal and transfer RNA is induced upon mTORC1 s�mula�on through phosphoryla�on of

the tripar�te mo�f-containing protein 24 (TIF-1A) and the RNA polymerase III repressor Maf1,

respec�vely (Mayer et al., 2004; Kan�dakis et al., 2010; Shor et al., 2010).

To promote cell growth, mTORC1 further provides the required material for the construc�on of

membranes and their enlargement. The transcrip�on factors sterol regulatory element-binding

proteins 1 and 2 (SREBP1/ 2) regulate the expression of important genes for fa$y acids and

cholesterol synthesis and can be ac�vated by mTORC1 in several ways (Porstmann et al., 2008;

Duvel et al., 2010; Li et al., 2010). SREBP1/ 2 processing that is needed for efficient nuclear

entry of the transcrip�on factors is supported by the p70S6K in a yet elusive manner. Within the

nucleus,  SREBPs  are  inhibited  by  Lipin-1,  another  direct  target  of  mTORC1.

Upon phosphoryla�on  of  Lipin-1,  this  nega�ve  regulator  is  excluded  from the  nucleus  and

SREBP1/  2  are  released  to  mediate  lipid  synthesis  (Peterson et  al.,  2011).  Uptake  and

esterifica�on of fa$y acids is furthermore promoted by mTORC1-dependent regula�on of the

peroxisome proliferator-ac�vated receptor γ (Kim and Chen, 2004; Zhang et al., 2009).

Since prolifera�on consumes a considerable amount of cellular energy resources, mTORC1 is

also  linked  to  glucose  metabolism  and  mitochondrial  biogenesis.  The  hypoxia-inducible

factor 1 α (HIF1α) elevates the mRNA abundance for proteins involved in glucose transport and

glycolysis. Therefore, increased HIF1α mRNA transla�on mediated by mTORC1 promotes ATP

produc�on  (Laughner et al., 2001; Hudson et al., 2002; Brugarolas et al., 2003; Duvel et al.,

2010). Next to that, mTORC1 ac�va�on is associated with increased amounts of mitochondrial

DNA and genes that are involved in cellular respira�on, and thus again supplies energy in the

form of ATP  (Cunningham et al.,  2007; Koyanagi et al.,  2011).  Hence, the balance between

energy-supplying and energy-consuming processes is controlled by ac�ve mTORC1.
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At  the  same  �me,  parallel  mTORC1  ac�ons  compromise  the  ini�a�on  of  autophagy  and

proteoly�c  cleavage  within  lysosomes.  The  autophagy-ini�a�ng  ULK  complex  is  directly

phosphorylated and thereby  inac�vated by mTORC1  (Ganley et  al.,  2009;  Hosokawa et  al.,

2009;  Jung et  al.,  2009).  In  addi�on,  other  autophagy-regula�ng  proteins,  e.g. the  death-

associated  protein  1,  are  influenced  by  mTOR  phosphoryla�on  (Koren et  al.,  2010).

The expression of  many autophagic  as  well  as  lysosomal genes is  also  steered by mTORC1.

The transcrip�on  factor  EB  (TFEB),  a  helix-loop-helix  leucine  zipper,  binds  to  coordinated

lysosomal expression and regula�on (CLEAR) mo�fs in such genes to drive their transcrip�on

(Sardiello et al., 2009; Palmieri et al., 2011; Se$embre et al., 2011). However, cytosolic TFEB is

phosphorylated by mTORC1, which facilitates binding of 14-3-3 proteins to the transcrip�on

factor  and  prevents  its  nuclear  transloca�on  (Se$embre et  al.,  2011;  Mar�na et  al.,  2012;

Roczniak-Ferguson et al., 2012; Se$embre et al., 2012). Thereby, mTORC1 interferes with TFEB

func�on and the progression of autophagy and lysosomal biogenesis whenever nutrients are

available.

1.5. Aim of this disserta#on

Although the connec�on between V-ATPases and membrane fusion was revealed more than

ten years ago, the nature of this involvement remains part of an ongoing debate. Past data

include a variety of species but mostly lack mammalian representa�ves. The present thesis aims

to clarify the requirement for V-ATPases in the late steps of membrane fusion in the mouse

model and relate it to either the proton pumping ac�vity or the sole presence of the protein

complex. 

In two independent gene�c approaches, one specific subunit of the V-ATPase, the V0 subunit

a3,  or  a  chaperone  for  V-ATPase  assembly,  the  V-ATPase  accessory  protein  2,  should  be

analysed for  their  contribu�on to membrane fusion upon knockout  in mice.  Both a$empts

appeal  to  alter  the  physical  presence  of  the  V-ATPase  complex  by  either  changing  its

composi�on or reduce its overall assembly rate. Impairments in the fusion between lysosomes

and  endocy�c  organelles  resul�ng  from  these  altera�ons  should  be  characterized  using

in cellulo experimental analyses. In addi�on, the importance of the V-ATPase´s proton pumping

func�on should be addressed in dis�nct pharmacological advances by u�liza�on of established

pH modulators.
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By unravelling the significance of V-ATPases in vesicle transport and thereby membrane fusion,

this thesis aims to strengthen one of the sites in the ongoing discussion and help the current

understanding of vesicle merger.

In  an extended analysis  of  intracellular  transport  routes  that were reported to rely  on the

V-ATPase  complex,  the  flow  of  autophagy  should  be  studied  in  the  V-ATPase  knockdown

animals. This autophagic flux is furthermore bound to V-ATPases through the regula�on of the

mTORC1. Hence, the ac�vity of mTORC1 should be assessed and related to the expression level

of V-ATPase complexes and the rate of autophagic clearance. In this respect, the conducted

work might imply in vivo func�ons of the V-ATPase in autophagy and mTORC1 signalling.
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2. MATERIAL AND METHODS

2.1. Material

2.1.1. Laboratory chemicals

Unless stated otherwise, all chemicals were purchased with the purity grade pro analysi (p.a.)

and from Sigma-Aldrich, Carl Roth, AppliChem or Merck. 

2.1.2. Bacteria

Amplifica�on  of  plasmid  DNA  was  conducted  using  Escherichia  coli XL1-blue

(Agilent Technologies).

Genotype: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F ́ proAB lacIqZΔM15 Tn10 (Tetr)]

2.1.3. Cell lines

Table 2.1: List of cell lines

Cell line Descrip�on Reference

Tcirg1+/+ #9 (wild-type) Mouse embryonic fibroblasts,

SV40 Large T an�gen-immortalised

Prof. Dr. Uwe Kornak

(Charité Berlin)Tcirg1oc/oc #7 (a3-/-)

Tcirg1+/+ FcγRII #9/1-8 (wild-type)
Mouse embryonic fibroblasts,

SV40 Large T an�gen-immortalised,

stably FcγRII-myc expressing

(FcγRII-myc/ pcDNA4™/TO) Generated in the

course of this thesis

Tcirg1oc/oc FcγRII #7/1-2 (a3-/-)

Atp6ap2+/Y #7A (wild-type) Mouse embryonic fibroblasts,

SV40 Large T an�gen-immortalised,

stably Cre recombinase expressing

(pCAG-Cre:GFP/ pGK-hyg)
Atp6ap2flox/flox #6A (Atp6ap2 

knockout)

CathepsinD-/-

Mouse embryonic fibroblasts,

SV40 Large T an�gen-immortalised

(Sa4ig et al., 1995)

CathepsinL-/- (Roth et al., 2000)

2.1.4. Transgenic mouse lines

Table 2.2: Transgenic mouse lines

Mouse strain Mouse strain (full name) Source Reference

Atp6ap2 flox B6-Atp6ap2tm1Aich 
 Dr. Atsuhiro Ichihara 

(Tokyo Women´s Medical University)

(Kinouchi

et al., 2010)

Mx1-Cre B6.Cg-Tg(Mx1-cre)1Cgn/J The Jackson Laboratory
(Kuhn et al.,

1995)
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Mouse strain Mouse strain (full name) Source Reference

LysM-Cre B6.129P2-Lyz2tm1(cre)Ifo/J Prof. Dr. Börn Rabe (University Kiel)
(Clausen et

al., 1999)

Rosa26-EYFP
B6.129X1-

Gt(ROSA)26Sortm1(EYFP)Cos/J

Prof. Dr. Radislav Sedlacek (Academy

of Science of the Czech Republic)

(Srinivas et

al., 2001)

2.1.5. Cell culture media, addi,ves and fluorescence probes

Bafilomycin A1 Calbiochem

Bovine serum albumin (BSA) Roth

BSA-gold CMC Utrecht

Collagen type VII from rat tail Sigma-Aldrich

Dextran-FITC Life Technologies

Dextran-Oregon Green® 514 Life Technologies

Dextran-Texas Red® Life Technologies

DQ™ Red-BSA Life Technologies

Dulbecco´s Modified Eagle Medium (DMEM) Life Technologies

DMEM with stable L-glutamine Sigma-Aldrich

Earle´s Balanced Salt Solu�on (EBSS) Sigma-Aldrich

Fetal bovine serum (FBS) Biochrom

Hygromycin B Gold™ InvivoGen

LysoTracker® Red DND-99 Life Technologies

Nigericin AppliChem

Penicillin-Streptomycin Life Technologies

Polyethylenimin Max MW 40,000 (PEI) Polysciences 

Polystyrene latex beads (d = 1.1 µm) Sigma-Aldrich

Trypsin/EDTA Sigma-Aldrich

Zeocin™ InvivoGen



2. MATERIAL AND METHODS 29

2.1.6. An,bodies

Table 2.3: Primary an bodies

An�gen Clonality Host Relevant dilu�on Reference

β-ac�n polyclonal Rabbit 1:2000 (WB) Sigma-Aldrich #A2066

ATP6AP2 polyclonal Rabbit 1:500 (WB)
Pineda An�body Service

(Kissing et al., 2015)

Cathepsin D polyclonal Rabbit
1:500 (WB)

1:100 (IF)

Prof. Dr. Stefan Höning (University 

Cologne) #sII10

Cathepsin L polyclonal Goat 1:500 (WB) R&D Systems #AF1515

EEA1 monoclonal Rabbit 1:100 (IF) Cell Signaling Technology #3288

F4/80 monoclonal Rat 1:200 (F) Ebioscience #17-4801 

GAPDH polyclonal Rabbit 1:5000 (WB) Santa Cruz Biotechnology #sc-25778

GM130 monoclonal Mouse 1:100 (IF) BD Biosciences #610823

KDEL monoclonal Mouse 1:300 (IF) Enzo Life Sciences #ADI-SPA-827 

LAMP-1 monoclonal Rat 1:250 (IF) DSHB #1D4B

LAMP-2 monoclonal Rat
1:1000 (WB)

1:50 (IF)
DSHB #Abl93

LC3 polyclonal Rabbit
1:1000 (WB)

1:500 (IF)
MBL #PM036

mTOR monoclonal Rabbit
1:2000 (WB)

1:200 (IF)
Cell Signaling Technology #2983

Myc-tag monoclonal Mouse 1:5000 (WB) Cell Signaling Technology #2276

p14 monoclonal Rabbit 1:1000 (WB) Cell Signaling Technology #8145

p18 monoclonal Rabbit 1:1000 (WB) Cell Signaling Technology #8975

p62 polyclonal Rabbit 1:2000 (WB+IF) Enzo Life Sciences #BHL-PW-9860

p70S6K polyclonal Rabbit 1:500 (WB) Cell Signaling Technology #9202

Phospho-p70S6K 

(Thr389)
polyclonal Rabbit 1:2000 (WB) Cell Signaling Technology #9205

PRAS40 monoclonal Rabbit 1:2000 (WB) Cell Signaling Technology #2691

Phospho-PRAS40 

(Thr246)
monoclonal Rabbit 1:2000 (WB) Cell Signaling Technology #2997

Rab5 monoclonal Mouse 1:30 (IF) Synap�c Systems #621.3

RagA monoclonal Rabbit 1:1000 (WB) Cell Signaling Technology #4357

RagC monoclonal Rabbit 1:2000 (WB) Cell Signaling Technology #5466

Tubulin monoclonal Mouse 1:5000 (WB) DSHB #E7

V-ATPase V0 a1 polyclonal Rabbit 1:500 (WB)

Prof. Dr. Beth S. Lee (The Ohio State 

University College of Medicine) 

(Manolson et al., 2003)
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An�gen Clonality Host Relevant dilu�on Reference

V-ATPase V0 a2 polyclonal Rabbit 1:2000 (WB) Abcam #ab96803

V-ATPase V0 a3 polyclonal Guinea pig
1:500 (WB)

1:100 (IF)

Prof. Dr. Thomas Jentsch (MDC/FMP 

Berlin) (Lange et al., 2006)

V-ATPase V0 c polyclonal Rabbit 1:2000 (WB)
Pineda An�body Service

(Kissing et al., 2015)

V-ATPase V0 d1 polyclonal Rabbit 1:2000 (WB) Proteintech Group #18274-1-AP

V-ATPase V0 B2 monoclonal Rabbit 1:2000 (WB) Cell Signaling Technology #14617

Dilu�on factors are presented for Western bloPng (WB), flow cytometry (F) or immunofluorescene (IF)

Purified human IgG (#I4506)  and IgG from mouse serum (#5381)  for  unspecific latex  bead

opsonisa�on were purchased from Sigma-Aldrich.

Table 2.4: Secondary an bodies

An�body Coupled to Host Relevant dilu�on Reference

An�-goat

Horseradish-

Peroxidase

Rabbit

1:15,000

Dianova #305-035-003 

An�-guinea pig Donkey Dianova #706-035-148 

An�-mouse Sheep Dianova #515-035-062

An�-rabbit Goat Dianova #111-035-144

An�-rat Goat Dianova #112-035-143

An�-rabbit IRDye® 800CW Donkey 1:10,000 LI-COR® #926-32213 

An�-goat

AlexaFluor® 488,

594, 647, 680

Donkey

1:300 – 1:500 Cell Signaling Technology

An�-guinea pig Goat

An�-human Goat

An�-mouse Goat/ donkey

An�-rabbit Goat/ donkey

An�-rat Goat

2.1.7. Enzymes

DreamTaq™ DNA Polymerase Thermo Fisher Scien�fic

Proteinase K Roche
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2.1.8. Oligonucleo,des

Table 2.5: List of oligonucleo des used for genotyping

Oligonucleo�de name Sequence 5' - 3'

Tcirg1oc forward 1 GCC TTC CAG AGA CGC TTC GTG

Tcirg1oc forward 2 TGT TTA GAA GCA GCC GCT CTG

Tcirg1oc reverse GTT TAT CTC CTC ACT CAC ATC

Atp6ap2flox forward GGG GGG TAA ATT GTT GAT GAG TCT TGG AGC ATA GC

Atp6ap2flox reverse GAA GCC CAT GGA CAG TGC AGC TAC GTC TGG GAT TCG A

Sry forward TGG GAC TGG TGA CAA TTG TC

Sry reverse GAG TAC AGG TGT GCA GCT CT

Cre recomb. forward GCA TAA CCA GTG AAA CAG CAT TG

Cre recomb. reverse GAC ATG TTC AGG GAT CGC CAG G

Rosa26-EYFP forward wt GGA GCG GGA GAA ATG GAT ATG

Rosa26-EYFP forward insert AAG ACC GCG AAG AGT TTG TC

Rosa26-EYFP reverse AAA GTC GCT CTG AGT TGT TAT

Table 2.6: List of oligonucleo des and hydrolysis probes (UPL, Roche) used for qPCR

Gene Oligonucleo�de sequence 5' - 3' UPL #

Actb NM_007393.3 
Le4 CTA AGG CCA ACC GTG AAA AG

64
Right ACC AGA GGC ATA CAG GGA CA

Atg10 NM_025770.3
Le4 TGG GAA GGT GTT CAT GAG TG

1
Right GCC CAA GTA TTG GAT GTT CC

Atg9a NM_001003917.3
Le4 CGA GGC TGG TAA CTG GAA TC

105
Right GCC CTG GTT GGA CAG TTG

Atp6v0a1

NM_001243050.1

NM_001243051.1

NM_001243049.1

NM_016920.3

Le4 ACC GTG GCT ATC CTG CTG

69

Right CCC AGT GTA GAA TTT GTT CTG GA

Atp6v0a2 NM_011596.4 
Le4 TCC CGC CTT AGA GAA CGA C

33
Right CTG AAT CAG GCC AGA AAC G

Atp6v0a4 NM_080467.3 
Le4 GAT GCT GAG ACC CCT CTC C

80
Right TGC AGC TCT CCT TCC AAC TT
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Gene Oligonucleo�de sequence 5' - 3' UPL #

Atp6v0c NM_009729.3
Le4 GTC CGC CAT GGT CTT CAG

46
Right CAG CTC TGG CCT CAT GAC T

Atp6v0d1 NM_013477.3
Le4 CAA TGC CAT TCT GGT GGA C

15
Right TTT CGG ATT ATC TCG ATG TTC A

Atp6v0d2 NM_175406.3
Le4 AAG CCT TTG TTT GAC GCT GT

47
Right GCC AGC ACA TTC ATC TGT ACC

Atp6v1a NM_007508.5
Le4 CCA TTA TCC GGG AGC ACA T

25
Right CTC GCC ATC TTT CAC TGG AT

Atp6v1b1 NM_134157.2
Le4 CAT TGA CAA AGG ACC TGC TG

53
Right GGT CAT GGG GAT TGA TTG G

Atp6v1b2 NM_007509.3
Le4 ACA TGA GCT CCT ACG CTG AAG

103
Right TCA TAG ATT GTG GCT AAG TCG GTA

Bnip3 NM_009760.4
Le4 CCT GTC GCA GTT GGG TTC

52
Right GAA GTG CAG TTC TAC CCA GGA G

Clcn7 NM_011930.3
Le4 CCT GTG GTG GAG GAT GTA GG

20
Right ATA AGC TGG GAA CGC AGG AT

Fbxo32 NM_026346.3
Le4 AGT GAG GAC CGG CTA CTG TG

53
Right GAT CAA ACG CTT GCG AAT CT

GluI
X16314.1

AY044241.1

Le4 CTC GCT CTC CTG ACC TGT TC
31

Right TTC AAG TGG GAA CTT GCT GA

HexA NM_010421.4 
Le4 ACC TGG GAG GGG ATG AAG T

11
Right ATG AAG GCC TGG ATG TTG G

Hprt1 J00423.1
Le4 CCT CCT CAG ACC GCT TTT T

95
Right AAC CTG GTT CAT CAT CGC TAA

LAMP-1 NM_010684.2
Le4 CCT ACG AGA CTG CGA ATG GT

110
Right CCA CAA GAA CTG CCA TTT TTC

Sdha NM_023281.1 
Le4 TGT TCA GTT CCA CCC CAC A

71
Right TCT CCA CGA CAC CCT TCT G

Sqstm1 NM_011018.2
Le4 AGA CCC CTC ACA GGA AGG AC

41
Right CAT CTG GGA GAG GGA CTC AA
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Gene Oligonucleo�de sequence 5' - 3' UPL #

Tcirg1 +E2

NM_016921.3

NM_001136091.2

NM_001167784.1

Le4 CCT CGT GGA GTT CAG AGA CCT
50

Right CCG GAC GTC TAC CAC GAA

Tcirg1 -E2

NM_016921.3

NM_001136091.2

NM_001167784.1

Le4 CCA TAT CCC TTT GGC ATT GA

97
Right GAG AAA GCT CAG GTG GTT CG

Tuba1a NM_011653.2
Le4 CTG GAA CCC ACG GTC ATC

88
Right GTG GCC ACG AGC ATA GTT ATT

2.1.9. Expression constructs and plasmids

The  expression  construct  for  Fcγ receptor  IIa-myc  was  kindly  provided  by  Prof.  Dr.  Sergio

Grinstein (University of Toronto) (Downey et al., 1999). 

Table 2.7: U lised plasmids

Plasmid Resistance Reference

pCAG-Cre:GFP Ampicillin/ G418 (Kinouchi et al., 2010)

pcDNA4™/TO Ampicillin/ zeocin™ (Kuhn et al., 1995)

pGK-hyg Ampicillin/ hygromycin (Clausen et al., 1999)

pMSSVLT Ampicillin/ G418 (Srinivas et al., 2001)

2.1.10. Protein and DNA standards

PageRuler™ Plus Prestained Protein Ladder Thermo Fisher Scien�fic

GeneRuler 100 bp Plus DNA Ladder Thermo Fisher Scien�fic

2.1.11. Ready-made reagent collec,ons and kits

PureYield™ Plasmid Midiprep System Promega

NucleoSpin® RNA Plus Kit Macherey Nagel

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Scien�fic

Pierce™ BCA Protein Assay Kit Thermo Fisher Scien�fic

ECL Advance™ Western BloPng Detec�on Kit GE Healthcare 
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2.1.12. Frequently used buffers and aqueous solu,ons 

LB medium 1 % (w/v) Trypton/ Pepton

0.5 % (w/v) Yeast extract

1 % (w/v) NaCl

pH 7.0

LB agar 1.5 % (w/v) Agar-agar

 in LB medium

Phosphate buffer (0.1 M) 84 mM Na2HPO4

16 mM KH2PO4

pH 7.2 – 7.4

Phosphate-buffered saline (PBS) (10x) 100 mM Na2HPO4

18 mM KH2PO4

1,37 M NaCl

27 mM KCl

pH 6.8 

Moun�ng medium 1x PBS pH 7.4

17 % (w/v) Mowiol 4-88

33 % (v/v) Glycerol

20 mg/ml 1,4-diaza-bicyclo-

[2,2,2]-octane (DABCO)

2.2. Molecular biological methods

2.2.1. Genera,on of electro-competent Escherichia coli

The internalisa�on of plasmid DNA by Escherichia coli (E. coli) can be s�mulated using electric

impulses. Therefore, the bacteria have to be prepared in a solu�on with low ion conduc�vity.

XL1-blue cells were separated on an LB agar plate containing 20 mg/ml tetracyclin using the

13-line procedure. Fi4y ml LB media (20 mg/ml tetracyclin) were inoculated with a single colony
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and incubated overnight at 37 °C under con�nuous shaking. The next day, 20 ml pre-culture

were  transferred  to  1  l  LB  media  containing  20 mg/ml  tetracyclin  and cul�vated  un�l  the

exponen�al  growth  phase  was  reached  (OD600 =  0.5  –  0.6).  Bacteria  were  collected  by

15 minutes centrifuga�on at 31,000 x g and 4 °C. The sediment was washed twice in 250 ml of

ice-cold double-dis�lled water followed by a third washing step in 100 ml 10 % (v/v) glycerol.

Bacteria  were subjected to centrifuga�on at 2,210 x  g for 20 minutes and 4 °C and finally

resuspended in 4 ml 10 % (v/v) glycerol. Aliquots of 50 µl cell suspension were stored at -80 °C

un�l usage. 

2.2.2. Transforma,on of electro-competent Escherichia coli

For transforma�on of plasmid DNA into  E. coli,  electro-competent bacteria (see  2.2.1) were

thawed on ice before the addi�on of  0.5 µg DNA (max. 2 µl).  In a pre-cooled cuve$e,  the

bacterial cell membrane was permeabilised at 2.5 kV u�lising an electroporator (C = 25 µF and

R = 400 Ω). Following electropora�on, the cell suspsension was immediately transferred to 1 ml

pre-warmed LB medium and incuba�on at 37 °C for 30 minutes. One fi4h of the cul�vated

bacteria was plated on LB agar plates containing the appropriate selec�on an�bio�c (50 µg/ml

ampicillin).

2.2.3. Purifica,on of plasmid DNA

XL1-blue  E. coli were transformed as described in  2.2.2 to amplify plasmid DNA and obtain

suitable  amounts  for  the  transfec�on of  mammalian  cells.  Single  clones  were  picked from

LB agar plates and used to inoculated 200 ml LB medium containing the respec�ve selec�on

an�bio�c  (50 µg/ml ampicillin)  and  the  suspension  incubated  at  37  °C  overnight  under

con�nuous  shaking.  Purifica�on  of  the  plasmid  DNA  was  conducted  using  the  PureYield™

Plasmid Midiprep System according to the manufacturer´s protocol.

2.2.4. Determina,on of nucleid acid concentra,on

The concentra�on of DNA and RNA was measured photometrically in a Synergy HT (BioTek)

microplate reader using the absorp�on maximum of nucleid acids at 260 nm. An absorbance of

1.0 reflects a concentra�on of 50 ng/µl double stranded DNA or 40 ng/µl RNA, respec�vely. In

addi�on,  absorbance  at  280  nm  was  used  to  determine  the  purity  of  the  nucleid  acid

prepara�on with respect to protein contamina�ons. The ra�o A260/A280 should reside between

1.7 and 2.0.
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2.2.5. Total RNA extrac,on

Total  RNA  was  isolated  with  the  aid  of  the  Nucleospin®  RNA  Plus  kit  according  to  the

manufacturer´s instruc�ons. Cell samples were lysed directly in their respec�ve culture dishes.

For homogenisa�on of liver samples, small pieces of the organ were supplied with 350 µl of the

kit´s lysis buffer and disrupted using a Precellys® homogenizer (Peqlab) at 6,000 rpm for two

�mes  30  seconds.  A  small  por�on  of  isolated  total  RNA  was  subjected  to  agarose  gel

electrophoresis (see sec�on 2.2.8) for quality control.

2.2.6. cDNA synthesis

Synthesis of complementary DNA (cDNA) was achieved with the  RevertAid First Strand cDNA

Synthesis  Kit  following  the  manufacturer´s  protocol.  Transcrip�on  was  conducted  using

0.2 – 2 µg  total  RNA  (2.2.5)  in  combina�on  with  random  hexamer  primers  (Thermo  Fisher

Scien�fic). 

2.2.7. Quan,ta,ve real-,me PCR (qPCR)

The expression levels of dis�nct mRNAs were assessed using quan�ta�ve real-�me PCR (qPCR)

with  the  Universal  ProbeLibrary  (UPL)  System  Technology  (Roche).  Small  hydrolysis  probes

containing the reporter fluorescein at their 5' and a dark quencher dye at their 3' end hybridise

with  their  target  sequence  and  will  be  cleaved  by  the  polymerase  during  amplifica�on.

The resul�ng  dequenching  of  the  reporter  yields  increasing  fluorescence  signals  during

PCR-based sequence amplifica�on and can be used for quan�fica�on. Specific assays for each

target were created with the UPL Assay Design Center (table 2.6). Complementary DNA (0.5 µl,

see chapter  2.2.6) was supplied with 0.1 µM hydrolysis probe, 0.3 µM of each, le4 and right

oligonucleo�de and 1x LightCycler® 480 Probes Master (Roche) containing a FastStart™ Taq

DNA Polymerase, reac�on buffer, a mixture of dNTPs and MgCl2. Duplicates were analysed using

a LightCycler® 480 Instrument II (Roche). Resul�ng CP values were normalized to the logarithmic

average CP of the most stable house keeping genes (Actb,  Tuba1a,  Hprt1 and Sdha) to obtain

ΔCP describing  rela�ve  mRNA  expression  levels.  The  comparison  of  ΔCP values  between

genotypes was used in sta�s�cal analyses. Furthermore, serial cDNA dilu�ons were analysed in

each assay to determine the primer efficiency (E = 10-1/slope). Bar charts visualising rela�ve mRNA

expression levels result from E(-ΔCP). 
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2.2.8. Agarose gel electrophoresis

50x Tris-acetate-EDTA (TAE) buffer 2 M Tris/ HCl pH 8.0

5.5 % (v/v) Ace�c acid

50 mM EDTA

Agarose gel electrophoresis was u�lised to separate DNA and RNA samples according to their

length. For prepara�on, nucleid acid samples were supplemented with 6x DNA gel loading dye

(Thermo Fisher Scien�fic) to adjust the sample density and visualise its migra�on during gel

electrophoresis.  Agarose  gels  were  casts  in  1x  TAE  buffer  with  a  final  concentra�on  of

1.5 – 2.0 % (w/v)  agarose  and  500  ng/ml  ethidium  bromide.  Separa�on  was  performed  by

applying a voltage of 120 V. The length of the separated products determines their migra�on

through the gel, which was compared to a standard DNA ladder. Detec�on was performed using

UV light (λ = 312 nm) and documented with a Gel Jet Imager (Intas®).

2.3. Cell biological methods

2.3.1. Maintenance of cell lines

All murine cells were kept at 37 °C in a humidified 7.5 % (v/v) CO2 atmosphere. Sterile handling

and treatment of cells was performed under a laminar flow clean bench. Mouse embryonic

fibroblast  (MEF)  lines  were  cul�vated  in  DMEM  containing  4  mM  L-glutamine  and

4.5 g/l D-glucose  with  the  addi�on  of  10  %  (v/v)  FBS.  For  maintenance,  MEF  lines  were

passaged twice a week at 100 % confluence by trypsin digest. Therefore, cells were rinsed once

with PBS and covered with trypsin/ EDTA (0.5 mg/ml / 0.22 mg/ml in PBS) un�l they detached

easily.  Subsequently,  cells  were recovered in growth medium and seeded onto new culture

dishes in a 1:25 dilu�on. For cul�va�on of primary cells, the growth medium was supplemented

with  100 U/ml  penicillin  and  100  μg/ml  streptomycin  to  avoid  bacterial  contamina�ons.

Cultures  of  primary  macrophages  were  furthermore  kept  with  a  FBS  concentra�on  of

20 % (v/v). 

2.3.2. Isola,on of peritoneal macrophages

Primary mouse macrophages were isolated from the peritoneal cavity of mice. Therefore, the

peritoneum of  euthanised  animals  (sec�on  2.6.7)  was  flushed with  10  ml  ice-cold  PBS for

5 minutes using a 20 G needle a$ached to a syringe. Peritoneal cells were collected in a falcon



38

tube and centrifuged at 210 x  g and 4 °C for 10 minutes. The cell pellet was resuspended in

5 ml pre-warmed culture medium and cell count determined from a 1:10 dilu�on containing

trypan blue in a Neubauer improved coun�ng chamber (C-Chip, Biochrom). Between 1 x 105

(Imaging Dish) to 5 x 106 (6 cm culture dish) cells were seeded for experimental analyses the

next day. A4er three hours, the culture medium was replaced to remove non-adherent cells

and  obtain  a  highly  pure  macrophage  culture.  The  yield  of  peritoneal  macrophages  was

increased by pretreatment of the mice with a 4 % (w/v) thioglycolate solu�on (see 2.6.6).

2.3.3. Prepara,on of primary hepatocytes

10x Stock buffer 16 mM Na2HPO4

4 mM KH2PO4

1.4 M NaCl

50 mM KCl

8 mM MgCl2

Perfusion buffer 1x Stock buffer pH 7.4

25 mM NaHCO3

2.55 mM EDTA

16.5 mM D-Glucose

7.5 mM Lactate

0.25 mM Pyruvate

Murine  hepatocytes  were  prepared  by  EDTA  dissocia�on  (Meredith,  1988).  Therefore,

Ketamine/ Rompun®-anaesthe�sed mice (2.6.7) were subjected to hepa�c arterial perfusion

with oxygenated perfusion buffer for 45 to 60 minutes at a flow rate of 5 – 8 ml/min. Single

cells  were  obtained  following  disrup�on  of  the  liver  in  culture  medium  and  subsequent

filtra�on through a 70 µm nylon cell strainer. The resul�ng suspension was spun down at 28 x g

and  room  temperature  for  4  minutes  and  the  pellet  dissolved  in  8  ml  culture  medium.

Hepatocytes were then separated in a self-genera�ng Percoll gradient by addi�on of 13.9 ml

Percoll (Amersham) and 2.1 ml Stock buffer and centrifuga�on at 855 x  g for 6 minutes. The

pellet was dissolved in culture medium and hepatocytes maintained on collagen type VII-coated

culture dishes or cover slips. A4er one hour, the culture medium was replaced. Experiments

were conducted at the day of isola�on but not before cells became adherent for at least two

hours.
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2.3.4. Isola,on of mouse embryonic fibroblasts (MEFs)

To isolate mouse embryonic fibroblasts, pregnant female mice were sacrificed (see 2.6.7) at day

13.5 post coitum. Both uterine horns were prepared and placed in a Petri dish containing sterile

PBS. From then on, further processing was carried out under the clean bench and with sterile

instruments. Each embryo was separated from its placenta and amnio�c sac and transferred to

a  fresh  Petri  dish  with  PBS.  Embryo  heads  were  removed  and  u�lised  for  genotype

determina�on using the DirectPCR® Lysis Reagent Tail  (Peqlab) and proteinase K digest (see

sec�ons  2.6.3,  2.6.4).  Furthermore,  all  red organs were dissected.  In  a 3.5 cm culture dish

containing 2 ml of  trypsin/ EDTA (0.5 mg/ml / 0.22 mg/ml in PBS) the remaining �ssue was

minced using a razor blade and incubated for 15 minutes at 37 °C. Single cells were collected in

culture  medium  and  the  suspension  spun  down  at  300  x  g and  room  temperature  for

5 minutes. The pellets containing the fibroblasts were resuspended in 10 ml culture medium

and added to one 10 cm culture dish per embryo. 

2.3.5. Cryo-preserva,on of cell lines

MEF lines were preserved as cryo-cultures over liquid nitrogen. For freezing of cells, these were

detached with trypsin (see 2.3.1) from a 10 cm culture dish grown to confluence and collected

in a falcon tube by centrifuga�on at 600 x  g and room temperature for 10 minutes. The cell

pellet was dissolved in a small volume of DMEM containing 20 % (v/v) FBS and 10 % (v/v) DMSO

and frozen at -80 °C as 1 – 2 cryo-cultures. For long-term storage, cryo-cultures were transferred

to the gas phase of a liquid nitrogen tank.

Cryo-cultures  were  reac�vated by thawing at  37 °C  and  addi�on of  nine  parts  prewarmed

culture medium. To support cell growth and minimise the concentra�on of DMSO, cells were

spun down in a falcon tube at 600 x  g and room temperature for 10 minutes and the pellet

resuspended in fresh culture medium before seeding. Stably transfected cell lines were kept for

24 hours before the selec�on an�bio�c was added to the culture medium.

2.3.6. Genera,on of stable expression cell lines

Plasmid  DNA  was  incorporated  into  mouse  embryonic  fibroblasts  by  transfec�on  using

polyethylenimine (PEI). In a first step, primary cells were immortalised by transfec�on with the

SV40 Large T an�gen. The plasmid encoding SV40 Large T and all other expression plasmids

used within this work contained a sequence that conveys G418 resistance (2.1.9). Therefore,
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transfec�ons  following immortalisa�on were conducted with the addi�on of  empty vectors

bearing  suitable resistance genes  in  a  10:1  ra�o to  allow subsequent  selec�on.  Per 10 cm

culture  dish,  7  µg  DNA  and  a  2.5-fold  excess  of  PEI  were  incubated  in  0.6  ml  DMEM for

20 minutes at room temperature and added to the cells. A4er three hours, the medium was

replaced  by  fresh culture  medium and  the  fibroblasts  kept  for  24  hours.  To  induce  stable

integra�on  of  the  plasmid  DNA  into  the  cell  genome,  a  selec�on  an�bio�c  was  added

permanently to the transfected cells a4er this incuba�on period (400 µg/ml hygromycin B gold

or 250 µg/ml zeocin™). Colonies of successfully recombined cells were separated onto 24 well

plates and stable expression of the protein of interest was validated by immunoblot analysis

(see 2.4.5).

2.3.7. Visualisa,on of acidic compartments by LysoTracker® Red 

Organelles with a low luminal pH were stained with LysoTracker® Red DND-99. The acidotrophic

dye is  membrane permeant at  neutral  pH and specifically  accumulates in acidic  organelles.

To evaluate luminal acidifica�on, cells were incubated in the presence of 333 nM LysoTracker®

Red in  DMEM for  20  minutes,  rinsed three  �mes in  PBS and directly  analysed by live  cell

fluorescence  imaging  using  an  Olympus  FV1000  confocal  laser  scanning  microscope.

Alterna�vely, samples were rinsed five �mes in PBS and fixed in 4 % (w/v) paraformaldehyde

(PFA) in PBS for 20 minutes at room temperature. Following three washing steps in PBS, the

cover slips were embedded in moun�ng medium containing 5 μg/ml DAPI (4-,6-diamidino-2-

phenylindole) before image acquisi�on.

2.3.8. Ra,ometric determina,on of late endosomal/lysosomal pH 

pH calibra�on solu�on 20 mM Acetate/ Mes/ HEPES

(pH 4.0 – 5.5/ 5.5 – 6.5/ 7.0)

145 mM KCl

10 mM D-Glucose

1 mM MgCl2

A  quan�ta�ve  determina�on  of  the  luminal  vesicle  pH  was  achieved  with  the  aid  of  the

pH-sensi�ve dye Oregon Green® 514 that was coupled to dextran (70,000 MW). High molecular

weight  dextran  conjugates  can  be  internalised  by  cells  using  macropinocytosis.  Thus,  the

compound can be applied to track organelles of the endocy�c pathway. In this respect, cells
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were seeded onto imaging dishes (145 μm glass bo$om, PAA) and incubated in the presence of

0.5 mg/ml dextran-Oregon Green® 514 in DMEM with stable  L-glutamine containing 1 mg/ml

BSA  overnight.  To  ensure  labelling  of  late  compartments  only,  excessive  dextran-Oregon

Green® 514  was  washed  away  with  PBS  and  samples  kept  in  DMEM  containing  stable

L-glutamine in  the absence of  further  dextran for addi�onal  two hours.  For ra�ometric  pH

determina�on,  Oregon  Green®  514 was  excited alternately  at  440 and 488 nm in  live  cell

analyses.  Emission of  the pH-sensi�ve  fluorophore was  captured at  535 ±  20  nm using  an

Olympus FV1000 confocal laser scanning microscope equipped with a  U Plan S Apo  100x oil

immersion objec�ve (NA = 1.40) and the  Olympus FluoView™ So4ware. An  in situ calibra�on

was performed at the end of each experiment by sequen�ally incuba�ng the cells with K+-rich

pH calibra�on solu�ons ranging from pH 4.0 to 7.0 and containing 10 µg/ml of the ionophore

nigericin. For each genotype, the obtained fluorescence intensity ra�os (488/440) were used to

generate a calibra�on curve according to the Boltzmann equa�on. Late endosomal/ lysosomal

pH was then interpolated from the experimental data. As a control for assay func�onality, the

lysosomal  pH  gradient  was  collapsed  in  selected  samples  by  addi�on  of  100  –  200  nM

bafilomycin A1 or 10 µg/ml nigericin 15 minutes prior to live cell imaging.

2.3.9. Dextran endocytosis assay

Dextran deriva�ves were used to visualise the lysosomal delivery of endocy�c cargo molecules.

For  end-point  determina�on,  semi-confluent  cultures  of  cells  grown  on  cover  slips  were

supplied with 0.5 mg/ml dextran-Texas Red® (70,000 MW) in DMEM containing 1 mg/ml BSA

and incubated for 30 minutes. Samples were washed thrice in PBS and cul�vated in the absence

of  further  dextran  for  addi�onal  three  hours  before  they  were  processed  for

immunofluorescence staining (see 2.3.12).

In a kine�c approach, cells  were pre-loaded with 0.25 mg/ml  dextran-FITC (10,000 MW) in

DMEM containing 1 mg/ml BSA overnight and the compound cleared of early compartments

during a three hours chase period as described above. Dextran-Texas Red® (0.5 mg/ml) was

then added for dis�nct �me periods between 10 and 60 minutes, samples were rinsed three

�mes and subsequently fixed in 4 % (w/v) PFA in PBS for 20 minutes at room temperature.

Samples were analysed by confocal laser scanning microscopy on an Olympus FV1000 following

the embedding in moun�ng medium containing 5 μg/ml DAPI.
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2.3.10. Latex bead phagocytosis assay

Latex beads were applied to track phagosome matura�on and indirectly, phagosome-lysosome

fusion. To allow Fcγ receptor (FcγR)-mediated phagocytosis by primary mouse macrophages or

hFcγRII-expressing MEFs, latex beads of 1.1 µm diameter have been opsonised with murine or

human IgG molecules, respec�vely. Therefore, 30 µl bead suspension were supplemented with

15 µl  of  2 mg/ml IgG and 405 µl sterile PBS and incubated with rota�on overnight at  4 °C.

Opsonised latex beads were spun down at 16,000 x g and 4 °C for 1 minute and washed three

�mes in PBS. The final latex bead stock solu�on was made in 1 ml PBS and used within one day.

In  parallel,  cells  were  grown to semi-confluence  on cover  slips.  At  the point  of  latex  bead

administra�on (MOI = 8), the medium was replaced by serum-free DMEM. A synchronised latex

bead phagocytosis was achieved by brief centrifuga�on at 300 x  g and room temperature for

1 minute, before cells were incubated for 15 minutes at 37 °C. Then, excessive latex beads were

washed away with PBS and phagosome matura�on was allowed at 37 °C for �me periods up to

three hours as indicated. At the end of this chase period, extracellular latex beads were labelled

with an�-IgG an�bodies coupled to AlexaFluor® 594 for 1 minute and the samples processed

for  immunofluorescence  staining  as  described  in  2.3.12.  Whenever  phagosome  matura�on

should  be  assessed  under  condi�ons  of  increased  vesicle  pH,  200 nM  bafilomycin  A1  or

10 µg/ml  nigericin  were  applied  during  the  15 minutes  latex  bead  uptake  period  and  the

treatment con�nued un�l sample fixa�on.

2.3.11. Visualisa,on of lysosomal protease ac,vity

A qualita�ve determina�on of lysosomal protease ac�vity was conducted using DQ™ Red-BSA.

The  self-quenched  fluorochrome  is  internalised  by  cells  via  endocytosis  and  becomes

fluorescent following its degrada�on along the endocy�c route. MEFs were labelled overnight

with 100 μg/ml DQ™ Red-BSA in DMEM containing 1 mg/ml BSA. Primary macrophages and

hepatocytes received a 30 minutes treatment with a DQ™ Red-BSA concentra�on of 0.5 mg/ml.

In any case, cells were rinsed thrice in PBS and incubated for further three hours in DMEM

containing  1 mg/ml  BSA.  At  the  end  of  the  experiment,  all  samples  were  processed  for

immunofluorescence labelling (see 2.3.12).
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2.3.12. Indirect immunofluorescence labelling of cells

Quenching solu�on 1x PBS pH 7.4

0.2 % (w/v) Saponin

 0.12 % (w/v) Glycine

Blocking solu�on 1x PBS pH 7.4

0.2 % (w/v) Saponin

10 % (v/v) FBS

Intracellular  compartments  were  detected by an�bodies  targe�ng  organelle-specific  marker

proteins. Therefore, semi-confluent cells grown on cover slips were fixed in 4 % (w/v) PFA in PBS

for  20  minutes  at  room  temperature  and  rinsed  thrice  in  PBS.  For  permeabilisa�on,

0.2 % (w/v) saponin  in  PBS  were  added  to  the  cells  for  5  minutes  at  room  temperature.

The fixa�ve was then quenched with quenching solu�on for 10 minutes and samples rinsed

once in 0.2 % (w/v) saponin in PBS. To interfere with unspecific an�body binding, a satura�on

step was conducted for at least one hour using blocking solu�on. Therea4er, samples were

incubated with primary an�bodies (table  2.3) diluted in blocking solu�on overnight at 4 °C.

The cover slips were washed five �mes in 0.2 % (v/v) saponin in PBS and transferred to blocking

solu�on containing diluted AlexaFluor® dye-conjugated secondary an�bodies (1:300, see table

2.4) for one hour at room temperature. Following a final wash, five �mes in 0.2 % (v/v) saponin

and two �mes in water, the cover slips were mounted on microscope slides using moun�ng

medium supplemented with 5 μg/ml DAPI. Images were acquired on an FV1000 confocal laser

scanning microscope using a  U Plan S Apo 100x oil immersion objec�ve (NA = 1.40) and the

Olympus FluoView™ So4ware.

2.3.13. Labelling of surface molecules for flow cytometry

FACS sample buffer 1x PBS pH 7.4

2.0 % (v/v) FBS

0.2 mM EDTA

0.1 % NaN3

Splenic mouse macrophages were characterised by flow cytometry. Therefore, the spleen was

prepared from euthanised animals (2.6.7), dissected and passed through a 100 µm nylon cell

strainer in 10 ml FACS sample buffer. A 1:20 dilu�on of splenic cells stained with trypan blue
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was  counted  using  a  Neubauer  improved  coun�ng  chamber  (C-Chip,  Biochrom).  Samples

including 6 x 105 viable cells were collected in 96 well round bo$om �ssue culture plates by

centrifuga�on at  210 x  g and 4 °C for  5 minutes  and washed twice in FACS sample buffer.

Surface molecules were labelled by 45 minutes incuba�on at  4 °C using specific an�bodies

coupled  to  allophycocyanin  (see  table  2.3)  that  were  diluted  1:200  in  FACS  sample  buffer,

respec�vely.  Intracellular  EYFP  fluorescence  was  visible  without  the  conduc�on  of  a

permeabilisa�on and addi�onal an�body staining. Samples were rinsed once, followed by a

brief incuba�on with 500 ng/ml propidium iodide in FACS sample buffer and a final washing

step. For measurement, the cells were suspended in 200 µl FACS sample buffer per well and

analysed on a FACSCanto™ II  using the FACSDiva™ so4ware. For each sample, an unstained

specimen  and  a  specimen  stained  with  an  an�body  isotype  control  were  included  in  the

analysis. Furthermore, a compensa�on of spectral overlap was calculated for the u�lised dyes

before every experiment.

2.3.14. Labelling of endocy,c compartments with BSA-gold

To trace the endocy�c route at an ultra-structural level, BSA-gold was u�lised in endocytosis

assays followed by electron microscopic analysis. In this respect, primary hepatocytes grown on

cover slips were cul�vated in the presence of BSA coupled to colloidal gold (10 nm diameter,

OD600 = 5) in DMEM containing 1 mg/ml BSA for one hour. The cells were rinsed and supplied

with  fresh  culture  medium  for  further  two  hours,  in  which  the  internalised  BSA-gold  was

subjected  to  vesicular  transport.  Therea4er,  cover  slips  were  transferred  to  2  %  (v/v)

glutaraldehyde in 0.2 M HEPES pH 7.4 for two hours at room temperature. Samples were stored

in 0.2. M HEPES pH 7.4 without fixa�ve at 4 °C un�l further processing (see 2.3.15). 

2.3.15. Analysis of cell morphology by electron microscopy

Endocy�c compartments of hepatocytes prelabelled with BSA-gold (10 nm) were analysed by

electron microscopy. Fixed samples (2.3.14) were processed and examined by  Prof. Dr. Eeva-

Liisa Eskelinen (University Helsinki). Following post-fixa�on in 1 % (w/v) OsO4, flat embedding

was performed in TAAB resin. Ultra-thin sec�ons were cut on an EM UC6 ultramicrotome (Leica

Microsystems) and collected on Formvar-coated copper grids. A staining with 2 % (w/v) uranyl

acetate and 0.3 % (w/v) lead citrate was performed as described before (Yla-AnPla et al., 2009)

and sec�ons analysed on a 1400EX transmission electron microscope (Jeol). 
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For  ultra-structural  analysis  of  fibroblast  morphology,  MEFs  were  grown  to  confluence  on

3.5 cm  culture  dished.  The  culture  medium  was  removed  by  washing  thrice  in  PBS  and

subsequently  replaced  with  3 % (v/v)  glutaraldehyde  in  0.1  M  phosphate  buffer.  Further

processing  was  performed  by  Dagmar  Niemeier and  Prof.  Dr.  Renate  Lüllmann-Rauch

(University Kiel). Samples were post-fixed in 2 % (w/v) OsO4 and subjected to flat embedding.

Ultra-thin  sec�ons  were  cut  as  described  above.  Images  of  sec�ons  stained  according  to

standard protocols were acquired on an EM900 transmission electron microscope (Zeiss).

2.3.16. Modula,on of mTORC1 ac,vity

The ac�va�on state of the mTOR complex 1 was modulated in fibroblasts by regula�ng nutrient

availability. To silence mTORC1 signalling, MEFs were grown to 80 % confluence, rinsed once in

PBS and  cul�vated for  one  hour in  EBSS,  thereby mimicking  the absence  of  nutrients  and

growth factors. For subsequent reac�va�on of the complex, cells were washed with PBS and

transferred to DMEM without addi�ves for 30, 60 or 120 minutes. The amino acid content of

DMEM should be sufficient to trigger mTORC1 ac�vity in response to this s�mulus. Applica�on

of 250 nM torin 1 (Cayman Chemicals) during the reac�va�on procedure was used to inhibit

mTOR kinase ac�vity even in the presense of nutrients. Samples were lysed as described in

2.4.1 and  used  to  subsequently  assess  the  influence  of  nutrient  availability  on  mTORC1

signalling by immunoblot analysis (see 2.4.4, 2.4.5).

2.4. Protein biochemical methods

2.4.1. Genera,on of cell lysates for protein extrac,on

Lysis buffer 1x PBS pH 7.4

1 % (v/v) Triton X-100

1x cOmplete Protease 

Inhibitor Cocktail (Roche)

Lysis buffer with phosphokinase/ phosphatase inhibitors 20 mM NaF

4 mM Na3VO4

120 nM β-Glycerophosphate

in lysis buffer
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For the genera�on of cell lysates, cells grown on culture dishes were washed with PBS, supplied

with 0.5 ml 1x PBS containing 1x cOmplete Protease Inhibitor Cocktail (Roche) and harvested

using a cell scraper. Resul�ng suspensions were centrifuged for 10 minutes at 900 x g and 4 °C.

The sedimented cells were lysed on ice for 30 minutes in an appropriate volume of lysis buffer

or  lysis  buffer  including  phosphokinase/  phosphatase  inhibitors,  whenever phosphate

modifica�ons were assessed. In addi�on, samples were sonicated for 30 seconds at 4 °C using a

Branson Sonifier 450 (level 7 in a cup horn, Emerson Industrial Automa�on) before cell debris

was  separated by centrifuga�on at  16,000 x  g  and 4  °C for  10  minutes.  The supernatants

containing  the  extracted  proteins  were  transferred  to  new  reac�on  tubes  and  protein

concentra�ons determined (see 2.4.3).

2.4.2. Prepara,on of ,ssue homogenates

RIPA lysis buffer 50 mM HEPES/ NaOH pH 7.4

150 mM NaCl

1 mM EDTA

0.5 mM Sodium deoxycholate

1 % (v/v) Nonidet™ P-40

Protein extrac�on from mouse �ssue was achieved by homogenisa�on in RIPA lysis buffer. Small

pieces  of  �ssue  were  supplemented  with  an  appropriate  volume  of  RIPA  lysis  buffer  and

ceramic  beads  of  1.4  mm  diameter  (Peqlab)  (refer  to  table  2.8).  Then,  the  �ssues  were

disrupted using a  Precellys® homogenizer  (Peqlab)  at  6,000 rpm for  two �mes 30 seconds

interrupted by a 30 seconds break.

Table 2.8: Number of ceramic beads used for  ssue homogenisa on

Tissue Added ceramic beads

Heart, liver 4

Spleen 3

Brain, lung, thymus 2

Lymph nodes 0

Homogenates  were  incubated  for  10  minutes  on  ice  before  debris  was  removed  by

centrifuga�on at 16,000 x g and 4 °C for 10 minutes. The protein content of the supernatants

was determined as described in  2.4.3 and samples subjected to SDS-PAGE and immunoblot

analysis (see 2.4.4, 2.4.5).
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2.4.3. Determina,on of protein concentra,on

Protein concentra�ons were measured using the Pierce™ BCA Protein Assay Kit according to the

manufacturer´s  instruc�ons.  This  assay  is  based  on  the  biuret  reac�on  and  subsequent

chela�on of  Cu1+ by bicinchoninic  acid (BCA) to a  complex with strong linear absorp�on at

562 nm. Diluted samples were incubated with the assay mixture at 37 °C for 20 minutes and

measured photometrically  with a Synergy HT (BioTek)  microplate reader.  Sample absorp�on

values were related to a calibra�on curve based on albumin standard concentra�ons ranging

from 0 to 2.0 mg/ml to determine their protein content.

2.4.4. SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Sample buffer (5x) 625 mM Tris/ HCl pH 6.8

50 % (v/v) Glycerol

5 % (w/v) SDS

100 mM DTT

traces of Bromophenol blue

Separa�ng gel buffer 1.5 M Tris/ HCl pH 8.8

0.4 % (w/v) SDS

Stacking gel buffer 0.5 M Tris/ HCl pH 6.8

0.4 % (w/v) SDS

10x SDS gel electrophoresis running buffer 0.25 M Tris

2 M Glycine

1 % (w/v) SDS

Analy�c separa�on of protein prepara�ons was achieved using a discon�nuous sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to Laemmli  (Laemmli, 1970).

The samples were supplemented with 5x sample buffer and heated to 95 °C for 5 minutes.

The anionic SDS a$aches to the heat-denatured proteins, which yields a nega�ve complex ne$o

charge according to the protein surface. Thereby, sample migra�on in the electric field becomes

size-dependent.  The  analysed  proteins  were  segregated  using  8  –  15  %  separa�ng  gels

combined with  a  4.5  stacking  gel  (see table  2.9).  Gel  electrophoresis  was  performed using
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a Tris/ glycine buffer system with constant voltages of 80 V (stacking gel) to 120 V (separa�on

gel). A protein ladder was included in the sample setup to allow a comparison of the migra�on

behaviour to known molecular weight standards.

Table 2.9: Composi on of SDS polyacrylamide gels

8 %

Separa�ng gel

12.5 %

Separa�ng gel

15 %

Separa�ng gel

4.5 %

Stacking gel

Separa�ng/ stacking gel buffer [ml] 2.6 1.35

30 % (w/v) Acrylamide/ bisacrylamide

Ro�phorese®  Gel 30 (37,5:1)
[ml] 2.7 4.2 5 1.75

Water [ml] 4.6 3.1 2.3 3.1

10 % (w/v) Ammoniumpersulfate [µl] 60

TEMED [µl] 30

2.4.5. Western bloIng and immunodetec,on

10x Transfer buffer 250 mM Tris

2 M Glycine

add 20 % (v/v) MeOH to 1x diluted

10x Tris-buffered saline (TBS) 200 mM Tris/ HCl pH 7.0

1.5 M NaCl

TBS-T 1x TBS

0.1 % ( v/v) Tween® 20

Detec�on solu�on A 0.1 M Tris/ HCl pH 8.6

0.025 % (w/v)  Luminol

Detec�on solu�on B 0.11 % (w/v) p-Coumaric acid

in DMSO

For  the  specific,  immunological  detec�on  of  proteins,  prepara�ons  separated  on  an  SDS

polyacrylamide gel  (chapter  2.4.4)  were transferred to a nitrocellulose membrane using the

semi-dry  Western  blot  method.  Therefore,  two  sheets  of  Whatman®  bloPng  paper,

a nitrocellulose membrane, the SDS polyacrylamide gel and addi�onal two sheets of Whatman®

bloPng paper – all  equilibrated in  transfer  buffer –  were  mounted on a  transfer chamber,

beginning at the anode and sealed with the cathode. The transfer was performed at a constant

current of 1.5 mA per cm2 of nitrocellulose membrane for 90 – 120 minutes. 
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For  detec�on  using  horseradish  peroxidase-coupled  secondary  an�bodies,  unspecific

interac�on sites on the bloPng membranes were saturated with 5 % (w/v) dry milk in TBS-T for

one hour at room temperature. Primary an�bodies (table 2.3) were then diluted in 5 % (w/v)

dry milk in TBS-T or 5 % BSA (w/v) in TBS-T according to the manufacturer´s instruc�on and

incubated with the bloPng membranes overnight at 4 °C in gentle agita�on. Therea4er, the

membranes were washed thrice in TBS-T for 5 minutes and incubated for one hour at room

temperature  with  the  appropriate  secondary  an�body  (see  table  2.4),  diluted  1:15,000  in

5 % (w/v)  dry milk in TBS-T.  Following further  washing for three �mes 15 minutes in TBS-T,

horseradish  peroxidase  ac�vity  was  determined  using  an  ImageQuant™  LAS  4000  (GE

Healthcare).  Therefore, the membranes were covered with a mixture of  the ECL Advance™

Western BloPng Detec�on Kit (50 µl of each) diluted in 1 ml detec�on solu�on A and 100 µl

detec�on solu�on B and supplemented with 4 µl H2O2. Signal intensi�es were quan�fied using

the ImageJ so4ware.

Nitrocellulose membranes  used for  the detec�on of  phosphorylated and total  p70S6K and

PRAS40 were analysed using an Odyssey® Fc Dual-Mode Imaging System (LI-COR®). Therefore,

the membranes  were  dried for  one hour between Whatman® bloPng paper following the

transfer procedure. Dried membranes were then equilibrated in TBS and subjected to a one

hour blocking step in 1:2 diluted Odyssey® blocking buffer (LI-COR®) in TBS. Binding of primary

an�bodies was performed as described above.  The membranes  were rinsed three �mes in

TBS-T and incubated for one hour at room temperature with IRDye® 800CW-coupled secondary

an�bodies  (see  table  2.4)  diluted  1:10,000  in  a  1:2  mixture  of  Odyssey®  blocking  buffer

(LI-COR®)  and  TBS  containing  0.1 % (v/v)  Tween®  20.  Subsequently,  the  membranes  were

washed  thrice  in  TBS-T  and  once  in  TBS,  each  step  10  minutes.  Detec�on  and  signal

quan�fica�on was carried out with the Odyssey® Fc Dual-Mode Imaging System (LI-COR®). 

2.4.6. Reprobing of Western blots

Stripping buffer 62.5 mM Tris/ HCl pH 6.8

2 % (w/v) SDS

0.83 % (v/v) 2-Mercaptoethanol

To  allow  the  successive  analyses  u�lising  dis�nct  primary  an�bodies  on  one  Western  blot

membrane,  exis�ng  an�bodies  signals  have  to  be  decreased  before  re-detec�on.  In  this
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respect, membranes were incubated in stripping buffer for 30 minutes at 80 °C. A4er residual

2-mercaptoethanol was washed away with TBS-T, these membranes were ready for reprobing

with new primary and secondary an�bodies as described in sec�on 2.4.5.

2.4.7. In vitro measurement of lysosomal hydrolase ac,vity

Assay buffer 0.2 M Trisodium citrate pH 4.6

0.4 % (w/v) BSA

0.08 % (w/v) NaN3

The ac�vi�es of lysosomal β-hexosaminidase and β-glucocerebrosidase were determined using

whole cell lysates (2.4.1) and the ar�ficial, chromogenic substrates 4-nitrophenyl-N-acetyl-β-D-

glucosaminide  and 4-nitrophenyl-β-D-glucopyranoside,  respec�vely.  The  enzyme-mediated

hydrolysis  of  the chromogenic  substrates  leads  to  the  genera�on of  4-nitrophenol.  Further

deprotona�on  at  an  alkaline  pH  yields  the  4-nitrophenolate  anion,  which  displays  strong

absorp�on at 405 nm and allows photometric quan�fica�on.

The measurements were conducted in duplicates by incuba�on of 10 µl protein lysate in the

presence of 10 mM substrate in 100 µl assay buffer at 37 °C. A4er 30 minutes to six hours,

hydrolysis was stopped by addi�on of 500 µl 0.4 M glycine pH 10.4 and non-soluble aggregates

were  segregated  by  centrifuga�on  at  16,000  x  g  and  room  temperature  for  10  minutes.

The supernatants were used for photometric determina�on of A405 in a  Synergy HT (BioTek)

microplate reader. Each measurement included a sample control consis�ng of lysate in assay

buffer without substrate. An addi�onal assay control was performed for each experiment and

contained  a  mixture  of  substrate  solu�on  and  assay  buffer  without  the  addi�on  of  lysate.

The formula�ons  2.1 were  used  to  calculate  the  specific  enzyme  ac�vi�es.  A  set  of  8  –  9

experiments  was  conducted  for  every  analysed  genotype  to  obtain  mean  specific  enzyme

ac�vi�es.

Formula ons 2.1: Specific enzyme ac vity

A = absorp�on at 405 nm; ε405 = 18,500 M-1 cm-1; d = cell thickness (1 cm)
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2.4.8. Purifica,on of tritosomes

For the analysis of lysosomes, these organelles were enriched with an ar�ficially increased lipid

propor�on  as  so-called  tritosomes  and  isolated  by  differen�al  density  centrifuga�on  in  a

sucrose gradient according to WaPaux and Leighton  (WaPaux et al.,  1963; Leighton et al.,

1968). For this purpose, mice were treated with tyloxapol (Triton WR-1339, see  2.6.6), which

induces an increase in low density lipoprotein (LDL) plasma levels and elevated rates of LDL

par�cle uptake within the liver (Hayashi et al., 1982). The lysosomal delivery and subsequent

dissec�on of LDL then leads to lipid accumula�ons in hepa�c lysosomes. Pre-treated animals

were sacrificed (2.6.7) and their livers prepared. For homogenisa�on, the dissected liver was

subjected to five strokes in a dounce homogeniser in 5 ml 0.25 M sucrose and subsequently

centrifuged at 1140 x g and 4 °C for 10 minutes. The resul�ng pellet was dissolved in 3.5 ml

0.25  M  sucrose  and  subjected  to  another  centrifuga�on  step  at  1140 x g and  4 °C  for  10

minutes. The supernatants of both centrifuga�on steps were combined, the volume adjusted to

9 ml and contained organelles sedimented at 56.500 x  g and 4 °C for 7 minutes. The pellet

consis�ng of  light  mitochondria  and  lysosomes was  washed in  8.5  ml  0.25  M sucrose  and

recovered by centrifuga�on. Therea4er, the sediment was resuspended in 1 ml ρ = 1.21 sucrose

and overlaid by a discon�nuous sucrose gradient of 2.5 ml ρ = 1.15 sucrose, 2.5 ml  ρ = 1.14

sucrose and 2 ml  ρ = 1.06 sucrose  (Fig.  2.1). A4er separa�on at 110,000 x  g at 4 °C for 150

minutes, the protein content of frac�on 2 (Fig. 2.1) was determined (see chapter 2.4.3) and this

frac�on was used for analysis by immunobloPng (2.4.4, 2.4.5).
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2.5. Histological methods

2.5.1. Prepara,on of semi-thin cryosec,ons

For cryosec�oning, small pieces of �ssue were fixed in 4 % (w/v) PFA in 0.1 M phosphate buffer

at room temperature for 20 minutes and subsequently at 4 °C overnight. Then, the fixa�ve was

replaced by 30 % sucrose in 0.1 M phosphate buffer and the �ssue incubated for another

24 hours. Semi-thin sec�ons (35 µm) were cut on a Leica SM 2000 R sliding microtome (Leica

Microsystems)  with  dry-ice  cooling  and  stored  in  0.1  M  phosphate  buffer  containing

0.02 % (w/v) sodium azide.

2.5.2. Hematoxylin and eosin staining of semi-thin cryosec,ons

Hematoxylin and eosin (H&E) staining was performed with free floa�ng semi-thin cryosec�ons

(2.5.1) according to standard protocols. The sec�ons were collected on moun�ng slides, rinsed

with water and stained with Mayer´s hemalaun solu�on for 7 minutes. Therea4er the moun�ng

slides were purged using tap water for 10 to 15 minutes. A counterstaining was performed in

0.1 % (w/v) eosine/ 0.5 % (v/v) glacial ace�c acid for 5 minutes and sec�ons were rinsed twice

with water. An ascending alcohol series to 100 % was followed by clearing of the sec�ons in

Ro�®-Histol for 10 minutes and final moun�ng on cover glass using Euki$® moun�ng medium.

2.5.3. Immunofluorescence staining of semi-thin cryosec,ons

Blocking buffer 0.1 M Phosphate buffer pH 7.4

4 % (v/v) Normalised goat serum

0.5 % (v/v) Triton-X-100

Wash buffer 0.1 M Phosphate buffer pH 7.4

0.25 % (v/v) Triton-X-100

Specific  protein  labelling  on  semi-thin  cryosec�ons  was  performed  by  indirect

immunofluorescence  staining.  Sec�ons  as  prepared  in  2.5.1 were  rinsed  thrice  in  0.1  M

phosphate buffer to remove residual sodium azide. Unspecific binding sites were saturated by

incuba�on  in  blocking  buffer  for  two  hours  at  room  temperature  and  gentle  agita�on.

Therea4er, the sec�ons were washed three �mes in 0.1 M phosphate buffer and incubated
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with appropriate dilu�ons of the respec�ve primary an�body (see table 2.3) in blocking buffer

overnight  at  4  °C.  The  labelling  was  followed  by  three  �mes  washing  in  wash  buffer  and

incuba�on  with  1:300  diluted  AlexaFluor®-coupled  secondary  an�bodies  (table  2.4)  for

two hours at room temperature and gentle shaking. Subsequently, sec�ons were rinsed once in

wash buffer and nuclei stained in the presence of 5 µg/ml DAPI in wash buffer. A4er a final

washing step, embedding was performed using moun�ng medium.

2.5.4. Electron microscopy of ultra-thin plas,c sec,ons

Electron  microscopy  was  used  to  evaluate  the  morphology  of  selected  �ssues  at  an

ultra-structural level. In this respect, mice were anaesthe�sed with Ketamine/ Rompun® (refer

to sec�on 2.6.7) and perfused transcardially with 6 % (v/v) glutaraldehyde in 0.1 M phosphate

buffer.  Tissue  samples  were  post-fixed  in  2  %  (w/v)  OsO4 before  their  dehydra�on  and

subsequent  embedding  in  Araldite® M/  dodecenylsuccinic  anhydride.  An  EM  UC6

ultramicrotome (Leica Microsystems) was u�lised to cut ultra-thin sec�on that were collected

on Formvar-coated copper grids and stained with uranyl acetate and lead citrate according to

standard protocols. Electron micrographs were acquired with an EM900 transmission electron

microscope (Zeiss).

2.6. Animal experimenta#on

2.6.1. Animal housing

All animals were housed in individually ven�lated cages (IVC) to generate a specific pathogen

free environment. The room temperature was maintained at 19 – 22 °C with a humidity of

45 – 60 % and light condi�ons of 12 hours ligh�ng followed by 12 hours darkness were applied

in turns. Access to water and standard laboratory animal food (pellets by Ssniff Spezialdiäten)

was  granted  ad libitum.  Animal  handling  and care  were  performed in  agreement  with  the

German animal welfare law according to the guidelines of the Chris�an Albrechts University of

Kiel.  Experiments  involving  animals  were  approved  by  the  Ministry  of  Energy,  Agriculture,

the Environment  and  Rural  Areas  Schleswig-Holstein  under  the  reference  number  V312-

72241.121-3.
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2.6.2. Breeding strategies

Breeding of mice was achieved by appoin�ng animals of at least nine weeks of age in one-to-

one ma�ngs. To obtain offspring bearing the desired genotype, the breeding strategies depicted

within figures  2.2 and 2.3 were applied. The progeny was weaned three weeks a4er birth and

subjected to tail biopsy to allow subsequent genotyping (see chapters 2.6.3, 2.6.4).
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2.6.3. Tail biopsy and isola,on of genomic DNA

To gain access to genomic mouse DNA suitable for genotype determina�on, a tail biopsy was

collected from three to four weeks old animals. The �ssue was digested in DirectPCR® Lysis

Reagent  Tail  (Peqlab)  containing  0.3  mg/ml  proteinase  K  at  55  °C  and  vigorous  shaking

overnight. Therea4er, proteinase K was inac�vated by incuba�on at 85 °C for 45 minutes and

debris sedimented at 16,000 x g and room temperature for two minutes. The lysate was directly

employed  for  genotyping  (2.6.4)  without  intermediate  DNA precipita�on.  Genomic  DNA of

mouse  embryos  or  mouse  embryonic  fibroblasts  was  isolated similarly  but  with  a  reduced

incuba�on �me of approximately six hours for proteinase K digest.

2.6.4. Genotyping by Polymerase chain reac,on (PCR)

The genotype of the experimental animals and derived cell lines was analysed by polymerase

chain reac�on (PCR). This  in vitro assay allows the exponen�al amplifica�on of specific DNA

template sequences by applica�on of dis�nct oligonucleo�des (primers, see table  2.5) and a

heat-stable DNA polymerase. The following PCRs (tables  2.10,  2.11) were used to assess the

mouse alleles with respect to the dele�on muta�on in Tcirg1, inser�on of loxP sites into exon 2

of Atp6ap2, the presence of Sry, the gene coding for the Cre recombinase (locus-independent)

or the inser�on of the EYFP-Stop construct into the locus Rosa26. 

Table 2.10: PipeIng scheme for PCR-based genotype determina on

Tcirg1*/Atp6ap2/ Sry [µl] Cre recombinase [µl] Rosa26 [µl]

Primer forward 1 Primer forward 1 Primer forward wt 1

Primer reverse 1 Primer reverse 1 Primer forward insert 1

Primer reverse 1

dNTP Mix (2 mM each) 5 dNTP Mix (10 mM each) 0.4 dNTP Mix (10 mM each) 0.4

10x DreamTaq™ buffer 5 10x DreamTaq™ buffer 2 10x DreamTaq™ buffer 2

DMSO 2.5 DMSO 1 DMSO 0

Template DNA 3 Template DNA 1 Template DNA 1

DreamTaq™ Pol. (5 U/µl) 0.5 DreamTaq™ Pol. (5 U/µl) 0.3 DreamTaq™ Pol. (5 U/µl) 0.3

H2O ad 50 µl 32 H2O ad 20 µl 13.3 H2O ad 20 µl 13.3

*Tcirg1 PCR was performed in separate assays with either primers Tcirg1oc forward 1 and reverse or Tcirg1oc

forward 2 and reverse
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Table 2.11: PCR condi ons applied for genotyping

Tcirg1 Atp6ap2 Cre recombinase/ Rosa26/ Sry

Step ϑ [°C] t [s] Step ϑ [°C] t [s] Step ϑ [°C] t [s]

Ini�a�on 95 180 Ini�a�on 95 120 Ini�a�on 95 180

Cycle

95 30

39x
Cycle

95 10
5x

Cycle

95 45

30x57 30 74 180 51 60

72 60
Cycle

95 10
5x

72 60

Elonga�on 72 300 72 180 Elonga�on 72 480

Hold 10 ∞
Cycle

95 10
5x

Hold 10 ∞

70 180

Cycle
95 10

15x
68 180

Elonga�on 68 420

Hold 10 ∞

The  amplifica�on products  were  separated  and  analysed  using  agarose  gel  electrophoresis

(see Fig. 2.4 and sec�on 2.2.8).
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2.6.5. Ac,va,on of the Mx1 promotor by poly (I:C) administra,on

The Mx1 promotor was ac�vated in Mx1-Cre condi�onal and control animals by applica�on of

polyinosinic:polycy�dylic acid (poly (I:C)). Therefore, poly (I:C) potassium salt was dissolved in

0.9 % (w/v) NaCl solu�on to a stock concentra�on of 5 mg/ml and passed through a 0.2 µm

sterile filter. To obtain a dosage of 250 µg per applica�on, working dilu�ons of 500 µg/ml were

prepared in sterile  0.9 % (w/v)  NaCl  and 500 µl  aliquots  taken for intra-peritoneal  injec�on

using 27 ½ G needles. Control and condi�onal knockout animals received three injec�ons within

five days beginning at the age of seven weeks. Mice were sacrificed five to ten days a4er the

last applica�on of poly (I:C) (2.6.7).

2.6.6. Enrichment of peritoneal macrophages and treatment for tritosome 

isola,on

In addi�on to  Mx1 promotor ac�va�on by poly (I:C) (sec�on 2.6.5), the experimental animals

were subjected to two other forms of treatment to either increase the number of peritoneal

macrophages or allow the purifica�on of liver tritosomes.

To elucidate macrophage infiltra�on into the peritoneal cavity, animals were treated with sterile

thioglycollate broth. In this respect 4 % (w/v) thioglycollate broth was dissolved in water and

autoclaved for  sterilisa�on.  The mice received one intra-peritoneal  injec�on of  0.5  to  1 ml

thioglycollate broth three days prior to euthanasia (see 2.6.7) and cell harvest.

For  isola�on  of  tritosomes  from mouse  liver,  animals  were  treated  with  17  %  (v/v)  triton

WR-1339  (tyloxapol)  in  0.9  %  (w/v)  NaCl  three  days  prior  to  euthanasia  and  subsequent

tritosome purifica�on (chapter 2.4.8). Four µl tyloxapol solu�on were injected intra-peritoneally

per g body weight.

2.6.7. Euthanasia of mice

Experimental animals were sacrificed for organ harves�ng by cervical disloca�on. If necessary,

mice were  anaesthe�sed by intra-peritoneal  injec�on of  10  mg/ml  Ketamine and 6  mg/ml

Rompun® in 0.9 % (w/v) NaCl solu�on. Therefore, animals received a dosage of 10 µl narco�c

agent per g body weight. 
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3. RESULTS

3.1. Deficiency of V-ATPase V0 subunit a3 in mouse embryonic 

fibroblasts

The presence of the V-ATPase V0 subunit a has been reported to be a prerequisite for vesicle

fusion  at  different  stages  of  the  endocy�c  and  exocy�c  pathways  (Hiesinger et  al.,  2005;

Liegeois et al., 2006; Sun-Wada et al., 2006; Peri and Nusslein-Volhard, 2008; Di Giovanni et al.,

2010). This func�on seems conserved over a variety of species, ranging from yeast to mammals.

Yet, there is no data available on the necessity of the V-ATPase a subunits for vesicle fusion in

mice.  There  are  four  murine  a  subunit  isoforms,  of  which  isoform  3  is  most  prominently

localised  to  lysosomes  and  directly  recruited  to  nascent  phagosomes  during  phagosome

matura�on (Toyomura et al., 2003; Sun-Wada et al., 2009). Thus, to elucidate the contribu�on

of the murine V-ATPases to the merger of vesicles, a knockout mouse model for V-ATPase V0

subunit a3 was analysed. 

3.1.1. Genera,on of a3-deficient mouse embryonic fibroblasts

To achieve a knockout of V-ATPase V0 subunit a3, we took advantage of a natural occurring

osteosclero�c muta�on (oc) in the gene for this subunit, the murine locus Tcirg1. This muta�on

consists of a 1.6 kB dele�on, which eliminates exon 2 of Tcirg1 and its transla�on ini�a�on site

encoded therein  (Scimeca et al.,  2000).  Mice homozygous for the  Tcirg1oc allele suffer from

severe osteopetrosis and usually die within three weeks of age. For this reason, rather than

using primary cells from adult mice, mouse embryonic fibroblast (MEF) lines were generated

prior  to this  work in the group of  Prof.  Dr.  Uwe Kornak (Ins tute for  Medical  Gene cs and

Human Gene cs, Charité – Universitätsmedizin Berlin) at day E13.5 from breeding pairs yielding

wild-type as well as Tcirg1oc/oc and heterozygous offspring. To iden�fy MEFs carrying the Tcirg1oc

muta�on, genomic DNA was prepared from each MEF line and subjected to PCR to dis�nguish

between  the  mutant  and  wild-type  alleles  (Fig.  3.1).  Amplifica�on  with  a  primer  pair

surrounding the muta�on site (fwd-1 and rev) produced a large PCR amplicon from MEF line #9

and a 1.6 kB smaller amplifica�on product from MEF line #7. This indicated that MEF line #9

possessed two wild-type  Tcirg1 alleles,  while  MEF line #7  was  homozygous  for  the  Tcirg1oc

allele. In agreement with these findings, a PCR using a forward primer binding within exon2

(fwd-2), resulted in the absence of a PCR product in samples of MEF line #7, only. According to
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the PCR-based genotyping results, MEF line #9 will be referred to as wild-type and MEF line #7

as a3-/- or a3 knockout MEFs.

The impact of the gene�c altera�on on gene transcrip�on in a3-/- MEFs was then analysed by

qPCR (Fig. 3.2A). Consistent with the genotyping data, mRNA for V-ATPase subunit a3 was not

detectable in a3-/- MEFs, if the amplified region resided within the excised exon 2. However, a

sequence of the  Tcirg1  mRNA that was not targeted by the dele�on could be amplified to a

similar  extent  from  MEFs  of  both  genotypes,  implying  that  a  truncated  Tcirg1 was  s�ll

transcribed in the a3-/- line. Despite the comparable amount of mRNA coding for V0 subunit a3,

the level of V0 subunit a1 mRNA was significantly elevated in a3-deficient cells when compared

to wild-type MEFs. This might reflect a possible compensatory role of the a isoform 1. A similar,

but weaker tendency was found for  the subunit  a2 mRNA. In contrast,  the levels  of mRNA

coding for V0 subunit a4 were comparable in wild-type and a3-/- MEFs, but showed an at least

100-fold  lower  overall  mRNA  abundance  than  the  other  three  isoforms.  The  low  rate  of

V0 subunit a4 mRNA was in agreement with the described kidney-specific expression pa$ern of

this par�cular subunit (Smith et al., 2000; Oka et al., 2001).
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To gain  insight  into  the  actual  protein  amount  of  the  highly  expressed  isoforms  a1  to  a3,

immunobloPng was performed using isoform specific an�bodies (Fig. 3.2B). Corresponding to

V0 subunit  a3,  a  prominent  signal  of  116 kDa  could  be  seen  with  the  an�-a3 an�body  in

wild-type MEF lysates. Although a3 mRNA expression was detectable in a3-/- MEFs, the protein

signal for subunit a3 was absent in lysates from these cells, thereby verifying the loss of the

transla�on start sequence within exon 2. Comparable to the results from the qPCR, lysates from

a3-/- MEFs contained almost four �mes more V0 subunit a1 than wild-type lysates, while no

change was observed for subunit a2. Further probing for V-ATPase V0 subunits d1 and c and

V1 subunit  B2 revealed comparable protein levels  for  all  analysed subunits  in wild-type and

a3-/- MEFs.

Since  V0 subunit  a3  was  reported  to  exhibit  a  lysosomal  localisa�on,  an  indirect

immunofluorescence  staining  was  conducted to  clarify  the  subcellular  V0 a3  distribu�on in

wild-type and a3-deficient MEFs (Fig. 3.3). Lysosomes were visualised with an�bodies directed

against the lysosomal membrane protein LAMP-2. In wild-type MEFs, the signals received for

V0 subunit a3 showed a 78 % overlap (Pearson´s correla�on coefficient = 0.74) with the LAMP-2

staining,  proving  the  co-localisa�on  of  both  proteins.  Consistent  with  the  findings  in  the
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Western blot analysis, V0 a3-levels were reduced to background noise in a3-/- MEFs (Pearson´s

correla�on coefficient = 0.09) while LAMP-2 staining appeared unchanged in comparison to

wild-type MEFs.

Taken together, the analyses on V-ATPase expression showed that a3-deficient MEFs harboured

a specific knockout of the lysosomal V0 subunit a3, while V0 subunit a1 was up-regulated in

comparison to wild-type MEFs. The other subunits of the V-ATPase seemed to be unaffected by

the deple�on of V0 a3.

3.1.3. Unaltered lysosome func,on albeit dele,on of V0 subunit a3

To examine, whether the loss of one of the V0 subunit a isoforms blocks the proton pumping

ac�vity  of  the  V-ATPase  complex  and  thereby  interferes  with  mul�ple  cellular  func�ons,

lysosome  acidifica�on  was  assessed  in  wild-type  and  a3-/- MEFs  (Fig.  3.4).  For  ra�ometric

measurement of the lysosomal pH, the endocy�c system of MEFs was labelled with dextran-

Oregon Green® 514 overnight with an addi�onal two hours dye-free incuba�on period to clear

early  compartments.  Cells  were  then  subjected  to  live  cell  confocal  fluorescence  imaging

(Fig. 3.4A).  The acquired fluorescence intensity  ra�os were related to defined pH values  by

performing  an  in  situ  calibra�on  (Fig.  3.4B).  Treatment  with  bafilomycin  A1  and  nigericin

increased the fluorescence intensity ra�os above the ra�o measured for pH 6.5, reflec�ng the
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neutralising effect of these pharmaceu�cals on the lysosomal pH. The calculated pH values for

wild-type  (4.78  ± 0.13)  and  a3-/- (4.90  ± 0.23)  lysosomes  indicated  no  apparent  defect  in

lysosome acidifica�on upon deple�on of V0 subunit a3 (Fig. 3.4C).

As  a  second  read-out  for  lysosome  func�on  and  as  an  indirect  measure  for  lysosomal

acidifica�on,  the  processing  and  ac�vity  of  different  lysosomal  enzymes  was  analysed  in

a3-/- MEFs and compared to wild-type cells. For this purpose, the specific ac�vity of the acidic

hydrolases β-hexosaminidase and β-glucocerebrosidase was measured from whole cell lysates

using ar�ficial, chromogenic substrates. This revealed no significant differences between both

genotypes  with  specific  β-hexosaminidase  ac�vi�es  of  24.5  ± 3.5  mU/mg  in  wild-type  and

25.7 ± 5.9  mU/mg  in  a3-deficient  samples  and  specific  β-glucocerebrosidase  ac�vi�es  of

1.2 ± 1 mU/mg (wild-type) versus 1.1 ± 0.8 mU/mg (a3-/-). 

However, these assays did not dis�nguish between enzymes that are correctly targeted to the

lysosome and enzymes that might be retained in the ER due to an impaired protein transport.

Hence, the transport and processing of cathepsins was assessed in addi�on. During matura�on,
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cathepsin D is  transported to acidic lysosomes, where it  undergoes a final  processing step,

yielding its mature and ac�ve form (Gieselmann et al., 1985). The localisa�on of cathepsin D

was  followed  in  wild-type  and  a3-deficient  MEFs  through  indirect  immunofluorescence

including marker proteins for lysosomes (LAMP-2), the Golgi apparatus (GM130) and the ER

(KDEL) (Fig. 3.5A). In both genotypes, the majority of cathepsin D co-localised with LAMP-2 at

the lysosome, while only minor amounts resided in the Golgi apparatus or the ER, respec�vely.

Overall  this  pointed  to  a  comparable  transport  of  cathepsin  D  to  the  lysosome  in  both

genotypes.
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The processing of cathepsin D as well as cathepsin L was further examined by immunobloPng

(Fig. 3.5B).  Lysates  from  MEF  lines  lacking  either  cathepsin  were  used  as  controls.

The cathepsin D  immunoblot  revealed  signals  of  three  dis�nct  molecular  weights,  which

correspond to the proform of 52 kDa, an intermediate of 48 kDa and the mature form of the

protease with a molecular weight of 34 kDa (Zaidi et al., 2008). When comparing cathepsin D

processing in wild-type and  a3-/- MEF, no obvious varia�ons were detectable.  Similar to the

cathepsin D Western blot,  probing for cathepsin L revealed signals of three specific molecular

weights belonging to the proform, intermediate and mature cathepsin L  (Ishidoh et al., 1998)

and featuring comparable intensi�es with or without V0 subunit a3 expression.

The data concerning the func�onality of lysosomes collec�vely implied that the knockout of

V0 subunit a3 did interfere with neither lysosomal acidifica�on nor the ac�vity of lysosomal

enzymes. Furthermore, the correct transport of cathepsin D to the lysosome already indicated

at least par�ally func�onal vesicle fusion in a3-/- MEFs.

3.1.4. Endocy,c uptake is independent of the presence of V-ATPase V0 a3

To further assess fusion processes in selected examples for the mul�ple subcellular transport

routes,  the  uptake and fusion-dependent  delivery  of  endocy�c  cargo to  the  lysosome was

studied in the presence or absence of the V0 subunit a3.

Therefore,  dextran-Texas  Red® (70  kDa),  a  target  for  macropinocytosis,  was  added  to  the

culture medium of MEF cells for 30 minutes. Following this uptake period, the external supply

of  dextran-Texas  Red® was  removed  by  washing  and  fresh  culture  medium  was  added.

The intracellular  transport  of  the  endocytosed  polysaccharides  was  analysed  by  confocal

fluorescence  microscopy  a4er  three  hours  in  the  absence  of  further  dextran-Texas

Red® (Fig. 3.6A). The  fluorescence  signals  of  the  fluorochrome  co-localised  with  the

LAMP2-staining as a marker for lysosomes in wild-type and a3-deficient cells. This suggested an

efficient transport of the compound to the lysosome, regardless of the expression of V0 subunit

a3. Loss of V0 subunit a3 in  a3-/- MEFs was verified by staining with an an�-V0 a3 an�body,

which displayed prominent signals in wild-type MEFs that were absent in a3-deficient cells.

To further verify the correct uptake and delivery of BSA to lysosomes, wild-type and a3-/- MEFs

were incubated with the self-quenched DQ™ Red-BSA. Upon degrada�on of BSA in the late

endocy�c system,  e.g. late endosomes and lysosomes, the quenching effect is relieved and a

fluorescence  signal  can  be  detected  (Fig.  3.6B).  Similar  to  the  results  obtained  with
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dextran-Texas Red®, DQ™ Red-BSA fluorescence was seen in both genotypes a4er 12 hours in

the presence of the fluorochrome, hin�ng to efficient uptake, transport and degrada�on of BSA

independent of the V-ATPase V0 subunit a3.

3.1.5. Latex bead-containing phagosome matura,on proceeds in the absence 

of the V0 subunit a3

Since the V0 subunit a3 was described to be localised to both, lysosomes and phagosomes (Sun-

Wada et al., 2009), further analyses focused on the fusion between these two compartments in

regard to its dependence on the V-ATPase V0 subunit a3.

During  phagosome  matura�on,  a  newly  developed  phagosome  has  to  acquire  degrada�ve

ac�vity through fusion processes  with endosomes and lysosomes.  To allow phagocytosis  in

MEFs, which are non-professional phagocytes, wild-type and a3-deficient cells were transfected

with DNA coding for a C-terminally myc-tagged human Fcγ receptor IIa (FcγRIIa). This protein

enables  phagocytosis  of  IgG-opsonised  par�cles  by  binding  to  the  Fc  part  of  the  an�body

(Tuijnman et al., 1992). A4er transfec�on, cells were selected for stable FcγRIIa-myc expression

and single clones analysed by immunobloPng (Fig.  3.7). Probing for the myc-tag of the fusion
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protein  revealed  no FcγRIIa  expression  in  the  lysates  from  untransfected  wild-type  and

a3-/- MEFs. However, a prominent myc signal appeared in the lanes of the transfected cell lines,

wild-type #1-8 and a3-/- #1-2, corresponding to the expression of the FcγRIIa construct in these

cells.

The FcγRIIa-myc-posi�ve MEF lines were then used to study the matura�on of phagosomes

containing human IgG-opsonised latex beads. Following a 15 minutes uptake of  latex beads

(MOI = 8), phagosome matura�on was tracked for one hour by indirect immunofluorescence

labelling  including  marker  proteins  for  early  endocy�c  (EEA1)  and  lysosomal  (LAMP-2)

compartments (Fig.  3.8A).  External  beads were visualised with an an�body directed against

human IgG that was applied prior to permeabilisa�on of the samples. Directly a4er uptake of

the latex beads into phagosomes, co-localisa�on of the beads and EEA1 was detectable in both,

wild-type  and  a3-deficient  MEFs.  One  hour  later,  most  of  the  latex-beads  co-localised

with LAMP-2,  hin�ng  to  efficient  phagosome  matura�on  in  presence  and  absence  of  the

V0 subunit a3.

To get a quan�ta�ve measure of phagosome matura�on and thereby of phagosome-lysosome

fusion, the co-localisa�on rate of latex beads with either EEA1 or LAMP-2 signals was counted

for dis�nct �me points  a4er bead uptake (Fig.  3.8B).  During the one hour matura�on,  the

co-localisa�on of the latex beads with EEA1 decreased from 65 % to 30 % in wild-type and from

69 % to 34 % in  a3-/- MEFs, whereas the co-localisa�on with LAMP-2 increased from 17 % to

75 % (wild-type) or from 24 % to 78 % (a3-deficient), respec�vely. No kine�c dispari�es were
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revealed  in  the  departure  of  EEA1  from  or  the  acquisi�on  of  LAMP-2  to  the  maturing

phagosomes in wild-type and a3-deficient MEFs.

In conclusion, since phagosome matura�on progressed normally regardless of the expression of

the  V-ATPase  subunit  a3,  this  subunit  seemed  to  be  dispensable  in  the  process  of

phagosome-lysosome fusion.
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3.1.6. Matura,on of latex bead-containing phagosomes under condi,ons of 

increased lysosome pH and altered V0 sector availability

To this point, the physical par�cipa�on of the V-ATPase in the mixing of two lipid bilayers could

not be confirmed using V0 a3-deficient cells. However, recent findings rather support a fusion

promo�ng role for the low intraluminal pH generated by the complex  (Coonrod et al., 2013).

Thus, the influence of an increased vesicular pH on phagosome matura�on was analysed in

wild-type and a3-deficient MEFs, herea4er.
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Accordingly,  fibroblasts  of  both  genotypes  were  treated  for  15  minutes  with  variable

concentra�ons of  bafilomycin A1 or nigericin and the raise of  lysosome pH was verified by

LysoTracker® Red  staining  under  con�nued drug treatment  (Fig.  3.9A,  B).  The fluorescence

intensity of the acidotropic dye decreased in a dose-dependent manner when either of the pH

modulators was applied, confirming their neutralising effect (Fig.  3.9C, D). Compared to the

DMSO-treated  fibroblasts,  the  lowest  dose  of  bafilomycin  A1  was  able  to  reduce  the

LysoTracker® Red signal intensi�es to residual 13 – 14 %. When nigericin was administrated, the

fluorescence  diminished  to  16  –  17 %  of  the  intensity  received  from  the  ethanol-treated

controls.  Interes�ngly,  wild-type  and  a3-deficient  acidic  compartments  behaved  similarly,

implying that the loss of V0 subunit a3 was not detrimental to the V-ATPase func�on per se. 

Since  no  further  reduc�on  of  LysoTracker® Red  staining  was  observed  for  dosages  above

200 nM bafilomycin A1 or 10 µg/ ml nigericin, respec�vely, these concentra�ons were chosen

for the analysis of phagosome-lysosome fusion as in 3.1.5. The kine�cs of EEA1 disappearance

from  the  phagosomes  of  wild-type  MEFs  were  unchanged  by  applica�on  of  either

bafilomycin A1 or nigericin 15 minutes prior to and during the one hour phagosome matura�on

(Fig. 3.10A). The same was observed for the kine�cs of phagosomal LAMP-2 acquisi�on in the

course  of  the  matura�on  process  (Fig.  3.10A),  revealing  no  pH  dependence  of  the  fusion

between phagosomes and lysosomes. Even when the pharmacologically impaired acidifica�on

was combined with the deficiency of V0 subunit a3 by the applica�on of bafilomycin A1 or

nigericin  to  a3-/- MEFs,  the  distribu�on  of  the  two  marker  proteins  on  the  phagosomes

appeared unaltered again (Fig. 3.10B), implying no impairment of phagosome matura�on.

In addi�on to their nega�ve impact on lysosome acidifica�on, bafilomycin A1 and nigericin have

dis�nct effects on the V0-V1 associa�on state of the V-ATPase complex (Fig. 4.2). Bafilomycin A1

interacts with the V-ATPase V0 sector, which interferes with binding of V1 (Bowman et al., 2006;

Poea-Guyon et al., 2013; Wang and Hiesinger, 2013; Morel and Poea-Guyon, 2015). Accordingly,

the amount of available free V0 sectors for membrane fusion is increased upon bafilomycin A1

treatment.  Applica�on  of  the  ionophore  nigericin  consumes  luminal  protons  to  mediate  a

potassium influx. This  induces compensatory ac�va�on of the V-ATPase and enhances V0-V1

interac�on. As a consequence, the amount of free V0 sectors is decreased (Poea-Guyon et al.,

2013; Wang and Hiesinger, 2013; Morel and Poea-Guyon, 2015). Since both pharmaceu�cals

showed no effect on the matura�on of latex-bead containing phagosomes in fibroblasts, fusion

along the phagocy�c pathway was not influenced by the number of available free V0 sectors.
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Overall, the studies involving phagosome matura�on in wild-type and a3-deficient MEF lines

supported a role for neither the V-ATPase driven lysosome acidifica�on nor the presence of the

V-ATPase  subunit  a3.  The  accessibility  of  the  membrane-integral  V0 subunits  was  no

prerequisite for fusion along the phagocy�c axis.

The maintained vesicle fusion in a system that is based on the knockout of a single V-ATPase

subunit  could  reflect  the  diversity  of  the  V-ATPase  complex  with  its  mul�ple  subunits  and

subunit  isoforms.  Overlapping func�ons of  similar  components could lead to compensa�on

upon the depriva�on of one specific subunit, which might have been the cause for the up-

regula�on of the V-ATPase V0 subunit a1 in the a3-/- MEFs. Hence, a more thorough knockout
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mouse model  should be generated to con�nue with the study of  the V-ATPase func�on in

vesicle fusion. For this  purpose, the V-ATPase accessory protein 2/ ATP6AP2 was chosen as

target for a gene knockout, because it occupies a chaperone func�on for the assembly of the

V-ATPase V0 sector  (Kinouchi et  al.,  2010;  Oshima et  al.,  2011;  Kinouchi et  al.,  2013).  The

consequent disrup�on in V0 sector forma�on should interfere with the func�on and stability of

the whole V-ATPase complex. 

3.2.1. The Mx1-Cre condi,onal knockout mouse model affects macrophages

Since a cons�tu�ve knockout of Atp6ap2 is lethal at an early embryonic stage (Sihn et al., 2010),

a  condi�onal  knockout  mouse  line  was  established  by  applica�on  of  the  Cre/  loxP

recombina�on system. To achieve a dele�on resul�ng in a non-func�onal gene product, the

presence of loxP sites flanking exon 2 of Atp6ap2 (floxed) was combined with the expression of

the Cre recombinase under the control  of  the inducible  Mx1 promotor.  The  Mx1  promotor

region is responsive to interferon  α/  β receptor  signalling,  thereby targe�ng a mul�tude of

immune cells (Kuhn et al., 1995). Among these, macrophages are prone to the Mx1 promotor

ac�vity  and  represent  a  suitable  professional  phagocyte  cell  line  to  analyse  phagosome-

lysosome fusion. 

The breeding strategy (see sec�on 2.6.2) aimed to obtain homo- and hemizygous floxed mice

with 50 % offspring carrying one Mx1-Cre allele by breeding of female mice bearing loxP sites

within  Atp6ap2 with  mice  that  were  heterozygous  for  the  Mx1-Cre transgene.  Animals

possessing homo- or hemizygous floxed  Atp6ap2 but no  Mx1-Cre allele were referred to as

wild-type controls, whereas those with floxed Atp6ap2 and posi�ve for the Mx1-Cre transgene

were named condi�onal knockout (cKO) animals. 

In addi�on, the Mx1-Cre transgenic mice were bred with a Rosa26-EYFP reporter strain (Srinivas

et al., 2001) for a be$er evalua�on of the Mx1 promoter ac�vity. These reporter mice feature a

genomic inser�on, which transcribes for the enhanced yellow fluorescent protein (EYFP), in the

ubiquitously expressed locus Rosa26. The integrated sequence includes a STOP casse$e flanked

by  loxP sites  upstream  of  the  EYFP  coding  region.  Recombina�on  mediated  by  the  Cre

recombinase can hence be visualised through an EYFP expression. Similar to the Atp6ap2 floxed

Mx1-Cre transgenic mice,  animals homozygous for the  Rosa26EYFP allele, but without  Mx1-Cre

inser�on  were  used  as  wild-type  controls,  whereas  Rosa26EYFP/EYFP and  Mx1-Cretg/+ double
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transgenic mice were referred to as Mx1-Cre reporter (for breeding scheme see sec�on 2.6.2). 

In  both  condi�onal  mouse  lines,  the  ac�va�on of  the  Mx1 promotor  was  triggered  by  an

interferon α and β release, which resulted from the administra�on of synthe�c double stranded

RNA to mimic a viral infec�on (Kuhn et al., 1995) (Fig.  3.11A). Therefore,  Mx1-Cre transgenic

mice and wild-type controls  were treated with three doses of  polyinosinic:polycy�dylic  acid

(poly (I:C)) within five days by intra-peritoneal injec�on and sacrificed ten days a4er the last

applica�on for experimental analysis (Fig. 3.11B). 

The  �ssue  specificity  of  the  subsequent  Cre-mediated  recombina�on  was  assessed  by

immunobloPng (Fig.  3.12A). Selected �ssue lysates from wild-type and  Atp6ap2 condi�onal

knockout animals were probed for ATP6AP2 expression. This revealed a strong signal for the

ATP6AP2 C-terminal  fragments (CTF)  at approximately 15 kDa as well  as a weaker signal of

37 kDa corresponding to full  length ATP6AP2 in brain samples of  both genotypes.  The high

expression level in brain is in agreement with previous Northern blot results indica�ng a high

abundance of Atp6ap2 mRNA within this organ (Nguyen et al., 2002). 
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In  contrast,  the other  examined  �ssues  displayed  a  much weaker  expression of  full  length

ATP6AP2 and its CTF. While uncleaved ATP6AP2 was detectable at only slightly lower levels in

knockout  samples,  the intensity  of  the CTF signal  was  significantly  reduced in liver,  spleen,
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thymus and lymph nodes when compared to the respec�ve wild-type �ssue, indica�ng  Mx1

promotor ac�vity in these organs. In agreement with these findings, the levels of the V-ATPase

V0 subunit a3 as  well  as par�ally the levels of V-ATPase V0 subunit a1 were reduced in the

iden�cal samples. In addi�on, the knockout of  Atp6ap2 and a reduc�on of the V-ATPase V0 a

subunits  was  observed in  bone marrow samples of  condi�onal  knockout  animals  (data not

shown).

Using wild-type and condi�onal reporter mice in a comparable analysis, further immunobloPng

was performed against EYFP. The Mx1-Cre ac�vity, as visualised through EYFP expression, was

confirmed to be mostly present in liver, spleen, thymus and lymph nodes but also to a minor

extent in lung and heart lysates of the reporter animals (Fig. 3.12A). The brain, as an immune

privileged organ, was not targeted by the interferon α and β secre�on, which overall suited the

previously reported distribu�on of a poly (I:C)-induced Mx1-Cre ac�va�on (Kuhn et al., 1995). 

The wide spread nature of the ini�ated recombina�on events reflected the variety of cells from

different �ssues that are involved in an immune response to viral infec�ons. Flow cytometric

analyses of spleen, thymus and bone marrow extracted from wild-type and Mx1-Cre reporter

mice could not completely track the lineage of cells that are directly targeted by the ac�va�on

of the Mx1 promoter (data not shown). However, splenic macrophages showed the highest rate

of  cells  posi�ve  for  EYFP  fluorescence  with  a  percentage  of  94.8  %  (Fig. 3.12B).  Since

macrophages  were  also  the  desired  cell  type  to  con�nue  the  analysis  of  the  role  for  the

V-ATPase in vesicle fusion, peritoneal macrophages were further tested for EYFP expression in

condi�onal reporter mice. EYFP fluorescence of isolated peritoneal macrophages was assessed

via confocal microscopy (Fig.  3.12C). Macrophages extracted from wild-type mice showed no

visible  EYFP  fluorescence,  whereas  EYFP  signals  were  prominent  in  the  phagocytes  of

condi�onal reporter animals. This verified that peritoneal macrophages were targeted in a loxP

Mx1-Cre knockout system and the Atp6ap2 condi�onal knockout mice could be used to study

the dependence of vesicle fusion on the presence of the V-ATPase complex.

3.2.2. Depriva,on of ATP6AP2 disrupts the V-ATPase V0 sector assembly

In  line  with  the  characterisa�on  of  the  Mx1-Cre reporter  animals,  an  efficient  dele�on of

ATP6AP2 should be demonstrated in peritoneal macrophages of Atp6ap2 condi�onal knockout

mice and evaluated with respect to its influence on the V-ATPase complex assembly. To obtain

suitable amounts of these phagocytes from a peritoneal lavage, macrophages were enriched
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inside  the  peritoneal  cavity  through  a  thioglycollate  treatment  three  days  prior  to  their

isola�on.  Lysates  of  wild-type and  Atp6ap2 knockout  macrophages  were then subjected to

immunoblot analysis directed against ATP6AP2 (Fig. 3.13A). 

The loss of the full length  ATP6AP2 as well as its N-terminal (NTF) and C-terminal fragments

(CTF)  was  clearly  visible  in  the  Atp6ap2 knockout  samples  when  compared  to  wild-type

macrophages, which verifies the successful disrup�on of Atp6ap2. Further probing for different

V-ATPase  subunits  revealed  a  subsequent  reduc�on  of  the  V-ATPase  V0 subunit  a3,  which

showed only 5 – 23 % of the wild-type signal intensity. The level of V0 subunit a1 was reduced to

25 % in the Atp6ap2 knockout macrophages, that of V0 subunit d1 to 30 % and the level of V0

subunit c down to 15 %. In contrast, the V1 subunit B2 showed an equal signal strength in both

genotypes, indica�ng that sector V1 was not affected by the dele�on in Atp6ap2. In summary,

the  impaired  expression  of  the  accessory  subunit  ATP6AP2  successfully  induced  a  clear

decrease in the subunits of the V-ATPase V0 sector in peritoneal macrophages.

How this supplemental protein is aiding the assembly of the V-ATPase complex as well as the
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actual assembly process is not understood completely, thus far. Previous analyses indicate that

the expression of ATP6AP2 does not influence the protein stability of the V-ATPase V0 subunits

(Kinouchi et al., 2013). However,  ATP6AP2 might already affect the different V0 subunits at the

stage of mRNA expression. This aspect was assessed by performing qPCR u�lising cDNA isolated

from wild-type and Atp6ap2 knockout peritoneal macrophages (Fig.  3.13B). The expression of

the subunit a1 to a3 mRNA was comparable between both genotypes. As was already seen in

wild-type and a3-deficient MEFs (3.1.2), the kidney-specific subunit a4 was not detectable at

the mRNA level. A second kidney-specific isoform, V1B1 (Nelson et al., 1992; Miller et al., 2005)

was also not found in the mRNA pool of peritoneal macrophages. Interes�ngly, out of the a

subunit isoforms, subunit a3 showed an over three �mes elevated expression level, probably

highligh�ng its  described  role  in  phagocytosis  in  this  cell  type  (Sun-Wada et  al.,  2009).

Messenger RNA coding for V0 subunit d1/ 2 and V0 subunit c was transcribed comparably in

wild-type and Atp6ap2 knockout macrophages, as was the mRNA belonging to the V1 subunits

B2 and A1. This data indicated that a disappearance of ATP6AP2 did not affect the transcrip�on

of the V-ATPase subunits but rather acted at a post-transcrip�onal level.

Because the V-ATPase V0 subunit a3 showed the highest mRNA expression level of the analysed

V0 elements,  this  subunit  was  used  to  verify  the  dele�on  of  Atp6ap2 in  indirect

immunofluorescence analyses (Fig. 3.14). Fluorescence signals for V0 subunit a3 were received

in wild-type macrophages, in which they co-localised with a staining for LAMP-2, reflec�ng the
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prominent lysosomal localisa�on. However, V0 a3 fluorescence was completely lost in Atp6ap2

knockout cells, again verifying the efficient knockdown of the V-ATPase complex.

3.2.3. Atp6ap2 knockout macrophages harbour func,onal lysosomes

Due to the severely reduced presence of V-ATPase V0 subunits, which presumably affected the

ac�vity  of  the  whole  V-ATPase  complex,  lysosome  func�on  should  also  be  addressed  in

ATP6AP2-deficient macrophages. Consequently, the ability of the V-ATPase to drive lysosome

acidifica�on  was  measured  using  LysoTracker® Red  staining  in  peritoneal  macrophages  of

wild-type and Atp6ap2 knockout origin (Fig. 3.15A). 

Surprisingly,  acid  compartments  could  be  found  in  both,  wild-type  and  Atp6ap2 knockout

macrophages. In either case, the LysoTracker® Red signal was lost when 100 nM bafilomycin A1

were applied 15 minutes prior to and during the staining procedure, indica�ng that V-ATPases

were  indeed  responsible  for  the  measured  lysosome  acidifica�on.  The  suscep�bility  of

wild-type and ATP6AP2-deficient macrophages to bafilomycin A1 was further analysed as an
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indica�on  for  the  amount  of  func�onal  V-ATPase  complexes  in  the  different  genotypes

(Fig. 3.15B).  Therefore,  the intensity  of  LysoTracker® Red was measured in the presence of

varying concentra�ons of the agent and used to generate a dose-response curve. Reflec�ng the

reduced amounts of  the V-ATPase V0 subunits  proven in the immunoblot analysis,  Atp6ap2

knockout macrophages lost all LysoTracker® Red staining already when applying the lowest dose

of bafilomycin A1 (10 nM). At the same concentra�on, 15 % of the signal intensity detected in

DMSO-treated samples was s�ll present in the wild-type cells. Since LysoTracker® Red cannot

dis�nguish  between different  acidic  pH  values,  the  actual  pH of  the  lysosomal  lumen was

measured in macrophages of both genotypes using ra�ometric fluorescence analysis of dextran

coupled  to  Oregon  Green®  514  as  in  sec�on  3.1.3 (Fig.  3.15C).  It  became  apparent  that

lysosomes of macrophages deficient for ATP6AP2 were slightly less acidic (pH = 5.40 ± 0.16)

than  the  respec�ve  wild-type  compartments  (pH = 5.09 ± 0.16),  thereby  confirming  an

altera�on in the physiological func�on of  the complex upon loss of ATP6AP2. However,  the

residual V-ATPases seemed per se sufficient to mediate a moderate lysosome acidifica�on even

in condi�ons of a reduced V-ATPase expression.

To  determine  whether  the  small  disparity  in  the  lysosome  pH  of  wild-type  and  Atp6ap2

knockout macrophages entailed an impairment in the func�on of lysosome-resident enzymes,

these proteins were analysed for their ac�vity and correct processing. The rate of hydrolysis of

the ar�ficial, chromogenic substrate 4-nitrophenyl-N-acetyl-ß-D-glucosaminide, performed by

β-hexosaminidase was comparable in total lysates of wild-type (126 ± 24 mU/ mg) and Atp6ap2

knockout macrophages (126 ± 33 mU/ mg). 

Furthermore,  the  transport  of  cathepsin  D  from  the  ER  to  lysosomes  was  assessed  via

immunofluorescence microscopy using a co-staining of cathepsin D with the marker proteins

KDEL (ER), GM130 (Golgi apparatus) and LAMP-2 (lysosomes, Fig.  3.16A). The highest rate of

co-localisa�on was observed between the signals for cathepsin D and LAMP-2, indica�ng the

lysosomal localisa�on of the protease in wild-type and ATP6AP2-deficient cells. Minor amounts

of the signal for cathepsin D co-localised with KDEL and GM130 in both genotypes, reflec�ng

the transport through these two compartments following protein synthesis. Overall, this data

indicate a correct trafficking of cathepsin D to lysosomes, independent of the expression of

ATP6AP2. 
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To obtain an addi�onal read-out for cathepsin func�on, the processing of the cathepsins D and

L was examined in total macrophage lysates through immunobloPng (Fig. 3.16B). Cell lysates of

MEF lines lacking either cathepsin D or cathepsin L served as nega�ve controls. Comparable to

wild-type and  a3-/- MEFs  (chapter  3.1.3),  probing for  cathepsin  D revealed a  set  of  dis�nct

protein signals belonging to a proform of 52 kDa, an intermediate form of  48 kDa and the

mature cathepsin D of 34 kDa. Furthermore, the light chain of cathepsin D (14 kDa), which is



3. RESULTS 81

generated  in  the  course  of  the  final  matura�on  step (Gieselmann et  al.,  1985),  was  also

detectable in the macrophages lysates. All forms of cathepsin D were observed with an equal

intensity in wild-type and  Atp6ap2 knockout macrophages, hin�ng to a normal processing in

both genotypes.  The same, undisturbed proteolysis  could be seen in western blot  analyses

regarding the matura�on of cathepsin L.

Thus, although the lysosomes of ATP6AP2-deficient peritoneal macrophages were altogether

more alkaline than their wild-type counterparts, this did apparently not affect their degrada�ve

capacity.

3.2.4. Con,nuous endocy,c procressing in V-ATPase knockdown macrophages

Since  lysosomes  appeared  overall  func�onal  in  the  Atp6ap2 knockout  macrophages,  the

influence of the generated V-ATPase knockdown on vesicle fusion within the endocy�c system

was  addressed  in  these  cells  as  in  3.1.4.  Accordingly,  wild-type  and  Atp6ap2 knockout

macrophages were incubated in the presence of dextran-Texas Red® (70 kDa, 0.5 mg/ ml) for

30 minutes  and  the  fluorophore  traced  into  lysosomes  during  a  three  hours  dextran-Texas

Red®-free  chase  period.  Indirect  immunofluorescence  staining  against  LAMP-2,  as

a representa�ve  of  lysosomes,  revealed  a  co-localisa�on  between  LAMP-2  and  Texas  Red®

following the pulse-chase labelling in both genotypes (Fig.  3.17A).  The V-ATPase knockdown

efficiency was assessed by further probing for the V-ATPase V0 subunit a3, which showed a clear

reduc�on in the ATP6AP2-deficient macrophages. These data indicated a proceeding endocy�c

flow independent of the presence of ATP6AP2.

Moreover,  the  ongoing  delivery  of  the  endocy�c  cargo  to  lysosomes  was  re-evaluated  by

examining the lysosomal dequenching of DQ™ Red-BSA (Fig. 3.17B). Pursuing a similar protocol

as conducted for the endocytosis of dextran-Texas Red®, DQ™ Red fluorescence was observed

in wild-type and  Atp6ap2 knockout macrophages a4er the three hours chase period. In both

cases, this fluorescence co-localised with the signals of a LAMP-2 immunostaining, verifying the

regular  flow  of  the  endocy�c  system  in  condi�ons  of  a  V-ATPase  knockdown  and  again

demonstra�ng the ongoing degrada�on in lysosomes of ATP6AP2-deficient macrophages.
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On  the  basis  of  the  con�nuous  endocy�c  flux  and  the  absence  of  an acidifica�on-related

distor�on  in the  Atp6ap2 knockout macrophages, further studies were able to evaluate the

influence of the physical presence of the V-ATPase complex, only. In this respect, phagosome

matura�on,  and  therefore  phagosome-lysosome fusion  was  examined  in  these  cells.  Being

professional phagocytes, macrophages take up murine IgG-opsonised latex beads naturally and

without the addi�onal need for the transfec�on of an Fcγ receptor.  Wild-type and  Atp6ap2

knockout  macrophages  were  incubated  with  such  modified  latex  beads  (MOI  =  8)  for

15 minutes,  and  the  newly  generated  latex  bead-containing  phagosomes  were  allowed  to

mature  for  one  hour,  during  which the  localisa�on of  the  beads was  analysed by  confocal

microscopy (Fig. 3.18). 

Following this procedure, a LAMP-2 posi�ve halo could be found around the internalised latex

beads  by  immunostaining  in  macrophages  of  both  genotypes.  This  lysosomal  localisa�on

implied a completed phagosome matura�on, which was unaffected by the significant drop in

the concentra�on of V-ATPase complexes. The V-ATPase knockdown was again controlled by

probing for the V0 subunit a3.
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In a co-opera�on with the groups of Prof. Dr. Albert Haas (Ins tute for Cell Biology, University of

Bonn) and Prof. Dr. Gareth Griffiths (Department of Biosciences, University of Oslo) the process

of  phagosome matura�on was  further  defined  by  electron  microscopy.  In  an  experimental

setup designed to determine the rate of phagosome-lysosome fusion, the delivery of lysosomal

cargo  to  the  developing  phagosomes  was  analysed  (refer  to  Fig.  4.3).  To  our  surprise,

macrophages  lacking  ATP6AP2  and  consequently  bearing  reduced  expression  levels  of  the

V-ATPase  complex  showed  even  more  cargo  delivery  per  phagosome  than  wild-type  cells,

possibly reflec�ng an increased rate of phagosome-lysosome fusion (presented in sec�on 4.2.3

and (Kissing et al., 2015)).

Overall these findings did not support a fusion promo�ng role for the V-ATPase complex in the

merger of phagosomes with lysosomes.

3.2.6. Atp6ap2 knockout macrophages show unaltered fusion kine,cs

The elevated delivery of lysosomal cargo to the phagosomes of Atp6ap2 knockout macrophages

that  was  observed  in  electron  microscopy  par�cularly  reflected  an  increase  in  small  area

deposits. This hints to the occurrence of the kiss and run phenomenon. Kiss and run terms an

incomplete fusion event that is characterised by the transient mixing of two lipid bilayers and

will ul�mately result in separated vesicles (Desjardins et al., 1994; Desjardins, 1995). During the



84

connec�on  between  the  vesicles,  a  transient  fusion  pore  is  formed  that  allows  the  rapid

transfer of small solutes but impedes the exchange of large cargo molecules (Wang and Goren,

1987; Storrie and Desjardins, 1996; Bright et al., 2005). Dextran bearing a molecular weight of

70 kDa was reported to be delivered only in later stages of endosomes matura�on (Wang and

Goren, 1987). Hence, to further characterise fusion in the absence of ATP6AP2, the endocy�c

delivery of such dextran molecules was assessed with respect to its kine�cs in wild-type and

ATP6AP2-deficient macrophages. 

Therefore, the endocy�c compartments of macrophages were labelled overnight with dextran-

fluorescein (-FITC, 0.25 mg/ ml) bearing a molecular mass of 10 kDa and this complex cleared of

early compartments by a three hours incuba�on in DMEM only. Dextran-Texas Red® with a

molecular weight of 70 kDa (0.5 mg/ ml) was then added for up to 60-minutes and the delivery

of this compound to the pre-labelled late endocy�c compartments was analysed by confocal

microscopy (Fig. 3.19A).

A4er  ten  minutes  in  the  presence  of  the  high  molecular  weight  dextran,  Texas  Red®

fluorescence was visible at  the periphery  of  all  cells  and only par�ally  overlapped with the
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signals of the pre-loaded low molecular weight dextran-FITC. However, upon longer incuba�on

up  to  60 minutes,  both  fluorescence  signals  showed  a  complete  overlap  in  wild-type  and

Atp6ap2 knockout macrophages. The rate of co-localisa�on between Texas Red® and FITC was

expressed  using  the  Pearson´s  correla�on  coefficient  for  the  different  �me  points,  which

revealed a comparable increase from 10 % to 70 % independent of the ATP6AP2 expression

(Fig.  3.19B). This suggested similar fusion kine�cs in both genotypes as well as func�onal kiss

and run size selec�on.

Taken together the analyses of  phagosome matura�on and vesicle fusion conducted in this

thesis and in co-opera�on with the groups from Bonn and Oslo, all made it very unlikely that

the physical presence of the V-ATPase complex exerts a role in the fusion between phagosomes

and lysosomes.

3.2.7. Vesicle fusion in Atp6ap2 LysM-Cre condi,onal knockout macrophages

To validate the results generated with peritoneal macrophages of Atp6ap2 Mx1-Cre condi�onal

knockout mice, an  Atp6ap2 LysM-Cre condi�onal knockout mouse model was established to

reproduce phagosome-lysosome fusion in the absence of ATP6AP2 and under condi�ons of

reduced V-ATPase expression.  The  LysM-Cre transgene describes  an inser�on  of  the coding

region for the Cre recombinase into the lysozyme 2 gene locus. This system targets cells of the

myeloid  cell  lineage,  including  macrophages,  without  the  requirement  for  an  addi�onal

induc�on  (Clausen et  al.,  1999).  The  breeding  strategy  matched  that  of  the  ini�al

Atp6ap2 Mx1-Cre mouse line as  described in  chapters  2.6.2 and  3.2.1.  Animals  with  floxed

Atp6ap2 but nega�ve for the  LysM-Cre transgene were termed wild-type controls and mice

bearing both, the floxed Atp6ap2 loci and the LysM-Cre transgene were called LysM condi�onal

knockout animals. Thioglycollate treatment three days prior to sacrificing of the animals for

experimental analysis was used to elucidate peritoneal macrophages in wild-type controls and

Atp6ap2 LysM condi�onal knockout mice.

3.2.7.1 Atp6ap2 LysM condi#onal knockout macrophages show lysosomal 

acidifica#on

The dele�on  of  Atp6ap2 in peritoneal macrophages isolated from  LysM condi�onal knockout

animals  was  characterised  at  the  level  of  protein  expression  using  immunoblot  analysis

(Fig. 3.20A).  Similar  to  the  results  obtained  with  macrophages  from  Mx1-Cre transgenic
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knockout mice, full length and CTF of ATP6AP2 were almost absent in the lysates of  Atp6ap2

LysM condi�onal  knockout  cells  when  compared  to  the  wild-type  lysates.  Accordingly,  the

V-ATPase  V0 subunits  a3  was  present  at  only  5 %  -  13 %  of  the  wild-type  protein  level.

Furthermore, the V0 subunits c (38 %), d1 (21 %) and a1 (28 %) were reduced in the samples

without ATP6AP2 expression and these lysates showed a slight decrease in the V0 a2 signal as

well.  Like  in  the  Mx1-Cre-mediated  knockout  model,  the  V-ATPase  V1 subunit  B2  was  not

affected, showing the same signal intensity in wild-type and ATP6AP2-deficient macrophages.

Overall  the  V-ATPase  knockdown generated  with  the  system using  LysM-Cre seemed to be

equivalent to the V-ATPase manipula�on carried out in the Mx1-Cre-based knockout animals.

Although again, the V0 sector of the V-ATPase was present at significantly reduced levels, the

lysosome  pH  in  macrophages  of  Atp6ap2  LysM condi�onal  knockout  mice  (5.13  ±  0.25)

appeared unchanged in comparison to wild-type macrophages (4.96 ± 0.26) as measured by

dextran-Oregon Green® 514 fluorescence (Fig.  3.20B). This might reflect a minor difference in

the Atp6ap2 knockout efficiency between the loxP/ Cre systems u�lising the Mx1 or the LysM

promoter, respec�vely.
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3.2.7.2 Phagosomes of Atp6ap2 LysM condi#onal knockout macrophages acquire 

LAMP-2

In order to verify the previously observed independence of fusion of the V-ATPase complex, the

analysis  of  phagosome  matura�on  as  in  3.2.5 was  con�nued  using  this  second  V-ATPase

knockdown mouse model. Consequently, peritoneal macrophages isolated from wild-type and

Atp6ap2 LysM condi�onal knockout animals were incubated with murine IgG-opsonised latex

beads for 15 minutes and the matura�on of the latex bead-containing phagosomes analysed

a4er one addi�onal hour in the absence of external beads by confocal fluorescence microscopy

(Fig.  3.21). An immunostaining against LAMP-2 was performed to correlate the localisa�on of

the  internalised  latex  beads  with  lysosomes.  Macrophages  derived  from  both  genotypes

showed the typical halo of LAMP-2 fluorescence signals around their phagocytosed latex beads,

indica�ng  a  completed  phagosome  matura�on  and  matching  the  data  generated  with  the

Mx1-Cre ATP6AP2-deficient macrophages.

Altogether,  a promo�ng func�on for the V0 sector  of  the V-ATPase in phagosome-lysosome

fusion  could  not  be  supported  in  two  independent  murine  V-ATPase  knockdown  models,

thereby ques�oning the conserva�on of this func�on in different species as it  was reported

before  (Hiesinger et al., 2005; Liegeois et al., 2006; Sun-Wada et al., 2006; Peri and Nusslein-

Volhard, 2008; Di Giovanni et al., 2010; Strasser et al., 2011; Poea-Guyon et al., 2013; Wang et

al., 2014).
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3.3. The autophagic pathway in the absence of ATP6AP2 

Up to that point, murine V-ATPases seemed dispensable for vesicle fusion along the endocy�c

and phagocy�c axes. Yet, these events comprise only a frac�on of the cellular processes that

rely  on  the  mixing  of  two compartments.  Another  pathway  that  is  linked  to  the  V-ATPase

complex, and which is founded on sequen�al fusion steps, is autophagy. Autophagy aims to

degrade the cell´s own cons�tuents, e.g. proteins and small compartments in order to refresh

the supply of nutrients and free amino acids (Mizushima and Komatsu, 2011). For this purpose,

a newly formed autophagosome has to acquire degrada�ve proper�es through the mixture

with late endosomes and lysosomes. While these fusion events are discussed to depend on the

presence of V-ATPase, the regula�on of autophagy is also influenced by the proton pumping

complex,  since  it  is  involved  in  the  sensing  of  accessible  amino  acids  and  the  subsequent

signalling to the mechanis�c target of rapamycin complex 1 (mTORC1, (Zoncu et al., 2011)). A

high abundance of amino acids yields an ac�va�on of mTORC1, which then blocks the ini�a�on

of autophagy and hence acts as a switch between catabolism and anabolism. Therefore, the

impact of the reduced V-ATPase expression level on autophagy and mTORC1 was analysed in

Atp6ap2 condi�onal knockout mice as described in the following sec�on.

3.3.1. Dysregula,on of autophagy in Atp6ap2 condi,onal knockout liver

The liver represents the site for mul�ple metabolic processes, such as fa$y acid synthesis and

the storage and mobilisa�on of glycogen mul�mers  (Czaja et al.,  2013). Therefore, the liver

bears  a  high  basal  rate  of  autophagy  (Czaja et  al.,  2013)  and is  suited  to  study  the

self-degrada�ve  process  in  dependence  on  the  V-ATPase  expression  level.  The  general

characterisa�on of the  Atp6ap2 condi�onal knockout and the  Mx1-Cre reporter mice (3.2.1)

revealed that this �ssue was also targeted in Mx1-Cre-based knockout systems. Thus, the liver

of  Atp6ap2 condi�onal knockout animals was chosen as the appropriate plasorm to peruse

autophagy and the mTORC1 signalling.

The efficiency of  Atp6ap2 dele�on and its ensuing effect on V-ATPase expression in liver was

assessed using immunoblot analyses (Fig. 3.22A). The full length form and the CTF of ATP6AP2

were  clearly  reduced  in  total  liver  lysates  of  Atp6ap2 condi�onal  knockout  mice  when

compared to the wild-type controls. However, both forms of the protein remained detectable,

implying that the interferon α-induced knockout did not target the liver in all its components.

The analysis of the V-ATPase V0 subunits revealed an up to 80 % reduc�on of V0 subunit a3 and
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as  much as  68 % less  V0 subunit  a1  in  the ATP6AP2-depleted  samples.  The V0 subunit  d1

showed as low as 33 % of the wild-type expression rate and V0 subunit c went down to 40 %. To

clarify, which cell species were effec�vely targeted in the  Atp6ap2 condi�onal knockout liver,

the  Mx1-Cre reporter  mice  were  analysed  by  confocal  fluorescence  microscopy.  An  EYFP

fluorescence was visible in hepatocytes and Kupffer cells but not in endothelial cells on liver

sec�ons of these mice (Fig. 3.22B). 

The  deficiency  of  ATP6AP2  caused  a  significant  increase  in  liver  size  and  liver  weight  in

comparison  to  the  wild-type  controls  (Fig.  3.23A,  B).  Hematoxylin  and  eosin  staining  of

cryo-sec�oned liver slices revealed a concomitant increase in the size of the Atp6ap2 knockout

hepatocytes (Fig. 3.23C). 

This morphological difference between wild-type and  Atp6ap2 condi�onal knockout liver was

defined at  an ultra-structural  level  using electron microscopy in  co-opera�on with  Prof.  Dr.

Renate Lüllmann-Rauch (Ins tute of Anatomy, University of Kiel). Upon deple�on of ATP6AP2

and the associated reduc�on in the presence of V-ATPase complexes, hepatocytes accumulated

densely packed vesicles that contained material of variable electron density (Fig. 3.24).
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The vesicle appearance suggested an autophagosomal origin, and at least a par�al degrada�ve

ac�vity  was  indicated  by  the  dark,  electron  dense  cons�tuents.  Whether  these  vesicles

belonged to the autophagic pathway was examined by immunofluorescence staining of liver

sec�ons generated from both genotypes (Fig. 3.25A). 

Indeed,  the  microtubule-associated  protein  1A/  1B-light  chain  3  (LC3),  which  is  ac�vely

recruited  to  the  membrane  of  developing  autophagosomes  (Kabeya et  al.,  2000),  gave  an

increased signal in liver samples lacking ATP6AP2 in hepatocytes and macrophages. The same

was observed for sequestome 1/ p62, an ubiqui�n-binding protein  that acts  as  an adaptor
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between ubiqui�nated autophagic  cargo and LC3  (Bjorkoy et  al.,  2005; Pankiv et  al.,  2007;

Lamark et  al.,  2009). Interes�ngly,  LC3  and  p62  are  regularly  degraded  at  the  stage  of

autolysosomes,  and  the  decline  of  clearance  may  be  an  indica�on  for  an  affected

autophagosome matura�on in the liver of Atp6ap2 condi�onal knockout animals. At the same

�me,  the  small  GTPase  Rab5,  as  a  marker  protein  for  early  endosomes,  showed a  strong

staining in the knockout �ssues, which was less prominent in sec�ons from wild-type animals.

The  same  signal  increase  was  also  observed  for  LAMP-1  posi�ve  lysosomes  on

ATP6AP2-depleted liver slices. In the co-staining, p62 signals localised mainly to compartments

marked  by  Rab5  and  not  by  LAMP-1.  In  contrast,  LC3  signals  displayed  a  considerable

co-localisa�on  with  the  lysosomal  LAMP-1.  Because  autophagy  is  also  �ghtly  linked  to  the

proteasome, the proteasomal regulator ubiqui�n was further analysed by immunofluorescence

staining  and  revealed  plenty  of  ubiqui�n-ligated  proteins  in  the  Atp6ap2 knockout

hepatocytes (data not shown). Hence, the proteasomal clearance might be impaired upon loss

of ATP6AP2, too.

The observed dispari�es in the abundance of  autophagic  and endolysosomal proteins were

further  characterised  by  immunoblot  analyses  (Fig. 3.25B).  Probing  for  LC3  confirmed  its

ac�va�on  for  autophagy  in  ATP6AP2-depleted  liver  lysates,  since  the  conjugate  of  LC3  to

phospha�dylethanolamine  (LC3-II)  was  clearly  detectable.  The  ra�o  of  LC3-II  to  the

unconjugated LC3-I is a measure for autophagy ini�a�on and was increased 5-fold upon loss of

ATP6AP2. The level  of  p62 was found to be twice as  high in lysates of  Atp6ap2 condi�onal

knockout liver when compared to wild-type controls and LAMP-2 signals increased to 11-fold.

Altogether, the dele�on of  Atp6ap2 triggered a dras�c morphological change in hepatocytes

that reflected altera�ons in the vesicle composi�on and the autophagic pathway of these cells.

The cause for this development could be a complex mixture of primary and secondary events as

well as of intracellularly or extracellularly ini�ated signalling cascades. 

Three  conceivable  reasons  for  the  vesicle  accumula�on  were  analysed  in  the  following

segments: an impairment in lysosome acidifica�on and subsequent proteoly�c degrada�on, a

defect in autolysosome forma�on due to a necessity of the V-ATPase complex for vesicle fusion

and a dysregula�on of mTORC1 signalling.
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3.3.2. Isolated ATP6AP2-deficient hepatocytes contain proteoly,cally ac,ve 

compartments

Previous  reports support  a  deficiency  of  lysosome  acidifica�on  as  the  cause  for  a  similar

autophagy-related phenotype in Atp6ap2 condi�onal knockout models for cardiomyocytes and

podocytes (Kinouchi et al., 2010; Oshima et al., 2011; Riediger et al., 2011). Hence the proton

pumping  func�on  of  the  V-ATPase  was  assessed  in  ATP6AP2-depleted  hepatocytes  by

LysoTracker® Red staining. 

Hepatocytes were isolated from animals of wild-type or  Atp6ap2 condi�onal knockout origin

five days a4er the last poly (I:C) applica�on for the knockout induc�on. However, the yield of

isolated cells was reduced by almost 90 % in knockout animals as compared to the wild-type

controls, indica�ng that the Atp6ap2 knockout cells exhibited a compromised ability to survive

the  isola�on  procedure.  Wild-type  and  the  remaining  10  %  of  isolated  ATP6AP2-depleted

hepatocytes were then incubated in the presence of the acidotropic dye LysoTracker® Red and

analysed by confocal microscopy (Fig. 3.26A). 
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Both  hepatocyte  popula�ons  were  posi�ve  for  LysoTracker®  Red  staining,  reflec�ng  the

presence of  acidic  compartments regardless  of  the expression of  ATP6AP2.  However,  when

Atp6ap2 knockout hepatocytes occasionally displayed a lack of LysoTracker® Red signals, these

cells seemed to be in a stage of progressing apoptosis (data not shown). Strikingly, while most

of  the  wild-type  hepatocytes  shared  a  common  binucleated  appearance,  the  majority  of

Atp6ap2 knockout hepatocytes harboured only one nucleus. This might imply either a shi4 to

mononucleated hepatocytes under V-ATPase knockdown condi�ons or a lower suscep�bility of

these mononucleated cells during the isola�on procedure. 

The LysoTracker®-posi�ve hepatocyte popula�on of the V-ATPase knockdown cells  was then

analysed in regard to its lysosomal proteolysis and the ac�vity compared to that of wild-type

cells. Therefore, the uptake and dequenching of DQ™ Red-BSA was examined by fluorescence

microscopy  (Fig. 3.26B).  The  degrada�on of  BSA was  taking  place  in  both  genotypes  since

a fluorescence signal was observable in wild-type and Atp6ap2 knockout hepatocytes and this

fluorescence co-localised with the lysosome-deno�ng LAMP-2 staining. The loss of ATP6AP2

was visualised through the reduc�on of the V-ATPase complex by staining for the V0 subunit a3.

Interes�ngly,  Atp6ap2 knockout hepatocytes that featured degrada�ve, acidic compartments

s�ll showed an accumula�on of LAMP1 as well as an accumula�on of p62 (Fig. 3.26B). 

Together these results made the complete loss of acidifica�on and concomitant obstruc�on of

lysosomal  protein  degrada�on  an  unlikely  cause  for  the  dras�c  phenotype  seen  in  the

ATP6AP2-depleted liver. However, the experiments provided here are not sufficient to detect

small changes in the lysosome pH or the proteoly�c ac�vity that might induce the observed

accumula�on of vesicle.

3.3.3. Intracellular fusion proceeds in hepatocytes that lack ATP6AP2

Un�l recently, a defect in the fusion between autophagosomes and lysosomes has been linked

to  an  alkalisa�on  of  lysosomes  (Yamamoto et  al.,  1998;  Kawai et  al.,  2007).  New findings

challenged this view by disclosure of an uncoupling of autolysosome forma�on and the proton

pumping  func�on  of  the  V-ATPase  in  drosophila  melanogaster (Mauvezin et  al.,  2015).

In addi�on,  evidence for proceeding autophagosome-lysosome fusion upon deple�on of the

V-ATPase was provided. 
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Whether these results are applicable to autolysosome forma�on in murine hepatocytes, should

be determined via the endocy�c uptake and intracellular delivery of BSA-gold. Thus, wild-type

and  Atp6ap2 knockout  hepatocytes  were  cultured  in  the  presence  of  BSA complexed  with

10 nm gold  par�cles  (OD  =  5)  for  one  hour  to  label  their  endocy�c  system.  Following  an

addi�onal  two hours  incuba�on  in  the  absence  of  BSA-gold,  autophagic  structures  and

specifically  autolysosomes  should  have  acquired  gold  par�cles due  to a  con�nuous  vesicle
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fusion. Hence, the intracellular distribu�on of BSA-gold was assessed by electron microscopy

(Fig.  3.27A) performed by Prof. Dr. Eeva-Liisa Eskelinen (Department of Biosciences, University

of Helsinki). According to their morphology, the observed vesicle popula�ons were grouped into

small  endosomes,  mul�-vesicular  bodies,  late  endosomes/  lysosomes  and  immature  or

degrada�ve autophagic vacuoles, and the distribu�on of BSA-gold was determined for at least

1300 gold par�cles per sample (Fig. 3.27B). Gold signals were found throughout the endocy�c

system in both genotypes, eventually reflec�ng a slight shi4 from gold par�cles within small

endosomes  to  a  pronounced  localisa�on in  mul�vesicular  bodies  in  the  Atp6ap2 knockout

samples.  Nevertheless,  mature  autophagosomes  contained  43 %  of  the  gold  par�cles  in

wild-type  and  53 %  of  BSA-gold  in  ATP6AP2-depleted  hepatocytes,  implying  a  successful

delivery  of  the  tracer  to  these  compartments  independent  of  the  ATP6AP2  expression.

Immature autophagic vacuoles that did not undergo fusion yet, displayed only smaller numbers

of gold par�cles.

Because BSA-gold reached the degrada�ve autophagic vacuoles also in the absence of ATP6A2,

a defec�ve autophagosome-lysosome fusion seemed unlikely in these cells. 

3.3.4. Atp6ap2 condi,onal knockout liver bears contrary mTORC1 regula,on 

Autophagy and lysosomal biogenesis are nega�vely regulated by the mTOR complex 1 (Dunlop

and Tee, 2014). Consequently,  a malfunc�on in the mTORC1 regulatory network could be a

poten�al trigger for the expansion of endocy�c and autophagic structures in ATP6AP2-depleted

hepatocytes. Under condi�ons of starva�on, mTORC1 is inac�vated and can no longer support

cell  cycle  and  growth  promo�ng  processes.  It  is  also  no  longer  inhibi�ng  the  autophagy-

ini�a�ng unc-51-like kinase-1 (ULK1)  so that in turn autophagosomes will form within the cell

(Ganley et al., 2009; Hosokawa et al., 2009; Jung et al., 2009). The mTORC1 further blocks the

nuclear transloca�on of the transcrip�on factor EB (TFEB). Inhibi�on of mTORC1 relieves this

effect and lysosomal gene transcrip�on is triggered (Mar�na et al., 2012; Roczniak-Ferguson et

al., 2012; Se$embre et al., 2012). Since the ac�va�on of mTORC1 via amino acids is supposed

to rely  on the presence of  the V-ATPase  (Zoncu et  al.,  2011) and the consequences  of  an

mTORC1 inac�va�on would mimic the observed phenotype, the role of mTORC1 signalling was

addressed in wild-type and Atp6ap2 condi�onal knockout liver.
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3.3.4.1 Differen#al ac#vity of mTORC1 downstream targets in ATP6AP2-deprived 

liver

As  a  first  read-out  for  mTORC1  ac�vity,  the  TFEB  mediated  transcrip�onal  ac�va�on  was

characterised, as indicated by the mRNA expression of established TFEB target genes. In this

regard, total RNA of whole liver samples was examined u�lising qPCR (Fig. 3.28). Liver depleted

for ATP6AP2 contained significantly more mRNA coding for three of  the five analysed TFEB

targets.  The  mRNA for the  lysosomal  protein  β-hexosaminidase was found at  180 % of  the

wild-type expression level. Furthermore, the increase in the amount of mRNA transla�ng for

the V-ATPase V0 subunit  d1  was  equivalent  to  160 %,  that  of  the  p62 mRNA to 150 % in

ATP6AP2-depleted  liver.  However,  the levels  of  mRNA encoding LAMP-1  and the  lysosomal

chloride  channel  CLCN7  were  not  significantly  different  between  wild-type  and  Atp6ap2

knockout liver. Control genes that were not regulated by TFEB but s�ll related to autophagy

displayed  decreased  mRNA  expression  upon  loss  of  ATP6AP2,  presumably  reflec�ng  a

compensatory  regula�on  towards  the  prolonged  course  of  self-diges�on.  The  contrary

modula�on  of  autophagy-related  genes  could  point  to  an  impairment  in  the  mTORC1

ac�va�on.
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To gain  insight  into the kinase ac�vity  of  the mTORC1 key component  mTOR,  immunoblot

analyses  of  whole liver  lysates  were  performed (Fig.  3.29).  These  experiments detected an

increased  phosphoryla�on  of  the  70  kDa  ribosomal  protein  S6  kinase  (p70S6K),  a  known

mTORC1  downstream  target  (Magnuson et  al.,  2012),  in  the  ATP6AP2-depleted  �ssue.

Furthermore the V-ATPase knockdown liver samples revealed an elevated phosphoryla�on and

thereby inac�va�on of the proline-rich Akt1 substrate 1 (PRAS40), which acts as an inhibitory

component of  mTORC1  (Sancak et  al.,  2007;  Vander Haar et  al.,  2007; Wang et  al.,  2007).

Strikingly,  this indicated a heightened ac�vity of mTORC1 upon knockout of  Atp6ap2, which

seemed to be in contrast to the concurrent appearance of autophagy and the qPCR results

concerning TFEB ac�vity.

A prerequisite for the ac�va�on of mTORC1 is its recruitment to the lysosomal surface via the

Ragulator complex and the Ras-related GTP-binding proteins RagA to RagD (Sancak et al., 2007).

This  transloca�on  involves  the  sensing  of  the  amino  acid  supply,  mediated  by  the

sodium-coupled neutral amino acid transporter 9, shortly SLC38A9 and the V-ATPase complex

(Jewell et al., 2015; Rebsamen et al., 2015; Wang et al., 2015). Therefore, the distribu�on of

mTORC1 within isolated hepatocytes of wild-type or  Atp6ap2 condi�onal knockout origin was

traced  in  an  indirect  immunofluorescence  staining  in  collabora�on  with  Sönke  Rudnik

(University of Kiel). 
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A co-localisa�on between the signals for mTOR as a representa�ve of the mTOR complex 1 and

the signals for the lysosome (LAMP-2) was detectable in wild-type cells, thereby sugges�ng a

lysosomal  localisa�on  of  mTORC1  (Fig.  3.30A).  The  accumula�on  of  vesicles  in  the

Atp6ap2 knockout hepatocytes aggravated the visualisa�on of the correct mTORC1 localisa�on.

MTOR displayed a diffuser signal in these cells that, if at all, only par�ally localised to lysosomes.

Similarly,  a staining of the V-ATPase V0 subunit a3 was achieved in both genotypes, but the

signal intensity was significantly weaker in the V-ATPase knockdown cells when compared to

wild-type  hepatocytes.  Furthermore,  the  staining  did  not  match  a  characteris�c  vesicular

pa$ern in  Atp6ap2 knockout hepatocytes, ques�oning the func�onality of this hemichannel

forming V-ATPase subunit.

Since  immunofluorescence  microscopy  did  not  yield  a  clear  evidence  for  the  mTORC1

localisa�on in the ATP6AP2-depleted hepatocytes, lysosomes of both genotypes were isolated

and subsequently tested for an associa�on of mTORC1 in immunoblot analysis. Thus, wild-type

and  Atp6ap2 condi�onal  knockout  mice  were  treated  with  Tyloxapol,  which  became
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incorporated into hepa�c lysosomes during three days in housing and enabled the purifica�on

of these organelles in a sucrose density gradient (WaPaux et al., 1963; Leighton et al., 1968).

Tyloxapol-enriched lysosomes were herea4er referred to as tritosomes. An equal protein load

of  wild-type  and  ATP6AP2-deficient  tritosomes  showed  comparable  levels  of  LAMP-2  in

immunoblot  analyses,  enabling the usage of  LAMP-2 as a loading control  for  normalisa�on

(Fig. 3.30B). Surprisingly, probing for mTOR yielded stronger signals in the  Atp6ap2 knockout

tritosomes  as  compared  to  the  wild-type  controls.  Furthermore,  the  mTORC1  recrui�ng

proteins  RagA  and  RagC  as  well  as  the  Ragulator  components  p18  (LAMTOR1)  and  p14

(LAMTOR2) displayed a clear increase in ATP6AP2-deficient samples. An augmented existence

of the adaptor molecules between mTORC1 and the lysosome on this V-ATPase knockdown

tritosomes could suggest a heightened mTORC1 recruitment.

In total, the proceeding opera�on of TFEB indicated an inac�ve mTORC1 in ATP6AP2-deficient

hepatocytes, whereas the phosphoryla�on status of the mTORC1 downstream target p70S6K

and the mTORC1 effector PRAS40, both suggested the opposite. 

3.3.4.2 Disturbed mTORC1 ac,va,on in ATP6AP2-deficient MEFs

Apart from the lysosomal localisa�on of mTORC1, the ac�va�on of the complex via amino acids

should be addressed in condi�ons of a reduced V-ATPase expression. Unfortunately, this was

not prac�cable in isolated, primary hepatocytes,  since the number of cells  captured by the

isola�on protocol was not sufficient to serve the demand of the experimental setup. 

Accordingly, MEF cells that permanently lack ATP6AP2 were generated and used for the analysis

of amino acid-mediated mTORC1 induc�on. Therefore, mouse embryos with floxed  Atp6ap2

loci were sacrificed at day E13.5 and u�lised as a source for fibroblast culture. The genotypes of

the resul�ng MEF lines #4 - #7 were analysed by PCR based on genomic DNA (Fig. 3.31A). 

An amplifica�on product of 591 bp was found with DNA of MEFs #5 and #6 when primers

surrounding exon 2 of Atp6ap2 were applied. The amplicon corresponded to the floxed form of

this  allele.  Conclusively,  these  two MEF  lines  were  of  homo-  or  hemizygous  floxed  origin.

The wild-type  allele  (394  bp  PCR product)  was  detected  in  the  fibroblast  lines  #4  and #7.

No heterozygous  fibroblast  lines  could  be  found.  Since  Atp6ap2 is  passed  via  an  X-linked

inheritance, the sex of the fibroblast lines was determined in a second PCR to detect the male

specific sequence  Sry (Lambert et al., 2000). An amplifica�on product was visible in samples
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from MEF lines #4 and #7. Collec�vely, this revealed that MEF lines #4 and #7 harboured the

Atp6ap2+/Y alleles and the fibroblast lines #5 to #6 had an Atp6ap2flox/flox genotype. 

All four lineages were immortalised with the SV40 large T an�gen and stably transfected with a

combina�on of  pCAG-Cre:GFP/  pGK-hyg to  achieve the  expression of  the  Cre recombinase.

Herea4er,  they were referred to as  wild-type (#4B,  #7A) and  Atp6ap2 knockout (#5A,  #6A)

MEFs. The following studies were performed using the lineages #7A and #6A, only.

Immunoblot analysis of ATP6AP2 and V-ATPase subunit expression in wild-type and  Atp6ap2

knockout MEFs verified that a dele�on in Atp6ap2 could be obtained, since the full length and

the  CTF  signals  of  ATP6AP2  were  absent  in  the  knockout  lysates  (Fig. 3.31B).  As  seen  in

ATP6AP2-depleted macrophages and in liver (3.2.2,  3.3.1), the concentra�on of the detected

V0 subunits  a1  to  a3,  d1  and  c  dropped  significantly  upon  loss  of  ATP6AP2,  while  the
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V1 subunit B2 remained unaffected. With a reduc�on of V0 subunit a3 to as low as 2 % and

V0 subunit  c  down  to  10 %  of  the  wild-type  level,  the  V-ATPase  knockdown  generated  in

Atp6ap2 knockout MEFs was the most effec�ve of the inves�gated systems.

S�ll, these ATP6AP2-deficient cells displayed a clear LysoTracker® Red staining (data not shown)

and the lysosome pH of 4.86 ± 0.14 measured via dextran-Oregon Green® 514 was comparable

to that of wild-type MEFs (pH 5.14 ± 0.15, Fig. 3.32A).
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Furthermore, the dequenching of DQ™ Red-BSA took place in the lysosomes of both genotypes,

indica�ng  ongoing  proteolysis  within  these  compartments,  which  was  independent  of  the

presence of ATP6AP2 (Fig. 3.32B). Moreover, the specific ac�vity of β-hexosaminidase and the

matura�on of cathepsin D and L remained inconspicuous (data not shown).

Overall, the ATP6AP2-depleted MEFs revealed no obvious phenotypic dispari�es and although

an extensive knockdown of  the V-ATPase complex was proven,  they contained degrada�ve,

acidic lysosomes.

Unlike  the  Atp6ap2 knockout  hepatocytes,  MEFs  deficient  for  ATP6AP2  showed  no

accumula�on  of  autophagic  and  lysosomal  structures  in  electron  micrographs  (Fig.  3.32C).

In addi�on, the increase in the ra�o of LC3-II  to LC3-I  and the elevated p62 turnover upon

combined  amino  acid  and  serum  withdrawal  were  comparable  between  wild-type  and

ATP6AP2-deficient MEFs  (Master´s thesis S. Rudnik, 2014). This raised the ques�on, whether

mTORC1 signalling was affected at all in the V-ATPase knockdown fibroblasts.

Preliminary  work  conducted  in  these  fibroblast  lines  indicated  an  interac�on  between  the

V-ATPase  and  the  mTORC1  recrui�ng  Ragulator  complex  by  the  successful  endogenous

co-precipia�on of the V0 subunits c and d1 with p18/ LAMTOR 1 in wild-type MEFs  (Master´s

thesis S. Rudnik, 2014). However, upon the dele�on of  Atp6ap2, this co-precipita�on was not

detectable  anymore,  poin�ng  to  a  disrup�on  in  the  cross-talk  between  the  V-ATPase  and

mTORC1. As a consequence, the ability of amino acids to elucidate mTORC1 ac�vity in priorly

starved  cells  was  examined  in  wild-type  and  Atp6ap2 knockout  MEFs.  Fibroblasts  of  both

genotypes  were  incubated  in  Earle´s  balanced  salt  solu�on (EBSS)  for  one  hour  to  silence

mTORC1 signalling, and a reac�va�on of the complex was s�mulated therea4er by providing

amino  acids  (DMEM)  for  up  to  two  hours.  ImmunobloPng  was  applied  to  detect

phosphorylated and total p70S6K as well as phosphorylated and total PRAS40 as a measure for

mTORC1 induc�on (Fig. 3.33A, B).  

The  ac�vity  determining  phosphoryla�on  at  threonin  389  of  p70S6K  was  present  in  the

untreated wild-type and  Atp6ap2 knockout cells.  However,  this phosphoryla�on was slightly

decreased under condi�ons of a reduced V-ATPase expression. Upon starva�on, both cell lines

lost  the  p70S6K  phosphate  modifica�on,  providing  evidence  for  an  mTORC1  inac�va�on.

Following  addi�onal  60 minutes  in  the  presence  of  amino  acids,  wild-type  cells  par�ally

recovered their ini�al p70S6K phosphoryla�on status and also showed a further increase to up



104

to 40 % of the steady state value within 120 minutes (Fig.  3.33B). This regenera�on could be

blocked by parallel incuba�on in the presence of amino acids and the specific mTOR inhibitor

Torin 1 (250 nM). In contrast, MEFs lacking ATP6AP2 showed a much slower phosphoryla�on of

p70S6K  in  response  to  amino acid  s�mula�on  and  reached  only  26  %  of  their  ini�al

phosphoryla�on ra�o during 120 minutes (Fig. 3.33B). 

Next to that, the phosphate addi�on at threonin 246 of PRAS40 was visible in wild-type and

Atp6ap2 knockout MEFs under condi�ons of normal nutri�on and also decreased upon nutrient

withdrawal. The addi�on of amino acids could not trigger an eleva�on in the phospho-PRAS40

to  PRAS40  ra�o in  either  genotype,  which suited  the  described  ac�va�on of  this  mTORC1

regulatory  axis  specifically  through receptor  tyrosine kinases  and the protein kinase B/ Akt

(Sancak et al., 2007). These findings implied an impairment in the ac�va�on of mTORC1 via

amino  acids  and  the  ac�on  of  SLC38A9,  the  V-ATPase  and  Ragulator  under  condi�ons  of

ATP6AP2-deficiency and consequen�al reduc�on in V-ATPase levels. 
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4. DISCUSSION

The membrane-integral sector of V-ATPases promotes vesicle fusion. Although several studies

provided evidence suppor�ng this fact, the role of the proton pump in membrane fusion is s�ll

controversially discussed (summarised in Vavassori and Mayer, 2014; Co$er et al., 2015). In the

course  of  this  thesis,  the fusogenic  poten�al  of  V-ATPases  was  analysed  using  gene�c  and

pharmacological  approaches  in  murine  fibroblasts  and  macrophages.  To  dissect  between

proton pumping-dependent and proton pumping-independent influences, the ac�vity of the

complex and its assembly state were targeted in separate approaches and analysed individually

for their importance in vesicle processing. In addi�on, the func�on of V-ATPases was assessed

with respect to its par�cipa�on in autophagosome matura�on and autophagic degrada�on as

well as in the regula�on of autophagy via the mTORC1 signalling cascade.

4.1. The V-ATPase V0 subunit a3 in proton pumping and vesicle fusion

along endocy#c uptake pathways

As a first approach, the V0 subunit a3 was analysed for its contribu�on to endocy�c vesicle

fusion events. This V-ATPase subunit is predominantly found on lysosomes  (Toyomura et al.,

2003; Sun-Wada et  al.,  2009),  which represent the terminal  fusion partner of all  endocy�c

uptake pathways. In addi�on, the V0 subunit a3 is ac�vely recruited to developing phagosomes

(Sun-Wada et  al.,  2009),  bringing  phagosome-lysosome  fusion  into  the  focus  of  a$en�on.

A3-deficient professional phagocytes,  e.g. macrophages,  would have been the preferred cell

type to address phagosome matura�on. Although there is a natural muta�on in the mouse

gene  coding  for  subunit  a3  (Tcirg1oc),  homozygously  affected  animals  suffer  from  severe

osteopetrosis  and die  within  six  weeks  of  age  (Scimeca et  al.,  2000).  Due to  the drama�c

phenotype, isola�on of primary macrophages from a3 mutant mice was limited by dense bones

and a  reduced  live span.  To  be s�ll  able  to  exploit  the benefits  of  this  naturally  occurring

dele�on muta�on, mouse embryonic fibroblast (MEF) lineages were generated from wild-type

and a3-mutated animals. These fibroblasts were u�lised to assess both, V-ATPase ac�vity and

vesicle fusion in the absence of the V0 subunit a3.
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4.1.1. Poten,al importance of V0 subunit a3 for V-ATPase complex func,on

The genotypes of the newly generated wild-type and a3-deficient MEF lines were confirmed by

PCR  and  immunobloPng.  Surprisingly,  in  spite  of  the  proven  gene�c  dele�on,  a3-/- MEFs

expressed mRNA coding for subunit a3. Nevertheless, the excised sequence of Tcirg1 included

its  transla�on  ini�a�on site,  which  is  needed  for  efficient  protein  synthesis.  Consequently,

subunit  a3  was  not  detectable  at  the  protein  level  in  immunoblot  analyses  of  a3-/- cells.

The an�genic pep�de used to generate the u�lised a3 an�body is located in a distal, C-terminal

domain of the protein (Lange et al., 2006). Therefore, the an�body would have recognised any

in frame transla�ons of the subunit a3 that might be translated with the aid of downstream ATG

codons as alterna�ve ini�a�on sites. Since this was not the case, the expression of a func�onal,

but truncated V0 subunit a3 is highly unlikely. Alterna�vely, the transla�on of the shortened

a3 mRNA could  have  resulted in  an unstable  product  that was  prone to  rapid  turnover by

degrada�on. 

A loss of subunit a3 is further supported by the transcrip�onal up-regula�on of the a subunit

isoform 1 that was also prominent at the level of protein expression. The two a isoforms 1 and 3

share  a  high  degree  of  sequence  similarity,  while  their  cytoplasmic  domains  differ  more

frequently (Fig. 4.1). The proton pumping ac�vity of the V-ATPase complex mostly relies on the

conserved  transmembranous  protein  domains.  Thus,  an  up-regula�on  of  subunit  a1  might

compensate  for  the  loss  of  subunit  a3  in  the  func�on  of  proton  transloca�on.  Par�al

compensa�on between the subunit a isoforms 1 and 3 has already been discussed for proton

pumping in osteoclasts  (Nyman and Vaananen, 2010). Latex bead-containing phagolysosomes

isolated from osteoclasts contained both, subunit a1 and a3. Compensa�on between the two

isoforms would explain the normal lysosomal acidifica�on as well as the existence of residual

bone resorp�on ac�vity upon single knockout of the V0 subunit a3 (Taranta et al., 2003; Blair et

al.,  2004; Del Fa$ore et al.,  2006). This seems to be an evolu�onary conserved mechanism,

since already the yeast a subunit homologues Vph1p and Stv1p can subs�tute for each other to

form func�onal V-ATPase complexes  (Manolson et al., 1994). In the wild-type and a3-mutant

fibroblasts, other a isoforms and subunits  assessed by PCR and immunobloPng showed an

unaltered expression pa$ern.

In agreement with a possible compensa�on by the V0 subunit a1, the complete knockout of

subunit  a3  was not  sufficient to  interfere with  the steady-state lysosome pH in fibroblasts.
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Lysosomal  acidifica�on  was  moreover  comparably  sensi�ve  to  bafilomycin  A1  or  nigericin

treatment in wild-type and a3-/- MEFs. These results suggest a similar opera�ng efficiency of the

proton pumps in both genotypes or more explicitly a complex func�onality that is independent

of the incorporated subunit a isoform. 

Further suppor�ng the normal lysosome acidifica�on, the ac�vity of lysosomal enzymes and

the proteoly�c degrada�on of the self-quenched DQ™ Red-BSA were not affected by the loss of

subunit  a3.  In  addi�on,  fibroblasts  lacking  the  V0 subunit  a3  exhibited  efficient  proteoly�c

processing of the lysosomal cathepsins D and L. This is consistent with the earlier analyses using

osteoclasts  (Blair et al., 2004; Del Fa$ore et al., 2006; Nyman and Vaananen, 2010)  and with

more recent studies in macrophages that feature a gene�c dele�on of exon 14 to exon 20 of

the V0 subunit a3 and displayed regular cathepsin matura�on (Sun-Wada et al., 2009). 

Figure 4.1: Sequence alignment of V0 subunits a1 and a3.

Alignment of amino acid sequences of V-ATPase V0 subunit a1 (UniprotKB:  Q9Z1G4-1) and V0 subunit a3

(UniprotKB:  Q9JHF5-1)  performed  with  Clustal  Omega.  Conserved  residues  (*),  conserva�ve  (:)  and

semi-conserva�ve (.)  exchanges are denoted.  Cytoplasmic domains as assigned by sequence analysis  are

coloured in orange.
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Surprisingly,  the  V0 a3-deficient  macrophages  analysed  by Sun-Wada  et  al. failed  to  acidify

newly generated phagosomes and showed a significant drop in bacterial killing when compared

to wild-type macrophages. Such deficits imply that some func�ons of the V-ATPase might be

solely  mediated  through  the  V0 subunit  a3.  However,  a  comparable  phenotype  was  not

observed  in  the  a3-deficient  fibroblasts  analysed  in  the  present  work.  MEFs  lacking  the

V0 subunit a3 displayed LysoTracker® Red acquisi�on to latex bead-containing phagosomes with

similar  kine�cs as  wild-type cells  (data  not  shown).  Therefore phagosome acidifica�on was

independent of the genotype in the examined fibroblasts. Nevertheless, a comparison between

the  analysis  in  macrophages  (Sun-Wada et  al.,  2009) and  the  analysis  in  fibroblasts  is

complicated by the fact that different a3 muta�on were analysed in two dis�nct cell systems.

Although both analyses seem to contradict each-other on the first sight, the different influence

of V0 a3 might reflect a cell type-specific effect.

4.1.2. Characteris,cs of endocy,c and phagosomal fusion processes in the 

absence of V-ATPase V0 subunit a3

Since acidifica�on and lysosome func�on were normal in the V0 subunit  a3-deficient MEFs,

further analyses were undisturbed by severe lysosomal phenotypes.  This enabled a focused

study of proton pumping-independent ac�vi�es of the V0 subunit a3.

Previous reports already indicate that not all func�ons of the V0 subunit a can be compensated

by other  a  isoforms.  O4en,  knockout  of  a  single V-ATPase V0 a  isoform is  accompanied by

specific diseases. Disrup�on of V0 subunit a3 causes severe osteopetrosis due to decreased

bone resorp�on ac�vity  (Marks et al.,  1985; Scimeca et al.,  2000).  Mutated versions of the

subunits a2 and a4 are associated with deficits in Golgi-resident protein glycosyla�on or renal

tubular acidosis, respec�vely  (Smith et al.,  2000; Kornak et al., 2008). A common feature of

these phenotypes is the missing delivery of V-ATPases to dis�nct compartments or the plasma

membrane of specialised cells. Therefore, the V0 subunit a could be important in determining

the intracellular localisa�on of the whole V-ATPase complex. In agreement with this, the subunit

isoforms a1  to  a4  show �ssue-  and compartment-specific  expression pa$ern.  The targe�ng

informa�on  might  reside  within  the  less  conserved  cytoplasmic  N-terminus  of  the  protein

(Fig. 4.1). For the yeast V0 subunit a homologue, this N-terminal domain was already iden�fied

as a regulator for V-ATPase trafficking and it further defines the complex coupling efficiencies

(Kawasaki-Nishi et al., 2001a).  
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The high amino acid variance of the N-terminus is also present in other cytoplasmic regions of

subunit a (Fig.  4.1). These individual protein domains might facilitate further subunit-specific

func�ons.  The  cytoplasmic  faces  of  the neuronal  V0 subunit  a1  interact  with  the  Q-SNARE

syntaxin and the Ca2+ binder calmodulin (Hiesinger et al., 2005; Zhang et al., 2008; Wang et al.,

2014).  Both, syntaxin and calmodulin are essen�al  regulators in the mixing of  lipid bilayers.

Interference with the calmodulin binding site of subunit a1 by mutagenesis resulted in a clear

decrease  in  spontaneous  neurotransmi$er  secre�on  (Wang et  al.,  2014).  Based  on  these

findings, the V0 subunit a1 promotes fusion during vesicle exocytosis.

Whether the cytoplasmic domains of the lysosomal V0 subunit a3 promote a similar posi�ve

influence on membrane fusion was analysed in the a3-deficient fibroblasts. Ini�al experiments

showed that cathepsins reached the lysosomes of  a3-/- MEFs. This hints to an efficient vesicle

trafficking from the ER to the lysosome, independent of the V0 a3 expression. Furthermore, the

compounds dextran-Texas Red® and DQ™ Red-BSA, both were taken up by a3-/- fibroblasts and

localised to lysosomal  compartments a4er the applied chase periods.  In conclusion, vesicle

trafficking  along  the  endocy�c  route  displayed  no  impairment  in  MEFs  that  lacked  the

V0 subunit a3. This suggests normal vesicle fusion between early endosomes, late endosomes

and lysosomes in these cells. However, this does not exclude a role in other cellular fusion

processes,  e.g. phagosome-lysosome  fusion,  as  compensa�on  might  occur

compartment-specific.

To  address  the  mixing  of  phagosomes  with  lysosomes,  human  Fcγ receptor  IIa  (hFcγRIIa)-

expressing wild-type and a3-deficient MEFs were used for latex bead uptake assays. The FcγRIIa

facilitates phagocytosis  of  IgG-opsonised par�cles,  e.g. erythrocytes  (Tuijnman et  al.,  1992).

Its expression  in  fibroblasts led  to  a  significant  increase  in  the  uptake  efficiency  of  human

IgG-opsonised  latex  beads  (data  not  shown).  Phagosome-lysosome fusion  was  examined  in

these  MEF  lines  by  monitoring  latex  bead-containing  phagosomes  with  indirect

immunofluorescence labelling of early and late endocy�c marker proteins. Following receptor-

mediated uptake of the latex beads, early markers (EEA1) were recruited to the phagosomes.

In the  course  of  phagosome  matura�on,  these  early  endocy�c  proteins  were  successively

replaced  with  late  markers  (LAMP-2).  A  quan�ta�ve  evalua�on revealed  similar  matura�on

kine�cs,  i.e. marker  replacement  over  �me,  in  wild-type  and  a3-deficient  MEFs.  Thus,

phagosome matura�on occurred normally in the a3-/- cells and the V0 subunit a3 is dispensable
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for phagosome-lysosome fusion in fibroblasts. In agreement with this finding, the a3-mutant

macrophages analysed by Sun-Wada et al. showed normal phagosomal transi�on from early to

late marker proteins, culmina�ng in the acquisi�on of LAMP2 (Sun-Wada et al., 2009).

To unravel the individual roles of single a subunit isoforms in future studies, muta�onal analyses

might be an alterna�ve to the actual protein knockout. Calmodulin- and SNARE-binding sites

that have been found in subunit a1 might be altered but s�ll present in other a isoforms, such

as the V0 subunit a3. Chimeric a subunits that contain mixed N-terminal domains of different a

isoforms  might  help  to  iden�fy  poten�al  binding  sites.  Site-directed  mutagenesis  of  these

sequences  should  interfere  with  membrane  fusion  as  it  was  shown  for  disrup�on  of  the

calmodulin binding site of subunit a1 in Drosophila melanogaster (Wang et al., 2014). 

4.1.3. Impact of luminal acidifica,on and the V-ATPase´s associa,on state on 

phagosome-lysosome fusion

The  proposed  physical  involvement  of  the  V-ATPase  complex  in  membrane  fusion  was

challenged in a recent report by Coonrod et al.. In this study, V-ATPase-mediated acidifica�on of

the yeast vacuole was shown to be the cri�cal factor in promo�ng membrane fusion (Coonrod

et  al.,  2013).  A  link  between  both,  proton  transloca�on by  the  V-ATPase  and  the  physical

presence of the complex has been found in membrane fusion during exocy�c neurotransmi$er

release from chromaffin cells (Poea-Guyon et al., 2013; Morel and Poea-Guyon, 2015). 

The  exocytosis  of  secretory  granules  from  chromaffin cells  is  one  of  the  most  thoroughly

studied fusion events (reviewed in Morel and Poea-Guyon, 2015). It was proposed that a low

luminal pH of secretory granules is cri�cal for their exocytosis from PC12 cells (Poea-Guyon et

al.,  2013).  However,  exocytosis  was  not  generally  inhibited  by  increased  intragranular  pH.

Treatment with the ionophore nigericin alkalised the secretory granules and efficiently blocked

the exocy�c  neurotransmi$er release. In  contrast,  alkalisa�on using  bafilomycin  A1 did not

interfere with fusion between the granules  and the plasma membrane  (Poea-Guyon et  al.,

2013). The difference between both inhibitory components is their mode of opera�on and the

subsequent  effect  on the V-ATPase´s  associa�on state (Fig. 4.2).  Nigericin dissipates  luminal

acidifica�on  by  expor�ng  protons  against  an  influx  of  potassium  ions.  As  a  consequence,

increased  associa�on  and  compensatory  ac�va�on  of  the  V-ATPase  complex  are  observed.

Bafilomycin A1, on the other hand, directly interacts with the V0 sector of V-ATPases, which

favours the dissocia�on into free V0 and V1 sectors  (Bowman et al., 2006; Poea-Guyon et al.,
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2013; Wang and Hiesinger,  2013;  Morel  and Poea-Guyon,  2015). Therefore,  bafilomycin  A1

increases the availability of free V0 sectors, which are proposed to propagate membrane fusion

(Vavassori and Mayer, 2014; Co$er et al., 2015). During neurotransmi$er loading, the lumen of

secretory granules is con�nuously acidified, which similarly leads to increasing dissocia�on of

the V-ATPase complex (Morel,  2003; Poea-Guyon et  al.,  2013).  Hence, a low luminal  pH of

secretory granules is cri�cal for their exocytosis as it yields free V0 sectors to promote fusion

with the plasma membrane.

Whether phagosome-lysosome fusion in fibroblasts is similarly dependent on the V-ATPase´s

associa�on  state  and  the  luminal  pH,  was  examined in  FcγRIIa-expressing  wild-type  and

a3-deficient  MEFs.  During  latex  bead-containing  phagosome  matura�on  in  fibroblasts,  the

available free V0 sectors were increased by treatment with bafilomycin A1 or decreased through

applica�on of nigericin, respec�vely. In addi�on, the luminal pH of phagosomes and lysosomes

was elevated under both condi�ons.

In wild-type and a3-/- MEFs, the pharmaceu�cals showed no apparent effect on phagolysosome

development,  i.e. the acquisi�on kine�cs of early and late endocy�c marker proteins to the

maturing phagosomes. In conclusion, the fusion of phagosomes with endocy�c compartments

was not affected by an altered quan�ty of accessible V0 sectors. Therefore, the dissocia�on of
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V-ATPases is not required for phagosome matura�on in fibroblasts. This is in contrast to the

regula�on of granule secre�on from chromaffin cells (Poea-Guyon et al., 2013; Morel and Poea-

Guyon,  2015).  In  addi�onal  studies  on  the  influence  of  free  V0 sectors  on  phagosome

matura�on, applica�on of saliphenylhalamide A did not alter in cellulo and  in vitro fusion of

RAW264.7 lysosomes with phagosomes (Kissing et al., 2015). Saliphenylhalamide A is another

potent inhibitor of V-ATPase func�on that locks V1 and V0 sectors together and concomitantly

reduces free V0 sectors. Moreover, bafilomycin A1 had no effect on the matura�on of heat-

killed  Rhodococcus equi-containing phagosomes in J774.E macrophages  (Kissing et al., 2015).

These  data  suggest  differen�al  requirements  for  fusion  along  the  phagocy�c  pathway  in

fibroblasts and macrophages and the exocy�c pathway in chromaffin cells. Since all developing

phagosomes  need  to  acquire  proteoly�c  ac�vity  through  fusion  with  late  endocy�c

compartments, a discrimina�on between phagosome popula�ons by pH might be dispensable. 

Both,  bafilomycin  A1  and  nigericin  elevated  the  luminal  pH  of  phagosomes  and  endocy�c

compartments in wild-type and a3-deficient cells. Therefore, a low vesicular pH as such was no

prerequisite for fusion in the phagocy�c pathway. This  is  in contrast to the recent study by

Coonrod et al. concerning vacuole fusion in yeast (Coonrod et al., 2013) and earlier analysis on

yeast trans-SNARE complex forma�on (Ungermann et al., 1999), which both depend on a low

luminal  vacuole  pH.  These  results  imply  that  the  importance  of  vacuole  acidifica�on  for

membrane fusion is not conserved across species.

Considered as a whole, vesicle fusion in the endocy�c and phagocy�c pathways of fibroblasts

was unaffected by increased luminal  pH of  the fusion partners.  Moreover,  pharmacological

modula�on of the V-ATPase´s associa�on state had no influence on the fusion kine�cs during

phagosome matura�on. The dissocia�on of the V-ATPase complex into free V1 and V0 sectors

appears to be dispensable under the applied experimental condi�ons.

4.2. The role of ATP6AP2 and the V-ATPase V0 sector as mediators of 

vesicle fusion 

Neither the knockout of the V0 subunit a3 nor a pharmacologically altered availability of free

V0 sectors  affected  membrane  fusion  along  the  endocy�c  and  phagocy�c  pathways  in

fibroblasts. For further analyses of V-ATPase func�ons in fusion processes, the protein level of

the membrane-integral V0 sector was reduced in a gene�c approach. The gene encoding the

V-ATPase accessory  protein  2/  ATP6AP2 was  disrupted  in  mice using  an inducible  Cre-LoxP
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recombina�on system. Since ATP6AP2 harbours a chaperone func�on for V-ATPase V0 sector

assembly (Kinouchi et al., 2010; Oshima et al., 2011; Riediger et al., 2011), the single knockout

of  this  protein  is  sufficient  to  diminish  the  concentra�on of  the  different  V0 subunits.  The

impact  of  such  reduced  V0 sector  levels  on phagosome-lysosome fusion  as  well  as  on  the

endocy�c route was assessed in primary macrophages from wild-type and condi�onal Atp6ap2

knockout animals.

4.2.1. ATP6AP2 is a chaperone for V-ATPase complex assembly

In the course of this thesis, an Atp6ap2 condi�onal knockout (cKO) mouse line was established

that  u�lises  the Cre recombinase  under the  control  of  an  Mx1 promotor.  S�mula�on with

synthe�c double-stranded RNA ac�vates the Mx1 promotor site within all interferon α-sensi�ve

cells (Kuhn et al., 1995). To trace targeted cell popula�ons, Rosa26-EYFP Mx1-Cre reporter mice

were generated. Upon induc�on, a prominent Cre recombinase ac�vity was present in various

�ssues  of  the  condi�onal  reporter  animals.  S�mula�on of  the  Mx1 promotor  in

Atp6ap2 condi�onal knockout mice decreased the protein level of ATP6AP2 in the same �ssues.

The most prominent reduc�on of ATP6AP2 was observed in liver and lymph nodes. 

ATP6AP2 is proteoly�cally cleaved by furin and/ or ADAM19 (Cousin et al., 2009; Yoshikawa et

al.,  2011).  Following  the  treatment  with poly  (I:C),  both,  the  full  length  ATP6AP2  and  its

C-terminal  fragment  (CTF)  were  reduced  in  interferon  α-sensi�ve  �ssues  of  Atp6ap2 cKO

animals. The decrease of the ATP6AP2 CTF was much stronger than the decrease of full length

ATP6AP2.  However,  it  could  be  shown  that  the  ATP6AP2-mediated  assembly  of  V-ATPases

occurs  before  the  proteoly�c  processing  of  the  accessory  subunit  (Kinouchi et  al.,  2013).

Therefore, the  reduc�on  of  full  length  ATP6AP2  should  reflect  the  actual  impairment  in

V-ATPase V0 sector assembly.

Residual amounts of ATP6AP2 could be found in all �ssues analysed by immunobloPng. These

most likely reflect non-targeted cell popula�ons. Immunofluorescene staining of �ssue sec�ons

from condi�onal reporter mice confirmed this assump�on for the different liver cell clusters. 

For  the  analysis  of  phagosome-lysosome  fusion  under  condi�ons  of  reduced  V0 sector

concentra�ons,  professional  phagocytes  were  chosen  as  a  suitable  cell  system.  Thus,

macrophages were examined in more detail  for the efficiency of ATP6AP2 deple�on and its

effects on the level of V0 sector subunits. In all macrophage popula�ons that were analysed –
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hepa�c  Kupffer  cells,  bone-marrow  derived  macrophages  (data  not  shown),  splenic  and

peritoneal  macrophages – the frac�on of  Cre recombinase-posi�ve cells  was almost 100 %

upon Mx1 promotor s�mula�on. In peritoneal macrophages of  Atp6ap2 condi�onal knockout

mice, immunoblot analyses showed a complete loss of ATP6AP2 full length protein and both,

the  N-terminal  and  C-terminal  fragments.  Comparable  to  the  knockout  of  Atp6ap2 in

cardiomyocytes and podocytes (Kinouchi et al., 2010; Oshima et al., 2011; Riediger et al., 2011),

the protein levels of the analysed V0 subunits were decreased in the absence of ATP6AP2. In

contrast, there was no visible deple�on of the V1 subunit B2 in Atp6ap2 knockout macrophages.

So far, the mode of V-ATPase assembly is not completely solved. The differen�al influence of

ATP6AP2 on V0 and V1 subunits suggests that the sectors are assembled individually before they

associate with  each other to form the func�onal  V-ATPase complex  (Kinouchi et  al.,  2013).

While the assembly of  V0 sectors  depends on ATP6AP2, V1 sectors  are built  up also in the

absence of this accessory subunit. However, next to fully assembled V0 and V1 sectors, also

incomplete complexes containing a mixture of V0 and V1 subunits were observed in yeast (Kane

et al.,  1999; Nishi and Forgac, 2002; Malkus et al.,  2004).  Since there is no homologue for

ATP6AP2 in yeast, the assembly pa$ern of the complex might not be evolu�onary conserved.

It could be shown that ATP6AP2 affects V-ATPase assembly only post-transcrip�onally, since the

mRNA levels of all analysed V-ATPase subunits remained comparable between wild-type and

Atp6ap2 knockout macrophages. Also, there was no feedback loop that would compensate for a

decreased V-ATPase assembly by elevated subunit expression. Overall, it could be demonstrated

that ATP6AP2 essen�ally contributes to V-ATPase V0 sector biogenesis in macrophages.

4.2.2. Influence of reduced V-ATPase V0 sector concentra,on on lysosome 

func,on

A  decreased  concentra�on  of  whole  V0 sectors presumably  affects  the  func�onality  of

intracellular processes and compartments in ATP6AP2-deficient macrophages. Indeed, the loss

of ATP6AP2 in podocytes, cardiomyocytes and fibroblasts was accompanied by an impairment

in V-ATPase-mediated proton pumping (Kinouchi et al., 2010; Oshima et al., 2011; Riediger et

al.,  2011; Kinouchi et al.,  2013). As a consequence, cellular processes that rely on an acidic

luminal  pH,  e.g.  lysosomal  protein  degrada�on,  were  hampered  in  these  cells.  Whether  a

similar phenotype was present in Atp6ap2 knockout macrophages was analysed in this work.
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LysoTracker  Red® staining  of  acidic  cell  compartments  did  not  reveal  a  difference  between

wild-type and ATP6AP2-deficient macrophages. The steady-state lysosome pH was only mildly

elevated  in  Atp6ap2 knockout  cells.  This  implies  that  luminal  acidifica�on  per  se  was  not

affected by a decreased concentra�on of V-ATPase V0 sectors. However,  low dosages of the

V-ATPase inhibitor bafilomycin A1 were more effec�ve in the macrophages lacking ATP6AP2

than  in  wild-type  controls.  Since  bafilomycin  A1  directly  interacts  with  the  V0 sector  of

V-ATPases, this suggests a reduc�on in V-ATPase func�on upon loss of ATP6AP2.

In line with the s�ll acidic pH of late endocy�c compartments, lysosomal hydrolases of Atp6ap2

knockout  macrophages  showed  an  undisturbed  ac�vity  in  vitro. Similarly,  the  abscence  of

ATP6AP2 did not affect the degrada�on of the self-quenched DQ™ Red-BSA or the lysosomal

processing  of  the  cathepsins  D  and  L.  Collec�vely,  these  data  provide  evidence  for  largely

unaltered lysosome func�ons in the ATP6AP2-deficient macrophages. 

The  presence  of  vesicular  acidifica�on as  well  as  the  normal  degrada�on  in  lysosomes  of

Atp6ap2 knockout macrophages are both in contrast to the results obtained in cardiomyocytes,

podocytes and fibroblasts  (Kinouchi et al.,  2010; Oshima et al.,  2011; Riediger et  al.,  2011;

Kinouchi et al., 2013). Furthermore, an accumula�on of autophagic structures that was seen in

cardiomyocytes and podocytes devoid of ATP6AP2, was not prominent in the Atp6ap2 knockout

macrophages (data  not  shown).  It  can be assumed that the reduc�on of  V0 sectors  is  less

stringent in ATP6AP2-deficient macrophages than in the other systems. The higher number of

residual V-ATPase complexes might be sufficient to enable vesicular acidifica�on and support a

normal autophagic flux in the Atp6ap2 knockout macrophages. 

Overall,  these findings imply that also markedly reduced levels  of  V-ATPases are capable of

maintaining the luminal pH homeostasis. It remains to be clarified, which other physiological

roles are performed by the addi�onal V-ATPase complexes that are expressed under wild-type

condi�ons.  One  addi�onal,  proton  pumping-independent  func�on might  be  the  proposed

propaga�on of membrane fusion. 

4.2.3. Vesicle fusion in the absence of ATP6AP2 and V-ATPase V0 sectors

Dis�nct subunits of the V-ATPase V0 sector have previously been implicated in membrane fusion

events along the endocy�c and the exocy�c pathways (Vavassori and Mayer, 2014; Co$er et al.,

2015). The knockout of  Atp6ap2 decreased the level of  all  of these complex members in a
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single  gene�c  approach. Using  ATP6AP2-deficient  macrophages,  fusion  processes  along

mul�ple  vesicle  trafficking  axes  were  analysed  for  their  dependency  on  the  presence  of

V-ATPase V0 sectors. 

The intracellular distribu�on of cathepsin D was u�lised to evaluate membrane fusion in the

course of protein sor�ng. Following biosynthesis at the endoplasmic re�culum, the protease is

sorted via the Golgi apparatus to the lysosomes. In immunofluorescence analyses, cathepsin D

was mainly found in lysosomes of both, wild-type and ATP6AP2-deficient macrophages. This

suggests efficient vesicle fusion along the route of cathepsin D transport. In conclusion, the loss

of ATP6AP2 did not affect membrane fusion between the sor�ng organelles and typical carrier

compartments, e.g. clathrin-coated vesicles. 

Furthermore,  the  influence  of  a  V-ATPase  V0 sector  deple�on  on  fusion  events  along  the

endocy�c route was examined in macrophages. Following the uptake of dextran-Texas Red® and

DQ™ Red-BSA by endocytosis, the compounds were delivered to late endosomes/ lysosomes of

wild-type and  Atp6ap2 knockout cells. Hence, the decreased level of  V-ATPase V0 sectors  in

ATP6AP2-deficient macrophages did not interfere with endosomal processing and the fusion

between early and late endocy�c compartments. 

Overall,  many  intracellular  fusion  events  proceeded  in  the  absence  of  ATP6AP2.  However,

organelles  such as carrier vesicles,  the Golgi  apparatus and early endosomes feature a low

expression  of  V-ATPase  complexes.  Therefore,  vesicle  fusion  between  these  compartments

might not necessarily be affected by a reduc�on in V-ATPase V0 sector levels. 

In wild-type phagocytes,  V-ATPases are highly  enriched in the membrane of  lysosomes and

maturing phagosomes. This allows the efficient proteoly�c degrada�on by lysosomal hydrolases

and protects the cell from pathogenic organisms. Therefore, the fusion between phagosomes

and  lysosomes  might  be  most  sensi�ve  to  a  reduced  availability  of  V-ATPase  V0 sectors.

However,  despite the knockout of  Atp6ap2,  latex bead-containing phagosomes acquired the

lysosomal marker LAMP-2 during phagosome matura�on. This indicates ongoing phagosome-

lysosome fusion in the ATP6AP2-deficient macrophages. 

To validate this finding, a second, independent  Atp6ap2 knockout mouse line was established

that  expresses  the  Cre  recombinase  under  the  control  of  a LysM promotor.  In  Atp6ap2

LysM-Cre condi�onal  knockout  macrophages,  LAMP-2  acquisi�on  to  maturing  latex  bead-

containing  phagosomes  was  similar  to  wild-type  cells  and  to  Atp6ap2  Mx1-Cre condi�onal
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knockout  macrophages.  Collec�vely,  these data  suggest  that  ATP6AP2 and  the presence  of

V-ATPase V0 sectors are dispensable for phagosome-lysosome fusion.

To  further  assess  the  delivery  of  lysosomal  contents  to  maturing  phagosomes  at  an

ultra-structural level, electron microscopy was performed in collabora�on with the groups  of

Prof. Dr. Albert Haas (Ins tute for Cell Biology, University of Bonn) and Prof. Dr. Gareth Griffiths

(Department  of  Biosciences,  University  of  Oslo) (Fig.  4.3).  Pre-loaded  nano  par�cles  were

delivered  from  lysosomes  to  latex  bead-containing  phagosomes  in  wild-type  and  Atp6ap2

knockout  macrophages  (Kissing et  al.,  2015).  Intriguingly,  macrophages  lacking  ATP6AP2

acquired more lysosomal nano par�cles per phagosome than the respec�ve wild-type controls.

This argues for a higher rate of content exchange between phagosomes and lysosomes in the

Atp6ap2 knockout macrophages. Elevated rates of full fusion as well as an increased occurrence

of kiss and run fusion could explain this observa�on. The deposits of nano par�cles that were

found in phagosomes of ATP6AP2-deficient cells were mainly restricted to small areas, which

indicated kiss and run fusion as the mainly responsible process.

As  transient  mode of  membrane fusion,  kiss  and run processes were ini�ally  characterised

during vesicle exocytosis at neuromuscular junc�ons. In the frog, the temporarily formed fusion

pores were at least 20 nm in diameter (Heuser and Reese, 1981). A similar sized fusion pore in

murine macrophages would suffice to transfer the 10 nm nano par�cles u�lised for electron

microscopy. Sequen�al kiss and run fusion could moreover account for the differen�al delivery

of low and high molecular weight molecules during phagosome matura�on (Wang and Goren,

1987; Berthiaume et al., 1995; Desjardins et al., 1997). It remains to be addressed, in how far

the decrease in V-ATPase V0 sector levels propagates kiss and run fusion. Since V-ATPases are

bulky protein complexes, a reduc�on in steric hindrance between phagosomes and lysosomes

might support fusion of both organelles with each other. However, this would imply that the

presence of V-ATPase V0 sectors is no prerequisite for membrane fusion itself.

Because kiss and run fusion also contributes to the distribu�on of endocy�c cargo (Berthiaume

et al., 1995; Bright et al., 2005), the uptake and transport of dextran-Texas Red® (70 kDa) to

lysosomal structures was compared between wild-type and ATP6AP2-deficient macrophages.

Similar  to  the  nano  par�cles  used  for  electron  microscopy,  dextran  of  70  kDa  has  a

hydrodynamic diameter of approximately 10 nm (Choi et al., 2010). No kine�c differences were

observed  for  lysosomal  dextran-Texas  Red®  acquisi�on  between  the  two  genotypes.  This
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suggests that dextran-Texas Red® is transferred from endosomes to lysosomes with a similar

efficiency  in  wild-type  and  ATP6AP2-deficient  macrophages.  Hence,  kiss  and  run  fusion

between endosomes and lysosomes was not increased in Atp6ap2 knockout macrophages. 

Taken  together,  kiss  and  run  processes  during  phagosome  matura�on  and  endosomal

processing  were  not  uniformly  affected  by the loss  of  ATP6AP2.  This  could  hint  to  dis�nct

modes of regula�on for both processes. Next to kiss and run fusion, also full fusion between

lysosomes and endosomes could contribute to the distribu�on of  dextran-Texas Red® upon

endocytosis.  Therefore,  full  fusion  between  endocy�c  compartments  should  be  further

addressed in the  Atp6ap2 knockout macrophages. Par�cles with diameters exceeding 20 nm
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cannot be transferred via kiss and run fusion and are suitable for future analyses of full fusion

during phagosome and endosome matura�on.

Overall, the lack of an apparent fusion defect in the Atp6ap2-deleted macrophages contradicts

the  mul�ple  reports  on  V-ATPase-mediated  fusion  processes.  In  zebrafish,  phagocytosis  of

apopo�c bodies by microglial cells depends on the presence of the V-ATPase V0 subunit a1 (Peri

and Nusslein-Volhard, 2008). Although this process is comparable to the matura�on of latex

bead-containing phagosomes, a promo�ng influence of the V-ATPase in phagosome-lysosome

fusion  was  not  supported  in  peritoneal  macrophages.  Varia�ons  in  the  cell  type  and  the

phagocy�c cargo could explain the divergent results between this work and the study by Peri

and Nusslein-Volhard. 

Addi�onal reports argue against a substan�al par�cipa�on of the V-ATPase in vesicle fusion.

Recons�tu�on of membrane fusion from purified yeast vacuoles succeeded in the absence of

the V-ATPase complex  (Stroupe et al., 2009). Similarly, mammalian fusion processes between

early endosomal compartments required Rab GTPases and SNAREs for effec�ve recons�tu�on,

whereas the V-ATPase was dispensable (Ohya et al., 2009). These two in vitro studies would be

in agreement with the data obtain during this thesis. Therefore, the V-ATPase complex might

not be generally required for the process of membrane fusion. The par�cipa�on of V-ATPases

could rather be limited to dis�nct, specialised vesicle fusion events.

4.3. Importance of ATP6AP2 and the V-ATPase in the autophagic flux

In the process of autophagy, cellular cons�tuents are sequestered into autophagosomes and

degraded following the matura�on of  this  newly  formed compartment  (McEwan and Dikic,

2011). The efficient flow of autophagy requires the ac�vity of V-ATPases at several important

stages (Fig.  4.4). A low luminal pH of autophagosomes is a prerequisite for a proteoly�cally

ac�ve  milieu  and  is  established  with  the  aid  of  the  V-ATPase  complex.  The  matura�on  of

autophagosomes further  relies  on  a  number  of  vesicle  fusion  processes  that  are  possibly

influenced by the V-ATPase (Yamamoto et al., 1998; Kawai et al., 2007). In addi�on, the proton

pumping complex is involved in the regula�on of autophagy via the mTOR complex 1. A high

abundance of lysosomal amino acid is sensed by V-ATPases in a yet unclear mechanism. This

triggers  the ac�va�on of  mTORC1 through a  direct  interac�on with  the mTORC1-recrui�ng

Ragulator complex  (Zoncu et al., 2011; Zhang et al., 2014; Jewell et al.,  2015; Wang et al.,
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2015). Subsequently  the unc-like kinase (ULK) complex is inhibited by mTORC1 (Ganley et al.,

2009;  Hosokawa et  al.,  2009;  Jung et  al.,  2009),  which interferes  with  the  ini�a�on  of

autophagy. Because of these mul�ple connec�ons between the V-ATPase and autophagy, the

importance of V-ATPases for the func�onality of this pathway was evaluated in the  Atp6ap2

condi�onal knockout model.

The liver is a central organ that contributes to essen�al metabolic func�ons. Many of these

processes,  e.g. the  synthesis  and  storage  of  metabolites,  are  realised  in  the  major  cell

popula�on  of  the  liver,  the  hepatocytes.  In  addi�on,  these  cells  are  responsible  for  the

breakdown of storage material and the subsequent secre�on of usable molecules (Czaja et al.,

2013).  Therefore,  hepatocytes  feature an augmented  appearance  of  autophagy,  which was

exploited for the analysis of this process under condi�ons of reduced V-ATPase V0 sector levels.

In the Atp6ap2 condi�onal knockout system, the liver was most sensi�ve to an induc�on of the

Mx1-Cre transgene. Using Rosa26-EYFP Mx1-Cre reporter animals, Cre-mediated recombina�on
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was  detectable  in  hepatocytes  and  Kupffer  cells,  whereas  endothelial  cells  showed no  Cre

recombinase ac�vity. Accordingly, whole liver lysates of Atp6ap2 condi�onal knockout animals

displayed a clear  decrease in the protein level  of  ATP6AP2.  This  deple�on of ATP6AP2 was

associated  with  diminished  protein  levels  of  various  V-ATPase  V0 subunits  and  led  to a

significant increase in liver size and weight. 

On  the  cellular  level,  Atp6ap2 knockout  hepatocytes  were  enlarged  and  displayed  an

accumula�on  of  endocy�c  (Rab5-  and  LAMP-1-posi�ve)  as  well  as  autophagic  (p62-  and

LC3-posi�ve)  compartments.  Interes�ngly,  co-localisa�on  was  observed  between  LC3  and

LAMP-1,  but  not  between  the  autophagic  adaptor  protein  p62  and  the  lysosomal  marker.

This hints  to a dysfunc�on in autophagosome matura�on. Earlier  analyses of  �ssue specific

Atp6ap2 knockout mice revealed similar altera�ons in the ATP6AP2-depleted cells. Upon loss of

Atp6ap2 in  cardiomyocytes  and podocytes,  these cells  exhibited an increased  vacuolisa�on

(Kinouchi et  al.,  2010;  Oshima et  al.,  2011;  Riediger et  al.,  2011).  However,  the

autophagosomes of  Atp6ap2 condi�onal knockout hepatocytes contained par�ally  degraded

material  as  observed  by  electron  microscopy.  Therefore,  a  complete  block  in  autophagic

processing is not obvious in the ATP6AP2-depleted hepatocytes.

Pathological situa�ons in dis�nct �ssues and especially the liver are o4en associated with a

malfunc�on of the Wnt signalling pathway (Thompson and Monga, 2007). In recent years, this

signalling  cascade  has  also  been  brought  in  connec�on  with  ATP6AP2  and  the  V-ATPase

complex  (Cruciat et  al.,  2010;  Hermle et  al.,  2010;  Bernhard et  al.,  2012).  However,  the

accumula�on  of  vesicles  in  Atp6ap2 knockout  podocytes  was  seemingly  unrelated  to  Wnt

signalling, since a podocyte-specific knockout of the central Wnt effector β-catenin did not yield

a comparable phenotype  (Dai et al., 2009; Oshima et al., 2011; Riediger et al., 2011). Judging

by the  similarity  of  the  observa�ons  in  ATP6AP2-deficient  podocytes  and  hepatocytes,  the

transforma�on  of  Atp6ap2 condi�onal  knockout  liver  might  also  be  Wnt-independent.  In

support of a negligible Wnt influence, ini�al experiments analysing the expression of the Wnt

downstream  targets  CycD1 and  Axin2 (Sethi  and  Vidal-Puig,  2008)  revealed  no  apparent

difference between wild-type and ATP6AP2-depleted liver. Other func�ons of ATP6AP2 and the

V-ATPase complex were thus examined as a possible origin of the endocy�c and autophagic

dysfunc�on in Atp6ap2 condi�onal knockout liver.
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4.3.2. Characterisa,on of func,onal lysosomes in hepatocytes lacking ATP6AP2

In the terminal phase of autophagy, the autophagic cargo is degraded within autolysosomes. To

support an op�mal ac�vity of the responsible hydrolases, these late organelles require an acidic

luminal pH that is generated by the V-ATPase complex. In ATP6AP2-deficient podocytes and

cardiomyocytes, a defect  in vesicle acidifica�on impaired the proteoly�cally  ac�ve milieu of

degrada�ve vesicles and induced their accumula�on (Kinouchi et al., 2010; Oshima et al., 2011;

Riediger et  al.,  2011).  Whether a similar block in lysosomal and autolysosomal degrada�on

caused the accumula�on of the ubiqui�n-binding protein p62 and its interac�on partner LC3-II

in Atp6ap2 condi�onal knockout liver was analysed in hepatocytes. 

Both, wild-type and ATP6AP2-depleted hepatocytes displayed acidic organelles in fluorescence

analyses  using  LysoTracker  Red®  staining.  Therefore,  the  reduced  levels  of  the  V-ATPase  V0

sector in Atp6ap2 knockout cells did not interfere with vesicular acidifica�on. It is of note that

small changes in the luminal pH were not detectable with the applied LysoTracker® Red staining

and  might  have  gone  unno�ced.  However,  following  endocytosis  of  DQ™  Red-BSA,  the

compound  was  efficiently  hydrolysed  in  LAMP-1-posi�ve  lysosomes  of  wild-type  and

ATP6AP2-deficient  hepatocytes.  Therefore,  the  proven  vesicular  acidifica�on  in  Atp6ap2

knockout cells sufficed to facilitate lysosomal protein degrada�on. 

Kine�cs  of  this  degrada�on  process  have  not  yet  been  analysed  in  ATP6AP2-deficient

hepatocytes. Over an extended period, small dispari�es in the degrada�on efficiency could add

up to the accumula�on of degrada�on prone proteins in ATP6AP2-depleted liver. Therefore, the

rate of lysosomal protein degrada�on should be examined in future experiments,  e.g. in an

analysis of long-lived protein degrada�on upon incorpora�on of [14C]-valine.

Due to  the low yield  of  ATP6AP2-deficient cells  during  the hepatocyte isola�on procedure,

conclusions from the  in cellulo experiments to the  in vivo situa�on in liver have to be drawn

carefully.  The  non-isolable  popula�on  of  Atp6ap2 knockout  hepatocytes  might  reflect

extensively damaged cells of the ATP6AP2-depleted liver. 

Overall, the obtained Atp6ap2 knockout hepatocytes displayed proteoly�cally ac�ve lysosomes

but s�ll accumulated p62 and LAMP-1. This suggests that a defect in luminal acidifica�on and

consequen�ally in vesicular degrada�on is not the ini�al trigger of the vesicle accumula�on in

ATP6AP2-depleted  liver.  Further  analyses  focussing  on  vesicle  acidifica�on  and  lysosome

func�on in total liver could help to strengthen this assump�on.
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4.3.3. Autophagic vesicle fusion under condi,ons of reduced V-ATPase 

V0 sector levels

In  the  course  of  autophagosome  matura�on,  autophagic  vesicles  experience  a  number  of

membrane fusion events. Decreased levels of the V-ATPase complex might interfere with these

processes, which could explain the accumula�on of autophagic organelles in ATP6AP2-deficient

hepatocytes.  A  proton pumping-independent influence  of  V-ATPases could  have caused the

increased vacuolisa�on in these cells. This would be in agreement with previously characterised

fusion processes that depend on the presence of the V-ATPases complex (Vavassori and Mayer,

2014; Co$er et al., 2015).

Vesicle fusion during autophagosome matura�on was assessed by electron microscopy using

BSA-gold as an endocy�c tracer. In wild-type and ATP6AP2-deficient hepatocytes, BSA-gold was

taken up and delivered to  autophagosomes of  all  matura�on stages.  Although hepatocytes

lacking  ATP6AP2  showed  an  accumula�on  of  endocy�c  and  autophagic  organelles,  the

distribu�on  of  BSA-gold  was  comparable  between  both  genotypes.  Thus,  fusion  between

endocy�c and autophagic compartments was not generally impaired by the loss of ATP6AP2

and the subsequent reduc�on in V-ATPase V0 sector levels.

However,  the vesicles  that were categorised as degrada�ve autophagic vacuoles in electron

micrographs could represent both, autolysosomes and amphisomes. A delivery of BSA-gold to

amphisomes does  not  require  contact  between autophagosomes and lysosomes and could

mask a block in autolysosome genera�on. Arguing against this hypothesis,  LC3 and LAMP-1

displayed a  clear  co-localisa�on in  immunofluorescence analyses  of  ATP6AP2-depleted  liver

sec�ons.  This  indicates  an  efficient  delivery  of  autophagic  cargo  to  autolysosomes.

Furthermore,  immunogold-labelling  of  LAMP-2  in  electron  microscopy  illustrates  the

autolysosomal iden�ty of the BSA-gold-containing autophagic vacuoles in  Atp6ap2 knockout

hepatocytes  (data  not  shown).  Therefore,  the  immunofluorescence  and  the  immunogold

analysis, both indicate func�onal autophagosome-lysosome fusion under condi�ons of reduced

V-ATPase V0 sector expression. In accordance with these findings, a recent study by Mauvezin et

al. revealed  con�nuous  autolysosome  genera�on  in  the  absence  of  func�onal  V-ATPase

complexes (Mauvezin et al., 2015).

Taken  together,  the  loss  of  ATP6AP2  did  not  interfere  with  membrane  fusion  along  the

autophagic pathway in hepatocytes. Therefore, a disrup�on in autophagosome matura�on is
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most likely not the cause for the  cellular pathology in ATP6AP2-depleted liver. Similar to the

analysis  of  vesicle  acidifica�on  in  Atp6ap2 knockout  hepatocytes,  kine�c  differences  in

membrane  fusion  cannot  be  excluded  and  could  contribute  to  the  observed  phenotype.

Therefore,  the fusion kine�cs  of  autophagosome matura�on should  be examined in  future

assays.

4.3.4. Regula,on of autophagy by mTORC1 and the V-ATPase complex

Neither  protein  clearance  in  endosomes  nor  vesicle  fusion  were  clearly  impaired  in  the

Atp6ap2 knockout hepatocytes. Therefore, the regula�on of autophagy came into the focus of

a$en�on. The switch between cell growth and autophagy is mediated by the mTOR complex 1.

Ac�ve mTORC1 inhibits the progression of autophagy at several instances. It phosphorylates

and thereby inac�vates the ULK complex, which represents a crucial component in autophagy

ini�a�on  (Ganley et  al.,  2009;  Hosokawa et  al.,  2009;  Jung et  al.,  2009).  Furthermore,  the

promo�on of  autophagic  and lysosomal  gene expression is  a$enuated by mTORC1 through

phosphoryla�on of the transcrip�on factor EB (TFEB)  (Palmieri et al., 2011; Se$embre et al.,

2011; Mar�na et al., 2012; Roczniak-Ferguson et al., 2012; Se$embre et al., 2012).

In line with its central posi�on in metabolic regula�on, the ac�va�on of mTORC1 depends on

mul�ple input signals. Extracellularly ini�ated signalling cascades, e.g. the PI3K/ Akt pathway

provide one s�mulus for mTORC1 ac�vity. In addi�on, the supply of lysosomal amino acids is

sensed with the aid of the V-ATPase complex and further triggers the ac�va�on of mTORC1

(Zoncu et al., 2011; Jewell et al., 2015; Wang et al., 2015).

4.3.4.1 Ac#va#on state of mTORC1 in ATP6AP2-depleted liver

In  ATP6AP2-deficient  hepatocytes,  the  reduc�on  of  V-ATPase  V0 sectors  could  impair  the

ac�va�on  of  mTORC1  leading  to  the  increased  occurrence  of  autophagy. Accordingly,  the

ac�vity  of  mTORC1  was  determined  in  ATP6AP2-depleted  liver  with  respect  to  mTORC1

downstream targets and the subcellular localisa�on of the complex. 

Three  of  five  analysed  TFEB-regulated  genes  displayed  an  increased  transcrip�on  level  in

Atp6ap2 condi�onal knockout liver. This could correlate with a reduced phosphoryla�on of the

transcrip�on factor by mTORC1, which would favour the nuclear localisa�on of TFEB. However,

our  experiments  revealed  no  difference  in  the  ra�o  of  phosphorylated  (cytoplasmic)  and

non-phosphorylated (nuclear) TFEB between wild-type and ATP6AP2-depleted liver (data not
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shown).  Instead,  the  overall  protein  level  of  TFEB  was  increased  in  Atp6ap2 condi�onal

knockout livers, which similarly causes an augmented transcrip�on of TFEB target genes.

Interes�ngly, the transcrip�on of mRNA coding for LAMP-1 is regulated by TFEB but was not

significantly increased in Atp6ap2 condi�onal knockout liver and hepatocytes. This is in contrast

to the much higher protein level of LAMP-1 that was present in these samples. Addi�onal post-

transcrip�onal factors might influence the accumula�on of autophagic and endocy�c proteins.

In this context, reduced kine�cs of lysosomal degrada�on could explain the accumula�on of the

analysed proteins in ATP6AP2-deficient cells. It is of note that TFEB-independent autophagy-

related genes  showed significantly decreased transcrip�on levels  in  ATP6AP2-depleted liver.

This  may  be  explained  by  a  compensatory  mechanism  to  rescue  the  vesicle  and  protein

accumula�on and provide be$er cell survival. However, the transcrip�onal regula�on was not

sufficient to restore wild-type levels  of  vesicle  popula�ons in  Atp6ap2 condi�onal  knockout

livers. 

The V-ATPase complex promotes the lysosomal recruitment of mTORC1 (Zoncu et al., 2011),

which is a prerequisite for ac�va�on of the kinase mTOR by lysosome-resident Rheb (Saucedo

et al., 2003; Stocker et al., 2003; Long et al., 2005). Therefore, the subcellular localisa�on of

mTOR  was  determined.  Unfortunately,  immunofluorescence  analyses  in  Atp6ap2 knockout

hepatocytes  were  aggravated  by  the  accumula�on  of  LAMP-posi�ve  structures  and  a  low

an�-mTOR an�body performance. Hence, isolated liver lysosomes (tritosomes) were examined

by immunobloPng. Surprisingly, this revealed an elevated lysosomal presence of mTOR upon

deple�on of ATP6AP2. In addi�on, components of the mTORC1 recrui�ng machinery were more

abundant on tritosomes of Atp6ap2 condi�onal knockout livers. 

The elevated lysosomal  presence of  mTOR in  ATP6AP2-depleted liver  hints  to an increased

s�mula�on of the mTORC1. In support of this finding, enhanced mTORC1 ac�vity was indicated

by the prominent  phosphoryla�on of  p70S6K and PRAS40 in  Atp6ap2 condi�onal  knockout

liver(Master´s thesis S. Rudnik, 2014). However, an ac�ve mTORC1 in ATP6AP2-depleted liver

contradicts the accumula�on of endocy�c and autophagic vacuoles in this �ssue. Apart from

mTORC1, growth factor-mediated PI3K- and Akt signalling could be responsible for the observed

phosphoryla�on  of  p70S6K  and  PRAS40  (Dufner  and  Thomas,  1999;  Sancak et  al.,  2007).

Therefore, the results concerning mTORC1 ac�vity in Atp6ap2 condi�onal knockout liver should

be evaluated with cau�on.
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Overall,  the  accumula�on  of  autophagic  and  endocy�c  vacuoles  in  Atp6ap2 condi�onal

knockout  liver  is  presumably unrelated to  a  lack of  mTORC1 ac�vity.  An interplay  between

different intracellular pathways might determine the rate of mTORC1 signalling in this �ssue. In

addi�on, the extracellular s�mula�on of mTORC1 and PI3K/ Akt signalling could be influenced

by other interferon α-sensi�ve cell popula�ons that secrete e.g. insulin and growth factors. 

4.3.4.2 Role of the V-ATPase complex in mTORC1 regula#on in fibroblasts

The phenotype of ATP6AP2-deficient hepatocytes complicates an evalua�on of the rela�onship

between  mTORC1  signalling  and  the  presence  of  the  V-ATPase  complex.  To minimise  the

influence of secondary effects by addi�onally targeted cell popula�ons, immortalised Atp6ap2

knockout MEF lines were used. 

Fibroblasts lacking ATP6AP2 displayed a significant drop in V-ATPase V0 sector subunits that

impaired neither  the  lysosomal  pH nor  lysosome func�ons.  Importantly,  Atp6ap2 knockout

MEFs  displayed  no  vacuolisa�on  comparable  to  the  phenotype  that  was  observed  in

ATP6AP2-depleted liver. Therefore, the cul�vated fibroblast lineages allowed to focus on the

link between the V-ATPase and the ac�va�on of mTORC1. 

In Atp6ap2  knockout  fibroblasts  the  response  of  mTORC1  to  amino  acid  s�mula�on  was

dras�cally  reduced.  In  line  with  this  finding,  recent  studies  revealed  an  impaired  mTORC1

ac�va�on in HEK 293 cells and fibroblasts depleted for the V-ATPase V0 subunit c (Zoncu et al.,

2011; Jewell et al.,  2015). Overall,  this confirms a requirement for the V-ATPase complex to

signal the abundance of amino acids to mTORC1. 

It is of note that the s�mula�on of mTORC1 by amino acids was not completely abolished in

ATP6AP2-deficient  fibroblasts.  This  might  be  due  to  residual  V-ATPase  complexes  or  the

ac�va�on of mTORC1 by addi�onal pathways (Fig.  1.6). The presence of cytoplasmic leucine

can induce mTORC1 ac�vity via sestrin 2 and a subsequent inhibi�on of  the Gator complex

(Chantranupong et al., 2014; Wolfson et al., 2015). Similarly, cytoplasmic arginine alleviates the

inhibitory  effect  of  TSC2  on  the  lysosomal  mTORC1  ac�vator  Rheb  (Carroll et  al.,  2016).

Thereby, both amino acids could s�mulate mTORC1 independent of the V-ATPase complex.

Glucose  that  was  present  in  the  reac�va�on medium also  affects  the  ac�vity  of  mTORC1.

High levels  of  the  sugar  modulate  the  ac�va�on  of  the  mTORC1-recrui�ng  Rag  GTPases.
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Furthermore,  glucose  indirectly  s�mulates  the  PI3K-/  Akt  signalling  cascade  that  ac�vates

mTORC1 (Mahimainathan et al., 2006; Efeyan et al., 2013). However, the addi�on of DMEM as

reac�va�on  medium  could  not  ini�ate  the  Akt-dependent  phosphoryla�on  of  PRAS40.

This argues against a substan�al influence of glucose on the Akt pathway.

Surprisingly, the loss of ATP6AP2 had no marked impact on the steady-state phosphoryla�on of

mTORC1  downstream  targets  in  fibroblasts.  It  remains  open,  which  regulatory  pathways

compensate for the decreased response of mTORC1 to amino acid s�mula�on in these cells.

Comparable to ATP6AP2-depleted liver,  an increased ac�va�on of the PI3K/ Akt pathway by

insulin and growth factors could provide a possible explana�on. In this respect, a heightened

sensi�vity  of  ATP6AP2-deficient  MEFs  to  insulin  is  indicated  (data  not  shown).  In  follow-up

studies,  the  influence  of  V-ATPases  on  extracellularly  ac�vated  signalling  pathways  will  be

examined in more detail.

Taken together, the experiments using Atp6ap2 knockout fibroblasts confirmed the necessity of

the V-ATPase for the ac�va�on of mTORC1 by amino acids. However, addi�onal factors, such as

insulin signalling, s�mulate mTORC1 also in the absence of the V-ATPase and help to maintain

an unaltered steady-state ac�vity of mTORC1 signalling.

4.4. Conclusions

In the present thesis, intracellular fusion events along the endocy�c and autophagic pathways

proceeded under condi�ons of reduced V-ATPase expression levels. Neither inhibi�on of the

proton-pumping ac�vity nor a reduc�on of accessible free V0 sectors led to an altered rate of

phagosomal fusion. 

Overall,  these data do not support a model for membrane fusion that involves a V-ATPase-

mediated fusion pore. The alterna�ve model, the SNARE-dependent forma�on of a fusion pore

is favoured as a likely intermediate of membrane fusion. Other proposed components of the

fusion machinery,  e.g. members of the HOPS tethering complex, represent interes�ng targets

that could be analysed in regard to membrane fusion in future projects.

In  general,  vesicle  fusion is  involved  in  many  different  processes  within  a  cell  that  feature

dis�nct  regulatory  mechanisms.  Previous  reports  showed  that  V-ATPases  are  required  for

granule secre�on from neuronal cells  (Hiesinger et al.,  2005; Di Giovanni et al., 2010; Poea-

Guyon et al., 2013; Wang et al., 2014). It will be of interest to further evaluate the influence of
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the proton pump on exocytosis. This could clarify, whether the reported V-ATPase-dependent

fusion events represent excep�onal fusion steps rather than a general mechanism.

In the framework of  this  thesis,  the influence of  the V-ATPase complex on the amino acid-

dependent ac�va�on of mTORC1 confirmed another role of the proton pump in fibroblasts. Yet,

the  molecular  mechanism of  this  func�on remains  unclear.  The  ac�vity  of  the  V-ATPase  is

required for efficient  mTORC1 ac�va�on  (Zoncu et  al.,  2011;  Wang et  al.,  2015).  Thus,  the

V-ATPase-mediated enrichment of luminal protons might be a prerequisite to transport amino

acids across the lysosomal membrane. Direct interac�ons have been demonstrated between

the V-ATPase and members of the mTORC1 recrui�ng Ragulator complex as well as between the

V-ATPase and the amino acid transporter SLC38A9 (Zoncu et al., 2011; Wang et al., 2015). This

could indicate a cross-talk between these complexes by conforma�onal changes to promote the

lysosomal recruitment of mTORC1 in the presence of amino acids.

Interes�ngly, in liver depleted for ATP6AP2, the reduc�on of V-ATPase V0 sectors induced an

accumula�on of autophagic and endocy�c vesicles, while mTORC1 signalling remained ac�ve.

Whether a dysregula�on of mTORC1 and/ or kine�c defects in lysosomal protein clearance and

vesicle  fusions  are  reasons  for  the  vacuolisa�on  in  ATP6AP2-depleted  hepatocytes  is  s�ll

unclear. To further address the ac�vity of the mTORC1 in  Atp6ap2 condi�onal knockout liver,

extracellular  input  signals  and  subsequently  ac�vated  kinase  cascades,  such  as  the

PI3K pathway, will be analysed in more detail. 

In addi�on to the progression of mTORC1 signalling, it will be exci�ng to study other cellular

func�ons and structures that are influenced by the V-ATPase in ATP6AP2-depleted liver. Dis�nct

V1 subunits interact with filamentous ac�n (Lee et al., 1999; Chen et al., 2004; Beaulieu et al.,

2005; Vitavska et al., 2005). An influence of reduced V-ATPase expression levels on the integrity

of  the  cytoskeleton  might  be  conceivable.  Altered  cytoskeleton  dynamics  may  provide  an

addi�onal explana�on for the vesicle accumula�on in the ATP6AP2-deficient hepatocytes.
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