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mSIN1   Mammalian stress-activated protein kinase interacting protein 
mTOR   Mechanistic target of rapamycin 
mTORC1  mTOR complex 1  
mTORC2  mTOR complex 2 
MVB   Multivesicular body 
NCE   Non-clathrin endocytosis 
PADK   Z-Phe-Ala-diazomethylketone 
PDK1   PtdIns(3,4,5)P3-dependent protein kinase-1 
PEI   Polyethylenimine 
PH Domain  Plecstrin homology domain 
PI   Phosphatidylinositol 
PIK   Phosphatidylinositol kinase 
PI3K   Phosphatidylinositol-3-kinase 
PI3KC1   Phosphatidylinositol-3-kinase class I 
PI(3)P   Phosphatidylinositol-3-phosphate 
PKB or AKT  Protein kinase B 
PKC   Protein kinase C 
PMSF   Phenylmethanesulfonyl fluoride 
PNS   Post nuclear supernatant 
PRAS40   Proline-rich AKT substrate of 40 kDa 
PRR   Proline rich region 
PtdIns   Phosphatidylinositol 
PTEN   Phosphatase and tensin homolog 
PX Domain  Phox homology domain 
RAPTOR  Regulatory associated protein of mTOR 
RHEB   Ras homolog enriched in brain 
RICTOR   Rapamycin insensitive companion of mTOR 
RTKs   Receptor tyrosine kinases 
Rpm   Rotations per minute 
S6K or p70  S6 kinase 
SEC   Size exclusion chromatography 
SGK   Serum and glucocorticoid induce protein kinase 
SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor 
SNX   Sorting nexin 
TBST   Tris buffered saline and tween 20 
TFEB   Transcription factor EB 
TGN   Trans-Golgi network 
TLC   Thin layer chromatography 
TOR   Target of rapamycin 
TR   Transferrin receptor 
TSC   Tuberous sclerosis complex 
ULK1   Unc-51 like autophagy activating kinase 1 
UVRAG   UV radiation resistance associated gene 
vpl   Vacuolar protein localisation 
vps   Vacuolar protein sorting 
vpt   Vacuolar protein targeting  
XIC   Extracted ion chromatogram 
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VII. Amino Acid Code 

 

 
Amino acid   Three letter symbol   One letter symbol 

 

Alanine     Ala     A 

Arginine    Arg     R 

Asparagine    Asn     N 

Aspartate    Asp     D 

Cysteine    Cys     C 

Glutamate    Glu     E 

Glutamine    Gln     Q 

Glycine     Gly     G 

Histidine    His     H 

Isoleucine    Ile     I 

Leucine     Leu     L 

Lysine     Lys     K 

Methionine    Met     M 

Phenylalanine    Phe     F 

Proline     Pro     P 

Serine     Ser     S 

Threonine    Thr     T 

Tryptophan    Trp     W 

Tyrosine    Tyr     Y 

Valine     Val     V 

Any amino acid    Xaa     X 
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VIII. Summary 

 
The lipid kinase VPS34 is an essential mediator of multiple aspects of intracellular trafficking via 

the formation of phosphoinositide-3-phosphate (PI(3)P) on membranes, this is critical to 

mediate efficient trafficking of cargo by endocytosis. In addition, VPS34 kinase activity is 

essential for inducing autophagy in combination with the protein kinase ULK1. Autophagy acts 

as a catabolic pathway that is up regulated in response to stress, but is negatively regulated by 

the master growth protein kinase mTOR. This study sought to identify novel control mechanisms 

that may mediate the regulation of VPS34 between the pathways of endocytosis and autophagy. 

During nutrient rich conditions a binding protein of VPS34, UVRAG, was identified to be 

phosphorylated. Further analysis has identified that phosphorylation is mediated by mTOR and 

that this occurs at two sites, S550 and S571. Multiple lines of evidence suggest that 

phosphorylation does not alter the stoichiometry or localisation of the complex nor does it 

mediate recruitment of additional factors. Phosphorylation of UVRAG acts to increase lipid 

kinase activity in vitro and cellular PI(3)P levels by ~ 2 fold, mutation of S550 and S571 to alanine 

residues abrogate this increase in activity. Examination of autophagy, receptor mediated 

endocytosis and recycling have demonstrated no effect of UVRAG phosphorylation upon their 

rate of trafficking. Mutation of UVRAG phosphorylation sites however leads to a significant 

lysosome abnormality that is demonstrated by a dispersed phenotype. Preliminary analysis 

suggests that this may occur due to abnormalities in the process of autophagic lysosome 

reformation, a process that is dependent upon the activity of mTOR. This suggests a previously 

uncharacterised role of PI(3)P in lysosomal regulation and adds to current understanding of 

regulation between VPS34 and mTOR. Additionally data presented here examines a novel 

PI3KC3 inhibitor that demonstrates profound selectivity over other PI3K isoforms and lipid 

kinases. This will be important to further examine the functional role of VPS34 and UVRAG. 
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surface or degraded at the lysosome (Steinman et al. 1983). Early endosomal structures that are 

present near the cell periphery act at the first step of cargo sorting (Steinman et al. 1983), 

receptors can be rapidly returned to the cell surface by direct trafficking or alternately a slower 

recycling pathway exists that involves trafficking to a recycling endosome prior to return to the 

cell surface (van Dam et al. 2002). Whilst at early endosomal structures receptor mediated 

signalling can still occur as the C-termini is still cytoplasmic facing (Lloyd et al. 2002). Signalling 

can be terminated by targeting the receptor for degradation by incorporation into intraluminal 

vesicles (ILVs) that bud inward at the endosome, this leads to the characteristic vesicular 

appearance of late endosomes also known as multi-vesicular bodies (MVBs) (Futter et al. 2001). 

Once internalised the receptor can no longer signal as the C-termini no longer contacts the 

cytoplasm, MVBs then ultimately fuse with lysosomes, causing the breakdown of material by 

acid hydrolases (Hershko & Ciechanover 1982).   

1.1.3 Intracellular Trafficking and the Lysosome 
 

Within the cell multiple distinct trafficking pathways exist that transport material between 

specific organelles and locations, this is essential to ensure cellular components are located at 

the regions where they are required for function. Vesicular trafficking is a complex process that 

requires many proteins, however, the process can be divided into four major steps (Figure 1.3). 

Adaptor proteins (APs) recognise cargo and recruit coat proteins to induce vesicle budding (Ford 

et al. 2001), the vesicle then undergoes scission (Bliek & Redelmeier 1993) and is trafficked 

towards the acceptor membrane (Caviston & Holzbaur 2006). Tethering proteins and Rab 

GTPases work together (Simonsen et al. 1998) to bring membranes close together that allow 

membrane fusion mediated by soluble N-ethylmaleimide-sensitive factor attachment protein 

receptors (SNAREs) (Söllner et al. 1993).  
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Figure 1.3 - Basic Steps of Vesicular Trafficking 

Figure adapted from (Cai et  al.  2007). (1) Coat proteins are recruited via adaptor proteins (AP) to 
the donor membrane, APs also bind cargo to be internal ised (Ford et al.  2001) . The vesicle is  
released from membrane by Dynamin mediated sc ission (Hinshaw & Schmid 1995) . (2)  Vesicles are 
transported to the acceptor membrane by motor proteins and microtubules (Caviston & Holzbaur 
2006).  (3)  Tethering factors and Rab GTPases bind vesicles (Simonsen et al.  1998)  to reduce the 
membrane distances to assist with (4) membrane fusion mediated by SNARE proteins (Söllner et  
al.  1993).  

Multiple cellular trafficking pathways exist (Figure 1.4) and are often characterised by distinct 

components. Adaptor protein complex 2 (AP-2) is utilised in transport from the plasma 

membrane (Gaidarov & Keen 1999) whilst AP-1 mediates Golgi to Endosome transport (Traub 

et al. 1993). Transport via the Golgi is critical for lysosomal hydrolases that are translocated into 

the lumen of the endoplasmic reticulum (ER) during synthesis and then subsequently require 

transport to the lysosome where they become active in the acidic pH of the lumen (Kornfeld 

1987). Newly formed hydrolases contain a mannose 6-phosphate tag that, following transport 

to the trans-Golgi network (TGN), is recognised and bound by mannose-6-phosphate receptors 

(M6PRs) (Dahms et al. 1989). The M6PR-hydrolase complex is then trafficked to endosomes 

where the mildly acidic pH triggers the release from the receptor (Kornfeld 1987). Hydrolases 

remain in the endosome as they mature to assist with proteolytic degradation, meanwhile the 

vacant M6PRs are transported back to the TGN to repeat this process and prevent the 

degradation of the receptor by the lysosome (Brown et al. 1986). An equivalent pathway exists 
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in yeast that transports vacuolar proteases including carboxypeptidase Y (CPY) from the ER via 

the Golgi to the vacuole (Stevens et al. 1982).  

 

Figure 1.4 - Intracellular Trafficking Pathways 

Multiple pathways exist  in the cel l in addition to the endocytic pathway (recycl ing not included 
in this f igure).  Material internal ised is  trafficked to the lysosome by the endosomes,  but these 
are interlinked with transport to and from the Golgi.  Upon formation , lysosomal hydrolases are 
delivered to the lysosome via traff icking from the Golgi,  which also acts to direct  cargo for 
secretion.  
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1.1.4 Identification of Vacuolar Protein Sorting (vps) Mutants 
 

Several pioneering genetic mutational analyses were carried out in yeast cells that examined the 

transportation of CPY to determine proteins required for transport to the vacuole. It had 

previously been identified that over-expression of CPY or mutating the sorting signal caused CPY 

to be transported from the Golgi to the plasma membrane for secretion instead of localisation 

to the vacuole (Johnson et al. 1987; Stevens et al. 1986). This phenotype was taken advantage 

of experimentally as yeast cells that secrete CPY following genetic mutation are likely to be 

deficient in trafficking to the vacuole and this approach led to the classification of eight vacuolar 

protein localisation (vpl) mutants (Rothman & Stevens 1986). This method was improved by 

fusing CPY to the enzyme invertase that is normally secreted and allows yeast growth on sucrose 

(Bankaitis et al. 1986). Fusion to CPY results in delivery to the vacuole that is only reverted to 

the secretory pathway if transport to the vacuole is impeded (Johnson et al. 1987). This approach 

improved the identification of vacuolar trafficking mutants as yeast are only viable on sucrose if 

trafficking is impaired, this led to the identification of vacuolar protein targeting (vpt) mutants 

(Bankaitis et al. 1986)(Robinson et al. 1988). Mutants can be sub-divided into three classes by 

vacuolar phenotype where class A causes no effect, class B causes vacuole fragmentation and 

class C yeast exhibit vacuole biogenesis defects (Banta et al. 1988). Further vpl mutants were 

identified by secretion of CPY and compared to previously identified vpt mutants or pep mutants 

that have decreased expression of CPY (Jones 1977; Rothman et al. 1989). Significant overlaps 

were detected between mutants and as such vpt, vpl and pep mutants were consolidated and 

renamed as vacuolar protein sorting (vps) mutants. These experiments were critical in 

establishing an initial list of essential trafficking proteins that we now understand to be involved 

in all aspects of cellular trafficking and not simply limited to vacuolar protein sorting. Current 

understanding of the 40 vps mutants identified in vpl and vpt screens is shown in Table 1. 
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homologue of Vps15p (Volinia et al. 1995). Blockade of PI3K activity by use of inhibitory 

antibodies impairs the trafficking of platelet-derived growth factor receptor and the formation 

of ILVs (Siddhanta et al. 1998; Futter et al. 2001). Additionally PI3K inhibition using the inhibitor 

wortmannin blocks the fusion of early endosomes (Jones & Clague 1995). Although wortmannin 

is not specific for PI3KC3 inhibition (Arcaro & Wymann 1993; Stack & Emr 1994), taken together 

the data is highly suggestive that the lipid kinase activity and formation of PI(3)P is critical for 

mediating trafficking by VPS34. This led to further study and understanding of the regulation of 

phosphoinositides in trafficking.  

 

1.1.6 Phosphatidylinositol and Phosphoinositides 
 

Phosphatidylinositol (PtdIns or PI) is a glycerolipid composed of two non-polar fatty acid chains 

connected to a glycerol backbone and phosphate group containing an inositol ring polar head 

group (Figure 1.5) and represents a minor proportion of eukaryote cellular membranes, 

contributing to less than 15% of the total lipid composition (van Meer & de Kroon 2011). The 

polar inositol head contains five hydroxyl groups, where position three, four or five can be 

phosphorylated either singly or in combination to yield seven distinct lipids referred to as 

phosphoinositides (Di Paolo & De Camilli 2006). The hydroxyl groups at position two and six are 

not phosphorylated due to steric hindrance (Figure 1.5). 
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Figure 1.5 - Structure of Phosphatidylinositol 

The structure of phosphatidylinositol is shown. Numbers in brackets represent the hydrox yl group 
number that is ut il ised for the naming of phosphoinosit ide species.  

 

All seven phosphoinositides species have been identified in mammalians and are estimated to 

account for ~ 8 % of cellular PtdIns or ~ 1 % of total lipids (Figure 1.6). The abundance of 

individual phosphoinositides species varies greatly; PI(3,5)P2 for example is present at 

concentrations ~ 125 fold lower than that of the most abundant phosphoinositide PI(4,5)P2 

(Zolov et al. 2012). 

Phosphorylation is catalysed by phosphatidylinositol kinases (PIKs) that are divided into classes 

based upon their inositol head group target. These are phosphatidylinositol-3-kinases (PI3Ks), 

phosphatidylinositol-4-kinases (PI4Ks) and phosphatidylinositol-5-kinases (PI5Ks) that 

phosphorylate inositol position 3,4 and 5 respectively (Fruman et al. 1998). PIKs selectively 

phosphorylate a single position, therefore the formation of phosphatidylinositol-bis- or 

tris-phosphate requires sequential kinase activity (Figure 1.6). PI3Ks are further divided into 

class I, II and III dependent upon their substrate preference in vivo. Class I (PI3KC1) enzymes are 
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Figure 1.6 - Interconversion of Phosphoinositides 

PtdIns can be interconverted between phosphoinosit ide species by l ipid kinase or l ipid 
phosphatase act ivity.  Solid arrows represent activ ity th at has been demonstrated in cel ls,  dashed 
arrows represents activ ity that has been shown in vitro  but not in cel ls.  Arrows represent activ ity  
by lipid kinases (black) or l ipid phosphatases (red).  Values in brackets represent estimated 
percentage values of total  PtdIns in the absence of any stimulatory factors from mammalian cells 
(Devereaux et  al.  2013; Lemmon 2008; Milne et al.  2005; Zolov et al .  2012) .  

 

It must be noted that the action of lipid phosphatases is not always to simply counteract lipid 

kinase action, but can also be important for generation of distinct lipid identity. PI(5)P for 

example is not formed by phosphorylation of PtdIns in cells, instead it is generated via 

dephosphorylation of PI(3,5)P2 (Zolov et al. 2012). 


























































































































































































































































































































































