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Clathrin-mediated trafficking is a conserved process during which clathrin coated 

vesicles transport cargo between the trans-Golgi Network (TGN) and the endosomes, and 

during the process of endocytosis. These studies identify a previously unrecognized sequence 

of assembly between adaptor-specific clathrin coated vesicles. At the TGN, we found that GGA-

enriched vesicles form first, followed by the biogenesis of AP-1 enriched vesicles. We then 

identified the mechanism by which this process is temporally controlled. We have identified a 

novel direct physical interaction between the VHS domain of Gga2 and the yeast PI(4)-Kinase, 

Pik1p, that is important for the recruitment  of Pik1p to the TGN membrane.  Deletion of GGA 

proteins results in the delay of PI(4)P accumulation and Pik1p recruitment. Furthermore, we 

have mapped the regions through which Pik1p interacts with Gga2 and demonstrate that these 

binding sites are important for the Pik1p-GGA interaction in vivo. Disruption of these binding 

sites through mutation results in delayed PI(4)P accumulation, mislocalized Ent5p and delayed 

AP-1 recruitment. We also provide evidence that this Pik1/GGA interaction is regulated by GTP-
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Arf1.  Arf1 binds to the GAT domain of GGA2, enabling Pik1p to directly bind to the VHS domain 

of Pik1p.  We also find that this network of physical interactions is conserved in mammals.  
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Chapter 1 
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Abstract: 

In eukaryotic cells, clathrin-coated vesicles (ccvs) mediate trafficking at the plasma 

membrane during the process of endocytosis and between the trans-Golgi network and 

endosomes. Clathin is a conserved protein as are the adaptor proteins which facilitate ccv 

biogenesis. There are two main intracellular clathrin adaptors, the monomeric GGA proteins and 

the heterotetrameric complex AP-1. Each of these proteins share some recruitment factors, but 

are recruited to membranes by distinct mechanisms. Both of these adaptors play important roles 

in mediating cell polarity and development. Aberrant function of AP-1 and GGA can result in 

developmental defects and lethality. 

Introduction: 

A major form of membrane trafficking in the endocytic and secretory systems is 

mediated by clathrin. Clathrin assembles into triskelia, each one composed of three clathrin 

heavy chains (Chc1p) and three clathrin light chains (Clc1p). These triskelia then in turn 

assemble into higher order hexagons and pentagons which form the outer coat of the vesicle 

(McMahon and Boucrot, 2011). In mammalian cells, the ratio of heavy chains to light chains in 

some cases may be greater than 1:1 (Girard et al., 2005). However, this point is still under 

debate. In vertebrates, a recent duplication of the clathrin heavy chain gene generated CHC17 

and CHC22 (named for the chromosome on which they were located). CHC17 is ubiquitously 

expressed, while CHC22 is expressed in muscle tissues. In mammals, CHC17 forms several 

types of structures at cellular membranes, as determined by electron microscopy and 

fluorescence microscopy (Brodsky, 2012; Saffarian et al., 2009). The best characterized 

structures are 80-200nm coated vesicles at the plasma membrane. The second, more recently 
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identified structures are larger flat lattices found on the basal surface of attached cells in culture 

(Saffarian et al., 2009).  The physiological function of these large lattices is still under debate 

((den Otter and Briels, 2011; Heuser et al., 1987)). 

Clathrin can form a wide variety of cage types in vitro and in vivo, but it does not have  

affinity for membranes on its own. Clathrin requires several additional factors for ccv biogenesis. 

Some of these additional factors, known as adaptor proteins, serve as a link between clathrin and 

the membrane and provide additional specificity for location of the clathrin coat. These adaptor 

proteins also recruit accessory factors required for membrane invagination, vesicle scission and 

vesicle uncoating (Traub, 2005). The process of clathrin-mediated endocytosis is well 

characterized compared to the intracellular trafficking pathways which rely on clathrin. 

However, several recent studies have revealed new insights into the molecular mechanisms of 

clathrin trafficking between the TGN and endosomes, including mechanisms of adaptor 

recruitment, and how adaptor proteins mediate cell polarity and cell development (Reales et al., 

2011; Ren et al., 2012; Shafaq-Zadah et al., 2012; Xu et al., 2012). New research detailing how 

aberrant trafficking results in humoral response defects, tissue deformation, and lethality is also 

now available (Schreiner et al., 2010; Takahashi et al., 2011; Xu et al., 2012). The fidelity of 

membrane trafficking supports the integrity of membrane bound organelles, thereby contributing 

to the health of the cell, tissue and general organization of the cell (Mellman and Nelson, 2008; 

Schreiner et al., 2010). This chapter will focus on the factors that contribute to normal clathrin 

adaptor localization, proper ccv biogenesis and the abnormalities observed in tissues and 

organisms that arise when these processes are disrupted.  

 



4 
 

An Introduction to AP-1 

There are five adaptor protein complexes in mammals: AP-1, A(Gan et al., 2002)P-2, 

AP-3, AP-4, and AP-5 (Canagarajah et al., 2013). Only AP-1, AP-2, and possibly  AP-3 interact 

with clathrin in mammals (Canagarajah et al., 2013). In yeast, there are three AP complexes: AP-

1, AP-2, and AP-3. Only AP-1 and AP-2 interact with clathrin (Vowels and Payne, 1998; Yeung 

et al., 1999). All AP complexes are heterotetrameric complexes composed of four subunits: two 

large subunits (β1-β5; α/ γ/ε/δ/ζ), one medium subunit (µ1-μ5), and one small subunit (σ1-σ5).  

In the case of yeast AP-1,  two genes encode μ1 isoforms, (Yeung et al., 1999) . These two 

alleles of the μ-adaptin of AP-1 subunit are conserved in mammals and the AP-1 complex is then 

termed AP-1A and AP-1B as determined by the incorportation of either the μ1A or μ1B subunit. 

Although, these two μ-adaptin subunits share 80% sequence identity, in mammals they mediate 

differential AP-1 localization, and cargo binding profiles of the AP-1 complex. AP-1A is 

ubiquitously expressed, and AP-1B is expressed in epithelial cells  (Boehm and Bonifacino, 

2002; Folsch et al., 2003; Ohno et al., 1999).   The β and γ subunits contain appendage or ‘ear’ 

domains which interact with accessory factors that are important for ccv biogenesis. Accessory 

factors participate in membrane invagination, vesicle scission and vesicle uncoating (Duncan and 

Payne, 2003; Owen et al., 1999).  The ear domains of the β1 and γ1 subunits of AP-1 both 

directly bind to clathrin through clathrin box motifs however only the β1 subunit interacts with 

clathrin through motifs that are also present in the hinge region. The core domain of AP-1 

interacts with ARF, lipids and cargo.   
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AP-1 Localization Factors 

Several factors are known to be important for localization of AP-1 to the TGN. These 

factors include Arf1p which interacts with β1 subunit in the AP-1 core, and recently has been 

shown in a crystal structure to also potentially interact with the γ subunit (Ren et al., 2012). 

Brefelden A, inhibits Arf GTP exchange activity, redistributing AP-1 from the TGN to the 

cytosol (Donaldson et al., 1992; Fernandez and Payne, 2006; Stamnes and Rothman, 1993). 

Amazingly, comparable phenotypes can be detected in whole animals. In vivo application of 

BFA in awake rats disrupts AP-1- dependent synaptic vesicle budding (Körber et al., 2012). Arf1 

may not be the only Arf molecule required for proper AP-1 recruitment. Two other molecules 

have recently been implicated. First, depletion of Arf6, like depletion of AP-1B, results in 

missorting of AP-1B dependent cargo, implying that Arf6 may play a role in localizing AP-1B 

(Shteyn et al., 2011). Second, the Arf1-like protein, Arfrp1 directly interacts with AP-1 through 

the μ1 subunit and also recruits AP-1 to liposomes in vitro (Yusong et al., 2013).  

There are also factors other than ARF which play essential roles in AP-1 localization. In 

yeast, Laa1p was identified as an AP-1 interacting factor essential for AP-1 localization in cells 

at high density (post-diauxic shift). Interestingly, Laa1p localization is reliant on ARF function, 

suggesting that Laa1p and ARF coordinate to regulate AP-1 localization (Fernandez and Payne, 

2006). PI(4)P is also a crucial determinant for AP-1 localization to membranes in vivo and to 

liposomes in vitro. (Daboussi et al., 2012; Ren et al., 2012; Wang et al., 2003).  

In addition to those factors most studied, recent evidence has emerged for localization 

factors that are shared between AP-1 and AP-2. One such family of proteins is the amphiphysin 

proteins; largely characterized as functioning  at the plasma membrane. However, recent studies 
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have implicated amphiphysin in AP-1 recruitment to membranes. AP-1 stabilization on 

liposomes was shown to depend on purified amphiphysin 2 or amphiphysin 1 / 2 heterodimer.  A 

physical interaction between AP-1 and amphiphysin could also be detected in vivo, after 

crosslinking (Huser et al., 2013). Future experiments need to be conducted with respect to 

whether this protein has the potential to localize AP-1 at the TGN and endosomes but this work 

has alluring possibilities for function in vivo. 

AP-1 Accessory Factors 

Several AP-1 accessory factors have been described through the years and are reviewed 

in (Duncan and Payne, 2003). Recently identified AP-1 interacting factors facilitate AP-1 ccv 

biogenesis and their absence has consequences on sorting of AP-1 cargo. Eps15, one such factor 

that normally functions with AP-2 in endocytosis was localized to the TGN (Ioannou and Marat, 

2012). It also contains a binding site that is specific for AP-1 (and not AP-2) as determined by 

co-immunoprecipitation from cell extracts. Expression of Eps15 that contained a mutant AP-1 

binding region resulted in a decrease of protein secretion from the TGN (Chi et al., 2008). 

Additionally, a flurry of recent papers have identified the AP-1 accessory factor, Irc6p. This 

protein is conserved from yeast (Irc6p) to humans (p34) and has been implicated as an important 

regulator of AP-1 trafficking.  In humans, mutations in p34 causes keratodermia, a skin disorder 

with manifestations typically on palms and soles with varying severity. (Babu et al., 2012; 

Gorynia et al., 2012; Pohler et al.). 

AP-1: Role in Development 

AP-1 plays an essential role during the development of higher order eukaryotes. In mice, 

loss of the μ1A or γ subunits results in embryonic lethality, (Meyer et al., 2000; Zizioli et al., 
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1999) presumably because µ1A and γ are essential for the stable assembly of the AP-1 complex. 

In fact, in the absence of µ1A the remaining AP-1 subunits fail to localize to the TGN, 

suggestive of an AP-1 complex that is not formed or is not functional. (Meyer et al., 2000). 

While the absence of an entire subunit affects the assembly of the whole AP-1 complex, milder 

mutations can be tolerated. In humans a premature stop codon in the σ subunit of AP-1 can be 

viable, but results in mental retardation, enteropathy, deafness, peripheral neuropathy, ichthyosis, 

and keratodermia (Montpetit et al., 2008).  

The absence of AP-1B, which is specifically expressed in epithelial cells, has differing 

consequences. Knockdown of the epithelial specific µ1B is not lethal in mice (Takahashi et al., 

2011). Nevertheless, disruption of AP-1B in polarized epithelial cells that cover the intestinal 

mucosal surface results in several phenotypes. In these cells lacking AP-1B the cytokine 

receptors that are dependent on AP-1B for normal trafficking to the basolateral surface are 

misdirected to the apical plasma membrane resulting in colitis (Takahashi et al., 2011). In 

addition to aberrant trafficking in the intestine, AP-1B has also been implicated in normal kidney 

function and development (Schreiner et al., 2010). 

The requirement of AP-1 for normal development of multicellular organisms is 

conserved in metazoans. In C. elegans, AP-1 deficiency results in embryonic lethality (Shim et 

al., 2000). In D. melanogaster the exact phenotypic consequences of  deleting AP-1 are not 

known during embryogenesis. However, there are some clues that AP-1 does play a significant 

role in development.  For example, AP-1 deficiency in ommitidia during development results in 

aberrant Notch signaling, causing a disordered array of photoreceptor neurons, and aberrant 

ommatidia formation (Kametaka et al., 2012).  
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AP-1: Role in Cell Polarity 

Establishment and maintenance of cellular polarity is generated through the polarized 

sorting of proteins and lipids, primarily from intracellular organelles to the plasma membrane 

(Ang et al., 2004; Griffiths and Simons, 1986). The role that trafficking proteins play in the 

transport of polarity modules is beginning to be understood. Several proteins that are transported 

to the basolateral surface of epithelial cells do so through canonical AP sorting motifs such as 

YXXφ, NPXY, and di-hydrophobic based sorting signals (Bonifacino, 2003; Mellman and 

Nelson, 2008). This raises the possibility that a clathrin-dependent sorting mechanism might be 

involved in the polarization of these proteins.  Indeed it has been established that clathrin is 

critical for proper maintenance of basolateral polarity in MDCK cells (Deborde et al., 2008). AP-

1 has also been identified in several studies as an important regulator of cell polarity. (Gravotta 

et al., 2012; Xu et al., 2012; Zhang et al., 2012). 

Both AP-1A and AP-1B play roles in establishing cell polarity. AP-1A is ubiquitously 

expressed in mammals and localizes to both the TGN and to a post TGN compartment (Boehm 

and Bonifacino, 2002; Folsch et al., 2003). Depletion of AP-1A can missort basolateral proteins 

from the TGN into the sorting endosome in MDCK cells (Reales et al., 2011). The coxsackie 

adenovirus receptor (CAR) is normally sorted to the basolateral membrane where it interacts 

with junctional adhesion molecule L, which facilitates tight junction integrity (Verdino et al., 

2010; Witherden et al., 2010). CAR is sorted to the basolateral membrane via a YXXφ motif that 

interacts with AP-1A (Witherden et al., 2010). Depletion of AP-1A causes a concomitant 

mislocalization of this cargo protein, which has potential consequences for the integrity of tight 

junctions (Carvajal-Gonzalez et al., 2012). In rat hippocampal neurons µ1A plays a direct role in 
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the selective delivery of cargo to dendrites, inhibiting delivery to the axons. Various 

transmembrane receptors are sorted by recognition of sorting signals in the cytosolic domains by 

the µ1A subunit AP-1 complex. Mutation of the µ1A subunit affects dendritic spine morphology 

and decreases the number of synapses (Farias et al., 2012). 

The AP-1B adaptor complex is specifically expressed in polarized epithelial cells and 

also plays a role in maintaining apical-basolateral polarity (Ohno et al., 1999). Current genetic 

and biochemical data support a model in which AP-1B sorts cargo from a recycling endosome to 

the basolateral surface of polarized epithelial cells by recognizing tyrosine based motifs (Fölsch 

et al., 1999; Ohno et al., 1999). Cells which lack μ1B, missort AP-1B cargo to the apical surface. 

Interestingly, expression of exogenous μ1B in LLC-PK1 cells, which lack μ1B, is sufficient to 

reroute LDLR and TfR from the apical to the basolateral membrane of the cell (Gan et al., 2002). 

The PAR protein module is one of three protein modules critical for apical-basal polarity 

(St Johnston and Ahringer, 2010). The PAR module is composed of PAR-3/PAR-6/PKC-3 

(aPKC) and localizes to the apical domain of polarized cells. In C. elegens, the role that clathrin-

mediated trafficking plays in the localization of these polarity modules was difficult to ascertain 

because AP-1 is required for viability (Shim et al., 2000). To identify the pathways affected 

during development, two organs have been well studied: the intestine, and the brain. First, in the 

intestine, depletion of AP-1 affects the maintenance of the lumen and the proper localization of 

the PAR-3 polarity protein (Zhang et al., 2012). Another member of the aPKC module, PAR-6, 

was also recently found to be mislocalized to the basal surface when AP-1 is depleted in the 

intestine (Shafaq-Zadah et al., 2012). These results support the idea that AP-1 is important for 



10 
 

mediating polarized exocytosis to the apical membrane, and also plays a role in the localization 

of polarity modules in polarized epithelia.  

Second, during neuron formation in C. elegans, depleting AP-1 leads to the 

disorganization of neuronal tissue. Evidence now supports the idea that AP-1 is an important 

trafficking factor in maintaining basal cell polarity of dendritically polarized receptors in 

interneurons. AP-1 plays a role in enabling proper cilium structure and function, and cooperates 

with RAB-8 to coordinate distinct steps in neuronal ciliary membrane sorting and trafficking 

(Dwyer et al., 2001; Kaplan et al., 2010). The absence of AP-1 redistributes AP-1 dependent 

receptors between the axons and the dendritic compartments (Margeta et al., 2009). This 

mechanism seems largely conserved through metazoans, as recent studies have confirmed similar 

finding in mouse neurons as well (Farias et al., 2012).  

Polarization of cells relies heavily on the effective sorting of cargo from intracellular 

organelles to the correct membrane surface. Clathrin and AP-1 play an important role in the 

polarized trafficking of polarity modules, and components needed for tight junctions among 

several other types of cargo. The correct localization of these proteins have a significant impact 

on tissue morphology, ultimately affecting the development of the organism being examined. 

AP-1: Implications for Disease 

The human immunodeficiency virus (HIV) establishes chronic infection by evading the 

host immune system through the suppression of CD4. HIV-1 Nef protein is believed to contain 

several protein-protein interaction domains which enable the downregulation of MHC-I and CD4 

(Aiken et al., 1994; Fölsch et al., 1999; Greenberg et al., 1998; Mangasarian et al., 1999). Nef 

has been shown to escape antigen presentation in HIV-infected primary T-cells by the 
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recruitment of AP-1 to the cytosolic tail of MHC-I. This interaction is important for routing 

biosynthetic MHC-I from the TGN into the endolysosomal pathway where it is eventually 

degraded (Roeth et al., 2004). Recently a noncanonical hydrophobic motif in Nef has been 

identified as important critical for binding to μ1A (Iijima et al., 2012). 

 Another recent study has implicated AP-1 in the lysosomal targeting of Niemann-Pick 

type C 1 and 2 (NPC1, and 2). Mutation in NPC1 or NPC2 genes results in the accumulation of 

cholesterol and glycosphingolipids in the late endosomes/lysosomes. In humans, this can result 

in a fatal neurodegenerative disorder (Poirier et al., 2013). 

AP-1, and AP-3, have also been implicated in the trafficking of Batten disease protein, 

CLN3. Batten disease is a severe neurodegenerative disorder and the most common cause of 

juvenile dementia. Despite the conservation of CLN3 from yeast to humans, the exact function is 

not known. It is best characterized by a predominant localization in the vacuole/lysosome. 

Interesting, both AP-1 and AP-3 interact with distinct dileucine motifs present in CLN3 that are 

required for proper CLN3 sorting to the lysosome in mouse fibroblasts (Kyattala et al., 2005; 

Kyttala et al., 2004) .  

An Introduction to GGA: 

The Golgi-localized γ-ear containing ARF binding protein (GGA) proteins were initially 

identified based on sequence homology to the γ1-adaptin subunit of AP-1 (Dell'Angelica et al., 

2000; Hirst et al., 2000) . GGA proteins are monomeric clathrin adaptors that participate in CCV 

formation and are conserved among eukaryotic organisms. S. cerevisiae express two GGA 

proteins (Gga1p, and Gga2p), Drosophila have only a single GGA protein  and mammalian cells 

express three GGA proteins (Gga1-3) (Dell'Angelica et al., 2000; Kametaka et al., 2010).  Each 
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of the GGA proteins have similar architectures. The amino terminal VHS domain (VPS27, HRS, 

STAM) mediates binding to cargo proteins, and in yeast interacts with PI(4)P (Demmel et al., 

2008). The central GAT domain (GGA and Tom1) interacts with GTP bound Arf1. Importantly, 

the GAT domain is also involved in membrane association and recognizes Ubiquitin as a 

mechanism to sort cargo (Puertollano and Bonifacino, 2004) (Scott et al., 2004; Shiba et al., 

2004). The hinge and C-terminal ‘ear’ regions of GGA contain binding motifs for clathrin, the γ-

ear of AP-1 and the epsin-like adaptors (Costaguta et al., 2001; Duncan and Payne, 2003). 

GGA enriched CCVs have been localized to the TGN by immunoelectron microscopy 

(Doray et al., 2002). Most genetic and biochemical data suggests that GGAs have roles in cargo 

packaging into ccvs which bud from the TGN and deliver cargo to either early or late endosomes 

(Black and Pelham, 2000; Costaguta et al., 2001; Puertollano et al., 2001). In yeast, there is also 

evidence that GGA participates in forward traffic from the TGN to  late endosomes (Deng et al., 

2009). GGA proteins are generally thought to be involved solely in clathrin coated vesicle 

formation, however there are some exceptions. GGA1 has also been found on tubular-vesicular 

structures emanating away from the TGN into the cytoplasm where they presumably interact 

with endosomes in mammalian cells (Puertollano et al., 2003). There may be some instances in 

which GGA does not participate in forward trafficking from the TGN, recently GGA3 was 

localized to recycling endosomes (RE) and shown to play a role in the recycling of at least some 

receptors between RE and the plasma membrane (Parachoniak et al., 2011).  

GGA: Recruitment Factors  

A network of complex interactions is important for proper GGA localization. In 

mammalian cells, membrane association of GGA is believed to occur through the GAT domain 
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interacting with PI(4)P (Wang et al., 2007). PI(4)P is enriched at the Golgi and acts a regulator of 

GGA recruitment in animal cells (Behnia and Munro, 2005; Carlton and Cullen, 2005). Residues 

R276, R281 and Y310 are particularly important for mediating interaction with PI(4)P, when 

these residues are mutated, GGA is partially defective in its recruitment to the  TGN (Wang et 

al., 2007). There are also additional modes through which GGA proteins interact with PI(4)P. In 

yeast, PI(4)P has been implicated in Gga2 recruitment to membranes through a low affinity 

interaction between the lipid and the N-terminal VHS domain. In vitro, Gga2 recruitment to 

liposomes is stimulated by the addition of PI(4)P as well as the addition of GTP-bound Arf1p. 

(Demmel et al., 2008).  In yeast, Arf1p plays a role, but is not essential for GGA recruitment. 

GGA in the presence of Brefelden A is still localized to the TGN (Fernandez and Payne, 2006). 

In mammals Arf plays a more critical role in GGA localization (Boman et al., 2000; Takatsu et 

al., 2002). 

  Other interactions have also been identified as important for GGA localization. Gga 

recruitment relies on a network of interactions between the scaffold Ysl2p/Mon2p, Arl1, and the 

lipid flippase Neo1p. Ysl2/Mon2 functions at the TGN in the maintenance of vacoule integrity 

(Jochum et al., 2002). Deletion of either Ysl2/Mon2 or Arl1 mislocalizes Gga2p. Gga2p’s 

dependency on these proteins for correct localization is conserved in humans (Singer-Kruger et 

al., 2008).  

Another contributing factor for GGA localization are the cargo proteins present at the 

TGN. Cargo proteins have been shown to be important in a somewhat dose dependant manner 

for GGA recruitment in animal cells (Hirst et al., 2007). 
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GGA proteins: A Role in Development 

Gga proteins are important adaptors for many cargo proteins that traffic between the 

TGN and endosomes in S. cerevisiae, D. melanogaster and mammals. Recent work has begun to 

characterize the molecular mechanisms that GGA orchestrates and the developmental defects 

observed in the absence of GGA.  

In S. cerevisiae deletion of either GGA1 or GGA2 leads to minor defects due to cargo 

rerouting. However, combining both deletions impairs proteolytic processing of the inactive 

precursors of the vacuolar hydrolases caryboxypeptidase Y (CPY) and carboxypeptidase S 

(Bonifacino, 2004).  These phenotypes denote defective transport from the TGN to the vacuole. 

Additionally, in yeast GGA proteins directly interact with, and are important for localization of 

the yeast PI4Kinase, Pik1p. Pik1p is an essential gene, and is critical for anterograde trafficking 

from the TGN (Hama et al., 1999; Walch-Solimena and Novick, 1999). Deletion of the GGA 

genes results in the delayed recruitment of Pik1p to the TGN, resulting in the delayed 

accumulation of PI(4)P. Depletion of PI(4)P has several strong consequences for secretion, cell 

polarization and cell growth (Hama et al., 1999) 

The requirement for GGA proteins during development varies by organism. In D. 

melanogaster, the literature is conflicting as to the requirement of GGA. Knockdowns of dGGA 

using RNAi generate conflicting results ranging from complete lethality, semi-lethality to no 

obvious phenotypes, or defects in viability or fertility (Eissenberg et al., 2011; Hirst and 

Carmichael, 2011; Kametaka et al., 2012). A recent study tried to address this variability by 

generating two null alleles of dGGA, the first by P-element excision and a second through 

targeted homologous recombination. Both of these independently generated dGGA null flies 
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were viable and showed no obvious fertility defects. There were however more subtle 

phenotypes, such as hypersensitivity to dietary chloroquine (an indication that the lysosome is 

not properly mediating proteolysis). This phenotype is in agreement with the function of 

mammalian and yeast GGA.  

Despite the resilience of D. melanogaster, disruption of GGA in mammals can result in 

severe phenotypic consequences. GGA2 null mice showed high rates of embryonic or neonatal 

lethality (depending on the strain background). GGA1 and GGA3 seem to share some redundant 

function. The absence of either GGA1 or GGA3 was well tolerated by the mice.  However, the 

absence of both is lethal (Govero et al., 2012). Interestingly, expression of GGA2 is highest in 

the brain during development suggesting this as its most important function is during 

development, and not post-natally. In contrast, GGA1 and GGA3 expression remained steady 

from late embryogenesis through adulthood (Govero et al., 2012).  

GGA proteins:  Implications for Disease 

Alzheimer’s Disease (AD) is a complex neurodegenerative disease influenced by several 

genes and environmental risk factors (Reitz et al., 2011). One marker for AD brains is BACE1, a 

stress-related protease that is upregulated in AD neural tissue and affects the trafficking of 

Amyloid Precursor Protein (APP) (Cole and Vassar, 2008). BACE1 interacts with GGA proteins 

by means of a DXXLL-motif sequence, DISLL. (Prabhu et al.) GGA1 and GGA3 have been 

shown to regulate the degradation of BACE1 in traumatic brain injury (TBI), an environmental 

risk factor for Alzheimer’s Disease. In mouse models of TBI, GGA1 and GGA3 depletion in the 

acute phase after injury results in the rapid elevation of BACE1 (Walker et al., 2012). One 

possible mechanism for the rapid decrease in GGA proteins following TBI may be attributable to 
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caspase-3 mediated degradation of GGA (Lefort et al., 2012). In cell culture, similar effects are 

observed. Knockdown of GGA proteins by RNAi results in the increased accumulation of 

BACE1 in the endosomes (He et al., 2005; Tesco et al., 2007; Wahle et al., 2005; Wahle et al., 

2006) Some studies suggest that the increase in BACE1 is not a result of increase in expression, 

but rather the increased stability of existing BACE1because of decreased proteolysis (Lefort et 

al., 2012).  

Concluding Remarks 

AP-1 and GGA are both intracellular adaptors that mediate clathrin trafficking. In the 

past several years a great amount of research has been conducted to identify AP-1 and GGA 

localization factors, accessory proteins and the mechanism of binding to each as a potential 

means to better understand the role that they play in development and disease. However, several 

questions are still being debated; chief among them is whether GGA and AP-1 are codependent. 

Is it possible that both AP-1 and GGA are incorporated into the same ccvs? AP-1 and GGA can 

interact in vitro, however the functional significance has yet to be determined. Most research 

argues against a single coat containing both adaptors. AP-1 and GGA localize to distinct 

compartments in S. cerevisiae, D. melanogaster, and mammals by standard fluorescence 

microscopy, structured illumination microscopy, and electron microscopy. Also unclear are the 

exact causes of lethality in mammals when AP-1A , GGA2 and both GGA1 and GGA3 are 

deleted. Tissue specific knockouts have been very useful in understanding the role that AP-1 and 

GGA play during development. However, more work will need to be conducted, making this 

area of research worthy of attention for years to come. 
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Phosphoinositide-Mediated Clathrin Adaptor Progression at the trans-Golgi Network 
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Chapter 3 

Mechanisms of Phosphoinositide-Mediated Clathrin Adaptor Localization 
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Clathrin-mediated trafficking is an evolutionarily conserved transport mechanism from 

the plasma membrane to the endosomes and between the trans-Golgi Network (TGN) and 

endosomes. Clathrin forms a hexamer, composed of three clathrin heavy chains and three 

clathrin light chains. Clathrin hexamers polymerize into higher order polyhedrals, forming the 

outer coat of the vesicle. Clathrin has no affinity for membrane and therefore relies on adaptor 

proteins to serve as a link between it and the membrane (Brodsky, 2012). Adaptor proteins 

serve two additional functions: binding to cargo and recruiting accessory proteins. Accessory 

proteins play a key role in vesicle biogenesis by facilitating membrane invagination, vesicle 

scission and vesicle uncoating (Traub, 2005). 

There are two classes of clathrin adaptor protein: the multimeric adaptors, and the 

monomeric adaptors. In yeast, at the TGN, there is a single heterotetrameric adaptor AP-1, 

which is composed of two large subunits (β1 and γ1; 83kD and 95kD respectively) a medium 

subunit (μ1; 53kD) and a small subunit (σ1; 19kD).  Monomeric TGN adaptors are the GGA 

proteins (Golgi-localized γ-ear containing ARF binding protein), and the epsin-related proteins 

(Ent3p and Ent5p). Yeast cells express two homologous GGA proteins (Gga1p and Gga2p) 

which share ~70% sequence similarity. The amino terminal VHS domain (VPS27, HRS, STAM) 

mediates binding to lipids. The central GAT domain (GGA and Tom1) also interacts with lipids 

as well as with GTP-bound Arf1 and ubiquitin (Puertollano and Bonifacino, 2004; Scott et al., 

2004; Shiba et al., 2004). The hinge and C-terminal ‘ear’ regions of GGA contain binding motifs 

for clathrin, the γ-ear of AP-1 and the epsin-like adaptors (Duncan and Payne, 2003). 

In yeast, there are two primary rounds of CCV biogenesis at the TGN. First, GGA is 

recruited to the TGN through polyvalent interactions with GTP-bound Arf1p, lipids and cargo 

(Bonifacino, 2004; Traub, 2005), and other factors . After recruitment to the TGN GGA/Ent3p 

enriched CCVs can be formed. Recently, we have shown that a direct interaction between Gga 
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and the yeast PI(4)-Kinase, Pik1p, promotes the production of PI(4)P in vivo, thereby inducing 

the second wave of recruitment of AP-1 and Ent5p to the TGN (Daboussi et al., 2012). 

Pik1p is the primary source of intracellular PI(4)P and localizes to the TGN in yeast 

(Daboussi et al., 2012; Graham and Burd, 2011). It is composed of several domains important 

for protein-protein interactions and catalytic activity. The N-terminal LKU domain (Lipid Kinase 

Unique) is immediately adjacent to the Frq1p interaction site. Frq1p (frequenin), is a 

myristolyated EF-hand domain protein, important for Pik1p recruitment to the membrane (Strahl 

et al., 2003; Strahl et al., 2007). The central PI4K Homology domain contains a region of 

homology between Pik1 and its mammalian homolog (PI4KIIIb). In mammals this region 

interacts with Rab11 (the yeast homologs of Rab11 are Ypt31p and Ypt32p). The C-terminal 

domain of Pik1p contains an ATP-binding catalytic domain essential to the production of PI4P 

(Figure 3-1A) (Balla and Balla, 2006). 

Frq1p is important for Pik1p localization to the TGN in yeast. However it is unclear as to 

whether this mechanism of recruitment is conserved in higher order eukaryotes. Mammalian 

cells express several PI4-Kinases, however there is only one PIK1 homologue, PI4KIIIb (Balla 

and Balla, 2006; Graham and Burd, 2011). PI4KIIIB localizes predominately to the TGN and is 

ubiquitously expressed. Intriguingly, the FRQ1 homologue, ncs-1 (Neuronal Calcium Sensor 1) 

is primarily expressed in neuronal tissues. There is no clear evidence that ncs-1 serves as a 

recruitment factor for PI4KIIIB in non-neuronal tissues (Balla and Balla, 2006). Additionally, the 

only known clue for PI4KIIIB recruitment to membranes is that it occurs through an Arf1p 

dependent mechanism (Godi et al., 1999). The manner in which PI4KIIIB is recruited to the TGN 

remains unsolved. 

The focus of this work is to define the mechanism of interaction between GGA and 

Pik1p. We have found that Pik1p binds directly to the VHS domain of Gga2p via two interaction 
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sites. Our results support a model in which the Pik1p-Gga2p interaction occurs solely at the 

TGN membrane regulated by GTP-bound Arf1. We also present data that suggests this 

mechanism may be conserved in mammals.  
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RESULTS 

Direct binding of the Gga2p VHS domain to residues 286-291 of Pik1p 

Gga proteins have been shown to play a role in the recruitment of Pik1p to the TGN in 

vivo. Additionally, Pik1p interacts directly with the Gga2p VHS domain in vitro (Daboussi et al., 

2012). We have further mapped the region of interaction between Pik1 and the Gga2p VHS 

domain using recombinant proteins in vitro. Fragments of Pik1p between the Frq1p binding 

domain and the catalytic domain (Figure 3-1A), delimited the region of Pik1p that interacts with 

the VHS domain to a short fragment between residues 283-300 on Pik1p (Figures 3-1; Figure 3-

2). Next, to understand which residues contributes most to binding to the VHS domain, we 

performed an alanine scan of Pik1p (283-300), mutating each three adjacent residues to alanine 

(Figure 3-3A). Three separate Pik1p mutants showed reduced binding to the VHS domain: the 

most dramatic effects were demonstrated by mutations in residues 286-288 and 289-291 

(Figure 3-3B: Lanes 5-8).  Additionally, the Pik1p mutant with alanine mutations from 283-285 

showed some decrease in interaction with the VHS domain relative to the wildtype (Figure 3-3B: 

Lane 3,4). However, these mutations were less severe than mutations in the region between 

286-291. Even though mutations in 286-288 and 289-291 resulted in the largest decrease in 

binding, the interaction was not completely eliminated. Mutations in residues 292-300 did not 

affect  the Pik1p-VHS interaction (Figure 3-3B: Lanes 9-14). These data indicate that a 

significant region of interaction with the VHS domain lies between residues 286 and 291 of 

Pik1p. 
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Figure 3-1.   Predicted Domain Architecture of Pik1 and Pik1p fragments used for in vitro 
experiments 

A.) Pik1 is 1066 amino acids in length and is composed of a Lipid Kinase Unique (LKU) domain, 
a Frq1 binding site, a PI4K homology region which in mammalian cells interacts with Rab11. 
(Rab11 has two homologues in yeast Ypt31p and Ypt32.) The C-terminus of Pik1is composed 
of an ATP-binding catalytic domain which places phosphate at the 4-position of 
phosphatidylinositol. (Adapted from (Balla and Balla, 2006)). B.) Schematic of each of the 
fragments used to map the first VHS binding site. The left column indicates the residues 
contained in each fragment. The center column is a schematic of each fragment with its relative 
position on full length Pik1p (above). Green indicates that the recombinantely expressed and 
purified fragment of Pik1p interacted with a purified, recombinantely expressed GST-VHS 
domain. Red indicates that there was not a significant interaction. Additionally, the right column 
denotes whether each Pik1p fragment does or does not interact with the VHS domain. 
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Figure 3-2.  Pik1 283-300 interacts with the VHS domain in vitro. 

A and B.) The indicated Pik1 constructs (right column) were recombinantly expressed as His6 
fusions and purified. Samples were then incubated with glutathione-sepharose coupled to GST 
or GST-VHS (Gga2). Bound proteins were eluted with by sample buffer before being applied to 
an SDS-PAGE gel and subjected to a western blot analysis. Input=2% (anti-HIS 1:1000; 
QIAGEN) 
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Figure 3-3. Pik1p (283-291) mediates an interaction with the VHS domain of Gga2p. 

A fragment of Pik1p containing residues 283-425 was C-terminally HIS tagged, expressed from 
a pet28a vector and purified as described in Figure 3-2. This WT construct served as the 
template to introduce alanine mutations in the first 18 residues. A.) List of constructs used for 
the experiment. B.) Pulldown experiment using recombinately expressed, purified proteins of 
the given WT or mutant Pik1p fragments, GST and GST-VHS. Pulldown was conducted as 
described in figure 3-2. C.) Contains the inputs for each of the constructs used in the pulldown 
experiments. Input=2%. (anti-HIS 1:1000; QIAGEN) 
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To determine if we could completely eliminate binding of Pik1p to the VHS domain, we 

mutated 286-291 to either alanine or acidic residues (Figure 3-4: A-C). Solubility of the 286- 

291alanine mutant was decreased relative to wildtype and the other mutants (Figure 3-4C: Lane 

5). However, expression of the 286-291acidic mutation was similar to wildtype (Figure 3-4C: Lane 

1, 6). In this acidic mutant, binding of the Pik1p fragment to the VHS domain was no longer 

detectable (Figure 3-4B: Lanes 11, 12). These results reveal an interacting sequence in Pik1p 

(286-291) with the Gga2p VHS domain. 

286-291 acidic mutation does not affect binding to the VHS domain, in the context of full 

length Pik1p 

286-291 acidic mutations were introduced into the full length PIK1 gene in vivo as 

described in Figure 3-5. The 286-291 acidic mutation was inserted into an allele of PIK1 under the 

GPD promoter and N-terminally tagged with HA. Pik1p containing 286-291 acidic  bound to Gga2p 

VHS domain. There was no change in binding of Pik1p containing 286-291 acidic compared to the 

wildtype Pik1p (Figure 3-6). This result raises the possibility additional bindings sites on Pik1p 

mediate an interaction with the VHS domain of Gga2p. 

Additional VHS binding site in Pik1p 

Given the domain architecture of Pik1p (Figure 3-1A), we hypothesized that a second 

potential VHS interaction site may be nearby to residues 286-291. To test this hypothesis we 

constructed several new Pik1p fragments (Figure 3-7). The N-terminus of the protein (residues 

1-258), despite low solubility, interacted specifically with the VHS domain (Figure 3-7A, 3-8A).  

Expression of fragments from aa 1-200 resulted in low solubility, therefore we designed 

fragments of Pik1p that excluded aa 1-200. Each of these constructs contained 286-291 acidic  
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Figure 3-4. Pik1 286-291acidic does not interact with the VHS domain 

A fragment of Pik1 containing residues 283-425 is C-terminally HIS tagged, expressed from a 
pet28a vector and purified as described in Figure 3-3. This WT construct served as the template 
to introduce subsequent alanine mutations. A.) List of constructs used for the experiment.  B.) 
Pulldown experiment using recombinately expressed, purified proteins of the given WT or 
mutant Pik1p fragments, GST and GST-VHS. Pulldown was conducted as described in figure 3-
3. C.) Contains the inputs for each of the constructs used in the pulldown experiments. 
Input=2%. (anti-HIS 1:1000; QIAGEN) 
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Figure 3-5. Strategy to introduce Pik1 286-291acidic in vivo 

DNA containing a URA3 cassette was recombined into the region of PIK1 that contained the 
putative VHS-binding site in a diploid, wildtype strain. 2.)  A fragment of DNA containing pik1 
286-291acidic with a PvuII site (the enzyme site was introduced with a single silent mutation) was 
co-transformed with a pRS423 which contains a HIS marker. Cells were then selected on SD-
HIS plates and then replica plated onto 5-Fluoroortic acid plates (5-FOA). Under these 
conditions, cells that have successfully recombined Pik1 286-291acidic allele can grow. Colonies 
that grew on 5-FOA were restruck onto a fresh 5-FOA plate and subsequently onto YPD. Single 
colony PCR was then conduced to generate a fragment from nucleotide 4-1620. PCR product 
was then digested with PvuII. Positive clones were then sporulated, dissected and subjected to 
tetrad analysis by PCR and PvuII digestion to obtain haploid cells with the286-291acidic allele. 
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Figure 3-6. Pik1p 286-291acidic  does not affect binding to Gga2p VHS in yeast extracts. 

Yeast cells containing untagged Pik1p, or HA-tagged Pik1p (wildtype, and Pik1p 286-291acidic) 
were lysed and applied to glutathione-sepharose coupled to GST or GST-VHS. Bound proteins 
were eluted and then analyzed by SDS-PAGE and subsequent western blot analysis. Arrow 
denotes HA-Pik1p (anti-HA 1:1000; Sigma) 
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Figure 3-7. Constructs to identify a second Pik1p-VHS interaction site.  

The left column indicates the residues of Pik1p that each fragment contains. The center 
column is a schematic of each fragment with its relative position on full length Pik1 
(above). Green indicates that the recombinantly expressed and purified fragment of Pik1 
interacted with a purified, recombinantly expressed GST-VHS domains. Red indicates that 
there was not a significant interaction between the Gga2 VHS domain and Pik1p. The right 
column denotes whether each Pik1p construct does or does not interact with the VHS 
domain. 
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mutations. Interaction of these newly generated fragments with the VHS domain is therefore 

only attributable to additional interacting residues on Pik1p. Using purified recombinantly 

expressed constructs, we narrowed the site of interaction between residues 220 and 230 

(Figure 3-8, 3-9). These results indicate that there are at least two VHS interacting regions in 

Pik1p. 

Pik1p 218-226 is a basic region that interacts with the VHS domain 

  Visual inspection of the Pik1p region between residues  200-230 revealed a basic 

sequence (218KKTSRSKR225) that is similar to the binding site identified at  residues 285-291 of 

Pik1. Pik1(215-350) more robustly interacted with the VHS domain compared to Pik1(220-350), 

supporting the hypothesis that residues upstream of 220 play a role in mediating the Pik1-VHS 

interaction (data not shown).  To characterize which residues are important for binding, we 

mutated sets of three adjacent residues from 218-229 to either aspartic acid or glutamic acid 

(Figure 3-9: A-C). Each of these mutants lost detectable binding to the Gga2p VHS domain. 

This result suggests one of two possibilities. First, that many residues in this region are 

important for binding to the VHS domain and that mutation of any three adjacent residues 

results in lost binding. Second, acidic residues, to which the endogenous amino acids are 

mutated, can in this context, affect the binding of neighboring residues. To test between these 

hypotheses, we mutated adjacent sets of three amino acids, in Pik1p between 218-229, to 

alanine (Figure 3-10A). Constructs containing mutations in 218-220 or 224-226 exhibited 

decreased affinity for the VHS domain relative to wildtype (Figure 3-10B: Lanes 7,8,11,12). 

Interestingly, both mutants normally contain multiple basic residues. When we mutated all of the 

basic residues in this area to alanine we reduced the Pik1-VHS interaction further (Figure 3-

10C, lane 8 and 9). Alanine mutation in residues 221-223, 227-229 and to a lesser extent 230-

232 did not greatly affect binding to the VHS domain. 
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Figure 3-8. Residues 220-230 of Pik1p interact weakly with the VHS domain of Gga2p 

Purified, recombinant His6-tagged Pik1(1-258) was incubated with glutathione-sepharose 
coupled to GST or GST-Gga2pVHS (VHS). Bound proteins were eluted and analyzed by SDS-
PAGE and immunoblotting. A.) Pulldown using the wildtype Pik1p residues 1-258. B.) Purified 
recombinant His6-tagged Pik1p 160-350, 200-350, 220-350, 230- 350, 240-350, and 250-350 
were incubated with gluthathione sepharose coupled to GST or GST-VHS and then analyzed as 
described above . Each of these constructs contains the 286-291acidic mutation.  (anti-HIS 
1:1000, QIAGEN) 
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Figure 3-9. Acidic mutations in Pik1p  abolish interaction with the VHS domain. 

A.) List of constructs used for the experiment. A fragment of His6-Pik1 encompassing residues 
215-325 contains the 286-291acidic mutation. This construct served as the template to introduce 
acidic residues in sets of three from 218-229 of Pik1. B.) Recombinantly expressed, purified 
Pik1p constructs described in A were incubated with glutathione-sepharose and bound protein 
were analyzed by SDS-PAGE and coommassie blue staining. C.) Recombinantly expressed, 
purified Pik1p constructs described in A were incubated with glutathione-sepharose and 
analyzed as in B. Input=2%. 
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Figure 3-10.  Alanine mutations in Pik1p  218-220 and 224-226 reduce interaction with the 
VHS domain. 

A.) List of constructs used for the experiment. A fragment of His6-Pik1 encompassing residues 
215-325 also contains  the 286-291acidic mutations. This construct served as the template to 
introduce acidic residues in sets of three from 218-229 of Pik1. B.) Recombinantly expressed, 
purified Pik1p constructs described in A were incubated with glutathione-sepharose and bound 
protein were analyzed by SDS-PAGE and coommassie blue staining. C.) Recombinantly 
expressed, purified Pik1p constructs described in A were incubated with glutathione-sepharose 
and analyzed as in B. Input=2%. 
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To distinguish which residues of Pik1p between 218-226 are important for mediating the 

interaction with the Gga2p VHS domain, we created several fragments of Pik1 that contained 

single amino acid substitutions.  First, we compared single alanine or acidic mutations in 

residues from 218-221 (Figure 3-11 A-C). Mutation of  K218E, K219E, T220D, and S221D 

ablated binding to the VHS domain (Figure 3-11: A, Lanes 7-12; B, Lanes 7,8). Alanine 

mutations in this context yielded milder phenotypes (Figure 3-11B, C). The K218A, K219A 

mutations reduced binding relative to wildtype, however not as significantly as the acidic 

mutations. Conversely, the  T220A and S221A mutations did not have any significant effect on 

the Pik1p-VHS interaction. These results imply that alanine mutations are better to differentiate 

between those Pik1p residues that are important for binding to the VHS domain and those that 

are not. Based on these results, we chose to continue our mutational analysis using alanine 

substitutions (Figure 3-12, 3-13).  

Alanine mutations differentially affect the two Pik1p Binding sites. 

We have described the presence of two VHS binding sites in  Pik1p, and heretofore we 

will refer to Pik1 (218-225) as VBS1 and Pik1 (286-291) as VBS2 (VHS Binding Site). Alanine 

scanning of VBS1 revealed that five basic residues (positions K218, K219, R221, K224, and 

R225) when mutated to alanine, resulted in a significant decrease in binding between the VHS 

domain and the corresponding Pik1p fragment. Conversely, only mild effects, if any were 

observed when non-basic residues were mutated (Figure 3-12 A, B). We then conducted an 

alanine scan of VBS2 to specifically identify those residues which contribute to the Pik1p -VHS 

interaction (Figure 3-13). When any single residue in the second binding site is mutated to 

alanine, there is no significant affect on the interaction with the VHS domain.  These results 

indicate that, despite similarity in primary sequence between the two VHS binding sites of Pik1p, 

they differentially interact with the Gga2 VHS domain. This raises two possibilities: either they 
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differ in their affinity to the VHS domain and/or they interact with different sites on the VHS 

domain. 
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Figure 3-11.  Alanine mutations are better than acidic mutations at parsing which Pik1p 
residues are important for VHS binding in Pik1 (218-221). 

A fragment of His6 Pik1p encompassing residues 215-325, contains acidic mutations in 
residues 286-291. The Pik1p 215-325286-291 construct served as the template into which single 
acidic or alanine mutations were introduced. A.)  Recombinantly expressed, purified proteins 
Pik1 215-325, K218E, K219E, or T220D were incubated with glutathione-sepharose coupled to 
GST or GST-VHS and analyzed by SDS-PAGE and Coomassie Blue staining. B.)  His6-Pik1 
215-325286-291 (S221D, K218A, or K219A) were incubated with glutathione-sepharose coupled to 
GST or GST-VHS and analyzed as described in A. C.)   Pik1 215-325286-291 T220A, or S221A 
were incubated with glutathione-sepharose coupled to GST or GST-VHS and analyzed as 
described in A. Input=2%. 
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Figure 3-12. Alanine Screen through VBS1 reveals that basic residues are important for 
binding to the VHS domain. 

A.) Alanine scan of VBS1 and surrounding residues. Those residues which exhibit decreased 
binding upon alanine substitution are shown in red. B.) His6-Pik1p 215-325286-291  or His6- Pik1p 
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containing single alanine substitutions spanning from residue 215-229 were incubated with 
glutathione-sepharose coupled to GST or GST-VHS and analyzed by SDS-PAGE and 
Coomassie Blue Staining. Input=2%. 
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Figure 3-13 Single Amino Acid mutations to Alanine do not affect VBS2 binding to the 
VHS domain. 

A .) Alanine scan of VBS2 and surrounding residues.  B.) Recombinantly expressed, purified 
His6-Pik1p (283-425)  or constructs of His6-Pik1p containing single alanine substitutions 
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spanning from residue 283-293 were  incubated with glutathione-sepharose coupled to GST or 
GST-VHS and analyzed by SDS-PAGE and Coomassie Blue staining. Input= 2%.  

 

Pik1GGA exhibits reduced binding to the VHS domain. 

To analyze the contribution of the VHS binding sites on Pik1, both VBS1 and VBS2 were 

mutated in the context of the full length gene in vivo (K218E, K219E, S220A, P286E, K287E, 

R288D, K289E, P290D, and K291E). These mutations will be referred to as pik1GGA. Mutations 

were introduced in vivo using  a similar strategy to that described in Figure 3-6. HA-Pik1pGGA, 

from cell extracts, interacted less well with the Gga2p VHS domain than did wildtype HA-Pik1p 

(Figure 3-14). This result provides evidence that mutation of VBS1 and 2 inhibits the Pik1p-

Gga2p interaction in vitro. 

pik1GGA affects cell growth. 

Cells expressing Pik1GGA were grown to exponential phase in a liquid culture and then 

plated onto rich media (YPD). After 2 days of growth at 37°C, pik1GGA cells exhibited a 

temperature sensitive phenotype. They grew more slowly compared to wildtype (Figure 3-15).  

Previous studies have shown that mutations in either the AP-1 or GGA pathway result in very 

mild growth defects (Costaguta et al., 2006; Costaguta et al., 2001). However mutation in both 

pathways is near lethal. When we combined the pik1GGA  mutation with gga2∆, we detected a 

synthetic growth phenotype compared to either of the single mutations. This serves as a genetic 

indication that the AP-1 pathway is being affected by the pik1GGA mutations.  
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Figure 3-14  Pik1GGA exhibits reduced binding to the VHS domain. 

Extracts from cells containing untagged Pik1p, HA-Pik1p (WT) or HA-Pik1GGA were incubated 
with glutathione-sepharose beads coupled to purified GST or GST-VHS. Bound proteins were 
analyzed by SDS-PAGE and immunoblotting. Input=1%. (polyclonal anti-HA 1:250, Clontech). 
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Figure 3-15. Introduction of pik1GGA inhibits growth.  

Using a strategy similar to the one described in Figure 3-6, mutations in both VHS binding sites 
were introduced in vivo into an untagged allele of PIK1 that is under its endogenous promoter. 
VBS1 contains the mutations 218E, 219E, 220A and VBS2 contains the mutations, 287E, 288D, 
289E, 290D, 291E (GPY 5047 and GPY 5048).  These strains along with a wild-type strain 
(SEY6210), gga2∆ (GPY 2149), gga1∆gga2∆ (GPY 3431.1), pik1GGA  gga2∆ (GPY 5049 and 
GPY 5050) were grown to exponential phase on rich media at room temperature and then 
spotted onto YPD +AUT plates. This plate was grown at 37°C for 1 day. 
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pik1GGA affects PI4P, Ent5p and AP-1 localization in vivo. 

Movies of cells expressing GFP or mRFP tagged clathrin coat fusion proteins, or the 

TGN marker Sec7p were acquired by spinning disc confocal microscopy. Each fusion protein 

was expressed from its endogenous locus, as the only source of that protein in the cell, and has 

been assayed for functionality as described in (Daboussi et al., 2012). Each fusion protein 

localized as puncta throughout the cell, frequently near the plasma membrane, as normally 

obsesrved of TGN localization in yeast.  

Sec7p-mRFP and a PI(4)P marker (GFP-PHOSH1) were expressed in cells (Loewen et al., 

2003). Sec7p-mRFP is recruited first to the membrane and reaches its peak fluorescence 

intensity 3.8s ± 1.1s (n=18 puncta) before GFP-PH. This result is in agreement with previous 

studies (Daboussi et al., 2012). However, in cells that contained pik1GGA, GFP-PHOSH1 was 

delayed in its accumulation at the TGN and did not reach peak fluorescence intensity until 8.8s  

± 1.5s after Sec7p-mRFP (n=25 puncta, p=0.003; Figure 3-16A) .  

AP-1 has been shown to rely on the phosphoinositide, PI(4)P, as a localization signal. In 

previous studies, when PI(4)P was depleted AP-1 was mislocalized and when PI(4)P 

accumulation was delayed AP-1 was delayed in its recruitment to the TGN (Daboussi et al., 

2012). pik1pGGA cells exhibit delays in AP-1 assembly. In wildtype cells AP-1 reached its 

maximum fluorescence intensity 11.3s  ± 1.1s (n=22 puncta) after Gga2p-mRFP. In pik1GGA cells 

AP-1 reached maximum fluorescence after Gga2p-mRFP 25.5s  ± 1.9s (n=41 puncta; p= 2.0 X 

10-7; Figure 3-16B).  

In wildtype cells expressing Ent5p-mRFP, puncta are bright and localized to areas near 

the plasma membrane. However, in pik1GGA cells, Ent5p-mRFP is partially mislocalized. Ent5p-

mRFP mislocalization makes analysis with time-lapse movies technically challenging because 

of difficulties with exacerbated bleaching of a weak Ent5p-mRFP signal (Figure 3-17A). We also 
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detected that there were fewer observable puncta per cell, in cells expressing pik1pGGA versus 

wildtype. We calculated an average of 3.4 puncta per cell (n= 82 cells) in wildtype cells 

versus1.5 puncta per cell in pik1GGA cells (Figure 3-17B; n= 126 cells; p= 3.8 X 10-15). These 

results indicate that the pik1pGGA mutations affect PI4P accumulation and those adaptors Ent5p 

and AP-1 which rely on PI(4)P as a signal for recruitment to the TGN. 
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Figure 3-16. Pik1GGA causes a delay in PI4P accumulation,and AP-1 recruitment  

Using a strategy similar to the one described in Figure 3-6, mutations in both VHS binding sites 
were introduced in vivo. Binding site #1 contains the mutations 218E, 219E, 220A and binding 
site #2 contains the mutations 286-291286E, 287E, 288D, 289E, 290D, 291E. A) Cells 
expressing GFP-PHOSH1 Sec7p-mRFP  (Upper Panel; GPY 4938) or GFP-PHOSH1 Sec7p-mRFP  
pik1GGA (Lower Panel; GPY 5052)  were imaged by spinning disc confocal microscopy B.) β1-
GFP Gga2p-mRFP (Upper Panel; GPY 3109) or β1-GFP Gga2p-mRFP pik1GGA (Lower Panel; 
GPY 5053) Cells expressing the indicated GFP- and mRFP-tagged proteins were imaged by 
confocal time-lapse movies. The time to acquire one image pair was 1.2s.  
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Figure 3-17. pik1pGGA causes Ent5p mislocalization 

A.) Live cell imaging by spinning disc confocal of cells expressing Ent5p-mRFP in wildtype (left 
panel) or pik1GGA cells (right panel). B.) The number of Ent5-mRFP puncta  in each cell were 
counted, summed, and then divided by the total number of cell counted for each population 
(wildtype versus pik1GGA cells). p=3.8 X 10-15, n= number of cells. 
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Direct binding between the VHS and GAT domains of Gga2 

During our analysis with whole cell extracts (WCE) we found that Gga2p fragments 

containing either the VHS domain or the VHS-GAT domain interacted equally well with full 

length Pik1p (Figure 3-18). However, during our analysis with purified Pik1p fragments, we 

observed a consistently stronger interaction with the VHS domain than with the VHS-GAT 

domain over a range of concentrations of Pik1p, and under different buffer conditions (Figure 3-

19A and B and data not shown). This raises the possibility that an interaction between the VHS 

and GAT domains prevents Pik1p from interacting in vitro with Gga2p. We tested this possibility 

by first assaying whether the VHS and GAT domains could interact in vitro. We found that we 

could reliably detect a specific and direct interaction between soluble GAT domain and the VHS 

domain (Figure 3-20). We conducted a similar experiment using the VHS and GAT domains of 

Gga2 from mus musculus, and found that the interaction between the Gga2 VHS and GAT 

domains is conserved (Figure 3-21).  

We hypothesized that an unknown VHS or GAT binding protein may be supplied from 

the WCE, that when bound would be competent to open the VHS and GAT domains such that 

Pik1p would then be able to interact with the VHS domain. We took a candidate approach and 

first tested the ability of Arf1p to fulfill this role in vitro. In the absence of GTP-bound Arf1p, 

Pik1p does not detectably interact with the VHS-GAT domain. However, when Pik1p is applied 

to glutathione-sepharose coupled to VHS-GAT that had been prebound with GTP-Arf1p, Pik1p 

now interacts with the VHS-GAT construct similarly to VHS alone (Figure 3-22). These data 

indicate that GTP-Arf1p bound to the VHS-GAT facilitates Pik1p binding to the VHS domain. 
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Figure 3-18. Both VHS and VHS-GAT domains bind to Pik1p 

Extracts from cells containing untagged Pik1p, or HA-Pik1p (WT) were incubated with 
glutathione-sepharose beads coupled to purified GST, GST-Gga2p, GST-VHS-GAT, GST-VHS, 
GST-GAT, GST-Hinge/Ear. Bound proteins were analyzed by SDS-PAGE and immunoblotting. 
Input= 1%. (polyclonal anti-HA 1:250, Clontech). 
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Figure 3-19. The VHS domain of Gga2p interacts more robustly with Pik1 than does the 
VHS-GAT domain.  

Affinity binding of yeast Gga2p VHS or VHS-GAT domains. Purified, recombinantly expressed 
His6-Pik1 (250-590) was incubated with glutathione-sepharose coupled to GST, GST-VHS, or 
GST-VHS-GAT in a buffer containing A.) 50mM Hepes pH 7.4, 50mM NaCl or B.) 50mM Hepes 
pH 7.4, 150mM NaCl. (A, B) Bound proteins were analyzed by SDS-PAGE and immunoblotting 
Input= 5%. (anti-HIS6 1:1000, QIAGEN). 
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Figure 3-20 VHS and GAT domains of Gga2 interact in vitro in S. cerevisiae 

Affinity binding of the Gga2p VHS  domain from yeast. Purified, soluble GAT-HIS from S. 
cerevisiae Gga2p was incubated with glutathione-sepharose beads coupled to either GST or 
GST-VHS and allowed to bind. Bound samples were eluted and analyzed by SDS-page, and 
Coomassie Blue staining. INPUT=2%  (*) denotes bound Gga2 GAT-HIS. 
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Figure 3-21 Gga2 VHS domain interacts with its GAT domain in trans from mus 
musculus.  

Affinity binding of the Gga2p VHS  domain from mouse. Recombinantly expressed, purified 
GAT-HIS6 was then applied to glutathione sepharose coupled to either GST or GST-VHS from 
mouse Gga2 and allowed to bind. Samples were eluted and analyzed by SDS-page and 
western blot analysis. 
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Figure 3-22 GTP-Arf1p enhances the interaction between VHS-GAT of Gga2p and Pik1p. 

Affinity binding of yeast VHS-GAT. Pik1p (250-590)-HIS and Arf1p (∆1-17, Q71L) were 
recombinantly expressed, and purified. Arf1p was preincubated with GTP. Arf1p and Pik1p were 
added as indicated to glutathione-sepharose coupled to GST, GST-VHS or GST-VHS. Bound 
proteins were analyzed by SDS-PAGE and immunoblotting (anti-HIS6 1:1000, QIAGEN).   
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Binding of Pik1p to the VHS domain of Gga2p is conserved 

Through a homology search of Pik1p with potential mammalian homologues we 

identified PI4KIIIb as the closest homologue of Pik1p, in agreement with previous studies  (Balla 

and Balla, 2006; Graham and Burd, 2011). Two fragments of PI4KIIIb were then generated that 

encompassed a region containing the homologous Pik1p-VHS binding sites. PI4KIIIb (195-308) 

specifically interacted with the VHS domain of mammalian Gga2 (Figure 3-23 A). This result 

raises the possibility that a mechanism for recruitment of Pik1p to the TGN via the VHS domain 

of Gga2, similar to the one observed in yeast, is conserved in mammalian cells. 
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Figure 3-23 PI4KIIIb interacts with the VHS domain of Gga2 in M. musculus 

A.) Affinity binding of GST-VHS from mouse Gga2. PI4KIIIb (195-308) was recombinantly 
expressed, purified and incubated with glutathione-sepharose coupled to GST or to GST-VHS 
from mus musculus. Bound proteins from both experiments were analyzed by SDS-PAGE and 
immunoblot (anti-HIS 1:1000, QIAGEN).  
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DISCUSSION 

We have found two binding sites on Pik1p that interact with the VHS domain of Gga2. 

The ability of Gga2p to interact with Pik1p is regulated by GTP-Arf1p binding to the GAT domain 

of Gga2p. The interaction of Pik1p and Gga2p promote PI4P production at the Golgi, and this 

PI4P production promotes the recruitment of two downstream clathrin adaptors: Ent5p and AP-

1. This crucial sequence of events describes how GGA proteins contribute to AP-1 and Ent5 

vesicle biogenesis. 

Mapping the Pik1p-GGA interaction motifs 

We have identified two linear motifs in Pik1p, enriched with basic residues, that directly 

interact with the VHS domain of Gga2p. We have mapped the region of interaction of Pik1p 

between residues 200-760, omitting the N- and C-terminus. These two domains were very 

insoluble, difficult to purify, and generally so little protein was obtained that the results were 

difficult to interpret. Pik1 (1-258) did yield some protein so that we could determine that there 

was a binding determinant in this region, however when additional constructs delimiting the 

region (1-200) were constructed, they were generally insoluble and all showed some level of 

weak binding to the VHS domain. It was difficult to determine whether this result represented a 

real interaction of Pik1p with the VHS domain, or whether these highly insoluble proteins were 

also just binding nonspecifically to the VHS domain. The kinase domain (aa 761-1066) also 

showed a similar pattern, very little protein could be successfully purified, however Pik1 (761-

1066) showed some small level of interaction with the VHS domain. 761-1066 contains the 

basic sequence 855KKALTKKM902 which resides within the catalytic domain of Pik1p, and may 

overlap with residues thought to be involved in the coordination of ATP. There are no obvious 

basic stretches found in Pik1 (1-200). It is possible that if this fragment interacts with the VHS 

domain, it does so through a different type of motif.  
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Differences between the two VHS binding sites in Pik1p 

 In vitro, both binding sites behave differently. VBS1, (218KKTSRSKR225) is sensitive to 

even single alanine mutations of the basic residues. Acidic mutation of any residue in this region 

completely eliminates binding to the VHS, as detected by Coomassie blue staining. VBS2 

(283IKLPKRKPK291), by contrast, requires the concerted mutation of several residues before 

there is a significant decrease in binding to the VHS domain. Both VBS1 and VBS2 contain 5 

basic residues, however their spacing is different. VBS2 contains two proline residues which 

could introduce kinks into this region, acting as a stabilizing force for this fragment so that it 

could securely interlock with the VHS domain. VBS1 (and VBS2) is predicted to be 

unstructured; it may be more flexible, less adherent to the VHS domain and thereby more 

sensitive to mutation.  

A more definitive understanding of the basis of differential interaction between VBS1 and 

VBS2 can be obtained in two ways. First, measure the affinity coefficients (KD) of each motif to 

the VHS domain through Biacore experimentation. Second, determine whether each of the 

Pik1p motifs interacts with the same or different regions of the VHS domain. Mapping the 

binding site(s) on the VHS domain that interacts with Pik1p would increase our understanding 

as to whether these two motifs interact with the same site of different Gga2p molecules in a 1:2 

stoichiometry, or whether they interact with different sites of the same Gga2p molecule in a 1:1 

stoichiometry. Knowledge of this difference could indicate differences in clustering of these two 

proteins (discussed in more detail in Chapter 7). 

When VBS1 and VBS2 were mutated together in vivo in the context of the full length 

protein, interaction with the VHS domain was not completely ablated as observed by a pulldown 

assay. This may indicate that there are other regions of Pik1p that interact with the VHS 

domain, possibly residues at the N- and C-terminal regions. Otherwise, it is possible that there 
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is a network of indirect interactions between Gga2p and Pik1p. For example, Pik1p has been 

shown to directly interact with Sec7p, an ARF-GEF for Arfp1. Arf1p in turn directly interacts with 

the GAT domain of Gga2p and we have shown that the GAT domain of Gga2p directly interacts 

with the VHS domain of Gga2p. Therefore it is possible that the residual interaction seen in 

pulldown experiments when both Pik1p interaction sites are mutated is the result of these 

binding networks. 

Conservation of the Pik1p-Gga2p interaction to mammalian cells 

The mammalian homologue of Pik1p is PI4KIIIb, so we chose the region of PI4KIIIb that 

contained potential VBS1 and VBS2 along with surrounding residues. The region of PI4KIIIβ aa 

(195-308), contain two basic motifs similar to VBS1 and VBS2. These regions of PI4KIIIb also 

directly interacts with the VHS domain of mammalian Gga2p. These two motifs are: 

228RHSRGTKLRK237 and 246LKAHRKR252. I mutated each of the basic residues in both 

sequences to acidic residues in the context of the 195-308 fragment, and in each case the 

resulting construct did not show dramatically decreased interaction with the VHS domain (data 

not shown). It is possible that if these in vitro interaction represent truly conserved interactions 

that there may either be additional determinants in this fragment that bind to the VHS domain, or 

that the mechanism of binding may be different. Even if the motifs are different from yeast to 

mammals, the region of binding appears to be the same.   

 In in vitro experiments, I have found that PI4KIIIb binding to the VHS domain of mGga2 

is greater than to mGga1. The VHS domains of both proteins are highly homologous, exhibiting 

78% sequence similarity. The highest region of dissimilarity between the two proteins involves a 

stretch of 18 residues at the N-terminus that are present in mGga2 but not found in mGga1. The 

sequence found in mGga2p is 11GSPAGTESAEGGPGAAAL28. This sequence contains two 
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acidic residues and two polar residues which could possibly contribute to binding basic residues 

in PI4KIIIb. 

Effects of pik1pGGA in vivo 

pik1pGGA does have an effect on cell growth. Pik1pGGA also significantly affect the 

accumulation of PI(4)P at the TGN, and consequently the recruitment of AP-1 and Ent5p. 

Genetic disruption of AP-1 and Ent5p function however, does not have significant effects on 

growth, or effects on maturation of the mating pheromone α-factor (Costaguta et al., 2006). In 

fact, mutation in either the AP-1 or GGA pathway does not significantly affect cell growth. 

However, mutation in both pathways has near lethal results (Costaguta et al., 2006; Costaguta 

et al., 2001).  By fluorescence microscopy, AP-1 recruitment is delayed in the pik1GGA mutant, 

and Ent5p is partially mislocalized. Because pik1GGA mutant is affecting the AP-1/Ent5p 

trafficking pathway, it was possible that there may also be a synthetic interaction with mutations 

in the GGA pathway. If true, this would present a genetic argument that the pool of PI(4)P that is 

delayed at the TGN in the Pik1GGA mutant, is likely PI(4)P that is specifically generated for the 

recruitment of AP-1 and Ent5.  

AP-1 and the lipid marker GFP-PHOSH1 are significantly delayed in the pik1GGA mutant. 

The delays are nearly comparable with full deletions of both GGA1 and GGA2 genes. We 

hypothesize that the mutations in pik1GGA are specifically affecting the direct interaction between 

Pik1p and Gga2p, however it may be possible that Pik1p interacts with other recruiting proteins 

via these basic motifs. Without doing a whole genome screen to identify additional possible 

interacting partners in this region, we can still test for specificity of GGA function. In the future, 

GGA should be overexpressed in a strain background that contains Pik1GGA to determine if 

forcing an interaction between Gga2p and Pik1p can at least partially rescue the pik1GGA 
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phenotype. This experiment, could confirm that the Pik1GGA mutant phenotype is due primarily to 

the loss of the Pik1-GGA interaction. 

To biochemically and genetically ascertain the effects of the pik1GGA mutation in vivo we 

should identify which cargo, and which trafficking pathways, if any, are being disrupted by the 

pik1GGA mutation. AP-1 and Ent5p are thought to be involved in anterograde and retrograde 

trafficking between the TGN and early endosomes (Costaguta et al., 2006; Duncan and Payne, 

2003).  However, the distruption of these two proteins (through mutation or full gene deletion) 

does not have strong effects on growth or trafficking alone. The GGA proteins are thought to be 

involved in anterograde trafficking from the TGN to the late endosome. Disruption of both AP-1 

and GGA pathways is lethal in yeast. This synthetic effect can be used to identify possible 

synthetic phenotypes between pik1GGA and the adaptors.  Likewise, the sorting of the mating 

pheromone α-factor relies on clathrin trafficking of its main protease, Kex2p, for proper 

phereomone maturation. Both AP-1 and GGA play a role in the fidelity of Kex2p receptor 

recycling (Costaguta et al., 2001; Fuller, 1988; Payne and Schekman, 1989). By assessing the 

potential synthetic defects of Kex2p recycling, we would be able to independently evaluate the 

role that pik1GGA plays in the AP-1 pathway. 

 

Conservation of the Pik1-GGA interaction as a means to recruit AP-1 

The significance of this interaction is based on the premise that these proteins are each 

conserved in humans. The mechanism identified in yeast may have some significance for the 

recruitment of PI4KIIIβ to the Golgi and the role that GGA potentially plays in this recruitment 

together with the biogenesis of AP-1 enriched vesicles.  A recent study using inhibitors of TOR 

signaling to retarget AP-1 and GGA2 to the mitochondria (which could potentially also disrupt 

intracellular clathrin localization) identified AP-1 as a “lynchpin,” necessary for the recruitment of 
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GGA into AP-1 vesicles (Hirst et al., 2012). This data is directly opposed to several studies 

which identify large populations of AP-1 and GGA at different locations of the TGN and 

endosomal network in animal cells  (Doray et al., 2002; Hirst et al., 2009; Puertollano et al., 

2003). Determining whether a sequence of assembly also exists between AP-1 and GGA in 

animal cells would help to clarify the conflicting literature. If such a sequence exists, it would be 

useful to understand the mechanism of this sequence. Is it possible that GGA proteins recruit 

PI4KIIIb as a means to recruit AP-1 to the TGN? If this is the case, then specific questions that 

need to be addressed are: Does ARF1 play a similar role in opening up the VHS-GAT domains 

to allow for PI4KIIIb to interact with the VHS domain? In yeast deletion of ARF1 leads to a 

decrease in global PI(4)P levels in vivo, likewise we can measure a delay in PI4P accumulation 

at the TGN by live-cell microscopy. Another outstanding question which needs to be addressed 

in further studies is whether GGA proteins play a role in recruiting or stabilizing PI4KIIIβ at the 

TGN membrane.  What are the effects of knocking down GGA proteins in cell culture? Is there a 

decrease in PI(4)P, is there a delay in AP-1 recruitment? Some previous work indicates that this 

question may be difficult to address because knockdown of GGA or AP-1 in cultured cells may 

lead to an eventual recovery of trafficking in these cells through pathways which are unknown. 

Several future experiments will need to be conducted to meet these concerns. 

 

ACKNOWLEDGMENTS 

Razmik Ghukasyan helped to work out conditions for the PI4KIIIb in vitro binding assay. 
Giancarlo Costaguta provided technical assistance. 

 

 

 

 



101 
 

 

 

 

MATERIALS AND METHODS 

Media and strains 

Strains used for this study are listed in table 3-1. Yeast strains were grown in rich (YPD+ 

AUT) or synthetic dextrose media (SD) with the appropriate supplements. Fluorescent tags 

were introduced at the endogenous loci of the relevant gene using PCR to amplify the tag and 

then homologous recombination to insert the tag at the proper location in the genome.  

Live-cell microscopy 

Cells were grown in SD complete to a density of 0.1-0.3 X 107 cells ml-1. Cells were then 

treated, imaged and analyzed as described in Daboussi et al., 2012 (Chapter 2). Each time-

lapse movie is composed of 100 GFP/RFP frame pairs. All time-lapse movies were acquired 

using a 100X/1.45 NA objective on a 3i Marianas SDC confocal microscope, equipped with a 

Yokogawa CSU-22 confocal head and a photometrics Evolve EMCCD camera, controlled by 

either Slidebook 4.2 or 5.0. GFP and mRFP images were acquired by excitation at 488nm and 

561 nm from a high-speed AOTF laser launch line. 

Affinity Binding. 

Pik1 fragments were expressed as HIS6-Fusion. Bacterial pellets containing the relevant 

fragments were resuspended in 1ml of 50 mM Hepes pH 7.4, 50 mM NaCl, 30mM Immidazole 

pH 8.0, and 2X Protease Inhibitor Cocktail (PIC) from Roche. Each suspension was then 

sonicated three times for 10 seconds. Lysates were then centrifuged at 4°C  for 30 min at 

16000g in a tabletop 5417R Eppendorf Centrifuge. Ni-NTA beads (Qiagen) were added to each 

of the clarified lysates and allowed to bind for 30 minutes at 4°C. Beads were then washed three 
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times in 50 mM Hepes pH 7.4, 50 mM NaCl, 0.05% TX-100 and then eluted three times in  50 

mM Hepes pH 7.4, 50 mM NaCl, 300mM Imidazole pH 8.0 for 8 minutes per elution, at room 

temperature. 

Eluted protein was then added to GST or GST-VHS purified constructs. GST and GST-

VHS were purified by lysing in 1XPBS, 2X PIC. Sonicated and centrifuged as described above 

and then purified using glutathione agarose beads (GE Healthcare) applied to the clarified 

lysates at 4°C.   Purified GST fragments were then washed three times with 50 mM Hepes pH 

7.4, 50 mM NaCl, 0.05% TX-100 and applied to the purified, eluted Pik1-HIS6 fragments such 

that the total volume of the reaction was 1ml in a buffer that contained 50 mM Hepes pH 7.4, 50 

mM NaCl, 0.05% TX-100, and allowed to bind for 1 hour at 4°C. Beads were then centrifuged, 

washed twice in 50 mM Hepes pH 7.4, 50 mM NaCl, 0.05% TX-100, and then twice in 50 mM 

Hepes pH 7.4, 50 mM NaCl. Samples were eluted with 1X LSB and boiled for 5 minutes at 

100°C before being applied to an SDS page gel and subjected to a western blot analysis. 

Westerns are blotted for anti-HIS6 (1:1000, Qiagen). 

Cells containing untagged Pik1p, or tagged HA-tagged Pik1p (wildtype, and mutant) 

expressed under control of the GPD promoter were grown overnight at 30°C in YPD+AUT 

media. 100 ODs of cells were centrifuged by a low speed spin at 3000 X g in a Sorvall 

centrifuge (F13S-14x50cy rotor). Yeast pellets were resuspended in 5 ml 0.1M Tris-SO4 pH 9.4 

+ 10mM DTT, resuspended by vortexing and then shaken for 5 minutes at 30°C. Cells were 

spun down at 3,000xg in a clinical centrifuge,  supernatant was discarded, and then pellets were 

resuspended in 5ml YP, 1M sorbitol,  0.5% dextrose,  10mM Tris-HCL pH 7.4, 0.47mg / ml 

zymolase. Cells were vortexed briefly and then left to shake at 30°C for 30 minutes. Cells were 

then centrifuged at 3,000g and resuspended in ice cold lysis buffer (50mM Hepes pH 7.4, 

300mM NaCl, and 1% TX-100, 2X PIC). Resuspended cells were then lysed with a dounce 



103 
 

homogenizer (pestle B) 30 times, lysates were then transferred to chilled eppendorf tubes and 

centrifuged 30 minutes on 16,000xg on the eppendorf centrifuge at 4°C. Supernatants were 

transferred to a new eppendorf tube and GST or GST-VHS bound glutathione agarose beads 

were added to each of the cleared lysates and allowed to bind for 1 hour at 4°C. Samples were 

then centrifuged for 10 seconds at 16,000xg and washed twice with lysis buffer. Samples were 

then washed with lysis buffer that did not contain TX-100. Beads were eluted in 1XLSB after 

boiling for 5 minutes at 100°C. 

1XLSB samples were then analayzed by10% SDS-page and subsequent western blot analysis 

(anti-HA 1:1000 Clontech) 

Arf1 pulldown assay 

Pik1 (250-590)-HIS6, Arf1ΔN17p-Q71L, GST, GST-VHS, and GST-VHS-GAT were purified as 

described above. Affinity binding assay between Pik1p and VHS or VHS-GAT was conducted in 

0.5ml total volume in a buffer containing: 25 mM HEPES, pH 7.4, 100 mM NaCl, 10 

mM MgCl2,,0.5 mM GTP, 1 mM DTT, and 100 μg/ml BSA.  Purified Arf1ΔN17p-Q71Ladded at 

20 μM final concentrations to the indicated GST, or GST-VHS samples. GST-VHS-GAT 

received either 2μM (low) or 20 μM (high) purified Arf1ΔN17p-Q71L. Samples were then 

washed twice with lysis buffer. Samples were then washed with lysis buffer that did not contain 

TX-100. Beads were eluted in 1XLSB after boiling for 5 minutes at 100°C and subjected to SDS-

page and western blot analysis (anti-HIS, QIAGEN 1:1000). 
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Table 3-1 

LIST OF STRAINS USED IN THIS TABLE 

Name Genotype Reference 
SEY6210 MATα ura3–52 leu2-3112 his3- Δ200 trp1-Δ901 lys2-801 suc2- 

Δ9 
 

(Robinson et al., 
1988) 

GPY 
404.2 

MATa ura3–52 leu2-3112 his3- Δ200 trp1-Δ901 lys2-801 suc2-
Δ9 
 

(Yeung et al., 
1999) 

GPY 
3431 

SEY 6210 gga1Δ::HIS3 gga2Δ::HIS3 (Costaguta et al., 
2006) 

GPY 
2149 

SEY 6210 gga2Δ∶HIS3 
 

(Costaguta et al., 
2001) 

GPY 
5047 

SEY 6210 pik1GGA  This Study 

GPY 
5048 

GPY 404.2 pik1GGA This Study 

GPY 
5049 

SEY 6210 gga2Δ∶HIS3 pik1GGA This Study 

GPY 
5050 

GPY 404.2 gga2Δ∶HIS3 pik1GGA This Study 

GPY 
5051 

SEY 6210 pik1GGA  Ent5-mRFP::KANMX6 Ent3-
GFP::HIS3MX6 

This Study 

GPY 
5052 

SEY 6210 pik1GGA Gga2-mRFP:: KANMX6 Apl2-
GFP::HIS3MX6 

This Study 

GPY 
5053 

SEY 6210 pik1GGA SEC7-mRFP::KANMX6 GFP-PHoSH!::URA3 This Study 

GPY 
4938 

GPY404 SEC7-mRFP::KANMX6  ura3–52::pPHO5-GFP-myc-
PHOSH1::URA3 
 

Daboussi et al., 
2012 

GPY 
3109 

SEY6210 GGA2-mRFP::KANMX6  APL2-GFP(S65T)::HIS3MX6 
 

Fernandez et al., 
2006 

GPY 
4966 

GPY404 NATNT2::GPD-HA-PIK1 
 

Daboussi et al., 
2012 

GPY 
5054 

GPY404 NATNT2::GPD-HA-PIK1GGA 

 
This Study 
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TABLE 3-2 

LIST OF PLASMIDS USED IN THIS STUDY 

Plasmid name Cloning sites: Reference: Expression 
Conditions 

Pet28a-Pik1 (80-760)-HIS Cloned into NcoI and SalI Daboussi et 
al., 2012 

15°C 
overnight 

Pet28a-Pik1 (420-760) -HIS Cloned into NcoI and SalI This Study 15°C 
overnight 

Pet28a-Pik1 (250-581) -HIS Cloned into NcoI and SalI This Study 15°C 
overnight 

Pet28a-Pik1 (250-548) -HIS Cloned into NcoI and SalI This Study 15°C 
overnight 

Pet28a-Pik1 (250-503) -HIS Cloned into NcoI and SalI This Study 15°C 
overnight 

Pet28a-Pik1 (250-425) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (250-380) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (250-330) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (330-410) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (350-425) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (350-503) -HIS Cloned into NcoI and SalI This Study 15°C 
overnight 

Pet28a-Pik1 (350-548) -HIS Cloned into NcoI and SalI This Study 15°C 
overnight 

Pet28a-Pik1 (290-380) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (290-380) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-329) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-HIS-Pik1 (1-258)  Cloned into BamHI and SalI This Study 15°C 
overnight 

Pet28a-Pik1 (160-350) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (200-350) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (220-350) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (230-350) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (240-350) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 



106 
 

hours 
Pet28a-Pik1 (250-350) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 

hours 
Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) K218E, 
K219E, T220A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) S221E, 
R222E, S223D 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) S227D, 
S228E, S229D 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) K218E, 
K219E,  R222E, K224E, 
R225E, 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) K218A, 
K219A, T220A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) S221A, 
R222A, S223A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) S227A, 
S228A, S229A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) K218A, 
K219A,  R222A, K224A, 
R225A, 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) K218E 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) K219E 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) T220D 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) S221D 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) L215A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) L216A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) N217A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) K218A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) K219A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) T220A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 
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Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) S221A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) R222A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) S223A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) K224A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) R225A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) V226A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (215-325-HIS; 
286-291EEDEDE) S227A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
I283A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
K284A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
L285A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
P286A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
K287A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
R288A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
K289A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
P290A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
K291A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
Y292A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
L293A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425)-HIS 
I283A,  K284A, L285A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425)-HIS 
P286A, K287A, R288A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425)-HIS 
K289A, P290A, K291A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425)-HIS 
Y292A, L293A, D294A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425)-HIS 
N295A, S296A, Y297A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS 
V298A, H299A, R300A 

Cloned into NcoI and SalI This Study 37°C 2-3 
hours 

Pet28a-Pik1 (283-425) -HIS Cloned into NcoI and SalI This Study 37°C 2-3 
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P286A, K287A, R288A, 
K289A, P290A, K291A 

hours 

pGEX-4T-1 VHS- Gga2 (1-
169) 

Cloned into BamHI and SalI Daboussi et 
al., 2012 

15°C 
overnight 

pGEX-4T-1 VHS-GAT 
Gga2 (1-313) 

Cloned into BamHI and SalI Daboussi et 
al., 2012 

15°C 
overnight 

Pet28a-PI4KIIIb HIS-(195-
308) -HIS 

cDNA containg PI4KIIIb was 
amplified by PCR using mouse 
cDNA library from. an embryonic 
stem cell line and cloned into 
BamHI and SalI 

This Study 15°C 
overnight 

pGEX4T-1 mammalian 
Gga2 VHS 

cDNA containg Gga2 was 
amplified by PCR using mouse 
cDNA library from. an embryonic 
stem cell line and cloned into 
BamHI and SalI 

This study 37°C 2-3 
hours 

Arf1ΔN17p-Q71L See Reference  Rein et al. 
(2002) 

24°C 
overnight 

 

 

This is a list of all plasmids used in this study with a description of the cloning sites used for 
generating the plasmids as well as the expression conditions for the resulting protein fragment. 
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Chapter 4 

The trans-Golgi Network in S. cerevisiae shares characteristics with Early 
Endosomes 
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Introduction 

Endocytosis has an important role in several cellular processes and is tightly 

cooridinated with cell physiology. The diverse mechanisms of endocytosis regulate the uptake 

of nutrients from the extracellular space, plasma membrane dynamics during cell division cell 

growth, and the regulation of the signal transduction pathways (Conner and Schmid, 2003). 

Clathrin-mediated endocytosis, one form by which materials are delivered from the cell surface 

into the cell has been analyzed in detail over the past decade primarily using fluorescence 

microscopy, and recently comparative fluorescence and electron microscopy (Kaksonen et al., 

2003; Kaksonen et al., 2005; Kaksonen et al., 2006; Kukulski et al., 2012). These analyses have 

demonstrated that clathrin-mediated endocytosis requires the interaction of clathrin with a large 

number of clathrin-related proteins. These proteins cluster cargo molecules, invaginate the 

membrane and enable vesicle scission at the end of vesicle biogenesis (Kaksonen et al., 2003). 

Each of the proteins is recruited to the plasma membrane in distinct modules. The first module 

that is recruited is composed of clathrin and several clathrin adaptors. Then, later modules 

participate in membrane bending, invagination and scission . Actin and actin binding proteins 

play an important role in membrane invagination and in facilitating the trafficking of the vesicle 

away from the plasma membrane. One well characterized actin binding protein is Abp1p. Abp1p 

is recruited to clathrin coated vesicles (ccvs) during the membrane bending and invagination 

module, 8-10 seconds before the vesicle pinches off (Kaksonen et al., 2005). It then stays 

associated with the ccv until the vesicle is uncoated and trafficked away from the plasma 

membrane.  

CCVs are trafficked from the plasma membrane to the early endosome (EE).  Then 

cargo are directed  from the early endosome to the late endosome (LE)/multivesicular body 

(MVB) and then to the to the vacuole (Figure 1).   
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Figure 4-1. Model of Mup1p-pHluorin transport to the vacuole  

Mup1p-pHluorin, an amino acid permease, travels from the ER through the Golgi and is 
trafficked to the plasma membrane where it stays until it binds to its ligands, methionine or 
cysteine. In the presence of excess methionine, Mup1p is endocytosed from the plasma 
membrane to the early endosome. From the early endosome it is then transported to the late 
endosome/ multivesicular body. Once the pHluorin fluorophore comes into contact with the low 
pH environment of the late endosome the fluorescence is extinguished. Mup1p-pHluorin can 
only be visualized in non-acidic environments. Adapted from (Prosser et al., 2010). 
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Machinery that assists with the biogenesis of the MVB and fusion to vacuoles has been 

genetically and biochemically well studied, as well as visualized by fluorescence microscopy 

(Hurley and Emr, 2006). In contrast, there is very little fluorescence data that consistently 

identifies the EE compartment, in yeast. In fact, this has been a source for much frustration for 

those in the trafficking field studying transport from the plasma membrane to the early 

endosome or those trying to identify molecules on the early endosome to serve as a stable 

marker for analysis of other intracellular trafficking events. 

  Several attempts have been made to better understand the pathway that endocytosed 

material takes as it travels through the endocytic pathway. Some groups have used the 

lipophilic dye FM4-64 which inserts itself into the lipid bilayer, and then enters the cells through 

bulk phase endocytosis (Wiederkehr et al., 2000). However, using this dye as a marker for 

endocytosed materials can be difficult as intracellular trafficking between organelles means that 

the dye can transfer to organelles outside of the endocytic pathway. This can make it difficult to 

use the dye to identify specific organelles. High temporal resolution studies to identifiy the initial 

organelle to which the FM4-64 material is received have not previously been reported.  

In an effort to identify a fluorescent molecule that would accumulate in clathrin coated 

pits and then be faithfully trafficked through the endocytic pathway, one group constructed  

Alexa Fluor-488 C5 or -594 C5 conjugated α-factor, a hormone secreted from Mat α cells 

(Toshima et al., 2006). α-factor binds to Ste2p, its receptor at the cell surface of Mat a cells. 

Ste2p accumulates in ccvs, is internalized and then transported through the endocytic system to 

the vacuole. This research evaluated the idea that one could identify an early endosomal 

compartment with this fluorescent marker, and has shown that the early endosome displays 

interesting behavior. First, early endosomes seem to seek out newly endocytosed puncta and 

“consume” those puncta. Second, early endosomes may be located farther away from these 
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newly endocytosed ccvs, and so the ccvs seem to be directly trafficked to the them. This 

behavior is very interesting, and understanding it will help to characterize what machinery or 

markers in S. cerevisiae actually makes up the early endosome in C. cerevisiae. 

S. cerevisiae do not have stacked Golgi as is found in some mammalian cells. Instead, 

previous studies have identified a phenomenon of Golgi maturation in yeast where markers for 

cis-Golgi (Rer1p) increase in fluorescence, then decrease. The fluorescence of the cis-Golgi 

marker is then replaced with fluorescence for a medial-Golgi marker (Gos1p). Eventually the 

fluorescence from the trans-Golgi marker (Sec7p) can be detected. These results laid the 

foundation for a novel maturation process, but did not consider the possibility of a a post- trans 

Golgi compartment (Losev et al., 2006; Matsuura-Tokita et al., 2006). We hypothesize the 

existence of a post trans-Golgi compartment that shares characteristics with the early 

endosome. 

In an effort to identify protein markers for the EE, we have developed a novel strategy 

involving Mup1p.  Mup1p is an integral membrane protein and methionine transporter that 

localizes to the plasma membrane in the absence of methioninne. In the presence of 

methionine, Mup1p is endocytosed and trafficked to the early endosome, and then through the 

remainder of the endocytic pathway- eventually reaching the yeast vacuole (Figure 4-1).  Many 

amino acid transporters are very attractive proteins for studying the endocytic pathways 

because they follow a defined route (Prosser et al., 2010). To avoid confusion between Mup1p 

in early versus late compartments we tracked Mup1 as a fusion protein with pHluorin, a pH 

sensitive fluorophore. The fluorescent signal of pHluorin is greatly reduced at pH 5.5 and below, 

the acidity of the vacuole in wildtype yeast is predicted to be 5.45 (Brett et al., 2005; Pena et al., 

1995; Plant et al., 1999).  Mup1p-pHluorin can then be tracked from the plasma membrane 

through the early endocytic compartments.  
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Because GGA proteins are found on the early endosome in mammalian tissue culture 

cells (Puertollano et al., 2003), we hypothesized that by using a fluorescence microscopy based 

assay we might be able to identify GGA proteins as markers for an early endosomal 

compartment. We therefore present data that Golgi maturation in yeast begins with the cis-Golgi 

and extends to a post-TGN compartment (endocytic compartment) marked by Gga2p.   
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Results 

Mup1 colocalizes with Gga2 at early post-endocytic compartments 

We first constructed strains that expressed both Gga2-mRFP and Mup1-Phluorin from 

their endogenous loci. In the absence of methionine, we could detect some faint Mup1-pHluorin 

puncta. These puncta were never bright or numerous in the cell (Figure 4-2A). As soon as 

methionine was added to the media, we began imaging the cells. Upon addition of methionine to 

cells, internal Mup1p-Phluorin puncta become more numerous and over time (5-10 minutes), 

bright intracellular puncta began to appear (Figure 4-2B). This increase in early internal 

fluorescence also correlated well with an increased colocalization between Mup1-Phluorin and 

Gga2p-mRFP. Almost every Gga2-mRFP puncta colocalized with Mup1-Phluorin over its 

lifetime. Furthermore, membrane invaginations, marked by Mup1p-pHluorin, could be observed. 

These membrane invaginations showed a high degree of colocalization with Gga2-mRFP 

fluorescence within one to three minutes after methionine was added (Figure 4-2B, Lower 

Panel). 

Biosynthetic Mup1-pHluorin is synthesized on ribosomes, cotranslationally inserted into 

the membrane of ER and then transported from the ER, through the Golgi and is eventually 

delivered to the plasma membrane. The exocyst complex also localizes to the Trans-Golgi 

Network (TGN). To determine whether the colocalization we observed was from newly 

endocytosed Mup1p-Phluorin, or Mup1-pHluorin that was being transported through the 

biosynthetic pathway, we used cyclohexamide, an inhibitor of eukaryotic translation. When we 

prevented the synthesis of new Mup1p and then induced endocytosis of plasma membrane 

Mup1p by the addition of methionine into the media, we found that Mup1p-pHluorin colocalized 

with Gga2p-mRFP (Figure 4-3A). This result provides evidence that that the  
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Figure 4-2. Mup1p-Phluorin colocalizes with Gga2p-mRFP 

Time-lapse fluorescence microscopy of cells expressing Mup1p- Phluorin and Gga2p-mRFP 
expressed in cells.  This movie was taken in the absence (A) or in the presence (B) of 
Methionine. B.) Timepoint shown is 5 minutes after the addition of Methionine. Blue arrows 
indicate Mup1p-GFP that colocalizes with Gga2p-mRFP. Red arrow is the area shown in the 
montage in the lower panel. Gga2p-mRFP does not initially colocalize with Mup1p-Phluorin, but 
then a membrane invagination extends towards the Gga2-mRFP puncta and eventually pinches 
off from the membrane, mainintaing colocalization with Gga2-mRFP.  
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colocalization between Mup1p and Gga2p is because recently endocytosed Mup1p is being  

directed to Gga2 positive puncta.  

Actin polymerization is critical for clathrin dependent endocytosis in yeast. If we prevent 

endocytosis with Latrunculin A, an actin depolymerizing agent, we do not detect colocalization 

between Gga2 and Mup1. This serves as an additional indication that colocalization between 

Gga2 and Mup1, depends on endocytic Mup1p and not biosynthetic Mup1p, as was first 

speculated (Figure 4-3B). 

We next sought to use a different marker of endocytosis that is exclusively associated 

with clathrin-coated vesicles. We fluorescently tagged Abp1p with monomeric RFP. Abp1p is an 

actin binding protein that has been shown to be recruited at the end of ccv formation. Typically, 

one can follow Abp1 fluorscence from the plasma membrane and then track it for some short 

distance into the cell (typically ~200-500nm). We hypothesized that if Gga2p is actually a 

marker for the early endosome we should detect Abp1 fluorescence being trafficked directly to 

Gga2p puncta. We should also detect Gga2p that is directed to Abp1 puncta that are newly 

pinching off from the membrane. These two types of events were observed when tracking 

internalized fluorescent α-factor (Toshima et al., 2006).  

We found that we could reliably identify these two types of behavior. We found that Abp1 

did seem to be directed to internal Gga2 puncta (Figure 4-4) and we also found that Gga2 

puncta displayed a “gobbling” behavior in which they would gravitate towards those Abp1 

puncta which were newly endocytosed (Figure 4-5). 

These preliminary results indicate two processes that were once believe to be distinct, 

endocytosis, and maturation of the Golgi coalesce at the trans-Golgi compartment, which this 

author fondly refers to as the Golgisome. We find that endocytosed vesicles are initially directed 
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from the plasma membrane to these Gga2 positive puncta. Gga2 positive puncta are also 

generally located near to the plasma membrane, especially near burgeoning endocytic vesicles.  
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Figure 4-3. Mup1p-Phluorin that colocalizes with Gga2-mRFP originates from 
biosynthetic events 

A.) Cells expressing Mup1p-pHluorin and Gga2p-mRFP were imaged by spinning disc confocal 
microscopy. Cells were incubated with 100 μg/ ml cyclohexamide, an inhibitor of eukaryotic 
protein synthesis for 2 hours, before the administration of methionine. Upon addition of 
methionine, cells were immediately imaged. Image shown is 5 minutes after methionine 
addition. 

B.) Mup1p-Phluorin and Gga2-mRFP expressing cells in the presence of 10mM Latrunculin A. 
Latrunculin A was added 5 minutes before methionin. Image shown is 5 minutes after 
methionine addition. Under these conditions Mup1-Phluorin was not endocytosed upon addition 
of methionine. 
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Figure 4-4. Abp1p positive puncta are transported towards Gga2p positive puncta 

Cells expressing Abp1p-mRFP and Gga2p-GFP were imaged by spinning disc confocal 
microscopy at steady state. Cells were grown to a low density (0.1 X 106 cells/ml). Blue and 
white arrowheads indicate two independent Abp1p puncta (red channel) that are directly 
trafficked towards the Gga2p positive puncta (green channel). Images were taken 1/sec, every 
third image is shown. (Experiment performed by Razmik Ghukasyan). 
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Figure 4-5. Gga2p positive puncta are transported towards Abp1p positive puncta 

Cells expressing Abp1p-mRFP and Gga2p-GFP were imaged by spinning disc confocal 
microscopy at steady state. Cells were grown to a low density (0.1 X 106 cells/ml). Blue 
arrowhead points towards a Gga2p positive puncta (green channel) and white and yellow 
arrowheads indicate two Abp1p positive puncta that disappear soon after contact with the 
Gga2p positive puncta. Images were taken 1/sec, every third image is shown. (Experiment 
performed by Razmik Ghukasyan). 
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Discussion 

This study offers evidence that the maturation events that progress from the cis-Golgi to 

the trans-Golgi in yeast  may also progress to a post-TGN, endosomal compartment.  This 

compartment is the initial target of materials being endocytosed from the plasma membrane. 

The evidence that the TGN shares characteristics with an early endosomal compartment offers 

a new way to think about the trafficking pathway in yeast. 

Many internal organelles are mobile without obvious directed movement, making them 

more difficult to track over time. One possible way to mitigate this difficulty is to image more 

frequently. However, as all of the tagged proteins imaged in this study are expressed from their 

endogenous promoters, there is a limited number of fluorophores available for imaging. 

Recently, EMCCD cameras have become very sensitive and now allow for very short exposure 

times. This capability has been important for the ability to image endogenous copy numbers of 

proteins at several timepoints so that a time-lapse movie can be compiled. This recent 

advancement in imaging technology is likely the reason why there is very little fluorescence data 

that consistently identifies an early endosomal compartment in yeast.  

We have taken advantage of the recent availability of ultra sensitive EMCCD cameras 

and the development of fluorophores which are brighter than the last generation of fluorophores. 

Several fluorophores also have interesting capabilities, such as only fluorescent in non-acididic 

compartments(Giepmans et al., 2006; Pena et al., 1995; Sankaranarayanan et al., 2000). These 

recent developments have enabled us to employ a strategy to fluorescently identify the early 

endosome using a combination of fluorescently tagged endocytosed plasma membrane proteins 

(Mup1p and Abp1) and tagged proteins serving as markers for internal organelles (Gga2p).  

We have identified Gga2p as a marker for sites of the early endosome in yeast. This 

result is surprising because Gga2p has previously been characterized as a protein characteristic 
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of the TGN. There are two likely interpretations of this data, first that the TGN and early 

endosome share distinct subcompartments on the same organelle or one in which the TGN and 

the early endosome are functionally equivalent in yeast. We favor the later model given that 

Gga2p participates in anterograde transport from the TGN/EE to the late endosome. It may be 

that there is a mechanism for Gga2p to cluster both biosynthetic cargo coming from earlier 

compartments of the Golgi as well as cargo received from the plasma membrane destined for 

later endocytic organelles.  

We have identified a similar relationship between AP-1 and both Mup1p and Abp1p 

(data not shown). This is not surprising as previous studies have found that nearly 100% of 

Gga2 puncta become positive for AP-1. Also, at steady state approximately 45% of Gga2p 

colocalizes with AP-1in static images (Costaguta et al., 2006; Daboussi et al., 2012). However, 

several more questions need to be addressed. Most importantly, how is the material that is 

endocytosed from the plasma membrane to the Gga2 positive puncta then trafficked to later 

endosomal compartments. There are two possible options for transport to later endosomal 

compartments. The first possibility is that organellar maturation plays a role, meaning that the 

Gga2p positive organelle matures into these later organelles. Second, vesicle transport from 

Gga2p positive organelles may be the primary mode of transport to later endocytic 

compartments. There may also exist some combination of both possibilities. To test for the 

possibility of endosomal maturation, we have used fluorescence microscopy of several tagged 

late endosomal markers in an effort to identify a marker which might show a sequence of 

recruitment similar to the maturation process at the Golgi. However, we have been unsuccessful 

in these attempts. We have also tried the lipid markers that label PI(3)P (GFP-FYVE) which is 

enriched at the late endosome and vacuolar membrane (Burd and Emr, 1998).    This marker 

showed very little colocalization with AP-1 or Gga2p. Often, a small GFP-FYVE puncta would be 
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detected at sites that were adjacent to Gga2p. It was unclear as to whether the puncta that did 

colocalize did so meaningfully or randomly ((Daboussi et al., 2012) Chapter 3- Figure S4E). 

This work represents a novel strategy to fluorescently identify the early endosome in 

yeast. Our results suggest that Gga2p (and AP-1) puncta behave as an early endosome, in that 

they colocalize with newly endocytosed material (Mup1p), and colocalize near membrane 

invaginations which we believe represent sites of endocytosis.  
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Materials and Methods 

Media and Strains 

Strains used for this study are listed in table 4-1. Yeast strains were grown in synthetic 

dextrose media (SD) with the appropriate supplements. Fluorescent tags were introduced at the 

endogenous loci of the relevant gene using PCR to amplify the tag and then homologous 

recombination to insert the tag at the proper location in the genome. All strains were generated 

from mating haploid cells to generate diploids, sporulating and then dissecting to isolate the 

haploid spores. 

Live- Cell Fluorescence Microscopy  

Cells were grown in SD complete- methionine at room temperature to the density indicated 

below. GFP (pHluorin) or RFP channels were exposed for 500ms per frame, and a GFP/RFP 

pair was imaged every 1-2 seconds. Each time-lapse movie is composed of 100 GFP/RFP 

frame pairs. All time-lapse movies were acquired using a 100X/1.45 NA objective on a 3i 

Marianas SDC confocal microscope, equipped with a Yokogawa CSU-22 confocal head and a 

photometrics Evolve EMCCD camera, controlled by either Slidebook 4.2 or 5.0. GFP and mRFP 

images were acquired by excitation at 488nm and 561 nm from a high-speed AOTF laser 

launch line. 

Microscopy with Cyclohexamide Treated Cells 

Cells were cultured overnight as described above, at room temperature until they had reached 

0.1-0.2 X 107 cells/ ml. Cyclohexamide that had been dissolved in water was then added to cells 

to a final concentration of 100 μg/ml. Cells were then allowed to incubate with the 

cyclohexamide for 2 hours at room temperature, while rotating. Cells were then centrifuged at 

750 X g for 2 minutes and then 
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Microscopy with Latrunculin A Treated Cells 

 All strains were cultured overnight in supplemented SD media until they had reached 0.1 X 107 

cells/ ml. Cells were then centfigued for 2 minutes at 750 X g and Latrunculin A was added to a 

final concentration of 10 μM/ml. Methionine was added five minutes after the addition of 

Latrunculin A. Cells were then immediately imaged. 
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Table 4-1 Strain Table 

Name Genotype Reference 
SEY6210 MATα ura3–52 leu2-3112 his3- Δ200 trp1-Δ901 lys2-801 suc2- 

Δ9 
 

(Robinson et al., 
1988) 

GPY 
404.2 

MATa ura3–52 leu2-3112 his3- Δ200 trp1-Δ901 lys2-801 suc2-
Δ9 
 

(Yeung et al., 
1999) 

GPY 
5045 

SEY 404.2 Mup1-pHluorin::G418 Gga2-mRFP::G418 This study 

GPY 
5046 

SEY 6210 Abp1-2xmRFP::TRP 1 Gga2-GFP::G418 
 

This study 

BWY3818 SEY 6210 Mup1-pHluorin::KanMX (Prosser et al., 
2010) 

 

 

Prosser, D. C., Whitworth, K., and Wendland, B. (2010). Quantitative Analysis of Endocytosis 
with Cytoplasmic pHluorin Chimeras. Traffic 11, 1141-1150. 
 
Robinson, J. S., Klionsky, D. J., Banta, L. M., and Emr, S. D. (1988). Protein sorting in 
Saccharomyces cerevisiae: isolation of mutants defective in the delivery and processing of 
multiple vacuolar hydrolases. Molecular and Cellular Biology 8, 4936-4948. 
 
Yeung, B. G., Phan, H. L., and Payne, G. S. (1999). Adaptor Complex-independent Clathrin 
Function in Yeast. Molecular Biology of the Cell 10, 3643-3659. 
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CHAPTER 5 

Yeast Irc6p is a Novel Type of Conserved Clathrin Coat Accessory Factor Related to 
Small G Proteins 
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Personal Contribution: 

I contributed to the work described in Chapter 5, Gorinya et al., 2012 in Figure 1F. Strains were grown in 
accordance protocol found in Duncan et al., 2007 as indicated in the MATERIALS AND METHODS of this 
manuscript. Each strain was then imaged in the presence of calcofluor white, and then the images were 
compiled by strain such that representative images could be taken from each category. These results 
reveal that deletion of irc6 increases chs6∆ sensitivity to calculfluor white, similar to the phenotype 
observed with AP-. In part, these results imply that the function of Irc6p is within the AP-1 trafficking 
pathway. This author also organized each of the figures presented in this manuscript. 
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CHAPTER 6 

Genome-Wide Analysis of AP-3-Dependent Protein Transport in Yeast 
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PERSONAL CONTRIBUTION 

I  contributed to the work described in Chapter 6 by conducting the experiments in Figure 3. Figure 3 
provided an independent assay to test ALP traffic by the localization of GFP-ALP through fluorescence 
microscopy in cells that were also strained with a fluid-phase lipid marker FM4-64. A protocol was 
developed for these experiments so that simultaneous imaging of vacuole stained FM4-64 cells could be 
imaged in conjunction with steady-state GFP-ALP. These results , in part, validate the finding that β3 
facilitates ALP transport to the vacuole, and that yck3 performs a similar role, however to a lesser extent 
than β3.   These results also confirm a role for vac17 in vacuolar inheritance. These methods are 
described in the MATERIALS AND METHODS section. 
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Discussion and Future Directions: 

The initial observation that GFP- and RFP- tagged clathrin and clathrin adaptors localize 

to the Golgi in a predictable pattern, regardless of the size, shape and intensity of the puncta, 

has led to the underlying focus of this thesis. We initially sought to define the temporal 

relationship between each clathrin adaptor at the TGN, clathrin, and several TGN associated 

proteins (Chapter 2). Second, we dissected a detailed mechanism for adaptor recruitment, 

discovering that the beginning waves of clathrin adaptor recruitment are important for the 

correct spaciotemporal recruitment of later adaptors. Importantly, we identified Gga2p as a 

novel Pik1p recruitment factor. We showed that Gga2p recruits Pik1p to the TGN through a 

direct interaction, this interaction in turn is critical for normal PI(4)P accumulation. We have also 

determined that PI(4)P is a critical factor for AP-1 and Ent5p localization (Chapters 2 and 3). 

Localization and stoichiometry of Pik1p at the TGN 

Previous studies have identified Frq1p as essential for Pik1p localization (Strahl et al., 

2003). When Frq1 is inactivated through temperature sensitivity, Pik1 is redistributed from the 

TGN membrane to the cytosol. In the absence of GGA proteins, Pik1p is delayed in its 

recruitment to the Golgi despite the presence of normally localized Frq1p. The differences in 

phenotypes in the absence of each of these proteins suggest that their contributions to Pik1p 

localization are not equivalent. What then are the relative contributions of GGA and Frq1 to 

Pik1p localization?  Two possibilities for the differential contributions of the two proteins will be 

discussed. First, it is possible that Frq1p serves as a nucleating factor for the initial recruitment 

of Pik1p to the membrane. Pik1p would then initiate PI(4)P production which facilitates the 

recruitment of Gga2p to the membranes. GTP-Arf1p bound Gga2p would then be competent to 
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recruit additional Pik1p. The second possibility for the differential contributions of GGA and Frq1 

may be accounted for by the specific subcompartmental localization of GGA and Frq1p.In this 

sense Pik1p would be under a two step targeting process, first to the TGN, through Frq1. Then 

it would be transferred laterally to a compartment specific for the generation of CCVs. In this 

way Pik1p could generate PI(4)P that is necessary for secretion from the TGN to the plasma 

membrane, and in a different subcompartment generate PI(4)P that is specific for the generation 

of CCVs. 

We and others have also found that while Arf1 may not play a direct role in Pik1p 

localization, it does regulate PI(4)P production. The mechanism of PI(4)P production by Arf1p 

was poorly understood. We put forth data to support a model in which Arf1p modulates the 

conformation between the VHS and GAT domains of GGA proteins. This regulation is important 

because when the GAT domain is GTP-Arf1 bound, the VHS domain is then available for 

interacting with Pik1p (Chapter 3). We believe that it is this interaction which accounts for prior 

observations that Arf1p contributes to PI(4)P production (Audhya et al., 2000; Daboussi et al., 

2012; Godi et al., 1999). Are there other implications for this regulatory mechanism? ARF 

interacts with the GAT domain solely when it is GTP bound. GTP-Arf1p undergoes a 

conformational change to reveal a myristoyl group which enables Arf1p association with the 

membrane. These data imply that Arf1p regulation of the Gga2p VHS-GAT domains occurs at 

the membrane and not in the cytosol.  Pik1p also depends on another myristolated protein for 

localization to the TGN membrane, Frq1p (Graham and Burd, 2011).Taken together, these data 

suggest that this network of interactions occurs primarily at the membranes and not in the 

cytosol. 
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The composition of the GGA-Pik1p complex could have biological implications in vivo. 

Two results imply that the stoichiometry of the Pik1p-GGA interaction may not be 1:1. First, the 

the expression of Pik1p is lower than that of Gga2p (L.D., data not shown). Second, Pik1p has 

multiple Gga2p binding sites. This stoichiometry is potentially important for the localization and 

activity of Pik1p. If Pik1p requires multiple GGA proteins to properly localize then Pik1p would 

not be recruited until GGA reached a threshold concentration. The delay in Pik1p recruitment 

could enable GGA to interact with and cluster necessary cargo proteins, and accessory 

proteins. It may also be important that Pik1p is maximally recruited after Gga2p as a mechanism 

to delay the majority of PI(4)P production. This built in delay in Pik1p recruitment and PI(4)P 

production would serve to maintain the timing of AP-1 and Ent5, which are recruited after PI(4)P 

reaches its maximum. Biological consequences exist for AP-1 cargo proteins when the normal 

delay in PI(4)P production and AP-1 recruitment is removed (Daboussi et al., 2012).  

Does Pik1p require Sec7p for Localization?  

The TGN localizing protein, Sec7p has recently been reported to play a role in Pik1p 

localization. The GEF activity of Sec7p has been specifically implicated in this process. Sec7-

4ts, a temperature sensitive allele of Sec7p that specifically affects GEF activity, has been 

shown to disrupt Pik1p localization in vivo at the non-permissive temperature. The effects 

identified in vivo can arguably occur through a GGA dependent mechanism. Sec7p is a GTP 

exchange factor for Arf1p, GTP-Arf1p is important for opening the closed conformation of the 

VHS-GAT domains of GGA. GGA directly interacts with and is important for the appropriate 

temporal recruitment of Pik1p to the TGN. However, the authors also identified a direct 

interaction between the GEF domain of Sec7p and Pik1p( 301-769). Based on these data, the 

authors argue that the Sec7p directly recruits Pik1p in vivo. These claims have not been 
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carefully evaluated and more work needs to be done to evaluate the role that Pik1p (301-769) 

plays in TGN localization. 

The role of Clathrin in the Gga2p-Pik1p Interaction 

Understanding the environment in which the Gga2p-Pik1p interaction takes place has 

implications for ccv biogenesis. One major question is whether this interaction does or does not 

take place under a clathrin coat. If yes, is Pik1p then included in the clathrin vesicle? If this 

interaction does take place at the TGN membrane, but not under a clathrin coat, how is it that 

clathrin is excluded from binding Gga2p? One possible answer lies in a recent report citing that 

in the absence of Ent5p, Gga2p does not as effectively bind clathrin in lysed cells (Hung et al.). 

This result suggests that cells need only exclude Ent5p to prevent effective clathrin recruitment. 

We have found that by live-cell microscopy only a portion of the Ent5p population is recruited 

with Gga2p whereas most Ent5p is recruited at a later time point with AP-1. This result is in 

agreement with our structured illumination microscopy data which revealed that Gga2 and Ent5 

show only a small amount of colocalization. However, there are two main points of 

disagreement with the hypothesis that Gga2p requires Ent5p for proper clathrin binding in vivo. 

First, in vivo clathrin is recruited synchronously with Gga2, despite the lack of Ent5p being 

recruited to Gga2p positive puncta. Second, we have also found that Gga2p sets the timing for 

clathrin recruitment. In the absence of Gga2p clathrin recruitment is temporally delayed and 

assembles synchronously with AP-1. The disparity between the results in Daboussi et al., and 

Hung et al., may be attributable to differences observed in intact versus lysed cells, respectively. 

However, in the absence of a mechanism that prevents an interaction with Gga2p in vivo 

clathrin would be recruited to saturation. No such mechanism is currently known.   
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The possibility that Pik1p is recruited into vesicles so that it can be rapidly transported 

away from the TGN membrane could offer a mechanism to extinguish additional PI(4)P 

production. There is precident for this type of trafficking of kinases at the plasma membrane. For 

example, PI4KIIβ generates PI(4)P at the plasma membrane during ccv formation, and is also 

recruited into ccv vesicles. It is entirely possible that a similar mechanism may exist to include 

Pik1p, and PI4KIIIβ into ccvs forming at the TGN in both yeast and mammalian cells (Li et al., 

2012). 

Conservation of Mechanism 

This process whereby the Gga2p-Pik1p interaction facilitates PI(4)P production so that 

AP-1 is efficiently recruited, may be conserved to humans.  GGA, Arf1, Frq1 and Pik1 are 

conserved in higher order eukaryotes.  However the frq1 paralog, ncs-1 is not detectably 

expressed in non-neuronal cell types. Therefore, it is unclear how PI4KIIIβ is recruited to 

membranes in the absence of this recruitment factor. Interestingly, in mammals, GTP bound 

Arf1p combined with cytosolic extract increases recruitment of  PI4KIIIβ  to membranes thereby 

stimulating PI(4)P production at liposomes (Godi et al., 1999). The components in the cytosol 

that synergize with Arf1p to cause this increase in PI4KIIIb recrutement are still unidentified. We 

speculate that the unidentified components in the cytosolic extract may be GGA proteins.  We 

posit a regulatory mechanism of PI4KIIIβ by Arf1p, similar to that found in yeast given that: 1.) 

PI4KIIIβ directly interacts with the VHS domain of Gga2p (chapter 3) 2.) the mammalian Gga2p 

VHS and GAT domain directly interact (chapter 3) 3.) mammalian Arf1p also interacts with the 

mGAT domain . This network of known interactions is similar to those identified in yeast, and 

could serve as the minimum requirement of machinery necessary for PI4KIIIβ recruitment to the 

TGN.  
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Is there a hierarchy among AP-1 localization factors?  

It is well established that AP-1 requires several different factors for proper localization, 

but is there any crosstalk between these factors that would set up a network of regulation? 

Arf1p is recruited before all clathrin adaptors, when the Golgi still contains cis-, and 

medial- Golgi characteristics (L.D., unpublished observation). It is therefore the first known AP-1 

localizing factor to be recruited to Golgi membranes. Arf1p is initially recruited at early 

timepoints when there is little, if any, PI(4)P at the Golgi. Sac1p, a lipid phosphatase is highly 

enriched in early compartments of the Golgi preventing accumulation of PI(4)P (Faulhammer et 

al., 2007). It is likely that Arf1p localizes to the Golgi via the ARF-GEFs Gea1p and Gea2p, 

which are present at the membrane at earlier stages of Golgi maturation. Transmembrane 

cargos also appear as puncta at the Golgi before the appearance of the clathrin adaptors. 

These considerations taken together suggest that it is unlikely that Arf1p localization to the TGN 

would be controlled by PI(4)P or is sufficient for Gga and AP-1 recruitment.  

Arf1p interacts with the GAT domain of GGA proteins ((Collins et al., 2003; Puertollano 

et al., 2001). GAT domain bound to GTP-Arf1 regulates the interaction of the VHS domain with 

Pik1 (Chapter 3). Pik1p then generates PI(4)P at the membrane. In this sense Arf1p regulates 

the generation of PI(4)P production at the Golgi. This is consistent with previous experiments 

which have identified Arf1 as a PI(4)P promoting factor in vitro using mammalian proteins (Godi 

et al., 1999) and arf1∆ yeast cells as having less PI(4)P ((Audhya et al., 2000)). Presumably 

there is less PI(4)P because in the absence of Arf1 the Gga2p-Pik1p interaction is reduced. 

Existing data points to a model in which AP-1 requires several different inputs from 

cargo, Arf, Laa1p and the lipid PI(4)P for optimal localization. There may be additional unknown 

factors that also contribute to AP-1 localization. However, of those factors which are known and 
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contribute to AP-1 localization, Arf1p acts as a ‘master regulator,’ controlling the recruitment of 

those factors. 

Examples of Adaptor-Phosphoinositide Kinase Interactions 

 The idea that PIP Kinases are being enriched at specific subcellular localizations, 

based on how the clathrin adaptors are localized, offers a mechanism for localized generation of 

PIP, and then highly specific localization of vesicle related proteins that require PIP as a signal 

for recruitment (Craige et al., 2008). There have been several examples in which 

phosphoinositide kinases have been associated with clathrin adaptor complexes and 

incorporated into vesicles at the plasma membrane and endosomes. In mammals, at the 

plasma membrane PIPKIγi2 regulates AP-2 localization by directly binding to both the μ2 and γ2 

subunit of AP-2. This interaction has a stimulatory effect on PIPKIγi2 activity (Kahlfeldt et al., 

2010; Krauss et al., 2006).  At the endosomes,  AP-3 directly interacts with PI4KIIα via a 

dileucine sorting motif present in PI4KIIα. AP-3 and PI4KIIα show substantial colocalization in 

vivo. PI4KIIα has also been found to be a component of AP-3 vesicles (Craige et al., 2008; 

Salazar et al., 2009). Another example of PIP Kinases clathrin adaptor interdependency arises 

from the interaction between PIPKI γ-90 and AP-1. A three amino acid patch in µ1B is 

necessary for recruitment of AP-1B onto recycling endosomes containing PI(3,4,5)P3. 

Interestingly, a positive feedback loop may be driving accumulation of PI(3,4,5) P3, as PIPKIγ-

90, the kinase that generates PIP3 depends on AP-1B for localization. Likewise, depletion of 

this lipid, using a PI3-Kinase inhibitor, results in the mislocalization of AP-1 from recycling 

endosomes and the depolarization of cargo to the apical plasma membrane. (Fields et al., 

2010). Generation of PI(3,4,5)P3 may be a lipid specific for AP-1 sorting at the RE (Thompson 

et al., 2007). 
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What are the benefits of  PIPkinase and adaptor protein interactions?  These direct 

interactions offers a solution to the cell for the removal of the PIPKinase from the membrane 

through the incorporation of the kinase with the vesicle. The PIPKinase can also then generate 

a specific, highly localized pool of the phosphoinositide, promoting vesicle biogenesis.  There 

are several outstanding questions as to how partitioning of membranes is achieved in vivo. 

However, these insights offer a beginning perspective on generating specificity at each type of 

membrane for each type of clathrin vesicle.  

Endosomal Maturation in Yeast: 

There are no known early endosomal markers in yeast. Biochemical and genetic data suggest 

that AP-1 and GGA function in between the TGN and endosomes, however the best 

characterized TGN marker colocalizes with both GGA and AP-1. The Golgi in yeast mature from 

cis-Golgi to trans-Golgi over time, and many maturation events of Golgi cisterna occurs in the 

same location from beginning to end. The early cis-Golgi marker GFP-Rer1, a retroviral receptor 

for endoplasmic retriculum membrane proteins, can be seen appearing as bright fluorescent 

puncta, increase in fluorescent intensity, and then disappear over time. The disappearance of 

the cis-Golgi marker also coincides with the appearance of later Golgi markers such as GFP-

Sec7p. (Losev et al., 2006) (Matsuura-Tokita et al., 2006). Gga2 also colocalizes with the trans-

Golgi marker Sec7p, in wildtype cells both of these proteins appear, disappear and reach peak 

fluorescent intensities synchronously. AP-1 partially colocalizes with Sec7p in still images (L.D. 

unpublished observation), and in live-cell imaging Sec7-mRFP is recruited first to membranes 

and is then followed by AP-1. Does this represent a different post-TGN compartment?  If so, 

what is this compartment. We hypothesize that there is maturation from the TGN to the early 

endosomes in yeast. The TGN/ early endosomal compartment would be multi-functional, it 
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enables clathrin mediated trafficking, secretion to the plasma membrane, and would also act as 

an acceptor for newly endocytosed material, in the same manner as a traditional mammalian 

early endosome. Several questions still need to be addressed. What is the machinery at the 

TGN/EE that facilates acceptance of PM material and what machinery at these locations 

expedite sorting of the cargo to the correct downstream compartments? 
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