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ABSTRACT OF THE DISSERTATION 

 

Two Studies in Membrane Trafficking: GOLPH3 Binds 
Phosphatidylinositol-4-phosphate and MYO18A, Connecting the Golgi 
to the Actin Cytoskeleton and Ubp3p Functions in the Endocytosis of 

Integral Plasma Membrane Proteins 
 

by 

 

Holly Christine Dippold 

 

Doctor of Philosophy 

 

University of California, San Diego 

 

Professor Seth J. Field, Chair 

 

 Eukaryotic cells maintain a complex organization of vesicular transport 

pathways through which integral membrane proteins and lipids travel.  This 

allows the cell to maintain the proper functional composition of various 

intracellular membrane-bound compartments and communication with the 

external environment via the plasma membrane. 
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 I have studied two facets of vesicular trafficking.  Chapter 1 describes 

the process of vesicle budding from the Golgi and its relationship to the unique 

morphology of the Golgi.  Chapter 2 discusses the regulation of endocytosis 

and an attempt to find a target for a ubiquitin-specific protease necessary for 

endocytosis in yeast. 

 The mechanism underlying the Golgi’s flattened structure and its 

relation to secretory function is an intriguing question in cell biology.  Golgi 

membranes, from yeast to humans, are enriched in phosphatidylinositol-4-

phosphate (PtdIns(4)P).  In a lipid binding screen, GOLPH3 was identified as a 

novel PtdIns(4)P-binding protein that depends upon PtdIns(4)P for its Golgi 

localization.  GOLPH3 binds MYO18A, connecting the Golgi to F-actin, thus 

transmitting a tensile force necessary for Golgi budding and morphology.  The 

same process generating the extended Golgi ribbon observed by fluorescence 

microscopy and the flattened form observed by electron microscopy drives the 

formation of transport vesicles. 

 Integral plasma membrane proteins are down-regulated by endocytosis 

followed by trafficking to the lysosome for degradation.  Can1p is a yeast 

arginine permease at the plasma membrane and undergoes such regulation.  

Canavanine is a toxic arginine analog that enters the cell through Can1p.  A 

screen of viable yeast deletion mutants to identify genes which when deleted 

result in hypersensitivity to canavanine was conducted to identify novel 
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components involved in down-regulation and internalization of plasma 

membrane proteins.  Three genes identified were ubiquitin-specific proteases.  

By visual screening, deletion of UBP3 (UBiquitin-specific Protease 3) was 

observed to stabilize Can1p-GFP and other endocytic cargoes at the plasma 

membrane.  Rescue experiments show that Ubp3p catalytic activity is 

necessary for endocytosis.  Biochemical experiments indicate that Ubp3p is in 

a complex with Bre5p, and that Bre5p is also necessary for plasma membrane 

protein internalization.  In conclusion, Ubp3p and its co-factor Bre5p are 

responsible for deubiquitination and positive regulation of an unidentified 

protein involved in endocytosis. 
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Chapter 1: GOLPH3 Binds Phosphatidylinositol-4-phosphate and 

MYO18A, Connecting the Golgi to the Actin Cytoskeleton 

 

Introduction 

 Nearly all secretory traffic and the luminal components of most 

organelles pass through the Golgi.  In some secretory cells, the rate of 

trafficking through the Golgi is fast enough to replace the entire surface area of 

the plasma membrane (PM) every 10-20 minutes (Kristen and Lockhausen, 

1983; Barr and Warren, 1996).  This remarkable rate of trafficking requires that 

the Golgi use a highly efficient mechanism to generate vesicles carrying traffic 

to its destination.  Many of the Golgi components required for trafficking are 

known, including small GTPases, coat proteins, and lipids (reviewed in De 

Matteis and Luini, 2008), but the mechanism of the general process of 

tubulation and budding to form vesicles is unclear. 

 A perplexing feature of the Golgi is its distinct flattened morphology.  

Even in yeast, where the Golgi is found dispersed throughout the cytosol, 

individual cisternae are flat (Preuss et al., 1992).  The physical properties of 

lipids, their asymmetric distribution across the bilayer, curvature-inducing lipid 

binding proteins, and Golgi matrix proteins have all been proposed to 

contribute to the unique shape of the Golgi (Peter et al., 2004; Puthenveedu 

and Linstedt, 2005; Short et al., 2005).  Although these may be factors in Golgi  
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structure, their contribution, if any, to producing flattened cisternae remains 

uncertain.  Beyond the question of the mechanism maintaining Golgi 

morphology, there remains a larger question of the relationship between this 

morphology and Golgi secretory function. 

 The requirement of PtdIns(4)P for Golgi function is evolutionarily 

conserved from yeast to humans.  Genetic experiments in S. cerevisiae 

demonstrate a requirement for the Pik1p PI-4-kinase (Walch-Solimena and 

Novick, 1999; Audhya et al., 2000) and PtdIns(4)P (Hama et al., 1999) in Golgi 

secretion.  In mammalian cells, PI-4-kinase-IIIβ (Wong et al., 1997) and PI-4-

kinase-IIα (Nakagawa et al., 1996) localize to the Golgi, and reporters for the 

subcellular localization of PtdIns(4)P (composed of a PtdIns(4)P binding 

domain fused to GFP, reviewed in Varnai and Balla, 2007) indicate that 

PtdIns(4)P is found predominantly at the Golgi (Godi et al., 2004).  In HeLa 

cells, a dominant-negative PI-4-kinase-IIIβ interferes with reformation of the 

Golgi complex after washout of Brefeldin A (BFA) (Godi et al., 1999).  HEK 

293 cells overexpressing PI-4-kinase-IIIβ show enhanced trafficking from the 

Golgi to the PM (Hausser et al., 2005) and knockdown of PI-4-kinase-IIα 

impairs trafficking from the Golgi to the PM (Wang et al., 2003).  Taken 

together, the evidence for a role for PtdIns(4)P in Golgi function is compelling, 

but the crucial targets of PtdIns(4)P important for Golgi function are unclear. 

 A few direct PtdIns(4)P binding proteins are known, including OSBP 

(OxySterol Binding Protein), FAPP (phosphatidylinositol-Four-P AdaPtor 
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Protein), CERT (CERamide Transporter), and their homologs.  All contain PH 

(Pleckstrin Homology) domains that bind specifically to PtdIns(4)P, mediating 

their Golgi localization (Dowler et al., 2000; Levine and Munro, 2002).  Recent 

evidence demonstrates a role for these PtdIns(4)P binding proteins in non-

vesicular trafficking of lipids.  OSBP transports cholesterol (Im et al., 2005; 

Raychaudhuri and Prinz, 2006), FAPP2 transports glucosylceramide (Halter et 

al., 2007; D’Angelo et al., 2007), and CERT transports ceramide (Hanada et 

al., 2003).  However, the FAPP proteins and CERT are not conserved in S. 

cerevisiae, and simultaneous mutation of all PH domain-containing OSBPs in 

yeast has little effect, certainly not copying the lethality due to deletion of the 

PIK1 PI-4-kinase (Beh et al., 2001). 

 Many undiscovered PtdIns(4)P binding proteins mediating the effects of 

PtdIns(4)P at the Golgi may exist and these could provide new insight into the 

biology of the Golgi.  Through large-scale screening of the Drosophila 

proteome for new phosphoinositide binding proteins, GOLPH3 was identified 

as a novel PtdIns(4)P binding protein.  GOLPH3 is an abundant protein 

conserved from yeast to humans, but contains no previously known 

phosphoinositide binding domains.  GOLPH3 and the yeast homolog Vps74p 

localize to the Golgi by binding PtdIns(4)P.  GOLPH3 also interacts with the 

unconventional myosin, MYO18A, linking Golgi membranes to the actin 

cytoskeleton.  This interaction provides a tensile force that is required for 
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normal Golgi vesicle trafficking and architecture, demonstrating an unexpected 

role for PtdIns(4)P at the Golgi. 

 

Results 

An in vitro Lipid Binding Screen Identifies GOLPH3 as a Novel 

PtdIns(4)P Binding Protein 

 To identify novel phosphoinositide binding proteins, a high throughput 

proteomic screen based on the lipid blot assay of Dowler et al., 2000 was 

designed.  This assay involves spotting phosphoinositides on a membrane, 

blotting with a protein of interest, extensive washing, and detecting bound 

protein.  The assay was optimized for use with proteins produced by in vitro 

transcription and translation (IVT) in the presence of 35S-methionine to allow 

detection. 

 Critical to the reliability of this assay is the quality of the 

phosphoinositides.  Individual lots of lipids from commercial suppliers were 

screened by thin layer chromatography (TLC) and each binding assay was 

validated with a panel of positive control lipid binding proteins. 

 The D. melanogaster proteome was chosen for this screen because it is 

compact but contains examples of the known phosphoinositide-modifying 

enzymes and phosphoinositide-dependent signaling pathways found in higher 

organisms.  The Drosophila Gene Collection provides an arrayed set of 15,466 

cDNAs of known sequence under the control of T7 promoters, allowing for IVT 
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(Stapleton et al., 2002).  To date, a screen of approximately 4000 unique 

cDNAs from this collection has scored positive hits for many previously 

identified PH, PX, FYVE, Tub, and Proppin family proteins, validating the 

method (Figure 1.1).  The screen has also identified some unique 

phosphoinositide binding proteins.  One of these, a PtdIns(4)P binding protein 

(clone ID LD23816, FBgn0010704), lacks any homology to known 

phosphoinositide binding proteins.  The mammalian homolog has been named 

GOLPH3 (Genbank), GPP34 (Bell et al., 2001), GMx33 (Wu et al., 2000), or 

MIDAS (Nakashima-Kamimura et al., 2005), and the yeast homolog is Vps74p 

(Bonangelino et al., 2002). 

 GOLPH3 is conserved from yeast to humans.  It was first identified in a 

proteomic characterization of the rat Golgi and later suggested to be a Golgi 

matrix protein (Wu et al., 2000; Bell et al., 2001; Snyder et al., 2006), although 

its mechanism of interaction with the Golgi and function were not determined.  

GOLPH3 was recently identified as an oncogene amplified in many human 

cancers (Scott et al., 2009). 

 Deletion of VPS74 in S. cerevisiae resulted in defective trafficking of 

vacuolar proteases in a large-scale screen (Bonangelino et al., 2002).  More 

recently, Vps74p was found localized to the Golgi and necessary for the 

localization of glycosyltransferases, glycosylation, and normal secretory 

function of the Golgi in yeast (Schmitz et al., 2008; Tu et al., 2008). 
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 To validate the results of screen, GOLPH3 was confirmed to bind 

PtdIns(4)P.  The D. melanogaster, H. sapiens, and S. cerevisiae orthologs of 

GOLPH3 expressed in rabbit reticulocyte lysates all bind tightly and 

specifically to PtdIns(4)P in our lipid blot assay (Figure 1.1).  Using E. coli 

expressed and purified GOLPH3 shows the binding to PtdIns(4)P is direct 

(Figure 1.2).  Binding of GOLPH3 to small unilamellar vesicles further 

demonstrates specific binding to PtdIns(4)P (Figure 1.11). 

 

PtdIns(4)P is Required for GOLPH3 Localization to the Golgi 

 If GOLPH3 binding to PtdIns(4)P is functionally important in vivo, then it 

should localize to the Golgi, as other groups have previously reported (Wu et 

al., 2000; Bell et al., 2001; Snyder et al., 2006; Schmitz et al., 2008).  

Specifically, GOLPH3 was shown by immunofluorescence microscopy to 

colocalize with trans Golgi markers and found by immunoelectron microscopy 

at the rim of the trans Golgi (Wu et al., 2000) and enriched in budding vesicles 

and tubules (Snyder et al., 2006).  Using antibodies raised in our lab to 

GOLPH3, endogenous GOLPH3 is seen to colocalize with the endogenous 

trans Golgi network (TGN) markers TGN46 and p230 (Figure 1.3), but 

somewhat less with the cis Golgi marker GM130, in several mammalian cell 

lines (data not shown).  In yeast, EGFP-Vps74p colocalizes with the late Golgi 

marker Sec7p-dsRed (Figure 1.4). 
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 If GOLPH3 binds PtdIns(4)P in vivo, then the subcellular localization of 

the two should coincide.  Coexpression of the PtdIns(4)P reporter EYFP-

FAPP1-PH (Godi et al., 2004) with mCherry-GOLPH3 in HeLa cells, shows 

using time-lapse confocal fluorescence microscopy that the two proteins fully 

colocalize over space and time (Movie 1.1).  Both EYFP-FAPP1-PH and 

mCherry-GOLPH3 were enriched on tubules and vesicles leaving the Golgi, 

similar to previous results localizing PtdIns(4)P (Godi et al., 2004) and 

GOLPH3 (Snyder et al., 2006). 

 If GOLPH3 binds PtdIns(4)P in vivo, then reduction of PtdIns(4)P at the 

Golgi should result in GOLPH3 dissociation from the Golgi.  PtdIns(4)P was 

depleted by expressing a mutant of the lipid phosphatase Sac1 (Sac1-K2A) 

that constitutively localizes to the Golgi, dephosphorylating PtdIns(4)P without 

affecting other phosphoinositide pools (Rohde et al., 2003).  In HeLa cells, 

expression of EGFP-Sac1-K2A resulted in loss of GOLPH3 from the Golgi 

(Figure 1.5), although the Golgi remained intact and other markers remained 

at the Golgi including p230, TGN46, β-1,4-galactosyltransferase-EYFP, and α-

mannosidase II-EGFP (Figure 1.5 and data not shown). 

 In S. cerevisiae the PI-4-kinase Pik1p produces PtdIns(4)P at the Golgi.  

A temperature sensitive mutant allele of PIK1, pik1-83ts, is functional at 26°C 

but inactivated at 37°C, resulting in depletion of PtdIns(4)P at the Golgi 

(Audhya et al., 2000).  In pik1-83ts cells, EGFP-Vps74p dissociates from the 
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Golgi (marked by Sec7p-dsRed) in under ten minutes after shift to 37°C, but 

remains at the Golgi in wild type cells (Figure 1.6 and Movie 1.2). 

 Finally, highly over-expressed EYFP-FAPP1-PH displaces endogenous 

GOLPH3 from the Golgi (Figure 1.7). In conclusion, PtdIns(4)P must be 

present and available for interaction for GOLPH3 to localize to the Golgi. 

 

GOLPH3 binds PtdIns(4)P via a positively charged binding pocket on the 

hydrophobic face of the protein 

 Because GOLPH3 contains no domains found in previously 

characterized phosphoinositide binding proteins, the minimal domain required 

for PtdIns(4)P binding was mapped.  A series of truncations of Drosophila 

GOLPH3 tested for binding to PtdIns(4)P by lipid blot assay showed that 

binding to PtdIns(4)P requires amino acids 30-293 (Figure 1.8).  This 

corresponds to the most evolutionarily conserved portion of the protein, and 

has been termed the GPP34 domain by PFAM.  This series of truncations was 

fused to EGFP and expressed in HEK 293 cells.  The GPP34 domain is also 

the minimal domain required for localization to the Golgi (Figure 1.9). 

 Using the crystal structure of yeast Vps74p (Schmitz et al., 2008), a 

positively charged pocket on the hydrophobic face of the GPP34 domain was 

identified (Figure 1.10).  To test the role of this pocket, mutations were made in 

human GOLPH3 designed to neutralize its charge yet retain proper folding.  

Two independent mutations of the pocket (R90L and R171A/R174L) each 
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impaired binding to PtdIns(4)P in the lipid blot assay (data not shown) and the 

vesicle binding assay (Figure 1.11).  Immunofluorescence of 3xHA-tagged wild 

type and mutant GOLPH3 expressed in HeLa cells shows that the binding 

pocket mutants also lose Golgi localization (Figure 1.12).  This further 

demonstrates the requirement for PtdIns(4)P binding for Golgi localization. 

 

Deletion of VPS74 in yeast leads to a growth defect 

 In order to determine the function of Vps74p in yeast, VPS74 was 

deleted in diploid cells and replaced with the HIS3 gene, as in Longtine et al., 

1998.  Following sporulation and dissection of tetrads, it was observed that 

each tetrad consisted of 2 spores that grew into large colonies and 2 spores 

that grew into small colonies (Figure 1.13).  Replica plating onto plates lacking 

histidine revealed that these small colonies were from spores able to grow in 

the absence of histidine, or containing the HIS3 gene (Figure 1.13).  Cells from 

large colonies were unable to grow without added histidine.  PCR analysis 

confirmed that the His+ cells from the smaller colonies were indeed deleted for 

VPS74, while the His- cells from the larger colonies were not (data not shown). 

 

Yeast cells deleted for VPS74 show abnormal secretion and recycling 

Given the major role of the Golgi in secretion, the first goal was to 

determine if Vps74p is required for this function.  Can1p is an amino acid 

permease found at the plasma membrane in yeast (Grenson et al., 1966; 
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Hoffmann, 1985).  After synthesis in the ER, it travels via membrane transport 

through the Golgi secretory pathway (Roberg et al., 1997) to the plasma 

membrane where it imports arginine.  Trafficking of GFP-tagged Can1p was 

examined by fluorescence microscopy in wild type and Δvps74 cells.  Can1p-

GFP was observed to accumulate within the cell at slightly greater levels in 

Δvps74 cells than in wild type cells (Figure 1.14). 

In a large-scale yeast two-hybrid screen, Vps74p was found to interact 

with the retromer component Vps26p (Ito et al., 2001).  More recently, human 

GOLPH3 interacted with another retromer component Vps35 in a yeast two-

hybrid screen of a human fetal brain cDNA library (Scott et al., 2009).  Two 

cargoes known to recycle between the late Golgi and endosome in yeast, and 

thus dependent upon a functional retromer complex, are Kex2p and Vps10p.  

Kex2p is a resident late Golgi protein responsible for the cleavage of many 

pro-proteins to mature form before secretion (Gluschankof and Fuller, 1994).  

GFP-tagged Kex2p was observed in Δvps74 cells and found to accumulate in 

a location and manner different from wild type cells (Figure 1.15). 

Yeast α-factor is processed by Kex2p at the late Golgi and secreted by 

MATα cells.  When streaked on a lawn of MATa cells hypersensitive to α-

factor, the growth of the MATa lawn is normally suppressed around the MATα 

streak.  Spores from dissection of VPS74/Δvps74 tetrads carrying the HIS3 

gene that were determined to be MATα by process of elimination (mating type 

segregates 2:2) failed to arrest the growth of a lawn of a MATa mating type 
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tester strain hypersensitive to α-factor (Figure 1.16).  This indicates that either 

α-factor is not properly processed, or not efficiently secreted in Δvps74 cells. 

Vps10p is a membrane-bound receptor responsible for trafficking of the 

soluble vacuolar protease carboxypeptidase Y (CPY) from the late Golgi to the 

endosome, where the protease is sorted via the multivesicular body (MVB) 

pathway and delivered to the vacuole.  Upon delivery of CPY to the MVB, 

Vps10p recycles back to the late Golgi.  The receptor is mislocalized to the 

vacuolar limiting membrane in cells deleted for retromer components, which 

are unable to return it to the Golgi (Seaman et al., 1997; Seaman et al., 1998).  

Examination of GFP-tagged Vps10p (Burda et al., 2002) in Δvps74 cells 

showed its localization to be different from that seen in wild type cells, 

although not necessarily at the vacuole limiting membrane (Figure 1.17). 

 

VPS74 shares its upstream region with the upstream region of FRQ1, a 

gene encoding a regulator of the Golgi PI-4-kinase Pik1p 

 To demonstrate that a phenotype seen upon deletion of a particular 

gene is due to the loss of function of only that gene and not of effects on 

expression of other genes, a wild type copy of the gene on a single-copy 

plasmid is transformed into the deletion strain and compared to the deletion 

strain carrying only vector without the gene.  The aberrant phenotype of the 

deletion strain is rescued to wild type if the phenotype is due only to deletion of 

the target gene.  Wild type cells or cells deleted for VPS74 and transformed 
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with wild type VPS74 on a single copy plasmid or empty vector were serially 

diluted and spotted on plates lacking the amino acid expressed by the vector.  

Plates were examined after 2, 3, and 4 days.  In comparison to wild type cells 

transformed with either vector, the growth of VPS74 deletion cells transformed 

with empty vector was significantly sparser (Figure 1.18).  Growth of deletion 

cells transformed with VPS74-expressing vector was also significantly sparser 

compared to that of wild type cells (Figure 1.18). 

 This result indicated that something other than Vps74p is affected by 

VPS74 deletion.  Examination of a chromosomal map around the area of the 

VPS74 gene revealed on the opposite strand, 610 base pairs upstream of the 

5’ end of VPS74, the 5’ end of FRQ1 (Figure 1.19).  This arrangement 

suggested that the two genes likely share a promoter region or one gene 

contains regulatory sequence for expression of the other and vice versa.  

Frq1p is an N-myristoylated Golgi-localized protein that recruits the essential 

PI-4-kinase Pik1p to the Golgi membrane and stimulates its activity (Hendricks 

et al., 1999; Strahl et al., 2005). 

 Ultimately, to determine if deletion of VPS74 is affecting expression of 

FRQ1, thereby causing the phenotype seen in VPS74 deletion cells, one 

would need to express the entire chromosomal segment containing VPS74 

and FRQ1 on a single copy plasmid, although this has not been done.  If this 

were to rescue the VPS74 deletion phenotype, FRQ1 would need to be 
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expressed extra-chromosomally under the control of a different promoter at 

endogenous levels in experiments involving deletion of VPS74. 

 

GOLPH3 is an Abundant Protein 

 To determine a role for GOLPH3 in Golgi function, its abundance was 

estimated using quantitative Western blotting of HeLa whole cell lysates.  

Signal intensity from lysates of known numbers of HeLa cells was compared to 

known quantities of purified bacterial expressed GOLPH3.  It is estimated that 

each HeLa cell expresses 25+/-5 fg (mean+/-SEM, n=4) or 500,000+/-100,000 

molecules of GOLPH3, making it a highly abundant protein (Figure 1.20).  This 

abundance suggests that GOLPH3 is a major target of PtdIns(4)P, likely to be 

of general importance in Golgi function. 

 

GOLPH3 is Required for Anterograde Trafficking from the Golgi to the 

Plasma Membrane 

 To determine the requirement for GOLPH3 in Golgi function, the effect 

of reducing its levels by siRNA knockdown was examined.  By Western blot, 

three different GOLPH3-specific siRNA oligos reduced GOLPH3 levels by at 

least 70-90% in HeLa or HEK 293 cells (Figure 1.21 and data not shown). 

 Using the cargo ts045-VSVG-EGFP (Hirschberg et al., 2000), 

anterograde trafficking was examined in cells depleted of GOLPH3.  Transport 

of ts045-VSVG-EGFP from the ER to the Golgi was unaltered by knockdown 
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of GOLPH3 (data not shown).  Immunofluorescence of unpermeabilized cells 

using an antibody specific to the extracellular domain of VSVG, allowing 

unambiguous detection at the PM (Bossard et al., 2007), showed that 

knockdown of GOLPH3 impaired trafficking from the Golgi to the PM (Figure 

1.22).  Delivery to the PM was quantified by summing exofacial fluorescence 

over the volume of each cell and normalizing to total ts045-VSVG-EGFP 

fluorescence, and a highly significant (p<10-7, t-test) defect in delivery of ts045-

VSVG-EGFP to the PM was observed in GOLPH3 knockdown cells (Figure 

1.23) [control=6.5+/-0.3 (n=13), GOLPH3 knockdown=3.5+/-0.2 (n=12), 

arbitrary normalized fluorescence units, mean+/-SEM]. 

 

GOLPH3 is Required for the Normal Extended Golgi Ribbon 

 Golgi morphology was next examined by immunofluorescence in 

GOLPH3 knockdown cells.  Depletion of GOLPH3 levels altered the Golgi 

ribbon, changing it from its normal appearance of extending partially around 

the nucleus, to condensing it at one end of the nucleus (Figure 1.24).  

Quantification of Golgi extent around the nucleus, measured as the fraction of 

nuclear perimeter encompassed by the Golgi, demonstrated a highly 

significant condensation of the Golgi upon knockdown of GOLPH3 by each of 

three specific siRNA oligos (p<10-12 for each versus control, t-test, Figure 

1.25).  Several peripheral membrane and transmembrane Golgi markers were 

examined, and all revealed condensation of cis, medial, and trans Golgi as 
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well as the TGN upon knockdown of GOLPH3 in HeLa, HEK 293, and NIH 3T3 

cells (data not shown). 

 

Rescue of Golgi Morphology in GOLPH3 Knockdown Cells Requires the 

Ability of GOLPH3 to Bind PtdIns(4)P 

 To further confirm specificity of the siRNA knockdown phenotype, silent 

mutations were made in GOLPH3 to allow for expression resistant to our most 

potent siRNA oligo.  Expression of siRNA-resistant wild type GOLPH3 

completely rescued the normal extended Golgi ribbon morphology (Figures 

1.26, 1.27, and 1.28).  An siRNA-resistant construct with the R90L PtdIns(4)P 

binding mutation was also produced.  This mutant, as expected, did not 

localize to the Golgi, and was incapable of rescuing Golgi morphology (Figure 

1.27 and 1.28).  These results validate that the effects seen on the Golgi upon 

knockdown of GOLPH3 are specific to the function of GOLPH3 and further 

demonstrate that PtdIns(4)P binding is essential to GOLPH3 function at the 

Golgi. 

 

GOLPH3 Links the Golgi to the Actin Cytoskeleton 

 The condensation of the Golgi observed upon knockdown of GOLPH3 

suggested that GOLPH3 may serve to mediate the application of a tensile 

force to the Golgi, pulling the Golgi ribbon around the nucleus.  A cytoskeletal 

motor would likely be needed to apply such a force.  The dyneins and kinesins 
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act on microtubules and the myosins act on F-actin.  The effect of using 

nocodazole to depolymerize microtubules results in dispersal of the Golgi 

(Rogalski and Singer, 1984), quite different from the effect of GOLPH3 

knockdown. 

 The role of actin at the Golgi is poorly understood.  To examine the 

effect of actin depolymerization on Golgi morphology, HEK 293 cells 

expressing a Golgi marker were treated with Latrunculin B while performing 

live cell imaging.  Treatment with Latrunculin B led to rapid condensation of the 

Golgi (Movie 1.3), recapitulating a published report (Lázaro-Diéguez et al., 

2006) and the effect of GOLPH3 knockdown. 

 The effects of Latrunculin B treatment or GOLPH3 knockdown on the 

Golgi were compared by immunofluorescence microscopy.  Knockdown of 

GOLPH3 results in compaction of the Golgi without altering the pattern of F-

actin (Figure 1.29).  Depolymerization of actin by Latrunculin B leads to 

compaction of the Golgi without affecting the Golgi association of GOLPH3 

(Figure 1.29).  Simultaneous knockdown of GOLPH3 and treatment with 

Latrunculin B produced a similar compaction of the Golgi, but without an 

additive effect (Figures 1.29 and 1.30).  These results raised the possibility 

that GOLPH3 may in some way link the Golgi to the actin cytoskeleton, 

exerting a tensile force on the Golgi. 
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GOLPH3 Binds MYO18A 

 To determine how GOLPH3 might link the Golgi to actin, thus affecting 

Golgi structure, an open-ended approach was taken and large-scale 

immunoprecipitation of GOLPH3 from HeLa whole-cell lysates performed.  

Analysis by mass spectrometry of two prominent bands near 250 kDa 

identified the unconventional myosin, MYO18A as a candidate GOLPH3 

interacting protein (Figure 1.31). 

 MYO18A (type XVIIIA, also known as MysPDZ) has been observed to 

localize to the Golgi (Furusawa et al., 2000; Mori et al., 2003; Mori et al., 2005) 

and to bind actin filaments (Isogawa et al., 2005).  Recently, MYO18A was 

shown to form a tripartite complex with MRCK and LRAP35a in regulation of 

actomyosin retrograde flow in cell protrusion and migration (Tan et al., 2008). 

 The interaction between GOLPH3 and a Golgi-localized myosin 

suggested a model to explain a role for GOLPH3 in linking the Golgi to the 

actin cytoskeleton (Figure 1.32).  This model builds upon GOLPH3 binding to 

PtdIns(4)P at the Golgi and suggests that GOLPH3 further interacts with 

MYO18A, bringing it to the Golgi and thus linking the Golgi to the actin 

cytoskeleton. 

 To confirm the interaction between GOLPH3 and MYO18A, GOLPH3 

was immunoprecipitated from HeLa whole cell lysates and Western blotted 

with a MYO18A-specific antibody.  MYO18A coimmunoprecipitated specifically 

with GOLPH3 (Figure 1.33).  The interaction is not mediated by actin, as it was 
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not disrupted by actin depolymerization by Latrunculin B treatment (Figures 

1.33 and 1.34).  The Golgi-localized myosins MYO2B and MYO6 did not 

coimmunoprecipitate with GOLPH3 (Figure 1.33), indicating that GOLPH3 

interacts uniquely with MYO18A.  The GOLPH3/MYO18A complex is likely 

distinct from the MYO18A/LRAP35a/MRCK complex (Tan et al., 2008), as no 

MRCKβ was detected in GOLPH3 immunoprecipitates (Figure 1.33) and only 

a fraction of MYO18A coimmunoprecipitated with GOLPH3 (data not shown). 

 Next, a direct interaction between GOLPH3 and MYO18A was tested.  

The N-terminal, Middle, and C-terminal segments of MYO18A were tagged 

with 6xHis-SUMO, expressed in bacteria, and purified on nickel beads.  

Incubation of each MYO18A fragment with purified bacterial expressed 

GOLPH3 and GST (negative control) showed that GOLPH3 was specifically 

pulled down by the N-terminal and Middle fragments of MYO18A, but not by 

the C-terminal fragment or 6xHis-SUMO alone (Figure 1.35).  This pull-down 

of GOLPH3 with two fragments of MYO18A indicates a bipartite interaction, 

suggesting the interaction with intact MYO18A in living cells may be 

particularly strong. 

 In examination of the subcellular localization of MYO18A by 

immunofluorescence, endogenous MYO18A was observed at the Golgi, 

colocalizing with endogenous GOLPH3 and p230 in cells treated with control 

siRNA (Figure 1.36).  Localization of GOLPH3 at the Golgi is independent of 

MYO18A, as shown by its Golgi localization upon knockdown of MYO18A.  
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However, MYO18A no longer localized to the Golgi upon knockdown of 

GOLPH3, indicating that MYO18A depends on GOLPH3 for Golgi localization 

and providing confirmation of the biochemical interaction. 

 

Depletion of PtdIns(4)P Phenocopies Knockdown of GOLPH3 

 The model predicts that depletion of PtdIns(4)P should also result in a 

condensed Golgi ribbon.  In Figure 1.5, depletion of PtdIns(4)P by expression 

of EGFP-Sac1-K2A caused dissociation of GOLPH3 from the Golgi.  

Immunofluorescence to p230 reveals that depletion of PtdIns(4)P also causes 

the Golgi ribbon to condense into a compact ball (Figure 1.5).  Quantification 

of Golgi extent around the nuclear perimeter confirmed that the Golgi 

compaction was highly significant (p<10-8, t-test, Figure 1.37).  Similar results 

were observed with the Golgi reporter α-mannosidase II-EGFP (data not 

shown) and indicate that depletion of PtdIns(4)P phenocopies knockdown of 

GOLPH3 and both are essential for an extended Golgi ribbon. 

 

Knockdown of MYO18A Phenocopies Knockdown of GOLPH3 

 To determine if knockdown of MYO18A causes the same condensed 

Golgi phenotype, siRNA was used to knock down MYO18A expression in 

HeLa cells (Figure 1.38).  Immunofluorescence to endogenous GOLPH3 and 

p230 showed that each of three MYO18A-specific siRNAs produced the 

condensed Golgi phenotype (Figure 1.39).  Quantification of Golgi extent 



 20 

confirmed that the Golgi compaction in MYO18A knockdown cells was highly 

significant and similar to GOLPH3 knockdown (p<10-10, t-test, Figure 1.40).  

Similar results were observed in HEK 293 cells (data not shown). 

 

Rescue of MYO18A Knockdown Requires an Intact MYO18A ATP-binding 

Pocket 

 To confirm the specificity of the MYO18A siRNA phenotype, GFP-

tagged wild type mouse MYO18A, predicted to be resistant to our human 

siRNA oligos, was expressed to rescue the compact Golgi phenotype.  

Overexpressed mouse MYO18A-EGFP was diffuse in the cell, but fully 

rescued Golgi morphology resulting from knockdown of human MYO18A 

(Figures 1.41 and 1.42). 

 Mutation of the MYO18A ATPase pocket was recently demonstrated to 

result in a dominant negative effect on actomyosin retrograde flow (Tan et al., 

2008).  The ability to rescue human MYO18A knockdown with mouse 

MYO18A-EGFP allowed testing of the function of a mutation in conserved 

residues in the MYO18A ATP-binding pocket.  The G520S/K521A ATPase 

mutant of mouse MYO18A failed to rescue the condensed Golgi phenotype 

(Figures 1.41 and 1.42).  The ability of MYO18A to generate force on actin has 

not been formally demonstrated, however since MYO18A is homologous to 

other myosins, especially in important functional regions, and fails to function 

when the ATP-binding pocket is mutated (Figures 1.41 and 1.42 and Tan et 
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al., 2008), it is likely that MYO18A functions, like other myosins, to generate 

force on F-actin. 

 

trans Golgi Cisternae are Dilated in Cells Depleted of GOLPH3 or 

MYO18A 

 The data shown here demonstrate that GOLPH3 functions to bind 

specifically to Golgi membranes by binding to PtdIns(4)P and also to 

MYO18A, which likely generates a pulling force, one consequence of which is 

to stretch the Golgi around the nucleus.  Interfering with this apparatus could 

also produce ultrastructural changes.  Depolymerization of actin has been 

shown to cause rounding of the normally flat Golgi cisternae (Lázaro-Diéguez 

et al., 2006).  Examination of Golgi ultrastructure in control, GOLPH3, or 

MYO18A knockdown cells by electron microscopy showed that knockdown of 

GOLPH3 or MYO18A produced dilated Golgi cisternae, frequently dramatically 

so (Figure 1.43).  Cells appeared similar to those observed upon 

depolymerization of actin (Lázaro-Diéguez et al., 2006).  The dilation persists 

despite cycloheximide treatment, suggesting it is not due to filling of cisternae 

with protein (data not shown).  Cisternal dilation was observed as 

asymmetrically localized to one side of the Golgi (Figure 1.43).  Because 

PtdIns(4)P (Godi et al., 2004) and GOLPH3 (this study and Wu et al., 2000) 

localize to the trans Golgi, these dilated cisternae likely represent the trans 

Golgi.  The thickness of individual cisternae were measured in control, 
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GOLPH3, and MYO18A knockdown cells, and the difference in cisternal 

thickness at the trans Golgi was found to be highly statistically significant 

(p<10–4, unpaired t-test, Figure 1.44).  It is thus concluded that GOLPH3, 

MYO18A, and F-actin are required to maintain the familiar flattened 

appearance of the trans Golgi. 

 

A Complex of PtdIns(4)P, GOLPH3, MYO18A, and F-actin is Required for 

Efficient Vesicle Budding 

 The data demonstrate that PtdIns(4)P, GOLPH3, MYO18A, and F-actin 

form a molecular apparatus to pull on trans Golgi membranes.  The purpose of 

this apparatus may be to contribute to the efficient extraction of tubules or 

vesicles from the Golgi, and thus may be required for normal Golgi vesicle 

trafficking.  If true, interfering with any component of the apparatus depicted in 

Figure 1.32 should impair trafficking.  Indeed, knockdown of GOLPH3 

significantly impaired trafficking of ts045-VSVG-EGFP from the Golgi to the 

PM (Figures 1.22 and 1.23). 

 The effect of actin depolymerization, GOLPH3 knockdown, or MYO18A 

knockdown on the rate of tubule or vesicle exit from the Golgi was examined 

by measuring the effect on vesicles bearing PtdIns(4)P.  Live time-lapse 

fluorescence microscopy of cells expressing low levels of EYFP-FAPP1-PH 

was performed.  Images were obtained and tubules or vesicles emanating 

from the Golgi identified (Movie 1.4).  The number of vesicles or tubules 
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leaving the Golgi was counted from the same cells before and after treatment 

with Latrunculin B.  Depolymerization of actin caused a dramatic reduction in 

the frequency of Golgi exit events (Figure 1.45), consistent with previously 

reported results (Lázaro-Diéguez et al., 2007).  Furthermore, knockdown of 

GOLPH3 or MYO18A each caused a similar reduction in the frequency of 

tubule and vesicle exit from the Golgi (Figure 1.45).  These results were further 

validated by measuring the rate of exit of tubules and vesicles marked with the 

cargo ts045-VSVG-EGFP (data not shown).  Thus, GOLPH3, MYO18A, and F-

actin are all required for efficient exit from the Golgi. 

 The requirement for GOLPH3 binding to PtdIns(4)P for efficient Golgi 

trafficking was next tested.  Rescue of EYFP-FAPP1-PH trafficking in siRNA 

knockdown of GOLPH3 was attempted with siRNA-resistant wild type or R90L 

mutant GOLPH3.  Wild type GOLPH3 rescued efficient EYFP-FAPP1-PH 

trafficking, but the R90L PtdIns(4)P binding mutant did not (Figure 1.46).  

Thus, efficient exit from the Golgi depends on the ability of GOLPH3 to bind 

PtdIns(4)P. 

 The model indicates that the extension of the Golgi ribbon around the 

nucleus is a consequence of a tensile force applied via GOLPH3, and that this 

force is necessary for extracting tubules and vesicles from the Golgi.  If true, 

tubules and vesicles should exit the Golgi on a trajectory parallel to the path of 

the Golgi ribbon around the nucleus.  As above, low levels of EYFP-FAPP1-

PH were expressed to mark PtdIns(4)P-bearing vesicles and tubules and the 
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angle between the trajectory of exit from the Golgi and a tangent to the Golgi 

ribbon at the point of exit was measured (Figure 1.47 and Movie 1.4).  The 

trajectory angles were graphed for 99 exit events observed in eight cells 

(Figure 1.48).  These angles clustered highly significantly near 0o and 180o, or 

parallel to the Golgi (p<0.01, Kolmogorov-Smirnov).  Trafficking of ts045-

VSVG-EGFP was also observed, and the angles again clustered around 0° 

and 180°, as predicted (p<0.01, Kolmogorov-Smirnov, data not shown). 

 Taken together, these data indicate that exit of traffic from the Golgi 

depends on interaction of PtdIns(4)P, GOLPH3, MYO18A, and F-actin.  The 

initial trajectory of vesicle exit follows the orientation of the tensile force that 

extends the Golgi ribbon and flattens Golgi cisternae.  This force is produced 

by MYO18A and F-actin and transmitted to the Golgi by GOLPH3 and  

PtdIns(4)P.  The molecular apparatus diagrammed in Figures 1.32 and 1.49 

functions to attach the Golgi to the actin cytoskeleton and is necessary to pull 

tubules and vesicles from it. 

 

Summary and Discussion 

A Novel Phosphoinositide Binding Domain 

 By proteomic screening GOLPH3 has been identified as a PtdIns(4)P 

binding protein.  The specificity of binding is conserved among yeast, flies, and 

humans.  GOLPH3 Golgi localization is a consequence of its interaction with 

PtdIns(4)P.  The highly conserved GOLPH3 proteins represent a family of 
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phosphoinositide binding proteins with a unique structure (Schmitz et al., 

2008) unlike other known phosphoinositide binding proteins, and their ability to 

bind PtdIns(4)P could not have been predicted before this screen.  The 

confirmation of GOLPH3 as a PtdIns(4)P binding protein and characterization 

of its critical role at the Golgi provides strong validation of the screen and the 

hypothesis that many undiscovered phosphoinositide binding proteins exist 

and knowing their identity and properties will illuminate fundamental cell 

functions. 

 

Function of GOLPH3 at the Golgi 

 These data indicate that PtdIns(4)P, GOLPH3, MYO18A, and F-actin 

are all necessary for extension of the Golgi around the nucleus.  The compact 

Golgi phenotype is unusual and not described in many other manipulations of 

the Golgi, including in response to nocodazole, brefeldin A, knockdown of 

Golgi proteins such as Arl1 (Lu et al., 2004), GCC185 (Derby et al., 2007), 

p230, (Yoshino et al., 2005), GM130 or GRASP65 (Puthenveedu et al., 2006), 

COG1, COG2, or COG5 (Oka et al., 2005), or knockdown of other PtdIns(4)P 

binding proteins such as FAPP1, FAPP2 (Godi et al., 2004), or CERT 

(Giussani et al., 2008).  Golgi compaction is a distinct result of depletion of 

PtdIns(4)P, knockdown of GOLPH3, knockdown of MYO18A, or 

depolymerization of F-actin, consistent with the interactions depicted in the 

model (Figure 1.32). 
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 GOLPH3 functions at the Golgi by binding directly and specifically to 

Golgi membranes through PtdIns(4)P, although it remains formally possible 

that an additional Golgi factor may help to recruit GOLPH3 to the Golgi.  

GOLPH3 also binds MYO18A, linking the Golgi to actin filaments.  Based on 

homology and the requirement for an intact ATP-binding pocket, MYO18A is 

likely functioning as an active motor, although it is possible that MYO18A 

functions only to link to F-actin, and the generation of tension involves a more 

complicated mechanism. 

 

Actin and Myosin at the Golgi 

 A role for F-actin at the Golgi has been suggested previously.  In S. 

cerevisiae, vesicles trafficking from the Golgi in the polarized secretory 

pathway travel along actin cables in a process dependent on the Pik1p PI-4-

kinase (Finger and Novick, 1998; Walch-Solimena and Novick, 1999; Hsu et 

al., 2004; Pruyne et al., 2004). 

 In mammalian cells, F-actin and actin-associated proteins have been 

found at the Golgi (for reviews see Egea et al., 2006 and De Matteis and Luini, 

2008).  Egea and colleagues have published a series of studies showing that 

depolymerization of actin alters Golgi morphology and trafficking, although a 

compelling mechanism was not identified (Egea et al., 2006; Lázaro-Diéguez 

et al., 2007).  These data and model provide an explanation for their results. 
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 Previous studies have identified other myosins at the Golgi.  In 

mammalian cells, MYO1, MYO2, and MYO6 have been implicated in Golgi 

secretory function (for review see Allan et al., 2002).  Our mass spectrometry 

and coimmunoprecipitation data reveal that GOLPH3 couples specifically to 

MYO18A in mammalian cells. 

 In mammalian cells, the demonstration that vesicles leaving the Golgi 

follow a path that colocalizes with microtubules (Cooper et al., 1990) has led to 

a popular model whereby vesicles are carried by microtubules.  A growing 

number of proteins serve to bridge microtubules and F-actin (reviewed in 

Rodriguez et al., 2003), providing potential synthesis between the F-actin 

model favored in yeast and these data, and the microtubule model that has 

been favored in the mammalian system. 

 

Conservation to S. cerevisiae 

 Vps74p binds PtdIns(4)P in vitro and is downstream of PIK1 in vivo.  

Furthermore, human GOLPH3 can partially rescue a vps74 mutant (Tu et al., 

2008), and so they likely function similarly.  In mammals, GOLPH3 functions 

through its interaction with MYO18A, but the S. cerevisiae genome does not 

encode an ortholog of MYO18A, having only type I, II, and V myosins (Berg et 

al., 2001).  There are many examples in S. cerevisiae where a small number 

of primordial myosins perform the range of functions that in higher organisms 

are partitioned between a larger number of more specialized myosins (for 
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review see Berg et al., 2001), and thus Vps74p could be expected link to one 

of these.  In fact, Pik1p-dependent polarized secretion is proposed to be 

dependent on the type V myosin, Myo2p (Walch-Solimena and Novick, 1999; 

Pruyne et al., 2004), making it a good candidate. 

 Two groups recently reported that in yeast Vps74p is involved in 

maintaining the steady-state localization of cis and medial Golgi-localized 

glycosyltransferases that function in cell wall biosynthesis (Schmitz et al., 

2007; Tu et al., 2007).  In mammalian cells, GOLPH3 localizes to the trans 

Golgi (Wu et al., 2000; Snyder et al., 2006 and current study).  The specific 

glycosyltransferases studied in yeast are not conserved beyond fungi.  Several 

mammalian glycosyltransferases were examined in our lab and neither 

interaction with GOLPH3 nor mislocalization upon knockdown of GOLPH3 has 

been seen (data not shown).  It is possible that this represents a species 

difference. 

 

The Role of PtdIns(4)P at the Golgi 

 Based on high abundance of GOLPH3 (~500,000 molecules per HeLa 

cell) and high conservation from S. cerevisiae to humans, it is a major target of 

PtdIns(4)P.  Other well-documented targets of PtdIns(4)P include OSBP, 

FAPP, and CERT which function in the non-vesicular transport of cholesterol, 

glucosylceramide, and ceramide, respectively (Im et al., 2005; Raychaudhuri 

and Prinz, 2006; Halter et al., 2007; D’Angelo et al., 2007; Hanada et al., 



 29 

2003).  Notably, these proteins all function to regulate the composition of Golgi 

membranes and therefore are expected to regulate the mechanical properties 

of the membrane.  Thus, PtdIns(4)P has targets that simultaneously regulate 

the tensile force on the membrane and its mechanical properties, including 

presumably its elasticity and elastic limit, thereby determining behavior of the 

membrane when subjected to tension.  The coordinate regulation of a tensile 

force and the mechanical properties of the membrane provides an ideal 

arrangement to control the ability to pull vesicles from the Golgi and 

consequently, to generate the morphology uniquely characteristic of the Golgi.  

This model provides a simple explanation for all available data and an 

appealing link between the process of vesicle budding and Golgi morphology. 

 

Future Directions 

 The purification of GOLPH3 followed by mass spectrometry identified 

GOLPH3 interactors other than MYO18A (Figure 1.50).  One of these, Golgi-

localized optineurin (also called HYPL, FIP-2, NRP, or TFIII-IntP), is an 

interesting candidate for further study.  It has been implicated in processes as 

diverse as transcription (Moreland et al., 2000), cell shape (Hattula and 

Peränen, 2000), cell survival (De Marco et al., 2006), secretion (Sahlender et 

al, 2005; del Toro et al., 2009), Golgi morphology (Park et al., 2006), and NF-

κB signaling (Li et al., 1998; Zhu et al., 2007; Mrowka et al, 2008).  Mutations 

in the OPTN gene are associated with glaucoma (Rezaie et al., 2002; Park et 
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al., 2006) and the interaction of optineurin with huntingtin links it to 

Huntington’s disease (Faber et al., 1998; Hattula and Peränen, 2000; del Toro 

et al., 2009). 

 Optineurin is a 67 kDa protein with multiple coiled-coil domains, two 

leucine zippers, a zinc finger, and a UBAN domain.  UBAN is a Ubiquitin-

Binding domain in ABIN proteins and NEMO (Wagner et al., 2008) and the 

UBAN motif of NEMO (NF-κB Essential MOdulator) bound to ubiquitin has 

been crystallized and shown to form a parallel coiled-coil dimer, selectively 

binding two linear diubiquitin molecules (Rahighi et al., 2009).  The yeast 

GOLPH3 homolog Vps74p was identified in a screen of the entire yeast 

proteome for ubiquitinated proteins (Peng et al 2003), and so we reason that 

GOLPH3 is likely ubiquitinated and that optineurin binds ubiquitinated 

GOLPH3. 

 A few preliminary experiments have indicated that GOLPH3 and 

optineurin interact in the same pathway, possibly through the binding of 

ubiquitinated GOLPH3 by optineurin.  The interaction between optineurin and 

GOLPH3 was first confirmed by immunoprecipitation of GOLPH3 followed by 

western blot using an antibody specific to optineurin.  Immunoprecipitation 

from HeLa whole cell lysates was performed with GOLPH3-specific or pre-

immune serum.  Western blot indicates that optineurin coimmunoprecipitates 

only when GOLPH3 is immunoprecipitated (Figure 1.51).  Like the interaction 

between MYO18A and GOLPH3, the interaction between optineurin and 
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GOLPH3 is not dependent upon actin filaments, as the interaction is retained 

in Latrunculin B-treated cells (Figure 1.51). 

 Next, optineurin levels were knocked down in HeLa cells by siRNA.  

Using three different optineurin-specific siRNA oligos, Western blot shows that 

optineurin can be knocked down to less than 10% of normal levels (Figure 

1.52).  Immunofluorescence to cells prepared in parallel shows that 

knockdown of optineurin with two of the three oligos results in a compact Golgi 

phenotype.  It is not clear at this point why one oligo seems to have no effect, 

but we suspect it may relate to the extent of knockdown or to off-target effects. 

 Experiments to directly detect ubiquitinated GOLPH3 are being 

optimized, but one experiment already performed indicates that ubiquitination 

of GOLPH3 may strengthen its interaction with optineurin.  N-ethylmaleimide 

(NEM) inhibits ubiquitin-specific proteases by creating disulfide bonds with the 

catalytic cysteines, and is often used in biochemical experiments to detect 

ubiquitin and ubiquitination.  In a coimmunoprecipitation to test whether or not 

the addition of NEM to the immunoprecipitation buffer made a difference in 

how much optineurin coimmunoprecipitates with GOLPH3, a considerable 

difference between the two conditions was seen.  Immunoprecipitation of 

GOLPH3 in the presence of NEM resulted in far more optineurin 

coimmunoprecipitating with GOLPH3 than in buffer without NEM (Figure 1.54).  

For now, our working model is that GOLPH3 undergoes ubiquitination and that 
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this allows binding by optineurin.  In some way, optineurin is required for 

GOLPH3 function in maintaining Golgi morphology. 
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Figures 
 
 
 

 
 
 
 
Figure 1.1. Screening of the Drosophila Gene Collection for lipid binding.  
Example hits correspond to previously well-validated lipid binding proteins with 
known binding domains.  The screen also identified novel lipid binding 
proteins.  Shown is novel PtdIns(4)P binding protein, GOLPH3.  The yeast 
(Vps74p) and human orthologs also bind PtdIns(4)P. 
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Figure 1.2. Purified Drosophila and human GOLPH3 bind PtdIns(4)P in vitro.  
Bacterial expressed and purified GST fusions of Drosophila and human 
GOLPH3 specifically bind PtdIns(4)P in vitro by lipid blot assay. 
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Figure 1.3. Endogenous GOLPH3 (green) colocalizes with endogenous p230 
(red) in HeLa cells.  Yellow in merge indicates colocalization.  
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Figure 1.4. In yeast, GFP-Vps74p (GOLPH3 homolog) colocalizes with co-
expressed late Golgi marker Sec7p-dsRed.  Yellow in merge indicates 
colocalization. 
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Figure 1.5. Depletion of PtdIns(4)P results in the dissociation of GOLPH3 from 
the Golgi.  HeLa cells expressing EGFP-tagged phosphatase Sac1-K2A or 
EGFP (control) stained for endogenous GOLPH3 (red), TGN marker p230 
(yellow), and DAPI (blue).  In control and untransfected cells, GOLPH3 and 
p230 co-localize at the Golgi, but EGFP-Sac1-K2A renders GOLPH3 staining 
diffuse and distinct from p230. 
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Figure 1.6. PtdIns(4)P is depleted in S. cerevisiae expressing temperature 
sensitive allele pik1-83ts upon shift to 37°C.  In wild type, GFP-Vps74p remains 
colocalized with late Golgi marker Sec7p-dsRed at both temperatures.  In pik1-
83ts, GFP-Vps74p dissociates from the Golgi upon shift to 37°C (also see 
Movie 1.2). 
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Figure 1.7. Overexpression of EYFP-FAPP1-PH displaces endogenous 
GOLPH3 from the Golgi.  White arrowheads indicate cells expressing EYPF-
FAPP1-PH (green) in which anti-GOLPH3 staining (red) is diffuse vs. adjacent 
untransfected cells. 
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Figure 1.8. Lipid blot with truncations of Drosophila GOLPH3 expressed in 
vitro show amino acids 30-293 make up the minimal PtdIns(4)P binding 
domain. 
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Figure 1.9. Truncations of Drosophila GOLPH3 expressed in HEK 293 cells for 
fluorescence microscopy show that the minimal PtdIns(4)P binding domain is 
also the minimal domain required for Golgi localization. 
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Figure 1.10. (A) Electrostatic surface rendering (red=acidic, blue=basic) of the 
Vps74p core homodimer reveals in each subunit a basic pocket (green 
arrows) that could accommodate a phosphoinositide head group.  (B) 
Residues lining the pocket (green arrow) include the conserved Arg97 at the 
bottom of the pocket, conserved Lys178 and Arg181 at the sides of the 
pocket, and conserved Trp88 at the side of the pocket.  Note that in other 
classes of phosphoinositide binding domains, a common feature of the binding 
pocket are conserved basic amino acids that ligate the phosphates and 
hydroxyls on the inositol ring, and often a conserved aromatic residue (such as 
Trp) that forms stacking interactions with the inositol ring.  (C) Hydrophobic 
surface rendering (green=hydrophobic, orange=hydrophilic) of the Vps74p 
core homodimer reveals that residues extending up (toward the viewer) 
beyond the plane of the two putative phosphoinositide binding pockets (red 
arrows) are highly hydrophobic (red circles), consistent with an interaction with 
the lipid bilayer that would occur if the molecule were engaged by two 
molecules of PtdIns(4)P in the two binding pockets of the homodimer. 



 44 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 1.11. Lipid vesicle binding shows the specificity of wild type GOLPH3 
for PtdIns(4)P, but not for PtdIns(3)P.  R90L and R171A/R174L mutants do not 
bind PtdIns(4)P-enriched vesicles.  The p40phox-PX control binds PtdIns(3)P, 
but not PtdIns(4)P vesicles.  (V=vesicle, S=soluble) 
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Figure 1.12. In HeLa cells, R90L and R171A/R174L mutations of GOLPH3 
(magenta) mislocalize to the cytosol, but coexpressed wild type EGFP-
GOLPH3 (green) remains at the Golgi as marked by TGN46 (red).  DAPI in 
blue. 
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Figure 1.13. Germination of spores from dissection of six complete tetrads 
fromVPS74/Δvps74::HIS3 diploid strain on rich media.  Red asterisks denote 
colonies from cells that are His+, or deleted for VPS74. 
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Figure 1.14. Cells deleted for VPS74 show slightly more internal Can1p-GFP 
accumulation than wild type cells.  CMAC stains the vacuole/lysosome. 
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Figure 1.15. Cells deleted for VPS74 show a different Kex2p-GFP pattern of 
localization than wild type cells.  CMAC stains the vacuole/lysosome. 
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Figure 1.16. MATα cells deleted for VPS74 do not suppress growth of a lawn 
of α-factor hypersensitive MATa cells, indicating that α-factor is not being 
secreted or not fully processed in Δvps74 cells. 
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Figure 1.17. Vps10p-GFP, the yeast CPY receptor shows a different pattern of 
localization in Δvps74 cells in comparison to wild type cells.  CMAC stains the 
vacuole/lysosome. 
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Figure 1.18. Serial dilutions of cells spotted onto plates show that the growth 
defect of Δvps74 cells is not rescued by expression of wild type VPS74 from a 
single-copy vector.  Wild type cells transformed with empty vector or vector 
carrying VPS74 grow at approximately equal rates.  VPS74 deletion cells 
transformed with empty vector or vector carrying VPS74 grow at approximately 
equal rates, but more slowly than wild type. 
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Figure 1.19. The 5’ end of FRQ1 is 610 base pairs upstream of the 5’ end of 
VPS74, indicating that the two genes likely share a promoter region.  Deletion 
of VPS74 may affect expression of FRQ1. 
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Figure 1.20. An estimation of GOLPH3 abundance in HeLa cells.  Western blot 
with GOLPH3 antiserum was used to compare levels of GOLPH3 in whole-cell 
SDS lysates from pre-determined numbers of HeLa cells to purified E. coli 
expressed GOLPH3 of known quantities.  Calculations indicate that each HeLa 
cell contains 25+/-5 fg, or 500,000+/-100,000 molecules of GOLPH3 (mean+/-
SEM, n=4). 
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Figure 1.21. Western blot of HeLa lysates shows GOLPH3 is knocked down 
70-90% by each specific siRNA.  GOLPH3 antiserum recognizes a single 
band at 34 kDa in control lysates.  Decreasing amounts of control lysate were 
loaded to allow for quantification of knockdown.  Blots for β-actin and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) verify equal loading. 
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Figure 1.22. Trafficking of ts045-VSVG-EGFP, through the Golgi to the PM is 
impaired by the knockdown of GOLPH3.  HeLa cells were serially transfected 
with GOLPH3 or control siRNA, then with ts045-VSVG-EGFP expression 
vector, incubated at 40°C overnight, then shifted to 32°C for 2 hours.  Arrival at 
the PM was determined unambiguously with an antibody to the extracellular 
domain of VSVG applied to unpermeabilized cells. 
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Figure 1.23. GOLPH3 knockdown cells have less ts045-VSVG-EGFP at the 
surface than control cells, as detected by an antibody to the external portion of 
VSVG in unpermeabilized cells. 
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Figure 1.24. Knockdown of GOLPH3 causes condensation of the Golgi ribbon.  
Control siRNA transfected cells show a normal extended Golgi ribbon as 
detected by GOLPH3 (green) and p230 (red).  GOLPH3 siRNA reduces 
GOLPH3 levels and causes condensation of the Golgi (p230).  DAPI in blue.  
Imaging parameters identical in all. 
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Figure 1.25. Quantification of Golgi extent around the nucleus (Golgi length 
relative to nuclear perimeter, mean/SEM graphed) demonstrates a significant 
change with depletion of GOLPH3 (p<10-12, t-test). 
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Figure 1.26. Western blot shows knockdown of GOLPH3 (lane 4) and 
restoration by siRNA-resistant wild type (lane 5) and R90L (lane6) GOLPH3.  
Blot for GAPDH shows equal loading. 
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Figure 1.27. Expression of siRNA-resistant GOLPH3 (near endogenous levels, 
cotransfected with EGFP) rescues the compact Golgi phenotype, resulting in 
an extended Golgi ribbon and validating GOLPH3 siRNA specificity.  
Expression of siRNA-resistant GOLPH3 PtdIns(4)P binding pocket mutant 
does not rescue the condensed Golgi phenotype.  Asterisks indicate 
transfected cells. 
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Figure 1.28. Quantification of Golgi extent around the nucleus (mean/SEM) 
demonstrates a significant rescue of Golgi compaction by wild type, but not 
R90L GOLPH3 (p<0.001 for indicated comparisons, t-test). 
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Figure 1.29. HeLa cells treated with control siRNA and DMSO show a normal 
extended Golgi morphology (p230, green and GOLPH3, yellow) and normal F-
actin (Texas red phalloidin, magenta).  Control siRNA + Latrunculin B causes 
loss of F-actin (stress fibers and peripheral actin) and Golgi condensation, but 
GOLPH3 remains at Golgi.  GOLPH3 siRNA + DMSO causes a loss of 
GOLPH3 and Golgi condensation, but F-actin remains normal.  Combined 
GOLPH3 siRNA + Latrunculin B causes loss of F-actin and GOLPH3, with 
Golgi condensation. 
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Figure 1.30. Measurement of Golgi extent around the nucleus (from 1.29) 
indicates that no additional effects on Golgi are seen in combining GOLPH3 
siRNA and Latrunculin B. 
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Figure 1.31. Large scale anti-GOLPH3 (or control) immunoprecipitation of 
HeLa whole-cell lysates separated by SDS-PAGE and stained with Coomassie 
blue.  Bands specific to anti-GOLPH3 immunoprecipitation (indicated by 
arrows) were excised and identified by mass spectrometry.  These included 
GOLPH3 (at ~34KDa), and a doublet at ~250 KDa that represents isoforms of 
MYO18A. 
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Figure 1.32. Proposed model: GOLPH3 binds Golgi membrane PtdIns(4)P and 
MYO18A, linking the Golgi to the cytoskeleton. 
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Figure 1.33. Western blot shows that MYO18A coimmunoprecipitates 
specifically with GOLPH3 even when actin is depolymerized by Latrunculin B 
(Figure 1.34).  Golgi-localized myosins, MYO2B and MYO6, and MRCKβ did 
not coimmunoprecipitate with GOLPH3. 
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Figure 1.34. HeLa cells were treated with Latrunculin B to depolymerize actin 
prior to immunoprecipitation with GOLPH3 antiserum (Figure 1.33).  
Latrunculin B treated cells are observed to have a condensed Golgi as shown 
by GOLPH3 and p230 staining, and depolymerized actin as indicated by lack 
of stress fibers and peripheral F-actin observed by phalloidin staining. 
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Figure 1.35. Purified, bacterial expressed GOLPH3 (but not GST) binds His-
SUMO-tagged N-terminal and Middle fragments of MYO18A but not the C-
terminal fragment or His-SUMO alone bound to nickel beads. 
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Figure 1.36. MYO18A (green) colocalizes with GOLPH3 (red) and p230 
(magenta) in HeLa cells.  DAPI in blue.  Knockdown of MYO18A shows the 
specificity of the MYO18A antibody for immunofluorescence.  Knockdown of 
GOLPH3 causes loss of MYO18A from Golgi. 
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Figure 1.37. Depletion of PtdIns(4)P causes condensation of the Golgi.  
Quantification of Golgi extent measured as a fraction of the nuclear perimeter 
from cells in randomly chosen fields from Figure 1.5.  Graph indicates mean 
and standard error.  Expression of EGFP-Sac1-K2A causes a statistically 
significant decrease in Golgi extent around the nucleus (p<10-8, t-test). 
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Figure 1.38. Western blot of HeLa lysates shows that MYO18A is knocked 
down >90% by each specific siRNA oligo.  GAPDH blot verifies equal loading. 
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Figure 1.39. Knockdown of MYO18A with each specific siRNA results in a 
condensed Golgi as shown by immunofluorescence to GOLPH3 (green) and 
p230 (red).  DAPI in blue.  Similar results are seen in HeLa (shown) and HEK 
293 cells. 
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Figure 1.40. Quantification of Golgi extent (length relative to nuclear perimeter, 
mean/SEM graphed) demonstrates a significant compaction of the Golgi 
(p<10-10, t-test) in MYO18A knockdown cells. 
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Figure 1.41. GFP-tagged wild type mouse MYO18A, but not an ATP-binding 
mutant or EGFP alone, rescues the Golgi phenotype of MYO18A knockdown 
in HeLa cells as shown by immunofluorescence to GOLPH3 and p230 
(magenta).  DAPI shown in blue. 
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Figure 1.42. Quantification of Golgi extent around the nucleus (mean/SEM 
graphed) demonstrates significant rescue of Golgi morphology by wild type 
mouse MYO18A, but not by ATP-binding mutant mouse MYO18A (p<0.02 for 
indicated comparisons, t-test). 
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Figure 1.43. Electron micrographs of negative control, GOLPH3, and MYO18A 
siRNA-treated HeLa cells (two different oligos for each).  Control cells show 
flat Golgi cisternae arranged in neat stacks.  Knockdown of GOLPH3 or 
MYO18A (verified by Western blot of parallel samples) results in dilated, 
frequently completely aberrant Golgi cisternae, especially on the trans face 
(see text).  (scale bar = 200 nm) 
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Figure 1.44. The cisternae in each stack were divided into the cis-medial and 
medial-trans halves and the thickness of each cisterna measured.  The 
differences between control and knockdown are highly significant for medial-
trans cisternae (p<10-4, t-test, mean/SEM graphed). 
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Figure 1.45. Knockdown of GOLPH3, MYO18A, or depolymerization of actin 
each impair Golgi vesicle exit.  HeLa cells expressing low levels of EYFP-
FAPP1-PH to mark PtdIns(4)P-rich membranes were imaged live before and 
after Latrunculin B treatment.  Vesicles or tubules exiting the Golgi were 
counted (10-15 cells per siRNA, counting 100-1500 exit events per siRNA, 
pooling two experiments).  Differences from control are highly significant 
(p<10-9, t-test). 
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Figure 1.46. siRNA-resistant wild-type GOLPH3, but not the R90L mutant 
defective in binding PtdIns(4)P, rescues the Golgi trafficking defect.  
Differences are significant (p<10-6 by t-test, 20-30 cells each, counting 900-
2400 exit events, pooling two experiments). 
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Figure 1.47. Measurement of the angle of exit of tubules/vesicles from the 
Golgi.  Live imaging of EYFP-FAPP1-PH shows two PtdIns(4)P-rich tubules 
leaving the Golgi (see also Movie 1.4) and measurement of initial trajectory 
angles relative to the direction of the Golgi ribbon at point of exit. 
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Figure 1.48. Initial trajectories of PtdIns(4)P-rich tubules or vesicles were 
plotted for 99 exit events collected from independent imaging of 8 HeLa cells.  
Clustering around 0o and 180o, or parallel to the plane of the Golgi, is highly 
significant (p<0.01, Kolmogorov-Smirnov test). 
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Figure 1.49. Diagram of the Golgi (used with permission (Davidson, 2004)) 
superimposed with Model: GOLPH3 binds PtdIns(4)P and links to MYO18A, 
transducing a tensile force to pull vesicles from the Golgi, contributing to its 
flattened form. 
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Figure 1.50. Optineurin was also identified as a GOLPH3 interactor by mass 
spectrometry. 
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Figure 1.51. Western blot with an antibody specific to optineurin shows that it 
coimmunoprecipitates specifically with GOLPH3 from HeLa whole cell lysates.  
Pre-treatment of cells with latrunculin B shows that the interaction is not 
dependent upon actin filaments. 
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Figure 1.52. Optineurin can be knocked down by more than 90% with 3 
different optineurin-specific siRNA oligos.  HeLa cells were treated with 20nM 
siRNA for 72 hours and lysed by boiling in SDS. 
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Figure 1.53. Knockdown of optineurin with 2 of 3 optineurin-specific siRNA 
oligos results in a compact Golgi, as seen with staining to endogenous Golgi 
markers GOLPH3 (green), TGN46 (red), and p230 (magenta).  HeLa cells 
were treated with 20nM siRNA for 72 hours.  Blue is DAPI staining. 
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Figure 1.54. More optineurin coimmunoprecipitates with GOLPH3 from HeLa 
whole cell lysates when immunoprecipitation buffer contains 5mM NEM than in 
buffer without NEM. 
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Chapter 2: Ubp3p Functions in the Endocytosis of Integral Plasma 

Membrane Proteins 

 

Introduction 

 Plasma membrane protein down-regulation and internalization is a fairly 

well characterized process, but many of the fine regulatory events associated 

with the endocytosis and turnover of these proteins have not been fully 

elucidated. 

 As mentioned in the previous chapter, Can1p is an amino acid 

permease found at the plasma membrane in yeast (Grenson et al., 1966; 

Hoffmann, 1985).  After synthesis in the endoplasmic reticulum (ER), it travels 

via membrane transport through the Golgi secretory pathway (Roberg et al., 

1997) to the plasma membrane (Figure 2.1) where it imports arginine.  Upon 

uptake by endocytosis, it is sorted through the MultiVesicular Body (MVB) 

pathway and delivered to the vacuole where it is degraded (Figure 2.1; 

Opekarová et al., 1998). 

 Canavanine is a toxic arginine analogue.  One way it causes harm to 

cells is by substituting for arginine in peptide chains during protein synthesis.  

This causes essential proteins to misfold, inactivating them or resulting in their 

degradation.  Another means by which canavanine can cause damage is 

through inhibition of the cytochromes in the mitochondria, thereby reducing 

respiratory activity (Rosenthal, 1977). 
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 A screen of approximately 4,700 viable yeast deletion mutants in the 

BY4741 collection was conducted to identify genes which when deleted result 

in slow growth or lethality in the presence of levels of canavanine in which wild 

type cells can grow normally.  The goal of this screen was to identify 

uncharacterized factors involved in the turnover of proteins from the plasma 

membrane.  Cells defective in this process would presumably have more of 

the Can1p permease stabilized at the cell surface, and thus import greater 

amounts of canavanine, producing harmful or lethal effects. 

 Working with a subset of canavanine hypersensitive deletions, a visual 

screen was performed using GFP-tagged Can1p and fluorescence 

microscopy.  Can1p-GFP is found at the plasma membrane in log-phase wild 

type cells (Figure 2.1).  Upon treatment with cycloheximide, a drug shown to 

trigger endocytosis of multispan plasma membrane proteins (Volland et al., 

1994), or rapamycin, which mimics starvation conditions (Beck et al., 1999), 

Can1p-GFP is internalized and sorted to the vacuole for degradation (Figure 

2.1).  Deletion of genes encoding proteins involved in endocytosis or ESCRT 

(Endosomal Sorting Complex Required for Transport) components results in 

the inability of the cell to turn over Can1p-GFP (Figure 2.1). 

 Three genes encoding DeUBiquitinating enzymes (DUBs) were found to 

confer canavanine hypersensitivity when deleted in the yeast strain BY4741.  

Sixteen DUBs have been identified in yeast.  They process ubiquitin 

precursors to form mature ubiquitin and catalyze the cleavage of mono- and/or 
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polyubiquitin from proteins, recycling ubiquitin for reuse.  The UBP (UBiquitin-

specific Protease) domain is the only common trait among this group of 

proteins, and consists of catalytic histidine, cysteine, and aspartic acid 

residues (Figure 2.2; Amerik and Hochstrasser, 2004). 

 

Results 

Deletion of UBP3 leads to canavanine hypersensitivity and defective 

endocytosis 

 Ubp3p, Ubp4p/Doa4p, and Ubp15p were each identified in our lab’s 

canavanine hypersensitivity screen of the BY4741 deletion collection.  Another 

lab had previously found three other DUB deletions, Δubp6, Δubp10, and 

Δubp14, to be canavanine hypersensitive in a different yeast strain (Amerik et 

al., 2000b) in addition to the three from our screen.  In order to test the 

sensitivity of each of these six DUB deletions in the strain SEY6210, 

homologous recombination was used to delete the chromosomal copy of each.  

Of the six, only Δubp3, Δubp4/doa4, Δubp10, and Δubp15 showed any degree 

of canavanine hypersensitivity in the strain SEY6210 (Figure 2.3), thus 

repeating the results of the screen.  (Deletion of UBP10 is not a part of the 

BY4741 deletion collection used and so would not have been identified in the 

screen.) 

 The next step was to determine which of these canavanine 

hypersensitive UBP deletions showed mistrafficking of Can1p-GFP.  As 
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previously mentioned, upon treatment of wild type cells with cycloheximide or 

rapamycin, Can1p-GFP is internalized from the plasma membrane.  Both  

Δubp3 and Δubp4/doa4 stabilized Can1p-GFP at the plasma membrane with 

either treatment, but Δubp10 and Δubp15 sorted Can1p-GFP normally (Figure 

2.4 and data not shown).  Because the involvement of Ubp4p/Doa4p in MVB 

sorting is well-characterized (Amerik et al., 2000a), the role of Ubp3p in 

plasma membrane protein downregulation was further studied. 

 To show that treatment of cells with rapamycin or cycloheximide is not 

simply causing mass internalization of integral plasma membrane proteins in 

wild type cells and the deletion of UBP3 causing this to stop, the trafficking of 

other endocytic cargoes was followed by fluorescence microscopy.  Fur4p-

GFP and Mup1p-GFP are permeases for uracil and methionine respectively, 

and in wild type cells, turnover is triggered by the addition of the transported 

substrates of each (Séron et al., 1999; Lin et al., 2008).  Upon addition of 

substrate amino acid, each permease was internalized in wild type cells, but 

stabilized at the plasma membrane in Δubp3 cells (Figures 2.5 and 2.6), 

demonstrating that rapamycin and cycloheximide are likely not causing 

generalized plasma membrane turnover that is stopped by deletion of UBP3. 

 Next, it was determined whether the deubiquitinating activity of Ubp3p 

is needed for endocytosis.  A construct was made in which the catalytic 

cysteine was mutated to alanine (Ubp3p C469A) in single copy plasmid-borne 

UBP3 by site directed mutagenesis.  Wild type and mutant constructs were 
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transformed into Δubp3 cells, and the canavanine sensitivity and Can1p-GFP 

trafficking examined.  Ubp3p C469A did not rescue the canavanine 

hypersensitivity (Figure 2.7) or the Can1p-GFP trafficking defect (Figure 2.8) 

found in Δubp3 cells, whereas the wild type construct rescued both.  Thus, it is 

the deubiquitinating activity of Ubp3p that is necessary for endocytosis.  

 

Deletion of UBP3 does not result in decreased free ubiquitin in the cell 

 The ubiquitination of Can1p is essential to the turnover of Can1p-GFP 

at the plasma membrane and mutations of lysines predicted to be 

ubiquitinated to alanine results in stabilization of Can1p-GFP at the plasma 

membrane (Matejcková-Foretová et al., 1999; Lin et al., 2008).  Because of 

this and because the deubiquitinating activity of Ubp3p is required for Can1p 

endocytosis, a deletion of Ubp3p could lead to limited free ubiquitin in the cell, 

causing an endocytic defect.  A construct overexpressing ubiquitin upon 

induction with Cu2+ (Ellison and Hochstrasser, 1991) was transfected into wild 

type and Δubp3 cells.  Overexpression of ubiquitin had no effect on the 

trafficking of Can1p-GFP in wild type cells, but did not rescue the Can1p-GFP 

trafficking defect in Δubp3 cells (Figure 2.9). 

 Another possible explanation of the indirect involvement of Ubp3p in 

Can1p-GFP trafficking is the lack of mature ubiquitin in the cell if Ubp3p is 

solely involved in ubiquitin precursor processing as described in Baker et al., 

1992.  CarboxyPeptidase S (CPS) is a vacuolar protease requiring 
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monoubiquitination to be sorted into the MultiVesicular Body (MVB) pathway 

and delivered to the vacuole (Katzmann et al., 2003).  To determine if this 

could be the case, GFP-tagged CPS was observed in Δubp3 cells and seen to 

have no defect in sorting (Figure 2.10). 

 

Ubp3p may deubiquitinate endocytic machinery, activating it or 

preventing its proteasomal degradation 

 Intuitively, the Ubp3p substrate probably would not be the cargo, since 

Can1p-GFP requires ubiquitination to be endocytosed (Lin et al., 2008).  If a 

DUB were acting directly on the cargo, it would presumably lead to 

stabilization at the plasma membrane.  Deleting this DUB would result in 

increased turnover from the plasma membrane. 

 The target of Ubp3p could be part of the endocytic machinery.  The role 

of Ubp3p would likely be positive regulation of its substrate, possibly by rescue 

of it from degradation by the proteasome.  Such an example of this can be 

found in Drosophila.  Epsin is an ENTH (Epsin N-Terminal Homology) domain-

containing protein that induces curvature of clathrin-coated pits during 

endocytosis (reviewed in Horvath et al., 2007; Itoh and De Camilli, 2006).  The 

Drosophila epsin homolog Liquid facets is deubiquitinated by the DUB Fat 

facets, reversing its polyubiquitination and rescuing it from proteasomal 

degradation.  Knockdown of Fat facets leads to a defect in endocytosis 

(Cadavid et al., 2000; Chen et al, 2002). 
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 Another possible role for Ubp3p could entail the deubiquitination of a 

monoubiquitinated endocytic machinery component, positively activating it.  

Several mammalian endocytic proteins have been shown to be 

monoubiquitinated (Dupré et al., 2004).  One idea is that ubiquitination recruits 

proteins to the site of endocytosis through binding of ubiquitin binding domains 

found in other endocytic machinery proteins.  Alternatively, a DUB could be 

used to deubiquitinate these ubiquitinated proteins, breaking them away from 

the endocytic complex after completion of endocytosis, thus allowing another 

cycle of activity.  Deubiquitination could also activate an endocytic machinery 

component by preventing self-inhibition through binding to its own ubiquitin-

binding domain. 

 To test for mono- or polyubiquitination of endocytic machinery 

components, SDS lysates were made from wild type or Δubp3 cells expressing 

HA-tagged endocytic proteins.  Western blotting with an antibody to HA 

allowed comparison of banding patterns from wild type and Δubp3 cells.  

Monoubiquitination would show, in addition to a band at the predicted 

molecular weight of a protein, a band 8.5kDa higher than the predicted 

molecular weight.  Polyubiquitination typically shows a ladder of bands above 

the band at the predicted molecular weight.  Cells with chromosomally HA-

tagged EDE1, END3, ENT1, and RVS167, genes encoding proteins with 

homologues ubiquitinated in other organisms were used (Dupré et al., 2004).  

Rvs167p has been shown to be ubiquitinated in yeast (Stamenova et al., 
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2004), but showed no difference in ubiquitination status between wild type and 

Δubp3 cells (Figure 2.11). End3p did not appear to be ubiquitinated or 

modified in any way (Figure 2.11).  Ent1p and Ede1p showed ladder banding 

patterns above the bands at the predicted molecular weight, but this signal 

was stronger inΔubp3 cells only for Ede1p (Figure 2.11).  Blotting with an 

antibody to ubiquitin would be required to determine if any modification seen 

was actually ubiquination. 

 

Ubp3p interacts with Bre5p, which is also necessary for endocytosis 

 Glycerol velocity sedimentation and gel filtration analysis indicated that 

Ubp3p is part of a complex of at least 400kDa and possibly 1.5MDa (Figure 

2.12).  It is likely that the protein is part of many different complexes, as Ubp3p 

has been implicated in various cellular processes (Auty et al., 2004; Cohen et 

al., 2003a and 2003b; Baxter et al., 2005; Moazed and Johnson, 1996).  

Additionally, interactions with several different proteins have been reported in 

large-scale screens, but with exception of one well-established interaction with 

Bre5p, the lists do not match (Gavin et al., 2006; Krogan et al., 2006). 

 A wider search for Ubp3p substrates or regulators was undertaken.  To 

look for components of a Ubp3p complex, TAP-tagged Ubp3p (Cheeseman et 

al., 2001) was purified and co-purifying proteins identified by mass 

spectrometry.  Unfortunately, the only protein identified as a Ubp3p interactor 
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with any degree of certainty was Bre5p (Figure 2.13), the previously-identified 

Ubp3p co-factor. 

 I wondered if in addition to its role in anterograde and retrograde 

trafficking between the ER and Golgi (Cohen et al., 2003a, Cohen et al., 

2003b), Bre5p could be involved in endocytosis.  Examination of Can1p-GFP  

trafficking in cells deleted for BRE5 showed that its depletion also stabilizes 

Can1p at the plasma membrane (Figure 2.14). 

 Further reading indicated that a mammalian homologue of Bre5p, 

G3BP, was found to bind an SH3 domain-containing protein (Parker et al., 

1996).  The yeast genome encodes 23 SH3 domain-containing proteins, many 

of which are involved in endocytosis.  Furthermore, Bre5p has 2 PxxP motifs, 

the minimal necessity for SH3 domain binding (Saksela et al., 1995).  Using 

site-directed mutagenesis, these motifs were changed to AxxA, each 

separately and both together, in BRE5 carried on a single-copy plasmid.  All 

three mutant constructs rescued the Δbre5 Can1p-GFP trafficking defect as 

well as the wild type BRE5, indicating that the Bre5p PxxP motifs are likely not 

necessary for endocytic function (Figure 2.15). 

 

Additional experiments 

 Because mass spectrometry of purified Ubp3p did not provide desired 

results, a 2-hybrid screen was conducted to find Ubp3p and Bre5p interactors.  

Yeast 2-hybrid could possibly identify weak interactions that are broken upon 
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cell lysis or during the stringent conditions of the purification process, as the 

interaction between a catalyst and its target is likely transient.  Unfortunately, 

no known endocytic proteins were identified using either protein as bait (data 

not shown). 

 Also investigated was a reported genetic interaction involving Δubp3.  

The deletion of FKS1 is synthetic lethal with deletion of UBP3.  Deletion of 

FKS1 is also synthetic lethal with deletion of SLA1, RVS167, or EDE1, genes 

encoding three well-characterized endocytic proteins.  (Lesage et al., 2004; 

Tong et al., 2004)  Fks1p is the catalytic subunit of the β-glucan synthase, 

activated by Rho1p.  Its deletion has been shown to result in a defect in 

radiolabeled α-factor uptake, indicating failure to endocytose Ste2p, the yeast 

α-factor receptor.  Even in the absence of a cell wall, wild type cells take up α-

factor normally, whereas Δfks1 cells do not, indicating that endocytosis could 

be a function for Fks1p separate from that of maintaining cell wall integrity (de 

Hart et al., 2003).  FKS1 was deleted in SEY6210 and found that when 

replaced with the gene for HIS3, the deletion resulted in no canavanine 

hypersensitivity or Can1p-GFP trafficking defect (Figures 2.16 and 2.17).  

When FKS1 was replaced with TRP1, canavanine hypersensitivity resulted 

equivalent to that seen in Δubp3 cells (Figure 2.16), but Can1p-GFP trafficking 

was not examined in that strain. 
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Summary and Conclusion 

 Ubp3p is involved in the turnover of Can1p-GFP and other cargoes 

from the plasma membrane, a process for which its catalytic activity is 

essential.  Its deletion does not lead to a shortage of mature ubiquitin.  Ubp3p 

is a component of a large complex or complexes.  Identification of substrate(s) 

for Ubp3p deubiquitinating activity or physical interaction with known endocytic 

proteins was sought by purification of TAP-tagged Ubp3p followed by mass 

spectrometry and a two-hybrid screen.  The previously described Ubp3p 

cofactor Bre5p is also involved in endocytosis.  No endocytic substrate for 

Ubp3p has been found. 
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Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 2.1. Can1p-GFP is found at the plasma membrane in log phase cells.  
Upon treatment with 50µg/mL cycloheximide for 4 hours, Can1p-GFP is 
trafficked to the vacuole.  Can1p-GFP is not internalized in cells deleted for 
endocytic machinery proteins (Δend3) or ESCRT proteins (Δvps37). 
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Figure 2.2. The UBP domain consists of catalytic Cys and His boxes.  Red 
asterisks mark conserved cysteine, histidine, and aspartic acid residues 
essential to proteolytic activity. 
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Figure 2.3. Wild type yeast strain SEY6210 can grow on plates containing 
1µg/mL canavanine.  SEY6210 yeast cells deleted for the DUBs UBP3, UBP4, 
UBP10, or UBP15 cannot grow on plates containing 1µg/mL canavanine. 
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Figure 2.4. Can1p-GFP is stabilized at the plasma membrane in cells deleted 
for UBP3 or UBP4.  Can1p-GFP is trafficked normally in cells deleted for 
UBP10 or UBP15. 
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Figure 2.5. Fur4p-GFP is stabilized at the plasma membrane in cells knocked 
down for UBP3.  CMAC stains the vacuole. 
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Figure 2.6. Mup1p-GFP is stabilized at the plasma membrane in cells deleted 
for UBP3.  CMAC stains the vacuole. 
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Figure 2.7. Wild type UBP3 expressed on a single copy plasmid rescues the 
canavanine hypersensitivity of UBP3 deletion.  Ubp3p with the catalytic 
cysteine mutated to alanine does not rescue the canavanine hypersensitivity 
of UBP3 deletion. 
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Figure 2.8. Catalytically inactive Ubp3p does not rescue the Can1p-GFP 
trafficking defect in Δubp3 cells. 
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Figure 2.9. Overexpression of ubiquitin in Δubp3 cells does not rescue the 
Can1p-GFP trafficking defect.  Cells were transformed with YEp105 myc-Ub 
and grown in the presence of 100µM CuSO4. 
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Figure 2.10. GFP-tagged vacuolar protease carboxypeptidase S (CPS) is 
sorted to the vacuole in Δubp3 cells.  CMAC stains the vacuole. 
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Figure 2.11. Comparison of lysates from cells with chromosomally HA-tagged 
endocytic machinery proteins.  Blot for HA. 
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Figure 2.12. Glycerol velocity sedimentation (top) and size exclusion 
chromatography (bottom) indicate that Ubp3p is part of a large complex. 
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Figure 2.13. Mass spectrometry of purified Ubp3p-S tag-TEV-ZZ identifies 
Bre5p as a Ubp3p interactor. 
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Figure 2.14. Can1p-GFP is stabilized at the plasma membrane in Δbre5 cells.  
CMAC stains the vacuole. 
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Figure 2.15. The Can1p-GFP trafficking defect in Δbre5 cells is rescued by 
expression of wild type BRE5 on a single copy plasmid.  Bre5p with mutations 
in PxxP motifs also rescue the defect. 
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Figure 2.16. Deletion of FKS1 results in canavanine hypersensitivity when 
replaced with TRP1, but not when replaced with HIS3.  Experiment was 
repeated with identical results.  Δyor322c used as positive control for 
canavanine hypersensitivity. 
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Figure 2.17. Cells deleted for FKS1 do not stabilize Can1p-GFP at the plasma 
membrane when FKS1 is replaced with HIS3. 
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