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ABSTRACT 

Autophagy is a cellular degradation process that sequesters organelles or proteins into a 

double-membraned structure called the phagophore; this transient compartment matures into an 

autophagosome, which then fuses with the lysosome or vacuole to allow for hydrolysis of the cargo. 

Factors that control membrane traffic are also essential for each step of autophagy. Here we 

demonstrate that two monomeric GTP-binding proteins in Saccharomyces cerevisiae, Arl1 and 

Ypt6, which belong to the Arf/Arl/Sar protein family and the Rab family, respectively, and control 

endosome-trans-Golgi traffic, are also necessary for starvation-induced autophagy at 37°C. Using 

established autophagy-specific assays we found that cells lacking either ARL1 or YPT6, which 

exhibit synthetic lethality with one another, were unable to undergo autophagy at 37°C, although 

autophagy proceeds normally at the normal growth temperature, 30°C.  Specifically, strains 

lacking one or the other of these genes are unable to construct the autophagosome because these 

two proteins are required for proper traffic of Atg9 to the phagophore assembly site (PAS) at 37°C. 

Using degron technology to construct an inducible arl1Δ ypt6Δ double mutant, we demonstrated 

that cells lacking both genes show defects in starvation-inducted autophagy at the permissive 

temperature. Arl1 and Ypt6 participate in autophagy by targeting the Golgi-associated retrograde 

protein complex (GARP) to the PAS to regulate the anterograde trafficking of Atg9.  

We also carried out a high copy number suppressor screen to identify genes that when 

overexpressed suppress the rapamycin-sensitive phenotype of arl1Δ and ypt6Δ strains at 37°C. 
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From the screen results, we selected COG4, SNX4, TAX4, IVY1, PEP3, SLT2 and ATG5, either 

membrane traffic or autophagy regulators, to further test whether they can suppress the autophagy 

defects of arl1Δ and ypt6Δ strains. We identified COG4, SNX4 and TAX4 to be the suppressors 

specifically for the arl1Δ strain; IVY1 and ATG5 for the ypt6Δ strain.  

In conclusion, through this work we show two membrane traffic regulators, Arl1 and Ypt6, 

have novel roles in autophagy. 
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PREFACE 

This dissertation is compiled of four published or submitted papers performed from July, 

2013 to September, 2016 in the Rosenwald Lab in the Department of Biology, Georgetown 

University. 

Chapter I is an introduction to monomeric GTP-binding proteins and their roles in 

autophagy in Saccharomyces cerevisiae. This chapter was published as a review in the 

International Journal of Molecular Sciences in October, 2014 (Yang and Rosenwald, 2014). 

Chapter II is a research paper demonstrating the novel functions of two monomeric GTP-

binding proteins Arl1 and Ypt6 in regulating autophagy in Saccharomyces cerevisiae. This chapter 

was published in the journal Autophagy in July, 2016 (Yang and Rosenwald, 2016). 

Chapter III is a research paper about the identifications of genes that suppress the 

autophagy defects in ypt6Δ or arl1Δ strains. This chapter was submitted to the journal G3: Genes 

Genomes Genetics in September, 2016.  

Chapter IV is a conclusion for the dissertation. Portions of this chapter were accepted for 

publication as a Commentary to the journal Small GTPases in September, 2016.
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Chapter I: The roles of monomeric GTP-binding proteins in macroautophagy in 

Saccharomyces cerevisiae 

 

 

 

1.1 Autophagy in Saccharomyces cerevisiae 

Autophagy is a process used to sequester and degrade cytoplasmic components such as 

proteins and organelles by utilizing a specialized membrane to form a double-membrane structure 

called the autophagosome, which then fuses with the lysosome (Glick et al., 2010). Autophagy is 

essential for cells to survive under stressful conditions; it can serve as a way for cells to overcome 

starvation and is responsible for the removal of protein aggregates and damaged organelles, and 

for developmental remodeling. Thus, it plays an important role in controlling intracellular 

homeostasis (Yang and Klionsky, 2010). Autophagy can be roughly divided into selective and 

non-selective forms. We will refer to the non-selective form as macroautophagy or bulk-phase 

autophagy. Although autophagic processes are highly conserved in eukaryotes, in this review, we 

will focus on the process as determined using the model organism Saccharomyces cerevisiae.   

Generally, macroautophagy starts by sensing an upstream signal, which is controlled by 

the Target of Rapamycin protein complex 1 (TORC1). An omega-shaped membrane structure 

termed the phagophore forms in the phagophore assembly site (PAS) near the lysosome (the 

counterpart in S. cerevisiae is the vacuole) and encloses cellular components such as misfolded 

proteins or dysfunctional organelles. The expansion of the phagophore leads to the formation of 

the autophagosome. After this, the autophagosome, which contains the cytoplasmic components 

to be degraded, fuses with the lysosome or vacuole, transferring the cargo for hydrolysis. The inner 

membrane as well as the enwrapped cargo is degraded and the resulting building blocks are 
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released into the cytoplasm by lysosomal/vacuolar membrane permeases for re-use in biosynthesis 

(Figure I-1) (Orvedahl and Levine, 2009). 

Induction of autophagy involves the inhibition of the TORC1 Ser/Thr kinase activity. 

TORC1 hyper-phosphorylates a protein called Atg13, thus inactivating it. After the inhibition of 

TORC1 by starvation, Atg13 becomes hypo-phosphorylated and so is activated.  The active Atg13 

binds to Atg1 kinase and Atg17 to form a protein complex, which will in turn recruit other proteins 

including Atg31 and Atg29 to serve as the platform for a number of other Atg proteins to establish 

the phagophore (Ragusa et al., 2012). Meanwhile, Atg9 brings more membrane to help develop 

the phagophore (Figure I-2). The initiation step of vesicle nucleation and efficient elongation 

requires two ubiquitin-like conjugation systems. One system involves the binding between Atg5 

and Atg12 with the assistance of the E1-like Atg7 and E2-like Atg10. Then the Atg5-Atg12 

complex associates with Atg16 to establish a larger protein complex, which is needed in the second 

ubiquitin-like pathway. The second system involves in the covalent linkage of 

phosphatidylethanolamine (PE) to Atg8, also called LC3 in higher eukaryotes. Upon the protease 

activity of Atg4 on the C-terminus of Atg8, a Gly residue of Atg8 becomes exposed, then the E1-

like Atg7 and E2-like Atg3, along with the Atg12-Atg5-Atg16 complex, attaches PE to Atg8, 

converting it into the insoluble autophagic-vesicle associated Atg8-II.  At this point, Atg8 is fully 

activated and functions to recruit membrane for the elongation and establishment of the 

autophagosome (Figure I-3) (Klionsky et al., 2007).  After the maturation of the autophagosome, 

it docks and fuses with the lysosome/vacuole by the mediation of a guanine nucleotide binding 

protein Ypt7 (Schimmoller and Riezman, 1993) to form the autolysosome, after which the 

engulfed substrates will be degraded (Eskelinen, 2005). 
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In S. cerevisiae, another pathway involved in triggering autophagy is the cAMP-dependent 

protein kinase A pathway (PKA). Increasing the activity of the PKA pathway inhibits autophagy, 

while the down-regulation of this pathway leads to induction (Stephan et al., 2009). The inhibitory 

function of the PKA pathway is achieved by the phosphorylation of Atg13. Unlike the 

phosphorylation by TORC1, which makes Atg13 unable to bind to Atg1, phosphorylation of Atg13 

by PKA inhibits association with the PAS thus affecting autophagy. The sites on Atg13 that are 

phosphorylated by TORC1 and PKA on Atg13 are distinct from one another. It is currently 

unknown why yeast utilizes two different triggers for autophagy. One hypothesis is that the 

TORC1 and the PKA pathways are both required for the cell to respond to multiple environmental 

nutritional conditions. Specifically, it is thought that the TORC1 senses the level of available 

nitrogen while the PKA pathway senses the level of carbon (Stephan et al., 2010).  

Although most cytosolic contents can be turned over through macroautophagy, several 

substrates and organelles are degraded by specific forms of autophagy. For example, in yeast, three 

kinds of vacuolar enzymes, the precursor forms of aminopeptidase I (prApe1) (Klionsky et al., 

1992), α-mannosidase (prAms1) (Hutchins and Klionsky, 2001), and aspartyl aminopeptidase 

(prApe4) (Yuga et al., 2011) are synthesized in the cytosol and transported to the vacuole for 

further processing through a selective autophagy pathway named the Cvt pathway (cytoplasm-to-

vacuole targeting). The Cvt pathway is similar to macroautophagy except it happens in all 

conditions while macroautophagy occurs during starvation (Lynch-Day and Klionsky, 2010). 

Several other forms of selective autophagy to degrade specific organelles have also been 

discovered, such as mitophagy for the autophagic degradation of mitochondria (Kim et al., 2007); 

pexophagy for clearance of peroxisomes (Dunn et al., 2005); reticulophagy for the degradation of 

ER (Bernales et al., 2006), and ribophagy for removal of ribosomes (Kraft et al., 2008). 
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Research in the model eukaryote, S. cerevisiae has revealed the existence of more than 30 

Atg proteins required for the different types of autophagy (Klionsky et al., 2010; Suzuki and 

Ohsumi, 2007). Besides the Atg proteins, because autophagy depends intensively on membrane 

traffic, proteins such as the soluble N-ethylmaleimide-sensitive fusion (NSF) protein attachment 

protein receptors (SNAREs) (Nair et al., 2011a) and tethering factors (Meiling-Wesse et al., 2005) 

(Kakuta et al., 2012; Lynch-Day et al., 2010) are also essential. The monomeric GTP-binding 

proteins mediate multiple activities in cells, including many aspects of membrane traffic.  It is 

therefore not surprising that they too are required in different steps of autophagy.  In this review, 

we will summarize the functions of different kinds of monomeric GTP-binding proteins in 

autophagy. 

1.2 The monomeric GTP-binding proteins 

Important processes such as cell division, protein traffic, cytoskeleton organization, and 

transcription are controlled by different members of the monomeric guanine nucleotide binding 

protein family, including Ras, Ran, Rab, Arf/Arl/Sar and Rho (Wennerberg et al., 2005). The Ras 

sub-family regulates cell growth, survival, and division. The Ran proteins help transport RNA 

from the nucleus to cytosol (Moore and Blobel, 1994). The Rho subfamily, which includes Cdc42 

and Rho proteins, is involved in cytoskeleton dynamics and cell movement (Boureux et al., 2007). 

The Rab proteins (usually called Ypt proteins in yeast) and Arf/Arl/Sar proteins are required in 

intracellular vesicle traffic. The Rab/Ypt proteins generally function in tethering, docking, and 

fusion of vesicles to the target membrane, while the Arf/Arl/Sar proteins generally function in the 

budding of vesicles from the original membrane compartments (Kahn et al., 2005; Takai et al., 

2001). These proteins are highly conserved from yeast to humans (Table I-1). 
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The monomeric GTP binding protein sub-families share the same functional pattern, 

although they are involved in different cellular processes. All of them are able to bind to GTP and 

GDP and can cycle between these two binding states. In their GTP-bound state, they are generally 

active and regulate the downstream events. When they hydrolyze GTP into GDP, they are 

inactivated. In general, two kinds of proteins are regulators for the G protein functional cycle. The 

guanine nucleotide exchange factors (GEFs) activate the monomeric G protein through exchange 

of GDP for GTP.  On the other hand, the GTPase activating proteins (GAPs) turn off the G proteins’ 

function through activation of their intrinsic GTPase activity to hydrolyze GTP into GDP (Figure 

I-4) (Takai et al., 2001). In addition, the GDP-bound versions of Rab/Ypt proteins are controlled 

by another set of regulators, GDP dissociation inhibitors (GDIs) and GDI displacement factors 

(GDFs). Generally, Rab/Ypt proteins need to be prenylated at their C-terminus in order to be 

associated with membranes (Bialek-Wyrzykowska et al., 2000). A GDI binds to the GDP-bound 

Rab/Ypt protein, preventing the isoprenyl side chain of the Rab/Ypt protein from binding to 

membrane (Rak et al., 2003) and so it remains in the cytosol. The GDF in turn sequesters the GDI 

and frees the GDP-bound Rab/Ypt, making it available for stimulation by its GEF protein and thus 

become activated. Once being deactivated by its GAP, the GDP-bound Rab/Ypt will disassociate 

from the membrane and recycle back to the cytosol (Pfeffer and Aivazian, 2004). 

The binding of GTP to the monomeric GTP-binding proteins changes their function by 

affecting the three dimensional conformation. To illustrate, we will use one of the Arf family 

members, Arl1 (also called Arf-like 1) as an example. Arl1 functions at the trans-Golgi membrane 

and is required for membrane traffic between endosomes and the trans-Golgi network (TGN). In 

Arl1’s GDP bound form, it remains in the cytoplasm. But when it binds to GTP, it attaches to the 

trans-Golgi membrane via its N-terminal myristoyl group and first α-helix, and recruits its 
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effectors to the TGN. The change in the cellular localization of Arl1 is due to movement of several 

secondary structures upon its binding of GTP. Like Arf proteins and other members of the 

superfamily, the structure of Arl1 contains domains called switch 1 (residues 40 – 50), switch 2 

(residues 68 – 82) and the interswitch region (residues 51 – 67) (Amor et al., 2001; Goldberg, 

1998). When GTP binds to Arl1, the interswitch is displaced by a length of 2 amino acid residues 

from its original position.  This movement makes the interswitch region occupy the hydrophobic 

pocket that holds Arl1’s N-terminal amphipathic helix, which then dislodges the helix. Finally the 

myristoylated N-terminus of Arl1 attaches to the membrane and participates in vesicle traffic 

(Pasqualato et al., 2002). The deletion of ARL1 in S. cerevisiae also shows a defect in K+ influx, 

suggesting Arl1 may be involved in regulating the activity of a K+ importer such as Trk1 (Fell et 

al., 2011). Moreover, the K+ influx phenotype can be rescued by Arl1’s nucleotide free form, rather 

than its GTP bound form, suggesting a different functional cycle compared with other traditional 

guanine nucleotide binding proteins (Manlandro et al., 2012).  

In recent years, it has been demonstrated that monomeric GTP-binding proteins of the Ras, 

Arf/Arl/Sar and Rab/Ypt protein sub-families are important for autophagy. In this review, we 

summarize the function of the different types of monomeric GTP-binding proteins in autophagy, 

specifically their roles in 1) the formation of the PAS; 2) the elongation of the PAS and the 

formation of the autophagosome; and 3) the traffic of the autophgosome and the fusion between 

autophagosome and lysosome.  
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1.3 Monomeric GTP-binding proteins in autophagy 

1.3.1 Ras proteins in the early initiation of autophagy 

As described previously, in yeast autophagy can be controlled either by the TORC1 or by 

the cAMP/PKA pathway, depending on the environmental cues. The yeast monomeric GTP-

binding protein family member Ras2 regulates autophagy through the cAMP/PKA pathway. Ras2 

and another Ras protein, Ras1 are paralogs, the result of the whole genome duplication in the 

evolution of yeast (Kataoka et al., 1984).  These two are also orthologs of proteins encoded by the 

mammalian RAS genes. Normally, the active, GTP-bound form of Ras2 localizes to the plasma 

membrane through docking of its C-terminal region, which is modified by the addition of farnesyl 

and palmitoyl groups (Bhattacharya et al., 1995), where it activates adenylate cyclase and increases 

the production of cAMP (Broek et al., 1985).  In this way, it forms the central control mechanism 

for metabolic rate in yeast and mediates multiple cellular activities, including sporulation, 

filamentous growth, and autophagy (Budovskaya et al., 2004; Gimeno et al., 1992). Generally, 

Ras2 plays a negative role in autophagy; a hyperactive form of Ras2, namely, a mutant that cannot 

hydrolyze bound GTP back to GDP, can completely block autophagy, similar to the deletion of 

ATG1, a gene encoding a serine/threonine kinase required for formation of vesicles in complex 

with Atg13 and Atg17. (Atg1 is known as ULK1 in mammals.) Suppression of Ras2 activity leads 

to the induction of autophagy even under non-starvation conditions. Further, activated Ras2 affects 

autophagy through decreasing the number of autophagosomes in a vam3 mutant.  VAM3 encodes 

a SNARE protein that mediates the fusion between the autophagosome and the lysosome. In a 

vam3 mutant, since the autophagosomes cannot fuse with the lysosomes, they will accumulate in 

the cytosol.  Because GTP-bound Ras2 decreases the number of the autophagosomes accumulating 
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in the cytosol in this mutant background, this result suggests that GTP-bound Ras2 inhibits 

autophagosome formation (Budovskaya et al., 2004).  

Since the TORC1 and Ras/PKA pathways control autophagy, the main question to be 

determined is how these two pathways are coordinately regulated. Ras2 does not work upstream 

of the TORC1 because the hyperactive form of Ras2 inhibits autophagy without deactivation of 

TORC1 (Budovskaya et al., 2004). As discussed previously, PKA and TORC1 inhibit autophagy 

through differential effects on Atg13 phosphorylation (Stephan et al., 2009). In addition, Sch9 

functions in the PKA pathway to affect autophagy. Sch9 is an ACG family (PKA, PKC, PKG) 

protein kinase that controls ribosome biogenesis, the activity of the Hsp90 chaperone, the initiation 

of translation, and the response to oxidative stress (Fabrizio et al., 2001; Morano and Thiele, 1999; 

Toda et al., 1988). When a strain bearing a SCH9 allele with a mutation in the ATP-binding pocket 

was treated with the cell permeable ATP analog, 1-(1,1-dimethylethyl)-3-(1-naphthalenylmethyl)-

1H-pyrazolo[3,4-d]pyrimidin-4-amine (1NM-PP1), the deactivation of Sch9 was sufficient to 

trigger autophagy in a TORC1-independent manner (Toda et al., 1987).  Similar results were 

obtained when strains with ATP-binding mutant alleles of any of the TPK genes, which encode 

paralogs of the catalytic subunit of PKA, were treated with 1NM-PP1 (Toda et al., 1987).  Sch9 

and PKA may downregulate autophagy through suppression of the transcription activators Msn2/4 

and Rim15 (Yorimitsu et al., 2007).  

1.3.2 Monomeric GTP-binding proteins in the formation of autophagosome 

The formation of the autophagosome requires vesicles to be delivered to the PAS. This 

process is mediated by several monomeric GTP-binding proteins from different secretory pathway 

compartments, such as Ypt1 and Sar1 from the endoplasmic reticulum (ER)-Golgi pathway, and 

Ypt31/Ypt32, Sec4, Arf1 and Vps21/Ypt52/Ypt53 from the Golgi-endosome compartment. Their 
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contributions to autophagy will be reviewed below. (For the spatial localizations of the monomeric 

GTP-binding proteins in membrane traffic in yeast see Figure I-5) 

After the induction of autophagy, Atg9, the only known transmembrane Atg protein brings 

large vesicles to the PAS. Atg9 then binds to the Atg17-Atg29-Atg31 complex, and this complex 

induces vesicle fusion to form the omega-shaped phagophore (Yamamoto et al., 2012). Then the 

phagophore is elongated by utilizing membrane from different organelles such as the rough ER 

and the Golgi apparatus, to finally establish the autophagosome, the double-membrane structure 

that sequesters the cytosolic materials (Militello and Colombo, 2011). In yeast, Ypt1, the ortholog 

of mammalian Rab1, delivers Atg9 to the PAS. Ypt1 controls membrane traffic events from the 

ER to the cis-Golgi as well as intra-Golgi traffic (Barrowman et al., 2010). GTP-bound Ypt1 

controls vesicle docking to the correct target membrane, along with specific SNARE proteins 

(including Uso1 (Morsomme and Riezman, 2002)), to maintain the fidelity of traffic. In addition 

to mediating membrane traffic in the secretory pathway, Ypt1 plays an essential role in the 

formation of the phagophore. The active, GTP-bound form of Ypt1 interacts with Atg1, and this 

interaction can be increased by rapamycin, a drug that activates autophagy by inhibiting TORC1 

(Heitman et al., 1991; Noda and Ohsumi, 1998). In summary, research suggests that Ypt1 serves 

as a bridge to connect Atg9 and Atg1, recruiting Atg1 to the PAS and tethering the Atg9-containing 

vesicles together to form the phagophore (Wang et al., 2013).  

Besides directly affecting autophagy through recruitment of Atg9 to the PAS, a recent 

study indicates Ypt1 may work with Ypt6, orthologous to Rab proteins Rab6A and Rab6B in 

mammals, to mediate autophagy. Ypt6 is required for the fusion between endosome-derived 

vesicles with trans-Golgi membranes (Li and Warner, 1996).  Overexpression of YPT1 rescues the 

autophagic defect exhibited yeast strains lacking YPT6 through increasing the amount of Atg8 
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sorted correctly to the vacuole. Thus Ypt1 functions downstream of Ypt6 (Ye et al., 2014) but the 

detailed mechanism for the relationship between these two Rab proteins in autophagy needs further 

investigation.  

Ypt1 can either mediate membrane traffic events in the ER-Golgi compartment or in the 

PAS.   The spatial and functional distinction for this protein’s activity is achieved by the transport 

protein particle (TRAPP) complex, which also acts as the Ypt1 GEF. The TRAPP complex has 

three subtypes and all three share seven core subunits that are conserved from yeast to humans. 

The seven core subunits (Bet3A, Bet3B, Bet5, Trs20, Trs23, Trs31, Trs33) form the basic structure 

called TRAPP I, and it contains the GEF activity provided by Bet3A, Bet3B, Bet5, Trs23, and 

Trs31 responsible for activating Ypt1 and controlling traffic in the ER-Golgi compartment (Kim 

et al., 2006). The intra-Golgi and Golgi-endosome traffic is mediated by TRAPP II, which contains 

another three subunits: Trs65, Trs120 and Trs130 in addition to the 7 TRAPP I subunits. Studies 

have suggested the TRAPP II complex can either act as the GEF for Ypt1 in the intra-Golgi region, 

or for other Rab family members, the paralogous pair Ypt31/Ypt32 for Golgi-endosome traffic 

(Morozova et al., 2006) but this hypothesis is still controversial, as others believe that TRAPP II 

only acts as the GEF for Ypt1 in the intra-Golgi traffic (Cai et al., 2007).  Autophagy is controlled 

by the TRAPP III complex, which is TRAPP I with the addition of one additional subunit, Trs85. 

Trs85 helps localize the TRAPP III complex to the PAS through interactions with Atg17, thus 

recruiting Ypt1 to the PAS (Lynch-Day et al., 2010). The distinct structure and localization of the 

TRAPP complex ensures that Ypt1 works in specific compartments of the cell.  

Another monomeric GTP-binding protein in the early secretory pathway that affects the 

formation of the autophagosome is Sar1, a member of the Arf/Arl/Sar sub-family that interacts 

with the COP II-related Sec proteins. Upon activation of Sar1 by Sec12, it’s GEF, it binds to the 



11 
 

ER membrane through its N-terminal myristoyl modification. The ER-bound Sar1 generates 

membrane curvature and recruits the heterodimer pairs Sec23-Sec24 and Sec13-Sec31, coat 

proteins that form the COP II vesicle, which will then bud from the donor membrane. Yeast lacking 

SEC12 are defective in the formation of the autophagosome, and this defect is rescued by the 

overexpression of SAR1. Also strains with temperature-sensitive alleles of SEC23 or SEC24 have 

decreased autophagy at the restrictive temperature (Ishihara et al., 2001). These results indicate 

the possibility that COP II vesicles are required in autophagy. Recent research using single-particle 

electron microscopy has revealed that the TRAPP III complex can also recruit COP II vesicles to 

the PAS through binding to Sec23. Therefore, the Sar1/COP II system can provide some of the 

membrane resources necessary to form the autophagosome (Tan et al., 2013) 

Other monomeric GTP-binding proteins that localize to the post-Golgi compartment are 

also essential in autophagy, including Sec4 and Ypt1/Ypt32 members of the Rab protein family. 

Sec4 mediates transport of vesicles from the trans-Golgi to the plasma membrane, which is the 

last step of the exocytic secretory pathway (Salminen and Novick, 1987). In Sec4’s GTP bound 

state, it can recruit effectors such as one of the subunits of the exocyst complex, Sec15 (Guo et al., 

1999), resulting in fusion of vesicles with the plasma membrane, extruding the contents of the 

lumen to the exterior of the cell. Sec4 along with its GEF, Sec2, are required in autophagy. Lacking 

the function of either one leads to decreased levels of autophagy at least in part because of a defect 

in the traffic of Atg9 to the PAS. Atg9 travels between PAS and the Atg9 reservoir (Mari et al., 

2010) bringing vesicles to the PAS and helping to form the autophagosome, so the number of 

Atg9-attached vesicles reaching the PAS can affect the ultimate number of autophagosomes. In 

strains lacking SEC2 or SEC4, the amount of Atg9 that colocalizes with the PAS marker Ape1 



12 
 

decreases, and the number of autophagosomes is reduced, suggesting that Sec2 and Sec4 are 

required for the correct localization of Atg9 to the PAS (Geng et al., 2010). 

Other monomeric GTP-binding proteins in the post-Golgi compartment also contribute to 

delivery of vesicles to the PAS, including the Rab family members, Ypt31 and Ypt32, paralogs 

that resulted from the whole genome duplication (Benli et al., 1996). Generally, Ypt31/Ypt32 is 

required for vesicles to exit from the TGN, and recruit Sec2 and Sec4 to the budding vesicle (Ortiz 

et al., 2002). Deletion of these two SEC genes leads to decreased autophagic activity (Geng et al., 

2010). Moreover, when GFP-labeled Atg8 was used to visualize autophagosome morphology 

(Shintani and Reggiori, 2008), a multiple punctate phenotype was observed in a ypt31Δ/32ts strain 

at the restrictive temperature, suggesting that these GFP-Atg8-containing autophagosomes cannot 

enter the vacuole. Atg8 seems to accumulate in abnormal locations rather than at the PAS. 

Therefore, the activity Ypt31/Ypt32 is essential in forming the autophagosome by affecting the 

correct localization of Atg8 to the PAS (Geng et al., 2010). 

Two Rab family members in the post Golgi compartment that contribute to autophagy are 

Vps21 (or Ypt51) and Ypt52, orthologs of mammalian Rab5s. Vps21 and Ypt52 along with Ypt53, 

another paralog of Vps21 are monomeric GTP binding proteins in the endosome system and are 

required for endocytic transport and the correct localization of the multimeric tethering complex 

called CORVET (class C core vacuole/endosome tethering) to the endosome (Cabrera et al., 2013; 

Singer-Kruger et al., 1994). Studies show that Vps21 works with Ypt52 and both are required for 

efficient autophagy. Deletion of both genes decreases the intra-vacuolar accumulation of Atg8 

(Nickerson et al., 2012). Moreover, a recent study shows Vps21/Ypt52/Ypt53 may function before 

the fusion between autophagosomes and vacuole (Chen et al., 2014). 
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Besides the Rab proteins, members of the Arf/Arl/Sar family that function in the post-Golgi 

compartment are also involved in autophagy. Arf1, ADP-ribosylation factor 1, participates in the 

formation of coated vesicles from the trans-Golgi membrane; this function of Arf1 is similar to 

Sar1. These vesicles bring cargo through the exocytic or endocytic pathway to the target membrane. 

Along with its GEF Sec7, Arf1 is essential for the efficient expansion of the PAS to form the 

autophagosome membrane, although in sec7 or arf1 mutant strains, the ability to establish the PAS 

is intact (van der Vaart et al., 2010). Similar to the function of Sec4-Sec2 in autophagy, Arf1-Sec7 

affects the anterograde traffic of Atg9 to the PAS. Although Arf1 is required in the formation of 

COP I and clathrin-coated vesicles, neither a defect in COP I nor clathrin-coated vesicles (CCVs) 

shows an autophagic defect in yeast (van der Vaart et al., 2010), suggesting that Arf1 and Sec7 

affect autophagy through regulating effectors other than COP I and CCVs. Nevertheless, the 

research above suggests that macroautophagy requires membranes from different organelle 

compartments in cells. Blocking one of these pathways for bringing membrane to the growing 

PAS inhibits the formation of autophagosomes, affecting either size or number, and thus 

decreasing the amount of autophagy. 

1.3.3 Monomeric GTP-binding proteins in the fusion between the autophagosome and the 

vacuole 

After the expansion and formation of the autophagosome, autophagy enters its later steps. 

The autophagosome, which has engulfed the cytosolic components, fuses with the vacuole to form 

the autolysosome. One monomeric GTP-binding protein that is essential in this process is Ypt7. 

Ypt7 orthologous to mammalian Rab7 controls the traffic in the late endosome 

compartment by mediating homotypic fusion between endosomes and heterotypic fusion between 

late endosomes and the vacuole (Haas et al., 1995; Schimmoller and Riezman, 1993). Ypt7 is 
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activated by its GEF, the Ccz1-Mon1 complex (Nordmann et al., 2010). Once activated, GTP-

bound Ypt7 inserts into the membrane of both the late endosome and the vacuole. The GTP-bound 

Ypt7 then recruits the homotypic fusion and vacuole protein sorting (HOPS) tethering complex to 

late endosomes containing the SNARE protein, Vam7, through binding to the Vps39 and Vps41 

subunits of HOPS (Brocker et al., 2012). HOPS orients the late endosome near the vacuole. Then 

the target SNARE Vam7 on the late endosome binds to Vam3 to form a tSNARE complex and 

direct fusion (Sato et al., 1998). The Vam7-Vam3 tSNARE complex binds to its vesicle SNARE 

partner Nyv1, localized on the vacuole membrane. The resulting cis-SNARE complex directs the 

fusion between late endosome and the vacuole (Ungermann et al., 2000). In autophagy, Ypt7 is 

required for the fusion between the autophagosome and the vacuole. The mechanism is similar to 

the general vesicle fusion with the vacuole. The deletion of YPT7 and the disruption of 

Vam7/Vam3 as well as the HOPS complex under starvation conditions cause the accumulation of 

autophagosomes in the cytoplasm (Darsow et al., 1997; Kirisako et al., 1999), demonstrating the 

defect in autophagosome and vacuole fusion.  

1.4. Summary and future directions 

In this review, we have summarized the roles of different monomeric GTP-binding proteins 

and their regulators and effectors in each step of macroautophagy in S. cerevisiae, from the 

initiation of autophagy, the formation of autophagosome, to the fusion between autophagosome 

and vacuole. To summarize, Ras2 from the Ras family controls the cAMP/PKA pathway which is 

one of the two pathways that triggers autophagy in yeast; Ypt1 from the Rab family is responsible 

for bringing Atg9-containing vesicles to the PAS for the formation of autophagosome; Sar1 from 

the Arf/Arl/Sar family brings COP II vesicles for the expansion of autophagosome; Sec4 and Arf1 

in the post-Golgi compartment control anterograde traffic of Atg9 to the PAS; Ypt31/Ypt32 
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mediates the correct localization of Atg8 to the PAS; and Vps21/Ypt52/Ypt53 regulates the 

efficient localization of Atg8 to the endosomal system. In the final steps of autophagy, Ypt7 is 

required for fusion of the autophagosome to the vacuole (summarized in Figure I-6) 

Despite the advances in understanding how monomeric GTP-binding proteins regulate 

autophagy, questions still remain. The first question is how many of the known monomeric GTP-

binding proteins have roles in autophagy. To date, many monomeric GTP-binding proteins have 

been shown to have multiple functions, particularly those that control membrane traffic, but the 

list of functions is expanding. For example, Arl1 may have a role in autophagy. Normally Arl1 

mediates vesicle traffic between endosomes to the trans-Golgi and is required for vacuole-

targeting transport (Rosenwald et al., 2002), but Arl1 is also required for a form of cell death 

referred to as autophagic cell death in yeast (Abudugupur et al., 2002). How autophagic cell death 

relates to macroautophagy is presently unclear. Another question is how the monomeric GTP-

binding proteins are transferred from the compartments in which they act in membrane traffic to 

the locations for autophagy such as the PAS. The data to date suggest that there may be at least 

two functional models. One is exemplified by Ypt1, which in the presence of TRAPP III directs 

COP II vesicles to the phagophore (Tan et al., 2013). Another is exemplified by Arf1, which may 

contribute to autophagy through controlling other kinds of vesicles or factors that are important to 

autophagy since it appears that loss of the ability to create COP I and clathrin-coated vesicles has 

no effect on macroautophagy, yet loss of Arf1 adversely affects the process. Moreover, most 

research efforts focus on monomeric GTP-binding proteins in macroautophagy and the Cvt 

pathway, but there is little information about which monomeric GTP-binding proteins are involved 

in other kinds of selective autophagy such as mitophagy and pexophagy. In addition, the subtle 

differences in membrane traffic remain to be explored. As an example, selective autophagy in 
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yeast requires the actin cytoskeleton for correct transfer of specific cargo such as the prApe1 to 

the PAS, while in macroautophagy the actin cytoskeleton does not appear to be involved (Reggiori 

et al., 2005a).  

Autophagy is a complicated process, requiring the participation of protein factors from 

multiple pathways. Because monomeric GTP-binding proteins act as coordinators of many cellular 

activities, especially membrane traffic, these proteins are essential in all steps of autophagy. The 

relationship between monomeric GTP-binding proteins and autophagy can help to link the protein 

interaction network underlying autophagy with other cellular processes such as the secretory 

pathway, endocytosis, and cell growth.  
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Figure I-1. Main steps of autophagy. 

1) Phagophore forms to engulf the cytosolic components; 2) The expansion of the phagophore; 3) 

the formation of the autophagosome; 4) The fusion between the autophagosome and the lysosome; 

5) The cytosolic components are digested in autolysosome, and the resulting small molecules will 

be release into cytosol for reuse.  
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Figure I-2. The initiation of autophagy. 

1) Under nutrient rich conditions, active TORC1 phosphorylates Atg13, the hyper-phosphorylated 

Atg13 cannot bind to Atg1, so Atg1 recruits Atg11 and activates the Cvt pathway. 2) Under 

starvation or treatment with rapamycin, the kinase function of TORC1 is inactivated, Atg13 binds 

to Atg1, and recruits the Atg17-Atg31-Atg29 complex. 3) The complex recruits Atg9-containing 

vesicles then the vesicles fuse with each other to form the phagophore. (Figure is partially adapted 

from (Ragusa et al., 2012)).  Note: in this and subsequent figures, membrane bound Atg9 is 

represented by green triangles.  
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Figure I-3. Steps to form the autophagosome. 

1) Atg8 binds to PE through two ubiquitin-like pathways. 2) Atg8-PE along with the Atg16-Atg5-

Atg12 complex bind to phagophore. 3) Phagophore elongates to form autophagosome. Atg9 

recycles back to its original pool. 
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Figure I-4. Monomeric small GTP-binding proteins can cycle between different guanine 

nucleotide binding states. 

(G protein in this figure = monomeric GTP-binding protein) 
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Figure I-5. Monomeric GTP-binding proteins in vesicle traffic in yeast. 
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Figure I-6. Summary of the known functions of the monomeric GTP-binding proteins in 

autophagy. 

1) Ras2 inhibits the initiation of autophagy; 2) Ypt1, Sar1, Arf1, Ypt31/Ypt32, Sec4, and Ypt6 are 

required for phagophore formation and expansion to form the autophagosome; 3) 

Vps21/Ypt52/Ypt53 are required for the efficient localization of Atg8 to the vacuole; and 4) Ypt7 

is required for the fusion between autophagosome and vacuole. 
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Table I-1. Membrane traffic related monomeric GTP-binding proteins in yeast and their 

homologs in human. 

S. cerevisiae Human Subcellular localization Functions in membrane traffic 

Ypt1 Rab1 ER-Golgi, intra-Golgi Tethers and docks COP II vesicles to 

cis-Golgi membrane 

Sar1 Sar1 ER-Golgi compartment Assists COP II vesicles budding 

from ER 

Arf1 Arf1 Golgi, Golgi to 

endosome 

Regulates the budding of COP I and 

clathrin vesicles 

Arl1 Arl1 trans-Golgi network 

(TGN) 

Controls retrograde traffic from 

endosome to TGN 

Ypt6 Rab6 Golgi-endosome Mediates fusion between endosome 

derived vesicle to Golgi membrane 

Vps21/Ypt52/53 Rab5 Early endosome Regulates endocytic traffic 

Ypt7 Rab7 Late Golgi Regulates fusion between 

endosomes 

Ypt31/32 Rab11 Post Golgi Controls exocytic pathway 

Sec4 Sec4 Post Golgi Delivers exocytic vesicles to plasma 

membrane 
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Chapter II: Autophagy in Saccharomyces cerevisiae requires the monomeric GTP-binding 

proteins, Arl1 and Ypt6 

 

 

2.1 Introduction 

Autophagy is a lysosome/vacuole-dependent mechanism which is used to sequester and 

degrade cytoplasmic components by using specialized vesicular structures that will ultimately fuse 

with the degradative compartment (Glick et al., 2010). Autophagy is essential for survival under 

stressful conditions; it can serve as a way for cells to overcome starvation and is responsible for 

the removal of protein aggregates, damaged organelles, and for developmental remodeling. Thus, 

it plays an important role in controlling intracellular homeostasis (Yang and Klionsky, 2010). 

Autophagy can be roughly divided into selective and nonselective forms. In this paper, we will use 

the term “autophagy” to refer to the nonselective form, also called macroautophagy.  

Generally, autophagy starts by sensing an upstream signal that is controlled by the TOR 

protein complex. Then a phagophore forms at the PAS and encloses cellular components such as 

misfolded proteins or damaged organelles. The expansion of the phagophore leads to the formation 

of a double-membrane structure called the autophagosome. Subsequently, the autophagosome, 

which contains the cytoplasmic components to be degraded, fuses with the vacuole, transferring 

the cargo for subsequent hydrolysis. The inner membrane as well as the engulfed cargo are 

degraded and the resulting building blocks are released into the cytoplasm by vacuolar membrane 

permeases for reuse (Orvedahl and Levine, 2009). The autophagy machinery, encompassing more 

than 40 autophagy-related (ATG) genes in S. cerevisiae and other fungi, is complex and highly 

regulated (Klionsky et al., 2003). 

Although most cytoplasmic contents can be turned over through nonselective autophagy, 
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in some situations, substrates or organelles are degraded by specific forms of autophagy. For 

example, in yeast, 3 vacuolar proteases, the precursor forms of Ape1 (aminopeptidase I; prApe1), 

Ams1 (α-mannosidase; prAms1) and Ape4 (aspartyl aminopeptidase; prApe4) are synthesized in 

the cytoplasm and transported to the vacuole for further processing through a selective autophagy 

pathway named the Cvt pathway (Hutchins and Klionsky, 2001; Klionsky et al., 1992; Yuga et al., 

2011). The Cvt pathway shares high similarity with autophagy and requires most of the ATG genes, 

except it is predominant during growing conditions, whereas autophagy is strongly induced by 

starvation (Lynch-Day and Klionsky, 2010).  

Upon induction of autophagy, a complex consisting of Atg17-Atg31-Atg29 assembles with 

Atg1 kinase and Atg13 to serve as the platform for other Atg proteins to form the autophagosome 

(Ragusa et al., 2012). Then Atg9, a transmembrane protein, brings additional membrane to 

establish the phagophore. The initiation step of vesicle nucleation and efficient elongation of the 

phagophore requires the covalent attachment of PE to Atg8. Atg4 proteolyzes the C terminus of 

Atg8, exposing a glycine residue, which is followed by attachment of PE to Atg8, making it 

phagophore associated Atg8–PE. At this point, Atg8 is fully activated and recruits membrane for 

the elongation of the phagophore and eventual establishment of the autophagosome (Klionsky et 

al., 2007).  

Besides the Atg proteins, autophagy also requires membrane sources to form the 

autophagosome. There is ample evidence, particularly in S. cerevisiae, that many membrane-traffic 

regulators, including several monomeric GTP-binding proteins are indispensable for autophagy 

(Yang and Rosenwald, 2014). Examples include the Rab protein family members Ypt1, Ypt31-

Ypt32 and Ypt7 (Geng et al., 2010; Kirisako et al., 1999; Wang et al., 2013) and the Arf/Arl/Sar 

family members Arf1-Arf2 and Sar1 (Ishihara et al., 2001; van der Vaart et al., 2010). These 
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monomeric GTP-binding proteins function in different stages of the secretory or endocytic 

pathway. When autophagy is triggered, these proteins participate in different steps of autophagy, 

from recruiting membrane components to the PAS to forming the autophagosome and regulating 

the fusion between the autophagosome and the vacuole.  

Previous work has shown that Arl1 and Ypt6 are important regulators of membrane traffic. 

Arl1 belongs to the Arf/Arl/Sar family, while Ypt6 is a member of the Rab family. Both function 

at the trans-Golgi membranes, regulating vesicular traffic between the TGN and the early 

endosome. Like other GTP-binding proteins, when associated with GTP, Arl1 and Ypt6 are 

associated with membranes and control vesicle traffic; but when the GTP is hydrolyzed into GDP, 

they remain in the cytoplasm and are inactive (Lee et al., 1997; Li and Warner, 1996; Rosenwald 

et al., 2002). Specifically, the GTP-bound form of Arl1 controls vesicle traffic in 3 different 

pathways, recruiting the golgin protein Imh1 to the TGN, recruiting the clathrin adaptor protein 

Gga1 (Singer-Kruger et al., 2008), and transporting the glycosylphosphatidylinositol-anchored 

protein Gas1 to the plasma membrane (Liu et al., 2006). In addition, a multi-subunit tethering 

complex called GARP (Golgi-associated retrograde protein)/VFT (Vps fifty-three) interacts with 

Arl1-GTP as determined by affinity chromatography (Panic et al., 2003). Although deleting ARL1 

seems to have no effect on the cellular localization of the GARP complex (Panic et al., 2003), Arl1 

shows synthetically lethality and physical interaction with Vps53, one of the subunits of the GARP 

complex (Tong et al., 2004), indicating that at least some functions of the GARP complex overlap 

with Arl1.  

Ypt6 has not been studied as thoroughly as Arl1 and many of the other monomeric guanine-

nucleotide binding proteins. However, GTP-bound Ypt6 also shows the ability to bind to the 

GARP complex through interaction with the Vps52 subunit (Siniossoglou and Pelham, 2001). 
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Because both Arl1 and Ypt6 interact with subunits of the GARP complex, the 2 proteins may have 

some overlapping functions. This hypothesis is in keeping with genetic evidence that demonstrates 

these 2 proteins show synthetic lethality with one another, meaning that cells lacking both ARL1 

and YPT6 are nonviable (Lafourcade et al., 2004; Tong et al., 2004). 

In this paper, we show Arl1 and Ypt6 are required for autophagy under high-temperature 

stress. Yeast lacking either ARL1 or YPT6 are able to conduct autophagy normally at the permissive 

temperature of 30°C but have a complete defect at the restrictive temperature of 37°C. Furthermore, 

we found the defect at 37°C in arl1Δ and ypt6Δ strains is a result of a block in anterograde traffic 

of Atg9 to the PAS at high temperature. Importantly, upon construction of a conditional double 

mutant, we observed that the double mutant was defective for autophagy at the permissive 

temperature. Finally, we found the targeting of the GARP complex to the PAS was defective at 

high temperature when either ARL1 or YPT6 was deleted. Therefore, in this work, we demonstrate 

that these 2 monomeric GTP-binding proteins, Arl1 and Ypt6, in addition to their established roles 

as regulators of membrane traffic, have novel roles in autophagy.  

2.2 Results 

2.2.1 Arl1 and Ypt6 are involved in autophagy at 37°C 

Arl1 and Ypt6 are both involved in vesicle traffic between the TGN and the early endosome 

(Li and Warner, 1996; Rosenwald et al., 2002). To investigate whether Arl1 or Ypt6 is required in 

autophagy, we first examined growth in the presence of rapamycin, a TOR inhibitor that induces 

autophagy (Brown et al., 1994). Previous studies have shown that cells with autophagy defects 

cannot grow in the presence of rapamycin (Bugnicourt et al., 2008). A strain with the deletion of 

the gene ATG1, which is essential for autophagy (Matsuura et al., 1997), was used as the negative 
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control for this and subsequent experiments. We found arl1Δ and ypt6Δ strains were able to grow 

on plates containing 5 ng/ml rapamycin at 30°C but, surprisingly, not at 37°C, suggesting that 

autophagy in these 2 strains was inhibited at high temperature (Figure II-1A). Because autophagy 

in yeast can also be induced by nitrogen starvation, we tested the ability of wild type (WT), atg1Δ, 

arl1Δ, and ypt6Δ strains to survive in nitrogen-deficient (SD-N) liquid medium at both 30°C and 

37°C, followed by plating on nitrogen-replete medium. We found results similar to the rapamycin 

growth experiment in that the arl1Δ and ypt6Δ strains had a significant defect (i.e., similar to the 

atg1Δ strain) in ability to form colonies after incubation in SD-N medium at 37°C. The arl1Δ and 

ypt6Δ strains had an intermediate phenotype at 30°C (Figure II-S1).  

To confirm that Arl1 and Ypt6 have roles in autophagy at 37°C, an assay that follows 

cleavage of a modified version of Atg8, green fluorescent protein (GFP)-Atg8, was used to monitor 

the transport of Atg8 to the vacuole through autophagy (Figure II-1B and C). Once autophagy is 

triggered, Atg8 is normally conjugated to the lipid PE on its C terminus, which helps expand the 

membranes of the autophagosome (Xie et al., 2008). The protein GFP-Atg8 will thus be transferred 

to the vacuole through autophagy. While inside the vacuole, Atg8 will be degraded, but the GFP 

moiety is resistant to degradation and can therefore be detected as free GFP on western blots if 

autophagy proceeds normally. Under nonstarvation conditions (0 time in Figure II-1B and 1C), no 

free GFP was detected in any strain (WT, atg1Δ, arl1Δ, or ypt6Δ). Under starvation conditions, 

specifically incubation of cells for 3 h in SD-N medium (“3 h” in Figure II-1B and 1C) at normal 

growth temperature (30°C), GFP-Atg8 processing was detected in WT, arl1Δ, and ypt6Δ strains, 

suggesting normal autophagy; whereas in atg1Δ, the negative control, no processing was observed, 

meaning defective autophagy. In contrast, no free GFP was detected in arl1Δ and ypt6Δ strains 

incubated at 37°C. Importantly, when the arl1Δ and ypt6Δ strains initially incubated at 37°C were 
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transferred back to 30°C and starved for an additional 3 h, autophagy activity was recovered (“R” 

in Figure II-1B and 1C), indicating that the defect in GFP-Atg8 processing was not due to cell 

death.  

We previously found the arl1Δ strain had increased sensitivity to H2O2 (Figure II-S2A). In 

order to rule out the possibility that the autophagy defect occurs in response to stress in general, 

we performed the GFP-Atg8 processing assay under oxidative stress conditions, namely in the 

presence of 1 mM hydrogen peroxide (Figure II-S2B) and found arl1Δ and ypt6Δ strains were able 

to perform autophagy normally, suggesting that the autophagy defect is specifically related to heat 

stress. 

In S. cerevisiae, the activity of a truncated form of the vacuolar alkaline phosphatase Pho8 

(Pho8Δ60) is widely used to measure the magnitude of autophagy (Noda and Klionsky, 2008). 

Normally, Pho8 is trafficked to the vacuole via part of the secretory pathway, where it is activated 

by proteolytic removal of a C-terminal propeptide. Upon removal of the N-terminal 60 amino acids, 

Pho8 can only be trafficked to the vacuole by autophagy. Thus, the amount of Pho8 enzymatic 

activity under these circumstances is a measure of autophagy. We therefore performed the 

Pho8Δ60 assay in arl1Δ (YSA003) and ypt6Δ (YSA004) strains at both 30 and 37°C (Figure II-

1D). The results show that the arl1Δ and ypt6Δ strains had a significant decrease in Pho8Δ60 

activity compared with WT (YSA001) at 37°C but not at 30°C, consistent with the results of the 

GFP-Atg8 processing assay (Figure II-1B and C). 
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2.2.2 GTP-bound Arl1 and Ypt6 are able to suppress the autophagy defect of the arl1Δ 

strain or the ypt6Δ strain at 37°C 

As a GTP-binding protein (Lee et al., 1997; Rosenwald et al., 2002), Arl1 has several 

different conformations, which can be modeled using site-directed mutant alleles based on results 

from other members of the Ras superfamily. We investigated which alleles could complement the 

autophagy defect. The Arl1 mutants used include Arl1Q72L, a form of the protein that is predicted 

to be unable to hydrolyze GTP based on the comparisons with Ras and Arf1 proteins and thus is 

GTP-restricted (Kahn et al., 1995); Arl1G2A, predicted to be myristoylation-defective and thus 

cannot bind to membranes (Rosenwald et al., 2002); Arl1N127I, predicted to be unable to bind GTP 

compared to Ras and Arf proteins and thus is GDP-restricted (Dascher and Balch, 1994); Arl1D130N, 

predicted to bind xanthine nucleotides in vitro by homology to Rab and thus to be nucleotide-free 

in vivo (Jones et al., 1999). We transformed these alleles of Arl1 into the arl1Δ strain and 

performed the GFP-Atg8 processing and Pho8Δ60 assays to determine which alleles suppressed 

the autophagy defect at high temperature (Figure II-2A, B). From the results of the 2 assays we 

found that only the WT and the GTP-bound Arl1Q72L were able to complement the autophagy 

defect at 37°C. Overall, these data suggest GTP-bound Arl1, the version active for membrane 

traffic, is essential for autophagy at high temperature. 

For Ypt6, we performed a similar analysis, first generating GTP-restricted and GDP-

restricted alleles of Ypt6, Q69L and T24N, respectively (Lee et al., 2009), via site-directed 

mutagenesis (Ho et al., 1989). We transformed all 3 alleles of YPT6 into the ypt6Δ strain and 

performed the GFP-Atg8 processing and Pho8Δ60 assays. The results demonstrate that the WT 

and the GTP-restricted Q69L forms of the protein complemented the autophagy defect of the ypt6Δ 
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strain at 37°C (Figure II-2C and D), suggesting that the membrane-traffic function of Ypt6 is 

important for autophagy at high temperature similar to what we observed with Arl1.  

In additional to expression of different Arl1 alleles in the arl1Δ strain, we also 

overexpressed YPT6 in the arl1Δ strain to examine the epistatic relationship between Arl1 and 

Ypt6. As shown by the GFP-Atg8 processing assay in Figure II-S3A, the overexpression of YPT6 

suppressed the autophagy phenotype to about the same extent as the overexpression of wild-type 

ARL1. However, when we did the converse experiment we found the overexpression of ARL1 in 

the ypt6Δ background could not suppress the autophagy defect of ypt6Δ cells at high temperature 

(Figure II-S3B). This result may suggest that Arl1 functions upstream of Ypt6. Alternatively, this 

may suggest that Ypt6 plays a larger role in autophagy than Arl1.  

2.2.3 Atg8 is mislocalized in the arl1Δ and ypt6Δ strains under starvation conditions at 37°C 

To directly monitor the autophagy phenotype, we visualized the transport of GFP-tagged 

Atg8 under starvation conditions at different temperatures by fluorescence microscopy (Figure II-

3A-C). FM 4-64 was used to mark the vacuolar membranes (Vida and Emr, 1995). Under 

nonstarvation conditions, a single GFP-Atg8 dot, denoting the PAS (Suzuki et al., 2001), was 

detected outside the vacuole in all 4 strains (WT, atg1Δ, arl1Δ and ypt6Δ). Under starvation 

conditions at 30°C (Figure II-3B), diffuse GFP labeling was observed inside the vacuole in the 

WT strain, indicating the normal processing of GFP-Atg8, consistent with the findings in Figure 

II-1B and C. In arl1Δ and ypt6Δ cells, although the vacuoles were not intact even at the permissive 

temperature as previously described (Bensen et al., 2001; Bonangelino et al., 2002), diffuse GFP 

was detected inside the small vacuolar fragments so that despite the fragmentation, these 2 strains 

were able to perform autophagy at 30°C, consistent with results shown in Figure II-1. Under 

starvation conditions at 37°C (Figure II-3C), the WT strain showed diffuse green staining within 
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the vacuole. However, in the arl1Δ and ypt6Δ strains multiple green GFP-Atg8 dots were found 

outside the vacuole fragments. This pattern was similar to atg1Δ, indicating defective autophagy 

in at 37°C. We also observed that the number of the GFP-Atg8 dots in the arl1Δ and ypt6Δ cells 

at 37°C was significantly higher than in the WT cells under the same conditions (Figure II-3D). 

The mislocalization of GFP-Atg8 under these conditions indicates Arl1 and Ypt6 are required for 

the transport of GFP-Atg8 to the vacuole at high temperature.  

2.2.4 Arl1 and Ypt6 are required for the formation of the autophagosome at 37°C  

The multiple dots of GFP-Atg8 in the arl1Δ and ypt6Δ strains could either result from 

defective formation of the autophagosome so that Atg8 molecules accumulate in some abnormal 

location; or defective fusion between the autophagosome and the vacuole. In order to distinguish 

between these possibilities, we utilized the GFP-Atg8 proteinase protection assay(Nair et al., 

2011b) (Figure II-4A). Two deletion mutants, atg1Δ and ypt7Δ, which block the formation of the 

autophagosome or the fusion of the autophagosome with the vacuole, respectively, were used as 

controls. As shown in Figure II-4, the GFP-Atg8 fusion protein was not detected in either the arl1Δ 

or the ypt6Δ strain upon treatment with trypsin, similar to the phenotype observed in atg1Δ, 

suggesting that Arl1 and Ypt6 are required for the formation of the autophagosome at high 

temperature (Figure II-4B). 

2.2.5 The conditional YPT6 and ARL1 double-knockout strain shows an autophagy defect 

at 30°C 

 As mentioned previously, ARL1 and YPT6 show synthetic lethality. We therefore created 

a conditional double mutant to test the hypothesis that cells lacking both Arl1 and Ypt6 will be 

unable to perform autophagy at 30°C. In order to make the double mutant, we took advantage of 
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the auxin-inducible degron (AID) system (Nishimura et al., 2009). We first integrated the F-box 

protein gene TIR1 from Oryza sativa into the ypt6Δ strain, then subsequently tagged ARL1 by 

looping in a cassette containing 3×mini AID and 5×FLAG sequences on its 3’ end. To induce the 

degradation of the Arl1 protein, 1-naphthaleneacetic acid (NAA) was added to the medium to a 

final concentration of 1 mM and the culture was incubated for 30 min. Next, autophagy was 

induced by nitrogen starvation along with continued treatment with NAA to prevent the 

accumulation of Arl1. The GFP-Atg8 processing assay was performed as described previously. As 

the result in Figure II-5A demonstrates, autophagy was completely inhibited at 30°C when this 

strain was cultured with NAA. As a control, western blot analysis was performed to confirm that 

cells had undetectable levels of FLAG-tagged Arl1, the only version of Arl1 present. In the 

presence of the NAA carrier (ethanol), autophagy proceeded normally.  

Because the effects of auxin are reversible, we also tested whether autophagy was 

recovered by removing the NAA. Cells were washed 3 times with SD-N liquid medium. After 

washing and further incubation in SD-N for 3 h we observed that autophagy was indeed restored, 

correlating with the reappearance of the Arl1 protein. We also confirmed that adding NAA alone 

to the ypt6Δ strain (with the normal ARL1 allele) had no effect on autophagy (Figure II-5B). The 

autophagy phenotype was further confirmed by using fluorescence microcopy to detect the GFP-

Atg8 signal (Figure II-5C). After addition of NAA, GFP-Atg8 remained as multiple green dots at 

30°C in the cell, indicative of defective/stalled autophagy. After washing out NAA, a diffuse green 

phenotype was observed, demonstrating restoration of autophagy. In conclusion, upon deletion of 

both ARL1 and YPT6, cells are unable to perform autophagy even at 30°C.  
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2.2.6 Arl1 and Ypt6 are required for the anterograde traffic of Atg9 

Atg9 is an essential component for creation of the autophagosome and is localized in 

several cytoplasmic sites including the Golgi apparatus and mitochondria; it normally cycles 

between these organelles and the PAS (Mari et al., 2010; Noda et al., 2000; Reggiori et al., 2005b). 

The recycling of Atg9 from the PAS depends on several other Atg proteins including Atg1-Atg13 

and Atg2-Atg18 (Guan et al., 2001; Shintani et al., 2001). Thus, if cells lack ATG1, the retrograde 

transport of Atg9 from the PAS is blocked. In this condition, the number of Atg9 dots per cell and 

the colocalization of Atg9 with the PAS marker prApe1 represent the level of the anterograde 

transport of Atg9 to the PAS (Reggiori et al., 2004). Because Atg9 works upstream of Atg8 and 

we found that Atg8 is mislocalized in the arl1Δ and ypt6Δ mutants (Figure II-3), we examined 

whether the traffic of Atg9 is affected in these mutant strains. As shown in Figure II-6A, we found 

in starvation conditions at 30°C, the deletion of ARL1 or YPT6 in an atg1Δ deletion mutant 

background (YSA009, to make YSA010 and YSA011 respectively) had no effect on colocalization 

of Atg9-3×GFP with the PAS marker mRFP-Ape1, indicating that normal anterograde traffic of 

Atg9 to the PAS occurred, consistent with the previous observations that autophagy occurred 

normally at this temperature. However, when we treated the cells under starvation conditions at 

37°C (Figure II-6B), we found both the atg1Δ arl1Δ and atg1Δ ypt6Δ strains showed multiple 

Atg9 dots in the cells while the atg1Δ strain had a single Atg9-3×GFP dot (Figure II-6C). Thus, 

Arl1 and Ypt6 are required for the anterograde traffic of Atg9 to the PAS at 37°C.  

It has been suggested that the Golgi apparatus is one of the origins for the autophagosomal 

membrane (Tooze and Yoshimori, 2010). To test this hypothesis, we integrated DsRed-tagged 

Sec7 into strains of interest as a marker for the TGN. We performed the Atg9 traffic assay in atg1Δ 

(YSA012), atg1Δ arl1Δ (YSA013) and atg1Δ ypt6Δ (YSA014) strains to determine whether Atg9 
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was trapped in the TGN, as we found a fraction of the Atg9-3×GFP protein could not be transferred 

to the PAS in atg1Δ arl1Δ and atg1Δ ypt6Δ strains at 37°C. As the results in Figure II-S4 show, 

approximately 25% of the atg1Δ arl1Δ and atg1Δ ypt6Δ cells showed colocalization between the 

Atg9-3×GFP and Sec7-DsRed at 37°C, suggesting the origin of some of the Atg9-containing 

membrane is the TGN.  

2.2.7 Arl1 and Ypt6 are also required in the Cvt pathway 

To investigate whether Arl1 and Ypt6 are required in one of the selective autophagy 

pathways, specifically the Cvt pathway, the fate of mRFP-tagged prApe1 was examined. As shown 

in Figure II-7A, in nonstarvation conditions, WT cells (YSA005) showed a diffuse red phenotype 

indicating that the Cvt pathway was active. The negative control, the atg1Δ mutant (YSA006), 

showed a single red dot, demonstrating the Cvt pathway was incapable of transferring the mRFP-

prApe1 into the vacuole. In contrast, arl1Δ (YSA007) and ypt6Δ (YSA008) cells had more mRFP-

prApe1 dots than the WT strain (Figure II-7B), suggestive of a partially defective Cvt pathway in 

the 2 deletion mutants under nonstarvation conditions (Figure II-7A). In addition, we found both 

the arl1Δ and ypt6Δ strains were able to undergo transfer of mRFP-prApe1 to the vacuole with 

starvation at 30°C (Figure II-7C; diffuse red phenotype). However, when we increased the 

temperature to 37°C along with starvation, the ypt6Δ strain showed single red dots, whereas the 

arl1Δ strain showed the normal diffuse red phenotype (Figure II-7D). To confirm these results, 

western blots to follow the proteolytic processing of prApe1 to the vacuolar mature form were 

performed. As shown in Figure II-7E, neither the arl1Δ nor ypt6Δ strain could process prApe1 

normally under nonstarvation conditions. Conversely, in the arl1Δ strain this defect could be 

reversed by nitrogen starvation at both 30°C and 37°C; in the cells lacking YPT6, the prApe1 

processing defect could only be reversed by starvation at 30°C, again suggesting the autophagy 
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defect in the ypt6Δ strain might be more severe than in the arl1Δ strain. In conclusion, Arl1 is 

required in the Cvt pathway only under nonstarvation conditions, but Ypt6 is required for this 

pathway in both nonstarvation and starvation conditions with high temperature stress.  

2.2.8 Arl1 and Ypt6 are required for translocating GARP to the PAS 

With respect to the results shown above, it seems feasible that a regulator of autophagy that 

interacts with both Arl1 and Ypt6 malfunctions at high temperature when either Arl1 or Ypt6 is 

missing, or at the permissive temperature when cells lack both Arl1 and Ypt6. We hypothesized 

that the GARP complex is the effector that connects Arl1 and Ypt6 with autophagy. First, Arl1 

and Ypt6 share the ability to bind to subunits of GARP, Vps53 and Vps52, respectively (Panic et 

al., 2003). Second, GARP not only affects the successful delivery of cargo via the Cvt pathway 

and the sorting of Atg9 from the mitochondria (the deletion of VPS52 blocks Atg9 sorting from 

mitochondria) (Reggiori and Klionsky, 2006; Reggiori et al., 2003), but also recruits the syntaxin-

like t-SNARE Tlg2 to the TGN (Dulubova et al., 2002; Siniossoglou and Pelham, 2001). Further, 

the deletion of TLG2 affects the magnitude of autophagy as well as the anterograde transport of 

Atg9 (Nair et al., 2011a). As the autophagy defect in both the arl1Δ and ypt6Δ strains can only be 

detected at high temperature, it is possible that GARP can be properly localized at the normal 

temperature if cells lack one protein or the other, but not both. However, at the restrictive 

temperature, the increased membrane fluidity or some other property of the membranes causes 

GARP mislocalization because a single protein, Arl1 or Ypt6, is no longer sufficient to retain 

GARP at the proper location. To test this hypothesis, we tagged the Vps52 and Vps53 subunits 

with GFP to see whether they were translocated to the PAS during autophagy at the restrictive 

temperature when either Arl1 or Ypt6 was missing. As the results in Figure II-8 demonstrate, 

Vps52-GFP colocalized with the PAS marker mRFP-Ape1 in the atg1Δ (YSA015), atg1Δ arl1Δ 
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(YSA016) and atg1Δ ypt6Δ (YSA017) strains when autophagy was triggered (Figure II-8B 

compared to Figure II-8A) at the permissive temperature, suggesting that GARP was transferred 

to the PAS during autophagy. Similarly, Vps53-GFP colocalized with mRFP-Ape1 in atg1Δ 

(YSA018) atg1 Δ arl1Δ (YSA019), and atg1Δ ypt6Δ (YSA020) strains under starvation conditions 

at the permissive temperature (Figure II-8F compared to Figure II-8E).  

However, we found in both the atg1Δ arl1Δ and the atg1Δ ypt6Δ strains, there were 

significant decreases in the number of cells that had colocalization between Vps52 and prApe1 

(Figure II-8C and D) or Vps53 and prApe1 (Figure II-8G and H) at high temperature compared 

with the permissive temperature. We also observed that Vps52 and Vps53 had both diffuse and 

punctate straining in both the atg1Δ arl1Δ and the atg1Δ ypt6Δ strains at both temperatures, 

indicating that some Vps52 and Vps53 subunits cannot be localized properly when cells lack Arl1 

or Ypt6. Overall, these data suggest the transfer of GARP to the PAS is dependent on both Arl1 

and Ypt6 at high temperature.  

2.3 Discussion 

Autophagy is an important aspect of a cell’s survival strategy against stressful conditions. 

This process relies intensively on the transport of membrane in order to form the autophagosome. 

One of the major questions is the sources of the membrane components that make up the 

autophagosome. To date, many membrane-bound organelles such as the ER (Yla-Anttila et al., 

2009), the mitochondria (Hailey et al., 2010) and the Golgi apparatus (Geng and Klionsky, 2010), 

have been suggested to supply portions of the autophagosomal membrane. For example, many late 

secretory components localized in the TGN such as Sec4 and Arf1-Arf2 can be redirected and 

enable the network to send Golgi-derived vesicles to the PAS for the formation of the 

autophagosome (Geng et al., 2010). These results demonstrate that components of the membrane 
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traffic apparatus, such as the monomeric GTP-binding proteins and their effectors are important 

players in generating the membrane-bound compartments necessary for autophagy. 

 Previous work has elucidated roles for several monomeric GTP-binding proteins (Yang 

and Rosenwald, 2014), including some known to function in post-Golgi compartments, such as 

Ypt31-Ypt32 (Geng et al., 2010). In this study, we show that 2 additional monomeric GTP-binding 

proteins that function in this area, Arl1 and Ypt6, also have roles in autophagy. However, their 

pattern in autophagy is significantly different from others that have been previously described. A 

simple knockout of one of these 2 genes did not impair autophagy at the permissive temperature, 

yet both arl1Δ and ypt6Δ strains showed completely defective autophagy at the restrictive 

temperature (Figure II-1B, 1C). The defect appears to stem from an inability to form an intact 

autophagosome (Figure II-4). This temperature-sensitive phenotype indicates some essential 

machinery of the early stages of autophagy fails to function properly at high temperature when one 

of 2 genes, ARL1 or YPT6, has been deleted. Upon degradation of Arl1 in the ypt6Δ background, 

cells were unable to perform autophagy even at the permissive temperature.  

The GTP-bound conformations of Arl1 and Ypt6 recruit their downstream effectors and 

regulate membrane traffic in the cell. GTP-bound Arl1 interacts with Imh1, Gga1, and Vps53; 

whereas GTP-bound Ypt6 interacts with Vps52 and perhaps other proteins yet to be determined. 

In this study we confirmed that only the GTP-restricted alleles of Arl1 and Ypt6, Arl1Q72L and 

Ypt6Q69L, respectively, which are the ones known to function in membrane traffic, were able to 

rescue the autophagy defect at high temperature. These results also suggest the ability to recruit 

downstream effectors such as the GARP complex by GTP-bound Ypt6 and Arl1 is essential in 

autophagy. 
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In addition, we found the anterograde traffic of Atg9 is impaired in both the arl1Δ and 

ypt6Δ strains at high temperature, the result of the defective formation of the autophagosome rather 

than defective fusion between the autophagosome and the vacuole, suggesting that Arl1 and Ypt6 

participate in the recruitment of Atg9-containing vesicles to the PAS. In both the arl1Δ and ypt6Δ 

strains at high temperature, the anterograde traffic of Atg9 to the PAS is adversely affected, leading 

to an overall block in autophagy because the autophagosomal membrane cannot be constructed. 

Moreover, using Sec7-DsRed as the TGN marker, we are able to confirm in either the arl1Δ or 

ypt6Δ strains, some fraction of Atg9 was trapped in the TGN, further suggesting that the TGN is 

one of the origins of the autophagosomal membrane.  

For the most part, the arl1Δ and ypt6Δ strains showed similar phenotypes, although in 

some instances the phenotypes observed in the ypt6Δ strain were slightly more severe. One 

important difference we observed was with respect to the Cvt pathway. Although cells lacking 

either ARL1 or YPT6 have a block in the Cvt pathway under normal growth conditions (at the 

permissive temperature and in nitrogen-replete media), the defect in arl1Δ can be overcome 

through starvation treatment regardless of the temperature. In contrast, the defect in the ypt6Δ 

strain can only be recovered by starvation at 30°C not at 37°C (Figure II-7). Processing defects for 

prApe1 can be reversed by starvation (Reggiori et al., 2003), where the autophagosomes supersede 

the ability of the Cvt vesicles to transport prApe1 to the vacuole. The fact that the ypt6Δ strain 

cannot transfer prApe1 to the vacuole under starvation conditions at the restrictive temperature is 

interesting because a previous study indicated prApe1 transits to the vacuole for processing even 

when autophagy is badly defective, such as in cells lacking Atg8 (Abeliovich et al., 2000), so the 

precise role of Ypt6 in prApe1 traffic under starvation conditions remains to be resolved.  
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GARP is a multisubunit tethering complex that normally regulates the membrane traffic 

between the endosome and the TGN by receiving cargo vesicles (Bonifacino and Hierro, 2011). 

Some other tethering complexes in the secretory pathway have been shown to have roles in 

autophagy including the TRAPP (TRAnsport Protein Particle) complex (Lynch-Day et al., 2010) 

and the COG (conserved oligomeric Golgi) complex (Yen et al., 2010), both of which help in the 

formation of the autophagosome. We tested whether the localization of the GARP complex is 

affected by loss of Arl1 or Ypt6 under conditions for autophagy. We found the localization of 

GARP subunits to the PAS required both Arl1 and Ypt6 at high temperature. Because GARP 

interacts with both Arl1 and Ypt6 and also functions in autophagy, this is consistent with our 

hypothesis that an important regulator of autophagy, which interacts with both Arl1 and Ypt6, fails 

to function properly at high temperature when one of the genes encoding these proteins has been 

deleted. Our model describing the roles of Arl1 and Ypt6 in autophagy is described in Figure II-9. 

Normally Arl1 and Ypt6 are localized at the TGN and assist in targeting the GARP complex to the 

PAS, which regulates the anterograde traffic of the Atg9-containing vesicle for the formation of 

the autophagsome. At the permissive temperature, the loss of Arl1 or Ypt6 does not affect the 

targeting of the GARP complex; thus, Atg9 can still be transported to the PAS. However, at the 

restrictive temperature the transfer of the GARP complex to the PAS is inhibited upon the loss of 

either Arl1 or Ypt6 and the resulting defect of anterograde traffic of Atg9 inhibits autophagsome 

formation. When both Arl1 and Ypt6 are missing, the cells are defective for autophagy even at the 

permissive temperature. In conclusion we demonstrate here that Arl1 and Ypt6, both monomeric 

GTP-binding proteins that function in TGN-endosome traffic, also play unique roles in autophagy. 

These roles are likely due to their interaction with and ability to target the GARP complex properly 

to the PAS to receive Atg9-containing vesicles to create the autophagosome. 
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2.4 Materials and Methods 

2.4.1 Strains, plasmids and reagents 

Yeast strains and plasmids used in this study are summarized in Tables II-1 and II-2. All 

yeast transformations were done with the lithium acetate method (Gietz et al., 1992). The deletion 

mutant strains atg1Δ, ypt6Δ, arl1Δ, ypt7Δ, and rpe1/pos18Δ were obtained from the homozygous 

diploid deletion collection developed by the Saccharomyces Genome Deletion Project (Winzeler 

et al., 1999). Strains for the Pho8Δ60 assay were constructed as previously described.(Noda and 

Klionsky, 2008) To integrate mRFP-Ape1 (prApe1 tagged by the monomeric red fluorescent 

protein), Atg9-3×GFP, and Sec7-DsRed into the yeast genome, the integration plasmid pRFP-Ape1 

(pRS305-mRFP-APE1) (He et al., 2006) (the gift of Daniel Klionsky, University of Michigan), 

pAtg9-3×GFP (pRS306-ATG9-3×GFP) (Monastyrska et al., 2008) (the gift of Daniel Klionsky) 

and YIplac204-TC-Sec7-6xDsred-M1 (Losev et al., 2006) were linearized by restriction enzymes 

AvrII, BglII and EcoNI, respectively. Homologous recombination was performed for integration 

into the APE1, ATG9, or SEC7 locus, respectively. To tag Vps52 and Vps53 with GFP, the GFP 

fragment bounded by the TRP1 gene was amplified from the plasmid pFA6a-GFP(S65T)-TRP1 

(Longtine et al., 1998) with the gene flanking regions of the C-terminal regions of VPS52 and 

VPS53. Homologous recombination was performed for integration into the genome. In each 

instance, correct recombination was verified by PCR using diagnostic primers for the appropriate 

integration. All the chromosomal gene deletions were accomplished through PCR amplification of 

the nutritional markers HIS3 or URA3 from the plasmid pRS313 or pRS316 with gene flanking 

regions for recombination. Marker swap experiments were done as described previously (Cross, 

1997). 

To clone YPT6 into the pRS316 plasmid, a 1600-base pair fragment containing the YPT6 
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gene with its 5’ and 3’ untranslated regions was amplified from the yeast genome by using 

oligonucleotides with either a SacI or ClaI restriction site. The PCR product and the pRS316 

plasmid were digested with SacI and ClaI. The digested products were ligated with T4 DNA ligase 

and transformed into E. coli. The resulting pRS316-YPT6 plasmid was confirmed by sequencing. 

Ypt6Q69L and Ypt6T24N were made by PCR-based site-directed mutagenesis, using the Q5 Site-

Directed Mutagenesis Kit from NEB (NEB, E0554S), following the manufacturer’s protocol. The 

presence of the desired point mutations was confirmed by sequencing. Sequencing here and 

elsewhere was performed by Genewiz (South Plainfield, NJ).  

For construction of the YPT6 ARL1 conditional double-knockout strain (ypt6Δ arl1AID), the 

TIR1 gene from Oryza sativa was integrated into the SSN6 locus of the ypt6Δ strain by cutting the 

plasmid pST1868 (Tanaka et al., 2015) with BbvCI and performing homologous recombination. 

To tag Arl1 with AID, the fragment of 3xmini AID-5xFLAG along with the KanMX gene was 

amplified from the plasmid pST1933 (Tanaka et al., 2015) with the primers containing gene 

flanking regions of the C-terminal region of ARL1. Homologous recombination was performed to 

integrate the fragment into the C terminus of ARL1.  

Antibodies used were anti-GFP primary antibody from mouse (Roche Diagnostics, 

11814460001); anti-Pgk1/phosphoglycerate kinase-1 antibody from mouse (Molecular Probes, 

A6457); anti-Ape1 antibody from rabbit (the gifts of Yoshinori Ohsumi, Tokyo Institute of 

Technology and Susan Ferro-Novick, University of California, San Diego), anti-FLAG antibody 

from mouse (Clontech, 635691), anti-mouse IgG horseradish peroxidase-linked secondary 

antibody from sheep (GE Healthcare, NA931) and anti-rabbit IgG horseradish peroxidase-linked 

secondary antibody from donkey (GE Healthcare, NA934). The enhanced chemiluminescence 

(ECL) prime kit was from GE Healthcare (RPN2236). 
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All chemical reagents were from Sigma-Aldrich, unless otherwise noted. FM 4-64 (N-(3-

triethylammoniumpropyl)-4-(6-(4-(diethylamino) phenyl) hexatrienyl) pyridinium dibromide) 

(T3166) and geneticin (G418) (11811023) were from Thermo Scientific. Restriction enzymes were 

from New England Biolabs. Phusion High-Fidelity DNA Polymerase was from Thermo Scientific 

(F-534S). Zymolyase 20T was from Sunrise (320921). Molecular biology grade trypsin was from 

Roche (11047841001).  

2.4.2 Yeast culture condition and the induction of autophagy 

Yeast strains were grown in YPD (1% yeast extract, 2% peptone, and 2% glucose) or 

synthetic dropout (SD) media (2% glucose, 0.67% yeast nitrogen base without amino acids, 

supplemented with appropriate nutrients and magnesium sulfate) (Green and Moehle, 2001). 

Experiments to induce autophagy by nitrogen starvation were performed in SD medium lacking 

nitrogen (SD-N; 2% glucose, 0.17% yeast nitrogen base without amino acids, ammonium sulfate, 

or vitamins). All chemicals for media were from Fisher Scientific except yeast nitrogen base 

(Sunrise, 1500-500). 

Yeast strains were normally grown at permissive temperature (30°C) in YPD medium or 

SD medium with appropriate supplements to maintain selection for the plasmids. To induce 

autophagy, yeast strains were grown until log phase (OD600 = 0.6), incubated at either 30°C or 

37°C in nonstarvation conditions for 30 min before washing twice in SD-N medium and further 

incubation in SD-N at the same temperature for 3 h. In some experiments, cultures were returned 

to 30°C for 3 h after incubation at 37°C (see appropriate figure legends).  

2.4.3 Western blots 

Proteins were extracted from yeast cells by using trichloroacetic acid (TCA) precipitation. 
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Cells were collected, washed with 20% TCA then the pellet fractions were resuspended in 150 μl 

20% TCA and subjected to glass bead lysis. The supernatant fractions were collected, and glass 

beads were subsequently washed with 300 μl 5% TCA. Proteins were pelleted by centrifugation, 

washed once with 100% ethanol, and solubilized in 90 μl 3× SDS-PAGE sample buffer (60 mM 

Tris, pH 6.8, 10% glycerol, 100 mM DTT, 0.2% bromophenol blue, 2% SDS) plus 60 μl 1 M Tris, 

pH 8.0. After incubating at 95°C for 20 min, the insoluble components were removed by 

centrifugation (10 min, 10,000 x g) and the supernatant fractions were subjected to western blot. 

The total proteins from 0.8 OD600 units of the cells (1 ml of cells at OD600 = 1.0 corresponds to 1 

unit) were separated on 4-15% pre-cast polyacrylamide gels (Bio-Rad, 456-9036), transferred to 

nitrocellulose membranes (Thermo Scientific, 88018), and subjected to protein detection using 

specific primary antibodies, followed by HRP-conjugated secondary antibodies (GE Healthcare, 

NA931 or NA934. Protein bands were visualized by using ECL Prime kit (GE Healthcare, 

RPN2236) and detected with an ImageQuant LAS 4010 imager (GE Healthcare). Each set of 

western blot experiments was repeated at least twice. Representative examples are shown in each 

figure.  

2.4.4 Live-cell fluorescence microscopy 

Yeast strains with GFP-tagged, RFP-tagged, or DsRed-tagged proteins were collected from 

rich medium (YPD or SD medium lacking the appropriate nutrients) or SD-N medium at different 

growth temperatures and washed once with water before imaging. To stain vacuoles, FM 4-64 was 

added to a final concentration of 1.6 μM for one h before visualization at 30°C or 37°C. Cells were 

visualized with a Zeiss AxioImager M2 florescence microscopy system using a 63× oil lens. 

Images were captured and deconvolved using Volocity 6.3 (PerkinElmer) software. Each set of 

fluorescence microscopy experiments was repeated at least twice.  
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2.4.5 Pho8Δ60 assay 

The Pho8Δ60 assay to quantify the magnitude of autophagy was performed as previously 

described (Noda and Klionsky, 2008). Briefly, cell lysates from 0.5 OD600 units of cells were 

incubated with 5.5 mM α-naphthyl phosphate (disodium salt; Sigma-Aldrich, N7255) for 20 min 

at 30°C in reaction buffer (250 mM Tris-HCl, pH 9.0, 10 mM MgSO4, 10 µM ZnSO4). The reaction 

was stopped with an equal volume of 2 M glycine-NaOH, pH 11.0. Fluorescence emissions of the 

product 1-napthol were measured (λex = 330, λem = 472) by using a GloMax plate reader (Promega) 

with a UV filter. Protein concentrations were determined by the Bradford assay (Bradford, 1976). 

All experiments were repeated 3 times with triplicate samples.  

2.4.6 Precursor Ape1 processing assay 

Cells were grown at 30°C until OD600 = 0.6. Autophagy was induced as described. Five 

ODs of cells from time 0 and 3 h at 30°C, and 3 h at 37°C were collected. The cells were washed 

with water and 50 μl of the 2x protein sample buffer was added along with glass beads. All the 

samples were vortexed for 5 min and another 50 μl of the sample buffer was added. All the samples 

were boiled for 10 min and centrifuged. The supernatant fractions were collected and subsequently 

analyzed by western blot by using an anti-Ape1 antibody. 

2.4.7 GFP-Atg8 proteinase protection assay 

The GFP-Atg8 proteinase protection assay was modified from that previously described 

(Nair et al., 2011b). Briefly, after nitrogen starvation, cells were collected and washed once with 

DTT buffer (10 mM Tris-HCl, pH 9.4, 10 mM DTT). Then cells were incubated in DTT buffer for 

15 min at 37°C, pelleted by centrifugation, then resuspended in SP buffer (1 M sorbitol [Sigma-

Aldrich, S1876], 20 mM PIPES, pH 6.8). Zymolyase 20T was added to a final concentration of 
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0.4 mg/ml and cells were incubated for 25 min. The resulting spheroplasts were pelleted and 

hypotonically lysed in SP200 buffer (20 mM PIPES, pH 6.8, 200 mM sorbitol, 5 mM MgCl2.). 

Two centrifugation steps, the first at 5000 × g for 5 min and collecting the supernatant fraction, 

and the second at 10,000 × g for 10 min and collecting the pellet fraction, were performed to 

remove unbroken cells and debris. The supernatant fractions were divided into 3 parts: untreated; 

treated with 10 μg/ml trypsin; and treated with 10 μg/ml tryspin in the presence of 0.4% Triton X-

100 (Sigma-Aldrich, T9284). Samples were incubated in 30°C for 25 min. The reactions were 

stopped by the addition of 100% TCA to the final concentration of 16.7%. Proteins were 

precipitated on ice for 10 min and collected by centrifugation (10 min, 10,000 x g). Protein pellets 

were washed twice with ice-cold 100% acetone. The pellets were dried and resuspended in 2× 

protein sample buffer. Proteins were separated on 4-15% Tris-HCl gels as described above for 

western blots. Free GFP and GFP-Atg8 were detected using the anti-GFP antibody as described 

above.  

2.4.8 Auxin-induced degradation of Arl1 

The YPT6 ARL1 conditional double-knockout strain (ypt6Δ arl1AID) was cultured until 

OD600 = 0.6 and divided into 2 portions. One portion was cultured with 1 mM NAA (Sigma, N0640) 

for 30 min, another one was with 0.17% ethanol alone. Autophagy was induced as described. After 

the 3 h in SD-N medium, the portion with 1 mM NAA was washed 3 times with SD-N medium to 

wash out the NAA and cells were cultured in SD-N medium for an additional 3 h in the absence 

of added NAA. All the samples were collected and subjected to either western blot with the anti-

GFP antibody and anti-FLAG antibody, or live-cell fluorescence microscopy.  
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Figure II-1. Arl1 and Ypt6 are involved in autophagy at the restrictive temperature of 

37°C. 
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(A) arl1Δ and ypt6Δ strains are sensitive to rapamycin at 37°C. All strains were streaked on YPD 

+ DMSO (4.57 nM) or YPD + 5 ng/ml rapamycin in DMSO and cultured either at 30°C or 37°C. 

Plates were photographed after 3 days of growth. (B) GFP-Atg8 degradation was decreased in the 

arl1Δ strain at 37°C. WT (BY4743), atg1Δ, and arl1Δ strains were cultured at 30°C in 

nonstarvation medium until log-phase; then all the strains were incubated at 37°C or 30°C for 30 

min. The cells were then washed twice with SD-N medium, and cultured in SD-N for 3 h either at 

37°C or at 30°C. An aliquot of cells at 37°C were transferred back to 30°C and cultured in SD-N 

for an additional 3 h (denoted “R”). Whole cell lysates were subjected to immunoblot with anti-

GFP antibody. (C) GFP-Atg8 degradation was decreased in the ypt6Δ strain at 37°C. The 

procedure was the same as Figure II-1B. (D) The arl1Δ (YSA003) and ypt6Δ (YSA004) strains 

show decreased Pho8Δ60 activity at 37°C. Error bars represent standard deviation from 3 

biological replicates. The samples were done in 3 technical replicates for each biological replicate. 

Student’s t-test was used to calculate the p value compared to WT activity at 37°C to other samples 

at 37oC. The asterisk represents significant difference (p<0.05). 
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Figure II-2. GTP-bound Arl1 or Ypt6 are able to suppress the autophagy defect of the 

arl1Δ or ypt6Δ strains at 37°C. 
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(A) GFP-Atg8 degradation was recovered when the GTP-restricted form of Arl1 was expressed in 

the arl1Δ strain. WT Arl1, empty vector (YEp352), N-terminal myristoylation defective Arl1G2A, 

GTP-bound Arl1Q72L, GDP-bound Arl1N127I, or nucleotide-free Arl1D130N were transformed into 

the arl1Δ strain. The GFP-Atg8 processing assay was performed. (B) Pho8Δ60 activity was 

recovered when the GTP-restricted form of Arl1 was expressed in the arl1Δ (YSA003) strain. Error 

bars represent standard deviation from 3 biological replicates. The samples were done in 3 

technical replicates for each biological replicate. Student’s t-test was used to calculate the p value 

of transformants at 37oC compared to transformation with WT ARL1 at 37°C. The asterisk 

represents significant difference (p<0.05). (C) GFP-Atg8 degradation was recovered when the 

GTP-bound form of Ypt6 was expressed. Empty vector (pRS316), WT, GTP-bound Ypt6Q69L or 

GDP-bound Ypt6T24N were transformed into the ypt6Δ strain. The GFP-Atg8 processing assay was 

performed. (D) Pho8Δ60 activity was recovered when the GTP-bound form of Ypt6 was expressed 

in the ypt6Δ strain (YSA004). Error bars represent standard deviation from 3 biological replicates. 

The samples were done in 3 technical replicates for each biological replicate. EV, empty vector. 

Student’s t-test was used to calculate the p value of transformants at 37oC compared to 

transformation with WT YPT6 at 37°C. The asterisk represents significant difference (p<0.05). 
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Figure II-3. Arl1 and Ypt6 are required for Atg8 transport to the vacuole at 37°C. 

Atg8 is mislocalized in arl1Δ and ypt6Δ strains at 37°C. Cells were grown, then starved for 

nitrogen as described. FM 4-64 was used to stain the vacuolar membrane. Experiments were 

repeated 3 times and the results shown are from a single experiment. (A) Fluorescence images for 

WT, atg1Δ, arl1Δ and ypt6Δ in nonstarvation conditions. (B) Fluorescence images for WT, atg1Δ, 

arl1Δ and ypt6Δ in starvation conditions at 30°C. (C) Fluorescence images for WT, atg1Δ, arl1Δ 

and ypt6Δ in starvation conditions at 37°C. (D) The percentage of cells with Atg8 dots in 3 

categories: 0, ≤ 2 and multiple dots (> 2 dots per cell) was quantified. At least 150 cells were 

counted for each strain. Error bars represent standard deviation from 3 biological replicates. Scale 

bar: 3 m.  
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Figure II-4. Arl1 and Ypt6 are required in the formation of the autophagosome at 37°C. 

(A) Illustration of the GFP-Atg8 proteinase protection assay. (B) GFP-Atg8 proteinase protection 

assay was done as indicated in Materials and Methods. The arl1Δ and ypt6Δ strains were cultured 

in SD-N medium at 37°C, while the atg1Δ and ypt7Δ strains were at 30°C. The cartoon underneath 

represents different structures for autophagy in the presence of trypsin. The boomerang represents 

the phagophore. The double circles represent the autophagosome. 
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Figure II-5. The YPT6 ARL1 conditional double knockout strain is defective for autophagy 

at 30°C. 

The YSA021 strain, containing the ARL1AID allele, or the ypt6Δ strain was transformed with the 

pRS316-GFP-Atg8 plasmid. Cells were cultured until OD600 = 0.6 and divided into 2 portions. 

One portion was cultured with 1 mM NAA for 30 min, another one was with 0.17% ethanol alone. 

Autophagy was induced as described. For the YSA021 strain, after 3 h in SD-N medium, an aliquot 

of the + NAA culture was washed 3 times by SD-N medium and cells were cultured in SD-N 

medium without NAA for an additional 3 h. All the samples were collected and subjected to either 

western blot with the anti-GFP antibody and anti-FLAG antibody, or live-cell fluorescence 

microscopy. (A) GFP-Atg8 assay shows the degradation of Arl1 caused the autophagy defect in 

the ypt6Δ strain background (YSA021) at 30°C. This defect can be reversed by washing out NAA 

(“washed”). (B) GFP-Atg8 assay shows that adding NAA to the ypt6Δ strain did not affect 

autophagy. (C) Fluorescence microcopy shows the punctate phenotype of mislocalized GFP-Atg8 

after Arl1 was degraded. The diffuse green phenotype of normal autophagy reappeared after NAA 

was removed. Scale bar: 3 m.  
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Figure II-6. Arl1 and Ypt6 are required for the anterograde traffic of Atg9. 



55 
 

mRFP-Ape1 and Atg9-3×GFP were integrated into the yeast genome at the APE1 and ATG9 loci, 

respectively. Cells were grown in YPD then transferred to SD-N medium as described. (A) 

Fluorescence images for atg1Δ (YSA009), atg1Δ arl1Δ (YSA010) and atg1Δ ypt6Δ (YSA011) 

strains under starvation conditions at 30°C. (B) Fluorescence images for atg1Δ (YSA009), atg1Δ 

arl1Δ (YSA010) and atg1Δ ypt6Δ (YSA011) strains under starvation conditions at 37°C, Arrows 

point to the additional Atg9 dots. Scale bar: 5 m. (C) The percentage of the cells with more than 

1 Atg9 dot in Figure II-6A and 6B. At least 50 cells were counted for each strain. Error bars 

represent standard deviation from 3 biological replicates. Student’s t-test was used to calculate the 

p value compared to % cell numbers with more than 1 Atg9 dot in atg1Δ strain at 37°C. The 

asterisk represents significant difference (p<0.05). 
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Figure II-7. Arl1 and Ypt6 are required in the Cvt pathway. 
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mRFP-Ape1 was integrated into the yeast genome using the pRS305-mRFP-Ape1 plasmid. Cells 

were grown and treated under starvation conditions as described. (A) Fluorescence images for WT 

(YSA005), atg1Δ (YSA006), arl1Δ (YSA007) and ypt6Δ (YSA008) strains in nonstarvation 

conditions. (B) The percentage of cells counted from Figure II-7A that contain a red prApe1 dot 

rather than the diffuse red phenotype. Error bars represent the standard deviation from 3 biological 

replicates. At least 80 cells were counted for each strain. Student’s t-test was used to calculate the 

p value compared with the % cell numbers with RFP-Ape1 dots in WT at non-starvation condition. 

The asterisk represents significant difference (p<0.05). (C) Fluorescence images for WT 

(YSA005), atg1Δ (YSA006), arl1Δ (YSA007) and ypt6Δ (YSA008) strains under starvation 

conditions at 30°C. (D) Fluorescence images for WT (YSA005), atg1Δ (YSA006), arl1Δ (YSA007) 

and ypt6Δ (YSA008) strains under starvation conditions at 37°C. Scale bar: 3 m. (E) prApe1 

processing assay for WT, atg1Δ, arl1Δ and ypt6Δ strains under non-starvation conditions (time 0), 

starvation for 3 h at 30°C and starvation for 3 h at 37°C. N, nitrogen.  
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Figure II-8. Arl1 and Ypt6 are required for GARP subunits Vps52 and Vps53 to be 

translocated to the PAS. 
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(A – C) Fluorescence images of the yeast strains atg1Δ (YSA015), atg1Δ arl1Δ (YSA016) and 

atg1Δ ypt6Δ (YSA017) under nonstarvation conditions, starvation at 30°C and starvation at 37°C. 

Arrows point to the colocalization between Vps52-GFP and mRFP-Ape1. (D) The percentage of 

cells with colocalization between Vps52-GFP and mRFP-Ape1. At least 90 cells were counted for 

each strain at each condition. Error bars represent standard deviation from 3 biological replicates. 

Student’s t-test was used to calculate the p value compared with the % colocalization between 

Vps52 and Ape1 in atg1Δ strain at 37°C. The asterisk represents significant difference (p<0.05). 

(E – G) Fluorescence images of the yeast strain atg1Δ (YSA018), atg1Δ arl1Δ (YSA019) and 

atg1Δ ypt6Δ (YSA020) under nonstarvation conditions, starvation at 30°C and starvation at 37°C. 

Arrows point to the colocalization between Vps53-GFP and mRFP-Ape1. (H) The percentage of 

cells with colocalization between Vps53-GFP and mRFP-Ape1. At least 90 cells were counted for 

each strain under each condition. Error bars represent standard deviation from 3 biological 

replicates. Scale bar: 3 m. Student’s t-test was used to calculate the p value compared to the % 

colocalization between Vps53 and Ape1 in atg1Δ strain at 37°C. The asterisk represents significant 

difference (p<0.05). 
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Figure II-9. Model for Arl1 and Ypt6 in autophagy. 

Arl1 and Ypt6 regulate the targeting of the GARP complex to the PAS and the anterograde traffic 

of Atg9. At the permissive temperature, Arl1 or Ypt6 alone is sufficient for the transport of GARP 

and Atg9 to the PAS. However, at the restrictive temperature, a single protein, Arl1 or Ypt6, is 

insufficient for targeting GARP to the PAS. Therefore, under increased temperature, the 

anterograde traffic of Atg9 to the PAS is impaired.  
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Table II-1. Plasmids used in the study. 

Plasmid names Description Sources 

pGFP-AUT7 pRS316-GFP-ATG8 (Suzuki et al., 2001) 

pGFP-AUT7-LEU pGFP-AUT7 marker-swapped to LEU2 This study 

pAtg9-3xGFP pRS306-ATG9-3×GFP (Monastyrska et al., 2008) 

pRFP-Ape1 pRS305-mRFP-APE1 (He et al., 2006) 

pARY1-3 ARL1 (wild type) in YEp352 (Rosenwald et al., 2002) 

pARY1-25 ARL1 (wild type) in pRS316 (Rosenwald et al., 2002) 

pRS316-YPT6 YPT6 (wild type) in pRS316 This study 

pRS316-YPT6Q YPT6Q69L in pRS316 This study 

pRS316-YPT6T YPT6T24N in pRS316 This study 

pARY1-60 ARL1F52G in YEp352 (Manlandro et al., 2012) 

pHV684 ARL1G2A in YEp352 (Rosenwald et al., 2002) 

pHV686 ARL1Q72L in YEp352 (Rosenwald et al., 2002) 

pARY1-32 ARL1N127I in YEp352 (Rosenwald et al., 2002) 

pARY1-31 ARL1D130N in YEp352 (Rosenwald et al., 2002) 

pSEC7-Dsred YIplac204-TC-Sec7-6×Dsred-M1 (Losev et al., 2006) 

pGFP-TRP1 pFA6a-GFP(S65T)-TRP1, template for 

amplifying GFP and TRP1 cassette. 

(Longtine et al., 1998) 

pST1868 YIp vector, OsTIR1, tTA, TetR'-SSN6, 

LEU2 

(Tanaka et al., 2015) 

pST1933 Contains 3×mini-AID-5×Flag, KanMX. 

Template to amplify iAID cassette 

(Tanaka et al., 2015) 

pRS316 CEN vector, URA3 (Sikorski and Hieter, 1989) 

pRS313 CEN vector, HIS3 (Sikorski and Hieter, 1989) 

YEp352 2 vector, URA3 (Hill et al., 1986) 

pTL7 Marker-swapped plasmid, TRP1 to LEU2 (Cross, 1997) 

pUL9 Marker-swapped plasmid, URA3 to LEU2 (Cross, 1997) 

pLU12 Marker-swapped plasmid, LEU2 to URA3 (Cross, 1997) 

pYM-N14 Plasmid to generate GPD1 promoter and 

KanMX cassette 

EUROSCARF 
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Table II-2. Yeast strains used in the study. 

Strain Descriptive 

name 

Genotype Source 

BY4743 WT MATa/α his3Δ1/his3Δ1 

leu2Δ0/leu2Δ0 LYS2/lys2Δ0 

met15Δ0/MET15 ura3Δ0/ura3Δ0 

(Winzeler et al., 1999) 

atg1Δ atg1Δ BY4743 atg1Δ::Kan/atg1Δ::Kan (Winzeler et al., 1999) 

arl1Δ arl1Δ BY4743 arl1Δ::Kan/arl1Δ::Kan (Winzeler et al., 1999) 

ypt6Δ ypt6Δ BY4743 ypt6Δ::Kan/ypt6Δ::Kan (Winzeler et al., 1999) 

ypt7Δ ypt7Δ BY4743 ypt7Δ::Kan/ypt7Δ::Kan (Winzeler et al., 1999) 

rpe1/pos18Δ rpe1/pos18Δ BY4743 

pos18Δ::Kan/rpe1Δ::Kan 

(Winzeler et al., 1999) 

BY4742 WT MATα his3Δ1 leu2Δ0 lys2Δ0 

ura3Δ0 

(Winzeler et al., 1999) 

YSA001 WT BY4742 pho8::pho8Δ60 This study 

YSA002 atg1Δ BY4742 pho8::pho8Δ60 

atg1Δ::HIS3 

This study 

YSA003 arl1Δ BY4742 pho8::pho8Δ60 

arl1Δ::HIS3 

This study 

YSA004 ypt6Δ BY4742 pho8::pho8Δ60 

ypt6Δ::HIS3 

This study 

YSA005 WT BY4743 mRFP-APE1::LEU2 This study 

YSA006 atg1Δ BY4743 mRFP-APE1::LEU2 

atg1Δ::Kan/atg1Δ::Kan 

This study 

YSA007 arl1Δ BY4743 mRFP-APE1::LEU2 

arl1Δ::Kan/arl1Δ::Kan 

This study 

YSA008 ypt6Δ BY4743 mRFP-APE1::LEU2 

ypt6Δ::Kan/ypt6Δ::Kan 

This study 

YSA009 atg1Δ BY4742 mRFP-APE1::LEU2 

ATG9-3×GFP::URA3 atg1Δ::Kan 

This study 

YSA010 atg1Δ arl1Δ BY4742 mRFP-APE1::LEU2 

ATG9-3×GFP::URA3 atg1Δ::Kan 

arl1Δ::HIS3 

This study 

YSA011 atg1Δ ypt6Δ BY4742 mRFP-APE1::LEU2 

ATG9-3×GFP::URA3 atg1Δ::Kan 

ypt6Δ::HIS3 

This study 

YSA012 atg1Δ BY4742, atg1Δ::Kan, Atg9-

3×GFP::URA3, trp1Δ::LEU2, 

Sec7-6×Dsred::TRP1 

This study 

YSA013 atg1Δ arl1Δ BY4742, atg1Δ::Kan, Atg9-

3×GFP::URA3, trp1Δ::LEU2, 

Sec7-6×Dsred::TRP1, 

arl1Δ::HIS3 

This study 
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Table II-2. (cont.) 

Strain Descriptive 

name 

Genotype Source 

YSA014 atg1Δ ypt6Δ BY4742, atg1Δ::KanMX, Atg9-

3×GFP::URA3, trp1Δ::LEU2, 

Sec7-6×Dsred::TRP1, 

ypt6Δ::HIS3 

This study 

YSA015 atg1Δ BY4742, atg1Δ::Kan, mRFP-

APE1::URA3 (swapped from 

LEU2), trp1Δ::LEU2, VPS52-

GFP::TRP1 

This study 

YSA016 atg1Δ arl1Δ BY4742, atg1Δ::Kan, mRFP-

APE1::URA3 (swapped from 

LEU2), trp1Δ::LEU2, VPS52-

GFP::TRP1, arl1Δ::HIS3 

This study 

YSA017 atg1Δ ypt6Δ BY4742, atg1Δ::Kan, mRFP-

APE1::URA3 (swapped from 

LEU2), trp1Δ::LEU2, VPS52-

GFP::TRP1, ypt6Δ::HIS3 

This study 

YSA018 atg1Δ BY4742, atg1Δ::Kan, mRFP-

APE1::URA3 (swapped from 

LEU2), trp1Δ::LEU2, VPS53-

GFP::TRP1 

This study 

YSA019 atg1Δ arl1Δ BY4742, atg1Δ::Kan, mRFP-

APE1::URA3 (swapped from 

LEU2), trp1Δ::LEU2, VPS53-

GFP::TRP1, arl1Δ::HIS3 

This study 

YSA020 atg1Δ ypt6Δ BY4742, atg1Δ::Kan, mRFP-

APE1::URA3 (swapped from 

LEU2), trp1Δ::LEU2, VPS53-

GFP::TRP1, ypt6Δ::HIS3 

This study 

YSA021 ypt6Δ arl1AID BY4742, ypt6Δ::HIS3, 

SSN6::OsTIR1-LEU2, 

ARL1::3×miniAID-5×FLAG-Kan 

This study 
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Chapter III: A high copy suppressor screen for autophagy defects in Saccharomyces arl1Δ 

and ypt6Δ strains 

 

 

 

3.1 Introduction  

Autophagy is a conserved degradation process that involves engulfing cytosolic 

components (proteins, organelles, etc.) into a special double-membraned structure called the 

autophagosome, which subsequently fuses with the lysosome (the vacuole in Saccharomyces 

cerevisiae) in order for those components to be degraded (Glick et al., 2010; Nair and Klionsky, 

2005). This process provides molecules such as amino acids to cells during starvation and serves 

as a way to remove damaged or unnecessary organelles such as mitochondria or peroxisomes. 

Thus autophagy is indispensable to maintain intracellular homeostasis (Yang and Klionsky, 2010). 

Autophagy can be roughly divided into selective and non-selective types, depending on the 

substrates. The non-selective form autophagy, called macroautophagy, is responsible for the 

turnover of the majority of the cytosolic components. There are also some specific substrates, such 

as mitochondria, peroxisomes, and specific vacuolar proteases that require selective types of 

autophagy in order to be transferred into the lysosome/vacuole for further degradation or 

processing. In this paper, the word autophagy will be used to refer to macroautophagy.  

Autophagy is a complex and highly regulated process. The master regulator of autophagy 

is the Target of Rapamycin complex 1 (TORC1), a serine/threonine kinase whose main function 

is to sense the energy status of the cell. When supplied with sufficient nutrients, TORC1 

phosphorylates several substrates and blocks autophagy.  In contrast, when cells are starved or 

treated with rapamycin, the kinase function of TORC1 is inhibited, so that autophagy is triggered. 

The elongation of a structure called the phagophore to form the completed autophagosome requires 
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a modified form of the protein Atg8, containing a covalently linked molecule of 

phosphatidylethanolamine (PE) on its C-terminus, which serves to recruit membranes to the 

growing phagophore (Klionsky et al., 2007).   

Autophagy requires a number of specific proteins, called the Atg proteins, but it also 

requires proper transport of membrane resources to the PAS. Many small GTP-binding proteins, 

regulators of membrane traffic, are essential for different stages of autophagy, from the formation 

of the autophagosome to the fusion between the autophagosome and the vacuole (Yang and 

Rosenwald, 2014).  

We recently discovered two small GTP-binding proteins, Arl1, a member of the 

Arf/Arl/Sar family, and Ypt6, a member of the Rab family, have novel roles in autophagy (Yang 

and Rosenwald, 2016).  Both regulate membrane traffic between the TGN and the endosomes. 

ARL1 and YPT6 also show synthetic lethality with one another, which suggests the encoded 

proteins have functional similarities (Costanzo et al., 2010). Interestingly, mutants lacking one or 

the other of these genes have similar phenotypes – both the arl1Δ and ypt6Δ strains are unable to 

grow in the presence of rapamycin and perform autophagy, but only under high temperature stress 

(37°C).  Furthermore, we determined the high temperature defect is caused by failure to recruit the 

GARP complex to the PAS in the absence of arl1Δ or ypt6Δ at 37°C. The GARP complex is 

responsible for recruiting the SNARE protein Tlg2 to the PAS in order to bring membrane from 

the Golgi apparatus to form the autophagosome (Reggiori et al., 2003), and its proper targeting to 

the PAS requires both Arl1 and Ypt6 at 37°C. 

In this paper, we utilized a yeast high-copy genomic library (Nasmyth and Reed, 1980) to 

perform a suppressor screen on arl1Δ and ypt6Δ strains. Since we found neither deletion mutant 
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strain can grow in the presence of rapamycin at 37°C, we first used a rapamycin sensitivity assay 

to screen for genomic fragments that can suppress the growth defects of arl1Δ and ypt6Δ strains. 

Because we are specifically interested in membrane traffic or autophagy regulators that might 

potentially have relationships with Arl1 or Ypt6 during autophagy, a total of 7 genes, COG4, SNX4, 

TAX4, IVY1, PEP3, SLT2 and ATG5 with these characteristics were selected from the sequenced 

genomic fragments and were transformed into both arl1Δ and ypt6Δ strains. Autophagy specific 

assays were used to determine which genes are able to suppress the autophagy defects in the two 

strains. Through this screen, we have identified regulators that are novel partners of Arl1 or Ypt6 

during autophagy at high temperature stress. 

3.2 Results 

3.2.1 Identification of genomic regions that suppress rapamycin sensitivity of arl1Δ and 

ypt6Δ strains at 37°C 

Previously we found the deletion of either the ARL1 or YPT6 gene causes sensitivity to the 

drug rapamycin only at 37°C, not at 30°C. We further confirmed that this high temperature growth 

defect on rapamycin plates was due to failure to process autophagy normally (Yang and Rosenwald, 

2016). To determine what genes might suppress the autophagy defect in these strains, we utilized 

the rapamycin sensitivity phenotype at 37°C as a preliminary way to isolate genomic fragments 

that contain possible high copy number suppressors. Each deletion strain was transformed with the 

library and 20,000 colonies each were screened for their ability to grow on rapamycin medium at 

37°C. Total 31 genomic fragments were identified from the screen on arl1Δ strain (Table III-1), 

and 10 were identified for ypt6Δ strain (Table III-2).  
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From the screen results for the arl1Δ strain, we selected COG4, TAX4, SNX4 and SLT2 as 

candidates for further testing based on their cellular functions as important regulators of membrane 

traffic or autophagy (see Table III-1). Also, YPT6 was identified from the screen, which was 

previously confirmed as suppressor of the arl1Δ strain (Yang and Rosenwald, 2016). For genes of 

interest contained on library plasmids with several genes, we purchased the relevant single genes 

from the ORF collection (Gelperin et al., 2005).  For the COG4 and SNX4 plasmids obtained from 

the screen, each of these plasmids contained only the gene of interest, thus we used these two 

plasmids directly in additional assays. For the screen results of the ypt6Δ strain, we selected IVY1, 

ATG5, and PEP3 (see Table III-2). In summary, we selected a total of 7 genes to be tested 

specifically for suppression of the autophagy defects. All 7 plasmids containing single gene 

candidates were transformed into the arl1Δ and the ypt6Δ strains.  

3.2.2 Identification of high copy suppressors of the arl1Δ strain 

 We first transformed the high-copy plasmids containing COG4, SNX4, SLT2, TAX4, IVY1, 

ATG5 and PEP3 as well as ARL1 into the arl1Δ strain. Empty vector (YEp352) was used as the 

negative control. In order to test which of the 7 candidates suppressed the autophagy defect at 

37°C, an assay that follows cleavage of a modified version of the protein Atg8, GFP-Atg8 was 

used to monitor the transport of Atg8 to the vacuole (Figure III-1A). Once autophagy is triggered, 

Atg8 is modified on its C-terminus by Atg4. This modification enables Atg8 to be conjugated to 

phosphatidylethanolamine on its C-terminus, which helps expand the membranes of the 

phagophore to become the autophagosome (Xie et al., 2008). When the autophagosome fuses with 

the vacuole, Atg8 is degraded.  However, when the fusion protein GFP-Atg8 is transferred to the 

vacuole, Atg8 is degraded, but the GFP moiety is resistant to degradation and can therefore be 

detected as free GFP on Western blots if autophagy proceeds normally. As the results show, at 
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time 0, no free GFP is detected in any of the strains. When the cells were treated in starvation 

medium for 3 h at 30◦C, free GFP can be detected in all strains, demonstrating normal autophagy. 

As the negative control, no free GFP can be detected in the cell with empty vector at 37°C, meaning 

that Arl1 is required for autophagy at high temperature, as previously found (Yang and Rosenwald, 

2016). Cells overexpressing COG4, TAX4, SNX4, and ARL1 were able to process GFP-Atg8 

normally at 37°C; while overexpression of IVY1, ATG5, SLT2, or PEP3 did not suppress the 

autophagy defect of the arl1Δ strain at 37°C.  

In S. cerevisiae, the activity of a N-terminally truncated form of the vacuolar alkaline 

phosphatase Pho8 (Pho8Δ60) is widely used to measure the magnitude of autophagy (Noda and 

Klionsky, 2008).  Normally, Pho8 is transported to the vacuole via the secretory pathway, where 

it is processed and activated to form the mature form by proteolysis. Upon removal of the N-

terminal 60 amino acids, Pho8 can only be transported to the vacuole by autophagy.  Thus, the 

amount of Pho8 enzymatic activity under these conditions is a measure of autophagy. We 

performed the Pho8Δ60 assay in the arl1Δ (YSA003) strain, containing the PHO8Δ60 allele after 

transformation with plasmids bearing the 8 genes of interest (Figure III-1B). ARL1 and empty 

vector (YEp352) were used as controls. The results show that, consistent with the GFP-Atg8 assay, 

overexpression of COG4, TAX4, SNX4 and ARL1 were able to suppress the autophagy defect of 

the arl1Δ strain at 37°C, whereas overexpression of IVY1, ATG5, SLT2 and PEP3 were not.  

We also visualized the transport of GFP-Atg8 by fluorescence microscopy (Figure III-2). 

Under non-starvation conditions, GFP-Atg8 aggregated as single dots in the cells, denoting the 

PAS (Suzuki et al., 2001) (Figure III-2A). When cells were treated with starvation medium at 30°C, 

all of the strains had a diffuse green phenotype, indicating the normal processing of GFP-Atg8. 

Under starvation conditions at 37°C (Figure III-2C), cells overexpressing COG4, SNX4, and TAX4 
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as well as ARL1 had the diffuse green phenotype, consistent with the conclusion from Figure 1 

that these 4 genes when overexpressed are able to suppress the autophagy defect in the arl1Δ strain. 

On the other hand, cells overexpressing IVY1, PEP3, SLT2 and ATG5 exhibited multiple green 

dots, suggesting defective autophagy (Figure III-2C). After counting the cells with diffuse green 

phenotype (normal autophagy) at both 30 and 37°C, we found that the arl1Δ strains which 

overexpressed COG4, SNX4 and TAX4 had a significantly higher percentage of cells with the 

diffuse green phenotype at 37°C, while cells overexpressing IVY1, PEP3, SLT2 and ATG5 had a 

dramatically decreased percentage of cells with this phenotype at high temperature compared with 

30°C. In conclusion, we identified COG4, SNX4 and TAX4 as high copy suppressors for the high 

temperature autophagy defect of the arl1Δ strain.  

3.2.3 Identification of high copy suppressors of the ypt6Δ strain 

We performed the same set of autophagy assays as for the arl1Δ strain to test which of the 

7 genes from the screen was able to suppress the high temperature autophagy defect. From the 

GFP-Atg8 assay, we found only IVY1 and ATG5 as well as the positive control YPT6, were able 

to suppress the autophagy defect of the ypt6Δ strain at 37°C, as demonstrated by the appearance 

of free GFP (Figure III-3A). This conclusion was further confirmed through Pho8Δ60 assay 

(Figure III-3B); upon overexpression of IVY1, ATG5, or YPT6 the Pho8Δ60 activity in the ypt6Δ 

strain (YSA004) was dramatically increased, compared with empty vector.  Similarly, these results 

were confirmed by the GFP-Atg8 fluorescence phenotype (Figure III-4A-C), as we found the 

ypt6Δ strain overexpressing IVY1 or ATG5 had an increased percentage of cells with the diffuse 

green phenotype at 37°C (Figure III-4D). In conclusion, we identified IVY1 and ATG5 as high 

copy suppressors for the high temperature autophagy defect of the ypt6Δ strain. 
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From the 7 candidates, we found COG4, TAX4 and SNX4 suppressed the autophagy defect 

of the arl1Δ strain, while IVY1 and ATG5 suppressed the defect in the ypt6Δ strain. Two genes 

identified in the primary screen SLT2 and PEP3, selected from rapamycin sensitivity screens for 

the arl1Δ and ypt6Δ strains, respectively, didn’t suppress the defect in either strain as measured 

by the more specific assays. In order to confirm that these two genes are actually the relevant ones 

in the genomic fragments, we streaked the arl1Δ strain with a plasmid containing only the SLT2 

gene and the ypt6Δ strain with a plasmid containing only the PEP3 gene onto medium containing 

5 ng/ml rapamycin and cultured them at 37°C. These genes SLT2 and PEP3 suppress the high 

temperature rapamycin sensitivity of arl1Δ and ypt6Δ respectively (Figure III-5). These results 

indicate that genes that suppressed the rapamycin phenotype in these strains are not necessarily 

regulators of autophagy.   

3.3 Discussion  

Autophagy is an essential cellular process that helps cells overcome stressful 

environmental conditions. It is also tightly regulated and requires a large number of proteins to 

perform correctly. The cooperation and interactions between different regulators are particularly 

important for the correct execution of autophagy. Autophagy relies intensively on membrane 

resources as they are required for the formation of the autophagosome to sequester the targeted 

cytosolic components. Therefore, many membrane traffic regulators, including many monomeric 

GTP-binding proteins have been shown to be essential for this process.  Examples include Ypt1 

and Sec4. While Ypt1 normally controls the traffic between the ER and the cis-Golgi (Jedd et al., 

1995), Sec4 is required for the exocytic secretion pathway (Kabcenell et al., 1990), both are 

required for transport membrane to the PAS to form the autophagosome (Geng et al., 2010) 

(Lynch-Day et al., 2010).  
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Previously, we discovered Arl1 and Ypt6, two small GTP-binding proteins that regulate 

late Golgi vesicular traffic, also have roles in autophagy (Yang and Rosenwald, 2016). 

Interestingly, we discovered that a simple knockout of one of the two genes did not impair 

autophagy at 30°C, the permissive temperature for growth; yet both arl1Δ and ypt6Δ strains 

showed completely defective autophagy at 37°C. Furthermore, we found Arl1 and Ypt6 participate 

in autophagy through interactions with the GARP complex. Retention of both Arl1 and Ypt6 are 

required for the proper localization of the GARP complex to the PAS at 37°C, and thus affect 

membrane transport from the TGN to the PAS for autophagosome formation. Absence of one of 

the two is apparently no longer sufficient to securely bind GARP to the PAS at high temperature. 

Because the autophagy pathway is very complicated, we sought to identify other regulators that 

work cooperatively with Arl1 or Ypt6 to affect autophagy under high temperature stress.  

Many widely used autophagy specific assays are challenging to adapt for high-copy 

suppressor screening, due to the difficulty in manipulating large sample numbers for Western blot 

analysis (GFP-Atg8 proteolysis), enzymatic activity (Pho8Δ60), or microscopy (GFP-Atg8 

localization), thus we chose to use the rapamycin sensitivity assay to as a preliminary screen since 

we found that this phenotype correlated with phenotypes of the more specific assays. Rapamycin 

blocks the kinase function of TORC1, and in turn activates many TORC1 controlled pathways, 

including autophagy. However, because TORC1 regulates many pathways, such as the ribosome 

biogenesis pathway (Martin et al., 2004), cell cycle (Barbet et al., 1996), amino acid biosynthesis 

pathways (Crespo et al., 2002; Komeili et al., 2000) and the cell-wall integrity pathway  (Torres et 

al., 2002), the suppressors identified from this screen may not specifically suppress the autophagy 

defect of the arl1Δ and ypt6Δ strains.  Therefore, we selected genes that express regulators for 

membrane traffic or autophagy since the expectation would be that such genes could potentially 
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be the regulators of autophagy specifically.  Using this approach, we found COG4, TAX4 and SNX4 

suppressed the autophagy defect of the arl1Δ strain, while IVY1 and ATG5 suppressed the defect 

of the ypt6Δ strain. 

Cog4 is one of the subunits of the COG complex, a tethering complex similar to GARP. 

The COG complex contains 8 subunits (Cog1-Cog8), and the structure can be divided into two 

lobes: lobe A consists of Cog2 – Cog4 and lobe B consists of Cog5 – Cog8, while Cog1 connects 

the two lobes (Kim et al., 2001; Ram et al., 2002; VanRheenen et al., 1999). The COG complex 

mediates vesicle traffic within the Golgi apparatus, between the Golgi and endosomes, as well as 

between the ER and Golgi (Bruinsma et al., 2004; Oka et al., 2004; Suvorova et al., 2002; 

VanRheenen et al., 1999; Zolov and Lupashin, 2005). In addition, lobe A is involved in autophagy 

directly because it is localized to the PAS and required for the formation of the autophagosome. 

(Yen et al., 2010).  

Tax4 regulates phosphatidylinositol 4,5-bisphosphate levels in the cell by activating the 

PtdIns phosphatase Inp51p (Morales-Johansson et al., 2004). It localizes to the PAS upon 

triggering of autophagy and mediates the recruitment of Atg17 to the PAS, thus affecting the early 

stages of autophagy. Interestingly, Tax4 is required for the normal expression of VPS51, one of 

the subunits of the GARP complex (Bugnicourt et al., 2008), suggesting an interaction between 

Tax4 and the GARP complex in autophagy specifically. We hypothesize that the overexpression 

of COG4 or TAX4 can either provide additional more membrane to the PAS to form the 

autophagosome, or recruit more regulators such as Atg17 to increase the extent of autophagy in 

the arl1Δ strain background.  
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Snx4 is a sorting nexin that controls the recycling of some late-Golgi SNAREs (i.e. Snc1) 

between the early endosome and the TGN (Hettema et al., 2003). Previous results suggested Snx4 

is required for a selective form of autophagy, the Cvt pathway (Nice et al., 2002), although our 

results suggest it may also have a role in macroautophagy as well.   

Atg5 itself is an essential autophagy regulator, and functions to mediate the lipidation of 

Atg8, therefore increasing the elongation of the phagophore for autophagosome formation 

(Romanov et al., 2012; Sakoh-Nakatogawa et al., 2013). We hypothesize that in ypt6Δ strain, the 

overexpression of ATG5 suppresses the autophagy defect by increasing formation of 

autophagosomes.  

Previous results showed that Ivy1 localizes to the vacuole and is an effector of the small 

GTP-binding protein, Ypt7. Ivy1 controls the function of TORC1 in combine with the V-ATPase, 

as the strain with a double deletion of IVY1 and one of the subunits of the V-ATPase, VAM16 

cannot growth in the presence of rapamycin (Numrich et al., 2015). This double mutant strain had 

an invaginated vacuolar surface phenotype, which suggests Ivy1 together with the V-ATPase 

functions to maintain vacuolar shape as well as regulate the function of TORC1 (Numrich et al., 

2015). Ivy1 may function by increasing the fusion between the autophagosome and the vacuole as 

it is required for the integrity of the vacuole membrane. We observed that IVY1 is a weaker 

suppressor of the autophagy activity of ypt6Δ compared to ATG5 (see Pho8Δ60 assay in Figure 

III-3B).  This result may due to the fact that Ivy1 is indirectly involved in autophagosome 

formation.  

Besides the 5 genes we confirmed to be the suppressors for autophagy defect of arl1Δ or 

ypt6Δ strains, we selected SLT2 and PEP3 to study as well. Slt2 is a MAP kinase, regulating the 



74 
 

Protein Kinase C pathway (Madden et al., 1997) and mediates two selective forms of autophagy, 

mitophagy to clear the damaged mitochondria (Mao et al., 2011), and pexophagy for peroxisome 

clearance. Pep3 is a subunit of the CORVET (class C core vacuole/endosome tethering membrane) 

tethering complex and is required for the biogenesis of the vacuole (Preston et al., 1991; Srivastava 

et al., 2000). Although SLT2 and PEP3 didn’t suppress the autophagy defect of the arl1Δ strain or 

the ypt6Δ strain respectively, they do suppress the growth defect of the appropriate strain on 

rapamycin plates at 37°C.  

We conducted the two rapamycin screens concurrently, with the expectation that genes 

identified in one strain background might suppress in the other background.  This expectation was 

based on our previous finding that YPT6 suppressed the autophagy defect of the arl1Δ strain (Yang 

and Rosenwald, 2016).  Specifically, we expected that IVY1 and ATG5 would suppress the arl1Δ 

strain’s autophagy defect as well because based on our results, we hypothesized that Ivy1 and Atg5 

function downstream of Ypt6. However, we found that other than YPT6 itself, none of the genes 

identified as suppressors of one strain suppressed the other strain.  In other words, COG4, TAX4, 

and SNX4 selected from the screen of arl1Δ strain only suppressed the autophagy defect in the 

arl1Δ strain only, not the ypt6Δ strain, whereas IVY1 and ATG5 only suppressed the defect in the 

ypt6Δ strain only, not the arl1Δ strain. Previously we showed Arl1 and Ypt6 work together to 

mediate autophagy as the conditional knock out of both ARL1 and YPT6 gene leads to a complete 

block of autophagy even at 30°C. The fact that they don’t share the same set of high copy 

suppressors may suggest they have independent roles in some aspects of autophagy as well. 

Moreover, the fact that SLT2 and PEP3 are rapamycin sensitivity suppressors but cannot suppress 

the autophagy defects in arl1Δ or ypt6Δ strain may suggest that Arl1 and Ypt6 regulate TORC1 

function more directly. 
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In conclusion, we identified several genes that suppress the high temperature autophagy 

defect in cells lacking either ARL1 or YPT6 (for a proposed model see Figure III-6). Although 

researchers have uncovered a great deal about the molecular mechanisms responsible for 

autophagy, additional work will be necessary to uncover the detailed relationships between the 

suppressors we uncovered in this study and these two monomeric G proteins.  From this analysis, 

we hope to learn more about the signaling pathways necessary for a comprehensive understanding 

of autophagy. 

3.4 Materials and Methods 

3.4.1 Yeast strains, plasmids and reagents 

Yeast stains arl1Δ (MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/MET15 

ura3Δ0/ura3Δ0, arl1Δ::KanMX/arl1Δ::KanMX) and ypt6Δ (MATa/α his3Δ1/his3Δ1 

leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/MET15 ura3Δ0/ura3Δ0, ypt6Δ::KanMX/ypt6Δ::KanMX) 

were used in the high-copy suppressor screen for rapamycin sensitivity at 37°C. Both strains were 

obtained from the homozygous diploid deletion collection developed by the Saccharomyces 

Genome Deletion Project (Winzeler et al., 1999). Strains YSA003 (BY4742 pho8::pho8Δ60 

arl1Δ::HIS3) and YSA004 (BY4742 pho8::pho8Δ60 ypt6Δ::HIS3) were constructed previously 

(Yang and Rosenwald, 2016). High-copy plasmids containing a single specific yeast ORF were 

either isolated from the screened library (COG4 and SNX4) or were obtained from the yeast ORF 

collection (SLT2, ATG5, PEP3, IVY1, and TAX4) (Gelperin et al., 2005). The pRS316-GFP-Atg8 

plasmid was a gift from Daniel Klionsky (University of Michigan) (Suzuki et al., 2001). The 

plasmids used in this study are listed in Table III-3. 

Antibodies used were an anti-GFP (green fluorescent protein) primary antibody from 
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mouse (Roche Diagnostics, 11814460001); an anti-phosphoglycerate kinase-1 (Pgk-1) antibody 

from mouse (Molecular Probes, A6457); and an anti-mouse IgG horseradish peroxidase linked 

secondary antibody from sheep (GE Healthcare, NA931). The enhanced chemiluminescence (ECL) 

prime kit was from GE Healthcare (RPN2236). 

All chemical reagents were from Sigma-Aldrich, unless otherwise noted.  

3.4.2 Genetic screen for high copy number suppressors 

The YEp13 based yeast high-copy number genomic library (ATCC 37323) (Nasmyth and 

Reed, 1980) was used in the screen. Yeast strains arl1Δ and ypt6Δ were transformed with the 

library by using lithium acetate transformation, as described previously (Gietz and Woods, 2002), 

and were plated onto either SD-Leu medium to determine number of total transformants so that 

we can know how many colonies we have screened (total 20,000 colonies for each strains), or SD-

Leu containing 5 ng/ml rapamycin (Sigma-Aldrich, R0395). The plates were incubated at 37°C. 

Plasmids from the colonies showing resistance to rapamycin at 37°C were isolated (Hoffman and 

Winston, 1987) and transformed into E.coli DH5 strain by electroporation, followed by a 

purification from E.coli cells (Qiagen QIAprep Spin Miniprep Kit). Plasmids were then re-

transformed into arl1Δ or ypt6Δ strains to confirm that the suppressing function was contained on 

the plasmid and not as a result of a chromosomal mutation in the original yeast transformant. The 

plasmids were sequenced with primers (MP10: CTTGGAGCCACTATCGAC, MP11: 

CCGCACCTGTGGCGCCG) adjacent to the unique BamHI site of YEp13 into which the genomic 

fragments were clone.  Sequencing was performed by Genewiz (Plainfield, NJ). The sequencing 

results were analyzed with the Basic Local Alignment Search Tool (BLAST, NCBI) (Altschul et 

al., 1990). The genomic regions contained in the plasmids were identified with the genome browser 
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tool from the Saccharomyces genome database (SGD; yeastgenome.org). ORF functions as 

membrane traffic or autophagy regulators were selected and the high-copy number plasmids 

containing a single ORF of interest were either obtained directly from this screen (some of the 

plasmids that passed the screen contained only a single gene) or from the yeast ORF collection 

(GE Dharmacon) (Gelperin et al., 2005) These plasmids were transformed into arl1Δ and ypt6Δ 

strains to test in more detail whether they suppressed the autophagy defect of arl1Δ and ypt6Δ 

strains at 37°C. 

3.4.3 Yeast culture conditions and the induction of autophagy 

Yeast strains were cultured in synthetic dropout media (2% glucose and 0.67% yeast 

nitrogen base without amino acids, supplemented with appropriate nutrients) (Green and Moehle, 

2001). For yeast strains containing plasmids from the yeast ORF collection, galactose was used as 

the carbon source in place of glucose because the genes are under the control of the GAL1 promoter. 

To induce autophagy, the nitrogen starvation medium (SD-N or SG-N; 2% glucose or 2% galactose, 

0.17% yeast nitrogen base without amino acids, ammonium sulfate, or vitamins) was used. Yeast 

cells were first cultured in synthetic dropout media lacking appropriate amino acids or uracil 

depends on the plasmids they contain, until OD600 = 0.6. Then they were incubated at either 30°C 

or 37°C in non-starvation conditions for 30 min before washing twice in SD-N (or SG-N) medium 

and further incubation in SD-N (or SG-N) at the same temperature for 3 h.  All chemicals for media 

were from Fisher Scientific except yeast nitrogen base (Sunrise, 1500-500). 

3.4.4 GFP-Atg8 processing assay 

Yeast strains containing the pRS316-GFP-Atg8 plasmid were cultured in starvation 

medium at 30oC or 37oC to induce autophagy. Cells were collected and subjected to trichloroacetic 
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acid (TCA) precipitation, used to extract proteins from cells as described previously (Yang and 

Rosenwald, 2016). Total proteins from 0.8 OD600 were separated on pre-cast polyacrylamide gels 

(Any kD, Biorad, 456-9036). The proteins were transferred onto nitrocellulose membranes and the 

membrane was incubated with a mouse anti-GFP antibody, followed by an HRP-conjugated anti-

mouse secondary antibody. HRP signals were visualized by using ECL prime kit (GE Healthcare) 

and detected with an ImageQuant LAS 4010 imager (GE Healthcare). Each set of western blot 

experiments was repeated three times.  Representative examples are shown in each figure.  

3.4.5 GFP-Atg8 fluorescence microscopy 

Yeast strains containing the pRS316-GFP-Atg8 plasmid were collected from rich medium 

(SD medium lacking the appropriate nutrients or SG medium for yeast strains containing the yeast 

ORF collection plasmids) or starvation medium at 30°C or 37°C and washed once with water 

before imaging. Cells were visualized with a Zeiss AxioImager M2 florescence microscopy system 

using a 63× oil lens. Images were captured and deconvolved using Volocity 6.3 (PerkinElmer) 

software. The fluorescence microscopy experiments were repeated three times. 

3.4.6 Pho8Δ60 assay 

The Pho8Δ60 assay to quantify the magnitude of autophagy was performed as previously 

described (Noda and Klionsky, 2008). Briefly, cell lysates from 0.5 OD600 of cells were incubated 

with 5.5 mM α-naphthyl phosphate (disodium salt, Sigma-Aldrich, N7255) for 20 min at 30°C in 

reaction buffer (250 mM Tris-HCl, pH 9.0, 10 mM MgSO4, and 10 µM ZnSO4). The reaction was 

stopped with an equal volume of 2 M glycine-NaOH, pH 11.0. Fluorescence emissions of the 

product 1-napthol were measured (λex = 330, λem = 472) by using a GloMax plate reader (Promega) 

with a UV filter. Protein concentrations were determined by the Bradford assay (Bradford, 1976).   
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Table III-1. Genomic fragments identified from the high copy suppressors for arl1Δ. 
Chromosomal 

Position 

Number 

of 

isolates 

ORFs Descriptions of proteins 

expressed by the potential 

suppressors genes (membrane 

traffic and autophagy 

regulators) 

II 565073..575246 3 YSY6; ARL1; UBS1; 

TYR1; POP7; EXO5; 

PEX32 

ARF like small GTP binding 

protein. 

XVI 736052..739759 1 COG4 Essential component of the COG 

complex, intra-Golgi retrograde 

traffic. 

XII 668013..669540 1 YPT6; VPS63 Small GTP-binding protein from 

the Rab family. 

XII 667891..670087 1 YPT6; VPS63; TMA7 Small GTP-binding protein from 

the Rab family. 

X 274283..280632 1 ALY2; TAX4 EH domain-containing protein; 

involved in regulating 

phosphatidylinositol 4,5-

bisphosphate levels and 

autophagy, for targeting Atg17 

to PAS. 

X 377905..380245 2 SNX4  Sorting nexin; involved in 

retrieval of late-Golgi SNAREs 

from post-Golgi endosomes to 

the trans-Golgi network and in 

cytoplasm to vacuole transport. 

VIII 165120..171159 1 YHI9; SLT2; DAP2 

(partial) 

Serine/threonine MAP kinase, 

required for mitophagy and 

pexophagy. 

I 164454..168712 1 BUD14 (Partial)  

II 153600..157666 1 STU1 partial  

II 591904..599696 1 SMP1; YBR182c-a; 

YPC1; YBR184w; 

MBA1 

 

II 647822..652951 1 NGR1; MET8; SDS24  

IV 453510..463729 1 RCR2; RAD57; 

MAF1; SOK1; TRP1 

 

IV 660744..666661 1 SPO71; TMS1  

IV 1014928..1024019 1 RNH202; RRP45; 

PHM6 

 

V 518873..524809 1 BCK2 (partial); 

CCA1; RPH1 (partial) 

 

X 655992..661260 1 VPS70; RSF2 (Partial)  
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Table III-1. (cont.) 

Chromosomal 

Position 

Number 

of 

isolates 

ORFs Descriptions of proteins 

expressed by the potential 

suppressors genes (membrane 

traffic and autophagy 

regulators) 

XI 26540..34270 1 DOA1; OXP1; YRA2  

XII 824347..825355 1 KAP95 (Partial); DIC1  

XIII 293842..298645 1 SEC59  

XIV 400634..406605 1 NCS2; DCP2  

XIV 425995..431126 1 MET4  

XIV 438449..444295 1 RAS2; OCA1; PHO23; 

RPS7B 

 

XIV 484113..486011 2 APJ1; MKS2  

XIV 499400..504947 1 YNL067W-B; RPL9B; 

SUN4; AQR1 (partial) 

 

XIV 736086..743426 1 MNT4; FRE4; 

YNR061C 

 

XV 869387..871541 1 YOR296w  

XVI 764542..770706 1 MRI1  
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Table III-2. Genomic fragments identified from the high copy suppressors for ypt6Δ. 

Chromosomal 

Position 

Number 

of 

isolates 

ORFs Descriptions of proteins expressed 

by the potential suppressors genes 

(membrane traffic and autophagy 

regulators) 

XII:666378..674078 1 VPS63, YPT6, 

TMA7, RED1, 

RPS28B 

Rab family GTPase; Ras-like GTP 

binding protein involved in the 

secretory pathway, required for 

fusion of endosome-derived vesicles 

with the late Golgi. 

XVI 266824..272516 1 YPL150W, ATG5 Undergoes conjugation with Atg12p 

to form a complex involved in Atg8p 

lipidation. 

IV 924504..930158 1 IVY1, COX20, 

HEM1 

Phospholipid-binding protein that 

interacts with both Ypt7p and 

Vps33p, localizes to the rim of the 

vacuole as cells approach stationary 

phase. 

XII:434079..453601 1 PEP3, YLR149c, 

PCD1, YLR152c, 

ACS2, RNH203 

Component of CORVET membrane 

tethering complex; vacuolar 

peripheral membrane protein that 

promotes vesicular docking/fusion 

reactions in conjunction with SNARE 

proteins, required for vacuolar 

biogenesis. 

III:8145..14287 1 VBA3  

IV:829784..836624 1 ATC1, UPS3, 

YDR186c 

 

VII:33417..36181 1 PDE1, ZIP2  

XII:461554..462885 1 YLR154C-G  

XIII:29734..34906 1 NGL3, TML119w  

XVI:832730..840723 1 PIN3, NCA2, 

TPO3 
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Figure III-1. Autophagy specific assays identified COG4, TAX4 and SNX4 as the suppressors 

for the temperature autophagy defect of arl1Δ. 



83 
 

(A): GFP-Atg8 degradation was increased at 37°C in arl1Δ when transformed with plasmids 

containing COG4, TAX4 and SNX4 as well as WT ARL1. All strains were cultured at 30°C in 

nonstarvation medium until log-phase; then all the strains were incubated at 37°C or 30°C for 30 

min. The cells were then washed twice with SD-N medium, and cultured in SD-N for 3 h either at 

37°C or at 30°C. (B): COG4, TAX4 and SNX4 increased the Pho860 activities in arl1Δ YSA003) 

at 37°C. Error bars represent standard deviation from 3 biological replicates. Student’s t-test was 

used to calculate the p value compared to transformation with WT ARL1 at 37°C. The double 

asterisk represents significant difference (p<0.01). 
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Figure III-2. COG4, TAX4 and SNX4 recovered the transport and process of GFP-Atg8 at 

37°C in arl1Δ. 

Cells were grown, then starved for nitrogen as described. (A). Fluorescence images of all strains 

in non-starvation condition. (B). Fluorescence images of all strains in starvation condition at 30°C. 

(C). Fluorescence images of all strains in starvation condition at 37°C. (D). The percentage of the 

cells with green diffusion phenotypes in starvation condition at 30°C and 37°C. At least 100 cells 

were counted for each strain. Error bars represent standard deviation from 3 biological replicates. 

Student’s t-test was used to calculate the p value compared to transformation with WT ARL1 at 

37°C. The double asterisk represents significant difference (p<0.01). Scale bar: 3 m.  
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Figure III-3. Autophagy specific assays identified IVY1 and ATG5 as the suppressors for the 

temperature autophagy defect of ypt6 
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(A): GFP-Atg8 degradation was increased at 37°C in ypt6 when transformed with plasmids 

containing IVY1, ATG5 and WT YPT6. (B): IVY1 and ATG5 increased the Pho860 activities in 

ypt6YSA004) at 37°C. Error bars represent standard deviation from 3 biological replicates. 

Student’s t-test was used to calculate the p value compared to transformation with WT YPT6 at 

37°C. The asterisk represents p<0.05; the double asterisk represents p<0.01. 
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Figure III-4. IVY1 and ATG5 recovered the transport and process of GFP-Atg8 at 37°C in 

ypt6 

Cells were grown, then starved for nitrogen as described. (A). Fluorescence images of all strains 

in non-starvation condition. (B). Fluorescence images of all strains in starvation condition at 30°C. 

(C). Fluorescence images of all strains in starvation condition at 37°C. (D). The percentage of the 

cells with green diffusion phenotypes in starvation condition at 30°C and 37°C. At least 100 cells 

were counted for each strain. Error bars represent standard deviation from 3 biological replicates. 

Student’s t-test was used to calculate the p value compared to transformation with WT YPT6 at 

37°C. The asterisk represents p<0.05; the double asterisk represents p<0.01. Scale bar: 3 m.  
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Figure III-5. SLT2 and PEP3 suppress the rapamycin sensitivity at 37°C of arl1 or ypt6 

respectively. 

SGD-URA+5ng/ml rapamycin medium were used in this assay. The images are taken in Day 10 

of the growth. 
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Figure III-6. Hypothesized model for the membrane traffic or autophagy regulators to act 

as the suppressors for the autophagy defect of arl1 or ypt6 

Arl1 and Ypt6 are required for moving the vesicles to the PAS to the form the autophagosome. 

Cog4, Tax4 and Atg5 may increase the membrane moving process thus they are able to 

complement the autophagy defect of arl1 or ypt6. Ivy1 may work for the increasing of the 

fusion between the autophagosome and the vacuole as it is required for the integrity of the vacuole 

membrane. It may have some unknown functional relationship with Ypt6. For Snx4, the exact role 

of it in autophagy is still unknown.  
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Table III-3. Plasmids used in the study. 

Plasmid name Description Sources 

pGFP-AUT7 pRS316-GFP-ATG8 (Suzuki et al., 2001) 

YEp352 2 vector, URA3 (Hill et al., 1986) 

pARY1-3 ARL1 (wild type) in YEp352 (Rosenwald et al., 2002) 

pRS316-YPT6 YPT6 (wild type) in pRS316 (Yang and Rosenwald, 2016) 

YEp13-COG4 COG4 in YEp13 (Nasmyth and Reed, 1980) 

YEp13-SNX4 SNX4 in YEp13 (Nasmyth and Reed, 1980) 

pTAX4 TAX4 in pGB1805 (Gelperin et al., 2005) 

pIVY1 IVY1 in pGB1805 (Gelperin et al., 2005) 

pATG5 ATG5 in pGB1805 (Gelperin et al., 2005) 

pPEP3 PEP3 in pGB1805 (Gelperin et al., 2005) 

pSLT2 SLT2 in pGB1805 (Gelperin et al., 2005) 
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Chapter IV: Conclusions and future directions 

 

 

 

4.1 The roles of Arl1 and Ypt6 in autophagy 

As reviewed extensively in Chapter I of this dissertation, autophagy is a response induced 

by stress conditions such as starvation, by which proteins or organelles are packaged in the double-

membrane autophagosome and transported for breakdown in lysosomes (called vacuoles in the 

yeast Saccharomyces cerevisiae) so that building blocks (amino acids, lipids, etc.) can be recycled 

for reuse (Klionsky, 2007; Mizushima, 2007; Wen and Klionsky, 2016). 

Packaging of material into autophagosomes is a complex process requiring membranes 

from a number of different organelles, including the ER, Golgi apparatus, plasma membrane, and 

mitochondria (Rubinsztein et al., 2012b). Construction and then consumption of autophagosomes 

requires a number of proteins specific to autophagy, the Atg proteins.  Finally, small GTP-binding 

proteins of the Arf/Arl/Sar and Rab families are required for both constructions of the 

autophagosome and fusion of the autophagosome with the lysosome (or vacuole in yeast) in a 

variation of their roles as membrane traffic regulators for the secretory pathway and endocytosis 

(Ao et al., 2014; Bento et al., 2013; Szatmari and Sass, 2014; Yang and Rosenwald, 2014).   

Arl1, highly conserved in eukaryotes, is involved in membrane traffic in the secretory and 

endocytic pathways (Burd et al., 2004; Munro, 2005). Arl1 is also a mediator of K+ homeostasis 

in yeast (Fell et al., 2011; Maresova et al., 2012; Munson et al., 2004), although it is unknown 

whether Arl1 plays a similar role in other eukaryotes.   

Our interest in exploring a potential role for Arl1 in macroautophagy was initially sparked 

by results describing a role for ARL1 in autophagic cell death in S. cerevisiae,(Abudugupur et al., 
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2002), specifically, that a mutant allele of ARL1, Arl1D151G extended the viability of a cdc28 mutant.   

As shown in Chapter 2 of this dissertation, by using specific assays, the GFP-Atg8 assay (Nair et 

al., 2011b), which measures transfer of a key regulator of autophagy, Atg8 to the vacuole by 

examining whether free GFP is produced; and the Pho860 assay (Noda and Klionsky, 2008), 

which measures arrival of phosphatase activity in the vacuole by autophagy, we found that an 

arl1Δ mutant was unable to engage in autophagy at the restrictive temperature of 37°C; autophagy 

proceeded normally at the permissive temperature, 30°C.  In addition, the phenotype was fully 

reversible upon reincubation of the cells at 30°C (Yang and Rosenwald, 2016).   

Because YPT6 exhibits synthetic lethality with ARL1 (Costanzo et al., 2010), we also 

explored the potential role of YPT6 in macroautophagy, and found a similar phenotype: ypt6 

strains are unable to complete autophagy at 37°C, yet the phenotype is reversible upon reincubation 

at 30°C (Yang and Rosenwald, 2016).  By using protein degron technology (Nishimura et al., 2009) 

to construct a degradable version of Arl1, we temporarily induced loss of Arl1 in a ypt6 

background and found that the cells now showed an autophagy defect at 30°C, suggesting that 

Arl1 and Ypt6 function reciprocally in autophagy.   

The GTP-restricted allele of Arl1, Arl1Q72L, complements defects in membrane traffic 

(Burd et al., 2004; Munro, 2005), while a nucleotide-free version of the protein, encoded by 

Arl1N127I complements defects in K+ homeostasis (Manlandro et al., 2012; Munson et al., 2004).  

We therefore investigated which Arl1 alleles complemented the autophagy phenotype and found 

only wild type and the GTP-restricted allele, Arl1Q72L were able to do so, supporting the hypothesis 

that Arl1’s role in the process is as a membrane traffic regulator. Interestingly, the ARL1 allele, 

Arl1D151G was not able to complement the phenotypes we measured, despite the fact that this allele 

appeared to extend lifespan in a cdc28 mutant (Abudugupur et al., 2002). Similarly, the GTP-
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restricted allele of Ypt6, Ypt6Q69L, complemented the phenotype whereas a GDP-restricted allele, 

Ypt6T24N, did not (Yang and Rosenwald, 2016).   

Arl1 and Ypt6 are necessary for the construction of the autophagosome, specifically 

required for the anterograde traffic of the sole transmembrane protein known to be involved in 

autophagy to this structure, Atg9.  Moreover, the two monomeric GTP-binding proteins are 

required for at least delivery of membrane components from the Golgi apparatus to the PAS, but 

whether they also are required for delivery of membrane components from other membranes (ER, 

mitochondria, etc.) remains an open question.  Finally, based on previous data showing both Arl1 

and Ypt6 interact with the GARP complex (Panic et al., 2003; Siniossoglou and Pelham, 2001) 

and the GARP complex is necessary for some forms of autophagy (Reggiori and Klionsky, 2006), 

we examined the colocalization of Arl1 and Ypt6 with GARP complex subunits (specifically 

Vps52 and Vps53) at the PAS upon induction of autophagy (Yang and Rosenwald, 2016), which 

resulted in the following model of the roles of these two monomeric GTP-binding proteins in 

macroautophagy.  

Moreover, besides the roles in autophagy we also demonstrated that Arl1 and Ypt6 are 

required in a selective form of autophagy specific in yeast, the Cvt pathway. The Cvt pathway 

occurs constitutively as well as during starvation, and is responsible for delivering at least three 

vacuolar proteases, the precursor forms of Ape1, Ams1 and Ape4, to the vacuole for further 

processing. By using a mRFP labeled Ape1 as the marker for the Cvt pathway, we visualized traffic 

of mRFP-Ape1 during non-starvation and starvation conditions and found both arl1 and ypt6 

mutants were defective in the Cvt pathway under nitrogen-replete conditions at 30°C, 

demonstrated by a block in delivery of mRFP-Ape1 to the vacuole. However, we found the Cvt 

pathway defect in arl1 strain can be “fixed” by starvation, regardless of the temperature; ypt6 
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mutants still had a Cvt pathway defect in starvation condition at 37°C, suggesting Ypt6 and Arl1 

have different roles in the Cvt pathway. 

4.2 Identification of suppressors for the autophagy defect in arl1 and ypt6 mutants 

In Chapter 3, we took advantage of the rapamycin sensitivity assay at 37°C to perform a 

preliminary screen for high copy suppressors. We chose 7 genes to study individually, 

transforming them into arl1 and ypt6 mutant strains to determine which one(s) suppressed the 

defects of the two mutants using specific autophagy assays. We identified Cog4, a subunit of the 

COG tethering complex; Snx4, a sorting nexin, which is required for the traffic of SNAREs; and 

Tax4, a protein required for the proper localization of Atg17 to the PAS suppressed the autophagy 

defect of the arl1 strain. Ivy1, previously described as an effector of Ypt7, which functions to 

maintain the normal shape of the vacuole and regulates TORC1 (Numrich et al., 2015); and Atg5, 

an autophagy regulator important for the elongation of the autophagosome, suppressed the 

autophagy defect of the ypt6 strain. Interestingly, we failed to observe overlaps between the genes 

that suppressed the defect in the arl1 strain and those that suppressed the ypt6 strain, with the 

exception of YPT6 itself. This may suggest Arl1 and Ypt6 are involved in some independent 

pathways during autophagy at 37°C, besides both requiring for the localization of the GARP 

complex to the PAS (Yang and Rosenwald, 2016). 

4.3 Autophagy in multi-cellular systems 

Although we studied autophagy in the model organisms, S. cerevisiae, autophagy is a 

conserved process through eukaryotic evolution. In mammalian systems, autophagy shares the 

same core machinery with yeast, but the process is more complicated, more highly regulated, and 
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requires more proteins. Similar to yeast, autophagy in mammalian cells is governed by the 

mammalian target of rapamycin (mTOR). In response to nutrient supply signal (sufficient amino 

acids, etc.) through the class I phosphatidylinositol 3-kinase–AKT pathway (Tassa et al., 2003), 

mTOR inhibits the ULK1 (Atg1 in yeast) complex, which consists of ULK1, ATG13, ATG101 

and FIP200.  When the kinase function of mTOR is blocked by starvation, the ULK1 complex is 

transferred from the cytoplasm to certain parts of the ER (including ER-plasma membrane contact 

sites) (Itakura and Mizushima, 2010), and then recruits the class III phosphatidylinositol-3-kinase 

(PI3K) complex, which consists of VPS34, VPS15, ATG14 and Beclin-1 (the ortholog of Atg6 in 

yeast), to the ER (Matsunaga et al., 2009). The PI3K complex produces phosphatidylinositol-3-

phosphate, which in turn recruits two effectors, the WD-repeat domain phosphoinositide-

interacting (WIPI) family protein and the double FYVE-containing protein 1 (DFCP1). DFCP1 

and WIPI proteins promote the formation of an omega-shaped structure called the omegasomes 

(Axe et al., 2008), which initiates the nucleation of the autophagosome. As in yeast, the elongation 

of the phagophore requires two ubiquitin-like conjugation systems: the ATG12-ATG5 system and 

the microtubule associated protein light chain 3 (LC3, Atg8 in yeast), ATG7 and ATG3 

conjugation system. The two systems work together to promote the covalent linkage of 

phosphatidylethanolamine (PE) to LC3, resulting in LC3-II, required for the formation of the 

autophagosome (Fujita et al., 2008), as Atg8-PE is required for the autophagosome in yeast. As in 

yeast, different organelles contribute membrane to the biogenesis of the autophagosomes. Golgi, 

mitochondria and plasma membrane as well as nuclear membrane have been shown to provide 

membrane components (Ge et al., 2013; Geng and Klionsky, 2010; Hailey et al., 2010; Ravikumar 

et al., 2010) and requires embedded ATG9 (Webber and Tooze, 2010). 
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In addition to the roles autophagy plays in response to starvation as discussed previously 

in this dissertation, in mammalian systems, autophagy also regulates the immune response (Deretic 

et al., 2013). In innate immune responses to pathogens, xenophagy, a specific form of autophagy, 

is responsible for engulfing and degrading a variety of intracellular pathogens including bacteria, 

viruses, and parasites into the autophagosome (Deretic and Levine, 2009). As one of the 

mechanisms to clear the invaded pathogens, host cells sense pathogen DNA and trigger the 

conjugation of ubiquitin to pathogens, followed by autophagic degradation (Watson et al., 2012). 

Moreover, autophagy is necessary for dendritic cells to process and present extracellular microbial 

antigens for MHC class II presentation. ATG5 is needed in this process and is necessary to protect 

mice against lethal viral infection (Lee et al., 2010). In addition, autophagy is required for the 

induction of type I interferon (IFN) production during viral infection. This is achieved by 

transferring the viral nucleic acids to endosomes through autophagy. Inside endosomes, the nucleic 

acids are recognized by the Toll-like receptor (TLR) system, which triggers the production of IFN. 

ATG15 is required for the robust production of IFN during virus infection in dendritic cells (Lee 

et al., 2007).  

Autophagy is very important in mammalian development. A high level of autophagy is 

triggered within 4 h after fertilization (Tsukamoto et al., 2008), which is necessary for the rapid 

degradation of maternal proteins and RNAs during oocyte-to-embryo transition, serving as the 

start of the highly differentiated oocyte reprogramming into the undifferentiated zygote after 

fertilization (Stitzel and Seydoux, 2007). Autophagy also provides energy and nutrients to the 

neonate after birth (Kuma et al., 2004). During the embryonic period, nutrients are supplied 

through placenta, which is eliminated after the embryo-to-neonate transitional period. Studies 

suggest autophagy is essential to maintain desired levels of amino acids during the early neonatal 
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period. The knockout of several ATG genes, such as ATG7 and ATG5 causes neonatal lethality 

(Komatsu et al., 2005) even though embryonic development is normal.  

Autophagy also has roles in the differentiation of some types of mammalian cells. For 

example, in reticulocyte maturation autophagy is responsible for the elimination of mitochondria 

and RNA-bound ribosomes. The expression of the ULK1 gene is specifically required in this 

process (Kundu et al., 2008). During lymphocyte differentiation, autophagy accounts for the 

removal of mitochondria. Defective autophagy causes a significant decrease of T and B 

lymphocyte counts, resulting from the higher levels of superoxide generated by the abnormally 

large number of mitochondria inside the lymphocytes (Miller et al., 2008; Pua et al., 2009).  

Autophagy is essential for antigen self-tolerance and informs developing T cells in the thymus. 

Knockout of ATG5 in thymus epithelial cells causes altered selection of certain MHC-II-restricted 

T-cell specificities and results in severe colitis and multi-organ inflammation (Nedjic et al., 2008). 

Moreover, autophagy is actively triggered during the differentiation of adipocytes, suggesting it 

has a role in the intracellular remodeling of adipogenesis (Baerga et al., 2009). 

One of the most important roles of autophagy is to maintain the homeostasis of cells. In 

non-dividing cells, such as neurons, the housekeeping and quality control functions of autophagy 

are particularly important to their survival. Disruptions of autophagy have been found in many 

neurodegenerative disorders (Wong and Cuervo, 2010). For example, mutations in PINK1 and 

PARK2 in recessive familial forms of human Parkinson’s disease, two genes encoding regulators 

that promote mitophagy in dopaminergic neurons for clearance of dysfunctional mitochondria, 

lead to neuron death (Morris, 2005). Also, in mouse models of neurodegenerative diseases, 

impaired autophagy causes the accumulation of misfolded protein aggregates in aged neurons 

(Pickford et al., 2008), which also causes neurodegeneration (Komatsu et al., 2006). The 
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accumulation of mutant proteins with polyglutamine-rich extensions such as in huntingtin causes 

the progressive degeneration of nerve cells, leading to Huntington’s disease (Imarisio et al., 2008). 

The abnormal accumulation of the beta amyloid peptide (Aβ) in neural plaques and the 

neurofibrillary tangles formed by the mutated microtubule-associated protein tau, are the main 

causes of Alzheimer’s disease (Jellinger, 2010). Interestingly, chemical substrates (including 

rapamycin) that increase autophagy levels alleviate the degeneration of nerve cells in fly and 

mouse models (Ravikumar et al., 2004). In cancers, however, maintaining the homeostasis of the 

cell by autophagy is a double-edged sword. Generally, in normal cells autophagy provides 

anticarcinogenic function through removal of dysfunctional organelles and proteins. Disruption of 

autophagy causes the accumulation of impaired mitochondria which generate reactive oxygen 

species (ROS), lead to DNA damages and mutations (White, 2012). Moreover, autophagy is 

triggered by many anticarcinogenic pathways (p53, TSC1/2, etc.) further suggesting its role in 

tumor suppression (Rubinsztein et al., 2012a). On the other hand, autophagy provides energy and 

nutrients for the fast proliferating tumor cells and overcomes the pressure from chemotherapy for 

the already established tumors (Yang et al., 2011). Deletion of autophagy related genes, such 

ATG5, has been proven to increase the tumor-killing efficiency of some chemotherapeutical agents 

(White, 2012).  

4.4 Future Directions 

What is the complete set of monomeric GTP-binding proteins required for macroautophagy?  

There are several dozen monomeric GTP-binding proteins found in S. cerevisiae.  The 

number found in multicellular eukaryotes is even larger, especially with respect to the Rab protein 

family (equivalent to the Ypt family in S. cerevisiae).   No systematic study has been undertaken 
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of all the monomeric GTP-binding proteins in even a simple unicellular organism like S. cerevisiae, 

although it is clear several members of the Arf/Arl/Sar and Ypt/Rab families are required for 

construction of the autophagosome and for fusion of the autophagosome with the vacuole (Amaya 

et al., 2015; Lin et al., 2015; Yang and Rosenwald, 2014). Members of the Rac/Rho/Cdc42 family, 

proteins generally viewed as regulators of cell polarity and cytoskeletal function, also appear to 

have signaling roles in autophagy (Drees et al., 2001; Till et al., 2015). Interestingly, RhoA along 

with its downstream effector, ROCK1 appears to mediate switching between autophagy and 

apoptosis via control of Beclin-1 (Atg6 in S. cerevisiae) levels in mammalian cells (Lin et al., 

2015). Ras proteins appear to be involved in initiation of autophagy via regulation of TORC1 

(Budovskaya et al., 2004).  In contrast, the monomeric GTP-binding proteins complex made of 

Gtr1 and Gtr2 (equivalent to RagA and RagB in mammals) appears to stimulate TORC1 (Panchaud 

et al., 2013; Peli-Gulli et al., 2015). At present, there is no evidence that Ran proteins, which 

regulate movement of molecules in and out of the nucleus via nuclear pores, have a role, but this 

appears not to have been explored to date.  

How does regulation of nucleotide binding on monomeric GTP-binding proteins affect 

macroautophagy?  

The GTP-restricted versions of Arl1 and Ypt6 are required for autophagy (Yang and 

Rosenwald, 2016). Other monomeric GTP-binding proteins in autophagy also function in the GTP-

bound state; examples include Ypt1 (Lynch-Day et al., 2010; Wang et al., 2013), Ypt31/32 (Zou 

et al., 2013), and Ypt7 (Liu and Klionsky, 2016; Piekarska et al., 2010; Polupanov et al., 2011), 

suggesting that guanine nucleotide exchange factors (GEFs) are also important for autophagy.  

Indeed, the Mon1/Ccz1 GEF for Ypt7 (Liu and Klionsky, 2016; Piekarska et al., 2010; Polupanov 

et al., 2011) and the Trs130 protein (Zou et al., 2013), part of the complex that regulates Ypt31/32, 
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have been shown to be necessary for autophagy.  However, it may be challenging to determine 

which GEF is the relevant one for autophagy for a given protein, including Arl1 and Ypt6, given 

that many monomeric GTP-binding proteins are turned on by several different GEFs and that many 

GEFs activate several different monomeric GTP-binding proteins.  For example, a network of 

GEFs and monomeric GTP-binding proteins appear to work together for Arf and Arl proteins 

(Jackson and Casanova, 2000; Shin and Nakayama, 2004). In addition, GEF proteins can be 

regulated spatially and temporally by the addition of protein subunits.  As an example, the TRAPP 

complex which serves as a GEF for Ypt1 is found in three different forms, TRAPP I, which 

regulates traffic from the ER to the cis-Golgi; TRAPP II, which regulates intra-Golgi traffic; and 

TRAPP III, which is specific for autophagy share a number of subunits, but in TRAPP II and 

TRAPP III have more subunits than TRAPP I (Barrowman et al., 2010; Kim et al., 2016; Lipatova 

et al., 2015; Lynch-Day et al., 2010; Taussig et al., 2014; Wang et al., 2013).  

Recently, it has been demonstrated that Syt1, a GEF for Arl1, is phosphorylated upon 

induction of the unfolded protein response, resulting in increased activation of Arl1 (Hsu et al., 

2016). Similarly, the Rab12 GEF, DENND3 is phosphorylated by ULK1 (equivalent to Atg1 in S. 

cerevisiae) which then promotes autophagy (Xu et al., 2015; Xu and McPherson, 2015). It is 

conceivable that other post-translational modification of GEFs might be important for activation 

of monomeric GTP-binding proteins in their roles as modulators of autophagy.  

By similar reasoning, GTPase activating proteins (GAPs) would also be expected to be 

important for regulation of autophagy, since they would be responsible for terminating the signals 

transmitted by monomeric GTP-binding proteins in the GTP-bound state.  This appears to be the 

case, at least for Rab proteins, where it has been shown that several Rab GAPs coordinate 

autophagy and “normal” functions of Rab proteins in the secretory pathway and endocytosis (Kern 
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et al., 2015; Lamb et al., 2016; Spang et al., 2014).  However, again, the issue of networks of GAPs 

and monomeric GTP-binding proteins may make this a challenging problem to investigate 

(Jackson and Casanova, 2000; Shin and Nakayama, 2004). 

Which effectors are required for macroautophagy?    

Arl1 and Ypt6 appear to direct the GARP tethering complex to the growing autophagosome 

(Yang and Rosenwald, 2016).  Other elements of the membrane traffic apparatus appear to be co-

opted by the autophagy machinery in order to grow the autophagosome and then fuse the structure 

with the vacuole/lysosome, including other tethering complexes, such as the HOPS complex 

downstream of Ypt7 (Numrich et al., 2015); SNAREs (Nair et al., 2011a); coat proteins such as 

COPII, downstream of Ypt1 (Davis and Ferro-Novick, 2015); and membrane deformation proteins 

such as Ivy1, an I-BAR protein downstream of Ypt7 (Numrich et al., 2015). Likely other 

downstream effectors, including other modulators of membrane traffic will be revealed to have 

roles in autophagy.   

Are monomeric GTP-binding proteins required for other forms of autophagy?   

The preceding discussion focuses on macroautophagy, that induced by starvation.  

However, less is known about the roles of monomeric GTP-binding proteins in other forms of 

autophagy.  We demonstrated that Arl1 and Ypt6 have modest roles in the Cvt pathway, a 

constitutive process responsible for delivery of several enzymes to the vacuole in yeast (Yang and 

Rosenwald, 2016).  However, we have not yet investigated whether these two monomeric GTP-

binding proteins have roles in other forms of autophagy, including mitophagy, induced to recycle 

defective mitochondria; pexophagy, for elimination of unwanted peroxisomes; ER-phagy, for 

elimination of excess ER; etc.  These pathways, which have been shown to involve other 
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monomeric GTP-binding proteins, will provide interesting avenues for future research into the 

roles of Arl1 and Ypt6 in cellular functions.   

Are Arl1 and Rab6 required for autophagy in mammalian cells? 

In mammalian cells, Arl1 has been shown to regulate the traffic between early-endosomes 

and the TGN by recruiting several coiled-coil tethering proteins Golgin-97 and Golgin-245 

through its GRIP domain (Lowe et al., 1996; Lu and Hong, 2003; Lu et al., 2001; Lu et al., 2004). 

Rab6, the mammalian ortholog of Ypt6 in yeast, controls the vesicle traffic between multiple 

compartments, including the Golgi, the endosomes, plasma membrane and the ER (Girod et al., 

1999; Jasmin et al., 1992; Martinez et al., 1997; Martinez et al., 1994; White et al., 1999). In 

mammals, Rab6 has three isoforms: Rab6A, Rab6A′ and Rab6B resulted from alternative splicing 

of the precursor mRNA. Rab6B is found predominantly in brain (Opdam et al., 2000), while 

Rab6A and Rab6A′ are in other tissues. The amino acid sequences of Rab6A and Rab6A′ are 

largely the same except for three differences in the regions near the GTP-binding domain: the Val62 

in Rab6A is exchanged for Ile in Rab6A′; and both of the Thr87 and Val88 in Rab6A are changed 

to Ala residues in Rab6A′ (Echard et al., 2000). However, their cellular functions are significantly 

different (Del Nery et al., 2006; Echard et al., 2000). Rab6A is responsible for the COPI-

independent Golgi-ER recycling pathways that moves Golgi proteins to the ER membrane by 

recruiting the motor protein rabkinesin6 (Echard et al., 2001), while Rab6A′ functions in the 

vesicle recycling between the early endosome and the TGN by recruiting two t-SNAREs, Vti1a 

and syntaxin 6 (Mallard et al., 2002). In yeast, Arl1 and Ypt6 are both required for recruitment of 

the GARP complex, which in turn recruits the SNARE Tlg1 and affects the Atg9-containing 

vesicle traffic (Conibear et al., 2003; Panic et al., 2003; Reggiori et al., 2003; Siniossoglou and 

Pelham, 2001; Yang and Rosenwald, 2016). Presumably, Arl1 and Rab6 in mammals recruit the 
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GARP complex as well, which binds to syntaxin 6, the ortholog of Tlg1 in yeast, and moves the 

mAtg9 (mammalian Atg9) from the TGN to the PAS (Webber et al., 2007). At present it is 

unknown whether Arl1 and Rab6 regulate autophagy in mammalian cells, whether through the 

GARP complex or through other membrane traffic pathways. It will also be interesting to test 

autophagy in mammalian cells under different environmental conditions, as many cells including 

tumor cells constantly live at non-optimized conditions and autophagy is a way for them to 

overcome stresses. Moreover, since Rab6A and Rab6A′ works in different membrane traffic 

compartments, it will be interesting to test if both are required for mammalian autophagy and to 

determine which one interacts with the GARP complex. 

4.5 Conclusions and significance 

Autophagy was first named in 1963 by Christian De Duve and his colleagues (De Duve 

and Wattiaux, 1966), but it has not been until the last 10 years that the detailed machinery of 

autophagy and the signaling pathways required have been elucidated. Autophagy studies have not 

only provided a more detailed understanding of how cells overcome stressful conditions but have 

also changed our views of cell biology. As the destination of autophagy, the lysosomes were 

though to merely be the garbage of the cells to “dump” unwanted material. However, from the 

robust studies of the signaling pathways and detailed processes of autophagy, now we know that 

the lysosomes serve as the sensor of nutrient levels by providing platforms for protein complexes. 

One example is the mTOR complex, the master regulator that couples signals from nutrients, 

energy, and growth factors, which influences multiple processes including autophagy, locates on 

the lysosomal membrane. Moreover, many membrane traffic regulators have been proven to have 

dual roles in “normal” membrane traffic and in autophagy. Monomeric GTP-binding proteins, 

SNAREs, and tethering complexes, which normally control the secretory and endocytic pathways, 
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can alter their roles once triggered to do so. As we demonstrated here, Arl1 and Ypt6, which 

normally govern traffic in the Golgi-endosome compartment, are involved in autophagy as well.  

To summarize, the work in this dissertation has demonstrated that (1) the monomeric G 

proteins Arl1 and Ypt6 have novel roles in macroautophagy and the Cvt pathway; (2) the Golgi 

apparatus is a membrane source for autophagy; and (3) several other genes encoding membrane 

traffic or autophagy regulators Cog4, Snx4, Tax4, Ivy1 and Atg5 can suppress the loss of ARL1 or 

YPT6, demonstrating roles for these proteins in autophagy as well. The last part of this study 

provides the initiative to explore unknown pathways or interactions involving Arl1 or Ypt6, which 

will help to uncover more details about the general machinery of autophagy and more importantly 

the possible signaling pathways involved in making the switch between regular roles of these 

regulators and their roles in autophagy. 
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Supplemental Figures and Information 

 

 
 

 

 

Figure II-S1. arl1Δ and ypt6Δ strains showed decreased viability under nitrogen starvation 

conditions at 37°C. 
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WT (BY4743), atg1Δ, arl1Δ and ypt6Δ strains were cultured in YPD medium to OD600 = 1. 

Aliquots of cells from each strain were diluted and plated on YPD medium at day 0. The remaining 

YPD cultures were washed twice with SD-N medium and cultured in SD-N medium at 30 or 37°C 

continually for up to 4 days. Aliquots were taken, diluted and plated on solid YPD medium and 

cultured at 30°C. Colonies were counted after 2 days. The viability was calculated by dividing the 

colony forming units (CFUs) from 1–4 days with the CFUs from day 0. Error bars represent 

standard deviations. The data were from 3 biological replicates. (A) Nitrogen starvation viability 

curves for WT, atg1Δ, arl1Δ and ypt6Δ strains at 30°C. Student’s t-test was used to calculate the 

p value compared between the % survival rate of day 4 in arl1Δ and ypt6Δ strains to WT and to 

atg1Δ strain.  The asterisk represents significant difference (p<0.05) to WT; the pound sign 

represents significant difference (p<0.05) to atg1Δ strain. (B) at 37°C. The asterisk represents 

significant difference (p<0.05) to WT. 
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Figure II-S2. The arl1Δ strain shows increased sensitivity to 1 mM H2O2, but H2O2 stress 

does not induce autophagy in the arl1Δ strain. 
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(A) After overnight culture in YPD medium, cultures were normalized to 0.1 OD600, then grown 

until the cells reached OD600 = 0.3. Samples were treated with or without H2O2 at a final 

concentration of 1 mM and then incubated at 30°C for 3 h. After incubation, the OD600 of all the 

cultures was normalized to 0.3. Then all the cultures were serially diluted 10,000 fold. Cells were 

spread on YPD plates and cultured for 2 days. Colonies were counted and the number of CFUs on 

the H2O2-treated group was divided by the number of CFUs on the untreated groups. Data are 

presented as percent survival. WT BY4743 was used as the negative control. Yeast lacking the 

gene RPE1/POS18, whose product D-ribulose-5-phosphate 3-epimerase catalyzes the reaction in 

the nonoxidative part of the pentose-phosphate pathway, was used as the positive control as the 

rpe1/pos18Δ strain has decreased resistance to H2O2 (Juhnke et al., 1996). Error bars represent 

standard deviation from 3 biological replicates. Student’s t-test was used to calculate the p value 

between each group. The asterisk represents significant difference (p<0.05). (B) H2O2 has no effect 

on autophagy in the arl1Δ and ypt6Δ strains. The GFP-Atg8 processing assay was performed as 

indicated in Figure II-1. H2O2 was added into the starvation medium to 1 mM final concentration. 

0, starvation time 0; 3 h, starvation for 3 h. 
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Figure II-S3. The overexpression of the ARL1 or YPT6 genes in the ypt6Δ or arl1Δ strains 

have different effects on autophagy. 

The pRS316 (empty vector [EV]), pRS316-ARL1, or pRS316-YPT6 plasmid were transformed into 

the ypt6Δ and arl1Δ strains. The GFP-Atg8 processing assay was performed as described. (A) 

Overexpression of the YPT6 gene can fully suppress the autophagy defect in the arl1Δ strain. (B) 

Overexpression of the ARL1 gene is not able to suppress the autophagy defect in the ypt6Δ strain. 
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Figure II-S4. Atg9 is trapped in the TGN in the arl1Δ and ypt6Δ strains at 37°C. 
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A) Fluorescence images for atg1Δ (YSA012), atg1Δ arl1Δ (YSA013) and atg1Δ ypt6Δ (YSA014) 

strains under starvation conditions at 30°C. (B) Fluorescence images for atg1Δ (YSA012), atg1Δ 

arl1Δ (YSA013) and atg1Δ ypt6Δ (YSA014) strains under starvation conditions at 37°C. (C) 

Percentage of cells showing colocalization between Sec7-DsRed and Atg9-3×GFP. At least 90 

cells were counted for each strain under each condition. Error bars represent standard deviation 

from 3 biological replicates. Scale bar: 3 m. Student’s t-test was used to calculate the p value 

compared to the % colocalization between Atg9 and Sec7 in atg1Δ strain at 37°C. The asterisk 

represents significant difference (p<0.05). 
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S3.1 SGD descriptions of the genes in the genomic fragments identified in the rapamycin 

sensitivity suppressors’ screen for arl1(Issel-Tarver et al., 2002) 

 

 

ALY2: Alpha arrestin; controls nutrient-mediated intracellular sorting of permease Gap1p; 

interacts with AP-1 subunit Apl4p; phosphorylated by Npr1p and also by cyclin-CDK complex 

Pcl7p-Pho85p; promotes endocytosis of plasma membrane proteins; ALY2 has a paralog, ALY1, 

that arose from the whole genome duplication. 

APJ1: Chaperone with a role in SUMO-mediated protein degradation; member of the 

DnaJ-like family; conserved across eukaryotes; overexpression interferes with propagation of the 

[Psi+] prion; the authentic, non-tagged protein is detected in highly purified mitochondria in high-

throughput studies; forms nuclear foci upon DNA replication stress. 

AQR1: Plasma membrane transporter of the major facilitator superfamily; member of the 

12-spanner drug:H(+) antiporter DHA1 family; confers resistance to short-chain monocarboxylic 

acids and quinidine; involved in the excretion of excess amino acids; AQR1 has a paralog, QDR1, 

that arose from the whole genome duplication; relocalizes from plasma membrane to cytoplasm 

upon DNA replication stress. 

BCK2: Serine/threonine-rich protein involved in PKC1 signaling pathway; protein kinase 

C (PKC1) signaling pathway controls cell integrity; overproduction suppresses pkc1 mutations. 

BUD14: Protein involved in bud-site selection; Bud14p-Glc7p complex is a cortical 

regulator of dynein; forms a complex with Kel1p and Kel2p that regulates Bnr1p (formin) to affect 

actin cable assembly, cytokinesis, and polarized growth; diploid mutants display a random budding 
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pattern instead of the wild-type bipolar pattern; relative distribution to the nucleus increases upon 

DNA replication stress. 

CCA1: ATP (CTP): tRNA-specific tRNA nucleotidyltransferase; different forms targeted 

to the nucleus, cytosol, and mitochondrion are generated via the use of multiple transcriptional and 

translational start sites; human homolog TRNT1 complements yeast null mutant. 

COG4: Essential component of the conserved oligomeric Golgi complex; a cytosolic 

tethering complex (Cog1p through Cog8p) that functions in protein trafficking to mediate fusion 

of transport vesicles to Golgi compartments. 

DAP2: Dipeptidyl aminopeptidase; synthesized as a glycosylated precursor; localizes to 

the vacuolar membrane; similar to Ste13p. 

DCP2: Catalytic subunit of Dcp1p-Dcp2p decapping enzyme complex; removes 5' cap 

structure from mRNAs prior to their degradation; also enters nucleus and positively regulates 

transcription initiation; nudix hydrolase family member; forms cytoplasmic foci upon DNA 

replication stress; human homolog DCP2 complements yeast dcp2 thermosensitive mutant. 

DIC1: Mitochondrial dicarboxylate carrier; integral membrane protein, catalyzes a 

dicarboxylate-phosphate exchange across the inner mitochondrial membrane, transports 

cytoplasmic dicarboxylates into the mitochondrial matrix. 

DOA1: WD repeat protein required for ubiquitin-mediated protein degradation; forms a 

complex with Cdc48p; plays a role in controlling cellular ubiquitin concentration; also promotes 

efficient NHEJ in postdiauxic/stationary phase; facilitates N-terminus-dependent proteolysis of 
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centromeric histone H3 (Cse4p) for faithful chromosome segregation; protein increases in 

abundance and relocalizes from nucleus to nuclear periphery upon DNA replication stress. 

FRE4: Ferric reductase; reduces a specific subset of siderophore-bound iron prior to 

uptake by transporters; expression induced by low iron levels. 

KAP95: Karyopherin beta; forms a complex with Srp1p/Kap60p; interacts with 

nucleoporins to mediate nuclear import of NLS-containing cargo proteins via the nuclear pore 

complex; regulates PC biosynthesis; GDP-to-GTP exchange factor for Gsp1p. 

MAF1: Highly conserved negative regulator of RNA polymerase III; involved in tRNA 

processing and stability; inhibits tRNA degradation via rapid tRNA decay (RTD) pathway; binds 

N-terminal domain of Rpc160p subunit of Pol III to prevent closed-complex formation; regulated 

by phosphorylation mediated by TORC1, protein kinase A, Sch9p, casein kinase 2; localizes to 

cytoplasm during vegetative growth and translocates to nucleus and nucleolus under stress 

conditions. 

MBA1: Membrane-associated mitochondrial ribosome receptor; forms a complex with 

Mdm38p that may facilitate recruitment of mRNA-specific translational activators to ribosomes; 

possible role in protein export from the matrix to inner membrane. 

MET4: Leucine-zipper transcriptional activator; responsible for regulation of sulfur amino 

acid pathway; requires different combinations of auxiliary factors Cbf1p, Met28p, Met31p and 

Met32p; feedforward loop exists in the regulation of genes controlled by Met4p and Met32p; can 
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be ubiquitinated by ubiquitin ligase SCF-Met30p, is either degraded or maintained in an inactive 

state; regulates degradation of its own DNA-binding cofactors by targeting them to SCF-Met30p. 

MET8: Bifunctional dehydrogenase and ferrochelatase; involved in the biosynthesis of 

siroheme, a prosthetic group used by sulfite reductase; required for sulfate assimilation and 

methionine biosynthesis. 

MKS1: Pleiotropic negative transcriptional regulator; involved in Ras-CAMP and lysine 

biosynthetic pathways and nitrogen regulation; involved in retrograde (RTG) mitochondria-to-

nucleus signaling. 

MNT4: Putative alpha-1,3-mannosyltransferase; not required for protein O-glycosylation; 

SWAT-GFP and mCherry fusion proteins localize to the endoplasmic reticulum and vacuole 

respectively. 

MRI1: 5'-methylthioribose-1-phosphate isomerase; catalyzes the isomerization of 5-

methylthioribose-1-phosphate to 5-methylthioribulose-1-phosphate in the methionine salvage 

pathway. 

NCS2: Protein required for uridine thiolation of Lys(UUU) and Glu(UUC) tRNAs; 

required for the thiolation of uridine at the wobble position of Lys(UUU) and Glu(UUC) tRNAs; 

has a role in urmylation and in invasive and pseudohyphal growth; inhibits replication of Brome 

mosaic virus in S. cerevisiae. 

NGR1: RNA binding protein that negatively regulates growth rate; interacts with the 3' 

UTR of the mitochondrial porin (POR1) mRNA and enhances its degradation; overexpression 
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impairs mitochondrial function; interacts with Dhh1p to mediate POR1 mRNA decay; expressed 

in stationary phase. 

OCA1: Putative protein tyrosine phosphatase; required for cell cycle arrest in response to 

oxidative damage of DNA. 

OXP1: 5-oxoprolinase; enzyme is ATP-dependent and functions as a dimer; similar to 

mouse Oplah gene; green fluorescent protein (GFP)-fusion protein localizes to the cytoplasm; 

protein abundance increases in response to DNA replication stress. 

PHM6: Protein of unknown function; expression is regulated by phosphate levels. 

PHO23: Component of the Rpd3L histone deacetylase complex; involved in 

transcriptional regulation of PHO5; affects termination of snoRNAs and cryptic unstable 

transcripts (CUTs); C-terminus shares significant sequence identity with the human candidate 

tumor suppressor p33-ING1 and its isoform ING3. 

RAD57: Protein that stimulates strand exchange; stimulates strand exchange by stabilizing 

the binding of Rad51p to single-stranded DNA; involved in the recombinational repair of double-

strand breaks in DNA during vegetative growth and meiosis; forms heterodimer with Rad55p. 

RAS2: GTP-binding protein; regulates nitrogen starvation response, sporulation, and 

filamentous growth; farnesylation and palmitoylation required for activity and localization to 

plasma membrane; homolog of mammalian Ras proto-oncogenes; RAS2 has a paralog, RAS1, that 

arose from the whole genome duplication. 



117 
 

RCR2: Vacuolar protein; presumably functions within the endosomal-vacuolar trafficking 

pathway, affecting events that determine whether plasma membrane proteins are degraded or 

routed to the plasma membrane; RCR2 has a paralog, RCR1, that arose from the whole genome 

duplication. 

RPH1: JmjC domain-containing histone demethylase; targets tri- and dimethylated H3K36; 

associates with actively transcribed regions and promotes elongation; repressor of autophagy-

related genes in nutrient-replete conditions; damage-responsive repressor of PHR1; 

phosphorylated by the Rad53p-dependent DNA damage checkpoint pathway and by a Rim1p-

mediated event during starvation; target of stress-induced hormesis; RPH1 has a paralog, GIS1, 

that arose from the whole genome duplication. 

RNH202: Ribonuclease H2 subunit; required for RNase H2 activity; role in ribonucleotide 

excision repair; related to human AGS2 that causes Aicardi-Goutieres syndrome. 

RPL9B: Ribosomal 60S subunit protein L9B; homologous to mammalian ribosomal 

protein L9 and bacterial L6; RPL9B has a paralog, RPL9A, that arose from a single-locus 

duplication. 

RPS7B: Protein component of the small (40S) ribosomal subunit; interacts with Kti11p; 

deletion causes hypersensitivity to zymocin; homologous to mammalian ribosomal protein S7, no 

bacterial homolog; RPS7B has a paralog, RPS7A, that arose from the whole genome duplication; 

protein abundance increases in response to DNA replication stress. 
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RRP45: Exosome non-catalytic core component; involved in 3'-5' RNA processing and 

degradation in both the nucleus and the cytoplasm; has similarity to E. coli RNase PH and to 

human hRrp45p (PM/SCL-75, EXOSC9); protein abundance increases in response to DNA 

replication stress. 

RSF2: Zinc-finger protein; involved in transcriptional control of both nuclear and 

mitochondrial genes, many of which specify products required for glycerol-based growth, 

respiration, and other functions; RSF2 has a paralog, TDA9, that arose from the whole genome 

duplication; relocalizes from nucleus to cytoplasm upon DNA replication stress. 

SDS24: Protein involved in cell separation during budding; one of two S. cerevisiae 

homologs (Sds23p and Sds24p) of the S. pombe Sds23 protein, which is implicated in 

APC/cyclosome regulation; may play an indirect role in fluid-phase endocytosis; protein 

abundance increases in response to DNA replication stress; SDS24 has a paralog, SDS23, that arose 

from the whole genome duplication. 

SEC59: Dolichol kinase; catalyzes the terminal step in dolichyl monophosphate (Dol-P) 

biosynthesis; required for viability and for normal rates of lipid intermediate synthesis and protein 

N-glycosylation. 

SLT2: Serine/threonine MAP kinase; involved in regulating maintenance of cell wall 

integrity, cell cycle progression, and nuclear mRNA retention in heat shock; required for 

mitophagy and pexophagy; affects recruitment of mitochondria to phagophore assembly site (PAS); 

plays a role in adaptive response of cells to cold; regulated by the PKC1-mediated signaling 

pathway; SLT2 has a paralog, KDX1, that arose from the whole genome duplication. 
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SMP1: MADS-box transcription factor involved in osmotic stress response; SMP1 has a 

paralog, RLM1, that arose from the whole genome duplication. 

SNX4: Sorting nexin; involved in retrieval of late-Golgi SNAREs from post-Golgi 

endosomes to the trans-Golgi network and in cytoplasm to vacuole transport; contains a PX 

phosphoinositide-binding domain; forms complexes with Snx41p and with Atg20p. 

SOK1: Protein of unknown function; overexpression suppresses the growth defect of 

mutants lacking protein kinase A activity; involved in cAMP-mediated signaling; localized to the 

nucleus; similar to the mouse testis-specific protein PBS13. 

SPO71: Meiosis-specific protein required for prospore membrane morphogenesis; 

localizes to the prospore membrane (PSM) during sporulation; required for PSM elongation and 

closure; genetically antagonistic to SPO1; recruits Vps13p to the PSM during sporulation; interacts 

and functions cooperatively with Spo73p; mutants have defects in the PSM, aberrant spore wall 

formation and reduced PtdIns-phosphate pools in the PSM; contains two PH domains. 

STU1: Component of the mitotic spindle; binds to interpolar microtubules via its 

association with beta-tubulin (Tub2p); required for interpolar microtubules to provide an outward 

force on the spindle poles. 

SUN4: Cell wall protein related to glucanases; possibly involved in cell wall septation; 

member of the SUN family; SUN4 has a paralog, SIM1, that arose from the whole genome 

duplication. 
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TAX4: EH domain-containing protein; involved in regulating phosphatidylinositol 4,5-

bisphosphate levels and autophagy; Irs4p and Tax4p bind and activate the PtdIns phosphatase 

Inp51p; Irs4p and Tax4p are involved in localizing Atg17p to the PAS; TAX4 has a paralog, IRS4, 

that arose from the whole genome duplication. 

TMS1: Vacuolar membrane protein of unknown function; is conserved in mammals; 

predicted to contain eleven transmembrane helices; interacts with Pdr5p, a protein involved in 

multidrug resistance. 

TRP1: Phosphoribosylanthranilate isomerase; catalyzes the third step in tryptophan 

biosynthesis; in 2004, the sequence of TRP1 from strain S228C was updated by changing the 

previously annotated internal STOP (TAA) to serine (TCA). 

UBS1: Ubiquitin-conjugating enzyme suppressor that regulates Cdc34p; functions as a 

general positive regulator of Cdc34p activity; nuclear protein that may represent a link between 

nucleocytoplasmic transport and ubiquitin ligase activity. 

VPS63: Putative protein of unknown function; not conserved in closely related 

Saccharomyces species; 98% of ORF overlaps the verified gene YPT6; deletion causes a vacuolar 

protein sorting defect; decreased levels of protein in enolase deficient mutant. 

VPS70: Protein of unknown function involved in vacuolar protein sorting; SWAT-GFP 

and mCherry fusion proteins localize to the endoplasmic reticulum. 

YBR182c-a: Putative protein of unknown function; identified by gene-trapping, 

microarray-based expression analysis, and genome-wide homology searching. 
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YBR184w: Unknown function. 

YHI9: Protein of unknown function; null mutant is defective in unfolded protein response; 

possibly involved in a membrane regulation metabolic pathway; member of the PhzF superfamily, 

though most likely not involved in phenazine production. 

YNR061c: Protein of unknown function; relocalizes from vacuole to cytoplasm upon DNA 

replication stress. 

YOR296w: Putative protein of unknown function; green fluorescent protein (GFP)-fusion 

protein localizes to the cytoplasm; expressed during copper starvation; YOR296W is not an 

essential gene. 

YPC1: Alkaline ceramidase; also has reverse (CoA-independent) ceramide synthase 

activity; catalyzes both breakdown and synthesis of phytoceramide; overexpression confers 

fumonisin B1 resistance; YPC1 has a paralog, YDC1, that arose from the whole genome 

duplication. 

YPT6: Rab family GTPase; Ras-like GTP binding protein involved in the secretory 

pathway, required for fusion of endosome-derived vesicles with the late Golgi, maturation of the 

vacuolar carboxypeptidase Y; resides temporarily at the Golgi, dissociates into cytosol upon arrival 

of the Rab GTPase Ypt32p, which also functions in the late Golgi; Golgi-localized form is bound 

to GTP, while cytosolic form is GDP-bound; homolog of the mammalian Rab6. 
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TRA2: Member of the REF (RNA and export factor binding proteins) family; when 

overexpressed, can substitute for the function of Yra1p in export of poly(A)+ mRNA from the 

nucleus. 

YSY6: Protein of unknown function; expression suppresses a secretory pathway mutation 

in E. coli; has similarity to the mammalian RAMP4 protein involved in secretion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



123 
 

S3.2 SGD descriptions of the genes in the genomic fragments identified in the rapamycin 

sensitivity suppressors’ screen for ypt6 (Issel-Tarver et al., 2002) 
 

 

ACS2: Acetyl-coA synthetase isoform; along with Acs1p, acetyl-coA synthetase isoform 

is the nuclear source of acetyl-coA for histone acetylation; mutants affect global transcription; 

required for growth on glucose; expressed under anaerobic conditions. 

ATC1: Nuclear protein; possibly involved in regulation of cation stress responses and/or 

in the establishment of bipolar budding pattern; relative distribution to the nucleus decreases upon 

DNA replication stress. 

ATG5: Conserved protein involved in autophagy and the Cvt pathway; undergoes 

conjugation with Atg12p to form a complex involved in Atg8p lipidation; Atg5p-Atg12p conjugate 

enhances E2 activity of Atg3 by rearranging its catalytic site, also forms a complex with Atg16p; 

the Atg5-Atg12/Atg16 complex binds to membranes and is essential for autophagosome formation; 

also involved in methionine restriction extension of chronological lifespan in an autophagy-

dependent manner. 

COX20: Mitochondrial inner membrane protein; required for proteolytic processing of 

Cox2p and its assembly into cytochrome c oxidase. 

HEM1: 5-aminolevulinate synthase; catalyzes the first step in the heme biosynthetic 

pathway; an N-terminal signal sequence is required for localization to the mitochondrial matrix; 

expression is regulated by Hap2p-Hap3p; has a pyridoxal phosphate cofactor whose insertion is 

mediated by Mcx1p. 
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IVY1: Phospholipid-binding protein that interacts with both Ypt7p and Vps33p; may 

partially counteract the action of Vps33p and vice versa, localizes to the rim of the vacuole as cells 

approach stationary phase. 

NCA2: Protein that regulates expression of Fo-F1 ATP synthase subunits; involved in the 

regulation of mitochondrial expression of subunits 6 (Atp6p) and 8 (Atp8p) of the Fo-F1 ATP 

synthase; functions with Nca3p. 

NGL3: 3'-5' exonuclease specific for poly-A RNAs; has a domain similar to a magnesium-

dependent endonuclease motif in mRNA deadenylase Ccr4p; similar to Ngl1p; NGL3 has a 

paralog, NGL2, that arose from the whole genome duplication. 

PCD1: 8-oxo-dGTP diphosphatase; prevents spontaneous mutagenesis via sanitization of 

oxidized purine nucleoside triphosphates; can also act as peroxisomal pyrophosphatase with 

specificity for coenzyme A and CoA derivatives, may function to remove potentially toxic 

oxidized CoA disulfide from peroxisomes to maintain the capacity for beta-oxidation of fatty acids; 

nudix hydrolase family member; similar E. coli MutT and human, rat and mouse MTH1. 

PDE1: Low-affinity cyclic AMP phosphodiesterase; controls glucose and intracellular 

acidification-induced cAMP signaling, target of the cAMP-protein kinase A (PKA) pathway; 

glucose induces transcription and inhibits translation. 

PEP3: Component of CORVET membrane tethering complex; vacuolar peripheral 

membrane protein that promotes vesicular docking/fusion reactions in conjunction with SNARE 

proteins, required for vacuolar biogenesis. 
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PIN3: Negative regulator of actin nucleation-promoting factor activity; interacts with 

Las17p, a homolog of human Wiskott-Aldrich Syndrome protein (WASP), via an N-terminal SH3 

domain, and along with LSB1 cooperatively inhibits the nucleation of actin filaments; short-lived 

protein whose levels increase in response to thermal stress; induces the formation of the [PIN+] 

and [RNQ+] prions when overproduced; PIN3 has a paralog, LSB1, that arose from the whole 

genome duplication. 

RED1: Protein component of the synaptonemal complex axial elements; involved in 

chromosome segregation during the first meiotic division; critical for coupling checkpoint 

signaling to SC formation; promotes interhomolog recombination by phosphorylating Hop1p; also 

interacts with Mec3p and Ddc1p. 

RHN203: Ribonuclease H2 subunit; required for RNase H2 activity; role in ribonucleotide 

excision repair; related to human AGS3 that causes Aicardi-Goutieres syndrome. 

RPS28B: Protein component of the small (40S) ribosomal subunit; homologous to 

mammalian ribosomal protein S28, no bacterial homolog; has an extraribosomal function in 

autoregulation, in which Rps28Bp binds to a decapping complex via Edc3p, which then binds to 

RPS28B mRNA leading to its decapping and degradation; RPS28B has a paralog, RPS28A, that 

arose from the whole genome duplication. 

TMA7: Protein of unknown that associates with ribosomes; null mutant exhibits translation 

defects, altered polyribosome profiles, and resistance to the translation inhibitor anisomcyin; 

protein abundance increases in response to DNA replication stress. 
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TML119w: Putative protein of unknown function. 

TPO3: Polyamine transporter of the major facilitator superfamily; member of the 12-

spanner drug: H (+) antiporter DHA1 family; specific for spermine; localizes to the plasma 

membrane; TPO3 has a paralog, TPO2, that arose from the whole genome duplication. 

UPS3: Mitochondrial protein of unknown function; similar to Ups1p and Ups2p which are 

involved in regulation of mitochondrial cardiolipin and phosphatidylethanolamine levels; null is 

viable but interacts synthetically with ups1 and ups2 mutations; UPS3 has a paralog, UPS2, that 

arose from the whole genome duplication. 

VBA3:  Permease of basic amino acids in the vacuolar membrane; VBA3 has a paralog, 

VBA5, that arose from a segmental duplication. 

VPS63: Putative protein of unknown function; not conserved in closely related 

Saccharomyces species; 98% of ORF overlaps the verified gene YPT6; deletion causes a vacuolar 

protein sorting defect; decreased levels of protein in enolase deficient mutant. 

YDR186c: Protein of unknown function; may interact with ribosomes, based on co-

purification experiments; green fluorescent protein (GFP)-fusion protein localizes to the cytoplasm.  

YLR149c: Protein of unknown function; overexpression causes a cell cycle delay or arrest; 

null mutation results in a decrease in plasma membrane electron transport; YLR149C is not an 

essential gene; protein abundance increases in response to DNA replication stress. 

YLR152c: Putative protein of unknown function; YLR152C is not an essential gene. 
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YLR154C-G: Putative protein of unknown function; identified by fungal homology 

comparisons and RT-PCR; this ORF is contained within RDN25-2 and RDN37-2. 

YPL150W: Protein kinase of unknown cellular role; binds phosphatidylinositols and 

cardiolipin in a large-scale study. 

YPT6: Rab family GTPase; Ras-like GTP binding protein involved in the secretory 

pathway, required for fusion of endosome-derived vesicles with the late Golgi, maturation of the 

vacuolar carboxypeptidase Y; resides temporarily at the Golgi, dissociates into cytosol upon arrival 

of the Rab GTPaseYpt32p, which also functions in the late Golgi; Golgi-localized form is bound 

to GTP, while cytosolic form is GDP-bound; homolog of the mammalian Rab6. 

ZIP2: Meiosis-specific protein; involved in normal synaptonemal complex formation and 

pairing between homologous chromosomes during meiosis; relocalizes from mitochondrion to 

cytoplasm upon DNA replication stress. 
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