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 Eukaryotic cells use membrane bound organelles to create specialized 

biochemical micro-environments. This allows eukaryotes to segregate 

incompatible biochemical reactions, improving efficiency. While membrane 

bound organelles are undoubtedly advantageous, their isolation requires 

mechanisms for communication with the rest of the cell, delivery of proteins 

and lipids, and selective removal of unnecessary or damaged proteins. By 

studying how cells communicate between organelles and selectively remove 

proteins, I found that the ESCRTs function in discrete pathways to maintain 

lipid and protein homeostasis.  

         ER-PM contact sites are thought to be important for communication 

between the ER and PM. However, mutants lacking ER-PM contact sites cells 

grow well, indicating that additional mechanisms facilitate communication 

between the two membranes. To identify these mechanisms, I used saturating 

transposon mutagenesis coupled with next generation sequencing to identify 

synthetic lethal mutants in a strain that lacks ER-PM contact sites. The best 

hits were components of the ESCRT-III complex. I showed that the synthetic 

lethality was not due to the ESCRTs canonical function in the multivesicular 



 

body pathway, but instead, that ESCRT-III proteins were required to maintain 

normal lipid synthesis in cells lacking ER-PM contact sites. My data support a 

model in which ESCRT-III proteins act in a novel pathway to regulate lipid 

synthesis, and that this pathway is required when cells lose the regulatory 

feedback provided at ER-PM contact sites. 

         To maintain protein homeostasis, cells use ubiquitin to mark 

unnecessary or damaged proteins in organelles of the secretory pathway. 

Ubiquitinated proteins are either degraded by the ERAD pathway, or are 

trafficked into the MVB pathway, and eventually delivered to the 

lysosome/vacuole lumen where they are degraded. The vacuole is 

downstream of the MVB pathway, and there are no known mechanisms to 

traffic ubiquitinated vacuolar proteins to endosomes. To understand how 

vacuole membrane proteins are degraded, I used a gene-fusion based genetic 

selection to identify genes required for vacuole membrane protein 

degradation. I then used an artificial in vivo ubiquitination assay to show that 

instead of functioning on endosomes, the ESCRTs can be recruited to the 

vacuole surface, where they directly internalize ubiquitinated membrane 

proteins into the vacuole lumen.  
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CHAPTER I 

Introduction 

 

Eukaryotic cells: 

Intracellular organelles are the hallmark of eukaryotic cells. Organelles 

allow cells to generate specialized micro-environments for specific functions 

(Figure 1). This allows eukaryotic cells to facilitate faster and more efficient 

biological reactions by increasing substrate concentrations, excluding 

competitive/inhibitory molecules. Organelles also allow cells to store nutrients, 

sequester toxins, and in the case of the lysosome (or vacuole in yeast) 

segregate lytic enzymes from the rest of the cell (Klionsky et al., 1990; Gao et 

al., 2015). 

The limiting membranes of organelles also create challenges for cells. 

Pathways to deliver specific lipids and proteins are required to make and 

maintain organelles (Hettema and Gould, 2017). To maintain homeostasis, the 

cell also requires mechanisms that facilitate communication between 

organelles (Elbaz and Schuldiner, 2011). And finally, the cell must have 

mechanisms to surveil organelle membranes, to ensure the competence of 

their protein constituencies (Zhao et al., 2013; Ruggiano et al., 2014; 

Dobzinski et al., 2015). These pathways are essential to maintain each 

organelle’s microenvironment, organellar integrity, and cellular homeostasis. 

All eukaryotic cells share the same basic mechanisms to overcome these 

challenges: vesicle trafficking, membrane contact sites, and ubiquitin mediated  
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Figure 1 

 

 

Figure 1.1. Intracellular organelles  

Cartoon of a eukaryotic cell showing different organelles. Each organelle has a 

specialized function and biochemical environment. The membranes that define 

organelles physically separate the organelle lumen from the cytoplasm, 

allowing organelles to separate antagonistic processes. 
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protein degradation (Palade, 1975; Carvalho et al., 2006; Aebi, 2013; 

Piper et al., 2014; Jain and Holthuis, 2017). 

 

The Secretory Pathway: Protein and Lipid Delivery 

The secretory pathway is the cell’s ingenious solution to the problem of 

delivering proteins and lipids to organelles within the cell (Figure 2A). The 

secretory pathway uses vesicles to transport protein and lipids to membranes 

throughout the cell (Schekman, 2010). These vesicles fuse with target 

membranes, allowing their cargo to be delivered to its destination while 

maintaining membrane integrity (Figure 2B) (Wickner and Schekman, 2008).  

 

Protein insertion into the secretory pathway 

The secretory pathway starts at the endoplasmic reticulum (ER), where 

most of the cell’s lipids are synthesized (Jacquemyn et al., 2017). The ER is 

also the place where membrane proteins and luminal/secreted proteins enter 

the secretory pathway. To deliver these proteins, ribosomes dock on a protein 

channel called the translocon (Walter and Blobel, 1981; Deshaies and 

Schekman, 1987). The translocon allows co-translational insertion of proteins 

into the ER lumen, and/or membrane (Voorhees and Hegde, 2016). The ER 

lumen is a specialized environment for protein folding and modification. It 

contains protein folding chaperones, protein glycosylation machinery, and 

protein disulfide isomerases which fold and mature proteins before they exit 

the ER (Peters and Davidson; Feige and Hendershot, 2011; Aebi, 2013) . 
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Figure 2 
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Figure 1.2. Vesicle trafficking  

A. The secretory pathway. Eukaryotic cells use the secretory pathway to 

deliver proteins and lipids to organelles. Lipids and proteins are 

transported from one organelle to another in small vesicles that bud 

from one membrane and fuse with target membranes. Black arrows 

represent lipid transport steps. Gray arrows represent endosome 

maturation or MVB vacuole fusion 

B. Vesicle fusion. Cartoon showing the steps of lipid bilayer fusion allowing 

lipid and protein delivery while maintaining membrane integrity. First, a 

vesicle is tethered to a membrane (tethers not shown). SNAREs apply 

force, pulling the vesicle and the target membrane together (SNAREs 

not shown), this induces hemifusion (one layer of the bilayer is fused). 

Then the second layer of the membrane fuses, forming a fusion pore 

between the vesicle and the target membrane. Finally, the vesicle and 

target membranes mix.  
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Trafficking from the ER to the Golgi 

Properly folded and modified proteins are then ready to be transported 

out of the ER. Active, GTP bound Sar1 inserts its amphipathic N-terminal tail 

into the ER membrane, inducing outward membrane curvature (Lee et al., 

2005). Sar1 also recruits the COPII inner coat proteins Sec23-Sec24 to the ER 

membrane (Yoshihisa et al., 1993). The inner coat proteins mediate sorting of 

secreted proteins into vesicles by binding to transmembrane sorting receptors 

that interact with soluble proteins, and directly to the cytosolic regions of 

membrane proteins destined for other membranes in the cell (Aridor et al., 

1998; Kuehn et al., 1998). Importantly, while lipids are included into these 

vesicles, the coats are not thought to specifically sort lipid species. However, 

the curvature induced by the coats during vesicle formation and budding does 

preferentially include lipids that are physically suitable for the high curvature 

environment (Melero et al., 2018).    

ER derived transport vesicles are then trafficked to the Golgi 

compartment, where additional protein modifications occur. The Golgi is also 

the major sorting station for secreted proteins. From the Golgi, proteins can be 

delivered directly to the plasma membrane (PM), endosomes, or the 

vacuole/lysosome.  

 

Sorting of secretory proteins at the Golgi 

At the Golgi, coat proteins interact with cytosolic facing protein motifs, 

and/or ubiquitin modifications to sort cargo into vesicles that traffic to specific 
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destinations within the secretory pathway. For example; the Gga coats sort 

cargo destined to endosomes, the AP-3 coat sorts cargo directly to the 

vacuole/lysosome, and the exomer coat sorts a subset of proteins to the PM 

(Cowles et al., 1997; Black and Pelham, 2000; Wang et al., 2006). In the 

secretory pathway, the protein sorting and membrane deforming functions of 

several coats has been described, but the functions of many other coats are 

still unknown.  

 

Recycling of fusion machinery  

Throughout the secretory pathway protein receptors and SNAREs are 

transported from one organelle to another. Cells recycle these proteins using 

retrograde vesicular transport (Figure 3). At the Golgi, ER proteins are sorted 

by the COPI coat, and transported back to the ER (Letourneur et al., 1994). 

Golgi protein recycling occurs via endosomes; proteins secreted to the PM are 

endocytosed to endosomes, and from endosomes they are sorted by the 

retromer sorting coat back to the Golgi (Seaman et al., 1997). 

 

Lipid transport via the secretory pathway    

Organelles have specific lipid profiles. This indicates that mechanisms 

exist to deliver and/ or remove specific lipids from membranes. Lipids traffic 

through the secretory pathway via the same vesicles that traffic proteins. 

Compared to protein sorting, much less is known about the sorting 

mechanisms, if any, that are responsible for sorting specific lipid species into  
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Figure 3 

 

Figure 1.3. Anterograde transport in the secretory pathway 

SNAREs and sorting receptors are recycled in the secretory pathway. Golgi 

proteins are recycled from endosomes via the retromer coat, and within the 

Golgi by COPI coated vesicles. ER proteins are recycled form the Golgi by the 

COPI coat and transported to the ER in small vesicles.
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specific vesicles. It is conceivable that coat proteins, or GTPases can interact 

with lipids of the cytosolic facing leaflet to selectively sort them into vesicles, 

but it is much harder to imagine how lipids in the opposite leaflet are sorted. 

Vesicular trafficking is clearly an important mechanism for the delivery and 

removal of lipids, but whether it plays a role in maintaining the correct balance 

of lipid species in membranes is not known. Recently, membrane contact sites 

have been shown to be sites of non-vesicular lipid exchange, potentially acting 

to fine tune the lipid composition of membranes, or in some cases as the 

major rout for lipid delivery.   

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Membrane contact sites 

Membrane contact sites are defined as regions where two membranes 

are tethered in close apposition to one another, but do not fuse. Tethering is 

mediated by proteins that span between the two membranes and interact with 

lipids or proteins on both membranes. Membrane contact sites are highly 

conserved structures that are found in all eukaryotic cells.  

The ER makes extensive contact with other membranes within the cell 

(Figure 4). The first ER contact site was described in the 1957 by Porter and 

Palade, where they could see extensive ER-PM contact in electron 

micrographs of muscle cells (Porter and Palade, 1957). Since then, numerous 

other ER contact sites have been observed (Kvam and Goldfarb, 2006; Peretti 

et al., 2008; Kornmann and Walter, 2010; Alpy et al., 2013; Knoblach et al., 

2013). Because the ER is the major site of lipid synthesis in cells, it is often  
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Figure 4 

 

 

 

Figure 1.4. ER contact sites 

The ER is made up of the nuclear envelope and the peripheral ER, a reticular 

structure of sheets and tubules. The peripheral ER makes specific contact with 

many organelles in the cell, including; mitochondria, Golgi, endosomes, 

peroxisomes, lysosomes/vacuoles (vacuole contacts the nuclear ER), and the 

PM. Contact sites are made by proteins that mediate tethering (but not fusion) 

between the ER and other membranes. 
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hypothesized that ER contact sites mediate lipid transfer or are used to sense 

the lipid composition of other membranes and in turn regulate lipid synthesis 

(Phillips and Voeltz, 2016). 

For organelles like the mitochondria, which are not connected to the 

secretory pathway, membrane contact sites represent the major rout for lipid 

import (Flis and Daum, 2013). In yeast, ER-mitochondria contacts are 

mediated by the ER-mitochondria encounter structure (ERMES) which is 

essential for growth (Kornmann and Walter, 2010). The loss of contact sites 

between organelles within the secretory pathway have less pronounced 

phenotypes, making it harder to characterize their role in lipid transport and 

regulation (Quon et al., 2018)  

 

ER-PM contact sites 

In yeast, ER-PM contact sites are extensive, covering nearly 40% of the 

PM. ER-PM tethering is highly redundant, with at least 6 proteins contributing 

to contact site formation, all of which are highly conserved ER membrane 

proteins (Manford et al., 2012; Quon et al., 2018). There are three extended-

synaptotagmins, Tcb1, Tcb2, and Tcb3, two VAPs, Scs2, Scs22, and a 

TMEM16 like protein, Ist2 (Figure 5A).  

The yeast extended-synaptotagmins interact with the PM with their 

three calcium and lipid binding C2 domains (Creutz et al., 2004). The Tcb 

proteins also contain a SMP domain (synaptotagmin-like mitochondrial-lipid 

binding protein), which are often found at membrane contact sites  
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Figure 5 
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Figure 1.5. ER-PM contact sites 

A. Cartoon of ER-PM contact site. The ER is tethered to the EM by at least 

six ER proteins; Tcb1, Tcb2, Tcb3, Ist2, Scs2, Scs22. The Scs proteins 

interact with Osh proteins forming a bridge to interact with the PM. The 

SMP domain of the Tcb proteins is proposed to transport lipids between 

the ER and PM. Osh proteins can bind sterols, facilitating their transport 

between membranes. Ist2 is a putative ion channel.  

B. Cartoon of ER morphology in WT and tether yeast. The tether strain 

has all six ER-PM tethers deleted. In WT yeast cells most of the 

peripheral ER is in contact with the PM, covering 40-50% of the PM. In 

tether cells, ER-PM contact sites are lost. This changes the 

morphology of the ER, causing it to collapse and form cytoplasmic 

tangles.  
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(Toulmay and Prinz, 2012; Reinisch and De Camilli, 2016). SMP domains can 

bind glycerolipids and are structurally related to TULIP (tubular lipid binding 

protein) superfamily of proteins (Reinisch and De Camilli, 2016). The SMP 

domain of E-Syt2 forms a barrel with a highly hydrophobic interior, suggesting 

that lipids can shuttle through the barrel from one membrane to another 

(Kopec et al., 2010).  

The yeast VAP proteins, contain a highly conserved binding site that 

interacts with FFAT motifs found in oxysterol binding proteins (Osh protein in 

yeast) and several other lipid binding proteins (Loewen et al., 2003; Loewen 

and Levine, 2005). The PH domain of Osh proteins can bind specific 

phosphoinositides at the PM, allowing for bridging of the ER anchored Scs 

proteins to the PM (Levine and Munro, 2001; Roy and Levine, 2004; Stefan et 

al., 2011). The Osh proteins are known lipid transfer proteins. They bind lipids 

in the hydrophobic pocked of their oxysterol binding protein related domain 

(ORD), which allows them to transport lipids from one membrane to another 

(Schulz and Prinz, 2007; Raychaudhuri and Prinz, 2010; Stefan et al., 2011).  

Finally, the TMEM16 homologue, Ist2, is a putative ion transporter that 

interacts with the PM with its poly basic C-terminal tail (Fischer et al., 2009; 

Manford et al., 2012). This protein is not thought to be directly involved in lipid 

transport across ER-PM contact sites but may play a role in the transport of 

ions from the cytoplasm into the ER (Schroeder et al., 2008).  

 

Phenotypes of ER-PM contact site mutants 
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Deleting all 6 ER-PM tethers (tether) dramatically changes ER 

morphology in yeast (Figure 5B). In WT cells, roughly 40-50% of the PM is 

contacted by the ER, but in tether mutants this drops to roughly 5%. Electron 

micrographs of tether cells show that instead of being cortically distributed, 

the ER forms tangles in the cytoplasm (Figure 5B). Surprisingly, tether cells 

grow well under normal laboratory conditions, indicating that cells can 

compensate for the loss of ER-PM contact sites, or that the remaining few 

contact sites are enough to support growth. 

Recently, another ER-PM tether has been described, Ice2 (Quon et al., 

2018). Ice2 contains 8 transmembrane domains and is involved in cortical ER 

inheritance from the mother cell into the bud. The authors showed that 

deleting ICE2 in the tether background (super- tether) reduced the percent 

of PM being contacted by the ER from 4% in tether to 1.7% in the super-

 tether. This strain grew well on rich media, but poorly on synthetic media. 

The authors found that the growth defect was due to a lack of PC, and argued 

that Opi3, an ER membrane protein that is required to convert PE to PC, 

needed to function in trans at the PM to produce enough PC at the PM 

(Tavassoli et al., 2013; Quon et al., 2018). This model was supported by 

suppression of the growth phenotype by choline supplementation, which 

produces PC independently of Opi3 via the Kennedy pathway. The authors 

also showed that expression of an artificial ER-PM tether, which should allow 

Opi3 access to PM PE, rescued the growth phenotype on synthetic media. 
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Like Opi3, the phosphoinositol-4-P (PI4P) phosphatase Sac1 also 

functions in trans at ER-PM contact sites (Stefan et al., 2011; Manford et al., 

2012). Sac1 is a transmembrane ER protein, and its major substrate, PI4P, 

primarily localizes to the PM. In both sac1 and tether cells, PI4P levels are 

dramatically increased at the PM. Sac1 phosphatase activity is regulated by 

the Scs and Osh proteins at ER-PM contact sites. The Osh proteins localize to 

ER-PM contact sites by binding PI4P in the PM with their PH domain and the 

FFAT motif on the Scs proteins. The Osh proteins have been shown to be able 

to stimulate Sac1 lipid phosphatase activity in vitro suggesting that ER-PM 

contact sites are a hub for phosphoinositide-P lipid signaling.  

Sac1 is also thought to function in cis on the ER, converting PI4P to PI. 

By doing this, Sac1 maintains very low PI4P levels on the ER, generating a 

steep concentration gradient across ER-PM contact sites. It is hypothesized 

that the Osh proteins harness energy by transporting PI4P down its gradient. 

They then utilize that energy to transport sterols against their concentration 

gradient from the ER to the PM (Mesmin et al., 2013).  

ER-PM contact sites are thought to play a role in non-vesicular lipid 

trafficking between the ER and PM because many proteins that localize to ER-

PM contact sites contain putative lipid transport domains (Giordano et al., 

2013; Schauder et al., 2014). However, unlike ER-mitochondria contacts, loss 

of ER-PM contacts causes only negligible defects in lipid flux to and from the 

PM (Quon et al., 2018). This may be because lipids can be delivered and 

removed from the PM via the secretory pathway and endocytosis.  
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How the cell senses and fine tunes the lipid content of the PM, is still 

not well understood. ER-PM contact sites, which physically connect the cell’s 

major lipid synthesis organelle to the PM, make for an attractive mechanism 

for sensing and regulating PM lipids. The lack of strong phenotypes in ER-PM 

contact mutants suggest that other lipid sensing and regulation pathways in 

the cell may be able to compensate for the loss of ER-PM contact sites.  

 

ESCRT-III and ER-PM contact sites regulate lipid synthesis 

In the second chapter of this thesis, I designed a screen to identify 

pathways that can compensate for the loss of ER-PM contact sites. I used 

saturated transposon mutagenesis and next generation sequencing to identify 

synthetic lethal genes in the tether strain background. The best hits were 

components of the ESCRT-III complex. Surprisingly, mutants in other ESCRT 

complexes or the AAA-ATPase Vps4 are not synthetic lethal in the tether 

background. This genetic evidence indicates that the ESCRT-III synthetic 

lethality is not due to defects in the MVB pathway, or any other known ESCRT 

mediated pathway.  

I found that the tether ESCRT-III synthetic lethal phenotype is caused 

by defects in lipid levels. Synthetic lethal mutants had lower levels of PE and 

PS but accumulated free fatty acids and lipid droplets. My data supports a 

model that these phenotypes were not due to defects in ER-PM lipid transport, 

but instead due to dysregulation of lipid synthesis, since I could suppress the 
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synthetic lethal growth phenotype by modulating lipid synthesis without 

restoring ER-PM tethering.  

These data indicate that the ESCRT-III proteins and ER-PM contact 

sites can regulate lipid synthesis in separate pathways.  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Ubiquitin regulated turnover of membrane proteins: 

Removing unnecessary or faulty proteins is critical to maintain organelle 

homeostasis and integrity (Zhao et al., 2013). To accomplish this, cells have 

evolved a suite of E3-ubiquitin ligases that recognize unnecessary or defective 

proteins and ubiquitinate them. After ubiquitination, these proteins are 

degraded. Ubiquitin mediated degradation requires three basic steps: 

recognition/ubiquitination, ubiquitin dependent trafficking, and finally 

proteolysis. Depending on the organelle from which the target protein is 

ubiquitinated, these steps occur through different processes (Figure 6) (Piper 

et al., 2014; Dobzinski et al., 2015; Printsev et al., 2017).  

In the ER, proteins destined for degradation are degraded via the 

ERAD pathway. There are several different E3 ligases that recognize and 

ubiquitinate proteins in the ER (Carvalho et al., 2006; Hirsch et al., 2009; 

Foresti et al., 2014). In this pathway, ubiquitinated membrane proteins are 

extracted from the ER through the retrotranslocon, Dfm1 (Neal et al., 2018).  

Cdc48, a AAA-ATPase, pulls cargo through the retrotranslocon into the 

cytosol, where the ubiquitinated proteins are degraded by the proteasome 

(Wolf and Stolz, 2012).  
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Figure 6 
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Figure 1.6. Ubiquitin mediated membrane protein degradation 

Ubiquitinated ER membrane proteins are degraded by the proteasome via the 

ERAD pathway. Cdc48 physically extracts ubiquitinated proteins through the 

retrotranslocon into the cytoplasm. Once in the cytoplasm, the proteins are 

degraded by the proteasome.  

Ubiquitinated membrane proteins downstream of the ER in the secretory 

pathway are degraded via the MVB pathway. Ubiquitin binding coat proteins 

sort cargo into vesicles that traffic to endosomes.  On endosomes the 

ESCRTs internalize the proteins into intraluminal vesicles that are delivered to 

the vacuole/lysosome for degradation. Gray arrows represent endosomal 

maturation, and MVB fusion.   
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Ubiquitinated membrane proteins in organelles downstream of the ER 

in the secretory pathway are degraded in the lysosome (or vacuole in 

fungi/plants). Generally, proteins marked by ubiquitin are recognized by 

ubiquitin binding adaptors that facilitate their incorporation into vesicles. At the 

Golgi, this is accomplished by the Gga coats (Scott et al., 2004). At the PM, 

the Epsins (Ent1/2) link ubiquitinated cargo to clathrin adaptor proteins for 

endocytosis (Dores et al., 2010).   

These vesicles are then trafficked to the endosome. Once there, the 

ESCRTs sort and internalize ubiquitinated membrane proteins into intraluminal 

vesicles (ILVs) that bud into the lumen of the endosome, generating a multi-

vesicular body (MVB) (Odorizzi et al., 1998). The MVB then fuses with the 

vacuole delivering the ILVs to the vacuolar lumen, exposing them to proteases 

and lipases. This process utilizes well characterized trafficking pathways  

(endocytic, VPS) to deliver ubiquitinated proteins to endosomes, and 

eventually to their terminal destination, the lysosome/ vacuole.  

 

The ESCRTs: 

The ESCRTs were first identified in budding yeast as mutants that block 

vacuolar protein targeting (Robinson et al., 1988). The ESCRTs were part of a 

subclass of mutants referred to as class E mutants, defined by the 

accumulation of vacuolar proteins in a large aberrant endosome like structure 

(Raymond et al., 1992). The class E mutants were later characterized as 

proteins required for MVB formation and the degradation of ubiquitinated 
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membrane proteins (Odorizzi et al., 1998). The ESCRTs are a set of protein 

complexes that function sequentially to sort cargo, deform the membrane, and 

eventually bud vesicles into the lumen of the endosome (Figure 7) (Henne et 

al., 2011).  

 

The ESCRTs role in MVB formation 

The ESCRT-0 complex (Vps27 and Hse1 (1:1)) initiates MVB sorting at 

endosomes. ESCRT-0 localizes to endosomes via an interaction between the 

FYVE domain of Vps27 and the endosomal lipid phosphatidylinositol-3-

phosphate (PI3P) (Katzmann et al., 2003). The ESCRT-0 proteins Vps27 and 

Hse1 have several ubiquitin binding domains (VHS and UIM), that bind to 

ubiquitinated cargo, initiating MVB sorting (Swanson et al., 2003; Ren et al., 

2007). ESCRT-0 then recruits the downstream complex, ESCRT-I (Vps23,  

Vps28, Vps37, and Mvb12 (1:1:1:1)). ESCRT-I components also bind 

ubiquitinated cargo via UIM domains and help bridge ESCRT-0 and ESCRT-II 

(Vps25, Vps22, Vps36 (2:1:1)). ESCRT-II is primarily responsible for recruiting 

and nucleating ESCRT-III filaments (core components: Vps20, Snf7, Vps24, 

Vps2). ESCRT-III filaments are thought to corral cargo proteins and deform 

the membrane to generate intraluminal vesicles. Finally, the AAA-ATPase 

Vps4 disassembles the ESCRT-III filaments and may provide the scission 

force to bud the vesicle into the endosomal lumen. The ESCRT’s role in MVB 

formation is conserved across all eukaryotes. 
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Figure 7 
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Figure 1.7. The ESCRT complexes 

A. The ESCRT complexes sort ubiquitinated cargo on the endosomal 

membrane. ESCRT-0 initiates ILV sorting by binding ubiquitinated 

cargo and the lipid PI3P. ESCRT-0 then recruits ESCRT-I to the 

endosome. ESCRT-I also binds ubiquitinated cargo, and bridges to 

ESCRT-II. The two Vps25 subunits in the ESCRT-II complex nucleate 

ESCRT-III filaments which corral the cargo and deform the membrane, 

forming ILVs.  

B. Vps4 is required for ESCRT-III disassemble and/or to provide scission 

force to bud the ILV into the endosome lumen. 
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The fundamental function of the ESCRTs 

The first ESCRTs evolved in archaea where they used a simplified set 

ESCRTs to mediate cell division. Members of the Sulfolobus genus encode 

homologues of eukaryotic ESCRT-III proteins (CdvB, CdvB1, CdvB2, and 

CvdB3), and the AAA-ATPase Vps4 (CdvC). They do not contain any 

homologues of ESCRT-0,-I, or -II proteins to recruit ESCRT-III to membranes. 

Instead, Sulfolobus encodes a coiled coil protein, CdvA, that recruits the 

ESCRT-III homologues to the mid-cell during division.  

While the Sulfolobus ESCRTs do not form ILVs, their role in cell division 

hypothesized to be membrane scission at the mid-body, which is topologically 

like membrane scission in ILV formation. It is currently debated whether the 

ESCRTs in Sulfolobus can form vesicles. There is evidence that Sulfolobus 

cells shed vesicles, and proteomic analysis of these vesicles has revealed that 

both the ESCRT-III and Vps4 homologues are present, suggesting that they 

may play a role in vesicle formation (Ellen et al., 2009).  

 

MVB formation from the vacuole membrane 

In the third chapter of this thesis, I characterized the trafficking 

pathways required to degrade vacuole membrane proteins. The vacuole is 

downstream of the MVB pathway, and there are no known retrograde sorting 

pathways to traffic ubiquitinated proteins from the vacuole to endosomes. To 

identify genes required for vacuole membrane protein sorting, I used a gene-

fusion based genetic selection. The screen identified the ubiquitination 
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machinery (E3 ligase RSP5, adaptor SSH4), the ESCRTs, and components of 

the endosome-vacuole tethering (HOPs) complex. I found that both the 

ESCRT and HOPs mutants prevented the ubiquitination of vacuolar 

membrane proteins by inhibiting Ssh4 delivery to the vacuole. This prevented 

us from testing any sorting affects these mutants had on ubiquitinated 

vacuolar proteins.  

To test how these mutants affected the trafficking steps required for 

vacuole membrane protein degradation, I used an in vivo artificial 

ubiquitination system that recruits ubiquitin directly to vacuolar membrane 

proteins. Using this assay, I found that vacuolar membrane proteins are sorted 

directly on the vacuole surface by the ESCRTs, where they internalize 

vacuolar membrane proteins into ILVs that bud into the vacuole lumen. This 

provided the first evidence that the ESCRTs can function directly on the 

vacuole membrane.  
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Abstract 

Eukaryotic cells are compartmentalized into organelles by intracellular 

membranes. While the organelles are distinct, many of them make intimate 

contact with one another. These contacts were first observed in the 1950’s, 

but only recently have the functions of these contact sites begun to be 

understood. In yeast, the ER makes extensive inter-membrane contacts with 

the plasma membrane (PM), covering ~40% of the PM. Many functions of ER-

PM contacts have been proposed, including: non-vesicular lipid trafficking, ion 

transfer, and as signaling hubs. Surprisingly, cells that lack ER-PM contacts 

grow well, indicating that alternative pathways may be compensating for the 

loss of ER-PM contact. In order to better understand the function of ER-PM 

contact sites we used saturating transposon mutagenesis to identify synthetic 

lethal mutants in a yeast strain lacking ER-PM contact sites. The strongest hits 

were components of the ESCRT complexes. The synthetic lethal mutants 

have low levels of some lipid species but accumulate free fatty acids and lipid 

droplets. We found that only ESCRT-III components are synthetic lethal, 

indicating that Vps4 and other ESCRT complexes do not function in this 

pathway. These data suggest that ESCRT-III proteins and ER-PM contact 

sites act in independent pathways to maintain lipid homeostasis. 
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Introduction 

Eukaryotic cells have several layers of organization. The first layer 

separates the cell from the outside world using a lipid membrane and defines 

the cell. The second layer of organization is the compartmentalization of the 

cell by intracellular membranes, generating organelles (Brown et al., 1831; 

Mullock and Luzio, 2013). The biochemical isolation provided by organelles 

increases the efficiency of many reactions (Lane and Martin, 2010). The third 

layer of cellular organization is how organelles are organized within the cell. 

Membrane contact sites between organelles and other membranes throughout 

the cell generate an inter-organelle network that modulates organelle 

distribution and morphology (Manford et al., 2012; Helle et al., 2013).  

Thin section electron microscopy allowed researchers to observe and 

characterize membrane contact sites. The first membrane contact site to be 

described was the ER-PM contact site, described by Porter and Palade in the 

1950’s (Porter and Palade, 1957). This was only four years after the term 

“endoplasmic reticulum” was first used in a scientific article (Porter and 

Kallman, 1952). The irony of the term “endoplasmic” was not lost on Palade as 

he suggested that would be a “temporary label” and that researchers who 

wanted a term more descriptive of its morphology “may not have long to wait” 

(Palade, 1956). Since the 1950’s, many contact sites have been described, 

including the nuclear-vacuole (Severs et al., 1976), ER-mitochondria 

(Copeland and Dalton, 1959), mitochondria-vacuole (Elbaz-Alon et al., 2014), 

and more (Staehelin, 1997; Raiborg et al., 2015). Membrane contact sites are 
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thought to play important roles in Ca+2 signaling, non-vesicular lipid and 

metabolite transport, mitochondrial dynamics, and inter-organelle 

communication (Friedman et al., 2011; Helle et al., 2013; Omnus et al., 2016). 

While many of these processes occur at membrane contact sites, studying the 

role or the essentiality of the proximity of membranes has been challenging, 

due to the redundancy of tethering proteins at some contact sites (Manford et 

al., 2012; Quon et al., 2018). 

In yeast, ER-PM contact sites are prolific; nearly 40% of the PM is 

covered by ER (Manford et al., 2012). Disrupting this contact site was difficult 

due to the redundancy of tethers. At least six protein tethers contribute to ER-

PM contact sites: two VAP proteins (Ssc2/22), three extended-synaptotagmins 

(Tcb1/2/3) and the putative ion channel Ist2 (Manford et al., 2012). Recently, a 

seventh tether, Ice2, has been described as playing a role in ER-PM tethering 

as well (Quon et al., 2018). Deleting all 6 of the ER-PM tethers (generating the 

tether strain) dramatically alters ER morphology, induces the unfolded 

protein response, and changes the distribution and levels of certain PIP 

species (Manford et al., 2012). The loss of ER-PM contact sites, however, only 

mildly reduced the rate of ergosterol flux between the ER and PM and had 

little effect on its distribution in cellular membranes (Quon et al., 2018). 

Surprisingly, the tether strain grows well under normal laboratory conditions 

(Manford et al., 2012). We hypothesized that tether cells utilize alternative 

pathways to adapt to the loss of ER-PM contact sites. This could mask 

important physiological functions of ER-PM contact sites. The identification 
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and removal of any compensatory pathways could uncover new phenotypes 

and help our understanding of the function of ER-PM contact sites.  

We designed a synthetic lethal (SL) screen to identify compensatory 

pathways in the tether strain. The strain’s six deletions made traditional SGA 

analysis too difficult, so we used the Saturated Transposon Analysis in Yeast, 

(SATAY) assay (Michel et al., 2017, 2019). The SATAY approach utilizes 

massive libraries of transposon mutagenized strains. To identify SL genes, we 

looked for ORFs that tolerated transposon insertion in the WT strain, but not in 

the tether strain.  

The best SL candidates were components of the ESCRT complexes, 

which are best known for their role in the formation of multivesicular bodies 

(MVB). In this pathway, the ESCRTs function sequentially on endosomes; 

recognizing and sorting cargo (ESCRT-0,I,II), nucleating filament formation 

(ESCRT-II/III), deforming the membrane to generate vesicles that bud into the 

endosomal lumen (ESCRT-III), and finally vesicle scission and disassembly of 

the polymerized complexes (Vps4, an AAA-ATPase)(Henne et al., 2011).   

The ESCRTs function in many other pathways within the cell. Subsets 

of ESCRT components function in HIV budding (Stuchell et al., 2004), 

cytokinesis (Morita et al., 2007), peroxisomal vesicle budding (Mast et al., 

2018), membrane repair (Jimenez et al., 2014), and more (Vietri et al., 2019).  

We found that tether-ESCRT-III mutants have altered lipid pools; 

lower levels of PS and PE, and higher levels of neutral lipids. The tether-

ESCRT-III mutant growth phenotype can be rescued by shifting the flux of lipid 
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synthesis toward phospholipids and away from neutral lipids. These data 

indicate that both ER-PM contact sites and ESCRT-III subunits play important 

roles in maintaining balanced lipid synthesis through distinct pathways.  
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Results 

Identification of genes SL with ER-PM tethers 

We used the SATAY screening method to identify SL genes in the 

tether background(Michel et al., 2017, 2019). The SATAY approach utilizes 

an Ade+ selection to generate massive transposon mutagenized libraries. The 

density of transposon insertion allowed us to probe whether cells can tolerate 

a disruption at almost any particular location in the yeast genome. The Ade+ 

selection is based on a plasmid carrying an inducible transposase and an 

ade2 ORF that is disrupted by a transposon. Induction of the transposase 

removes the transposon from the ade2 ORF and inserts it randomly into the 

genome. The cell can then repair the ade2 ORF, allowing the transposed cells 

to grow on -ade media. Two SATAY libraries were generated: one in the WT 

strain background, and one in the tether strain background, which has six 

ER-PM tethers deleted (tcb1, tcb2, tcb3, ist2, scs2, scs22). Each 

library contained roughly 2 million Ade+ clones (among which ~60% are 

transposed). Transposed cells that grew were pooled, and their transposon 

insertion sites were identified using next generation sequencing. Mapping the 

transposon insertion sites to the yeast genome allowed us to identify essential 

genes, which become obvious because they do not contain any transposon 

insertions. To identify SL genes in the tether background, we compared the 

WT and tether transposon insertion patterns, looking for genes that 
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contained transposon insertions in the WT library, but none (or very few) in the 

tether library.  

The transposition efficiency of the tether strain was much lower than 

the WT strain and required harvesting over four times as many plates. The 

transposon insertion sites in both libraries were identified using a next-

generation sequencing approach and mapped to the yeast genome using 

Bowtie2 (Langmead and Salzberg, 2012). The precise site of transposon 

insertion was determined for each aligned read using a MATLAB script (Michel 

et al., 2017). In our WT library, we identified 241,160 unique transposon 

insertions, 84,234 of which fell in ORFs (Figure 1A). Our tether library 

contained 105,351 unique insertions, with 39,958 in ORFs (Figure 1A). Even 

though each library was generated using a similar number of colonies, the 

tether library contained significantly fewer unique insertions. This was 

probably due to the disparate colony size in the tether library (Figure S1A), 

which could cause insertions from the small colonies to be diluted/lost. The 

disparate colony size may have been due to the strain’s low transposition 

efficency; early transposing cells formed very large colonies that crowded out 

the later transposing cells.  

To identify SL genes, we looked for ORFs that contained relatively 

fewer transposon insertions in the tether library than in the WT library. We 

plotted each ORF based on the number of transposon insertions in the WT 

and tether libraries (Figure 1B). ORFs SL with Δtether should appear as  
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Figure 1 
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Figure 2.1.1. The SATAY assay identifies synthetic lethal ORFs 

A. Table showing number of colonies harvested and transposon insertion 

sites sequenced in WT and tether SATAY libraries.  

B. Plot showing each yeast ORF. Each dot represents a different ORF, the 

position of each ORF was determined by the number of transposon 

insertions in the WT strain (x axis) and the number of transposon 

insertions in the tether strain (y axis).  

C. Close up view of the plot in figure 1A. The triangle encompasses ORFs 

with fewer transposon insertions in the tether library compared to the 

WT library. ORFs encoding ESCRT proteins have been highlighted. 

D. Growth assay to validate SATAY hits. 10-fold serial dilutions of WT, 

tether, ESCRT, and tether ESCRT mutants were spotted onto YPD 

and SCD plates.  

E. Survival assay to test for reduced chronological lifespan. Cultures were 

continuously grown in synthetic media for four days. 10-fold serial 

dilutions of equal ODs of cells were spotted on YPD plates after the first 

and fourth day of culture. 

F. Culture viability plot. Samples from continuously grown cultures were 

stained with propidium iodide (PI) each day for 5 days. The percent of 

PI positive cells was determined using flow cytometry. Each spot 

represents the average of 3 biological replicates. The error bars 

represent the standard deviation between the replicates.  
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Figure 1 supplement 
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Figure 2.1.2. Verification of synthetic genetic interaction 

A. Representative images of WT and tether transposition plates. Images 

were taken after 16 days of incubation. 

B. Plasmid complementation of snf7 strains. Strains were grown 

overnight in SCD -ura selective media. Strains carried either an empty 

vector or a plasmid containing SNF7 (WT promoter, CEN plasmid). 10-

fold serial dilutions were spotted onto YPD and SCD -ura plates. 

C. Growth assays testing additional ESCRT components for SL 

phenotypes. 10-fold serial dilutions were spotted onto YPD and SCD 

plates. 

D. Growth assay to test for SNF7 epistasis. 10-fold serial dilutions of WT, 

tether, tether snf7 and tether snf7 vps27 mutants were spotted 

onto YPD and SCD plates. 

E. Growth assay to test for tether RIM pathway SL phenotype. 10-fold 

serial dilutions of WT, tether, tether snf7 and tether 

rim20 mutants were spotted onto YPD and SCD plates. 
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outliers below the trendline of the plot in Figure 1B. We tested several outliers 

for synthetic growth defects on rich and synthetic media, but none had a 

phenotype. We think this is because our tether library was relatively small, 

and those outliers were noise (or caused a synthetic lifespan defect without a 

synthetic growth phenotype). To increase our confidence in SL genes, we 

looked for groups of genes whose protein products play a role in the same 

pathways. This led us to identify the ESCRT complexes as a top hit (Figure 

1C). This was an unexpected hit, as the ESCRT complexes primarily function 

at endosomes to generate MVBs, instead of functioning at the ER or PM. 

Because the ESCRTs are a set of protein complexes (Henne et al., 2011), we 

decided to delete a core component of each complex in both WT and the 

tether strain backgrounds to validate the SL phenotype (Figure 1D).  

On synthetic media, the ESCRT-III mutant snf7Δ had a strong synthetic 

growth defect in the tether strain background (Fig 1D, S1B,C). It was very 

surprising that only components of the ESCRT-III complex are SL in the 

tether strain background since other ESCRT complexes were much stronger 

SATAY hits, and all known pathways that utilize the ESCRT machinery require 

more than one complex for function.  

The transposition step used for library generation is a 14-18 day 

incubation on plates, so we reasoned that mutants that caused decreased 

chronological lifespan would also be SATAY hits. To test if the ESCRT 

mutants caused a chronological lifespan defect in the tether strain 

background, we grew cultures continuously and tested the cells’ viability daily. 
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After four days of incubation, cells from WT, tether, and ESCRT mutant 

cultures are viable, but ESCRT mutants in the tether background were not 

(Figure 1E).  We also stained continuously grown cultures with the membrane 

impermeant dye, propidium iodide (PI), which labels dead cells (Kwolek-Mirek 

and Zadrag-Tecza, 2014). Figure 1F shows that tether and ESCRT mutants 

die at similar rates, and much faster than WT cells. ESCRT mutants in the 

tether strain die faster than either ESCRT or tether mutants, indicating 

these mutants are affecting chronological lifespan through different pathways. 

Mutants from different ESCRT complex cause similar reductions in 

chronological lifespan in the tether background, unlike the SL growth 

phenotype which is only seen in ESCRT-III mutants (Figure 1D,E,F). Because 

both the tether strain and ESCRT mutants have relatively short chronological 

lifespans (Figure 1F), but do not have a strong growth defects (Figure 1D), we 

focused on the synergistic tether snf7 SL growth phenotype, instead of the 

more additive tether ESCRT mutant chronological lifespan phenotype 

 

tether snf7 synthetic lethality is not due to defects in the RIM or MVB 

pathways  

The ESCRTs best characterized function is MVB biogenesis. While all 

of the ESCRT complexes are required to form MVBs, mutations in different 

ESCRT complexes can result in intermediate sorting defects on endosomes 

which can cause different physiological phenotypes. This is nicely illustrated 
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by the different canavanine sensitivities of early vs late ESCRT mutants (Teis 

et al., 2010). Early ESCRT mutants allow the canavanine transporter, Can1, to 

be recycled from endosomes to the PM, while later ESCRT mutants (after 

SNF7), trap and accumulate Can1 on endosomes. To test if an intermediate 

sorting defect was responsible for the tether snf7 SL phenotype, we deleted 

the ESCRT-0 component VPS27. Vps27 is required for recruiting all 

downstream ESCRTs to the endosome (Katzmann et al., 2003). The growth of 

the tether snf7 vps27 strain was identical to that of the tether snf7 strain 

(Figure S1D). These data indicate that the tether snf7 SL phenotype is not 

due to an intermediate defect in MVB formation. 

To identify the Snf7 dependent pathway that is responsible for the 

tether snf7 SL phenotype, we looked for pathways that did not require the 

AAA-ATPase Vps4 or the early ESCRT complexes. The RIM pathway is an 

alkali response pathway that does not require ESCRT-0 or the ATPase Vps4. 

The loss of ER-PM tethering has also been shown to activate the RIM 

pathway and tether-RIM mutants have a synthetic phenotype on alkali media 

(Obara and Kihara, 2017). To test if defects in the RIM pathway are 

responsible for the tether snf7 SL phenotype, we compared the growth 

phenotypes of tether vps27 (Vps27 is not required for the RIM pathway, but 

is for MVB formation), tether rim20, and tether snf7 (Figure S1E). tether 

rim20 did not phenocopy the tether snf7 growth defect on synthetic media, 

indicating that the RIM pathway is not responsible for the tether snf7 SL 
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growth phenotype. Because all other ESCRT mediated pathways require 

Vps4, these data suggest that Snf7 is acting in a novel pathway that is 

required for growth in the tether strain. 

 

tether snf7 synthetic lethality is due to a defect in lipid homeostasis 

Each of the 6 ER-PM tethers are implicated in non-vesicular lipid 

trafficking or ion transport (Reinisch and De Camilli, 2016). We wanted to test 

if the snf7 SL phenotype was due to the loss of ER-PM membrane proximity, 

or the loss of the protein tethers and their specific functions. To test this, we 

utilized artificial tethers (Omnus et al., 2016; Quon et al., 2018), which restore 

ER-PM contact but do not have lipid or ion transport activity. While the 

expression of the ER-PM tethers restores cortical ER (Figure S2A), it only 

minimally rescues the SL growth defect (Figure 2A), indicating that the 

functions of the tethering proteins and not simply ER-PM membrane proximity, 

are responsible for the SL phenotype. 

There are two gene families that make up 5 of the 6 ER-PM tethers 

(SCS2/22 and TCB1/2/3), and the proteins from both families are thought to 

have lipid transport activity as well as tethering activity (Reinisch and De 

Camilli, 2016). To determine if the non-tether function of these protein families 

is responsible for the snf7 SL phenotype, we made snf7 scs2/22 and 

snf7 tcb1/2/3 strains and compared their growth phenotypes on synthetic 

media.  
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Figure 2 
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Figure 2.2.1. Non-tethering function of ER-PM tethers is part of the 

tether snf7 SL pathway  

A. Growth assay testing artificial ER-PM tethers ability to rescue the 

tether snf7 SL phenotype. 10-fold serial dilutions of WT, tether, and 

tether snf7 strains expressing either an empty vector or an artificial 

ER-PM tether. Cells were grown overnight in SCD   -leu selective media 

and spotted onto YPD and SCD -leu plates. 

B. Growth assay testing for snf7 SL phenotypes in strains with a subset 

of ER-PM tethers deleted. 10-fold serial dilutions of tether snf7 were 

compared to scs2/22 snf7 and tcb1/2/3 snf7 and spotted onto 

YPD and SCD plates. 

C. Simplified lipid synthesis pathway. Nutrients in red boxes are absent in 

synthetic media. The CDP-DAG pathway is shaded in yellow, and the 

Kennedy pathway is shaded green. 

D. Growth curve testing the effect of choline supplementation on the 

tether snf7 SL growth phenotype. Culture density was detected every 

20 min. Each point is the average of 3 biological replicates, error bars 

are the standard deviation at each time point.  
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Figure 2 supplement 
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Figure 2.2.2. Choline and ethanolamine supplementation suppress the 

tether snf7 synthetic growth phenotype 

A. Fluorescence microscopy showing the ER morphology of WT and 

tether snf7 strains expressing the ER marker GFP-HDEL. The 

tether snf7 strain either expressed an empty vector or the indicated 

artificial tether. Scale bar is 2μm. 

B. Growth curve testing the effect of choline, ethanolamine or serine 

supplementation on the tether snf7 SL growth phenotype. Culture 

density was detected every 20 min. Each point is the average of 2 or 3 

biological replicates (ETA and serine supplementations had 2 biological 

replicates), error bars are the standard deviation at each time point. 

Cultures were grown in synthetic complete media with 2mM choline, 

2mM ethanolamine, 400 μg/mL L-serine, or without supplementation. 
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Both the snf7 scs2/22 and the snf7 tcb1/2/3 strains have 

intermediate SL phenotypes, with the snf7 scs2/22 phenotype being slightly 

stronger than snf7 tcb1/2/3 phenotype (Figure 2B). These data suggest that 

the snf7 SL phenotype is likely due to general defects in lipid transfer 

between the ER and PM in the tether background, but the pathway in which 

Snf7 is acting is unknown.  

Because rich media suppresses the tether snf7 growth defect, we 

thought that identifying the nutrient(s) responsible for suppression could help 

determine the pathway(s) in which Snf7 is functioning. Since lipid transport 

activity appears to be critical to the tether snf7 SL phenotype, we tested the 

effect of supplementing nutrients that are used for lipid synthesis (serine, 

choline and ethanolamine (Figure 2C).  

We found that choline and ethanolamine strongly rescue the SL 

phenotype of tether snf7  mutants, but serine does not (Figure 2D, S2B). 

Both choline and ethanolamine are substrates of the Kennedy pathway, 

producing phosphatidylcholine (PC) and phosphatidylethanolamine (PE), 

respectively. In yeast, PE and PC are primarily made through the CDP-DAG 

pathway, especially when cells are grown in the absence of exogenous 

choline or ethanolamine (like standard synthetic media). This indicated that 

tether snf7 cells may be accumulating toxic lipid metabolic intermediates or 

have a defect in PE or PC synthesis.  
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To examine lipid pools in the tether snf7 mutant we preformed lipid 

extractions on cells grown in synthetic media, and separated the lipids using 

thin layer chromatography (Figure 3A). We observed several changes in the 

lipid profiles of tether snf7, tether, snf7 and WT cells. The tether strain 

had lower phosphatidylserine (PS) levels and increased DAG and TAG levels 

compared to WT, and the snf7 lipid profile was similar to WT (Figure 3A, B).  

tether snf7 lipid pools were strikingly altered. PE levels were 

significantly lower than WT, snf7Δ, or Δtether strains. PS levels were also 

significantly lower than in WT and snf7 cells, and although not significantly 

so, PS levels were slightly lower than in tether cells. The tether snf7 lipid 

samples also contained a strong band that was hardly detectable in WT or the 

other mutants. This lipid species was identified using mass spectrometry as a 

mixture of free fatty acids (FFAs), primarily oleic acid. tether snf7 cells also 

had increased levels of neutral lipids. tether snf7 cells had significantly 

more DAG than control strains as well as increased TAG levels. We found it 

interesting that PC levels were not significantly altered in the tether 

snf7 strain, especially since choline supplementation strongly rescues the SL 

growth phenotype.  As a control, we complemented snf7 and tether snf7 

strains with SNF7 and found that the complemented tether snf7 SNF7 lipid 

profile reflected the tether lipid profile (Figure 3A).   
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Figure 3 
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Figure 2.3.1. tether snf7 cells have altered lipid pools 

A. TLC separated lipid extracts from WT, tether, snf7 and tether 

snf7 strains. Cells were transformed with an empty vector, or a CEN 

vector containing SNF7. Cells were grown in SCD -ura and harvested 

at mid-log growth phase (OD <1). 10.5 ODE of lipid extract was loaded 

from each strain and separated using a two-solvent system. Lipids were 

visualized using 8-anilino-1-naphthalenesulfonic acid and UV 

fluorescent imaging.  

B. Quantification of lipids from TLC plates. The fluorescence intensity of 

each lipid species was quantified from 3 biological replicates. The error 

bars represent the standard deviation. 

C. TLC plate showing lipid extracts from tether snf7 cells grown in 

synthetic media supplemented with 2mM choline, 2mM ethanolamine, 

or nothing. Star points to unidentified lipid. Image is cropped from figure 

3SA.   
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Figure 3 supplement 
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Figure 2.3.2. Choline and ethanolamine prevent free fatty acid 

accumulation 

A. TLC separated lipid extracts from WT, tether, snf7 and tether 

snf7 strains. Cells were grown in SCD or SCD supplemented with 

2mM choline (cho) or 2mM ethanolamine (ETA). Cells were harvested 

from cultures in mid-log growth phase (OD <1). 10.5 ODE of lipid 

extract was loaded from each strain and separated using a two-solvent 

system. Lipids were visualized using 8-anilino-1-naphthalenesulfonic 

acid and UV fluorescent imaging. 
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Choline’s effect on lipid species in the tether snf7 strain 

To help make a connection between lipid imbalance and the synthetic 

growth phenotype of the tether snf7 strain, we examined the effect of 

choline supplementation on lipid pools in the tether snf7 strain. Because 

choline supplementation rescues the growth defect, choline induced changes 

in the lipid profile of the tether snf7 strain may help identify potentially toxic 

or limiting lipids.  Choline supplementation influenced the lipid pools of all 

strains tested. Cells grown with choline had higher levels of PC and slightly 

lower levels of PE (Figure S3). This indicates that the low PE levels seen in 

the tether snf7 strain are not entirely to blame for the SL phenotype. 

Choline supplementation increased the PS levels in both the tether and 

tether snf7 strains, but not to WT levels. Choline and ethanolamine 

supplementation prevented the accumulation of free fatty acids seen in tether 

snf7 cells grown in synthetic media (Figure 3C). Choline supplementation 

also reduced TAG accumulation in the tether snf7 strain to similar levels as 

the Δtether strain. DAG levels were not reduced by choline supplementation, 

in fact, they are slightly increased. This may indicate that increased DAG 

levels do not contribute to the SL phenotype, however we could not tell where 

in the cell DAG was accumulating, or if its localization changed after choline 

supplementation. Because the cells harvested for these experiments were 

grown in synthetic media (no exogenous free fatty acids), the accumulated 

free fatty acids are likely the result of lipolysis of neutral lipids, and not from 
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de-novo synthesis, as these products should be CoA- conjugates. This 

intimately connects the increased free fatty acid accumulation with increased 

neutral lipids seen in the tether snf7 strain. This also suggests that this 

strain is over producing neutral lipids at the expense of phospholipids. The cell 

may address the lack of phospholipids and accumulated neutral lipids by 

digesting TAG, generating free fatty acids, at a rate that the fatty acid 

activating enzymes cannot keep up with.  

Due to the tight correlation between the growth phenotype and neutral 

lipid accumulation in the tether snf7 strain, we examined lipid droplets of 

cells in mid-log growth phase using the fluorescent dye BODIPY 493/503 

(Figure 4A). Upon staining we could see that tether cells contained more, 

and brighter lipid droplets compared to WT and snf7 cells. tether snf7 cells 

contained even more, and potentially larger, lipid droplets compared to tether 

cells, providing a much brighter BODIPY 493/503 signal. We then used flow 

cytometry to quantify the BODIPY 493/503 fluorescence per cell and found 

that tether snf7 cells contained roughly four times the BODIPY 493/503 

signal seen in WT cells (Figure 4B). Interestingly, choline supplementation did 

not affect BODIPY 493/503 fluorescence in tether cells, but reduced tether 

snf7 lipid droplet fluorescence to that of tether cells, negating the snf7 

synthetic effect.  
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Figure 4 
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Figure 2.4.1. tether snf7 SL growth phenotype is rescued by DGK1 

overexpression  

A. Fluorescence microscopy of cells stained with BODIPY 493/504. Cells 

were grown in SCD and harvested in mid-log growth phase (OD <1). 

Cells were stained for 10 min with 1.25µg/mL BODIPY 493/504 in 

growth media. Cells were washed with 1mL SCD and imaged using 

FITC filters. Scale bar is 2μm.  

B. BODIPY 493/504 fluorescence was quantified using flow cytometry. 

Cells were grown SCD or SCD supplemented with 2mM choline and 

harvested in mid-log growth phase (OD <1). Cells were stained for 10 

min with 1.25ug/mL BODIPY 493/504 in growth media. Cells were 

washed with 1mL SCD and fluorescence was quantified using a flow 

cytometer (n=4) data is presented as mean +/- standard deviation.  

C. Thin section electron micrographs of cells harvested in mid-log growth 

phase (OD <1). Cells were grown in SCD or SCD supplemented with 

2mM choline. Scale bar is 600nm.  

D. Model showing regulation of lipid synthesis in yeast. In the tether 

snf7 strain lipid synthesis is shifted toward neutral lipids at the 

expense of phospholipid synthesis. 

E. Growth assay testing the SL phenotype of tether snf7 cells 

expressing an empty vector or DGK1 driven by pADH1 or pTDH3 

promoters. 10-fold serial dilutions were spotted on YPD or SCD -ura.  
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Figure 4 supplement 

 

Figure 2.4.2. BODIPY 493-504 fluorescence quantification 

A. BODIPY 493/504 fluorescence was quantified using flow cytometry. 

Cells were grown in YPD, SCD, or SCD supplemented with 2mM 

choline, and harvested in mid-log growth phase (OD <1). Cells were 

stained for 10 min with 1.25ug/mL BODIPY 493/504 in growth media. 

Cells were washed with 1mL water and fluorescence was quantified 

using a flow cytometer (n=4) data is presented as mean +/- standard 

deviation.  
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We used thin section electron microscopy to determine if the increased 

brightness seen after BODIPY 493/503 staining was the result of larger and/or 

more numerous lipid droplets in the tether snf7 strain (Figure 4C). The 

micrographs clearly show that tether snf7 cells have more and larger lipid 

droplets than tether, snf7 and WT cells. But surprisingly, the lipid droplets in 

these cells often appear concatenated. Even in thin sections we were able to 

see chains of up to 4 lipid droplets, each connected by a narrow neck. 

 

tether snf7 cells have dysregulated neutral lipid-phospholipid synthesis 

In yeast, phosphatidic acid (PA) is the major precursor for phospholipid 

synthesis, and the lipin Pah1, PA hydrolase, regulates whether PA goes on to 

make phospholipids or neutral lipids (Figure 4D) (Carman and Han, 2011). It 

does this by dephosphorylating PA to generate DAG, which is then converted 

to TAG for storage. Pah1 activity is regulated by phosphorylation; several 

kinases reduce its phosphatase activity, and one phosphatase complex, 

Nem1-Spo7, activates it(Carman and Han, 2018). Concatenated LDs have been 

seen in flies with dysregulated lipin caused by loss of torsin, a lipin activator 

(Grillet et al., 2016). In yeast, overexpression of Nem1-Spo7, induces a 

proliferation of LDs that are clustered and potentially concatenated 

(Karanasios et al., 2013). These phenotypes suggest that the tether snf7 

SL phenotype may be caused by an imbalance in lipid synthesis, specifically, 

a dysregulation of enzymes that determine PA and DAG availability. To test 

this, we overexpressed the DAG kinase DGK1. Dgk1 overexpression should 
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increase phospholipid synthesis by converting the neutral lipid DAG into PA 

(Han et al., 2008). PA is then used as a substrate by the CDP-DAG pathway 

to generate glycerophospholipids. We expressed DGK1 using two different 

promoters, the ADH1 promoter or the TDH3 promoter, with TDH3 being the 

stronger promoter of the two. We found that DGK1 overexpression rescued 

the tether snf7 SL phenotype (Fig 4E). These data indicate that tether 

snf7 cell’s SL phenotype is due to excessive neutral lipid synthesis at the 

expense of phospholipids. The suppression of the SL phenotype by DGK1 

overexpression also indicates that the imbalance in lipid synthesis is occurring 

at the PA-DAG step and is likely due to hyperactive Pah1 or downregulated 

Dgk1. 
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Discussion 

Many important functions have been ascribed to ER-PM contact sites, 

including ion transport, lipid trafficking, and signaling. In strains that lack ER-

PM contact sites, these functions are less diminished than would be expected, 

and have a negligible impact on growth under normal conditions. We 

hypothesized that cells lacking ER-PM contact sites could adapt by utilizing 

alternative pathways to compensate for the loss of ER-PM contact, and that 

identifying these pathways could help us better understand the function of 

membrane contact sites. To identify these pathways, we used the SATAY 

mutagenesis approach, to find genes that are synthetic lethal with Δtether.  

Components of the ESCRT complexes were among our top SATAY 

hits. We initially thought that a defect in MVB formation, and the recycling of 

lipids in the vacuole could be responsible for a tether ESCRT SL phenotype. 

After testing components from each of the ESCRT complexes for SL 

phenotypes, only components of the ESCRT-III complex give a growth defect 

in the tether background. Because mutations in any of the ESCRT 

complexes prevents formation of MVBs, we ruled out vacuolar lipid recycling 

as the SL pathway.  

A subset of ESCRT components function in other pathways inside the 

cell. These include lipid droplet consumption (Ouahoud et al., 2018), 

peroxisome scission (Mast et al., 2018), autophagosome sealing (Takahashi 

et al., 2018), the RIM pathway (Xu et al., 2004), nuclear pore complex quality 

control (Webster et al., 2014), and more (Vietri et al., 2019). Most of these 
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pathways require the ESCRT-III components and the AAA-ATPase Vps4. 

Because tether vps4 cells do not have a SL growth phenotype we ruled out 

all of these pathways, except the RIM pathway. The RIM pathway is an alkali 

response pathway, but has also been shown to be activated by lipid imbalance 

in the PM. The tether strain induces constitutive activation of the RIM 

pathway, presumably due to changes in the PM lipid content, and tether RIM 

mutants have a synthetic growth defect on alkali media (Ikeda et al., 2008; 

Obara and Kihara, 2017). We showed that tether rim21 mutants do not 

have a growth defect on synthetic media, indicating that the RIM pathway is 

not the SL pathway lost in tether snf7 mutants (Figure S1E). Because Snf7 

is required for both the RIM and MVB pathways, we entertained the idea that 

the tether snf7 SL phenotype was due to loss of both RIM and MVB 

pathways, but ESCRT-I and ESCRT-II mutants, which are required for both 

the RIM and MVB pathways do not have a SL growth phenotype (Figure 1D) 

(Xu et al., 2004).  

Our genetic evidence indicates that the snf7 SL pathway is 

independent of known pathways which use ESCRT components. Snf7 and 

other ESCRT-III components are filament forming proteins. Their best 

characterized function is in membrane deformation, but they are also thought 

to function as a scaffold in the RIM pathway. ESCRT-III’s membrane 

deformation activity seems to be intimately linked to the AAA-ATPase Vps4, 

which provides force for scission, and/or filament disassembly. This suggests 
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that the snf7 SL pathway does not utilize Snf7’s membrane deforming 

capacity, but instead, may be acting as a scaffold that affects regulation or 

transcriptional control of lipid synthesis pathways.  

tether snf7 mutants produced high levels of neutral lipids, and lower 

levels of phospholipids. In yeast, the CDP-DAG pathway is the major 

phospholipid synthesis pathway in the absence of Kennedy pathway 

substrates. Cells modulate the activity of the CDP-DAG pathway by controlling 

the availability of its substrate, PA. The PA phosphatase, Pah1 

dephosphorylates PA, and generates DAG, while the DAG kinase Dgk1 

phosphorylates DAG to make PA (Han et al., 2008; Carman and Han, 2018). 

We found that reducing neutral lipid synthesis by reducing DAG pools 

suppressed the growth defect in tether snf7 cells. We did this in two ways; 

overexpressing DGK1, and by stimulating the Kennedy pathway with choline 

or ethanolamine. The Kennedy pathway consumes DAG by conjugating it to 

CDP-choline or CDP-ethanolamine (Kennedy and Weiss, 1956).  

It is not clear which lipid imbalance is responsible for the tether snf7 

SL phenotype. Choline rescue experiments show strong reductions in TAG 

and FAA levels, but do not rescue (and, in fact, exacerbate) the low PE levels. 

FFA’s are cytotoxic, so they could be responsible for the growth defect 

(Listenberger et al., 2003). The FFAs in tether snf7 cells are most likely 

coming from lipolysis since they are grown without exogenous FFAs. We think 

that the increased neutral lipid synthesis in tether snf7 cells is resulting in 

limiting pools of precursors. This in turn leads to high levels of lipolysis of 
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stored neutral lipids, generating FFAs. This may be occurring at a rate that 

fatty acid activating enzymes cannot sustain, but it is also possible that the 

loss of SNF7 is somehow inhibiting the ability to activate FFAs.  

The tether snf7 SL phenotype is not merely due to the loss of 

proximity, but instead from the loss of the contact site proteins’ function.  We 

found that re-tethering the ER to the PM in the tether snf7 strain did little to 

rescue the growth defect. This brings up an interesting aspect of contact site 

biology: contact sites are useless without proteins that facilitate some sort of 

transfer, sensing, or communication between the membranes; and some 

tethering function is likely inherent in the biology of many of these facilitators. 

When it comes to the ER-PM contact site, all the tethers are also implicated in 

functions such as ion transport or lipid transport, and are not likely to function 

solely as tethers. Further, deleting one family of ER-PM tethers (SCS or TCB) 

has a modest effect on ER-PM tethering, but does have a snf7 SL growth 

defect. Because the Scs and Tcb tethers contain domains implicated in lipid 

transport, these results suggest that the role of ER-PM contact sites that is 

important for the snf7 SL phenotype is lipid transport between the ER and 

PM.    

Our data suggest the following model, which is highly speculative and 

needs more experimental evidence to be validated, but which adequately links 

the function of ER-PM tethers and Snf7: the Scs and Tcb proteins facilitate 

transport, or mediate feedback between the ER and PM. Loss of this transport 

or feedback results in a defect in the regulation of lipid synthesis. This causes 
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accumulation of neutral lipids, and reduced PS levels in the tether strain. 

Loss of SNF7 further dysregulates lipid synthesis in the tether strain, 

indicating that Snf7 functions in a backup pathway that can sense lipid pools 

and regulate lipid synthesis, but is distinct from the function of ER-PM contact 

sites. Our data also suggests that lipid transport at ER-PM contact sites servs 

as a mechanism to sense PM lipid pools rather than for bulk lipid transport to 

the PM. This is supported by the shift in lipid synthesis toward neutral lipids in 

the tether strain, as well as the ability to suppress the tether snf7 growth 

phenotype by manipulating lipid synthesis. 
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Methods: 
 

Media: 

Standard recipes were used to make yeast extract/peptone/dextrose 

(YPD) media (Sherman, 2002). Yeast nitrogen base dextrose plates were 

made using standard recipes (Sherman, 2002), and contained additional 

nutrients for “complete” plates: adenine (21mg/mL), histidine (84mg/mL), 

leucine (168mg/mL), lysine (84mg/mL), methionine (84mg/mL), tryptofan 

(84mg/mL), tyrosine (84mg/mL), uracil (84mg/mL). Dropout plates contained 

the same additional nutrients as complete plates, except for the drop out 

nutrient.  

The recipe for transposition media was described by the Kornmann lab 

(https://sites.google.com/site/satayusers/complete-protocol). Transposition media 

contained 2% galactose (added after autoclaving), yeast nitrogen base, and 

nutrients (added after autoclaving) at a final concentration of: isoleucine 

(30mg/mL), valine (150mg/mL), arginine (20mg/mL), histidine (20mg/mL), 

leucine (100mg/mL), lysine (30mg/mL), methionine (20mg/mL), phenylalanine 

(50mg/mL), threonine (200mg/mL), tryptophan (40mg/mL), tyrosine 

(30mg/mL), uracil (20mg/mL), glutamic acid (100mg/mL), aspartic acid 

(100mg/mL). Choline or ethanolamine were added to plates after autoclaving 

to a final concentration of 2mM. 

 

 

https://sites.google.com/site/satayusers/complete-protocol
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Library generation:  

Library generation protocol was adapted from the Kornmann lab 

protocol published online at: https://sites.google.com/site/satayusers/complete-

protocol. Transposition strains were transformed with pBK549. The 

transformants were then prescreened after 3-4 days of growth; single colonies 

were picked and suspended in 200µL of water and 60µL was patched onto -

ura, -ade, and -ade galactose plates. Patches that gave rise to many colonies 

on -ade Gal plates, but few on -ade dextrose plates, were chosen to preculture 

for transposition. Prescreened patches from -ura plates were used to inoculate 

250mL precultures of -ura glucose media to OD600: 0.1. The next day the 

entire culture was harvested by centrifugation, rinsed with 30mL -Ade 2% Gal 

media, then re-suspended at OD600: 35-39. 200µL of the concentrated cell 

suspension was spread onto transposition plates using glass beads. The 

plates were then put into unclosed plastic bags and incubated at 30ºC for 15-

19 days. During the incubation period, 1cm squares were drawn on 10% of 

plates. Periodically the number of colonies in within these squares were 

counted to determine the number of Ade+ colonies, and transposition rate. Just 

before harvesting, the number of Ade+ colonies was calculated, and roughly 2 

million were harvested by adding 2mL water to each plate and gently scraping 

the cells from the agar. The harvested cells were inoculated into 2L -ade 

glucose media at OD600: 0.2 and grown overnight at 30ºC. The next day, the 

https://sites.google.com/site/satayusers/complete-protocol
https://sites.google.com/site/satayusers/complete-protocol
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saturated cultures were spun down, rinsed with water, and several 0.5g pellets 

were saved in microfuge tubes. 

 

Library DNA extraction: 

DNA extraction was performed as described here: 

https://sites.google.com/site/satayusers/complete-protocol/dna-prep 

One 0.5g cell pellet is re suspended in 500µL cell breaking buffer (2% Triton 

X-100, 1% SDS, 100 mM NaCl, 100 mM Tris-HCl pH8.0, 1 mM EDTA) and 

280µL was distributed into three microfuge tubes each containing 300µL 

0.5mm glass beads. 200µL phenol-chloroform-isoamyl alcohol (PCI) (25:24:1) 

(Invitrogen: 15593031) was added to each tube, and tubes were vortexed for 

10min at 4ºC on a vortexer equipped with a foam tube holder (bioexpress S-

7351-24H). 200µL TE buffer was then added to each tube, tubes were briefly 

vortexed, then centrifuged for 5 min at 18,000g. The upper layer of each tube 

was transferred to new tubes, 400µL PCI was added to each tube, and tubes 

were vortexed for 5 min. Tubes were centrifuged at 18,000g for 5 min, and the 

upper layer transferred to new tubes. 300µL chloroform was added to each 

tube, tubes were vortexed 5 min, and centrifuged at 18,000xg for 5 min. The 

upper layers were transferred to new tubes. 750µL ethanol was added to each 

tube, tubes were mixed, then centrifuged 5 min at 18,000xg for 5 min. The 

supernatant was removed, and pellets were dried. Pellets were re-suspended 

in 200µL 250ug/mL RNase A and incubated for 15 min at 55ºC while shaking 

at 1000RPM on a shaking heat block (Benchmark Multi-Therm Heat – Shake). 

https://sites.google.com/site/satayusers/complete-protocol/dna-prep
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Each set of three tubes were combined to two tubes (300µL each). 30µL of 3M 

NaOAc pH5.2 was added to each tube, then mixed. 825µL of absolute ethanol 

was added to each tube to precipitate DNA. Tubes were spun at 18,000xg for 

5 min, then the supernatant was removed. DNA pellets were washed with 70% 

ethanol, and mixed using a TOMY microtube mixer (MT-360) on speed setting 

9 for 5 min. The tubes were then centrifuged at 18,000xg for 5 min. The 

supernatant was aspirated, and the pellets were dried. Each pellet was 

resuspended in 50µL water using a shaking heat block at 55ºC shaking at 

700RPM. Finally, the DNA from each original pellet was combined. 

 

Digesting library DNA: 

The DNA concentration was measured by comparing the in-gel 

fluorescence to a DNA standard curve of DNA ladder (Thermo scientific 

GeneRuler DNA ladder). Extracted DNA was diluted 10-fold, and 5µL of the 

dilution was loaded on a 1% agarose gel. A standard curve was made by 

adding 1µg, 0.8µg, 0.4µg, 0.1µg of DNA ladder to the same gel. The gel was 

stained with ethidium bromide after running. The gel was imaged using a 

BioRad Chemi-doc system, and ImageJ was used to quantify the fluorescence 

intensity of each lane. The lanes containing extracted library DNA were 

compared to a standard curve generated by quantifying the fluorescence of 

the DNA ladder lanes run on the same gel to determine the DNA concentration 

of the library DNA extractions.  
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DNA prep for sequencing: 

The library DNA was digested in two parallel 50µL reactions; 2µg of 

DNA was digested with 50 units of DpnII (NEB R0543S), and 2µg of DNA was 

digested with 50 units of NlaIII (NEB R0125S). Both reactions were incubated 

for 16 hours at 37ºC. After incubation, the reactions were heat inactivated for 

20 min at 65ºC. 2µL of each digestion were run on a gel to verify digestion.  

Each digest was then ligated in 400µL reactions using 1665 cohesive end 

ligation units of T4 DNA ligase (NEB M0202L) for 6 hours at room 

temperature.  

Ligated DNA was precipitated by adding 40µL 3M NaOAc, and 5µg 

linear acrylamide (Thermo AM9520). After mixing, 1mL ethanol was added to 

each tube, and DNA was precipitated at -20ºC overnight. DNA was pelleted by 

centrifuging at 18,000xg at 4ºC for 20min. Pellets were rinsed with 1mL 70% 

ethanol, pelleted again by centrifuging at 18,000xg at 4ºC for 5 min, and dried. 

Each pellet was re-suspended in 200µL water on a shaking heat block for 

10min at 55ºC and 700RPM.  

 

Growth assays: 

Cells were grown to saturation, overnight in YPD (or selective media 

when plasmids were used). 1OD was collected by centrifugation, rinsed once 

with water, then re-suspended in 1mL water. This suspension was then 

serially diluted 10-fold for 5 dilutions. When cells were carrying a plasmid, cells 

were grown overnight in selective media with 2mM choline, then treated as 
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described above. Serial dilutions were applied to plates using a 48-pin 

replicator. Plates were grown at 30ºC for 2-3 days before imaging using an 

Epson Perfection V600 Photo scanner.  

 

Chronological lifespan assay: 

Cultures were continuously grown in SCD at 30ºC. Each day, 1 OD of 

cells were collected by centrifugation and re-suspended in 1mL water. The 

suspensions were serially diluted 10-fold for 5 dulitions and applied to YPD 

plates using a 48-pin replicator. Plates were grown at 30ºC for 2 days.  

 

Propidium iodide staining and quantification: 

Cultures were continuously grown in SCD supplemented with 2mM 

choline at 30ºC. Each day 400µL of each culture was removed and stained 

with 1µg/mL propidium iodide (PI) for 10 min (in growth media). Samples were 

centrifuged, and media was aspirated. Each sample was washed with 1mL 

fresh media, then re-suspended in 250µL fresh media. A PI positive control 

sample was generated by treating cells with 70% EtOH for 5 min before 

staining.  

200µL from each sample was added to 96 well u-bottom plates before 

being analyzed using an accuri C6 flow cytometer. 70,000 cells were 

measured per sample using the slow setting. Ethanol treated cells were used 

to generate a fluorescence threshold to call PI positive cells. The threshold 
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was set to the FL-2 fluorescence at which >99% but <100% of ethanol treated 

cells were at least that fluorescent.   

 

Lipid harvesting: 

40-70 ODs of cells growing in mid-log growth phase (< OD 1.0) were 

collected by centrifugation. The pellet was resuspended in 1mL cold water and 

transferred to a microcentrifuge tube and centrifuged at 20,000xg for 3 min. 

The supernatant was aspirated, and the pellet snap frozen in liquid N2. Pellets 

were then stored at -80ºC until use.  

Lipid extraction: 

Frozen pellets were resuspended in 1mL 2:1 (chloroform: methanol) 

and transferred to a 5mL glass vial with 400µL of 0.5mm zirconia beads. Cells 

were beat for 10min on a vortexer equipped with a foam microtube adaptor 

(bioexpress S-7351-24H ) ( Vials were taped to the foam microtube adaptor). After 

bead beating, 200µL 0.034% MgCl2 was added to each vial. Vials were 

vortexed again for 10 min. Vials were put into 50mL conical tubes (up to 2 

vials per tube) and centrifuged at 3K RPM. After centrifugation, the aqueous 

phase was discarded (~400µL), and 400µL pseudo aqueous phase 48:47:3 

(methanol: water: chloroform) was added to each vial. Vials were vortexed for 

5 min, and centrifuged as described above. The aqueous phase was again 

discarded, and the organic phase collected in a new vial. The cell lysate was 

then extracted a second time by adding 400µL 2:1 (chloroform: methanol) and 

200µL 48:47:3 (methanol: water: chloroform) to each vial. The vials were then 
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vortexed for 10 min. After centrifugation, the aqueous phase was discarded 

and the organic phase added to the first extract. The collected organic phase 

extracts were washed one additional time.  400µL 48:47:3 (methanol: water: 

chloroform) was added and vials were vortexed for 5 min. The extracts were 

transferred to microfuge tubes and centrifuged at 18,000xg for 5 min. The 

aqueous phase was discarded, and the organic phase collected in a new vial. 

Finally, the vials were evaporated in a speed vac at 45ºC until dry. 

 

Lipid separation/visualization: 

The lipid extracts were re-suspended in 2:1 (chloroform: methanol) at 

1.5ODE/µL. 10.5 ODE (7µL) of sample was loaded per lane of a TLC plate 

(whatman cat no: 4865-821). The plate was then placed in a pre-equilibrated 

TLC chamber containing solvent I (35:35:40:9 

(Chloroform:triethylamine:ethanol:water). This solvent was allowed to run 12-

14 cm from the origin. The plate was then allowed to dry. Then the plate was 

placed in a pre-equilibrated TLC chamber containing solvent II (5:1 

(isohexane:ethyl-acetate)). This solvent was allowed to run to the top of the 

plate. After drying, the lipids were visualized by spraying the plate with 2.5 

mg/mL 8-anilino-1-naphthalenesulfonic acid (sigma A1028) in 50mM NaOH. 

The plate was then imaged using the “stain free gels” program on a Bio-Rad 

Chemi-Doc MP imaging system.  
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Quantification of lipid signal: 

Images of TLC plates were inverted using imageJ and the band 

intensity of each lipid species was measured using imageJ measure tool. The 

plates background fluorescence was determined by measuring the intensity of 

a lane that had not been loaded with a sample. Samples from three biological 

replicates were used to generate the quantification. We used the total lipid 

signal to normalize input between experiments.  

 

BODIPY 493/503 staining and quantification: 

1mL of mid-log growth phase culture was stained with 1.25µg/mL 

BODIPY 493/503 for 10min at room temperature. Cells were spun down and 

washed once with water and re-suspended in 200µL water. BODIPY 

fluorescence was quantified using the FL-1 fluorescence on an accuri C6 flow 

cytometer. 100,000 cells from each sample were analyzed using the slow 

setting.  

Electron microscopy: 

40 ODs of cells grown in SCD or SCD + 2mM choline were harvested 

form mid-log cultures. Cells were fixed in 3% glutaraldehyde, 0.1 M NaCacod 

pH 7.4, 5 mM CaCl2, 5 mM MgCl2, 2.5% sucrose for 1hr at room temperature. 

Cells were washed twice with 0.1M NaCacod pH7.4, then rinsed with 100mM 

tris pH 7.6, 25 mM DDT, 5 mM EDTA, 1.2 M sorbitol 25mM DTT. The cell wall 

was softened by incubating with 100mM tris pH 7.6, 25 mM DDT, 5 mM EDTA, 

1.2 M sorbitol 25mM DTT for 10 min at room temperature. Cells were then 
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rinsed with spheroplast buffer (0.1M phosphocitrate, 1M sorbitol). To 

spheroplast: cells were re-suspended in 0.5mL spheroplast buffer with 0.25mg 

zymolyase and incubated for 30 min. Cells were washed twice with 0.1M 

NaCacod pH 6.8, 5mM CaCl2. Cells were embedded in 2% ultra-low-melt 

agarose (50-100µL), then cut into ~2mm3 blocks. Cells were post fixed/stained 

in 1% OsO4, 1% potassium ferrocyanide, 0.1M NaCacod pH 6.8, 5mM CaCl2, 

10% formamide for 60 min at room temperature. Blocks were washed four 

times with water, then stained with 1% uranyl acetate overnight. Blocks were 

washed four times with water, then dehydrated through a graded series of 

ethanol: 50%, 75%, 95%, 2x100% for ten minutes each. Blocks were 

transitioned to propylene oxide incubating blocks in 1:1 propylene 

oxide:ethanol for 10 min, twice. Blocks were then incubated in 100% 

propylene oxide for 5 minutes. The blocks were embedded in 1:1 propylene 

oxide:Epon resin (hard formulation) and left on a rotator overnight to allow the 

propylene oxide to evaporate. The blocks were transferred to fresh epon resin 

and polymerized in a 60°C oven for 24 hours.  

Prepared samples were sectioned at ~70nM. Sections were post-

stained with 4% uranyl acetate for 10 min, then Reynold’s lead citrate for 2 min 

(Reynolds, 1963). Images were taken using a Morgagni 268 electron 

microscope. 
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Abstract  

The lysosome plays an important role in maintaining cellular nutrient 

homeostasis. Regulation of nutrient storage can occur by the ubiquitination of 

certain transporters that are then sorted into the lysosome lumen for 

degradation. To better understand the underlying mechanism of this process, 

we performed genetic screens to identify components of the sorting machinery 

required for vacuole membrane protein degradation. These screens 

uncovered genes that encode a ubiquitin ligase complex, components of the 

PtdIns 3-kinase complex, and the ESCRT machinery. We developed a novel 

ubiquitination system, Rapamycin Induced Degradation (RapiDeg), to test the 

sorting defects caused by these mutants. These tests revealed that 

ubiquitinated vacuole membrane proteins recruit ESCRTs to the vacuole 

surface, where they mediate cargo sorting and direct cargo delivery into the 

vacuole lumen.  Our findings demonstrate that the ESCRTs can function at 

both the late endosome and the vacuole membrane to mediate cargo sorting 

and intra-luminal vesicle formation.  
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Introduction 

The lysosome is best known as a degradative organelle, but it also plays 

an important role in maintaining ion and nutrient homeostasis in the cell. 

Similar to the plasma membrane (PM), the lysosomal membrane contains 

various transporters that mediate the efflux and influx of ions and nutrients 

across the lysosomal membrane (Xu and Ren, 2015). Dysregulation of 

lysosomal transporters underlies the pathogenesis of many inherited metabolic 

disorders in humans termed Lysosomal Storage Diseases (LSDs), such as 

Niemann-Pick disease, Salla disease, Cystinosis, and mucolipidosis (Gahl et 

al., 2002; Parkinson-Lawrence et al., 2010; Vitner et al., 2010; Schulze and 

Sandhoff, 2011). The precise regulation of lysosomal membrane proteins is 

therefore crucial to maintain nutrient and ion balance in the cell.  

Lysosomes serve as the terminal destination for the delivery of cellular 

proteins targeted for degradation, but how lysosomes turnover their own 

resident membrane proteins remains poorly understood. Using the yeast 

Saccharomyces cerevisiae, our lab recently found that resident transporters 

on the vacuole membrane (analogous to the lysosomal membrane in higher 

eukaryotes) are sorted to the vacuole lumen and degraded upon specific 

stimuli. Specifically, we found that the vacuole membrane lysine transporter 

Ypq1 is ubiquitinated after lysine withdrawal by Rsp5, a Nedd4 family HECT-

type E3 ubiquitin ligase. Rsp5 is recruited to the vacuole membrane by Ssh4, 

a PY-motif containing type-I transmembrane protein. After ubiquitination, Ypq1 

is sorted into the vacuole lumen for degradation (Li et al., 2015b). We also 
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reported that the zinc transporter Cot1 is ubiquitinated by Tul1, a RING-type 

E3 ligase, and is sorted into the vacuole lumen for degradation upon the 

depletion of zinc (Li et al., 2015a). Despite using different ubiquitination 

complexes, these cargoes likely use the same downstream sorting 

machineries. The trafficking pathway for the degradation of these vacuolar 

membrane proteins, however, has not yet been elucidated.  

Our lab proposed two models for the sorting of ubiquitinated Ypq1. In the 

first model, Ypq1 is recycled from the vacuole membrane to an intermediate 

compartment (the late endosome) where the ESCRTs would sort it into 

intraluminal vesicles (ILVs) before delivery into the vacuole lumen. In the 

second model, Ypq1 is internalized directly into the vacuole lumen by the 

ESCRT machinery. Initially, we favored the recycling model (Li et al., 2015a; Li 

et al., 2015b) because some Ypq1-GFP puncta detached from vacuole 

membrane were detected after lysine withdrawal. The recycling model was 

also consistent with the previously characterized functional location of the 

ESCRT complexes at the late endosome (Babst et al., 2000; Cheever et al., 

2001; Babst et al., 2002; Katzmann et al., 2003; Henne et al., 2012), and 

ESCRT function directly on the vacuole membrane has never been reported.  

 To better understand the sorting and trafficking steps for Ypq1 

degradation, we performed a genetic selection as well as a genome-wide 

screen for mutants defective for Ypq1 degradation. Through multiple genetic 

approaches, we hoped to reveal genes and trafficking pathways required for 

Ypq1 sorting and degradation. Here, we demonstrate that endosome-vacuole 
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fusion is not required for Ypq1 sorting and degradation, which is inconsistent 

with the recycling model. Instead, we show that ESCRT complexes function 

directly on the vacuole surface to facilitate Ypq1 degradation, extending the 

role for ESCRTs in yeast.  
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Results 

Genetic selection for mutants defective in vacuole membrane protein 

degradation pathway  

We have previously shown that Ypq1 sorting from the vacuole membrane 

into the vacuole lumen after lysine withdrawal is ubiquitin dependent. 

However, the machinery required for downstream Ypq1 sorting steps remained 

elusive. To better understand the vacuole membrane protein sorting pathway, 

we developed genetic approaches to identify new machinery required for this 

process.  

Serendipitously, we found that the insertion of a 38 amino acid 

streptavidin-binding-peptide (SBP) (Terpe, 2003) between Ypq1 and GFP 

(Ypq1-SBP-GFP) results in constitutive sorting of Ypq1 into the vacuole 

lumen, even in the presence of lysine (Fig. 1A). Importantly, Ypq1-SBP-GFP 

sorting is blocked on the vacuole membrane in a mutant lacking the vacuolar 

ubiquitin E3 ligase adaptor Ssh4(Fig. 1B), suggesting that Ypq1-SBP-GFP is 

degraded through the same vacuole membrane protein degradation pathway 

as Ypq1-GFP. This new fusion protein allowed us to design a robust screening 

platform to reveal cellular pathways necessary for Ypq1 sorting.  

To design a genetic selection for mutants missorting Ypq1, we built a 

Ypq1-SBP-GFP-His3 reporter protein, which is constitutively sorted into the 

vacuole lumen and fails to restore histidine prototrophy in his3 mutant cells 

(Fig. 1C, left). In contrast, mutants defective for Ypq1 ubiquitination and 
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sorting (Fig. 1C, right), such as ssh4Δ, are His+ (Fig. 1D) because the fused 

His3 persists on the cytoplasmic surface of the vacuole.  

We also designed a genome-wide fluorescence based screen to identify 

Ypq1 sorting mutants. To accomplish this, we fused Ypq1-SBP to pHluorin, a 

pH sensitive GFP variant that is quenched at low pH (Miesenbock et al., 1998; 

Prosser et al., 2010). Since the vacuole lumen is acidic, Ypq1-SBP-pHluorin is 

quenched once sorted into the vacuole lumen (Figure 1—figure supplement 

1A). This makes Ypq1 sorting mutants fluorescent, such as ssh4Δ (Figure 1—

figure supplement 1B), whereas WT cells are quenched. We expressed Ypq1-

SBP-pHluorin in each of the ~4,600 yeast nonessential knock-out collection 

mutants and quantified their fluorescence using flow cytometry (supplemental 

file 1 and Figure 1—figure supplement 1C, D), then validated the hits using 

light microscopy.  

Using these complementary genetic approaches, as shown in the 

supplemental file 2, we identified the ESCRTs, the E3 ligase RSP5 and its 

vacuole membrane adaptor SSH4, and the endosome-vacuole fusion 

machinery(HOPS/CORVET/SNAREs). We also found the PtdIns 3-kinase 

complex components VPS34 and VPS15, which are essential for making 

PtdIns(3)P, a prerequisite for ESCRT recruitment to membranes (Katzmann et 

al., 2003). Unexpectedly, despite finding the vacuole fusion machinery, we did 

not identify any vesicle coat proteins, vesicle budding machinery or ubiquitin 

binding proteins (other than the ESCRT proteins).  
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Figure 1 
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Figure 3.1.1.  Genetic selection for mutations that block the Ypq1 sorting 

pathway  

(A) Fluorescent microscopy analysis of cells expressing Ypq1-SBP-GFP and 

vacuole membrane marker Vph1-mCherry in wild-type and (B) ssh4Δ cells 

grown to mid-log phase at 30oC 

(C) Cartoon depicting genetic selection: wild-type cells constitutively degrade 

Ypq1-SBP-GFP-His3 via the vacuole membrane protein degradation 

pathway. This effectively removes His3 from the cytoplasm, making WT 

cells His-. Degradation mutants, however, prevent Ypq1 sorting, this 

leaves His3 exposed to the cytoplasm, making them His+. 

(D) Cell growth assay comparing wild-type and ssh4Δ mutant cells grown in 

the presence, or absence of histidine.  

Scale bars represent 2 μm.  
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Figure 1 supplement 
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Figure 3.1.2. Ypq1-SBP-pHluorin visual screen. 

(A)Cartoon model of the Ypq1-SBP-pHluorin screen.  

(B)Fluorescent microscopy and flow cytometry analysis of Ypq1-SBP-pHluorin 

in wild-type and ssh4Δ mutant cells.        

(C)Plot showing the fold change in fluorescence intensity to WT cells of the 

BY4741 non-essential gene knock-out collection. X-axis plots mutants in 

order of fluorescence intensity, and Y-axis represents the fluorescence 

intensity fold change. Fold change=[fluorescence(mutant) – 

fluorescence(background)]/ [fluorescence(WT) – 

fluorescence(background)]. 46 mutants exhibit 5-fold or grater of 

fluorescence intensity were shown in the dotted black box.   

(D)Plot showing mutants with 5-fold or greater fluorescence intensity to WT 

cells.   

Scale bars represent 2 μm.  
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ESCRT and endosome-vacuole fusion mutants block Ypq1 ubiquitination   

Since many of the Ypq1 sorting mutants identified in the screens also 

have established roles in the vacuolar protein sorting (VPS) pathway, we 

decided to test if these mutants affect Ypq1 ubiquitination by blocking the 

delivery of Ssh4 to the vacuole membrane. As shown in figure 2A, Ssh4-

mNeonGreen is mainly localized to the vacuole membrane and lumen in WT 

cells. In the ESCRT mutant vps27, however, Ssh4 is blocked at aberrant 

endosomes and co-localizes with the v-ATPase component Vph1, which is 

trafficked to the vacuole via the VPS pathway and accumulates at aberrant 

endosomes in ESCRT mutants (Piper et al., 1995; Gerrard et al., 2000). These 

data demonstrate that Ssh4 requires ESCRT function to be delivered to the 

vacuole, which implies that ESCRTs are required for Ypq1 ubiquitination.   

To examine this ESCRT-dependence more directly, we monitored the 

ubiquitination status of Ypq1 after lysine withdrawal in ESCRT mutants (see 

‘Materials and methods’). We co-expressed Ypq1-GFP and myc-Ub in doa4 

cells. Doa4 is a major deubiquitinase of the endomembrane system, and its 

deletion stabilizes ubiquitinated forms of Ypq1 (Amerik et al., 2000; Li et al., 

2015b). We immunoprecipitated Ypq1-GFP before and after lysine withdrawal, 

and probed the precipitates for myc-Ub. In WT cells after 2hr lysine 

withdrawal, there was a high molecular weight myc-ub signal, indicating that 

after lysine withdrawal Ypq1 becomes polyubiquitinated. In vps27Δ, however, 

this polyubiquitination did not occur. Taken together, these data demonstrate 
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that in ESCRT mutants, Ypq1 cannot be ubiquitinated because Ssh4 delivery 

to the vacuole is blocked (Fig. 2B).  

We previously observed that Ypq1 is blocked at the vacuole membrane 

after lysine withdrawal in the endosome-vacuole fusion mutants vam3ts 

(SNARE) and vps18ts (HOPS) at non-permissive temperature (Li et al., 

2015b). Since Ssh4 delivery requires these fusion machineries (Figure 2—

figure supplemental 1A), we hypothesized that the delivery of newly 

synthesized Ssh4 may be required and that the pre-existing vacuole 

membrane pool of Ssh4 may not be sufficient to ubiquitinate Ypq1 after 

temperature shift. We then tested whether these mutants block Ypq1 

ubiquitination. As can be seen in the Figure 2—figure supplemental 1B, these 

mutants block the ubiquitination of Ypq1-GFP after Lysine withdrawal.  

Taken together, our results suggest that proper delivery of Ssh4 to the 

vacuole membrane is required for the normal ubiquitination of Ypq1-GFP.  

 

Rapamycin Induced Degradation (RapiDeg) system 

The Ypq1 ubiquitination defect in ESCRT mutants and endosome-vacuole 

fusion mutants make it difficult to study whether these components are 

involved in the downstream sorting steps of ubiquitinated Ypq1. To circumvent 

this problem, we developed a rapid and specific cargo ubiquitination system, 

Rapamycin Induced Degradation (RapiDeg), to bypass the normal Ssh4/Rsp5 

ubiquitination apparatus by directly targeting ubiquitin to cargo proteins. 
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Figure 2 
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Figure 3.2.1. Ypq1 ubiquitination defect is bypassed by RapiDeg system 

(A) Fluorescent microscopy analysis of cells expressing Ssh4-mNeonGreen 

and Vph1-mCherry in wild-type, and vps27Δ cells.  

(B)  Ypq1-GFP was immunoprecipitated using GFP-trap resin from doa4Δ 

(WT), and doa4Δvps27Δ cells expressing Myc-ubiquitin. Cells were 

collected before and 2hr after lysine withdrawal at 26oC. Both input and 

immunoprecipitated protein samples were analyzed using western blot 

and probed with GFP and Myc antibodies.  

(C) A cartoon depicting the RapiDeg system. One (or two) FKBP peptide is 

fused to the C-terminus of Ypq1-GFP. A chain of three ubiquitins is fused 

to the C-terminus of the FRB peptide. After adding rapamycin, FRB-3xUb 

is recruited to Ypq1-FKBP.  

(D) Fluorescent microscopy analysis of the RapiDeg assay. Images show 

cells co-expressing Ypq1-FKBP and FRB-3xUb before (top) and after 

rapamycin treatment (1μg/ml) (bottom) at 30°C. Line scan of both Vph1-

mCherry and Ypq1-FKBP was performed using ImageJ. 

(E) Western blot analysis of the RapiDeg assay. Whole cell lysates from for 

0min, 15min., 30min and 45min after rapamycin treatment (1μg/ml) at 

30oC. Blots were probed with anti-GFP and anti-G6PDH antibodies.  

(F) Western blot analysis the RapiDeg assay in WT and ssh4Δ cells after 

rapamycin treatment. Blots were probed with anti-GFP and anti-G6PDH 

antibodies.  

Scale bars represent 2 μm. 
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Figure 2 supplement 
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Figure 3.3.2. Ssh4 localization and Ypq1 ubiquitination assay in 

endosome-vacuole fusion mutants. 

(A) Ssh4-mNeonGreen localization and FM4-64 (vacuole membrane) straining 

in vam3ts and vps18ts mutants. Cells were grown at 26oC and shifted to -

Lysine media at 37oC for 2 hours. Arrows indicate representative Ssh4-

mNeonGreen localized at pre-vacuolar compartments.  

(B) Ypq1-GFP was immunoprecipitated using GFP-trap resin from doa4Δ (WT), 

doa4Δvps18ts, and doa4Δvam3ts cells expressing Myc-ubiquitin. Cells were 

grown at 26oC and shifted to 37oC(non-permissive temperature) 15 min prior 

to lysine starvation. Cells were harvested after 2hr lysine starvation at 37oC. 

Both input and immunoprecipitated protein samples were analyzed using 

western blot and probed with GFP and Myc antibodies.  

The scale bar represents 2 μm. 
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The RapiDeg system is based on the rapamycin-induced dimerization 

between the human FKBP12 protein (FKBP) and the FRB domain of human 

mTOR (FRB) (Banaszynski et al., 2005; Foster and Fingar, 2010). In the 

RapiDeg yeast strain, which is resistant to rapamycin (see ‘Materials and 

methods’), we fused tandem FKBP motifs to Ypq1-GFP, creating Ypq1-GFP-

2xFKBP (in short: Ypq1-FKBP). This strain also expresses the FRB domain 

fused to the N-terminus of a chain of three head-to-tail ubiquitins, which has 

been proposed to mimic the K63 ubiquitin linkage (Komander et al., 2009), 

creating FRB-3xUb (Fig. 2C). The addition of rapamycin induces the rapid 

heterodimerization between FRB-3xUb and Ypq1-FKBP, essentially 

ubiquitinating Ypq1.  

As shown in figure 2D and 2E, the addition of rapamycin induces rapid 

sorting of Ypq1-FKBP from the vacuole membrane into the vacuole lumen 

where it is degraded within 30 minutes. This is much faster than the 

degradation kinetics after lysine withdrawal, which takes 4-6 hours, 

presumably because cells consume their intracellular lysine stores before 

ubiquitinating Ypq1 (Li et al., 2015b). As expected, in the absence of FRB-

3xUb, rapamycin treatment does not induce Ypq1-FKBP degradation (Figure 

2—figure supplemental 2A, B). Importantly, the RapiDeg system bypasses the 

requirement of Ssh4 for Ypq1 ubiquitination (Fig. 2F).  

To test the specificity of the RapiDeg system, we added rapamycin to cells 

co-expressing Ypq1-mCherry and Ypq1-FKBP. As expected, only Ypq1-FKBP 

was sorted to the vacuole lumen degradation (Figure 2—figure supplemental 
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3A). After lysine withdrawal, both Ypq1-FKBP and Ypq1-mCherry were sorted 

into the vacuole lumen in a Ssh4-dependent manner (Figure 2—figure 

supplemental 3B,C). These results suggest that the addition of the FKBP motif 

does not affect the ability of Ypq1 to respond to lysine withdrawal. 

Therefore, by using the RapiDeg system, we can induce the rapid 

degradation of Ypq1 in the vacuole lumen and thereby study Ypq1 sorting in 

mutants that would otherwise interfere with the delivery or activity of the 

Ssh4/Rsp5 ubiquitin ligase complex. Importantly, we also found that the 

RapiDeg system can be used to study the ubiquitin-dependent trafficking and 

sorting of transmembrane proteins from the PM (e.g. Can1), Golgi (e.g. Kex2), 

and endosome (e.g. Nhx1), as well as other vacuole membrane proteins (e.g. 

Vph1) into the vacuole lumen for degradation  

 

Membrane fusion is not required for Ypq1 sorting 

We found that endosome-vacuole fusion mutants block the ubiquitination 

of Ypq1 after lysine withdrawal. The block of Ypq1 sorting in vam3ts or 

vps18ts mutants (Li et al., 2015b), therefore, may be due to indirect effects 

(e.g. Ssh4 sorting block). We set out to examine whether the endosome-

vacuole fusion step is required for the sorting of ubiquitinated Ypq1. 

To do so, we used the RapiDeg system to test if Ypq1 could be sorted into 

the vacuole lumen in mutants that block endosome-vacuole fusion. To block 

endosome-vacuole fusion, we used temperature sensitive mutants in the 

CORVET/HOPS complex (vps18ts allele) and the SNAP-25-like vacuolar 
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SNARE Vam7 (vam7ts allele) (Rieder and Emr, 1997; Sato et al., 1998). 

Vps18 is required for the tethering/fusion of biosynthetic, endocytic, and 

autophagic compartments with the vacuole (Rieder and Emr, 1997; Robinson 

et al., 1991). Vam7, Vam3, and Vti1 co-assemble at the vacuolar membrane 

into the t-SNARE complex, and they are required for the docking and fusion of 

multiple sorting intermediates destined for the vacuole (Sato et al., 1998).  

We observed that Ypq1-FKBP is sorted into the vacuole lumen upon cargo 

ubiquitination using the RapiDeg system in both vps18ts and vam7ts mutants 

at the non-permissive temperature (Fig. 3A, C). These data are consistent with 

the western blot results, which demonstrated that Ypq1-FKBP was degraded 

in the vps18ts or vam7ts mutants at non-permissive temperatures (Fig. 3B, D).  

   To confirm that our temperature shift conditions were sufficient to inactive 

vps18ts and vam7ts, we used the endocytic cargo Mup1, which requires 

endosomal tethering/fusion for delivery and degradation. While the vps18ts 

and vam7ts mutants do not block Ypq1 sorting, Mup1 accumulated on pre-

vacuolar structures and was not degraded (Figure 3—figure supplemental 1A, 

B and D), as expected. 

To test more generally whether Ypq1 sorting requires SNARE-mediated 

membrane fusion, we used a sec18ts mutant (Novick et al., 1980), which 

globally inhibits SNARE-mediated trafficking. Secl8 is the yeast NSF (N-

ethylmaleimide Sensitive Factor) homolog, and is required for disassembly of 

cis-SNARE complexes (Mayer et al., 1996; Jun et al., 2007). At non-

permissive temperature (34oC), the sec18ts allele does not affect Ypq1 sorting  
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Figure 3 
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Figure 3.3.1.  Ypq1 sorting does not require membrane fusion 

(A) Fluorescent microscopy analysis of Ypq1-FKBP and Vph1-mCherry in 

vps18ts cells at non-permissive temperature (37oC). The vps18ts cells 

were grown at 26oC then pretreated at 37oC for 15min. Images show 

before (0min) and after (30min) rapamycin treatment (RapiDeg).  

(B) Western blot analysis of Ypq1-FKBP degradation. Wild-type and vps18ts 

cells were shifted to 37oC(15min pretreatment) and collected at 4 time 

points (0min, 15min, 30min and 45min) after rapamycin treatment. Blots 

were probed with GFP and G6PDH antibodies.  

(C) Fluorescent microscopy analysis of Ypq1-FKBP and Vph1-mCherry in 

vam7ts cells at 37oC. The vam7ts cells were grown at 26oC then pretreated 

at 37oC for 15min. Images show before and after rapamycin treatment.   

(D) Western blot analysis of Ypq1-FKBP degradation. Wild-type and vam7ts 

cells were shifted to 37oC(15min pretreatment) and collected before and 

after rapamycin treatment.  

(E) Fluorescent microscopy analysis of Ypq1-FKBP and Vph1-mCherry in 

sec18ts cells shifted to 34oC (non-permissive temperature). The sec18ts 

cells were grown at 26oC then pretreated at 34oC for 15min. Images show 

before and after rapamycin treatment.   

(F) Western blot analysis of Ypq1-FKBP degradation. Wild-type and sec18ts 

cells were shifted to 34oC(15min pretreatment) and collected before and 

after rapamycin treatment.  

Scale bars represent 2 μm. 
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Figure 3 supplement 
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Figure 3.3.2. Mup1-GFP sorting is blocked in the sec18ts, vps18ts or 

vam7ts mutants at non-permissive temperature.  

(A) Fluorescent microscopy analysis of cells expressing Mup1-GFP and Vph1-

mCherry in the wild-type, sec18ts, vps18ts and vam7ts cells. Images show 

cells grown to mid-log phase at 26oC, and shifted to higher temperature 

before and 60 min after methionine treatment (20μg/ml) (34 oC for sec18ts, 

37oC for all others).  

(B) Western blot analysis of Mup1-GFP degradation in wild-type and vps18ts 

cells. Cells were grown to mid-log phase at 26oC then shifted to 37oC 15 

min prior to adding methionine. The blot was probed with GFP antibody 

and the blot against G6PDH antibody is used as a loading control. 

(C) Western blot analysis of Mup1-GFP degradation in wild-type and sec18ts 

cells. Cells were grown to mid-log phase at 26oC then shifted to 34oC 15 

min prior to adding methionine. The blot was probed with GFP antibody 

and the blot against G6PDH antibody is used as a loading control. 

(D) Western blot analysis of Mup1-GFP degradation in wild-type and vam7ts 

cells. Cells were grown to mid-log phase at 26oC then shifted to 37oC 15 

min prior to adding methionine. The blot was probed with GFP antibody 

and the blot against G6PDH antibody is used as a loading control. 

Scale bars represent 2 μm. 
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into the vacuole lumen. Western blot analysis confirmed that Ypq1 is degraded 

in the vacuole lumen with similar kinetics compared to WT cells (Fig 3E and 

F). In contrast, Mup1 endocytosis was blocked in the sec18ts mutant (Figure 

3—figure supplemental 1A, C), confirming these conditions inactivate Sec18 

function. Thus, these data demonstrate that SNARE-mediated membrane 

fusion is not required for Ypq1 sorting into the vacuole lumen.  

 

Ypq1 is sorted into the vacuole lumen by ESCRTs 

 ESCRT mutants block the ubiquitination of Ypq1 after lysine withdrawal 

(Fig. 2), so we used the RapiDeg assay to test whether ESCRTs are required 

for sorting ubiquitinated Ypq1 on the vacuole membrane.  

To test if the sorting of ubiquitinated Ypq1 is affected by ESCRT mutants, 

we used a vps4ts allele to inactivate ESCRT function (Lata et al., 2008). After 

shifting to non-permissive temperature and treating vps4ts cells with 

rapamycin, Ypq1 remained on the vacuole membrane and was not degraded 

(Fig. 4A, B and Figure 4—figure supplemental 1A, B), indicating that the 

ESCRTs are essential for the sorting of ubiquitinated Ypq1 from the vacuole 

membrane into the lumen.  

 Although the ESCRTs have not previously been shown to function on 

the vacuole membrane, the vacuole contains the lipid PtdIns(3)P and 

ubiquitinated cargo, both of which are required for ESCRT recruitment to 

endosomes. The ESCRT-0 subunit Vps27 contains a FYVE domain for 

PtdIns(3)P binding. To test if the Vps27 FYVE domain binds the vacuole  
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Figure 4 
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Figure 3.4.1  In ESCRT mutants Ypq1 remains on the vacuole membrane 

after ubiquitination 

(A) Fluorescent microscopy analysis of Ypq1-FKBP and Vph1-mCherry 

localization in vps4ts cells at 37oC (non-permissive temperature). The 

vps4ts cells were grown at 26oC then pretreated at 37oC for 15min. Images 

show before and after rapamycin treatment.   

(B) Western blot analysis of Ypq1-FKBP degradation. Wild-type and vps4ts 

cells were shifted to 37oC (15min pretreatment) and collected before and 

after rapamycin treatment. The blot was probed with GFP and G6PDH 

antibodies.  

(C) Fluorescent microscopy analysis of GFP-FYVEVps27 and Vph1-mCherry in 

wild-type and vps34Δ cells. 

Scale bars represent 2 μm. 
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Figure 4 supplement 

 

Figure 3.4.2. Ypq1-FKBP sorts to the vacuole lumen in the vps4ts mutant 

at permissive temperature.  

(A) Fluorescent microscopy analysis of vps4ts cells expressing Ypq1-FKBP 

and Vph1-mCherry grown at 26oC. Images show cells before and after 

rapamycin treatment.  

(B) Western blot analysis of Ypq1-FKBP degradation in wild-type and vps4ts 

cells treated with rapamycin at 26oC.  

The scale bar represents 2 μm. 
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membrane, we generated a GFP-FYVEVps27 reporter and expressed it in WT 

cells. GFP-FYVEvps27 localized to both vacuolar and endosomal membranes in 

a Vps34-dependent manner (Fig. 4C), indicating that the lipid environment of 

the vacuole is amenable to ESCRT recruitment. 

Taken together, these data support a model in which the ESCRT 

machinery functions at the vacuole membrane during the sorting and 

degradation of Ypq1. This implies that the ESCRT machinery is recruited to 

the vacuole membrane following Ypq1 ubiquitination. 

 

Recruitment of ESCRTs to vacuole membrane for Ypq1 internalization 

The data discussed so far suggested a direct role for ESCRTs on the 

vacuole surface to sort and internalize Ypq1. Such events may be quite fast 

and difficult to image by light microscopy. Since ESCRT function is ATP 

dependent (Babst et al., 1998; Tran et al., 2009), we depleted cellular ATP 

levels to slow down the internalization process, and thereby help visualize 

sorting intermediates. We depleted ATP levels using NaN3 and NaF, which 

block ATP synthesis by oxidative respiration and glycolysis respectively 

(Clarke and Weigel, 1985; Schmid and Carter, 1990; Vida and Emr, 1995).  

We observed that after the recruitment of FRB-3xUb to Ypq1-FKBP in 

ATP-depleted cells, Ypq1-FKBP sorts into many puncta at the vacuole 

membrane (Fig. 5A top and middle). Importantly, Ypq1 does not sort into 

puncta in the absence of rapamycin (Fig. 5A bottom), indicating that the 

puncta are not simply due to the reduction in ATP levels. Moreover, washing 
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Figure 5 
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Figure 3.5.1. ATP-depletion traps ESCRT-dependent Ypq1 sorting 

intermediates 

(A) Fluorescent microscopy analysis of wild-type cells expressing Ypq1-FKBP 

and Vph1-mCherry. Images show untreated cells (top), Rapamycin 

(1μg/ml, pretreated for 1min) and NaN3/NaF (10mM each, final 

concentration) treated cells (middle), and cells treated with only NaN3/NaF. 

All cells were grown at 30oC (bottom).   

(B) Fluorescent microscopy analysis of wild-type cells expressing Ypq1-FKBP 

and Vph1-mCherry. Images shows cells treated with Rapamycin and 

NaN3/NaF for 30min (top), and cells from the same culture that have been 

washed with water and re-suspended in fresh YPD medium (30 min after 

wash) (bottom).  

(C) Western blot analysis of Ypq1-FKBP degradation. Wild-type cells were 

treated with rapamycin, with or without NaN3/NaF. After washing with 

deionized water and resuspended in fresh YPD medium, the NaN3/NaF 

treated cells were collected at 15min and 30min. Cells were grown at 

30oC. The blot was probed with GFP and G6PDH antibodies.    

(D) Fluorescent microscopy analysis of Ypq1-FKBP in wild-type and vps27Δ 

cells. Images show cells before and 15 min after rapamycin and NaN3/NaF 

treatment.   

Scale bars represent 2 μm.
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out the NaN3 and NaF restored normal Ypq1 sorting (Fig.5B). Western blot 

analysis further confirmed that Ypq1 degradation was blocked by ATP 

depletion and restored after ATP replenishment (Fig 5C). This result 

suggested that the inhibition of ESCRT function by NaN3/NaF treatment is not 

permanent and can be reversed following ATP recovery. 

To test if Ypq1 puncta formation is ESCRT-dependent, we analyzed Ypq1 

sorting after ATP depletion in vps27Δ cells. After rapamycin and NaN3/NaF 

treatment, Ypq1-FKBP no longer forms puncta. Since Vps27 is required for 

initiating ESCRT-mediated sorting, this suggests that the Ypq1-FKBP sorting 

intermediates are ESCRT dependent (Fig. 5D).  

To test whether ESCRT proteins are recruited to the vacuole membrane 

upon Ypq1 ubiquitination, we examined the localization of Ypq1-FKBP and the 

ESCRT-0 protein Hse1-mCherry (or ESCRT-I protein Vps23-mCherry) after 

ATP depletion and rapamycin treatment. Before Ypq1 ubiquitination, Ypq1 is 

localized at the vacuole membrane and Hse1 (or Vps23) is distributed in both 

the cytosol and on endosomes. Strikingly, after the addition of rapamycin, both 

Hse1-mCherry and Vps23-mCherry, were recruited to the vacuole and co-

localized with the Ypq1-FKBP sorting puncta (Fig. 6A, 6B). Similarly, we 

observed that the ESCRT-II component Vps36-mCherry can also be recruited 

to vacuole membrane and co-localize with Ypq1-FKBP puncta upon 

rapamycin treatment and ATP depletion (Figure 6—figure supplemental 1). 

Treatment with NaN3/NaF or rapamycin alone, does not lead to detectable co-

localization between Ypq1-FKBP and ESCRT proteins (Figure 6—figure  
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Figure 6 
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Figure 3.6.1. ESCRT-0 and -I are recruited to the vacuole membrane after 

Ypq1 ubiquitination  

(A) Fluorescent microscopy analysis of Ypq1-FKBP and Hse1-mCherry in 

wild-type cells. Images show localization of Ypq1-FKBP and Hse1-

mCherry before and after rapamycin and NaN3/NaF treatment for 15 

minutes.  

(B) Fluorescent microscopy analysis of Ypq1-FKBP and Vps23-mCherry in 

wild-type cells. Images show localization of Ypq1-FKBP and Vps23-

mCherry before and after rapamycin and NaN3/NaF treatment. Arrows 

indicate representative co-localization between Ypq1-FKBP and Vps23-

mCherry.   

(C) Fluorescent microscopy analysis of Ypq1-FKBP and FM4-64 (endosome 

dye) in wild-type cells after rapamycin and NaN3/NaF treatment at 30oC. 

Cells were stained with FM4-64 for 5min prior to rapamycin and NaN3/NaF 

treatment. 

Scale bars represent 2 μm. 
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Figure 6 supplement 1 
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Figure 3.6.2. ESCRT proteins are recruited to the vacuole membrane 

after Ypq1 ubiquitination, NaN3/NaF or rapamycin alone does not lead to 

ESCRT co-localization 

(A) Fluorescent microscopy analysis of Ypq1-FKBP and Vps27-mCherry in 

wild-type cells. Images show localization of Ypq1-FKBP and Vps36-

mCherry before and after rapamycin and NaN3/NaF treatment for 15 

minutes. Arrows show co-localization between Ypq1-FKBP and Vps27-

mCherry.  

(B) Fluorescent microscopy analysis of Ypq1-FKBP and Vps36-mCherry in 

wild-type cells. Images show localization of Ypq1-FKBP and Vps36-

mCherry before and after rapamycin and NaN3/NaF treatment for 15 

minutes. Arrows show co-localization between Ypq1-FKBP and Vps36-

mCherry.  

(C) Fluorescent microscopy analysis of Ypq1-FKBP and Vps23-mCherry in 

wild-type cells. Images show localization of Ypq1-FKBP and Vps23-

mCherry before and after either rapamycin or NaN3/NaF treatment 

alone for 15 minutes. 

The scale bar represents 2 μm. 
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Figure 6 supplement 2 
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Figure 3.6.3. Expression of Hse1DUB, releases ESCRTs from 

endosomes, allowing for ESCRTs recruitment onto the vacuole 

membrane in the vps4ts mutant.  

(A) Fluorescent microscopy analysis of vps4ts cells expressing Ypq1-FKBP 

and Vps23-mCherry. Images show cells at 26oC (permissive temperature) 

(top), cells shifted to 37oC for 15 min (middle), and cells co-expressing 

Hse1-DUB shifted to 37oC for 15 min (bottom).   

(B) Fluorescent microscopy analysis of vps4ts cells expressing Ypq1-FKBP 

and Vps23-mCherry shifted to 37oC. Images show cells treated with 

rapamycin (top), and cells treated with rapamycin co-expressing Hse1-

DUB (bottom).  

The scale bar represents 2 μm. 
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Supplement 1). To address whether the Ypq1-FKBP puncta that form after 

rapamycin treatment in ATP-depleted cells are endosomes, we stained 

endosomes with the lipophilic styryl dye FM4-64 (Vida and Emr, 1995). We 

found that the Ypq1-FKBP puncta do not co-localize with FM4-64 positive 

structures (endosomes) (Fig. 6C). 

Consistent with ATP depletion, we were also able to observe Ypq1 puncta 

in vps4ts cells at non-permissive temperature (Figure 6—figure supplement 

2B). However, we had to express the ESCRT-0 subunit Hse1 fused with the 

catalytic domain of the deubiquitinating peptidase UL36 (termed Hse1DUB, 

MacDonald et al., 2012) to release ESCRT proteins from the aberrant 

endosome (class-E compartment, Figure 6—figure supplement 2A), thereby 

allowing the ESCRT proteins to bind the vacuole and sort Ypq1.   

Our observations indicate that the ESCRT machinery can function directly 

on the vacuole membrane. Essentially, the presence of both ubiquitinated 

cargo and PtdIns(3)P is sufficient for the recruitment of the ESCRT machinery 

to both the vacuole membrane and the endosome membrane. 

 

Visualization of vacuole membrane derived intraluminal vesicles  

The ESCRT pathway drives membrane remodeling that creates ILVs 

within the surrounding limiting membrane of the cellular compartment on which 

ESCRT proteins assemble. Thus, one expectation of vacuolar-localized 

ESCRT complexes is the formation of ILVs within the vacuole lumen. To 

detect ILVs that formed from the vacuole membrane, we used electron 
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microscopy to visualize ILVs that formed following rapamycin-induced sorting 

of Ypq1-FKBP. To avoid contamination of ILVs containing endogenous 

proteins, we expressed the Hse1DUB to block ILV formation by rapidly 

deubiquitinating cargoes and thereby preventing ESCRT assembly. The Ypq1-

FKBP/FRB-3xUb complex, however, cannot be cleaved by the Hse1DUB, 

allowing ESCRT assembly and the formation of Ypq1 containing ILVs. 

As shown in figure 7A, in the absence of MVB sorting (pep12Δ), ILV 

formation still occurs (Hse1DUB-/Rap-), although at a much lower level 

compared to PEP12 cells (Hse1DUB-/Rap-; Fig. 7D). The expression of 

Hse1DUB in pep12Δ cells, nearly abolished the generation of ILVs 

(Hse1DUB+/Rap-; Fig. 7B). This is in agreement with a previous study which 

shows that loss of ubiquitinated cargo blocks ILV formation (MacDonald et al., 

2012). Rapamycin-induced ubiquitination of Ypq1-FKBP caused the 

accumulation of ILVs in the vacuole lumen (pep12Δ, Hse1DUB+/Rap+; Fig. 

7C), as quantified in figure 7E, confirming that Ypq1 is sorted from the vacuole 

membrane into ILVs by the ESCRT machinery. In addition, the average 

vesicle size of ILVs formed following rapamycin-induced Ypq1 sorting (~40nm) 

were not significantly different from the ILVs formed during ILV formation at 

the endosome (quantified in Fig. 7F). 
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Figure 7 
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Figure 3.7.1 Visualization of Ypq1-FKBP ILVs 

(A-B) EM images of the vacuole in pep12Δpep4Δvma4Δatg9Δ cells (pep12Δ) 

with or without Hse1DUB (No Rapamycin treatment).  

(C) EM image of the vacuole in cells expressing Hse1DUB after rapamycin 

treatment (2hrs) at 26oC. Arrows indicate representative vesicles formed 

following rapamycin-induced Ypq1 sorting. 

(D) EM images of the vacuole in pep4Δvma4Δatg9Δ cells (PEP12) without 

Hse1DUB (No Rapamycin treatment). ‘V’ in the figures (6A~D) is 

abbreviated for vacuole. 

(E) Average number of ILVs (per cell per section) calculated by counting ILVs 

within vacuoles of cells (pep12Δ) without Hse1DUB, with Hse1DUB, and 

with both Hse1DUB and rapamycin treatment. The mean value of ILVs 

formed in vacuole lumen was quantified and error bars are standard 

deviation. Two-tail t-test was performed between pep12Δ(Hse1DUB-

/Rapa-) and pep12Δ(Hse1DUB+/Rapa-), and between 

pep12Δ(Hse1DUB+/Rapa-) and pep12Δ(Hse1DUB+/Rapa+). α=0.025 

(Bonferroni correction), p-value<0.001 in each test (***, highly significant), 

N=40 cells for each condition. 

(F) Average diameter of ILVs in cells (PEP12) without Hse1DUB or rapamycin 

treatment, and in cells (pep12Δ) without Hse1DUB or rapamycin 

treatment, as well as cells (pep12Δ) with both Hse1DUB and rapamycin 

treatment. The mean value of ILV size formed in the vacuole lumen was 

quantified and error bars are standard deviation. ANOVA (single factor) 
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test was performed among PEP12(Hse1DUB-/Rapa-), pep12Δ(Hse1DUB-

/Rapa-), and pep12Δ(Hse1DUB+/Rapa+). α=0.025 (Bonferroni correction), 

p-value>0.05 (n.s., non-significant), N=64 vesicles for each condition. 

(G) Cartoon model depicting Ypq1 sorting from the vacuole membrane into the 

vacuole lumen. After lysine withdrawal, Ypq1 is ubiquitinated by the 

Ssh4/Rsp5 E3-ligase complex. Ubiquitinated Ypq1 and PtdIns(3)P recruit 

ESCRT-0 to the vacuole membrane. ESCRT-0 sorts Ypq1 and recruits 

downstream ESCRTs to the vacuole membrane. The ESCRTs internalize 

Ypq1 directly into the vacuole lumen for degradation. 
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Discussion 

We previously demonstrated that the vacuole membrane transporter Ypq1 

is ubiquitinated and then sorted into the vacuole lumen for degradation after 

lysine withdrawal (Li et al., 2015a; Li et al., 2015b). This vacuole membrane 

protein degradation pathway is critical for the regulation of the quantity and 

quality of lysosomal membrane proteins in response to intracellular or 

extracellular cues. 

In this study, we applied two genetic approaches to identify the 

components required for Ypq1 sorting and degradation. We identified an E3 

ligase complex (Rsp5/Ssh4), the PtdIns 3-kinase complex (Vps15/Vps34), the 

ESCRT complexes, and the endosome-vacuole fusion machinery 

(HOPS/CORVET/SNAREs). After further characterization, we found that Ypq1 

cargo ubiquitination is blocked in ESCRT and endosome-vacuole fusion 

mutants due to missorting of Ssh4, the ubiquitin ligase adaptor protein 

normally found on the vacuole. We therefore developed the RapiDeg system 

to bypass the Ssh4 requirement for Ypq1 ubiquitination by conjugating 

ubiquitin to Ypq1 in a rapamycin-dependent manner. Using this system, we 

have shown that fusion between the vacuole and an intermediate 

compartment (endosome) is not required for Ypq1 delivery to the vacuole 

lumen. The ESCRT complexes, however, are absolutely required for Ypq1 

sorting. Moreover, the ESCRTs can be recruited to the vacuole membrane to 

mediate the sorting of Ypq1 upon Ypq1 ubiquitination. We therefore propose 

that ubiquitinated vacuole membrane proteins are sorted directly on the 
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vacuole membrane by the ESCRTs, which then internalize the cargo into ILVs 

that bud into the vacuole lumen.    

This model is in contrast with our previously proposed model (Li et al., 

2015b) in which we proposed that Ypq1 is sorted from the vacuole membrane 

to an intermediate compartment (endosome) before being delivered to the 

vacuole lumen. The previous model was based on observations that Ypq1-

GFP formed puncta in ~13% of cells after 2 hours lysine starvation, and a 

small number of the Ypq1-GFP puncta (9 Ypq1-GFP puncta per ~500cells 

were detected) were detached from the vacuole membrane after lysine 

withdrawal. Based on our current study, we now believe that all the puncta, 

which were attached to the vacuole membrane, represent sorting 

intermediates on the vacuole membrane destined for direct internalization into 

the vacuole lumen.  

While we cannot rule out the possibility that some Ypq1 is first sorted from 

the vacuole membrane to an intermediate compartment, the development of 

the RapiDeg system has allowed us to better test the requirements of this 

sorting pathway. We have shown that Ypq1 sorting does not require an 

intermediate compartment, and it appears that the vast majority of protein is 

sorted directly from the vacuole membrane into the vacuole lumen.  

Recently, a new model for selective sorting and degradation of vacuole 

membrane proteins has been proposed, the Intra-Luminal Fragment (ILF) 

pathway (McNally et al., 2017). In this model, vacuolar membrane proteins are 

sorted into the interface of two opposing vacuoles, and are internalized after 
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vacuole fusion in an ESCRT independent manner. We do not think that this 

pathway plays a significant role in ubiquitin dependent sorting of Ypq1, 

because Ypq1 sorting is ESCRT dependent, and does not require 

Sec18(NSF), Vps18(HOPS) and Vam7(Vacuole SNARE), which are required 

for vacuole-vacuole fusion(Wickner, 2010).   

 

Rapamycin Induced Degradation (RapiDeg) system  

While we developed the RapiDeg system to study ubiquitin-dependent 

sorting of Ypq1, we have also shown that this system provides a simple and 

efficient method to induce ubiquitin conjugation to other membrane proteins. 

RapiDeg can be used to induce the trafficking and degradation (inactivation) of 

membrane proteins in the secretory (Golgi) and endocytic (PM and endosome) 

pathways. Two ER membrane proteins we tested were not degraded using the 

RapiDeg system (Erd2, Heh2).    

What Lys-linkage does the head-to-tail FRB-3xUb fusion used in the 

RapiDeg system resemble—K48 or K63?  It was previously reported that K63-

linked and linear head-to-tail ubiquitins adopt equivalent open conformations, 

in which the ubiquitins do not form inter-molecular interactions like K48-linked 

ubiquitin chains (Komander et al., 2009). It was also found that ESCRT-0 

complexes preferably bind to K63-linked ubiquitin chains (Nathan et al., 2013). 

This may explain why the conjugates of head-to-tail FRB-3xUb fused to PM, 

endosome, vacuole, or Golgi membrane proteins results in their sorting, via 

the ESCRT machinery, into the vacuole lumen.  
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Therefore, the RapiDeg system provides a tractable method for the 

specific inactivation (degradation) of membrane proteins in the secretory and 

endocytic pathways. It will also be useful for studying ubiquitin dependent 

sorting of membrane proteins into the vacuole lumen. Importantly, RapiDeg 

should be adaptable for use in a wide range of eukaryotic organisms.  

 

Recruitment of ESCRTs to the vacuole membrane 

ESCRT recruitment to the vacuole membrane uses the same components 

as ESCRT recruitment to the late endosome membrane, PtdIns(3)P and 

ubiquitinated cargo. While these environments may be similar to ESCRTs, the 

exact composition of vacuole membrane derived ILVs is of particular interest. 

The vacuole membrane is inherently resistant to its luminal lipases and 

proteases, while ILVs derived from this membrane, must be lysed in order to 

degrade their protein cargoes. We are currently investigating the specific 

vulnerabilities of vacuole membrane-derived ILVs, specifically: whether certain 

lipids are included or excluded from ILVs; whether protein concentration de-

stabilizes ILVs; and whether the high curvature of ILVs allows vacuolar lipases 

to lyse them.   

While we have shown that the ESCRTs function on the vacuole 

membrane, we could not detect a vacuolar ESCRT pool using fluorescent 

microscopy under normal conditions. We think the reason for this is twofold. 

First, the endosome is the major site for ILV formation due to the high 

concentration of ubiquitinated cargo arriving from the PM and the Golgi. 
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Second, the large surface area of the vacuole reduces local ESCRT 

concentrations below our present detection limits.  

How could ATP depletion allow us to visualize Ypq1 sorting puncta, and 

ESCRT recruitment to the vacuole membrane after rapamycin treatment? 

Primarily, we reason that these puncta represent ESCRT sorting complexes 

which have stalled at an intermediate step due to loss of function of Vps4, an 

ATP-dependent and essential ESCRT component. Further, these sorting 

intermediates may be stabilized because ubiquitination of RapiDeg cargo 

cannot be removed by deubiquintinases, causing early ESCRTs to remain 

engaged with cargo. Moreover, it is possible that stalled sorting complexes 

can cluster together, this may be due to the ability of the ESCRT-0 complex to 

form oligomers (Wollert and Hurley, 2010; Mayers et al., 2011). 

 

Multiple sites and roles for the ESCRT machinery 

The ESCRTs were first characterized as cargo sorting machinery required 

for ILV formation at the endosome (Odorizzi et al., 1998; Henne et al., 2011). 

Recently, the ESCRTs have been shown to function on various other cellular 

membranes. These roles include HIV budding at the PM (Garrus et al., 2001; 

Martin-Serrano et al., 2001; VerPlank et al., 2001), PM wound repair (Jimenez 

et al., 2014), nuclear-pore assembly (Webster et al., 2014), nuclear envelope 

re-formation (Webster et al., 2014; Olmos et al., 2015; Vietri et al., 2015), and 

cytokinesis (Carlton and Martin-Serrano, 2007; Lee et al., 2008). Here, the 
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turnover of vacuole membrane proteins revealed yet another subcellular 

location where ESCRTs function.  

In summary, we propose the following model (Figure 7G). The 

combination of PtdIns(3)P and ubiquitinated Ypq1 on the vacuole membrane 

specifies the recruitment of the ESCRT-0 complex to the vacuole membrane. 

This event initiates the recruitment of downstream ESCRT complexes to the 

vacuole membrane, and ultimately results in the sorting of these cargoes into 

intraluminal vesicles that bud directly into the vacuole lumen.  
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Materials and methods  
 
Yeast Strains, Plasmids and Cell growth conditions 

All the strains and plasmid used in this study are documented in the 

supplemental file 3A and 3B. For Ypq1 degradation induced by lysine 

starvation, cells were grown overnight to mid log phase (OD600~0.5) in 

synthetic media containing 23μg/ml lysine at 26oC then incubated in lysine-

free media for 6 hours (Li et al., 2015b). For RapiDeg induced degradation, 

cells were grown in YPD media or SD-media to mid-log phase (OD600~0.5) at 

26oC before adding rapamycin (final concentration: 1μg/ml). After rapamycin 

treatment, cells were collected at different time points for imaging or whole cell 

lysate extraction. For temperature-sensitive strains, cells were grown at 26oC, 

then shifted to 34oC (for sec18ts) or 37oC (for vps18ts, vam7ts and vps4ts) for 

15min before rapamycin treatment. The mNeonGreen gene used for the Ssh4 

visualization is licensed by Allele Biotechnology (San Diego) (Shaner et al., 

2013).  

 

Spontaneous mutagenesis and whole-genome visual screen for Ypq1 

missorting mutants 

For the spontaneous mutagenesis selection, Ypq1-SBP-GFP-His3 was 

integrated into the LEU2 locus of SEY6210 MATα and SEY6211 MATa. Single 

colonies were patched onto -His media containing 5mM 3-Amino-1,2,4- 

triazole (3-AT, Sigma-Aldrich, St. Louis, MO) and grown for 10 days to 

generate spontaneous His+ mutants. 150 MATα and 150 MATa His+ mutants 
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were isolated and mated into 18 complementation groups. Each group was 

then identified using plasmid complementation (URA marker, 2μ, (Herman et 

al., 1991)) or by mating to tester strains.  

For the genome wide visual screen, pML359 was transformed into the 

BY4741 non-essential gene knock-out collection using a large scale 96-well 

transformation method (Gietz and Schiestl, 2007). The transformants were 

selected on SD-URA plates and grown in SD-URA media to log-phase. The 

fluorescence of each mutant expressing Ypq1-SBP-pHluorin was quantified 

using flow-cytometry. We used the ssh4Δ mutant as positive controls and WT 

cells as negative controls. BY4741 cells not expressing fluorescent proteins 

was used per each scan as a background control to normalize each mutant 

fluorescent intensity. The dataset for “fold change of fluorescence intensity for 

each mutant (compared with WT cells)” was attached in the supplemental file 

1. Ypq1-localization was further validated for sorting mutants using 

fluorescence-microscopy.  

  

Construction of the RapiDeg yeast strain  

WT strains (SEY6210 or SEY6210.1) were made rapamycin-resistant by 

transforming a PCR fragment encoding the dominant TOR1 mutant (S1972I) 

and selected for growth on YPD plates (supplemented with 1μg/ml 

rapamycin). FPR1 (FKBP-12) was knocked out using homologous 

recombination to ensure pairing of FRB-3xUb to target proteins tagged with 

FKBP. To prevent the conjugation of FRB-3xUb to endogenous proteins and 
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cleavage by deubiquitinating enzymes, Gly75 and Gly76 of the first and 

second ubiquitins were replaced with Ala-Ala-Arg-Ser and Gly76 of the third 

ubiquitin was replaced with Glu.  

 

Whole cell lysate extraction and western blotting 

Whole cell extracts were prepared by incubating 5 ODs of cells in 10% 

Trichloroacetic acid on ice for 1 hour. Extracts were fully resuspended with ice-

cold acetone twice by sonication, then vacuum-dried. Dry pellets were 

mechanically lysed (4x 5min) with 100 µL glass beads and 100 µL Urea-

Cracking buffer (50 mM Tris.HCl pH 7.5, 8 M urea, 2% SDS, 1 mM EDTA). 

100μl protein sample buffer (150 mM Tris.HCl pH 6.8, 7 M urea, 10% SDS, 

24% glycerol, bromophenol blue) supplemented with 10% 2-mercaptoethanol 

was added and samples were vortexed for 5 min. The protein samples were 

resolved on 11% SDS-polyacrylamide gels and then transferred to 

nitrocellulose blotting membranes (GE Healthcare Life Sciences). Antibodies 

to G6PDH (Sigma-Aldrich, rabbit, 1:30,000) and GFP (Santa Cruz, mouse, 

1:1,000) were used for the primary binding. After incubation with secondary 

antibodies (IRDye® 800CW Goat anti-Mouse IgG and IRDye® 680RD Goat 

anti-Rabbit IgG, 1:10,000 for each), the proteins were visualized using Li-Cor 

system. Westernblot experiments were performed at least 3 times from at 

least 3 biological replicates.   
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Ubiquitination assay 

The ubiquitination assay was adapted from (Li et al,. 2013). In brief, cells 

were grown to early log phase in synthetic media. Myc-Ub expression was 

induced 4 hours prior to lysine withdrawal by treating cells with 100 µM 

CuSO4. 60 ODs of cells were harvested after 2hours lysine starvation, washed 

once with water, then snap frozen in liquid nitrogen. The pellets were 

resuspended with 500 µL IP buffer (50 mM HEPES-KOH, pH 6.8, 150 mM 

KOAc, 2mM MgOAc, 1mM CaCl2, and 15% glycerol) with cOmplete™ 

protease inhibitor (Sigma-Aldrich, St. Louis, MO) and 20mM N-ethylmaleimide. 

Cell extracts were prepared by adding 400 µL glass beads and beating for 10 

min at 4oC. Membrane proteins were solubilized by adding 500 µL of 2% 

digitonin in IP buffer. Cell lysates were clarified by spinning at 34,000xg for 15 

min at 4oC. The resulting lysate was then incubated with 20 µL GFP-nanotrap 

resin for 2 hours at 4oC. The resin was washed 4 times with .5% digitonin in IP 

buffer. Bound protein was eluted by adding sample buffer and incubating for 

10 min at 65oC. 

 

Fluorescent and electron microscopy 

For fluorescence microscopy, cells expressing GFP fusion or mCherry 

proteins were visualized using a DeltaVision Elite system (GE), equipped with 

a Photometrics CoolSnap HQ2/sCMOS Camera, a 100×objective, and a 

DeltaVision Elite Standard Filter Set (‘FITC’ for GFP/pHluorin fusion protein 

and ‘mCherry’ for mCherry fusion proteins). Image acquisition and 
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deconvolution were performed using Softworx. GFP/mCherry images were 

merged using NIH ImageJ-win64. Microscopy experiments were performed at 

least 3 times from at least 3 biological replicates. 

Electron microscopy on chemically fixed yeast cells was performed as 

previously described (Buchkovich et al., 2013) with minor modification. Yeast 

cells were fixed with glutaraldehyde (3%) for 1hr and spheroplasted with 

zymolyase (200μg/ml) and beta-glucuronidase (10%) then embedded in the 

2% ultra-low gelling temperature agarose. Cells were stained with 1% 

ferrocyanide-reduced osmium (30min), followed by 1% thiocarbohydrazide 

(5min) before re-stained with 1% ferrocyanide-reduced osmium (5min). Cells 

were washed with Milli-Q water 4 times between each treatment. After ethanol 

dehydration, the cells samples were placed in propylene oxide and finally 

embedded in Epon resin. All electron microscopy was imaged with AMT digital 

camera equipped on a Morgnani 268 transmission electron microscope (FEI)  
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Abstract 

The hobbit genes encode huge uncharacterized membrane proteins 

that are conserved among all eukaryotes. Mutations in the hobbit genes cause 

severe developmental defects in both flies and plants. In flies, hobbit 

mutations cause mis-localization of SNAREs and synaptotagmins from the 

limiting membrane of secretory granules to the lysosome, suggesting that 

Hobbit may play a role in retromer related recycling of secretory granule 

components.  

In yeast, hobbit mutants do not affect retromer-mediated recycling, but 

do have growth phenotypes in the presence of drugs that affect lipid 

homeostasis, suggesting that Hobbit may play a role in maintaining lipid 

homeostasis. Consistent with this hypothesis, in yeast, Hobbit-GFP fusion 

proteins localize to ER-PM contact sites, which are sites of non-vesicular lipid 

transport. Together these data implicate Hobbit as a new regulator of lipid 

homeostasis at ER-PM contact sites.  
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Introduction 

The hobbit gene is conserved among all eukaryotes. The gene(s) 

encodes a large (~2500 amino acid), membrane protein that shares very little 

homology with other proteins. The first “hobbit” gene, called SABRE, was 

identified in a forward genetic screen for Arabidopsis mutants with root 

development defects  (Benfey et al., 1993; Aeschbacher et al., 1995).  SABRE 

mutants had short broad roots, caused by defects in cell expansion at the root 

tip (Aeschbacher et al., 1995). Ten years later, a SABRE paralog called KIP 

was identified in a screen for pollen tube elongation mutants (Procissi et al., 

2003). Both SABRE and KIP are required for proper cell expansion in rapidly 

growing tissues, however little is known about the pathways that are affected 

by their loss of function, their intracellular localization, or their molecular 

function (Aeschbacher et al., 1995; Procissi et al., 2003).  

The hobbit gene was recently identified in metazoans in a screen for 

flies with a small body size (Neuman and Bashirullah, 2018). The authors 

found that mutations in hobbit prevented insulin secretion, which is critical for 

size regulation in flies (Shingleton et al., 2005). Personal communication with 

the authors suggested that the Hobbit protein may be an unappreciated 

component of the retromer complex. They had found that hobbit mutants 

phenocopied retromer mutants, leading to the mis-sorting of several 

endosomal components to the lysosome, presumably causing defects in 

secretory granule formation. It seemed unlikely that the Hobbit protein was a 

retromer component because the retromer coat complex has been carefully 
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studied both genetically and biochemically. However, it was possible that 

hobbit was missed from the VPS screen, because in yeast there are two 

paralogous hobbit genes: FMP27 and YPR117w. I hypothesized that the two 

genes in yeast were able to complement each other’s function, and by deleting 

both genes I could take advantage of yeast’s tractable genetics and cell 

biology to identify the function of the Hobbit proteins.  
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Results 

Testing Hobbit for retromer related function in yeast: 

To test if the Hobbit proteins are novel retromer components, I 

characterized the recycling phenotype of the canonical retromer cargo Vps10 

in tether ypr117w double mutant cells. In WT cells, Vps10-GFP localizes to 

both endosomes and the Golgi (Seaman et al., 1997). Vps10 cycles between 

these compartments to sort vacuolar proteases from the Golgi into the VPS 

pathway (Figure 1A). Vps10 trafficking relies on the Gga coats to traffic from 

the Golgi to endosomes, and the retromer coat complex to recycle from 

endosomes back to the Golgi (Seaman et al., 1997; Costaguta et al., 2001). In 

retromer mutants, Vps10 is not recycled to the Golgi, resulting in its 

accumulation at the vacuole membrane (Seaman et al., 1997).  

In the fmp27 ypr117w double mutant, Vps10-GFP localizes to punctate 

structures, consistant with Golgi and endosomes (Figure 1B, left). This 

localization pattern is indistinguishable from WT cells, and distinct from Vps10-

GFP localization in retromer mutants.  

I also tested the recycling phenotype of Chs3-GFP, another retromer 

cargo (Arcones et al., 2016). Chs3 cycles between the Golgi, PM, endosome, 

and is returned to the Golgi via retromer (Figure 1A). I tested this cargo 

because its recycling more closely mimics that of the synaptotagmins, which 

were missorted in hobbit mutants in flies (it includes trafficking to and from the 

PM). Chs3-GFP localization in fmp27 ypr117w mutant cells was 

indistinguishable from WT. In retromer mutant cells, Chs3-GFP localization  
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Figure 1 
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Figure 4.1. Testing recycling phenotypes of retromer cargo in hobbit 

mutants. 

A. Model of retromer mediated endosome to Golgi trafficking. Vps10 

traffics from the Golgi to endosomes via the MVB pathway using Gga 

coats, and from endosomes to the Golgi using the retromer coat 

complex. Chs3 traffics from the Golgi to the PM, then is endocytosed, 

and is recycled back to the Golgi by the retromer coat complex. 

Mutations in retromer prevent recycling from endosomes to the Golgi, 

and result in retromer cargo being delivered to the vacuole.  

B. Live cell fluorescence microscopy images of Vps10-GFP and Chs3-

GFP in WT, retromer, and hobbit double mutant strains.  
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was clearly altered; it had less PM and intracellular punctate localization, and 

accumulated in the vacuole (Figure 1B left). These data indicate that the 

hobbit proteins are not essential components of the retromer complex.  But, it 

leaves open the possibility that they are specific cargo adaptors.  

 

Hobbit localization in yeast: 

I generated FMP27-GFP and YPR117w-GFP gene fusions to examine 

the localization of the Hobbit proteins in yeast. Both Fmp27-GFP and 

Ypr117w-GFP primarily localize to cortical patches or puncta, in a pattern 

consistant with ER-PM contact sites (Figure 2A). Both proteins have relatively 

low expression levels, and the Ypr117w-GFP signal was barely detectable. 

Because of this, I focused my localization studies on the more easily 

detectable Fmp27-GFP. To test if Fmp27-GFP patches co-localized with ER, I 

co-expressed the pan ER marker RFP-HDEL. I found that Fmp27-GFP co-

localized with the cortical ER, consistent with Fmp27 being an ER-PM contact 

site protein (Figure 2A).  

Previous work studying SABRE localization in Arabidopsis suggested 

that SABRE was a PM protein (Pietra et al., 2013). To test if Fmp27 is a PM 

protein interacting with the ER, or an ER protein localized to ER-PM contact 

sites, I made a FMP27-GFP gene fusion in a mutant strain that lacks ER-PM 

contact sites (tether) (Manford et al., 2012). In this strain, Fmp27-GFP no 

longer localized to the cell cortex, but instead, localized to the nuclear 

membrane and internal structures, both nicely co-localizing with the ER-
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marker RFP-HDEL (Figure 2A bottom). These data indicate that Fmp27 is an 

ER protein that localizes to ER-PM contact sites.  

The ER localization of the hobbit proteins indicates that they do not act 

in endosome to Golgi recycling pathways, which is consistant with the WT 

recycling phenotypes of Vps10 and Chs3 in fmp27 ypr117w mutants. These 

localization data were shared with the Bashirullah lab, who subsequently re-

interpreted their localization data using ER markers. They found that Hobbit 

also localized to the ER in flies (Neuman and Bashirullah, 2018). These data 

suggest that the hobbit mutant phenotypes in flies are indirectly affecting 

secretory granule formation and endosome to Golgi recycling. 

Fmp27 (Found in Mitochondrial Proteome) got its name from  

mitochondrial proteome analysis (Reinders et al., 2006). Although my data 

clearly shows that Fmp27 appears to be an ER protein, that it was found in 

mitochondrial proteomics studies leaves open the possibility that it interacts 

with mitochondria, potentially at ER-PM-mitochondrion contact sites. To test if 

Fmp27 co-localizes with mitochondria, I expressed the mitochondrial marker 

Su9-dsRED in a strain expressing Fmp27-GFP. I found that Fmp27 does not 

co-localize with mitochondria, indicating that Fmp27 was likely a contaminant 

in the mitochondrial proteome experiments (Figure 2B).  
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Figure 2 

 



 

154 

 

Figure 4.2. Hobbit protein localization in yeast 

A. Live cell fluorescence microscopy images of endogenously tagged 

Ypr117w-GFP and Fmp27-GFP. RFP-HDEL is an ER marker and is 

expressed on a plasmid. Fmp27-GFP fusions were made in WT or 

tether strain backgrounds. 

B. Live cell fluorescence microscopy images of endogenously tagged 

Fmp27-GFP in WT or tether strain backgrounds. Su9-dsRed is a 

mitochondrial marker and is expressed on a plasmid. 
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Hobbit protein topology 

Extremely little is known about the Hobbit proteins. To make relevant 

hypotheses of Hobbit function, I tested the topology of the hobbit protein, 

Fmp27. The TMHMM Server v. 2.0 predicted Fmp27 was a type II 

transmembrane protein, with only 6 residues facing the cytoplasm, and over 

2,500 residues in the ER lumen. To empirically test the topology of Fmp27, I 

isolated microsomes from cells expressing Fmp27-GFP or GFP-Fmp27 and 

performed protease protection experiments. In these experiments, the luminal 

domain of Fmp27 should be protected from proteinase K treatment, but the 

cytoplasmic facing domain should be degraded. Because GFP is a very stable 

and tightly folded protein, it is resistant to proteinase K treatment, and will run 

as a free GFP band if it is exposed to the cytoplasm (Figure 3 top).  

The GFP-Fmp27 construct was very poorly expressed and was hardly 

detectable in its full-length form. This suggests that the GFP-Fmp27 fusion 

protein has a defect in membrane insertion and may be degraded. The 

Fmp27-GFP fusion protein was degraded after proteinase K treatment (Figure 

3 bottom left). The ER-luminal protein, Kar2, was used as a control to show 

that the microsome lumen is protected from proteinase K (Figure 3 bottom 

right) (Rose et al., 1989). The protease protection assay indicates that Fmp27 

contains either a hairpin like membrane domain or is a type I membrane 

protein with a large cytosolic domain.   
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Figure 3  
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Figure 4.3. Protease protection assay to determine Fmp27 membrane 

topology. 

A. Cartoon blots showing expected band patterns of potential Fmp27 

topologies. Cartoon showing potential Fmp27 topologies, the numbers 

next to each cartoon refer to the blots on the left.  

B. (Left) Anti-GFP western blot showing Fmp27-GFP and GFP-Fmp27 

from cell lysate, or the p40 fraction (microsomes). The p40 fraction was 

either mock treated, treated with 0.12ug/mL proteinase K, or 0.12ug/mL 

proteinase K and 1% triton X-100 for 25 min at room temperature. 

(Right) Anti-Kar2 western blot from the same samples in the left panel. 

“in” represents input, “P” represents that proteinase K was added, “T” 

represents that triton x-100 was added. 
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Testing Fmp27 for ER-PM tethering activity 

ER-PM tethering is mediated by several tethering proteins. To strongly 

reduce the formation of ER-PM contact sites 6-7 genes need to be deleted 

(Manford et al., 2012; Quon et al., 2018). Even after deleting 7 ER-PM tethers, 

cortical ER can occasionally be observed. It is not known if this contact is 

incidental or mediated by unidentified tethers (Quon et al., 2018). The Hobbit 

proteins localize to ER-PM contact sites and have a large cytoplasmic domain, 

these features are consistant with Hobbit being an ER-PM tether.  

To test if the Hobbit proteins are ER-PM tethers, I over-expressed 

Fmp27, testing for increased ER-PM contact, and I deleted both FMP27 and 

YPR117w in WT and the tether background to test for reduced ER-PM 

contact. I used thin-section transmission electron microscopy to measure the 

ratio of cortical-ER to PM in Fmp27 over-expression conditions, as well as 

fmp27 ypr117w mutant strains. I found that Fmp27 over-expression does 

not increase the ratio of cortical-ER/PM, instead, it slightly reduced PM 

tethered ER (Figure 4A). In fmp27 ypr117w double mutants, there was no 

significant difference in WT or tether backgrounds (Figure 4A). These data 

indicate that the Hobbit proteins are not primary ER-PM tethers.  

Finally, I tested if FMP27 overexpression could rescue the loss of 

tethering in the tether strain background. Using fluorescence microscopy, I 

imaged the ER using RFP-HDEL in cells grown in galactose media. I 

compared the amount of cortical ER in strains expressing FMP27 under its 

endogenous promoter, or the GAL1 promoter to overexpress FMP27 (Figure  
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Figure 4 
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Figure 4.4.  Measuring the ratio of cortical-ER to PM in fmp27 ypr117w 

or FMP27 overexpression cells. 

A. (Left) TEM image of a WT cell. The PM is false colored red and cortical-

ER is false colored green to show how cortical-ER/ PM ratios were 

measured. (Right) Graph represents the mean ratio of cortical-ER to 

PM in hobbit over-expression and deletion cells. The number atop each 

bar represents the number of cells for which the cortical-ER/PM ratio 

was measured. The error bar is the standard deviation between 

cortical-ER/PM ratio measurements from each strain.  

B. Fluorescence microscopy images of tether cells expressing the ER 

marker RFP-HDEL. FMP27 is expressed under its endogenous 

promoter in the upper panels, and under the GAL1 promoter in the 

bottom panels. Cells are from mid-log cultures grown in YPGal media.  
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4B). In cells overexpressing Fmp27, ER-PM tethering was not rescued. These 

data support my previous data, which show that the Hobbit proteins do not 

function as ER-PM tethers.  

 

Hobbit protein domains 

Fmp27 is an ER protein that primarily localizes to ER-PM contact sites, 

indicating that it can interact with lipids or proteins of the PM. While Fmp27 is 

conserved among eukaryotes, it does not share any domains with other 

proteins. While there are no shared domains, I did detect weak homology 

between Fmp27 and both Atg2 and Vps13. Both of these proteins are 

implicated in tethering and non-vesicular lipid transport  (Kumar et al., 2018; 

Osawa et al., 2019), and the homologous sequence is near characterized lipid 

interacting domains in Atg2 and Vps13 (Figure 5A).  

To study which regions of Fmp27 are important for its cortical 

localization, I used sequence conservation analysis to identify potential 

domains (Figure 5A). I then tested the localization pattern of truncation 

mutants lacking one or more of the potential domains (Figure 5A). This 

analysis clearly shows that the C-terminal conserved region of Fmp27 is 

important for its cortical localization, and unsurprisingly, that the TM domain is 

required for its ER localization. These data indicate that the C-terminal 

conserved region (D4) may be interacting with lipids, or proteins in the plasma 

membrane, but that this interaction is not strong enough to target the entire 

300Kd protein to the PM. To further test the PM targeting ability of the D4  
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Figure 5 
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Figure 4.5. The C-terminal conserved region is required for cortical 

localization. 

A. (Upper) Histogram showing the conservation of Fmp27 based on a 

multiple sequence alignment of 10 homologues from different fungal 

species.  (Lower) Potential domain architecture of Fmp27 based on 

protein conservation. Orange and red bars show the region of Fmp27 

with homology to Atg2 or Vps13.  

B. (Left) Live cell fluorescence microscopy images of Fmp27-GFP, and C-

terminal Fmp27 truncations.  FMP27-GFP and C-terminal truncations 

were made at the endogenous FMP27 locus and are expressed under 

the endogenous promoter. (Right) Live cell fluorescent microscopy 

images of N-terminal Fmp27-GFP truncations. N-terminal GFP fusions 

were made at the endogenous FMP27 locus but are expressed using 

the YPQ1 promoter.   
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region of Fmp27, I made a GFP-D4 fusion protein. This fusion also failed to 

localize to the cell cortex, indicating that this region only weakly interacts with 

the PM, or requires other domains in Fmp27 to bind the PM (Figure 5B).     

 

hobbit mutant phenotypes 

I searched high-throughput databases to identify drug sensitivities and 

genetic interactions of hobbit mutants. One promising hit was that fmp27 

cells were sensitive to scalaradial (Hoepfner et al., 2014). Unfortunately, I 

could not find a way to order this drug or find convincing data describing its 

target(s). What I found very interesting about this hit was that most of the other 

mutants sensitive to scalaradial encode ER-PM contact site proteins, and 

many of them were thought to be involved in sterol transport (Gatta et al., 

2015; Murley et al., 2017).  

To test if the Hobbit proteins were involved in sterol transport between 

the ER and PM, I tested hobbit mutants for sensitivity to amphotericin B 

(AmB), a drug that extracts ergosterol from the PM (Anderson et al., 2014). I 

found that fmp27 or ypr117w mutants have very mild, if any, sensitivity to 

AmB. Double mutants, however, were more sensitive to AmB, indicating that 

Fmp27 and Ypr117w can complement each other (Figure 6A).  

The fmp27 ypr117w mutant sensitivity to AmB is mild compared to 

lam2, a putative ER-PM sterol transporter (Figure 6B). To test if the hobbit 

proteins’ function is partially redundant with Lam2 or other ER-PM contact site 

proteins, I deleted fmp27 ypr117w in lam2, and tether strain  



 

165 

 

Figure 6 
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Figure 4.6. hobbit mutants have sensitivity to amphotericin B. 

A. Growth assay comparing WT, ypr117w, fmp27, and fmp27 

ypr117w cells. Serial dilutions of cells were plated onto YPD and YPD 

with 1µg/mL amphotericin B (AmB).  

B. Growth assay comparing WT, fmp27 ypr117w, lam2, fmp27 

ypr117w lam2, tether, tether fmp27, and fmp27 ypr117w 

tether cells. Serial dilutions of cells were plated onto YPD, YPD with 

0.4 µg/mL AmB and YPD with 0.6 µg/mL AmB.  

C. Fluorescent microscopy of fixed cells stained with filipin. Cells were 

collected from mid-log cultures grown in YPD, fixed in 4% 

formaldehyde, and stained with 0.1mg/mL filipin for 15 min.  
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backgrounds (Figure 6B). In both mutant backgrounds deleting fmp27 

ypr117w increased the strain’s sensitivity to AmB. It was unexpected that 

hobbit mutants would increase the tether strain’s AmB sensitivity, since 

Fmp27 and Ypr117w normally localize to ER-PM contact sites (and 

presumably function there). These data could indicate that Fmp27 and 

Ypr117w can also function outside of ER-PM contact sites. However, I think it 

is more likely that Fmp27 and Ypr117w localize to, and function at, the few 

remaining ER-PM contact sites in the tether cells. Some small bright Fmp27-

GFP foci can be seen at the cortex of tether cells (Figure 2A, bottom), which 

is consistant with the functional localization of Fmp27 being ER-PM contact 

sites.  

To test if the distribution of sterols is altered in hobbit mutants, I stained 

cells with the sterol binding dye filipin. I found that filipin primarily localizes to 

the PM in WT and fmp27 ypr117w mutant cells (Figure 6 C). Even in 

tether fmp27 ypr117w (8null) cells, filipin staining at the PM appeared 

normal. Although ER-PM contact sites may be important sites for sterol 

transport, their loss does not strongly affect steady state sterol distribution in 

cells.  

Together, these data suggest that the Hobbit proteins may be involved 

in sterol or other lipid regulation between the ER and PM. The data also 

suggest that their role in these processes is highly redundant with other ER-

PM contact site proteins (and other pathways, like vesicular trafficking). It is 
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important to remain conscious to the idea that fmp27 ypr117w mutant AmB 

sensitivity could be due to defects indirectly linked to sterol transport.  

 

Identification of SL genes in the fmp27 ypr117w background 

hobbit mutants have only mild phenotypes in yeast (that I have found). I 

hypothesized that the Hobbit proteins may be functionally redundant with other 

proteins or pathways. To identify these potential pathways/genes, I used 

SAturating Transposon mutagenesis Analysis in Yeast (SATAY) to find 

synthetic lethal genes in the fmp27 ypr117w mutant background (Michel et 

al., 2017, 2019). This method is described in detail in chapter two of this 

thesis. In short, I used transposon mutagenesis to generate mutagenized 

libraries in both WT and fmp27 ypr117w strains. I sequenced the libraries to 

identify the transposon insertion sites and compared the insertion patterns 

between the WT and fmp27 ypr117w mutant libraries. Because transposon 

insertion should inactivate the genes they insert into, I looked for ORFs that 

contained transposon insertions in the WT library but did not in the fmp27 

ypr117w library. These ORFs should be synthetic lethal in the fmp27 

ypr117w mutant background and may represent genes that act in parallel 

pathways to the hobbit genes. 

Unfortunately, the SATAY screen did not detect any strong hits (Figure 

7A,B). I tested many weak hits, but none of them showed a synthetic growth 

defect on either YPD or transposition media. This indicates that the Hobbit 



 

169 

 

proteins are redundant with many proteins/pathways, or that the function of the 

Hobbit proteins is not important under the tested growth conditions. 
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Figure 7 
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Figure 4.7. Analysis of WT and fmp27 ypr117w transposon 

mutagenesis libraries.  

A. Plot comparing the number of unique transposon (tn) insertion sites per 

gene from the WT and fmp27 ypr117w libraries. Each blue dot 

represents a single ORF from the yeast genome. The position of each 

dot is dictated by the number of unique tn insertions from the WT library 

(x axis) and the number of unique tn insertions in that ORF found in the 

fmp27 ypr117w library (y axis).  

B. Zoomed in version of the plot in figure 7A. The identity of many of the 

synthetic lethal outliers are labeled. All of the SL outliers labeled were 

deleted in the fmp27 ypr117w strain background but did not cause a 

synthetic growth defect.  
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Discussion 

The Hobbit proteins are huge and mysterious. In both plants and flies, 

hobbit mutations cause severe growth defects (Aeschbacher et al., 1995; 

Procissi et al., 2003; Neuman and Bashirullah, 2018). On a cellular level, 

hobbit mutant phenotypes are most apparent in tissues with extreme secretory 

loads, like root tips and pollen tubes in plants, or salivary glands and insulin 

producing cells in flies. The best characterization of the cellular phenotypes 

are from the fly salivary gland, where they cause defects in the maturation of 

secretory granules, and delay or block their secretion (Neuman and 

Bashirullah, 2018). These defects are mirrored by endosome to Golgi 

recycling mutants, suggesting that the Hobbit protein may play a role in 

retrograde trafficking.  

In yeast, I have shown that the Hobbit proteins reside in the ER and 

localize to ER-PM contact sites. This localization is inconsistent with a direct 

role in endosome to Golgi retrograde trafficking. I shared my localization data 

with the Bashirullah lab, and they confirmed that the Hobbit protein localized to 

the ER in flies, however, at-least in salivary gland cells, it did not appear to be 

limited to ER-PM contact sites. It is perplexing how an ER protein would cause 

phenotypes mirroring endosome to Golgi recycling mutants.  

The localization of Fmp27 to ER-PM contact sites and the sensitivity of 

fmp27 ypr117w cells to AmB suggest that Hobbit proteins may be playing a 

role in non-vesicular lipid transport between the ER and PM. Recent work 

studying both Vps13 and Atg2 has demonstrated that they can facilitate non-
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vesicular lipid transport at membrane contact sites (Kumar et al., 2018; Osawa 

et al., 2019). The Hobbit proteins share some homology with these proteins, 

and localize to membrane contact sites in yeast, supporting the idea that the 

Hobbit proteins play a role in lipid transport between the ER and PM.  

While there are no severe cellular defects in fmp27 ypr117w mutants 

in yeast, hobbit mutants cause severe defects in specialized cell types with 

extreme secretory loads. In these cell types, there is an exceptionally high flux 

of proteins and lipids trafficked from the ER to the Golgi, and eventually to the 

PM. When secretory vesicles fuse with the PM, they don’t just deliver their 

protein cargo, they also deliver lipids and SNAREs required for vesicle fusion. 

The fusion machinery is endocytosed to endosomes and recycled back to the 

Golgi via retromer (as well as other coat complexes). Fusion machinery 

required for ER to Golgi trafficking is recycled by the COPI coat proteins. 

Together, endosome retrograde trafficking and COPI-mediated recycling 

maintain a closed loop, recycling proteins required for secretion. These protein 

recycling pathways also inherently recycle lipids, but they are thought to be 

regulated/stimulated by their protein substrates (Lucas et al., 2016; Arakel and 

Schwappach, 2018). Therefore, these established recycling systems are 

unlikely to represent the major pathway regulating/facilitating lipid recycling 

(especially for specific lipid recycling). I propose that the Hobbit proteins 

function to recycle lipids delivered to the PM through the secretory pathway 

back to the ER, and that this function is required to maintain homeostasis 

under extreme secretory loads.  
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Methods 

Media: Standard recipes were used for YPD and synthetic drop out 

media (Sherman, 2002). Drop out media was used for selection and retention 

of plasmids. All imaging experiments were done using synthetic complete or 

drop out media. Amphotericin B plates were made using the standard YPD 

recipe. After autoclaving Amphotericin B was added to cooled media before 

pouring plates (~65ºC). For each batch of Amphotericin B plates, I would make 

a range of concentrations from 0.2µg/mL-1µg/mL. I found that Amphotericin B 

was not stable in plates, and that phenotypes were hard to correlate with the 

exact concentration of Amphotericin B added.  

 

Protease protection assay: I collected 40 OD of cells from mid-log 

cultures grown in YPD. Cell pellets were re-suspended in pre-spheroplast 

media (100mM Tris pH8, 10mM DTT) and incubated for 10 min at room 

temperature. Cells were spun down and re-suspended in 4mL spheroplast 

buffer (0.1M phosphocitrate, 1M sorbitol, 0.5mg/mL zymolyase) and incubated 

at 30ºC for 30 min. Cells were then spun down and washed with 4 mL 0.1M 

phosphocitrate, 1M sorbitol. To lyse cells, cells were spun down and re-

suspended in 4.3mL lysis buffer (50mM Tris pH7.5, 0.6M sorbitol), then the 

suspension was dounced 15 times. The lysis product was spun at 500xg for 5 

min to remove intact cells, and 200uL of the supernatant was taken as the 

input sample. The remaining supernatant was centrifuged at 40,000xg for 10 

min. The supernatant was discarded, and the pellet was resuspended in 
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100µL lysis buffer. The resuspended pellet was then split into 3 tubes, 33µL 

each. Tube one was used as a mock experiment. The second tube was the 

protease protection experiment, and contained 0.12µg/mL proteinase K. The 

third tube was the protease positive control experiment and contained 0.12 

µg/mL proteinase K and 1% triton X-100 to disrupt membranes. The tubes 

were incubated for 25 min at room temperature. To kill proteinase K function, 

3µL 0.2M PMSF was added, followed by 33µL 2x sample buffer (150 mM Tris 

HCl, pH 6.8, 7 M urea, 10% SDS, 24% glycerol, bromophenol blue). The input 

fraction was precipitated in 10% TCA and re-suspended in 100µL 2x sample 

buffer. Samples were heated at 42ºC for 7 min then loaded on an 11% SDS 

page gel.  

 

Electron microscopy: 40 OD of cells were collected from mid-log 

cultures grown in YPD or YPGal. The downstream steps were identical to the 

procedure described in chapter two of this thesis.  

 

Quantification of the cortical ER/ PM ratio: I was blinded to the strain 

and growth conditions of cells in the EM images. I used ImageJ to measure 

the length of the PM from each cell by tracing the PM using the freehand line 

tool, I then measured the length of each ER-PM contact site using the same 

tool. The sum of the ER-PM contact measurements was then divided by the 

total length of the PM of each image. I then calculated the average of the 

cER/PM ratios for each strain. 



 

176 

 

Hobbit protein conservation analysis: I aligned the FMP27 protein 

sequence with the sequence of 9 other fungal species: Kazachstania 

naganishii, Tetrapisispora blattae, Kuraishia capsulate, Candida albicans, 

Cercospora beticola, Neurospora crassa, Ustilago maydis, Aspergillus flavus, 

Schizosaccharomyces pombe. The multiple sequence alignment was 

performed using the MAFFT 7.402-win64 program. The alignment was 

visualized using jalview. The conservation score of the alignment was used to 

determine conserved segments of the hobbit protein (potential domains). 

 

Filipin staining: DMSO was injected into the sealed container containing 

fillipin to generate a 20mg/mL stock. 7.5 OD of cells from mid-log YPD cultures 

were spun down and rinsed with 10 mL PBS. Cells were spun down and re-

suspended in 5 mL 4% formaldehyde in PBS, incubated for 10 min, then 

rinsed 3x with 5mL PBS.  Cells were stained in 0.1mg/mL filipin in PBS for 15 

min. Then cells were rinsed 2x with 1mL PBS. Cells were imaged using the 

DAPI filter set with 0.5 seconds exposure at 10% transmission. 

 

SATAY: For a detailed description of the SATAY protocol I used, please 

see chapter two of this thesis.  
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CHAPTER V 

 

Discussion 
 

 

Eukaryotes use membrane bound organelles to create specialized 

microenvironments within the cell. This has provided eukaryotes competitive 

advantages in many environments. The basic property that makes organelles 

useful, their biochemical isolation, also makes them regulatory and logistical 

burdens. To grow and maintain organelles, cells had to evolve specialized 

mechanisms to deliver proteins and lipids, as well as selectively remove 

proteins and lipids. And in order to maintain homeostasis, cells must be able to 

communicate between organelles to coordinate the function of each organelle.  

In this thesis I found that the ESCRTs play important roles in membrane 

maintenance throughout the cell. Surprisingly, I found that the ESCRT-III 

proteins play an important role in regulating lipid synthesis when cells lack ER-

PM contact sites. I also found that the ESCRTs can be recruited directly to the 

vacuole membrane to sort proteins into intraluminal vesicles (ILVs).   

 

ESCRT-III and ER-PM contact sites regulate lipid synthesis 

In the second chapter of this thesis, I screened for pathways that 

compensate for the loss of ER-PM contact sites. The ER is the first organelle 

in the secretory pathway, and where the cell synthesizes most of its lipids. The 
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ER makes extensive contact with other organelles in the cell (Phillips and 

Voeltz, 2016). Many functions of ER contact sites have been proposed, 

including lipid transport and/or regulation of lipid synthesis (Toulmay and 

Prinz, 2011; Jain and Holthuis, 2017). The organelles connected to the 

secretory pathway can receive lipids via vesicle trafficking; however some, 

such as mitochondria, are independent of the secretory system and thus are 

thought to rely mainly on ER contact sites for delivery of lipids (Kornmann et 

al., 2009).  

In yeast, ER-PM contact sites cover almost half of the PM (Manford et 

al., 2012; Quon et al., 2018). Surprisingly, cells that lack ER-PM contact sites 

grow well under normal laboratory growth conditions, indicating that additional 

pathways may be contributing to lipid transport, and/or regulation between the 

ER and PM (Manford et al., 2012). To identify these pathways, I used 

saturating transposon mutagenesis and next generation sequencing to identify 

genes that are synthetic lethal in a strain lacking ER-PM contact sites 

(tether).  

My best hits were components of the ESCRT complexes. In the tether 

background, mutations in ESCRT-III genes caused a severe synthetic growth 

defect. This defect was caused by dysregulation of lipid synthesis, resulting in 

lower levels of phosphatidylserine (PS) and phosphatidylethanolamine, and 

accumulation of free fatty acids and lipid droplets. Mutations in other ESCRT 

complexes or the AAA-ATPase VPS4 do not have synthetic growth 
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phenotypes, indicating that only ESCRT-III proteins are contributing to the 

regulation of lipid synthesis.  

This genetic profile does not fit any known pathways that require 

ESCRT proteins (Vietri et al., 2019). All known pathways require Vps4 and/or 

other ESCRT complexes to function. This indicates that ESCRT-III proteins 

are acting in a new pathway.   

 

The ER relies on the Tcb and Scs tethers to communicate with the PM 

The tether snf7 synthetic growth phenotype was not suppressed by 

restoring ER-PM contact sites using an artificial tether. This shows that the 

pathway lost in tether cells requires more than ER-PM proximity, and relies 

on the Tcb, Scs, or Ist2 proteins. This also indicates that other ER-PM contact 

site proteins are not involved in the synthetic lethal pathway. 

The Tcb tethers are homologues of the mammalian extended-

synaptotagmins. They are ER proteins, and mediate ER-PM tethering by 

interacting with the PM via their three C2 domains. The Tcb proteins also have 

a synaptotagmin-like mitochondrial-lipid binding protein (SMP) domain. These 

domains have been shown to be able to bind glycerolipids and are thought to 

act as shuttles allowing lipids to transport from one membrane to another 

(Kopec et al., 2010).  

The Scs proteins are homologues to the mammalian VAP proteins. The 

Scs proteins form a complex with Osh proteins, which have a lipid binding PH 

domain. Together these proteins tether the ER to the PM (Toulmay and Prinz, 
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2011). Besides their PH domain, Osh proteins also contain a hydrophobic 

pocket that can bind sterols and transfer them from one membrane to another 

(Schulz and Prinz, 2007). 

I tested the growth phenotype of snf7 in either tcb1/2/3 or scs2/22 

mutants to test which tether proteins contribute to the synthetic lethality with 

snf7Δ. I found that both mutant backgrounds gave partial growth defects when 

combined with snf7, indicating that the functions of both the Tcb and Scs 

proteins are required in the snf7 synthetic lethal pathway.  

Because both the Tcb and Scs proteins are thought to play a role in 

lipid transport between membranes, it is likely that the pathway contributing to 

snf7 synthetic lethality is lipid transport between the ER and PM. This lipid 

transport could serve different purposes; bulk flow of lipids between the ER 

and PM, fine tuning of lipid balance between the ER and PM, or as feedback 

to regulate lipid synthesis in the ER. 

My data supports the idea that lipid transport between the ER and PM 

serves to provide feedback to regulate lipid synthesis. I observed that lipid 

synthesis is dysregulated in tether cells. They have reduced levels of PS and 

accumulate lipid droplets. I have also shown that tether snf7 synthetic 

lethality can be suppressed by modulating lipid synthesis in two ways; 

overexpression of Dgk1, and stimulation of the Kennedy pathway using 

choline supplementation. Importantly, these suppression mechanisms work 

without restoring ER-PM contact sites, indicating that the flow of lipids 

between the ER and PM is not required.    
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Lipid synthesis step(s) dysregulated in tether snf7 mutants 

Lipid synthesis is clearly dysregulated in tether snf7 cells, however, I 

do not know which step(s) in lipid synthesis are being directly dysregulated. 

Identifying enzymes affected by the tether snf7 background will help point to 

pathway(s) that ER-PM contact sites and ESCRT-III proteins use to regulate 

lipid synthesis.  

Lipid profiles of tether snf7 cells show that they have higher levels of 

DAG and TAG, and lower levels of PS and PE. This is consistant with a 

general shift from the CDP-DAG pathway to the neutral lipid synthesis 

pathway. In yeast, the balance of phospholipid to neutral lipid synthesis is 

determined by the availability of PA and DAG (Carman and Han, 2011).  The 

availability of these substrates is regulated by Pah1 (PA phosphatase) and 

Dgk1 (DAG kinase). Pah1 dephosphorylates PA to DAG, which is the 

substrate for TAG synthesis (Carman and Han, 2018); and Dgk1 

phosphorylates DAG to make PA, which is then fed into the CDP-DAG 

pathway to make phospholipids (Han et al., 2008; Fakas et al., 2011). In 

tether snf7 cells overexpression of DGK1 partially rescues the synthetic 

growth phenotype. This supports the idea that Pah1 and/or Dgk1 may be 

dysregulated in tether snf7 cells.  

Pah1 regulation 

Pah1 has proven to be a key regulator to maintain balanced synthesis 

of phospholipids and neutral lipids (Carman and Han, 2018). Pah1 activity, 
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degradation, and localization have been shown to be regulated by its 

phosphorylation, with at least 5 protein kinases contributing to its 

phosphorylation status (Pho80-Pho85, protein kinase A (PKA), casein kinase 

II (CKII), Cdc28, and protein kinase C (PKC))  (Carman and Han, 2018). So 

far, studies have shown that most Pah1 phosphorylation is inhibitory, either 

causing its degradation, reduced catalytic activity, and/or preventing its 

membrane localization. However, phosphorylation by CKII is indirectly 

activating, because it inhibits subsequent inhibitory phosphorylation by PKA 

(Hsieh et al., 2016).  

Pah1 is dephosphorylated by a single phosphatase complex, Nem1-

Spo7 (Su et al., 2014). Dephosphorylated Pah1 localizes to the ER, where it 

has access to its substrate, PA (Choi et al., 2011). Nem1-Spo7 can also be 

regulated by phosphorylation by PKA, which reduces Nem1-Spo7 activity. 

Overexpressed Nem1-Spo7 cause similar phenotypes to tether snf7 cells; 

the accumulation of lipid droplets and reduced phospholipid lipid synthesis 

through the CDP-DAG pathway (Karanasios et al., 2013).  

Dgk1 regulation 

While Pah1 and even its regulators are highly regulated by 

phosphorylation, Dgk1 has not been shown to be regulated by 

phosphorylation. Dgk1 has only been shown to be transcriptionally regulated 

by Reb1, which is required for its expression (Qiu et al., 2013).    

 

Determining the lipid synthesis steps that are affected in tether snf7 cells 
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I think that examining Dgk1 and Pah1 expression and regulation are 

logical places to start looking for dysregulated targets in tether snf7 cells. I 

would first check the expression levels of the two proteins in tether 

snf7 cells compared to control cells. Then examine the phosphorylation 

status of Pah1.  

I have preliminary data suggesting that Pah1 is not dephosphorylated in 

tether snf7 cells. Instead, in tether snf7 cells, Pah1 undergoes a larger 

band shift on phos-tag gels than in control strains, indicating that it is more 

phosphorylated. This result indicates that Pah1 could be downregulated in 

tether snf7 cells, which is inconsistent with my observed lipid phenotypes. 

Determining the specific phosphorylated residues of Pah1, however is much 

more informative for understanding the regulatory affect. 

If Pah1 and Dgk1 are not found to be responsible for the lipid 

phenotypes seen in tether snf7 cells, I would systematically compare the 

expression level and intracellular localization of other enzymes involved in lipid 

synthesis in tether snf7 and control cells.  

 

Possible functions of ESCRT-IIIs in lipid regulation 

I was not able to determine the mechanism of ESCRT-III regulation of 

lipid synthesis. In most known ESCRT pathways, ESCRT-III proteins form 

filaments to deform and cut membranes. The only known exception is the Rim 

pathway, where ESCRT-III is still thought to form a filament (Obara and 

Kihara, 2014; Vietri et al., 2019). These pathways require the AAA-ATPase 
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Vps4 to provide scission force, and/or to disassemble ESCRT-III filaments. In 

the ESCRT-III lipid regulatory pathway, Vps4 is not required, indicating that 

canonical ESCRT-III function does not occur. This supports two classes of 

models: (1) ESCRT-III does not form filaments or deform membrane, or (2) 

ESCRT-III proteins interact with a different AAA-ATPase to exert force, or to 

disassemble ESCRT-III filaments.  

Because ESCRT-III proteins evolved as filament forming proteins, and 

all known ESCRT-III functions involve filament formation, I think it is unlikely 

that a non-filament function is occurring, however, every possible function of 

ESCRT-III proteins should be considered.  

Model (1): Snf7 has a positively charged membrane interacting domain, 

indicating that it can bind negatively charged lipids (Henne et al., 2011). Snf7 

can adopt an open or closed conformation, with the open conformation having 

a higher affinity to membranes (Tang et al., 2015). It is presumably possible 

that cytosolic levels of open-Snf7 (or other ESCRT-IIIs) are used to detect 

cellular levels of negatively charged lipids (PS or PIPs). 

This model could explain some of the lipid synthesis defects seen in 

tether cells and tether snf7 cells. In tether cells there is a massive 

accumulation of Ptdins(4)P at the PM. Because Ptdins(4)P is negatively 

charged, it would be a good binding substrate for open-Snf7, reducing 

cytosolic open-Snf7 levels, indicating that there are too many negatively 

charged lipids. The cell could use this information to reduce PS synthesis. In 

fact, my data clearly shows that tether cells make less PS than WT cells, and 
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instead, make more neutral lipids. Deleting Snf7, would eliminate cytosolic, 

open-Snf7, causing this signaling pathway to be further stimulated, making 

even less PS. This phenotype is also seen in tether snf7 cells, which have 

less PS than tether cells, and produce even more neutral lipids.  

This model relies on an unknown mechanism to sense cytosolic open-

Snf7 levels and transfer that signal to the regulation of lipid synthesis. This 

would also require open-Snf7 signaling to be subservient to ER-PM signaling 

(presumably also regulating lipid synthesis), since snf7 cells do not show 

reduced PS phenotypes. 

Model (2): ESCRT-III proteins may form filaments in a lipid regulation 

pathway. In this type of model, ESCRT-III proteins would rely on a non-

canonical method to localize and nucleate filament formation and use an 

alternative AAA-ATPase for filament disassembly and/or membrane scission. 

To facilitate lipid regulation, I could imagine ESCRT-III filaments being used to 

regulate lipid synthesis enzymes access to their substrates by corralling 

proteins into specific membrane domains.  

Model (3): Based on a recently published model from the Lippincott-

Schwartz lab. ESCRT-III filaments are used to deform the membrane of lipid 

droplets to allow for the release of fatty acids (Chang et al., 2019). In the 

published model, M1 Spastin recruits ESCRT-III proteins to lipid droplet-

peroxisome contact sites. In this model, the ESCRT-III filaments deform the 

lipid droplet membrane, allowing fatty acids to escape and enter peroxisomes. 
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They did not test the requirement for Vps4 in this pathway but do speculate 

that the AAA-ATPase activity of M1 Spastin may function in place of Vps4.  

Many aspects of this model fit with observations I have made in tether 

snf7 cells. For example, I see accumulation of free fatty acids in tether 

snf7 In this model, tether snf7 cells would be hydrolyzing TAG in lipid 

droplets, but unable to release the free fatty acids. This would also contribute 

to the accumulation of lipid droplets, another phenotype I observed. In yeast, 

there is no clear M1 spastin homolog that also contains an MIT domain, which 

is responsible for ESCRT-III recruitment. In yeast the only AAA-ATPase with a 

MIT domain is Vps4. This indicates that potential ESCRT-III recruitment or 

AAA-ATPase interaction is mediated through different binding interactions 

than observed in the Lippincott-Schwartz model (Chang et al., 2019).  

 

The Hobbit proteins 

In chapter four of my thesis, I studied the hobbit proteins. The hobbit 

proteins are large novel ER-PM contact site proteins. In yeast hobbit mutants 

do not cause strong phenotypes, but in specialized cell types with high 

secretory loads, hobbit mutants have defects in secretion (Aeschbacher et al., 

1995; Procissi et al., 2003; Neuman and Bashirullah, 2018). I hypothesized 

that the hobbit proteins are required for bulk recycling of lipids from the ER to 

the PM, but that this pathway is only used under conditions when secretory 

loads may outweigh endocytic or retromer related recycling.  
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Together, these observations support a model in which ER-PM contact 

sites can regulate lipid synthesis and be used as a mechanism for bulk lipid 

transport under extreme conditions.  

 

Vacuole membrane protein degradation: 

In the third chapter of this thesis, I studied the turnover pathway for 

vacuole membrane proteins. I used the lysine transporter Ypq1 as a model 

cargo because it was well expressed and could be easily triggered for turnover 

by starving cells of lysine. Initially, I hypothesized that ubiquitinated vacuole 

membrane proteins were recognized and sorted into vesicles by ubiquitin 

binding coat proteins. The vesicles would then be trafficked from the vacuole 

to endosomes. At endosomes the ESCRTs would sort the vacuolar proteins 

into intraluminal vesicles which would eventually be delivered to the vacuole 

lumen for degradation.  

I used a gene-fusion based genetic selection to identify genes required 

for Ypq1 degradation. The top hits in the screen were the ESCRT complexes, 

the ubiquitination machinery, and components of the HOPS endosome-

vacuole tethering machinery. I found that these mutants all prevented the 

ubiquitination of Ypq1 by affecting the trafficking of Ssh4 to the vacuole 

membrane, and so, had to find a way to bypass the normal ubiquitination 

mechanism to trigger Ypq1 degradation. To do this I helped engineered an 

FRB-FKBP rapamycin induced dimerization system to chemically recruit 

ubiquitin to Ypq1. Using this system, I was able to show that ubiquitinated 
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Ypq1 did not sort off the vacuole, but instead, the ESCRTs were recruited to 

the vacuole surface to sort and directly internalize ubiquitinated Ypq1 into the 

vacuole lumen.    

 

ESCRT recruitment to the vacuole vs endosomes 

I showed that the ESCRTs can function on endosomes or the vacuole. I 

did not identify any specific adapters to recruit the ESCRTs to the vacuole. 

Instead, I found that ESCRT sorting on the vacuole membrane required the 

same basic signals as sorting on endosomes: phosphatidylinositol-3-

phosphate (PI3P), and ubiquitinated cargo.  

Vacuoles and endosomes are different organelles. The vacuole is the 

terminal organelle of the MVB pathway, and endosomes are transient carriers 

where sorting of proteins occurs before fusion with the vacuole (Klionsky et al., 

1990; Huotari and Helenius, 2011). Both organelles contain the lipid PI3P, 

which is required for recruiting the ESCRT-0 complex to membranes, but the 

ESCRTs primarily localize to, and presumably function on endosomes 

(Katzmann et al., 2003).  

It is possible that the lipid environment of endosomes is preferable to 

the ESCRTs. PI3P exists on both endosomes and the vacuole; however, the 

vacuole also contains phosphoinositol-3,5-P2, which is made by 

phosphorylating PI3P (Gary et al., 1998). This could reduce Ptdins(3)P levels 

on the vacuole membrane, reducing ESCRT-0 affinity to the vacuole.  
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One reason the ESCRTs are primarily found on endosomes could be 

due to coincidence detection. Many PIP binding proteins rely on coincidence 

detection for binding specificity (Carlton and Cullen, 2005). Many PIP binding 

proteins also bind Rabs. Although not before shown, it is possible that the 

ESCRT-0 complex uses the endosomal Rab5, Vps21, for endosomal 

coincidence detection. I find this model less likely, since the ESCRTs can 

localize to, and function on the vacuole membrane.  

A more likely candidate for coincidence detection on endosomes is 

ubiquitinated cargo. Vps27, an essential component of the ESCRT-0 complex, 

contains both a PI3P binding domain (FYVE) and several ubiquitin binding 

domains (Katzmann et al., 2003). While I have shown that ubiquitinated cargo 

do exist on the vacuole, endosomes contain a much higher density of 

ubiquitinated cargo, which could preferentially recruit the ESCRTs to 

endosomes (MacDonald et al., 2012).  

The observation that PI3P and ubiquitinated cargo on the vacuole are 

sufficient to drive ESCRT mediated sorting at the vacuole suggest that 

replacing the Vps27 FYVE domain with a different lipid binding domain could 

drive ILV sorting at alternative membranes. In early evolving eukaryotes 

without vesicular trafficking pathways, having a set of different ESCRT-0 type 

adaptors for different membranes could act as a stopgap measure to remove 

proteins from organelle membranes.  

 

Differences in vacuole and endosomal ESCRT function 
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While most of our data suggests that the functional requirements of 

ESCRTs on vacuoles and endosomes is the same, it is possible that there are 

differences. One way to identify them could be to reanalyze the mutants I 

identified in our gene-fusion based genetic selection.  

I initially collected over a thousand spontaneous mutants, and because 

I knew that many VPS genes block Ypq1 degradation due to defects in Ssh4 

trafficking, I first screened all our mutants for CPY secretion phenotypes to 

detect VPS mutants. I only proceeded with mutants that did not display a CPY 

secretion phenotype. After identifying our mutants, I was surprised to find that 

many of them were ESCRT mutants. This suggests that I selected mutants 

that had defects in vacuolar sorting, but not endosomal sorting.  

By identifying ESCRT mutations that do not cause CPY secretion, but 

do block Ypq1 degradation, it could be possible to find features in ESCRT 

proteins that are specifically required for vacuole membrane sorting. These 

could be interaction sites with unidentified vacuolar ESCRT adaptors, or 

properties of the ESCRTs that allow them to specifically interact with the 

vacuole membrane. One possible experiment to detect vacuolar adaptors 

would be to screen for interacting partners with ESCRT components using 

SILAC comparing WT vs the endosome specific ESCRT mutant protein.  

 

Concluding remarks 

 In this thesis, I studied basic aspects of eukaryotic cellular organization 

and regulation. In both major studies, I identified the ESCRTs as key 
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components required for maintaining homeostasis, but I found that they 

functioned in distinct pathways. I found that the ESCRTs maintain the vacuole 

membrane proteome by sorting ubiquitinated proteins on the vacuole surface 

directly into the vacuole llumen. I also found that the ESCRT-III proteins are 

required for maintaining lipid homeostasis in cells that lack ER-PM contact 

sites.  

The ESCRTs first evolved in archaea, where they are required for cell 

division (Samson et al., 2008). In eukaryotes, many cells still use the ESCRTs 

for cell division, but they are also required for the MVB pathway, viral budding, 

nuclear envelope re-formation, and many other pathways (Stuchell et al., 

2004; Vietri et al., 2019). Transitioning prokaryotes required mechanisms to 

regulate the function of emerging internal membranes, but their toolbox of 

proteins was much smaller than modern eukaryotes. To maintain 

homeostasis, transitioning eukaryotes had to do more with less. Organelles 

require mechanisms to maintain their integrity and communicate. In this thesis, 

I described functions for the ESCRTs that satisfy these requirements, suggest 

that the ESCRTs played an important role in the evolution from prokaryotes to 

eukaryotes. 
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A New Method to Clarify Vacuoles for Electron Microscopy 
 

 
Jeff R. Jorgensen 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

199 

 

Preface 

I stumbled upon this method by accident. I was trying to capture and 

image Ypq1 sorting intermediates and thought that formaldehyde fixation 

would be faster acting than glutaraldehyde. Shortly after triggering Ypq1 

sorting, I put the cells on ice and added what I thought was formalin, directly to 

the growth media. I followed up this quick fix with our lab’s normal fixation and 

staining protocol. I was shocked when I imaged the cells. The vacuoles were 

mostly clear… After re-tracing my steps, I realized that the “formalin” I used 

was actually formamide. I have since repeated and optimized this procedure 

many times. The current version is described below.   
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Main 
The vacuole is where the cell sends its molecular garbage (Klionsky et 

al., 1990). This waste is delivered by autophagosomes (Takeshige et al., 

1992), multivesicular bodies (McKanna et al., 1979), and micro-autophagy 

(Mortimore et al., 1988). What is common among these methods is that they 

all utilize molecular “trash bags”, or membranes, to deliver the packaged 

waste. Although I like to refer to the vacuole as a trash can, it isn’t, instead of 

storing waste, the vacuole breaks waste down and recycles it (Klionsky et al., 

1990). And to do this, the vacuole must open each of these “trash bags” to 

allow hydrolytic enzymes to digest their contents 

Understanding how these “trash bags” are formed, delivered to the 

vacuole, and how they are opened and recycled, are important aspects of 

protein quality control, starvation response, and biology in general. While 

many of these questions can be addressed using biochemical methods, cell 

biological approaches to understand the ultrastructure of the cell’s “trash 

bags”, especially in the context of the vacuole, have been stymied. This is due 

to the electron dense staining of the vacuole when using OsO4 based 

fixation/staining protocols (Figure 1). It is thought that the dark staining is due 

to the high concentrations of phosphate and calcium in the vacuole lumen. 

Two approaches are commonly used to “clarify” vacuoles. The first is 

deleting components of the V-ATPase (vma4, vma16, etc) which eliminates 

the vacuolar proton gradient (Hirata et al., 1990). This is thought to clarify 

vacuoles because they are no longer able store high concentrations of  
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Figure 1 
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molecules (phosphate and calcium) in the vacuole lumen.  Eliminating the 

proton gradient, however, completely changes the physiology and morphology 

of the vacuole (Baars et al., 2007). The loss of the proton gradient prevents 

the activation of vacuolar hydrolases and blocks most active transport across 

the vacuole membrane (Ohsumi and Anraku, 1981; Ammerer et al., 1986), 

making this method unsuitable for studying “WT” vacuolar structures. 

The second approach uses a chemical cocktail of 0.01% Na-azide and 

0.01% Na fluoride, which deplete cellular ATP levels, indirectly inhibiting the v-

ATPase. The cocktail also contains 1M Tris pH 7.5, which helps neutralize the 

vacuolar pH and may dilute or draw out vacuolar phosphate and calcium via 

osmotic pressure (10, The methods in this paper do not include using 1M Tris, 

but Tris is essential for clarifying the vacuole. Upon correspondence with the 

author, it was revealed that 1M Tris pH 7.5 was used). While this method 

allows for the use of WT cells to study the ultrastructure of vacuolar contents, 

cells do not tolerate this treatment well ((MacDonald et al., 2012), see figures 

2 and 3). Some of the phenotypes associated with this treatment include 

plasma membrane blebbing/tubulation (Figure 2), nuclear engulfment of the 

vacuole (Figure 2 B), incomplete vacuole clarification (Figure 2 A), and general 

loss of membrane stability (Figure 2). 

I have developed a new chemical method which clarifies the vacuole 

lumen without the side-effects caused by previously published protocols. In 

this method, cells are treated with 10% formamide before fixation, this results 

in normal looking cells with transparent vacuoles, allowing for visualization of  
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Figure 2 
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internal membranous structures in the vacuole lumen after osminum staining. 

Formamide has been used to improve osmium tetroxide permeability in tissue 

blocks (Mikula and Denk, 2015), where it is thought to allow highly charged 

molecules pass through membranes. In this system, formamide may act as a 

carrier molecule, allowing for the diffusion of stored calcium and phosphorus 

across the vacuole membrane, preventing the dark osmium staining of the 

vacuole lumen. This treatment can be combined with genetic mutants to better 

understand the requirements of certain genes and their protein products in the 

formation of intraluminal vesicles, as well as their breakdown and recycling. In 

figure 3, formamide treated cells show that the vacuolar lipase Atg15 is 

required for the breakdown of ILVs. Formamide based vacuole clarification is a 

simple add-on to most EM fixation/staining procedures. Below I have outlined 

the procedure used to stain the cells in Figure 3.  

 

Figure 3 
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Reagents:  

 
2x Fix stock: 0.2M Na Cacodylate pH 7.4, 10mM CaCl2, 10mM MgCl2, 5% 
Sucrose 
 
Fix buffer (8mL): 
4mL 2x Fix stock 
3mL 8% glutaraldehyde 
1mL H20 
 
TDES: (100mM tris pH 7.6, 25 mM DDT, 5 mM EDTA, 1.2 M sorbitol) 
For 10 mL (Must add DTT just before use) 
   1M tris, pH 7.6   1 mL  
   1M DTT   250 µL  
   .5M EDTA   0.1 mL  
   2M Sorbitol  6 mL 
   ddH2O  2.65 mL 
 
2x Phos-Citrate: (0.2M Phos-Citrate, pH 5.9) 
  For 100 mL: 
   3.48 g K2HPO4 (4.56g if  K2HPO4*3H2O) 
   1.4 g Citric Acid  (1.53g if Citric Acid Monohydrate) 
 
2x Cacodylate Buffer for OsO4 staining: (0.2M Na Cacodylate, pH 6.8, 
10mM CaCl2) 
  For 100 mL: 

4.28 g Na Cacodylate  
   110.98 g CaCl2   
 
Osmium staining solution: (must be made just before use) 
0.4mL 20% K4Fe(CN)6 
0.8mL h20 
0.8mL Formamide 
2mL OsO4 
4mL.2M Na cacodylate pH 6.8, 10mMCaCl2 
 
 
Epon Resin (Hard Formation): 
  20 mL Embed 812 
  9 mL DDSA   
  12 mL NMA    
  0.82mL DMP-30  

Add DMP-30 last, mix first three, then add DMP-30, then mix 
again. 
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Procedure: 
 
Harvest cells: Centrifuge 40-60 ODE cells at 2K RPM 5 min. 
(I find cells grown in YPD at mid log phase produce the finest images) 
 
Clarify vacuoles: Resuspend cells in 20mL 0.1M Na Cacodylate pH 7.4, add 
2.2mL formamide (to 10%), incubate tubes on ice for 20-30 min. Centrifuge at 
2K RPM 5 min. 
 
Wash cells: 2x with 5mL 0.1M Na Cacodylate pH 7.4 (it is important to rinse 
out the formamide since it will quench glutaraldehyde). Centrifuge at 2K RPM 
5 min. 
 
Fix cells: Resuspend in 2 ml fix buffer and fix for 1 hour at 25°C with gentle 
agitation. Centrifuge, 2K RPM 5 min. 
 
Wash cells: 2x in 2ml 0.1M Na Cacodylate, pH 7.4. 
 
Rinse cells: 1x 2 ml TDES  
 
Soften cell wall: Resuspend in 1 ml TDES, transfer cells to microfuge tube 
and incubate at room temperature for 10 min. Centrifuge at 2K xg for 2 min. 
 
Rinse cells: Resuspend cells in 1mL spheroplast buffer, centrifuge at 2K xg 
for 2 min. 
 
Spheroplast cells: Re-suspend cells in 0.5mL spheroplast buffer, add 25 μL 
10mg/mL zymolyase. Incubate at RT for 30 min, occasionally turning tubes to 
mix. Centrifuge at 1.5K xg for 2 min. 
 
Wash cells: 2X with 1mL 0.1M Na Cacodylate pH 6.8 5mM CaCl2 (Be very 
gentle, use a cut pipet tip). Centrifuge 1.5K xg 2 min. (it is important to wash at 
this step as sorbitol will react with osmium tetroxide) 
 
Embed cells: Embed in 2% ultra-low-melt agarose (50-100µl). Place tubes on 
ice to solidify agarose. Remove agarose embedded cells and chop into small 
blocks ~2mm3 
 
Osmium staining: Post-fix blocks in osmium staining solution for 60 min at 
room temperature.  
 
Wash blocks: 4x with ~1mL water 
 
Uranyl acetate staining: Stain blocks with 1% uranyl acetate in water for 2hr 
to overnight at room temperature in the dark. 
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Wash blocks: 4x with ~1mL water 
 
Dehydrate blocks: dehydrate using a graded series of ethanol. Carryout 
50%, 75%, 95% 100% 10min each; then follow with 2x 10min washes in 100% 
ethanol at room temp. Remove ethanol. 
 
Propylene oxide transition: Add 1:1 Propylene oxide:ethanol, incubate 10 
min. Remove 1:1 solution. Add 100% propylene oxide, incubate 5 min, repeat. 
 
Resin permeation:  Add 1:1 Propylene oxide:epon resin to blocks, allow 
propylene oxide to evaporate overnight on a tissue rotator. 
 
Resin rinse: Remove as much resin as possible, cover blocks in fresh resin. 
Repeat twice throughout the day.  
 
Polymerize resin: Transfer a couple blocks into beam capsules with fresh 
resin, make sure the blocks rest at the bottom of the capsule. Incubate 
capsules in a 60°C oven at least 24 hrs.  
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Abstract  

The PM physically separates the cell from the outside world. 

Maintaining the lipid and protein composition of the PM is essential to maintain 

its integrity. ER-PM contact sites are proposed to be sites of non-vesicular lipid 

exchange between the ER and PM. In mutants that lack ER-PM contact sites 

(tether), the lipid composition of the PM is altered, and the PM becomes 

more permeable. The ESCRTs are required for the turnover of PM proteins, 

and in higher eukaryotes, have been shown to repair PM wounds. Here, I 

show that tether ESCRT mutants have a synthetic sensitivity to detergents, 

and that the ESCRT-III component Snf7 is recruited to the PM upon detergent 

stress. This data supports a model in which the ESCRTs are recruited to the 

PM to repair membrane disruptions in yeast.  
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Main 

In chapter II of this thesis I screened for synthetic lethal mutants in a 

yeast strain that lacks ER-PM contact sites using the SATAY assay (Michel et 

al., 2017, 2019). The ESCRT complexes were among the top hits found in this 

screen, however, after testing for synthetic growth phenotypes, I found that 

only tether ESCRT-III mutants had a synthetic growth phenotype. Because 

the SATAY assay requires a 14-18 day transposition step, I tested tether 

ESCRT mutants for chronological lifespan defects.  I found that tether 

ESCRT mutants had significantly reduced chronological lifespan compared to 

tether, ESCRT, or vacuolar peptidase mutants (Chapter II).  

In the early stages of the starvation response, the MVB pathway plays 

an important role in maintaining amino acid pools. After prolonged starvation, 

autophagy becomes the major source of amino acids (Müller et al., 2015). 

While it has been shown that the tether strain does not have a defect in 

autophagy, the ESCRTs have been implicated in autophagosome sealing 

(Takahashi et al., 2018). To test for a synthetic autophagy defect in tether 

ESCRT mutants, I used the GFP-Atg8 processing assay to monitor autophagy 

induction. I found that ESCRT mutants have a slight defect in GFP-Atg8 

processing but could not determine if this was due to autophagosome sealing, 

or a protease defect. The tether vps27 had no synthetic Atg8 processing 

defect, but the tether snf7 strain did (Figure 1A). I think that because cells 

were grown in synthetic media for this assay, and the tether snf7 lipid 
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imbalance may have affected autophagosome formation (see chapter II for 

lipid data). The lack of autophagy defect in the tether ESCRT (snf7 

excluded) mutants indicates that the reduced chronological lifespan is not due 

to defects in starvation induced amino acid recycling.  

The PM of tether cells has been shown to be more permeable to 

membrane impermeant dyes, especially after heat stress, indicating that the 

PM in tether cells is fragile (Omnus et al., 2016). In higher eukaryotes, the 

ESCRTs have been shown to mediate PM wound repair (Jimenez et al., 

2014). I hypothesized that lipid imbalance in the tether strain makes cells 

susceptible to PM wounding, and that the ESCRTs are required for repairing 

PM wounds. To test this idea, I grew cells in the presence of low 

concentrations of SDS, a membrane disrupting detergent. I found that low 

concentrations of SDS caused a mild growth defect in the tether strain, and a 

mild growth defect in ESCRT mutants. tether ESCRT mutants, however, 

were super sensitive to SDS, which is consistant with the idea that the tether 

PM is fragile and the ESCRTs help to maintain membrane integrity (Figure 1B, 

S1A). I tested components from each ESCRT complex and found that they all 

have a synthetic sensitivity to SDS in the tether background, however 

vps23 was less sensitive than the other ESCRT mutants. These data indicate 

that each of the core ESCRT complexes play a role in maintaining membrane 

integrity.   
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Figure 1 
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Figure A.2.1. tether ESCRT mutants are sensitive to detergents 

A. Western blot probing GFP-Atg8 before and after rapamycin treatment. 

Cultures were treated with 0.2 µM rapamycin for 3 hours. 

B. Growth assay to test for sensitivity to SDS. 10-fold serial dilutions of 

WT, tether, ESCRT, and tether ESCRT mutants were spotted onto 

YPD, SCD, and SCD + 0.05%SDS.  

C. Fluorescence microscopy images of rim21 cells expressing SNF7-

LAP-GFP from a CEN plasmid. Cells were untreated or treated with 1% 

saponin after a partial cell wall digestion.  

D. Quantification of the percent of cells with 3 or more cortical Snf7-LAP-

GFP puncta. Columns represent the average of three experiments, at 

least 100 cells were counted from each experiment. Scale bars 

represent the standard deviation between the three experiments.  
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Figure 1 supplement 
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Figure A.2.2. Each ESCRT complex is synthetically sensitive to SDS with 

tether 

A. Growth assay to test for sensitivity to SDS. 10-fold serial dilutions of WT, 

tether, ESCRT, and tether ESCRT mutants were spotted onto YPD, SCD, 

SCD + 0.05%SDS, and SCD + 0.05%SDS + 2mM choline.  

B. Growth assay to test for sensitivity to SDS. 10-fold serial dilutions of WT, 

tether, ESCRT, RIM, tether ESCRT, and tether RIM mutants were spotted 

onto YPD, SCD, and SCD + 0.05%SDS 
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In yeast, ESCRT components primarily localize to endosomes 

(Katzmann et al., 2003). However, activation of the RIM pathway can recruit 

the ESCRTs to the PM (Obara and Kihara, 2014). The RIM pathway is 

initiated by the PM protein Rim21, which can sense alkali stress, PM lipid 

asymmetry, or ion stress (Ikeda et al., 2008; Obara and Kihara, 2017). Upon 

stress, Rim21 interacts with Rim9 and recruits Rim8 to the PM. Rim8 is a 

Rsp5-ub ligase adaptor, and Rsp5 ligase activity is required for the 

downstream recruitment of a subset of ESCRTs to the PM. This recruitment 

eventually results in cleavage and activation of the Rim101 transcription factor. 

I first tested if the RIM pathway mediates PM wound repair by growing rim20 

or tether rim20 on plates containing detergent. The rim20 cells were not 

sensitive to SDS, nor did rim20 exacerbate the tether SDS sensitivity, 

indicating that the rim pathway does not recruit the ESCRTs to the PM for 

wound repair (Figure S1B).  

I next wanted to test if the ESCRTs are recruited to the PM to mediate 

wound repair in yeast. First, I deleted RIM21, which is the upstream stress 

sensor that mediates ESCRT recruitment to the PM via the RIM pathway. I 

verified that in the rim21 background Snf7-LAP-GFP is no longer recruited to 

the PM by alkali stress (which is the canonical activator of the RIM pathway). 

Previous studies showing ESCRT mediated PM repair have used the mild 

detergent saponin to induce PM damage (Jimenez et al., 2014). The cell wall 

in yeast, however, prevents this detergent from causing damage, so I did a 

partial cell wall digestion followed by saponin treatment. After this treatment, I 
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could see small cortical Snf7-LAP-GFP puncta in ~45% of the rim21 cells 

compared to only ~10% of untreated cells (Figure 1C,D). I also noticed that 

this treatment induced a strong vacuole membrane localization of Snf7-LAP-

GFP in most cells. This could be the result of endocytosed saponin damaging 

the vacuole membrane, inducing the recruitment of the ESCRTs to repair the 

vacuole membrane.    

It is not clear how the ESCRTs are recruited to the PM upon PM 

damage in yeast. Based on SDS sensitivity, all the ESCRT complexes are 

required for PM repair, indicating that ESCRT-0 can bind the PM. This could 

indicate that phosphoinositol-3-P is made at or near wound sites. It is also 

possible that a PM adaptor is used for PM binding.  
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Methods 

Media 

SDS and YPD plates were made using standard recipes (Sherman, 

2002). SDS was added to 0.05% to plate media just before pouring.  

Spotting assays were performed exactly as described in chapter II of 

this thesis. 

GFP-Atg8 processing assay 

Cells expressing GFP-ATG8 on CEN plasmids were grown in selective 

media. 7 OD of cells were harvested once cells reached OD600 of 1.5. Cells 

were then treated with rapamycin 0.2 µg/mL for 3 hr. After rapamycin 7 OD of 

cells were collected. 

Cell lysates were prepared and western blotted using anti GFP and anti 

G6PDH antibodies as described previously (Zhu et al., 2017).  

Saponin treatment/ Snf7-LAP-GFP recruitment assay 

Cells were grown to mid-log growth phase in -Ura media. 250µL of 

culture was removed and added to 250uL 0.2M phosphate-citrate buffer pH 

5.5. 5µL of 10mg/mL zymolyase was added, and cells were incubated for 

30min at 30C. After partial cell wall digestion, saponin was added to a final 

concentration of 1%. Cells were incubated for 1 min at room temperature, then 

imaged.  

Quantification of cortical Snf7-LAP-GFP puncta 

The percent of cells with at least 3 cortical Snf7-LAP-GFP puncta were 

averaged between 3 experiments. The file names describing the treatment of 
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cells were blinded by another lab member. I counted the total number of cells 

per image using the DIC channel, then I counted the total number of cells in 

with at least three cortical puncta (looking through all 6 Z-planes). I did this 

until I reached at least 100 cells from each experiment (every cell from each 

image quantified was counted).  
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 APPENDIX III 

The tale of two ubiquitins 

 

Jeff Jorgensen 
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Main 

To test the hypothesis that Ypq1 is sorted from the vacuole membrane into 

the MVB pathway, I needed to test the sorting phenotype of ubiquitinated Ypq1 in 

ESCRT and HOPS mutant backgrounds. I found, however, that Ypq1 

ubiquitination is blocked by these mutants because they perturb Ssh4 delivery to 

the vacuole (see chapter III of this thesis). The RapiDeg system allowed us to 

circumvent the ubiquitination problem by directly recruiting ubiquitin to Ypq1. The 

first generation RapiDeg system, called RapID, could induce Ypq1 degradation, 

but in ESCRT mutants it gave a very misleading phenotype.  

In ESCRT mutants, the RapID system would cause Ypq1 to sort into a 

strip at the vacuole membrane (Figure 1). This strip co-localized with endosomal 

markers, suggesting that ubiquitinated Ypq1 was able to sort from the vacuole to 

endosomes. This strip, however, had a distinct morphology from the canonical E-

dot.  

I found that the FRB-3xUb construct used in the RapID system still had the 

WT ubiquitin C-terminal tail. This allowed the FRB-3xUb(GG) construct to be used 

as “normal” ubiquitin in cells. In ESCRT mutants, ubiquitinated membrane 

proteins accumulate at the E-dot, and in the RapID strain, some of those proteins 

were ubiquitinated with FRB-3xUb(GG) (MacDonald et al., 2012). This caused 

Ypq1 to sort in trans, into an E-STrip (Endosomal-Sorting in trans). By mutating 

the C-terminal glycine to glutamic acid (FRB-3xUb(GE)), I was able to prevent 

FRB-3xUb(GE) from being used by the cell’s native ubiquitination machinery. This 

mutation prevented Ypq1 “endosome like” sorting phenotypes in ESCRT mutants 

(Figure 2).  



 

224 

 

Figure 1 
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Figure A.3.1. Differences between RapID and RapiDeg Ypq1 sorting 

phenotypes in ESCRT mutants 

A. Fluorescence microscopy images of RapID assay in WT and vps27 

mutants. 1µg/mL rapamycin was added to induce FRB-3x-Ub(GG) 

dimerization with Ypq1-GFP-2xFKBP.  

B. Fluorescence microscopy images of the RapID and RapiDeg assays in 

bro1 mutants. Images were taken before and 30 min after 1µg/mL 

rapamycin treatment. 
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Figure 2 

 

Figure A.3.2. Model of E-STrip formation in the RapID system 

FRB-3x-Ub(GG) can be used as normal ubiquitin by the cells ubiquitination 

machinery. In ESCRT mutants, ubiquitinated membrane proteins accumulate 

on the E-dot, and some of those proteins are ubiquitinated with FRB-3x-

Ub(GG). Rapamycin treatment induces dimerization between FRB and FKBP, 

causing Ypq1 to be sorted in trans by endosomes on the vacuole. 
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Ubiquitin chains can be used as substrate for E1, E2 and E3s 

The RapID phenotype illustrates an interesting idea in ubiquitin biology. 

Ubiquitin activating (E1), conjugating (E2), and ligating enzymes (E3) can use 

poly ubiquitin as a substrate. This means that free ubiquitin chains can be 

ligated to substrates in the cell. Because ubiquitin linkage patterns play an 

important role in determining downstream signaling, this could cause negative 

consequences (Akutsu et al., 2016).  

Deubiquitinating enzymes (DUBs) are responsible for removing 

ubiquitin chains from proteins and hydrolyzing ubiquitin chains into mono-

ubiquitin. The DUBs most likely keep mono-ubiquitin levels much higher than 

free ubiquitin chains, preventing this from becoming a significant problem in 

cells. The FRB-3xUb(GG) chain cannot be broken into mono-ubiquitin, 

because the glycines between ubiquitins have been mutated, making it a more 

potent ubiquitin chain substrate than native ubiquitin chains. It is, however, 

possible that in DUB mutant backgrounds, ligation of free ubiquitin chains can 

lead to unintended downstream signaling. 
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