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ABSTRACT
Glucose deprivation induces the synthesis of gluconeogenic enzymes such as
fructose-1,6-bisphosphatase
phosphoenolpyruvate

(FBPase),

carboxykinase

Saccharomyces cerevisiae.

malate

(Pck1p)

and

dehydrogenase
isocitrate

lyase

(MDH2),
(Icl1p)

in

Following glucose replenishment, these gluconeogenic

enzymes are inactivated and degraded. The mechanisms by which these enzymes are
degraded in response to glucose are dependent on the duration of starvation. Glucose
replenishment of cells starved for one day results in these proteins being degraded in the
proteasome. In contrast, replenishment of glucose to cells starved for three days leads to
these proteins being degraded in the vacuole via the Vid (vacuole import and
degradation) pathway. For the Vid pathway, the proteins are sequestered in specialized
vesicles termed Vid vesicles. The Vid vesicles converge with the endocytic pathway and
deliver their cargo to the vacuole for degradation. Recent studies have shown that
internalization, mediated by actin polymerization, is essential for delivery of cargo
proteins to the vacuole for degradation.
The objective of this dissertation was to characterize the functions of two
proteins, Vid30p and Vps34p, in the Vid pathway. The VID30 and VPS34 genes were
identified in a transposon library screen for mutants that were defective in FBPase
degradation. VPS34 encodes a class III phosphatidylinositol (PtdIns) 3-kinase (PI3K). It
was demonstrated that VID30 and VPS34 play a critical role in the association and
dissociation of Vid vesicles and actin patches respectively. In cells lacking the VID30
gene, FBPase and the Vid vesicle protein Vid24p were not localized to actin patches,
suggesting that Vid30p is important for the association of Vid vesicles and actin patches.
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Vid30p contains two protein domains, a LisH (lissencephaly type 1-like homology) and a
CTLH (C-terminal to the LisH) domain. The LIS1 gene is mutated in Miller-Dieker
lissencephaly. The CTLH domain has been implicated in microtubule function. Both
domains are required for FBPase degradation.
Surprisingly, ultra-structural and cell extraction studies indicated that 40-70% of
FBPase was in the extracellular fraction (periplasm) during glucose starvation. FBPase
levels in the extracellular fraction (periplasm) decreased following glucose re-feeding in
wild-type cells. The decline of FBPase in the extracellular fraction was dependent on the
SLA1 and ARC18 involved in actin polymerization and endocytosis. Moreover, the
decline of extracellular FBPase was also dependent on the VPS34 gene. Vps34p is colocalized with actin patches in three-day starved cells. In the absence of VPS34, FBPase
and Vid vesicle protein Vid24p associated with actin patches before and after the addition
of glucose. When the N736 residue of Vps34p was mutated to K (which inhibits kinase
activity) and when the C-terminal 11 amino acids were deleted, mutant proteins failed to
localize to actin patches and FBPase in the extracellular fraction did not decrease as
rapidly.

This suggests that VPS34 plays a critical role in the internalization of

extracellular FBPase in response to glucose.
This dissertation defines the roles of two proteins not previously associated with
the Vid pathway and implicates trafficking through the periplasm and actin
polymerization mediated endocytosis in the turnover of gluconeogenic enzymes in
response to glucose replenishment after prolonged starvation.
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Chapter 1

INTRODUCTION

1.1

History of protein degradation
In eukaryotes, protein levels in any cell are maintained by a balance between

protein synthesis and degradation (1). Shoenheimer and colleagues first observed the
degradation of proteins in 1940, using N15 - labeling of amino acids in adult animals (2).
The replacement of unlabeled amino acids with N15 - labeled amino acids in complex
protein molecules all over the body suggested ongoing turnover of protein (2). By the
late 1960s, studies suggested that protein degradation might be responsible for many
biological events in cells such as the formation of proteolytic enzymes from their inactive
precursors (3-5).

However, it was not until the 1980s when understanding protein

degradation made great progress and established that organ development and cell growth
requires a dynamic balance between protein synthesis and degradation (6-8).
It has been proposed that the degradation of proteins occurs by diverse
mechanisms, and that individual proteins are degraded at different rates. While the tumor
suppressor protein p53 has a half-life of only a few minutes, the muscle cell proteins actin
and myosin have a half-life of several days, and the oxygen-transport metalloprotein
hemoglobin has a half-life of a few months in humans (9). This variability in protein
turnover rate suggests that protein degradation is regulated and that deregulation could
contribute to developmental abnormalities or disease.
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Protein degradation is essential for the homeostasis of many cellular functions.
First, new protein synthesis requires a supply of amino acids (6). Second, the control of
cellular development and various metabolic processes are reliant on the degradation of
regulatory proteins such as inhibitory factors (e.g. Degradation of the Spy1/RINGO
protein promotes apoptosis and inhibits cell proliferation) and transcription factors (e.g.
Signal transducer and activator of transcription 3, known as STAT3) (10, 11) . Thus,
cells adapt to changes in environmental factors and stimuli by degrading proteins. For
example, when cells are starved of glucose, the synthesis of gluconeogenic enzymes is
induced. However, upon replenishment of cells with fresh glucose, the gluconeogenic
enzymes are no longer required and are degraded (12).
Recent investigations have uncovered an association between aberrant protein
degradation and human disease. For example, proteasomes degrade growth promoting
factors such c-myc under constitutive conditions, and failure to degrade c-myc contributes
to the development of cancer (13, 14). Aberrant protein degradation has also been
reported to contribute to many neurodegenerative diseases such Parkinson’s disease (PD)
and Alzheimer’s disease (AD) (15, 16). Additionally, protein degradation is critical for
many facets of the immune response, including cell adhesion, cell migration and antigen
presentation (17, 18).

The role of protein degradation in various disease processes

suggests a potential for novel therapeutics, based on promoting or interfering with protein
degradation.
Recently, it has been established that the degradation of proteins in eukaryotes
occurs by two major systems: the proteasomal degradation system and the
lysosomal/vauole degradation system. In the proteasomal degradation system, target
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proteins are ubiquitinated by a system of E1, E2 and E3 enzymes and delivered to the
proteasome for degradation (19, 20). In contrast, the lysosome, which contains many
hydrolytic enzymes, serves as the site of degradation for multiple pathways (21, 22).

1.2

Ubiquitin-Proteasome degradation pathway
The proteasomal degradation pathway is mediated by two specific steps: 1) the

target protein is tagged by the covalent binding of several ubiquitin polypeptides, and 2)
the proteasome degrades the tagged protein (23-25).

The proteasomes are large

multisubunit protein complexes that are found in the nuclei and cytoplasm of eukaryotes.
The 26S proteasome complex has two components: a 19S regulatory component and a
20S core component. The latter component is 700-750 KDa in size and is comprised of
28 subunits. The 20S component is shaped like a barrel with four stacked rings, two
inner β-rings and two outer α-rings (Fig. 1.1) (24). The 20S component is capped by the
19S component, which is comprised of two structures: a lid and a base.
Ubiquitin (Ub) is a polypeptide that is conjugated to the target protein in a
three step process facilitated by the E1 (Ub-activating), E2 (Ub-conjugating) and E3 (Ubligating) enzymes (Fig. 1.2) (25, 26). Ub is activated by the E1 enzyme in an ATPdependent process. Thereafter, Ub is linked to E2 by a thioester bond. Following this,
E2 facilitates the transfer of Ub from E1 to target proteins that are bound to E3.
Ultimately, E3 catalyzes the covalent binding of Ub to the target protein. It should be
noted that Ub is attached to protein targets through a covalent linkage between the Cterminal Gly of Ub and the ε- NH2 group of Lys residue of the protein substrate.
However, Ub may also be conjugated to the NH2-terminal amino group of the substrate.
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The specific binding of the E3 enzyme to proteins is pivotal in selecting proteins for
degradation. Through multiple conjugations of Ub to target proteins, a poly-Ub chain is
formed, and serves as a degradation signal that is recognized by the 19S component of
the 26S proteasome complex. In this manner, the poly-Ub proteins are then degraded by
the proteasome yielding peptides and ubiquitin. Finally, the deubiquitinating enzymes
function to recycle ubiquitin back into the ubiquitin pathway.

1.3

Lysosomal/Vacuole degradation pathway

1.3.1 Significance and role of vacuole
A major site of protein degradation in eukaryotes is the lysosome (27-29). These
single membrane organelles contain numerous acid hydrolases for degrading proteins
(27-29).

In Saccharomyces cerevisiae, the organelle that is homologous to the

mammalian lysosome is the vacuole (29, 30). The yeast vacuole maintains an internal pH
of 6.2 and is essential for cellular processes such as maturation of vacuolar resident
proteins, protein degradation, and for osmoregulation (29, 30). Genetic analysis has
identified many genes involved in the biogenesis of the vacuole in yeast (31). This has
facilitated in the identification of the vacuole dependent protein transport pathways such
as endocytosis, the vacuolar protein sorting (Vps) pathway, the cytosol to vacuole
targeting (Cvt) pathway, autophagy, and the vacuole import and degradation (Vid)
pathway (32).
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Figure 1.1 Schematic illustration of the 26S proteasome (Adapted from Xie, 2010).

The 26S proteasome comprises of the 20S core component (CP) and the 19S regulatory
component (RP). The 20S core component is a barrel shaped structure comprising of the
two outer α-rings and two inner β-rings. The 19S regulatory component is composed of
two components that form a lid and a base.
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Figure 1.2 Conjugation of ubiquitin to target proteins (Adapted from Goettsch and
Bayer, 2002).

The conjugation of ubiquitin (Ub) to target proteins occurs in three steps. First, Ub is
activated by the E1 enzyme in a process that requires ATP. Secondly, Ub is associated
with E2 by a thioester (S) bond. Thirdly, E2 facilitates the transfer of Ub from E1 to
target proteins (Sub) that are bound to E3. And Poly-Ub chains are formed by repeated
Ub conjugation of target proteins (Sub).
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1.3.2 Endocytosis
Endocytosis is a biological process that allows uptake of extracellular proteins
and polar molecules into the cell.

These proteins can then be transported to the

lysosome/vacuole. One of the best-studied examples of this process is the endocytosis of
the transferrin receptor (30, 33). In this endocytic pathway, the AP2 adaptor protein
complex is recruited at the plasma membrane. Interaction between transferrin receptors
and the AP2 complexes cause the receptors to aggregate into clathrin coated pits. After
that, the AP2 complexes interact with the clathrin triskelions and this facilitates in the
assembly of clathrin coated regions of the plasma membrane. Dynamin, a GTPase,
facilitates in the scission of clathrin coated vesicles containing transferrin receptors (34).
Thereafter, the receptors are transported through the early endosomes, late endosomes
and are finally delivered into the vacuole.
In yeast, endocytosis is categorized as either being dependent on ligand binding or
occurring in a constitutive manner. The overall transport of cargo is similar to that
outlined for transferrin receptors. A unique hallmark of yeast endocytosis is that the
early steps involve actin polymerization and mutations in genes involved in actin
polymerization can inhibit endocytosis (35, 36). An example of the ligand dependent
endocytic mechanism in yeast is the endocytosis of Ste3p, the receptor for the mating
pheromone a-factor (Fig. 1.3) (37, 38). Following binding of the a-factor to Ste3p
receptor, the receptor is endocytosed into cells.

Subsequently, the bound Ste3p is

transported through the early endosomes, the perivacuolar/endosome compartment (PVC)
and finally to the vacuole. Eventually, Ste3p gets recycled to the plasma membrane.
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1.3.3 Vacuolar protein sorting (Vps) pathway
The transport of vacuole resident proteins into the vacuole is essential for the
function of this organelle. Examples of such types of proteins include vacuole proteases
such as alkaline phosphatase (ALP), carboxypeptidase Y (CPY), proteinase A (PrA) and
proteinase B (PrB) (30). Of these, the sorting of CPY is the best-studied example in the
Vps pathway.

The precursor form of this protein is first synthesized and is then

translocated into the lumen of the ER, where it is subsequently modified to produce the
ER (p1) form. This p1 form of CPY is then transported to the Golgi, and is further
modified to produce the Golgi (p2) form. Sorting of the p2 form away from the secretory
pathway is mediated by the receptor Vps10p.

Thereafter, by transport through the

prevacuolar/endosomal compartment (PVC), the p2 form of CPY is delivered to the
vacuole.

In the vacuole, CPY is modified and cleaved by vacuolar proteases and

becomes the mature form of the protein, mCPY (39). To acquire a better understanding
of this pathway, genetic analyses were undertaken to identify mutants that affect the
sorting of CPY (39, 40). These mutants were named vps and were classified into six
classes (A to F) based on their structural and vacuolar protein sorting deficiencies. It
should be noted that in contrast to CPY, there are other vacuole resident proteins such as
ALP that do not travel through the PVC in their transport to the vacuole (41).
Additionally, it has also been determined that the Class E Vps proteins are involved in
regulating the transport of proteins out of the PVC (Figure 1.3) (30, 38, 42).
Sorting of vacuole resident proteins away from cell surface proteins is one of the
critical steps in the Vps pathway and occurs in the late Golgi (42). From previous
studies, it has been ascertained that VPS1, VPS34 and VPS15 are involved in the
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biogenesis and budding of vesicles. Of these, VPS1 is essential for the scission of
vesicles that are formed from the plasma membrane during endocytosis (43). VPS34
encodes a class III phosphatidylinositol (PtdIns) 3-kinase (PI3K) that functions to
phosphorylate phosphatidyinositol at the 3’ hydroxyl position to produce PtdIns 3phosphate (PI3P) (44). And PI3P is enriched in the membranes of endosomes and
vesicles (44). Vps34p is recruited from the cytosol to the Golgi/endosome via interaction
with the membrane-associated protein kinase Vps15p, which stimulates the PtdIns 3kinase activity of Vps34p (45, 46). In this manner, Vps34p and Vps15p function in the
late Golgi to drive vesicle biogenesis.

1.3.4 Autophagy
Autophagy is a metabolic pathway for the sequestration and delivery of
cytoplasmic material, such as proteins and organelles, to the lysosome/vacuole for
degradation (47, 48).

This catabolic process is non-selective and facilitates in the

recycling of proteins and amino acids. Moreover, autophagy is highly conserved in
eukaryotes. Under conditions of environmental stress and nutrient depletion such as that
of nitrogen, amino acids or carbon, cells induce the formation of a double-membrane
vesicle called the autophagosome for the delivery of cargo to the lysosome/vacuole (49,
50). Autophagy is classified into microautophagy and macroautophagy. In the former
process, the lysosome/vacuole directly engulfs and degrades cytoplasm.

In

macroautophagy, membrane engulfment of proteins occurs at a site that is different from
the lysosome/vacuole.
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Figure 1.3 Model of the endocytic and Vps pathway (Adapted from Gerrard and
Bryant et al., 2000).

Model depicts the sorting of vacuole resident proteins from the late Golgi to the vacuole,
and the endocytosis of Ste3p. Vacuole resident proteins bind to its membrane receptor,
Vps10p, and are consequently transported to the prevacuolar/endosomal compartment
(PVC). Thereafter, the vacuole resident proteins are released from Vps10p. From that
site, vacuole resident proteins are transported to the vacuole while Vps10p is recycled
back to the late Golgi. In the endocytosis of Ste3p receptor, the ligand-bound receptor is
endocytosed into cells. Ste3p is transported from early endosomes to the PVC, and
finally to the vacuole. Eventually, Ste3p is recycled to the plasma membrane.
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In Saccharomyces cerevisae, the autophagy process involves the interaction of
approximately 30 autophagy-related (Atg) proteins, of which 17 are required for the
formation of the autophagosomes (50). This multistep pathway proceeds in the following
manner (Fig. 1.4) (50-53). The absence of nutrients is first sensed by the target of
rapamycin complex 1 (TORC1) in cooperation with protein kinase A. Inactivation of the
TORC1 induces transcription and the subsequent translation of the 17 ATG genes to form
gene products that form the pre-autophagosomal structure (PAS).

At the PAS,

autophagosome formation entails enveloping of target cargos by an isolation membrane
(IM). This isolation membrane expands and eventually fuses to form the autophagosome.
The biogenesis of this vesicle is facilitated by two protein conjugation systems among the
Atg proteins, each comprised of two ubiquitin like proteins (Atg8p and Atg12p) and three
enzymes (Atg3p, Atg7p and Atg10p) that are essential for the conjugation reactions.
Atg12p forms a conjugate with Atg5p and Atg16p, while Atg8p is conjugated to
phosphatidylethanolamine (PE). It should be noted that PE is a primary component of
various biological membranes. It has been demonstrated that these conjugates localize to
the sites of autophagosome formation.

In this manner, these conjugation reactions

facilitate in the biogenesis of autophagosomes. Finally, autophagosomes merge with the
vacuole membrane in a process mediated by vacuolar SNARE proteins. Following
merger of the autophagosome with the vacuole, its contents are released into the lumen
for degradation by the various proteases.
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1.3.5 Cytosol to vacuole targeting (Cvt) pathway
The Cvt pathway is a constitutive and specific type of autophagy in yeast that uses
autophagosomal-type vesicles for the selective transport of hydrolases such as
aminopeptidase I (ApeI) and α-mannosidase (AmsI) to the vacuole for maturation (54).
Unlike autophagy, the Cvt pathway is a biosynthetic process. Interestingly, the two
pathways share a large number of genes. Similar to autophagy, the Cvt vesicles are
formed via a pre-autophagosomal structure (PAS). At the PAS, an isolation membrane
(IM) is formed that expands and fuses to develop into Cvt vesicles. The Cvt vesicles are
unique from autophagosomes in that while the diameter of the former is 150 nm, the
latter’s diameter ranges from 300-900 nm.
After biogenesis of ApeI and AmsI in the cytosol, the cargo proteins interact with
a receptor protein called Atg19p and the protein kinase Atg1p (Fig. 1.4) (50, 54-56).
This is referred to as the Cvt complex. The Cvt complex is targeted to the PAS via
interactions with the adaptor protein Atg11p.

Another protein, Atg8 mediates the

expansion of the IM to form the resultant Cvt vesicles.

Thereafter, Atg11p dissociates

from the Cvt complex and is recycled for future use. At the site of the vacuole, the outer
membrane of the Cvt vesicle merges with the vacuole membrane, which is mediated by
many vacuolar SNARE proteins. Then the vesicle is degraded by lipases and proteases,
and the cargo proteins are released and processed in the vacuolar lumen (57).
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Figure 1.4 Model of the autophagy and Cvt pathway (Adapted from Nakatogawa,
Suzuki, Kamada et al., 2009).

Schematic illustration of both the autophagy and Cvt pathway.

Conditions of

environmental stress and nutrient starvation induce the non-selective autophagy pathway.
At the pre-autophagosomal structure (PAS), an isolation membrane (IM) forms that
envelopes cytosolic proteins and organelles to form the autophagosome. The
autophagosome fuses with the vacuole membrane to release its contents into the vacuole
lumen for degradation. Under constitutive conditions, a selective autophagy pathway
called Cvt delivers cargo such as ApeI and AmsI in specialized Cvt vesicles to the
vacuole for maturation. The Cvt vesicles are similar to autophagosomes.
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1.4

Vacuole import and degradation (Vid) Pathway
The gluconeogenic enzymes, such as fructose-1,6-bisphosphatase (FBPase),

malate dehydrogenase (MDH2), phosphoenolpyruvate carboxykinase (Pck1p) and
isocitrate lyase 1 (Icl1p) are transported to the vacuole for degradation by a selective
autophagy pathway (58-62). This pathway is called the vacuole import and degradation
(Vid) pathway. The genes involved in this pathway are cumulatively called VID genes
(58-62).

For the purposes of characterizing this pathway, FBPase was selected as a

marker. The use of mutagenesis assays has facilitated identifying many genes that play a
role in the Vid pathway. For instance, mutants, created by subjecting cells to UV
irradiation, have been studied for their ability to degrade FBPase. A colony blotting
procedure was utilized to screen for mutants defective in FBPase degradation following
glucose replenishment (61).

The results from these experiments were validated by

studying for FBPase levels in mutants following glucose replenishment via western
analysis. It was determined that while FBPase was degraded with a half-life of 20-40
min in wild-type cells, mutants degraded FBPase with a half-life ranging from 120-400
min. Moreover, all vid mutations were recessive and complemented by the FBPase
degradation defect upon mating with wild-type cells.
Another strategy to identify genes involved in the Vid pathway was by transposon
insertional mutagenesis.

For this strategy, a transposon-lacZ/LEU2 library was

introduced into wild-type cells. The mutants were screened for FBPase degradation
defects using a colony blotting procedure (63). The identities of the mutated genes were
ascertained by extracting the genomic DNA and the subsequent amplification of the
nucleotide sequences adjoining the transposon insertion site via PCR amplification. The
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product from the PCR amplification was sequenced and analyzed using gene sequence
alignment software from the National Center for Biotechnology Information (NCBI).
Moreover, the degradation defect attributed to these mutants was confirmed by using
yeast null mutants for the corresponding genes. Furthermore, the FBPase degradation
phenotype was rescued upon transforming the corresponding VID genes into these
mutants.

The vid mutants are distinct from those affecting protein secretion (sec),

vacuolar proteolysis (pep) and vacuolar protein sorting (vps).

Upon studying the

distribution of FBPase in cells of these mutants, it was inferred that the mutants can be
classified into two categories. After replenishing cells with fresh glucose, some mutants
depicted a more diffused cytosolic staining of FBPase (Class A mutants) while other
mutants showed FBPase to be distributed in punctate structures (Class B mutants) (61).

1.5

Gluconeogenesis in Yeast

1.5.1 Gluconeogenesis
Gluconeogenesis is a conserved eukaryotic metabolic process that synthesizes
glucose from non-carbohydrate carbon sources such as acetate, pyruvate and glucogenic
amino acids (64). In contrast, another process called glycolysis functions to metabolize
glucose into pyruvate, releasing ATP as energy.

These processes act to maintain the

level of glucose, which is vital for the various metabolic activities of the cell.
Both gluconeogenesis and glycolysis are tightly regulated so as to ensure that only
one pathway is active at a time (64). Under aberrant conditions, if both pathways were
active, this would contribute to futile cycles and an overall consumption of ATP. As
such, cells modulate the two pathways by regulating the key enzymes of each process. In
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gluconeogenesis, the key regulatory enzymes are pyruvate carboxylase, glucose-6phosphatase and fructose-1,6-bisphosphatase (FBPase) (Fig. 1.5).

In glycolysis, the

enzymes are pyruvate kinase, hexokinase and phosphofructokinase.

FBPase, a key

gluconeogenic enzyme, catalyzes the hydrolysis of fructose-1,6-bisphosphate to fructose6-phosphate and Pi (65). To illustrate cellular regulation, when is glucose is plentiful,
fructose-2,6-bisphosphate is synthesized and this serves to inhibit FBPase and inactivate
the gluconeogenic pathway.

Concurrently, fructose-2,6-bisphosphate also activates

glycolysis via increasing the activity of phosphofructokinase.

1.5.2 Regulation of gluconeogenic enzymes
In Saccharomyces cerevisiae, essential regulatory enzymes in the gluoconeogenesis
pathway such as FBPase, MDH2, Pck1p and Icl1p are induced when cells are grown in
media depleted of glucose (12, 58, 66). These enzymes function to synthesize glucose
from non-carbohydrate carbon sources such as pvruvate or acetate. Upon supplying cells
with media containing fresh glucose, these enzymes are inactivated (12, 66, 67). This is
referred to as catabolite inactivation (12, 66, 67). FBPase is the best-studied example of
catabolite inactivation (12, 66). From previous investigations, it has been determined that
there may be many contributing factors; however protein degradation is the principal
mechanism that inactivates FBPase.
FBPase is a suitable candidate for degradation studies for two reasons. First,
expression of FBPase can be induced in response to specific stimuli (12, 58, 66, 68). And
secondly, following glucose replenishment, FBPase is promptly degraded and exhibits a
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Figure 1.5 Gluconeogenesis pathway.

Gluconeogenesis is the synthesis of glucose from non-carbohydrate carbon sources such
as pyruvate, acetate and glucogenic amino acids.
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half-life of approximately 20-40 min. A key factor in targeting FBPase for degradation
may be protein modification, and it has been suggested that phosphorylation of FBPase
may be a regulatory factor in this protein’s degradation (68). There is evidence that
FBPase is phosphorylated at serine 11 and that this phosphorylation increases following
glucose replenishment (69). Protein kinase A (PKA) and the Ras2 signaling pathway
mediate phosphorylation of FBPase (68-70).

1.5.3 Site of degradation of gluconeogenic enzymes
The site of degradation of FBPase is dependent on the duration of starvation.
From studies conducted by the Wolf lab, it has been demonstrated that during starvation
of yeast cells, the Gid complex (E3 ubiquitin ligase) comprising of seven Gid proteins
such as Gid1p/Vid30p and Gid4p/Vid24p binds to FBPase (71-74, 136). Following
glucose replenishment, Gid4p/Vid24p activates the complex, which then inactivates
FBPase by polyubiquitination (71-74, 136). The ubiquitin-conjugating enzyme (E2)
Ubc8p, encoded by GID3, facilitates the transfer of activated ubiquitin to FBPase bound
by the E3 ubiquitin ligase (71-74, 136). There is evidence that the N-terminal proline
residue is essential for the polyubiquitination of FBPase following glucose replenishment
(74).

Thereafter, ubiquitinated FBPase is then delivered to the proteasome for

degradation (71-75). This is because the mutations in genes involved in the proteasome
pathway such as CIM3 result in the inhibition of FBPase degradation (71-75).

In

contrast, the Chiang lab has demonstrated that after glucose starvation of yeast cells for 3
days, FBPase is phosphorylated and inactivated by PKA (58-60). Following inactivation,
FBPase is delivered to the vacuole for degradation (58-60). For instance, the degradation
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of FBPase was examined using a Δpep4Δprb1Δprc1 vacuole mutant. This mutant strain
contains deletion of proteases A, B and C. In the absence of these genes, there is
retardation in the degradation of proteins that are delivered to the vacuole (59, 62). In
this study, upon replenishing cells with fresh glucose following one day starvation it was
observed that FBPase was degraded normally.

However, following glucose

replenishment after 3 days glucose starvation, FBPase degradation was inhibited. This
suggests that FBPase degradation following 3 days glucose starvation is dependent on the
presence of vacuolar proteases.

More recently, it has also demonstrated that other

gluconeogenic enzymes such as MDH2, Pck1p and Icl1p also share the same degradation
characteristics as FBPase. Furthermore, the re-distribution of these enzymes from the
cytosol to vacuole following glucose replenishment has been validated by
immunofluorescence and immunoelectron microscopy studies. At present, it is suggested
that differential modification of FBPase following glucose replenishment dictates
whether the protein is degraded in the vacuole or the proteasome. Such a disparate
degradation behavior has been previously ascribed to the degradation of the fatty acid
synthase subunit ß (76). Depending on growth conditions, fatty acid synthase subunit ß is
degraded either in the vacuole or the proteasome.

1.6

Vid vesicles: Intermediate carriers of the Vid Pathway

1.6.1 Identification
From fractionation analysis, it was proposed that in the Vid pathway, FBPase was
delivered to the vacuole for degradation via intermediate vesicles. This hypothesis was
investigated by isolation and purification of FBPase-associated vesicles to near
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homogeneity (77). In this investigation, wild-type cells were shifted to glucose for 30
min at 22ºC and vesicles were purified. At this temperature, there is a delay in the
delivery of FBPase to the vacuole (77).

Following homogenization and subsequent

centrifugation, the intracellular organelles were separated by size via fractionation on a
Sephacryl S-1000 column.

Immunoblotting with antibodies against FBPase and

organelle markers enabled in assessing the purity of the isolated FBPase-associated
vesicles. FBPase was detected in two distinct peaks from the S-1000 fractionation (77).
The first peak was enriched in both the vacuole membrane marker CPY and the plasma
membrane marker Pma1p (77). Interestingly, the second FBPase peak was enriched in a
number of intracellular organelle markers. These include markers for the ER (Sec62p),
Golgi (Mnn1p), vacuole (CPY), mitochondria (cytochrome C), and the ER-derived
COPII vesicles (Sec22p) (77). Owing to the enrichment of the second FBPase peak with
numerous intracellular organelle markers, this peak was purified by further fractionation
on sucrose density equilibrium gradients. From this fractionation, it was ascertained that
FBPase was present in only one peak that corresponded to a density of 1.18 – 1.22 g/ml
(77). As this density did not correspond to any of the above intracellular organelle
markers, this indicated that FBPase might be contained in distinct intracellular structures.
Upon examining the FBPase containing peak using electron microscopy, a uniform
population of vesicles (35-50 nm in diameter) was observed (77).
An understanding of how the Vid vesicles facilitate delivery of FBPase to the
vacuole is vital to understanding the degradation kinetics of the Vid pathway. As such, it
was first hypothesized that if the Vid vesicles serve as intermediate carriers in the Vid
pathway, then FBPase will be associated with these vesicles prior to their delivery into
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the vacuole. Examining the distribution of FBPase at 22ºC aided in determining the
kinetics of FBPase association with Vid vesicles in wild-type cells (77).

In this

experiment, wild-type cells were replenished with fresh glucose for various times at
22ºC. It was determined that FBPase was associated with the Vid vesicle fraction at t=30
min and was then distributed in both the Vid vesicle and vacuole fractions by 60 min
(77). Moreover, FBPase was associated with the vacuole by 90 min (77). These results
indicate that glucose induces FBPase to be distributed in Vid vesicles and that this occurs
prior to delivery of this protein to the vacuole. CPY, which was used as a control in this
experiment, was not affected by glucose under these same conditions (77). To ascertain
whether FBPase was sequestered into the lumen of the Vid vesicles, the vesicles were
purified and then incubated in the presence or absence of proteinase K (77).

The

underlying principle of this assay is that FBPase that is sequestered into the lumen of the
Vid vesicles will be unaffected by proteinase K digestion and that FBPase that is
peripherally associated with the vesicles will be digested by proteinase K.

It was

determined that FBPase was stable when incubated with proteinase K, which indicated
that this protein was sequestered in the lumen of Vid vesicles (77). Addition of 2%
Triton X-100 to permeabilize the Vid vesicle membrane resulted in digestion of FBPase
by proteinase K. Thus, a portion of FBPase is sequestered inside Vid vesicles. However,
these observations do not rule out the prospect of low amounts of FBPase being
associated with the vesicles peripherally (77).

1.6.2 Proteins involved in the biogenesis and trafficking of Vid vesicles to the
vacuole
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Owing to the unique nature of the Vid vesicles, innumerable questions need to be
answered.

Questions ranging from the origin of the vesicles, to characterizing the

mechanism by which FBPase is sequestered, are imperative for better understanding the
Vid pathway. In addition, if Vid vesicles are intermediary carriers of cargo protein in the
Vid pathway, the vesicles should contain proteins that are essential for the import of
FBPase into the vesicles and also for transport of FBPase from the vesicles to the
vacuole.

In that endeavor, VID24 was characterized as a gene involved in the

degradation of FBPase in the Vid pathway (78).
The VID24 gene encodes a protein with a molecular weight of 41 kDa. Vid24p
has been characterized as a peripheral protein that is distributed to the Vid vesicles (78).
Under glucose starvation conditions, Vid24p is expressed at low levels in wild-type cells.
Following glucose replenishment, Vid24p is detected at increased levels from 20 to 120
min. It has been suggested that glucose induces de novo synthesis of Vid24p as addition
of cyclohexamide with glucose was determined to inhibit induction of this protein.
Furthermore, during glucose starvation, Vid24p produced weak fluorescence upon
studying the distribution of Vid24p by immunofluorescence microscopy. In contrast,
Vid24p produced a stronger fluorescent signal following glucose replenishment for 30 to
60 min. Interesting, Vid24p was mostly distributed in punctate structures within cells.
This suggested that Vid24p was associated with intracellular organelles, which were later
determined to be the Vid vesicles. This indicates that Vid24p is a structural protein for
the Vid vesicles. Furthermore, this also suggests that the vid24-1 mutant belongs to the
Class B category of mutants that accumulate FBPase in punctate structures. The above
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results highlight the requirement of Vid24p for the transport of FBPase from the Vid
vesicles to the vacuole for degradation.
The next question pertains to the origin of the Vid vesicles. It has been proposed
that the Vid vesicles may be derived from existing organelles and that they may be
synthesized in cells even prior to glucose replenishment. Investigations surrounding the
origins of the Vid vesicles have been hindered by the fact that Vid24p is only induced
following 20-30 min of glucose replenishment.

Therefore, events detailing the

biogenesis of Vid vesicles during the first 20-30 min of glucose replenishment are
difficult to examine with Vid24p. To circumvent this issue, an alternative strategy was
designed that entailed the screening of mutants that failed to form Vid vesicles. This
strategy would facilitate in assigning functions to mutants that were involved in specific
steps of Vid vesicle biogenesis. In this manner, it was ascertained that the UBC1 gene
was required for Vid vesicle biogenesis (79). As a matter of fact, the rate of FBPase
degradation was observed to decrease in the null mutant of UBC1. Moreover, there was a
diminished import of FBPase into the Vid vesicle fractions in the ∆ubc1 mutant. As
such, it could be inferred that in the ∆ubc1 strain, there is a decrease in the level of Vid
vesicles.

For instance, Vid24p levels were enriched in the pellet fraction that was

representative of Vid vesicles in wild-type cells.

However, Vid24p levels were

diminished in the pellet fraction in the ∆ubc1 mutant, indicative of an impaired
production of the Vid vesicles. At present, the mechanism by which UBC1 is involved in
the biogenesis of Vid vesicles has not been elucidated. Moreover, the formation of multiubiquitin chains has also been implicated in the degradation of FBPase in the Vid
pathway. As such, yeast strains expressing the R48K/R63K ubiquitin mutant, which
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blocks multi-ubiquitin chain formation, resulted in inhibiting the degradation of FBPase
in the Vid pathway. Interestingly, there was also a diminished amount of FBPase that
was associated with the Vid vesicle fraction. Thus, these observations suggest that the
UBC1 gene and the formation of polyubiquitin chains are involved in the biogenesis of
the Vid vesicles.
Another question is to understand how FBPase is imported into the Vid vesicles.
To elucidate this, an in vitro system was developed to investigate the sequestration of
FBPase into isolated Vid vesicles in the presence of the wild-type cytosol (80). A wildtype strain in which the endogenous FBP1 gene had been deleted for used for this in vitro
assay. The Vid vesicles were isolated from this strain by differential centrifugation.
Thereafter, the isolated Vid vesicles were incubated with a defined amount of purified
FBPase in a reaction mixture that also contained wild-type cytosol, ATP and an ATP
regenerating system. Proteinase K was added to the reaction mixture to degrade nonsequestered FBPase after 20 min of incubation. It was determined that 20-40% of the
purified FBPase was protected from proteinase K digestion in vitro.

Interestingly,

addition of 2% Triton X-100 to permeabilize the membrane facilitated in the digestion of
FBPase by proteinase K. As such, it can be inferred that FBPase is imported inside Vid
vesicles, and that this import requires ATP and cytosol. In addition, the cytosolic heat
shock proteins Ssa1p and Ssa2p have also been identified as being required for the import
of FBPase into Vid vesicles (80).
Vid22p is a plasma membrane protein that was also determined to regulate
FBPase sequestration into the Vid vesicles indirectly via the action of Cpr1p (63). Use
of a transposon mutagenesis strategy enabled in identifying the VID22 gene. Following
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its synthesis in the cytosol, Vid22p is then targeted to the plasma membrane in a manner
that is independent of the ER-Golgi transport pathway. It was determined that the null
mutant of VID22 inhibited the degradation of FBPase following glucose replenishment.
Interestingly, FBPase was found to accumulate in the cytosol of the ∆vid22 mutant strain.
This indicates that VID22 may be required for the import of FBPase into the Vid vesicles.
It was ascertained that FBPase sequestration into the Vid vesicles was inhibited upon
combining the ∆vid22 mutant cytosol with the wild-type Vid vesicles using in vitro
analysis. However, the wild-type FBPase import phenotype was rescued by incubating
the wild-type cytosol with Vid vesicles from the ∆vid22 mutant.

From these

experiments, it can be inferred that the ∆vid22 mutant may contain functional Vid
vesicles but have a defective cytosolic environment. It has been determined that Vid22p,
through its role in regulating the levels of Cpr1p, influences the degradation of FBPase.
This is supported by the fact that the levels of Cpr1p in total lysates are diminished in the
∆vid22 mutant when compared to that observed in wild-type cells. However, this defect
that is attributed to the absence of the VID22 gene is rescued by the addition of purified
Cpr1p in vitro or by overexpressing Cpr1p in vivo. As such, the Cpr1p protein, whose
levels are regulated by Vid22p, directly promotes FBPase import into the Vid vesicles.
At present, the mechanism by which Vid22p regulated Cpr1p levels has not been
elucidated.
The peptidylprolyl isomerase cyclophilin A (Cpr1p) was identified as being
required for the import of FBPase into Vid vesicles (81). This cytosolic protein serves as
a receptor for the immunosuppressant drug cyclosporin A. Cpr1p was identified owing to
its role as a mediator for the Vid protein Vid22p. By fractionating the wild-type cytosol
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by purification using ammonium sulfate precipitation, Superose 6 and G75 sizing
chromatography, and DEAE ion exchange chromatography, Cpr1p was isolated and
identified. The role of Cpr1p in the degradation of FBPase was determined by using the
∆cpr1 mutant strain. It was ascertained that in vitro FBPase import and the subsequent
degradation of FBPase was inhibited in the null mutant of CPR1. Furthermore, it was
determined that the sequestration of FBPase into the wild-type Vid vesicles was impeded
by the cytosol from the ∆cpr1 mutant. In contrast, import of FBPase into the Vid vesicles
from ∆cpr1 mutants was not impaired when supplied with the wild-type cytosol. The
role of Cpr1p in the involvement of FBPase import into the Vid vesicles was verified by
adding increasing amounts of purified Cpr1p to an in vitro reaction mixture containing
the Vid vesicles and cytosol from the null mutant of CPR1. A control experiment
comprising of addition of BSA to the in vitro reaction mixture containing the Vid vesicles
and cytosol from the null mutant of CPR1 did not stimulate FBPase import. This
suggests that Cpr1p has a direct involvement in the import of FBPase into the Vid
vesicles.

1.7

The Vid pathway merges with the endocytic pathway to deliver cargo to the
vacuole
In order to facilitate a better understanding of the biogenesis of Vid vesicles, Vid

vesicles were isolated, purified and interacting proteins or those serving as structural
components were identified using MALDI analysis. Interestingly, constituents of COPI
vesicles such as Ret1p, Ret2p, Sec21p and Sec28p were identified on purified Vid
vesicles (82). As described previously, the COPI vesicles mediate transport of proteins
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from the Golgi to the ER (83, 84). It has been previously reported that COPI proteins
have also been identified as components of endocytic compartments in both mammalian
cells and in yeast (83, 84). Moreover, COPI proteins are involved in multivesicular body
sorting in yeast and in endosomal trafficking in mammalian cells (83, 84). The Chiang
lab has been demonstrated that COPI proteins associate with Vid vesicles (82). This
suggests that the COPI proteins may play a role in FBPase degradation. The RET1,
RET2, RET3, SEC26, SEC27, SEC21 and SEC28 genes encode the different coatomer
proteins in yeast. With the exception of SEC28, all the other genes are essential. As
such, the role of the essential COPI genes in FBPase degradation was studied using
temperature sensitive mutants. Following glucose replenishment of the null mutant of
SEC28 and the COPI temperature sensitive mutants, it was ascertained that FBPase
degradation was impaired. Moreover, the ∆sec28 mutant and all of the temperature
sensitive mutants of COPI genes inhibited the import of FBPase into the Vid vesicles.
The ∆vam3 mutant served as a control in these experiments. The VAM3 gene encodes a
vacuolar t-SNARE that mediates fusion of intermediary vesicles with the vacuole. As
such, the ∆vam3 mutant blocks FBPase degradation following its import into the Vid
vesicles. These results suggest that the COPI genes are required for the import of FBPase
into the Vid vesicles. The above results were verified by studying the distribution of
FBPase in COPI mutants using sucrose density gradients. It was determined that FBPase
distribution was enriched in the cytosolic fractions in these mutants and its levels were
diminished in Vid vesicle fractions when compared to the ∆vam3 mutant. Intriguingly,
the FBPase distribution in COPI mutants was similar to that observed in the ∆ubc1
mutant. As these mutants inhibit the formation of Vid vesicles, this indicates that the
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COPI genes are also involved in Vid vesicle biogenesis. During glucose starvation,
COPI proteins were observed to localize with the Vid vesicle marker Vid24p and the
cargo FBPase. Interestingly, levels of COPI proteins in the Vid vesicle fractions
displayed a transient increase and decrease following glucose replenishment.
Furthermore, it was determined that COPI proteins associated with Vid24p forming a
complex.

This association was increased following glucose replenishment and was

required for recruiting Vid24p to the Vid vesicles.
As the COPI genes have been previously reported to be involved in endocytosis in
mammalian cells, it was important to determine whether endocytosis may be involved in
this degradation pathway (82). As a preliminary study, the kinetics of the uptake of the
lipophilic dye FM4-64 was examined under standard growth conditions. In wild-type
cells, after its internalization, the FM4-64 dye stains the endocytic compartments before
finally staining the vacuole membrane. Interestingly, the uptake of the FM dye differed
upon studying its distribution in mutants that inhibited the degradation of FBPase in the
Vid pathway. While mutants such as ∆vph1 displayed large FM circular distributions,
other mutants such as ∆vam3 produced small FM-containing circles. Having identified
Sec28p (COPI subunit of coatomer) as a structural protein of Vid vesicles, the
distribution of this protein was studied as a means to monitor Vid vesicle trafficking.
Sec28p was distributed in punctate structures following glucose replenishment of wildtype cells for 20-30 min. Following glucose replenishment, it was observed that Sec28p
was localized to FM-containing endosomes in wild-type cells. In contrast, Sec28p failed
to localize to FM-containing structures in the ∆vam3 mutant. As such, it can be inferred
that the VAM3 gene is required for the distribution of Sec28p to endosomes.
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It has been previously determined that the UBC1 gene is required for the
biogenesis of Vid vesicles. In the null mutant of UBC1, FBPase is enriched in the cytosol
and levels of Vid vesicles are diminished. The trafficking of Sec28p was also studied
using a ∆ubc1 mutant (82). It was postulated that if COPI genes are involved in Vid
vesicle biogenesis, then COPI proteins such as Sec28p may be discerningly distributed to
structural precursors of Vid vesicles in the ∆ubc1 mutant.

Following glucose

replenishment of the ∆ubc1 mutant, it was observed that at the earlier time points, Sec28p
was distributed at compartments that were stained by the FM dye. However, at later time
points, Sec28p was distributed to the FM stained vacuole membrane. These results
suggest that the UBC1 gene is not required for the anterograde transport of Sec28p to the
vacuole. As such, it can be inferred that the step following the delivery of Sec28p to
vacuole membrane may require UBC1.

It has been previously established that the

biogenesis and budding of the COPI vesicles requires the assembly of COPI proteins at
the budding site. Therefore, mutations of the COPI genes should result in altering the
distribution of Sec28p to sites where the COPI vesicle buds from a precursor structure.
Similarly, it was hypothesized that as Sec28p is a structural component of Vid vesicles,
mutations of other COPI genes should affect the distribution of Sec28p to sites where the
Vid vesicle is formed. To test this, the distribution of Sec28p was examined in a ret2-1
mutant. In this mutant, the ret2-1 gene encodes for a temperature sensitive protein which
comprises the δ subunit of the COPI complex. Shortly after glucose replenishment, it
was determined that Sec28p localized to FM containing endosomes in the ret2-1 mutant.
Interestingly, by 180 min following glucose replenishment, while FM had stained the
vacuole membrane, Sec28p was observed as punctate dots near or on the vacuole
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membrane. This suggests that either Sec28p is a component of vesicles that are in the
process of fusing with the vacuole or that Sec28p is budding from the vacuole as a
component of retrograde vesicles. This was clarified by studying the distribution of
Sec28p after pre-labeling the vacuole membrane with FM dye in the ret2-1 strain. It was
ascertained that Sec28p was distributed to buds that were forming on the vacuole
membrane following glucose replenishment. Based on these results, it can be inferred
that Sec28p containing vesicles are involved in both transport to and from the vacuole.

1.8

The TOR Complex 1 interacts with multiple cargo proteins targeted for
degradation in the Vid pathway
As a means to garner a more cumulative understanding of the Vid pathway, it is

imperative to know how cells recognize cargo proteins that are destined for degradation.
To address these goals, it was sought to identify cellular proteins that interacted with
FBPase. Under previously characterized growth conditions, putative FBPase interacting
proteins were purified by affinity chromatography. The bound material was subjected to
MALDI analysis. This facilitated in identifying Tco89p among other cellular protein
candidates (62). Tco89p is a component of the target of rapamycin complex 1 (TORC1)
which is also comprised of Tor1p, Kog1p and Lst8p (85, 86).
The role of Tco89p in the Vid pathway was characterized by examining the
degradation of FBPase, MDH2, Icl1p and Pck1p in the Δtco89 mutant (62). It was
determined that while FBPase, MDH2, Iclp and Pck1p were degraded in wild-type cells,
the degradation of these proteins was impaired in Δtco89 cells. This indicates that
Tco89p is required for the vacuolar dependent degradation of multiple proteins selected
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for the Vid pathway. It was also ascertained that components of TORC1 interacted with
FBPase, MDH2, Icl1p and Pck1p during glucose starvation (62).

Through kinetic

studies, it was established that Tor1p was dissociated from cargo proteins after the
addition of glucose. Interestingly, Tco89p remained associated with FBPase after the
addition of glucose. As such, Tor1p and Tco89p may dictate different functions in the
Vid pathway.

This also alludes to an inhibitory function of Tor1p association in

mediating cargo protein degradation.

This was verified by observing that cells

overexpressing the TOR1 gene exhibited a delay in FBPase degradation. As it has been
demonstrated that Tor1p is inhibitory to FBPase degradation, it was hypothesized that
treatment of wild-type cells with rapamycin would promote degradation of cargo protein.
However, it was determined that the addition of rapamycin impaired FBPase degradation
in wild-type cells following glucose replenishment. Furthermore, TOR1 overexpressing
cells inhibited the sequestering of cargo proteins into Vid vesicles. Similar results were
also observed in cells lacking the TCO89 gene. Surprisingly, TOR1 deletion has little
effect on FBPase degradation.
It was next determined whether Vid vesicle biogenesis was affected in cells
overexpressing TOR1 or in cells lacking this gene (62). Vid24p, a peripheral protein on
Vid vesicles was used to study the biogenesis of Vid vesicles.

From differential

centrifugation, it was ascertained that a fraction of Vid24p was detected in the Vid
vesicle-enriched fraction in wild-type cells.

Similarly, in Δtor1 cells, a fraction of

Vid24p was also detected in the Vid vesicle-enriched fraction. However, low levels of
Vid24p were present in the Vid vesicle-enriched fraction in cells overexpressing TOR1.
In support, low levels of Vid24p were also found in the Vid vesicle-enriched fraction in
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Δtco89 cells. These results suggest that TOR1 and TCO89 are involved in the biogenesis
of Vid vesicles.
From localization studies, it was determined that Tor1p and Tco89p were both
distributed on endosomes emerging from the plasma membrane (62). Moreover, these
proteins were also detected on vesicles forming from the vacuole membrane. Such
vesicles have been termed retrograde vesicles and these findings furnish support for
previous observations where retrograde vesicles containing Sec28p could form on the
vacuole membrane. Based on these results, it is proposed that TORC1 cycles between
the plasma membrane and the vacuole. This facilitates in maintaining the size of the
vacuole via the anterograde and retrograde transport pathways.

1.9

Early steps of endocytosis and actin polymerization are required for
degradation of cargo to the Vid pathway
It has been previously ascertained that the Vid pathway merges with the endocytic

pathway. An elucidation of this site of merger would afford a better understanding of the
Vid pathway. According to one postulation, the Vid vesicles may originate from the
plasma membrane or the vacuole. Alternatively, Vid vesicles may converge with
endocytic vesicles that are forming on the plasma membrane. This may suggest that
FBPase is also distributed near the plasma membrane. This was studied by examining, at
the ultra-structural level, the distribution of FBPase in wild-type and Δpep4 strains (87).
In these studies, following prolonged glucose starvation, the yeast strains were
replenished with media containing fresh glucose for 20 min.

Immunoelectron

microscopy using affinity purified FBPase antibodies followed by secondary antibodies
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Figure 1.6 Ultra-structural distribution of FBPase in Δ pep4 cells following glucose
replenishment for 20 min (Adapted from Brown, Dunton et al., 2010).

FBPase was visualized using a purified primary antibody against FBPase and a secondary
antibody conjugated with 10 nm colloid gold particles.
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conjugated with 10 nm colloid gold particles facilitated in visualizing the FBPase
distribution (Fig. 1.6). It was determined that in both wild-type and Δpep4 strains, a
significant percentage of FBPase was distributed in irregularly shaped intracellular
structures in the cytoplasm following glucose replenishment. Interestingly, FBPase was
also found near the plasma membrane. This suggests that the early steps of the endocytic
pathway are involved in the vacuole dependent degradation of FBPase. These irregularly
shaped intracellular structures (containing FBPase) were purified by high speed
centrifugation and passing the re-suspended pellet over a S-1000 column. In this manner,
it was ascertained that these intracellular structures were enriched for the Vid vesicle
marker Vid24p and the endosomal marker Pep12p. From this, it can be inferred that
following glucose replenishment, Vid vesicles may associate with the endosomes to form
large aggregates of FBPase containing structures.
Owing to the distribution of FBPase near the plasma membrane, this suggests that
the early steps of endocytosis may be required for the Vid pathway. In yeast, it has been
previously ascertained that the early steps of endocytosis is facilitated by actin patch
polymerization (36, 88-98). Actin patches are highly motile and have an approximate
lifetime of 10 to 20 seconds.

Each actin patch is comprised of actin filaments.

Additionally, each actin filament is composed of approximately 20 actin monomers.
Proteins involved in actin polymerization are recruited to the plasma membrane in a
specific and ordered sequence (Fig. 1.7).

At the site of cargo internalization, coat

module proteins and nucleation promotion factor (NPF) module proteins are recruited at
the same time for shaping the membrane and for regulating actin assembly. Coat module
proteins comprise of Sla1p, Lsb3p, Pan1p, and End3p and are involved in the initiation of
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actin patch polymerization. Deletion of coat module genes results in inhibiting actin
patch polymerization. The NPF module proteins consist of Las17p, type I myosins
Myo3p and Myo5p, and Vrp1p, Bzz1p and Bbc1p. With the exception of the type I
myosins, it should be noted that the coat module proteins and the NPF module proteins
are recruited independent of F-actin. Thereafter, the actin module proteins (consisting of
20 proteins) are recruited by F-actin to sites of actin assembly. The actin module proteins
are involved in the organization and dynamics of the actin network.

This module

comprises of proteins such as Act1p, Arp2/3 protein complex, Abp1p, Cap1p, Cap2p,
Sac6p and Aim3p among others. Deletion of actin module genes results in the formation
of actin patches with diminished motility. The Arp2/3 protein complex is involved in the
nucleation of branched actin filaments. This protein complex is comprised of Arp2p,
Arp3p, Arc15p, Arc18p, Arc19p, Arc35p and Arc40p. Additionally, the Las17p, Pan1p
and Abp1p proteins are required for the activation of the Arp2/3 complex. Finally, the
amphiphysin module proteins are recruited by F-actin to mediate scission of endocytic
vesicles. This module comprises of Rvs161p and Rvs167p. Actin cables mediate the
delivery of the endosomes to the vacuole.
Under standard growth conditions, upon examining the distribution of FBPase in
a Δend3 strain, it was determined that the distribution of FBPase in the plasma
membrane, endosome and Vid vesicle fractions was diminished in comparison to the
control Δvph1 mutant (87). This indicates that the early steps of endocytosis may be
required for the association of FBPase with Vid vesicles. As it has been previously
reported that actin polymerization facilitates the scission of endocytic vesicles from the
plasma membrane, the degradation kinetics of FBPase were examined in mutants that
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Figure 1.7 Actin polymerization assembly in yeast.

(I, II) At the site of internalization, actin polymerization assembly recruits the coat
module and nuclear promotion factor (NPF) module proteins for shaping the membrane.
(III) The actin module proteins are then recruited for maintaining the integrity and the
dynamics of actin assembly. (IV) The amphiphysin module proteins facilitate the scission
of endocytic vesicles.
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blocked the different steps of actin polymerization. In this manner, it was ascertained
that the null mutants of END3 and SLA1 served to inhibit the degradation of FBPase.
Thus, it can be inferred that the actin polymerization genes are required for the
association of FBPase with Vid vesicles. Next, fluorescent analysis was used to examine
the distribution of proteins to actin patches (sites of actin polymerization).

During

glucose starvation, it was ascertained that there was a low percentage of co-localization
of FBPase with actin patches in wild-type cells (87). Following glucose replenishment
for up to 30 min, FBPase produced a high percentage of co-localization with actin
patches. Interestingly, after 60 min of glucose replenishment, FBPase showed less colocalization with the actin patches. The distribution of MDH2 to actin patches also
produced similar results. This indicates that the cargo proteins of the Vid pathway are
targeted to the sites of actin polymerization on the plasma membrane.
The distribution of the Vid24p to actin patches was next studied in wild-type cells
as a means to determine whether the Vid vesicles are distributed to actin patches (87).
During glucose starvation and following replenishment for up to 30 min, Vid24p was
observed to be co-localized with actin patches. Intriguingly, by the 60 min time point,
Vid24p demonstrated less co-localization with the actin patches. The distribution of
Sec28p to actin patches also produced similar results. This suggests that during glucose
starvation and following replenishment for up to 30 min, Vid vesicles associate with actin
patches. In addition, in the Δrvs167 strain, there is a prolonged association of Vid24p
and Sec28p with actin patches. As such, it can be inferred that the actin patches mediate
the scission of the Vid-endocytic vesicles from the plasma membrane.
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To summarize the above results, it is asserted that Vid24p and Sec28p are
distributed at the sites of actin polymerization (involved in the early steps of endocytosis)
during glucose starvation.

The gluconeogenic enzymes, FBPase and MDH2 are

sequestered into free Vid vesicles and Vid vesicles that are aggregated at the site of actin
polymerization. Following the scission of Vid-endocytic vesicles into the cytoplasm as
small Vid-endosomes, these vesicles cluster and form large asymmetrically shaped
structures.

Therefore, the Vid-endosomes serve as intermediary carriers of cargo

destined for degradation in the vacuole.

1.10

Current Model of the Vid pathway
Based on the aforementioned studies, we propose the following model for the

vacuole import and degradation pathway (Fig. 1.8). Growth of yeast cells under glucose
starvation induces synthesis of gluconeogenic enzymes such as FBPase, MDH2, Icl1p
and Pck1p. During glucose starvation, Vid24p and Sec28p are distributed as peripheral
proteins on free Vid vesicles and on Vid vesicles clustering around endocytic vesicles at
the sites of actin polymerization. Members of TORC1 interact with FBPase and other
cargo proteins during glucose starvation.

Following glucose replenishment, Tor1p

dissociates from cargo proteins, thereby enabling cargo proteins to be phosphorylated by
protein kinase A (PKA). It should be noted that both the TORC1 and PKA pathways
regulate cell growth with respect to nutrient availability (99).

However, there are

conflicting reports concerning the order of involvement of these two pathways. As such,
dissociation of Tor1p from cargo proteins may precede phosphorylation of cargo proteins
by PKA and vice versa (100, 101). Moreover, the TORC1 and PKA pathways could also
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be acting in concert via parallel pathways (99). Further studies will be required to clarify
this relationship.

Following inactivation of cargo proteins, Tco89p is required to

sequester cargo proteins into the Vid vesicles aggregating around endocytic vesicles
forming from the plasma membrane. Thereafter, proteins involved in the later steps of
actin polymerization, namely Rvs161p and Rvs167p, mediate scission of the endocytic
vesicles and these are released into the cytoplasm as small endosomes. The Vid vesicles
accrue around these endosomes to form irregularly shaped structures. The transport of
the Vid-endosome clusters to the vacuole for degradation of cargo proteins requires the
VPH1 gene. We further postulate that the Vid pathway uses a specialized endocytic
pathway. As such, we surmise that our model delineates multiple events ranging from
cargo protein interaction with TORC1 to merging of the Vid pathway with the endocytic
pathway at the actin patches as vital steps in the vacuole dependent degradation of
gluconeogenic enzymes.
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Figure 1.8 A model for the Vid pathway.

Gluconeogenic enzymes (cargo) targeted for degradation by the Vid pathway associate
with the TORC1 complex during glucose starvation.

Tor1p dissociates from this

complex following glucose replenishment. Thereafter, the cargo proteins are
phosphorylated by PKA. Tco89p mediates sequestration of the cargo proteins into free
Vid vesicles and into Vid vesicles clustered around endocytic vesicles forming on the
plasma membrane. Proteins involved in the later steps of actin polymerization, namely
Rvs161p and Rvs167p, mediate scission of the endocytic vesicles and these are released
into the cytoplasm as small endosomes.

The Vid vesicles aggregate around these

endosomes to form irregularly shaped structures. Vph1p is required for the transport of
the Vid-endosome clusters to the vacuole.

	
   48	
  

	
   49	
  

1.11

Goals and specific aims
The objectives of this study were to elucidate the mechanisms of the vacuole

dependent degradation of FBPase by identifying molecules essential for the distinctive
steps along the pathway. The objectives were included as part of two specific aims, that
are described in details in the following two chapters:

Specific aim I: Vid30p is required for the association of Vid vesicles and actin patches

Specific aim I: Vps34p is required for the internalization of extracellular FBPase
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Chapter 2

VID30P IS REQUIRED FOR THE ASSOCIATION OF VID VESICLES
AND ACTIN PATCHES

2.1

Introduction
Autophagy is a process by which a cell degrades its own components via the

lysosome/vacuole and is important for many biological processes including normal
development, life span extension and cell survival during stress (47, 48, 50, 102-112).
Furthermore, disrupted autophagy has been associated with diseases such as cancer,
neurodegeneration and aging (48, 102, 103, 113, 114). Multiple autophagy pathways
including macroautophagy, microautophagy and chaperone-mediated autophagy have
been characterized (47, 48, 50, 102-112).

The macroautophagy pathway is conserved

from yeast to human. It is induced in Saccharomyces cerevisiae that have been starved of
nitrogen (50, 115-118).

The starvation induced macroautophagy pathway degrades

proteins non-selectively and recycles amino acids during periods of starvation. This
pathway requires ATG genes that are also involved in the Cvt pathway that targets
aminopeptidase I from the cytoplasm to the vacuole and the pexophagy pathway that
degrades peroxisomes (50, 115-118). The non-selective macroautophagy pathway is
inhibited by Tor1p and is induced by rapamycin even in the absence of nitrogen
starvation.

In animal models of aggregate prone diseases, rapamycin clears large

aggregates and improves the performance of the affected animals (103, 119-123). Hence,
activation of the non-selective macroautophagy pathway may be beneficial for treating
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patients with aggregate prone diseases.
This study focuses on a specialized autophagy pathway in Saccharomyces
cerevisiae. When yeast cells are starved of glucose, gluconeogenic enzymes such as
fructose-1,6-bisphosphatase (FBPase), malate dehydrogenase (MDH2), isocitrate lyase
(Icl1p) and phosphoenolpyruvate carboxykinase (Pck1p) are induced (66, 67, 124, 125).
However, when glucose is added to glucose-starved cells, these enzymes are inactivated
(12, 60, 66, 75, 125-128). This has been termed “catabolite inactivation” and has also
been described for the high affinity glucose transporter, the galactose transporter and the
maltose transporter (66, 75, 129-131). The inactivation and degradation of FBPase has
been studied extensively. This protein is degraded in either the proteasome or in the
vacuole (59, 60, 71-75, 79, 127, 132, 133). Interestingly, the site of FBPase degradation
appears to depend on the duration of starvation (59). For example, when glucose is
added to cells that have been starved for one day, FBPase is degraded in the proteasome.
By contrast, when glucose is added to cells that are starved for three days, FBPase is
degraded in the vacuole (59).
The vacuole dependent degradation pathway utilizes small vesicles known as Vid
vesicles to sequester FBPase (77). This sequestration requires the heat shock protein
Ssa2p, cyclophilin A, and Vid22p (63, 80, 81). The UBC1 gene is required for the
formation of Vid vesicles (79). Vid24p is a peripheral protein on Vid vesicles and has
been used to study the trafficking of Vid vesicles in response to glucose (78). Recent
evidence suggests that the Vid pathway converges with the endocytic pathway (82).
Using the ∆vph1 mutant that blocks endocytosis at a late stage, FBPase is found in the
lumen of endocytic compartments and co-localizes with the FM 4-64 dye (82). This dye
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is internalized from the plasma membrane and traffics to the endosomes and later to the
vacuole (134). COPI coatomer proteins are present on Vid vesicles and they recruit
Vid24p to Vid vesicles (82). Moreover, the coatomer subunit Sec28p also traffics to the
FM-containing endosomes following the addition of glucose to glucose-starved wild-type
cells (82).
Recently, it was reported that the Vid pathway utilizes the early steps of
endocytosis to deliver cargo proteins to the vacuole (87). In yeast, actin polymerization
is required for early steps of the endocytic process (35, 88, 95, 135). Both Vid24p and
Sec28p associate with actin patches during glucose starvation and following glucose refeeding for up to 30 min (87). However, less co-localization is seen after the addition of
glucose for 60 min (87). In addition, the cargo protein FBPase also associates with actin
patches following glucose re-feeding and they dissociate at the 60 min time point (87).
The association of Vid vesicles and actin patches is critical for the integration of the Vid
pathway with the endocytic pathway.

It allows cells to remove intracellular and

extracellular proteins simultaneously. However, the genes that regulate this step of
convergence have not yet been identified.
In the present report, the role of the VID30 gene in the vacuole dependent
degradation of FBPase was characterized. The VID30 gene was initially identified using
a transposon library screen for genes that function in this degradation pathway.
Interestingly, this gene also has a role in the proteasome pathway in which it forms a Gid
complex with Gid4p/Vid24p and functions as an E3 ligase in the ubiquitination of
FBPase (136). The Gid complex is comprised of seven Gid proteins and this complex
binds to FBPase when yeast cells are starved in ethanol containing medium (136).
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Following replenishment to glucose after 1 day starvation, Gid4p/Vid24p activates the
Gid complex, which then polyubiquitinates FBPase before its degradation by the
proteasome (136). VID30 is also required for the rapamycin-induced degradation of the
high affinity hexose transporter Hxt7p and for the transcriptional regulation of multiple
genes involved in nitrogen metabolism (137, 138). However, the role of VID30 in the
vacuole dependent FBPase degradation pathway has not been examined. This may be
due in part to the fact that the Vid pathway has not yet been fully characterized. Vid30
contains a LisH domain (lissencephaly type 1-like homology domain) and a CTLH
domain (C-terminal to the LisH domain). The LIS1 gene is mutated in Miller-Dieker
lissencephaly, a disorder that causes severe retardation and early death (139-142). The
CTLH domain may be involved in microtubule function (143, 144). However, the
functions of these domains in the Vid pathway have not been elucidated. In the present
study, it is shown that Vid30p is distributed in multiple locations including Vid vesicles,
actin patches and FM-containing compartments. Furthermore, this protein interacts with
Vid vesicle proteins Vid24p and Sec28p. In yeast cells lacking VID30, FBPase and
Vid24p failed to associate with actin patches. This suggests an important role for VID30
in the association of Vid vesicles with actin patches. Vid30p lacking either the LisH or
CTLH domains inhibited FBPase degradation and FBPase trafficking.

Hence, this

suggests that Vid30p also has a role in the trafficking of FBPase at a later step in a
process mediated by the LisH and CTLH domains.

2.2

Materials and Methods

2.2.1 Strains, media and antibodies
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Table 2.1
Yeast strains used in the VID30 study

Strain

BY4742
Δvid30
Δpre9
Δblm10
HLY2884
HLY2890
HLY2588
HLY1418
HLY2586
HLY2594
HLY2676
HLY2164
HLY1655
HLY2691
HLY2257
HLY2693
HLY2258

Genotyope

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vid30::kanMX4
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 pre9::kanMX4
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 blm10::kanMX4
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 abp1::ABP1-mCherry-LEU2
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sac6::SAC6-GFP-HIS3 abp1::ABP1-mCherryLEU2
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vid30::VID30-GFP-HIS3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 fbp1::FBP1-GFP-HIS3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vid24::GFP-VID24-URA3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sec28::kanMX4 vid30::VID30-GFP-HIS3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vid24::kanMX4 vid30::VID30-GFP-HIS3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vid30::kanMX4 fbp1::FBP1-GFP-HIS3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vid30::kanMX4 vid24::GFP-VID24-HIS3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vid30::ΔLisH-VID30-GFP-HIS3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 fbp1::FBP1-GFP-HIS3 vid30::ΔLisH-VID30-V5His-URA3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vid30::ΔCTLH-VID30-GFP-HIS3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 fbp1::FBP1-GFP-HIS3 vid30::ΔCTLH-VID30V5-His-URA3

Table Legend: Genes are lowercase italic for recessive and uppercase italic for dominant. The symbol

Δ can denote complete or partial deletions. For example, if x represents gene and y represents allele,
then xΔy indicates deletion of allele y of the gene x. For gene disruption or protein tagging, if A
represents gene and B represents tagged gene or selection marker, then A::B indicates replacing gene A
with tagged gene or selection marker B. Yeast strain BY4742 was the wild-type base strain for making
mutations and tagged proteins.
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Table 2.2
Primers used in the VID30 study

Abp1p-GFP
P204F

GACCCACGTCTTGTTCAAAAGCCAACCGCTGCTGGTTCCAAGATTGATCCT

P202R

GACGTCTTTGTATAGTTCATCCATGCCATGTGTAATCCCAGCAGCTGTTAC

Vid30p-GFP
P79F

AACTCTTCAGATCCAAGATATTACAAAGCTATTAACTTCGACGAAGATGTGTTGAATTTACGGATCCCCGGGTTAATTAA

P79R

GGTGTCAAGTAAATTTCATTATATAAACGGTTTAAGACATATTAATATGCGATTTTTGGGGAATTCGAGCTCGTTTAAAC

Vid30p-V5-His
P171

CCCGGGGACGTCGACGTATCCTACACCTCTACTTCGACCATCACCACAACC

P172

GGATCCGTTAATTAATAAATTCAACACATCTTCGTCGAAGTTAATAGCTTT

FBPase-GFP
P121F

ATTTGGTTGGGTTCTTCAGGTGAAATTGACAAATTTTTAGACCATATTGGCAAGTCACAGCGGATCCCCGGGTTAATTAA

P121R

CCATCCCATTCCATTCGCTACTTCCTTTCTCTTTTCCTAAGAATTTTCATTATTAGAAGGGAATTCGAGCTCGTTTAAAC

LisH deletion
P188

TGCCCATTGACATTAACTGAACCGTCATCCACGC

P189

GCGTGGATGACGGTTCAGTTAATGTCAATGGGCA

CTLH deletion
P186

TCAAAATTAAATTTTCAATTTCGTCATCACGTTCTTCTTTCATGATCTGTCTTTC

P187

GAAAGACAGATCATGAAAGAAGAACGTGATGACGAAATTGAAAATTTAATTTTGA
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The yeast strains used in the study are listed in Table 2.1 and the primers are
listed in Table 2.2. Cells were grown in YPD (1% yeast extracts, 2% peptone and 2%
glucose) medium for high glucose conditions or YPKG (1% yeast extracts, 2% peptone, 1
% potassium acetate and 0.5% glucose) medium for low glucose conditions. Wild-type
cells that expressed Sac6p-GFP and Abp1p-GFP were purchased from Invitrogen
(#95700). Antibodies raised against HA were obtained from Roche (#11583816001) and
antibodies against V5 were purchased from Invitrogen (#R96025). Mouse monoclonal
anti-DsRed was purchased from BD Pharmingen (#51-8115GR). FM 4-64 dye (#T3166)
and rhodamine-conjugated phalloidin (R415) were purchased from Invitrogen.

2.2.2 Differential Centrifugation and FBPase degradation
FBPase degradation and differential centrifugation were performed as described
previously (80, 145). The preparation for Vid vesicle enriched fraction was performed as
described (80).

For differential centrifugation, wild-type cells expressing Abp1p-

mCherry were glucose starved for three days and harvested.

Cell lysates were

centrifuged sequentially at 1,000 x g, 13,000 x g, 100,000 x g and 200,000 x g. Pellet
fractions from 1,000 x g (P1), 13,000 x g (P13), 100,000 x g (P100) and 200,000 x g
(P200) and the cytosolic fraction (S200) were resolved by SDS-PAGE. The distribution
of Abp1p-mCherry and actin (Act1p) was examined by Western blotting. Vid30p-HA
were detected with the anti-HA antibody while Vid30p-V5-His was detected with the
anti-V5 antibody.

2.2.3 Fluorescence Microscopy
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For actin staining, yeast cells were grown under starvation conditions for three
days in 2 ml of YPKG. At each time-point, samples of the cells (300 µl) were taken and
fixed with 22 µl of formaldehyde for 5 min at room temperature.
harvested by centrifugation at 1,500 g for 2.5 min.

The cells were

Following the removal of the

supernatant, the cells were washed in 400 µl of PBS (140 mM NaCl, 2.7 mM KCl, 10
mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). After further centrifugation at 1,500 g for 2.5
min, the supernatants were removed and -20ºC acetone (800 µl) was added dropwise
while vortexing the sample. The cells were then incubated for 5 min at -20ºC. Cells
were washed in 400 µl of PBS and re-suspended in 80 µl of PBS. The cells were finally
stained with 1 µl of rhodamine-conjugated phalloidin at 0.2 U/µl in methanol and
incubated for 30 minutes in the dark at room temperature. GFP and actin were visualized
by fluorescence microscopy at 26°C with FLUAR 100X objective lens (1.30 NA) using
FITC and rhodamine filters respectively. The cells were imaged using a Zeiss Axiovert
S100 inverted microscope with an Axiocam MRm CCD camera and Axiovision v. 4.5
Software.
For FM staining studies, yeast cells were grown under starvation conditions for
three days in 1 ml YPKG. At the 0 min time point, 100 µl was taken directly from the
YPKG culture and 2.5 µl of 100 mM NaN3 was added. After centrifugation, cells were
re-suspended in 1 ml YPD and 1 µl FM dye (16 mg/ml in DMSO) was added. At each
designated time point thereafter, 100 µl aliquots of cells were taken from the YPD culture
and 2.5 µl of 100 mM NaN3 was added. GFP and FM signals were visualized by
fluorescence microscopy. The percent co-localization of GFP fusion proteins with either

	
   58	
  
FM signal or actin was determined from cells from at least three images and was
represented as mean and standard deviation.

2.2.4 Abp1p-mCherry, LisH and CTLH Domain Mutation
Abp1p-GFP was PCR amplified with P202 and P204 from cells that expressed
Abp1p-GFP (Invitrogen) and cloned into TOPO plasmid (B557). The plasmid was
digested with PshA1 and Pac1 and ligated with the fragment produced by Swa1 and Pac1
digestion from a plasmid harboring the mCherry and the LEU2 selection (B508). The
resulting plasmid (B566) contained the fusion of Abp1p in frame with mCherry. The
Abp1p-mCherry plasmid (B566) was integrated into the wild-type strain genome by
homologous recombination.
fluorescence microscopy.

The expression of Abp1p-mCherry was confirmed by
Primers P121F and P121R were used for FBPase-GFP

integration. The PCR products were purified with the Wizard SV PCR Clean-Up system
(Promega) and integrated as described previously (146). To produce the LisH and CTLH
domain mutation, the VID30 gene was amplified by PCR reaction using P171 and P172
(Table 2.2) as the forward and reverse primers, respectively. The VID30 gene was cloned
into a TOPO plasmid (Invitrogen) to produce B487. Vid30p-GFP (B506) was generated
by digesting the VID30-TOPO plasmid (B487) with PacI and ZraI, and this was ligated
to a fragment that was produced by PacI and SwaI digestion of the FBPase-GFP-HIS3
plasmid (B430).

Site directed mutagenesis was performed according to the

manufacturer’s suggestions (Strategene, #200518). The ∆CTLH mutation was generated
by site directed mutagenesis using a Vid30-V5-His (B487) template and the P186 and
P187 (Table 2.2) forward and reverse primers, respectively. The ∆LisH mutation was
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produced by site directed mutagenesis using a Vid30-V5-His (B487) template and the
P188 and P189 (Table 2.2) primers. ∆LisH-Vid30p-GFP (B523) was generated by site
directed mutagenesis using a Vid30p-GFP (B506) template and the P188 and P189
forward and reverse primers. ∆CTLH-Vid30p-GFP (B525) was produced by PCR using
the Vid30p-GFP (B506) as the template and P186 and P187 as the forward and reverse
primers, respectively. These plasmids were integrated into the wild-type strain genome
by homologous recombination.

Expression of mutated and tagged proteins was

confirmed by fluorescence microscopy and western analysis. The resulting mutations
were also verified by DNA sequencing at the Core Facility of the Penn State University
College of Medicine.

The Vid30p-GFP, ∆LisH-Vid30p-GFP, ∆CTLH-Vid30p-GFP

constructs were made and the sequences were verified by Mr. Ryan Lucas (Research
Technician).

The Abp1p-GFP and Abp1p-mCherry plasmids were made and the

expression was verified by Abbas A. Alibhoy (PhD candidate).

2.3

Results

2.3.1 VID30 is required for the degradation of FBPase in the vacuole
VID30 was previously identified using a transposon library screen for mutants
that failed to degrade FBPase following glucose re-feeding. Interestingly, this gene is
also involved in the proteasome dependent degradation of FBPase (136). It has been
shown that FBPase is degraded in the vacuole when glucose is added to three day starved
BY4742 cells (59). To confirm the role of VID30 in the vacuole dependent pathway,
BY4742 and ∆vid30 cells were grown in low glucose medium for three days and then refed with fresh glucose. The BY4742 cells degraded FBPase in response to glucose (Fig.
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2.1). However, FBPase degradation was impaired when glucose was added to ∆vid30
cells that were starved of glucose for three days (160). This suggests that the VID30 gene
is required for FBPase degradation in the vacuole.

The degradation of FBPase in

prolonged starved cells lacking the PRE9 gene and the BLM10 gene was also examined
(Fig. 2.1). PRE9 encodes that alpha 3 subunit of the 20S proteasome (25, 147). BLM10
encodes a proteasome activator protein that binds to the core proteasome particle to
activate proteolysis (145). FBPase was degraded normally in cells lacking either PRE9
or BLM10, suggesting that these genes are not involved in the degradation of FBPase in
the vacuole in prolonged starved cells. The role that VID30 plays in the trafficking of
FBPase in the endocytic pathway will be described in more details (160). In the current
study, the function of Vid30p in the vacuole dependent degradation of FBPase was
elucidated. Therefore, all subsequent experiments were performed using cells that were
grown in low glucose medium for three days and then switched to medium containing
high glucose for the indicated periods.

2.3.2 Vid30p associates with actin patches
Both Vid24p and Sec28p localize to actin patches during glucose starvation and
also at 30 min following glucose re-feeding (87). Since Vid30p interacts with both
Vid24p and Sec28p, it may also localize to actin patches. Abp1p has been used to mark
actin patches in cells that are grown in rich medium.

Using prolonged starvation

conditions, it was first determined whether or not Abp1p co-localizes with actin (Act1p).
An Abp1p-mCherry construct was produced and transformed it into BY4742 cells.
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Figure 2.1 PRE9 and BLM10 are not required for FBPase degradation in three day
glucose starved cells.

BY4742, ∆pre9 and ∆blm10 mutant cells were starved for three days and transferred to
medium containing fresh glucose for 0, 2 and 3 hours. FBPase degradation was then
determined.
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Cells were glucose starved for three days and lysates were fractionated by differential
centrifugation.

The presence of Abp1p-mCherry and Act1p in the P1, P13, P100,

P200and S200 fractions were then examined (Fig. 2.2 A). Act1p was detected in multiple
locations in the P1, P100 and S200 fractions and the majority of Act1p was distributed in
the P100 fractions. In a similar manner, Abp1p-mCherry was also distributed in multiple
locations in the P1, P100 and P200 fractions. However, more than 50% of the Abp1pmCherry was in the P200 fraction that contained minimal amounts of actin. Based on
these fractionation results, it appears that less than 50% of Abp1p-mCherry co-localized
with actin.
As an additional test, Abp1p-mCherry was transformed into BY4742 cells that
expressed Sac6p-GFP. Both proteins are localized to actin containing structures as
reported in the Saccharomyces Genome Database. In BY4742 cells that co-expressed
Sac6p-GFP and Abp1p-mCherry, less than 50% of Abp1p-mCherry co-localized with
Sac6p-GFP (Fig. 2.2 B). A different protocol was utilized to examine the co-localization
of GFP and actin related structures (87).

The cells that expressed GFP fusion

proteinswere fixed and permeabilized, and actin was stained with rhodamine-conjugated
phalloidin.

Using this method, GFP tagged proteins and actin can be visualized

simultaneously. However, the overall morphology of the cell was somewhat changed
using this protocol. For example, when the vacuole and endosomes were pre-labeled with
FM and then treated with this protocol, these organelles were no longer observed
following the fixation and permeabilization. This may account for the diminished GFP
signals as GFP fusion proteins move to these compartments. Nevertheless, more than
90% of Sac6p-GFP showed co-localization with actin that was stained with phalloidin
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Figure 2.2 Abp1p and actin (Act1p) are distributed in multiple locations.

(A) BY4742 cells expressing Abp1p-mCherry were glucose starved for three days. Cells
were fractionated by differential centrifugation. The distribution of Act1p and Abp1pmCherry in the P1, P13, P100, P200 and S200 fractions was determined. (B) Abp1pmCherry was transformed into BY4742 cells that expressed Sac6p-GFP. The distribution
of Abp1p-mCherry and Sac6p-GFP was determined.

(C) BY4742 cells expressing

Sac6p-GFP was processed and actin patches were visualized with phalloidin conjugated
with rhodamine. (D) BY4742 cells expressing Abp1p-GFP was processed and actin
patches were visualized with phalloidin conjugated with rhodamine.
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(Fig. 2.2 C). Furthermore, more than 90% of Abp1p-GFP also showed co-localization
with actin stained with phalloidin (Fig. 2.2 D). One explanation for these results is that
the phalloidin protocol preserves the actin-containing structures at the internalization
sites, whereas other actin-related structures were not preserved. Since this study focused
on the localization of Vid vesicles at the internalization sites and since the phalloidin
protocol gave consistent and reliable results under standardized experimental conditions,
the phalloidin protocol was used to examine co-localization of various GFP fusion
proteins with actin in this study. It has been shown that Vid24p, Sec28p and cargo
proteins all associate with actin patches by the 30 min time point and less association is
seen by the 60 min time point following glucose re-feeding (87).

Therefore, all

subsequent actin studies were performed in cells that were shifted to glucose for up to 60
min.
To examine whether Vid30p was distributed to actin patches, Vid30p was fused
with GFP and integrated into the VID30 chromosomal locus in BY4742 cells. FBPase
was degraded in the BY4742 cells expressing Vid30-GFP following glucose re-feeding,
indicating that GFP tagging does not interfere with FBPase degradation (160). A portion
of Vid30p-GFP co-localized with actin patches during glucose starvation and after the
addition of glucose for up to 30 min (Fig. 2.3). However, less co-localization was seen
following the addition of glucose for 60 min, suggesting that Vid30p and actin patches
dissociate by this time point.

2.3.3 Vid30p association with actin patches is prolonged in the ∆rvs161 mutant
In yeast, Rvs161p interacts with Rvs167p and both are required for the scission of
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Figure 2.3 Vid30p-GFP is associated with actin patches in wild-type cells.

BY4742 cells expressing Vid30p-GFP were glucose starved and shifted to glucose for 0,
30 and 60 min. The distribution of Vid30p-GFP and actin patches was determined.
Note: Vid30p-GFP construct was made by Mr. Ryan Lucas (Research Technician).
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Figure 2.4 Vid30p-GFP traffics to FM containing compartments in wild-type cells.

BY4742 cells expressing Vid30p-GFP were transferred to glucose-containing medium in
the presence of FM for the indicated periods. The distribution of Vid30p-GFP and FM
was visualized using fluorescence microscopy. Note: Vid30p-GFP construct was made
by Mr. Ryan Lucas (Research Technician).
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endocytic vesicles from the plasma membrane (35, 88, 95, 135). In order to determine
whether RVS161 functions in Vid30p dissociation from actin patches, Vid30p-GFP was
expressed in ∆rvs161 cells. In this strain, the majority of Vid30p was associated with
actin patches during glucose starvation and this persisted following the addition of
glucose for up to the 60 min time point (160). Thus, the association of Vid30p-GFP and
actin patches appears to be prolonged in the ∆rvs161 mutant.

2.3.4 Vid30p traffics to FM-containing compartments in response to glucose
It was next examined if Vid30p traffics to the FM-containing endosomes and to
the vacuole. Vid30p-GFP was expressed in BY4742 cells that were grown in low
glucose medium and were re-fed with glucose in the presence of FM 4-64 dye. In
BY4742 cells, the majority of FM reaches the vacuole by the 120 min time point (134).
Therefore, all FM studies were conducted in cells that were shifted to glucose for up to
120 min. During glucose starvation, a portion of Vid30p was observed in punctuate
structures (Fig. 2.4). By 120 min, a fraction of Vid30p was observed on the vacuole
membrane. Hence, a percentage of Vid30p appears to traffic to the FM-containing
compartments in response to glucose re-addition.

2.3.5 Vid30p association with actin patches was prolonged in cells lacking SEC28
or VID24
It was next determined whether SEC28 or VID24 have some roles in the
association of Vid30p with actin patches. For these studies, Vid30p-GFP was expressed
in cells lacking either SEC28 or VID24 and examined the distribution of Vid30p. In cells
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Figure 2.5 Vid30p association with actin patches is prolonged in the ∆sec28 mutant
and the ∆vid24 mutant.

(A) Vid30p-GFP was expressed in the ∆sec28 mutant that was glucose starved and then
transferred to medium containing fresh glucose for the indicated time points.

The

distribution of Vid30p-GFP with actin patches was determined. (B) Vid30p-GFP was
expressed in the ∆vid24 mutant that was transferred from low to high glucose medium for
the indicated time points. The distribution of Vid30p-GFP with actin patches was
examined. Note: Vid30p-GFP construct was made by Mr. Ryan Lucas (Research
Technician).
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lacking SEC28, a significant amount of Vid30p-GFP was expressed and co-localized with
actin patches during glucose starvation (Fig. 2.5 A).

High levels of Vid30p-GFP

remained associated with actin patches at the 30 min and the 60 min time points (Fig. 2.5
A). Therefore, the absence of SEC28 appears to prolong the association of Vid30p with
actin patches.
It was investigated whether the VID24 gene also has a role in Vid30p association
with actin patches (Fig. 2.5 B). Vid30p-GFP was expressed in the ∆vid24 strain and the
association with actin patches was then determined (Fig. 2.5 B).

In this strain, a

percentage of Vid30p was present as punctate structures and showed co-localization with
actin patches during glucose starvation.

Vid30p was associated with actin patches

following the addition of glucose for 60 min. Thus, the association of Vid30p with actin
patches appears to be prolonged in the absence of the VID24 gene.

2.3.6 FBPase fails to associate with actin patches in cells lacking the VID30 gene
It was next assessed whether VID30 plays a role in the association of FBPase with
actin patches. FBPase-GFP was expressed in BY4742 and the ∆vid30 mutant cells that
were glucose starved and transferred to medium containing fresh glucose.

The

distribution of FBPase and actin patches was then examined. In BY4742 cells, FBPase
associated with actin patches following the addition of glucose for 30 min. However, less
co-localization was seen by the 60 min time point (Fig. 2.6). In the ∆vid30 strain,
FBPase-GFP distribution was uneven but FBPase association with actin patches was not
detected before or after the addition of glucose (160). This suggests that FBPase fails to
associate with actin patches in cells lacking VID30.
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Figure 2.6 FBPase associates with actin patches in wild-type cells.

BY4742 expressing FBPase-GFP was glucose starved and re-fed with glucose for up to
60 min and examined by fluorescence microscopy for the distribution of FBPase-GFP
and actin patches.
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Since FBPase fails to associate with actin patches in the ∆vid30 mutant, targeting
of this protein to the FM-containing endosomes or to the vacuole may also be affected in
the absence of the VID30 gene. To investigate this, the ∆vid30 strain expressing FBPaseGFP was grown in low glucose medium and transferred to high glucose medium in the
presence of the FM dye for various time points (160). In the ∆vid30 mutant, FBPaseGFP did not show clear co-localization with FM, suggesting that FBPase is not targeted
to these compartments.

2.3.7 Vid24p fails to associate with actin patches in the ∆vid30 mutant
Because FBPase did not show co-localization with actin patches in cells lacking
VID30, it was next studied whether the association of Vid vesicle protein Vid24p was
affected in the absence of this gene. GFP-Vid24p was expressed in BY4742 and the
∆vid30 mutant strain that were grown in low glucose medium for three days and then refed with high glucose for various periods. In BY4742 cells, GFP-Vid24p was localized
to actin patches during glucose starvation and following the addition of glucose up to 30
min. However, less co-localization of GFP-Vid24p with actin patches was seen at the 60
min time point (Fig. 2.7). In cells lacking the VID30 gene, GFP-Vid24p did not colocalize with actin patches before or after the addition of glucose (160). This suggests
that GFP-Vid24p does not associate with actin patches in the absence of the VID30 gene.
Since Vid24p fails to associate with actin patches, this protein may not be targeted
to FM-containing endosomes or to the vacuole. To investigate this, GFP-Vid24p was
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Figure 2.7 Vid24p associates with actin patches in wild-type cells.

BY4742 expressing GFP-Vid24p was starved and replenished with glucose for up to 60
min and examined by fluorescence microscopy for the localization of GFP-Vid24p and
actin patches.
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Figure 2.8 Schematic illustration of LisH domain in Vid30p.

Schematic illustration of the position of the LisH and CTLH domains in Vid30p and the
position of the LisH domain that was deleted in the ∆LisH mutant.
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expressed in cells lacking VID30 and the localization of GFP-Vid24p was examined in
cells that were starved for three days and re-fed with glucose in the presence of the FM
dye (160). GFP-Vid24P signal was not uniform in the ∆vid30 mutant. However, there
was no obvious co-localization of GFP-Vid24P with FM-containing structures in this
strain (160).

These results suggest that Vid24p fails to traffic to FM-containing

compartments in the absence of the VID30 gene.

2.3.8 The LisH domain of Vid30p is required for the degradation of FBPase
Vid30 contains a LisH domain and a CTLH domain (Fig. 2.8). In order to study
the functions of these domains, attempts were made to produce random mutations by
PCR based mutagenesis.

Unfortunately, mutants that were defective in FBPase

degradation were not obtained. As an alternative, Vid30p mutant proteins lacking either
one of the two domains was produced using site directed mutagenesis. Vid30p lacking
either the LisH domain or the CTLH domain was expressed. Furthermore, these proteins
were localized to Vid vesicle fraction. Moreover, they showed association with actin
patches initially and less association in response to glucose like the full length Vid30p
(see Figures. 2.9-2.15). Therefore, these mutant proteins were used to study whether or
not the absence of these domains affected the Vid pathway. When LisH was deleted,
FBPase degradation was retarded (160).
It was investigated whether the ∆LisH mutant protein was targeted to actin
patches using a yeast strain that expressed ∆LisH-Vid30p-GFP. High levels of ∆LisHVid30p-GFP co-localized with actin patches during glucose starvation. However, less
co-localization was seen at 60 min (Fig. 2.9 A). This suggests that ∆LisH-Vid30p-GFP
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Figure 2.9 The ∆LisH mutant protein accumulates in punctate structures in
response to glucose.

(A) ∆LisH-Vid30p-GFP was expressed in yeast cells that were starved and re-fed with
glucose for the indicated time points. The distribution of ∆LisH-Vid30p-GFP and actin
patches was determined by fluorescence microscopy. (B) The distribution of ∆LisHVid30p-GFP and FM was examined. ∆LisH-Vid30p-GFP construct was made by Mr.
Ryan Lucas (Research Technician).
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Figure 2.10 FBPase accumulates in punctate structures in the ∆LisH mutant in
response to glucose.

FBPase-GFP was expressed in the ∆LisH mutant strain that was starved and re-fed with
glucose. FBPase-GFP and FM was visualized by fluorescence microscopy. ∆LisHVid30p-V5 construct was made by Mr. Ryan Lucas (Research Technician).
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and actin patches associate and then dissociate with kinetics similar to that seen for the
full length Vid30p (see Fig. 2.3). It was next determined whether the ∆LisH mutant
protein was targeted to FM-containing compartments (Fig. 2.9 B). The ∆LisH-Vid30pGFP strain was starved of glucose for three days and replenished with glucose in the
presence of FM for the indicated time points (Fig. 2.9 B). Following glucose addition for
120 min, the majority of ∆LisH-Vid30p-GFP was present in punctate structures, while
most of the FM was on the vacuole membrane.
It was examined whether or not the trafficking of FBPase was affected when the
LisH domain was deleted (Fig. 2.10). In the ∆LisH cells, the trafficking of FBPase-GFP
was affected when the LisH domain was deleted (Fig. 2.10). At the 120 min time point,
high levels of FBPase were observed in punctate structures. Attempts were made to
study the co-localization of FBPase with ∆LisH-Vid30p by producing FBPase that was
fused with YFP, CFP, venus, cerulean and mCherry. Unfortunately, none of these fusion
proteins were functional and they inhibited FBPase degradation to different degrees.
Vid30p-mCherry, ∆LisH-Vid30p-mCherry and ∆CTLH-Vid30p-mCherry were produced
and transformed them into BY4742 cells that expressed FBPase-GFP. Unfortunately, all
the Vid30p-mCherry constructs were mis-localized to the vacuole. Therefore, further colocalization experiments were not pursued in this study.

2.3.9 The CTLH domain of Vid30p is required for FBPase degradation
It was next investigated whether the lack of the CTLH domain affects the FBPase
degradation pathway (Fig. 2.11). FBPase degradation was inhibited in the ∆CTLH
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Figure 2.11 Schematic illustration of CTLH domain in Vid30p.

Schematic illustration of the position of the LisH and CTLH domains in Vid30p and the
CTLH domain that was deleted to produce the ∆CTLH mutant.
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Figure 2.12 ∆CTLH-Vid30p-GFP accumulates in punctate compartments following
glucose re-feeding.

(A) ∆CTLH-Vid30p-GFP was expressed in yeast cells that were starved and re-fed with
glucose for the indicated times. ∆CTLH-Vid30p-GFP and actin patches were visualized
by fluorescence microscopy. (B) The distribution of ∆CTLH-Vid30p-GFP and FM was
examined. ∆CTLH-Vid30p-GFP construct was made by Mr. Ryan Lucas (Research
Technician).
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strain (160), suggesting that the CTLH domain has a role in the FBPase degradation
pathway.
It was investigated whether the ∆CTLH-Vid30p mutant protein associated with
actin patches. Cells expressing the ∆CTLH-Vid30p-GFP fusion protein were glucose
starved and transferred to medium containing fresh glucose for the indicated time points
(Fig. 2.12 A).

The mutant protein co-localized with actin patches during glucose

starvation. However, less co-localization was seen at 60 min, suggesting that the CTLH
mutant protein and actin associate and then dissociate in response to glucose re-feeding
with kinetics similar to that shown for the full length Vid30p (see Fig. 2.3).
It was determined whether or not the ∆CTLH-Vid30p protein traffics to FMcontaining compartments. Cells expressing ∆CTLH-Vid30p-GFP were glucose starved
and shifted to glucose in the presence of FM for various periods (Fig. 2.12 B). At the 120
min time point, a fraction of the ∆CTLH-Vid30p-GFP protein was observed in punctate
structures and did not show co-localization with FM-containing compartments.
Finally, it was determined whether or not the trafficking of FBPase was affected
when the CTLH domain was deleted.

FBPase-GFP was expressed in a strain that

contained the CTLH deletion, which was then starved of glucose and re-fed with glucose
in the presence of FM for the indicated time points (Fig. 2.13). By 120 min, a high
percentage of FBPase-GFP was in punctate structures and did not show co-localization
with FM-containing structures (Fig. 2.13), suggesting that FBPase trafficking is impaired
when the CTLH domain is deleted.
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Figure 2.13 FBPase accumulates in punctate compartments in the ∆CTLH mutant
following glucose re-feeding.

FBPase-GFP was expressed in the ∆CTLH mutant strain that was starved and re-fed with
glucose. FBPase-GFP and FM was visualized by fluorescence microscopy. ∆CTLHVid30p-V5 construct was made by Mr. Ryan Lucas (Research Technician).
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2.4

Discussion
In the current study, the role of the VID30 gene in the Vid pathway was characterized. It

was shown that the VID30 gene is required for the vacuole dependent degradation of FBPase.
Vid30p is localized to Vid vesicles, to actin patches and to the FM-containing compartments.
Interestingly, association of Vid30p with actin patches was prolonged in cells lacking either the
VID24 gene or the SEC28 gene, suggesting that these genes have some roles in the dissociation
of Vid30p and actin patches. Moreover, Vid24p and FBPase did not co-localize with actin
patches in cells lacking VID30. These results suggest that Vid30p plays an important role in the
association of Vid vesicles and actin patches.
Vid30p contains a LisH domain and a CTLH domain, and both are required for FBPase
degradation. In either the ∆LisH or the ∆CTLH mutant, FBPase degradation was inhibited.
Furthermore, Vid30p lacking either the LisH or CTLH domain was co-localized to actin patches.
However, these mutant proteins accumulated in punctate structures. In a similar manner, when
either the LisH or CTLH domain was deleted, FBPase-GFP was also localized to punctate
structures. Therefore, this suggests that the LisH and CTLH domains have some role in the Vid
pathway at a later step.
Based on the current data, the following model is proposed for VID30 functions in the
Vid pathway (Fig. 2.14). Vid30p, Vid24p and Sec28p are present on Vid vesicles and associate
with actin patches. In the absence of Vid30p, FBPase and Vid24p fail to associate with actin
patches, suggesting that VID30 is needed for the association of Vid vesicle and actin patches. At
present, it is not known how Vid vesicles and actin patches associate. Actin patches may mark
the sites for Vid vesicles to cluster on the plasma membrane. Vid30p may be involved in the
targeting of Vid vesicles to actin patches on the plasma membrane. Alternatively, Vid vesicles
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may cluster in the cytoplasm and actin associates with Vid vesicle clusters in the cytoplasm.
Therefore, Vid30p may have a role in Vid vesicle clustering in the cytoplasm.
experiments will be needed to sort out these possibilities.
Vid/endosomes are released into the cytoplasm.

Future

Following glucose addition,

The END3, SLA1 and RVS167 genes are

involved in various steps of the actin assembly process and are required for the Vid pathway
(87). These genes may be involved in the formation of Vid/endosomes or in the release of these
organelles from the plasma membrane. When the LisH or CTLH domain is deleted, FBPase is
localized in punctate structures. This distribution pattern is different from that seen in cells
lacking the VID30 gene. Hence, this suggests that Vid30p also has a role in the Vid pathway at a
later step that is mediated by the LisH and CTLH domains.
In conclusion, the convergence of the Vid pathway with the endocytic pathway enables
cells to degrade both intracellular proteins and extracellular proteins. Therefore, the association
of Vid vesicles and actin patches is critical for the Vid pathway to be integrated into the
endocytic pathway. The VID30 gene is the first gene that is required for the association of Vid
vesicles and actin patches.
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Figure 2.14 A model for VID30 in the Vid pathway.

Vid vesicles associate with actin patches on the plasma membrane. Vid30p is present in
Vid vesicles, actin patches, FM-containing endosomes and the vacuole. In the absence of
Vid30, Vid vesicles fail to associate with actin patches. This suggests that Vid30p has a
role in the association of Vid vesicles and actin patches. The absence of LisH or CTLH
domain results in the distribution of these mutant proteins in punctate structures. When
either the LisH or the CTLH domain is deleted, FBPase is localized in punctate
structures. Because the patterns of FBPase distribution in the LisH and CTLH mutants
are distinct from those seen in the complete absence of the VID30 gene, this suggests that
these domains have a role in the Vid pathway at a later step.
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Chapter 3

VPS34P IS REQUIRED FOR THE INTERNALIZATION OF EXTRACELLULAR
FBPASE

3.1

Introduction
The vacuole of Saccharomyces cerevisiae is important for numerous cellular

processes such as osmoregulation, protein degradation and pH maintenance (29-31,
148-151). In addition, the function of the vacuole requires the targeting of specific
vacuole resident proteins into this organelle (29-31, 149-151).

For instance,

aminopeptidase I is transported from the cytosol to the vacuole for maturation by the
cytosol to vacuole (Cvt) pathway (152-154).

Similarly, another vacuole resident

protein, carboxypeptidase Y, is transported to the vacuole by the vacuolar protein
sorting (Vps) pathway (29, 30, 149-151). Extracellular and plasma membrane proteins
can be internalized and delivered to the vacuole by endocytosis (88, 130). Moreover,
organelles such as peroxisomes can also be targeted to the vacuole for degradation by
pexophagy (60, 155).
Under nitrogen starvation conditions in Saccharomyces cerevisiae, a nonselective macroautophagy pathway targets proteins and organelles to the vacuole for
degradation (50, 103, 106, 107, 156).

The present dissertation studies a selective

autophagic pathway that delivers specific cytosolic proteins to the vacuole in response
to nutrient replenishment (60).

Gluconeogenic enzymes, fructose-1,6-bisphosphatase
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(FBPase), malate dehydrogenase (MDH2), isocitrate lyase, and phosphoenolpyruvate
carboxykinase are induced when cells are grown in glucose-depleted medium (61, 62,
79, 133). These proteins are inactivated following replenishment of cells with fresh
glucose. This is referred to as “catabolite inactivation” (62, 157). The inactivation and
degradation of FBPase has been studied extensively (62, 63, 71, 72, 80-82, 87, 132,
158, 159). FBPase is targeted to the proteasome or to the vacuole for degradation
depending on growth conditions (71-73, 75, 79, 132, 133).

For example, upon

replenishing cells with glucose following starvation for one day, FBPase is degraded in
the proteasome (59).

However, following glucose starvation for three days and

subsequent replenishment with glucose, FBPase is degraded in the vacuole (59).
Several VID (vacuole import and degradation) genes have been characterized that play a
role in the vacuole dependent degradation of FBPase (61, 63, 78). Interestingly, some
of these VID genes also mediate the degradation of FBPase in the proteasomal pathway
(59).
For the vacuolar pathway, FBPase associates with unique vesicles called Vid
vesicles (77). It has been determined that Vid22p, cyclophilin A and the heat shock
protein Ssa2p are required for the import of FBPase into the Vid vesicles (63, 80, 81).
Moreover, the biogenesis of Vid vesicles requires the UBC1 gene (79). Vid24p and
COPI coatomer proteins such as Sec28p have been identified as peripheral proteins on
Vid vesicles (78, 82). Vid30p is also localized to Vid vesicles and is required for the
association of Vid vesicles and actin patches (160).
More recently, it has been demonstrated that the endocytic pathway merges with
the Vid pathway to target cargo proteins to the vacuole (87).

In yeast, actin
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polymerization is required for early steps of endocytosis (88, 95, 161). The Vid vesicle
proteins, Vid24p and Sec28p, are distributed to the actin patches during glucose
starvation and following glucose replenishment for up to 30 min (87). However, colocalization with actin patches is diminished following glucose re-addition for 60 min
(87). Moreover, cargo proteins such as FBPase and MDH2 are distributed at the site of
actin patches following glucose re-addition for 30 min and co-localization diminishes
by the 60 min time point (87). In addition, it has been determined that VID30 is
required for the association of Vid vesicles and actin patches (160). In the absence of
this gene, FBPase and Vid24p failed to associate with actin patches (160).
Although the present understanding of the Vid pathway indicates that this
pathway integrates with the endocytic pathway, essential questions remain to be
answered. How does the Vid pathway converge with the endocytic pathway? Is
FBPase secreted during glucose starvation?

Is it internalized during glucose re-

feeding? To address some of these questions, FBPase distribution at the ultra-structural
level in wild-type cells was examined. Substantial amounts of FBPase were in the
periplasm in glucose-starved wild-type cells, suggesting that FBPase is secreted during
glucose starvation. Levels of FBPase in the periplasm decreased when glucose was
added to glucose-starved cells, suggesting that it is internalized in response to glucose.
Vps34p is involved in multiple protein and membrane trafficking events, which
include sorting of vacuolar proteins, vacuole segregation, endocytosis, multi-vesicular
body formation, starvation induced macroautophagy and the Cvt pathway (44, 162164). This gene is also required for the Vid pathway. This gene encodes a class III
phosphatidylinositol (PtdIns) 3-kinase (PI3K) which functions to phosphorylate
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phosphatidyinositol at the 3’ hydroxyl position to produce PtdIns 3-phosphate (PI3P)
(44). This function is conserved from yeast to human (44). For the Vps pathway,
Vps34p is recruited from the cytosol to the Golgi/endosome via interaction with the
membrane-associated protein kinase Vps15p, which also stimulates the PtdIns 3-kinase
activity of Vps34p (45, 46). The C-terminal 11 amino acids of Vps34p (amino acids
864-875) is implicated in the protein’s association on the membrane (165).
Furthermore, the deletion of the C-terminal 11 residues reduces PI3K activity (46, 165).
In prolonged-starved cells, Vps34p was distributed to actin patches. In the
absence of this gene, FBPase and Vid24p were localized to actin patches before and
after glucose replenishment. A high abundance of FBPase was in the extracellular
fraction (periplasm) in prolonged-starved ∆vps34 strain. However, following glucose
replenishment, FBPase remained in the extracellular fraction (periplasm) in the ∆vps34
strain when compared to wild-type cells. The decrease of extracellular FBPase is
dependent on the SLA1 and ARC18 genes involved in actin polymerization and
endocytosis. The N736K point mutation of Vps34p and the deletion of the C-terminal
11 amino acids retarded the degradation of FBPase. Furthermore, both mutant proteins
reduced the localization to actin patches and caused a delay in the decline of FBPase in
the extracellular fraction following glucose addition. In summary, this result suggests
that VPS34 plays a critical role in the internalization of extracellular FBPase in
response to glucose re-feeding.

3.2

Materials and Methods

3.2.1 Strains, Media, Plasmids and Antibodies
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Strains used in the study are listed in Table 3.1. The deletion strains derived
from BY4742 were from Euroscarf (Euroscarf, Germany). For most experiments, cells
were grown in YPKG (1% yeast extracts, 2% peptone, 1 % potassium acetate and 0.5%
glucose) medium for three days at 30°C. Cells were then transferred to YPD (1% yeast
extracts, 2% peptone and 2% glucose) medium for the indicated times. In some
experiments, cells were grown in YPD for 1d or in YPKG for 1d, 2d and 3d. Cells were
extracted and proteins were separated into the extracellular (E) and intracellular (I)
fractions. The distribution of proteins was determined by Western blotting.

Anti-

FBPase antibodies were produced in rabbits using purified FBPase. Mouse monoclonal
anti-HA was purchased from Roche and mouse monoclonal anti-V5 was purchased
from Invitrogen. Anti-GAPDH and anti-GFP were purchased from Protein Tech and
Abcam respectively. Primers used to tag FBPase, Vps34p and Vid24p are listed in
Table 3.2. Plasmid containing GFP-Vid24p was produced as described (87).

3.2.2 Fluorescence Microscopy
Proteins were tagged with GFP via primers using PCR based reactions. For
actin staining, yeast cells were grown under starvation conditions for three days in 2 ml
of YPKG. At each time-point, samples of the cells (300 µl) were taken and fixed with
22 µl of formaldehyde for 5 min at room temperature. Cells were harvested by
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Table 3.1
Yeast strains used in the VPS34 study

Strain

BY4742
Δvps34
Δvps15
Δvps30
HLY2753
Δsla1
Δarc18
HLY2862
HLY2879
HLY2793
HLY2770
HLY2786
HLY1418
HLY2639
HLY2998
HLY2878
HLY229
HLY2658
HLY3031
HLY3030

Genotyope

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vps34::kanMX4
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vps15::kanMX4
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vps30::kanMX4
MATα his3 leu2Δ0 lys2Δ0 ura3Δ0 vps34::VPS34-GFP-URA3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sla1::kanMX4
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 arc18::kanMX4
MATα his3 leu2Δ0 lys2Δ0 ura3Δ0 sla1::kanMX4 vps34::VPS34-GFP-URA3
MATα his3 leu2Δ0 lys2Δ0 ura3Δ0 arc18::kanMX4 vps34::VPS34-GFP-URA3
MATα his3 leu2Δ0 lys2Δ0 ura3Δ0 vps15::kanMX4 vps34::VPS34-GFP-URA3
MATα his3 leu2Δ0 lys2Δ0 ura3Δ0 vam3::kanMX4 vps34::VPS34-GFP-URA3
MATα his3 leu2Δ0 lys2Δ0 ura3Δ0 vph1::kanMX4 vps34::VPS34-GFP-URA3
MATα his3 leu2Δ0 lys2Δ0 ura3Δ0 fbp1::FBP1-GFP-HIS3
MATα his3 leu2Δ0 lys2Δ0 ura3Δ0 vps34::kanMX4 fbp1::FBP1-GFP-HIS3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vid24::GFP-VID24-URA3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vps34::kanMX4 vid24::GFP-VID24-URA3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vid24::HA-VID24-URA3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vps34::VPS34-V5-His-URA3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vps34:: N736K-VPS34-GFP-URA3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 vps34::ΔC11-VPS34-GFP-URA3

Table Legend: Genes are lowercase italic for recessive and uppercase italic for dominant. The symbol

Δ can denote complete or partial deletions. For example, if x represents gene and y represents allele,
then xΔy indicates deletion of allele y of the gene x. For gene disruption or protein tagging, if A
represents gene and B represents tagged gene or selection marker, then A::B indicates replacing gene A
with tagged gene or selection marker B. Yeast strain BY4742 was the BY4742 base strain for making
mutations and tagged proteins.
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Table 3.2
Primers used in the VPS34 study

Vps34p-V5-His
P200 F

TCCATCTCGAGTGAATCGGAAACTTCCGGGACAGAATCGCTACCA

P201R

GTTAATTAAGGTCCG CCAGTATTGTGCCAGATTATGTAAATGATC

Vps34p-GFP
P200 F

TCCATCTCGAGTGAATCGGAAACTTCCGGGACAGAATCGCTACCA

P202 R

GACGTCTTTGTATAGTTCATCCATGCCATGTGTAATCCCAGCAGCTGTTAC

FBPase-GFP
P121F

ATTTGGTTGGGTTCTTCAGGTGAAATTGACAAATTTTTAGACCATATTGGCAAGTCACAGCGGATCCCCGGGTTAATTAA

P121R

CCATCCCATTCCATTCGCTACTTCCTTTCTCTTTTCCTAAGAATTTTCATTATTAGAAGGGAATTCGAGCTCGTTTAAAC

C11 deletion
P221 F

CTGCCTATCGTGATTGATCGGATCCCCGGG

P222 R

CCCGGGGATCGGATCAATCACGATAGGCAG

N736K mutation
P223 F

CGATACGCATTTAGACAAGTTACTAGTCACGCCAGAT

P224 R

ATCTGGCGTGACTAGTAACTTGTCTAAATGCCTATCG
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centrifugation at 1,500 g for 2.5 min. Following the removal of the supernatant, cells
were washed in 400 µl of PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.4). After further centrifugation at 1,500 g for 2.5 min, the supernatants
were removed and -20ºC acetone (800 µl) was added drop-wise while vortexing the
sample. Cells were then incubated for 5 min at -20ºC. Cells were washed in 400 µl of
PBS and re-suspended in 80 µl of PBS.

Cells were finally stained with 1 µl of

rhodamine-conjugated phalloidin at 0.2 U/µl in methanol and incubated for 30 minutes
in the dark at room temperature.

GFP and actin were visualized by fluorescence

microscopy at 26°C with FLUAR 100X objective lens (1.30 NA) using FITC and
rhodamine filters respectively. The cells were imaged using a Zeiss Axiovert S100
inverted microscope with an Axiocam MRm CCD camera and Axiovision v. 4.5
Software.

The percent co-localization of GFP fusion proteins with actin was

determined from three images and was represented as mean and standard deviation.

3.2.3 Whole Cell Immunoelectron Microscopy
Cells were grown in 2 ml YPKG culture per time point for 3 days, followed by
replenishing the cells in YPD. The cells were fixed with 3% paraformaldehyde and
0.2% glutaraldehyde overnight. The following day, cells were washed by centrifugation
(4,500 g) sequentially using 1 ml of each of the following buffers: 0.5M sorbitol in 0.08
M potassium phosphate buffer (pH 6.7), 0.25 M sorbitol in 0.08 M potassium phosphate
buffer (pH 6.7), and 0.08 M potassium phosphate buffer (pH 6.7).

Following

centrifugation of the last wash, cells were re-suspended in 1 ml of sodium metaperiodate
(1% w/v) and were incubated at room temperature for 20 min. Thereafter, cells were re-
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suspended in 1 ml of 50 mM ammonium chloride and incubated for 15 min at room
temperature. Cells were centrifuged at 4,500 g and subjected to serial dehydration by
adding an ethanol series (1 ml each) to the cell pellet. Samples were incubated for 5
min: 50% cold ethanol, 70% cold ethanol and 80% cold ethanol followed by 10 min
incubation in 85% cold ethanol, 90% cold ethanol, 95% cold ethanol and 100% cold
ethanol twice. Finally, 1 ml fresh 100% ethanol was added to the cell pellet and
incubated for 5 min at room temperature. After dehydration, cells were sequentially
incubated in 1ml each of the following concentrations of resin (LR White): 2:1
ethanol:resin at room temperature rotator for 2 hours, 1:1 ethanol:resin at room
temperature rotator overnight, 1:2 ethanol:resin at room temperature rotator for 2 hours
and 100% resin at room temperature rotator for 2 hour three times. Cells were then
transferred to gelatin capsules and were then filled with extra resin to create a proper
seal. These capsules were dried and cut into 10 nm thin sections. Sections were placed
onto grids and incubated with purified FBPase antibodies followed by goat anti-rabbit
antibodies conjugated with 10 nm gold particles.

3.2.4 Cell Extraction Assay
For most experiments, cells were grown in 10 ml YPKG medium for 3d and
transferred to YPD media for the indicated time points. In some experiments, cells were
grown in YPD for 1d or in YPKG for 1d, 2d or 3d. Cells (10 O.D.) were collected and
pelleted.

Cell extraction was performed as described (166).

Briefly, cells were

incubated with 100 µl of cell extraction buffer (0.1 M Tris-Base pH 9.4 and 10 mM ßMercaptoethanol) and re-suspended by pipeting in a 37°C shaker at 200 rpm for 15 min.
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Following incubation, cells were pelleted and supernatants were transferred to microcentrifuge tubes. Following extraction, the supernatant fraction was centrifuged at
16,000 g for 30 sec at room temperature and transferred to micro-centrifuge tubes.
Proteins from the supernatant were precipitated using 15% trichloroacetic acid, washed
and re-suspended in SDS-PAGE buffer. Cell pellet fractions were also lysed and resuspended in SDS-PAGE buffer. Both pellet and supernatant fractions were examined
by Western blotting with anti-FBPase, anti-V5, anti-GFP and anti-HA antibodies.

3.2.5 N736K and ∆C11 mutations
Primers P121F and P121R were used for FBPase-GFP integration. The PCR
products were purified with the Wizard SV PCR Clean-Up system (Promega) and
integrated as described previously (146). Vps34p-GFP was amplified by PCR reaction
using P200 and P202 (Table 3.2) and cloned into TOPO plasmid (B548). To produce
the N736K and the ∆C11 mutations, site directed mutagenesis was performed according
to the manufacturer’s suggestions (Strategene). The ∆C11-Vps34p-GFP mutation was
produced using the Vps34p-GFP template (B548) and the P221 and P222 (Table 3.2)
primers. The N736K-Vps34p-GFP mutation was generated by PCR using the Vps34pGFP (B548) template and the P223 and P224 (Table 3.2) forward and reverse primers,
respectively.

These plasmids were integrated into the BY4742 strain genome by

homologous recombination. Expression of mutated and tagged proteins was confirmed
by fluorescence microscopy and western analysis. The resulting mutations were also
verified by DNA sequencing at the Core Facility of the Penn State University College of
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Medicine. The Vps34p-GFP, ∆C11-Vps34p-GFP, N736K-Vps34p-GFP plasmids were
made and the sequences were verified by Abbas A. Alibhoy (PhD Candidate).
	
  

3.3

Results

3.3.1 VPS34 is required for the degradation of FBPase
The yeast VPS34 gene is involved in multiple protein-targeting pathways to the
vacuole. It was determined whether or not the VPS34 gene also has a role in the Vid
pathway. It has been shown previously that FBPase is degraded in the proteasome when
glucose is added to cells that are starved of glucose for 1d (59). In contrast, when
glucose is added to cells that are starved of glucose for 3d, FBPase is degraded in the
vacuole (59). BY4742 and the ∆vps34 mutant cells were starved of glucose for 1d or 3d,
transferred to medium containing 2% glucose for 0, 2 and 3 hours and examined for
FBPase degradation (Fig. 3.1). FBPase was degraded in 1d-starved BY4742 and ∆vps34
cells (Fig. 3.1 A), suggesting that VPS34 is not involved in the degradation of FBPase in
the proteasome. FBPase was degraded in 3d starved BY4742 cells (Fig. 3.1 B). In
contrast, FBPase degradation was inhibited in the 3d starved ∆vps34 mutant (Fig. 3.1 B).
These results suggest that the VPS34 gene is required for the degradation of FBPase in
the vacuole. For the Vps pathway, Vps15p forms a complex with Vps34p and activates
the PI3K activity of Vps34p (45, 167). FBPase degradation was also impaired in the
∆vps15 mutant that was starved of glucose for 3d and replenished with glucose (Fig. 3.1
C).

Vps34p,

Vps15p

and

Vps30p

are

common

subunits

of

two

distinct

phosphatidylinositol (PtdIns) 3-kinase complexes: Complex I is involved in the
autophagy pathway whereas Complex II is required for the Vps pathway (162, 168, 169).
It was next determined whether or not VPS30 is also involved in the Vid pathway by
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Figure 3.1 FBPase degradation in the vacuole requires the VPS34 gene.

(A and B) BY4742 and cells lacking the VPS34 gene were starved of glucose for 1d (A)
and 3d (B). Cells were transferred to medium containing high glucose for 0, 2 and 3
hours and examined for FBPase degradation. (C) Cells lacking VPS15 and VPS30 were
starved of glucose for 3d, transferred to medium containing high glucose for 0, 2 and 3
hours and examined for FBPase degradation.
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examining FBPase degradation in the ∆vps30 strain. FBPase was degraded in the ∆vps30
strain that was glucose starved for 3d and re-fed with glucose, suggesting that Complex I
and Complex II are not involved in the Vid pathway. In this study, the role of VPS34 in
the vacuole-dependent pathway was examined. Therefore, most of the experiments were
performed in cells that had been starved of glucose for 3d and transferred to medium
containing high glucose for the indicated time points.

3.3.2 Vps34p is localized to actin patches
It has been shown recently that the Vid pathway merges with the endocytic
pathway (82, 87). Vid vesicle proteins such as Vid24p, Sec28p and Vid30p associate
with actin patches initially, but they dissociate later (87, 160). It was determined whether
or not Vps34p was associated with actin patches in glucose-starved BY4742 cells using a
protocol that gives consistent and reliable results regarding the distribution of GFP tagged
proteins with actin patches (87, 160).

BY4742 cells expressing Vps34p-GFP were

starved of glucose for 3d and then shifted to glucose for the indicated time points.
FBPase was degraded in cells expressing Vps34p-GFP in response to glucose (Fig. 3.2
A), suggesting that the GFP tag does not interfere with FBPase degradation. A high
percentage of Vps34p-GFP signals were in punctate structures that co-localized with
actin patches that were stained with phalloidin during glucose starvation (Fig. 3.2 B).
Following the addition of glucose, Vps34p-GFP still co-localized with actin patches up to
the 60 min time point (Fig. 3.2 B). This is different from FBPase, Vid24p and Vid30p in
that they showed less co-localization with actin patches at the 60 min time point (87,
160).
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Figure 3.2 Vps34p-GFP is localized to actin patches.

(A) BY4742 cells expressing Vps34p-GFP were starved of glucose for 3 days, re-fed
with glucose for the indicated time points and examined for the degradation of FBPase.
(B) The distribution of Vps34p-GFP and actin patches was examined using fluorescence
microscopy.
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Figure 3.3 FBPase degradation in the vacuole requires the SLA1 and ARC18 genes.

BY4742 and cells lacking the SLA1 and ARC18 genes were starved of glucose for 3d and
replenished with glucose. FBPase degradation was examined following the addition of
glucose for 0, 2 and 3 hours.
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3.3.3 Vps34p distribution is affected in the ∆sla1 and ∆arc18 mutants
Given that Vps34p shows co-localization with actin patches before and after
glucose addition, Vps34p distribution may be affected when the polymerization of actin
is disrupted. In yeast grown in rich medium, actin is assembled in a stepwise manner (88,
95, 170, 171). Sla1p, End3p and Pan1p are required early in the process of assembly,
whereas the Arp2/3 complex is required at later steps (88, 95, 170, 171). Arc18p is the
subunit of Arp2/3 complex involved in the nucleation and formation of short actin
filaments (88, 95, 170, 171). FBPase degradation was retarded in cells lacking the SLA1
gene and the ARC18 gene (Fig. 3.3), suggesting that these genes are required for the Vid
pathway. Vps34p-GFP distribution was examined in the ∆sla1 mutant that was starved
of glucose for 3d and transferred to media containing glucose. In this strain, Vps34pGFP appeared to be diffused and some GFP puncta were also observed. However, the
majority of the Vps34p-GFP did not co-localize with phalloidin in the ∆sla1 mutant
before and after the addition of glucose (Fig. 3.4 A). Therefore, the distribution of
Vps34p appears to be affected in the ∆sla1 mutant. It was next determined whether or
not Vps34p localization was also altered in cells lacking the ARC18 gene. The ∆arc18
mutant expressing Vps34p-GFP was starved of glucose for 3d and transferred to medium
containing 2% glucose (Fig. 3.4 B). In the ∆arc18 mutant, the distribution of Vps34pGFP was diffused before and after the addition of glucose.

Therefore, Vps34p

localization is also affected in cells lacking the ARC18 gene.
For the Vps pathway, the protein kinase Vps15p recruits Vps34p to membranous
structures, resulting in the activation of the PI3K activity (45, 172). It was determined
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Figure 3.4 Vps34p distribution is affected in cells lacking the SLA1 and ARC18
genes.

(A and B) Vps34p-GFP was expressed in the ∆sla1 (A) and the ∆arc18 (B) mutant.
These cells were starved of glucose for 3d and shifted to glucose for the indicated times.
The distribution of Vps34p-GFP and actin patches was determined by fluorescence
microscopy.
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Figure 3.5 Vps34p distribution is not affected in cells lacking the VPS15 gene.

Vps34p-GFP was expressed in the ∆vps15 mutant. These cells were starved of glucose
for 3d and shifted to glucose for the indicated times. The distribution of Vps34p-GFP and
actin patches was determined by fluorescence microscopy.
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whether or not Vps15p has a role in Vps34p distribution. Vps34p-GFP was expressed in
the ∆vps15 mutant that was starved of glucose for 3d and transferred to medium
containing 2% glucose (Fig. 3.5). In prolonged-starved ∆vps15 mutant, Vps34p-GFP
showed co-localization with actin patches during glucose starvation and after the addition
of glucose for up to 60 min. Therefore, the absence of Vps15p does not affect the
distribution of Vps34p to actin patches.

3.3.4 FBPase and Vid24p are associated with actin patches in cells lacking the
VPS34 gene
It was next determined whether or not Vps34p has a role in the localization of
FBPase to actin patches. FBPase-GFP was expressed in the ∆vps34 mutant strain that
was starved of glucose and then transferred to media containing fresh glucose.

In

BY4742 cells, the association of FBPase with actin patches was low at t=0 min (Fig. 3.6
A). However, the co-localization of FBPase with actin patches increased at t=30 and then
decreased at t=60 min (Fig. 3.6 A). In the ∆vps34 mutant, a high percentage of FBPase
was associated with actin patches before and after the addition of glucose for up to 60
min (Fig. 3.6 B). Thus, FBPase association with actin patches persists in the absence of
VPS34.
It was determined whether Vid24p showed similar patterns of distribution in cells
lacking the VPS34 gene. Vid24p is a peripheral protein on Vid vesicles and has been
used to follow the trafficking of Vid vesicles in the Vid pathway (78, 87). GFP was
tagged at the N-terminus of Vid24p and expressed in BY4742 and the ∆vps34 mutant
cells that were starved for 3 days and shifted to glucose. In BY4742 cells, Vid24p was
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Figure 3.6 FBPase is associated with actin patches in the ∆vps34 mutant before and
after the addition of glucose.

(A) BY4742 cells expressing FBPase-GFP were starved of glucose for 3d, replenished
with glucose for the indicated time points and examined for FBPase distribution. (B)
FBPase-GFP was expressed in the ∆vps34 mutant cells that were starved of glucose for
3d and re-fed with glucose. The distribution of FBPase and actin was determined by
fluorescence microscopy.
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Figure 3.7 Vid24p is associated with actin patches in cells lacking the VPS34 gene
before and after the addition of glucose.

(A) BY4742 cells expressing GFP-Vid24p were glucose starved, re-fed with glucose for
the indicated time points and examined for the distribution of Vid24p. (B) GFP-Vid24p
was expressed in the ∆vps34 mutant that was starved of glucose for 3d and re-fed with
glucose. The distribution of GFP-Vid24p and actin patches was determined.
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associated with actin patches during glucose starvation and following the addition of
glucose for 30 min (Fig. 3.7 A). However, this protein showed less co-localization with
actin patches at the 60 min time point (Fig. 3.7 A). In the ∆vps34 strain, GFP-Vid24p colocalized with actin patches during glucose starvation and after the addition of glucose
for up to 60 min (Fig. 3.7 B). Therefore, the association of Vid24p with actin patches
persists in the absence of the VPS34 gene.

3.3.5 FBPase is in the periplasm in prolonged-starved wild-type cells
To gain a better understanding of how the ∆vps34 mutant affected the FBPase
degradation pathway, immunoelectron microscopy (immunoEM) was used to examine
the distribution of FBPase at the ultra-structural level. BY4742 and ∆vps34 mutant cells
were starved of glucose for 3d and transferred to medium containing 2% glucose for 2
hours. Cells were fixed and embedded. Thin sections of embedded cells were incubated
with purified FBPase antibodies followed by goat anti-rabbit secondary antibodies
conjugated with 10-nm gold particles. In 3d-starved BY4742 cells, significant amounts
of FBPase were detected in the periplasm (Refer to Discussion, Fig. 3.15). Following the
addition of glucose for 2 hours, amounts of FBPase in the periplasm were reduced (Fig.
3.8).

These results suggest that a high percentage of FBPase is secreted into the

periplasm during glucose starvation and extracellular FBPase is internalized during
glucose re-feeding. In 3d-starved ∆vps34 mutants, high levels of FBPase were in the
periplasm (Fig. 3.9 A). In the ∆vps34 mutant that was re-fed with glucose for 2 hours,
significant amounts of FBPase remained in the periplasm (Fig. 3.9 B). These results are
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Figure 3.8 FBPase is in the periplasm in prolonged-starved wild-type cells.

FBPase distribution was examined in BY4742 cells that were starved of glucose for 3d
and re-fed with glucose for 2 hours. Cells were processed and embedded as described
previously. Thin sections were incubated with FBPase antibodies followed by goat antirabbit antibodies conjugated with 10 nm colloid gold particles and then visualized with
electron microscopy. Bars: 200 nm. Note: Experimental figures for manuscript were
reproduced by Mr. Bennett J. Giardina (Research Technician

129	
  
	
  

130	
  
	
  

Figure 3.9 FBPase is in the periplasm in prolonged-starved ∆vps34 cells.

FBPase distribution was examined in ∆vps34 cells that were starved of glucose for 3d (A)
and re-fed with glucose for 2 hours (B). Cells were processed and embedded as described
previously. Thin sections were incubated with FBPase antibodies followed by goat antirabbit antibodies conjugated with 10 nm colloid gold particles and then visualized with
electron microscopy. Bars: 200 nm. Note: Experimental figures for manuscript were
reproduced by Mr. Bennett J. Giardina (Research Technician).
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consistent with the idea that the presence of FBPase in the periplasm is independent of
the VPS34 gene but the internalization of FBPase requires the VPS34 gene.
To examine the presence of FBPase in the extracellular fraction further, a protocol
was utilized that detected the secretion of mammalian galectin-1 expressed in
Saccharomyces cerevisiae (166). This protocol uses the combination of high pH and
reducing agents such as ß-mercaptoethanol (ß-ME) or DTT to release periplasmic
proteins that are linked by ionic interactions and by disulfide bonds respectively.
Following the extraction protocol, extracellular proteins were precipitated with TCA and
solubilized in SDS sample buffer. This fraction is called the extracellular fraction (E) in
this study. After extraction, cells were lysed and solubilized in SDS buffer. This fraction
is called the cell-associated fraction/intracellular fraction (I) in this study.
This protocol was used to determine the conditions that led to the presence of
FBPase in the extracellular fraction. BY4742 cells were grown in glucose-rich medium
(YPD) or in glucose-deficient medium (YPKG) for 1d, 2d and 3d. Cells were harvested
and subjected to the extraction protocol. Proteins were separated into intracellular and
extracellular fractions and examined for the distribution of FBPase (Fig. 3.10). FBPase
was not expressed in cells grown in YPD and was not detected in the extracellular
fraction. In cells grown in YPKG for 1d, FBPase was expressed in the intracellular
fraction but was not detected in the extracellular fraction. In 2d-starved cells grown in
YPKG, low amounts of FBPase were detected in the extracellular fraction. Higher
amounts of FBPase were detected in the extracellular fraction in 3d-starved cells grown
in YPKG. Thus, the presence of FBPase in the extracellular fraction is dependent on the
duration of starvation.
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Figure 3.10 FBPase is in the extracellular fraction in prolonged-starved wild-type
cells.

BY4742 cells were grown in YPD for 1d, or in YPKG for 1d, 2d and 3d. Cells were
extracted and separated into the intracellular and extracellular fractions. Levels of FBPase
and GAPDH in the intracellular and extracellular fractions were determined.
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It has been reported that the glycolytic enzyme GAPDH is on the cell surface of
Saccharomyces cerevisiae grown in YPD (173). Therefore, this protein should also be
detected in the extracellular fraction in cells grown in YPD. Consistent with previous
reports, levels of GAPDH in the extracellular fraction were high in cells grown in YPD
(Fig. 3.10 B). Levels of GAPDH in the extracellular fraction were low in cells grown in
YPKG for 1d and 2d, and increased following growth in YPKG for 3d (Fig. 3.10 B).
Thus, amounts of FBPase and GAPDH in the extracellular fraction vary depending on the
growth conditions.

3.3.6 FBPase levels in the extracellular fraction decrease in response to glucose in
wild-type cells
Because FBPase is degraded in the vacuole following the addition of glucose,
extracellular FBPase should be internalized in order to be targeted to the vacuole for
degradation. Hence, levels of FBPase in the extracellular fraction should decrease when
glucose-starved cells are replenished with glucose. BY4742 cells were starved of glucose
for 3d and transferred to medium containing 2% glucose for 0, 30 and 60 min. Cells
were subjected to the extraction protocol and the distribution of FBPase in the
intracellular and extracellular fractions was determined (Fig. 3.11). In BY4742 cells,
levels of FBPase in the extracellular fraction were high at t=0 min and decreased
dramatically following the addition of glucose (Fig. 3.11). Under the same conditions,
most of the Vps34p and Vid24p were in the intracellular fraction and minimal levels were
detected in the extracellular fraction (Fig. 3.11).

136	
  
	
  

Figure 3.11 FBPase is cleared from the extracellular fraction in response to glucose
in wild-type cells.

BY4742 cells expressing Vps34p-V5-His and Vid24p-HA were starved of glucose for 3d
and re-fed with glucose for 0, 30 and 60 min. Cells were subjected to the extraction
protocol and levels of these proteins in the intracellular and extracellular fractions were
determined.
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3.3.7 The ∆sla1 and ∆arc18 mutants delay the decrease of FBPase in the
extracellular fraction in response to glucose
If extracellular FBPase is internalized in response to glucose, the ∆sla1 and the
∆arc18 mutants that block endocytosis should retard the decline of FBPase in the
extracellular fraction. To determine whether this is the case, FBPase distribution was
examined in the ∆sla1 and the ∆arc18 mutants that were starved of glucose for 3d and refed with glucose (Fig. 3.12). In these strains, FBPase levels in the extracellular fraction
did not decrease as rapidly as BY4742 cells, suggesting that extracellular FBPase is
internalized in a process dependent on the SLA1 and ARC18 genes.

3.3.8 The ∆vps34 mutant retards the decline of FBPase in the extracellular fraction
in response to glucose
The immunoEM results showed that high amounts of FBPase remained in the
periplasm following the addition of glucose to the ∆vps34 mutant for 2 hours, suggesting
that the internalization of FBPase is affected in this mutant. If this is true, FBPase levels
in the extracellular fraction should remain high when the ∆vps34 mutants are replenished
with glucose. The ∆vps34 mutant was starved of glucose for 3d and re-fed with glucose
for up to 60 min. Cells were subjected to the extraction protocol and the distribution of
FBPase in the intracellular (I) and extracellular (E) fractions was examined (Fig. 3.12).
FBPase was detected in the extracellular fraction during glucose starvation in the ∆vps34
mutant. Following the addition of glucose to the ∆vps34 mutant, levels of FBPase in the
extracellular fraction did not decrease as rapidly as BY4742 cells. Thus, the absence of
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Figure 3.12 The null mutant of VPS34 retards the decline of FBPase from the
extracellular fraction in response to glucose.

BY4742 cells and cells lacking SLA1, ARC18 and VPS34 were starved of glucose for 3d
and replenished with glucose for the indicated time points. Cells were extracted and
FBPase levels in the intracellular and extracellular fractions were determined.
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the VPS34 gene appears to retard the decrease of FBPase in the extracellular fraction in
response to glucose.

3.3.9 N736K and ∆C11 mutants delayed the decline of FBPase in the extracellular
fraction
The N736K mutation of Vps34p affects a number of vacuole targeting pathways
(44, 162-164). In addition, the last 11 amino acids of the C-terminus (residues 864-875)
are implicated in membrane binding (46, 165). It was determined whether or not the
N736K mutation and the deletion of the C-terminal 11 amino acids blocked the Vid
pathway.

The N736K and the ∆C11 mutants were produced using site-directed

mutagenesis.

Vps34p-GFP was used as the template for site-directed mutagenesis,

because FBPase degradation was not affected in BY4742 cells expressing Vps34p-GFP
(see Fig. 3.2 A).
Cells expressing N736K-GFP were starved of glucose for 3d, transferred to
medium containing 2% glucose for 0, 2 and 3 hours and examined for FBPase
degradation (Fig. 3.13 A). FBPase degradation was retarded in cells expressing N736KGFP. It was next determined whether or not the N736K mutant was also distributed to
actin patches. Cells expressing N736K-GFP were starved of glucose for 3d, transferred
to medium containing 2% glucose and examined for the distribution of GFP and actin
(Fig. 3.13 B). In prolonged-starved cells expressing N736K-GFP, most of the GFP
signals appeared to be in punctate structures and some GFP signals were diffused.
However, there was low percentage of co-localization of GFP signals with actin patches
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Figure 3.13 The N736K mutant impairs FBPase degradation, association with actin
patches and internalization of FBPase.

(A) FBPase degradation was examined in cells expressing N736K-GFP. (B) Cells
expressing N736K-GFP were starved of glucose for 3d and transferred to medium
containing glucose. The distribution of N736K-GFP and actin patches was examined. (C)
Levels of FBPase in the intracellular and extracellular fractions were determined in the
N736K-GFP cells.
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(Fig. 3.13 B). It was next determined whether or not N736K mutant affected the decline
of FBPase in the extracellular fraction in response to glucose.

In cells expressing

N736K-GFP that were starved of glucose for 3d and shifted to glucose, levels of FBPase
in the extracellular fraction did not decrease as rapidly as the BY4742 control (Fig. 3.13
C).
Finally, it was determined whether or not the deletion of the last 11 amino acids
affected the Vid pathway. FBPase degradation was inhibited in cells expressing the
∆C11 mutation (Fig. 3.14A). In prolonged-starved cells expressing ∆C11-GFP, the GFP
signals were mostly diffused and did not show significant co-localization with actin
before and after the addition of glucose (Fig. 3.14B). Furthermore, the ∆C11 mutant also
delayed the decline of FBPase in the extracellular fraction following glucose re-feeding
(Fig. 3.14C).

Hence, both N736K and ∆C11 mutants inhibited the degradation of

FBPase, retarded the decrease of FBPase in the extracellular fraction in response to
glucose and failed to co-localize with actin patches.

3.4

Discussion
VPS34 is important for multiple trafficking pathways to the vacuole. Here, it is

reported that Vps34p is also required for the Vid pathway. In the absence of this gene,
FBPase degradation is blocked. In the ∆vps34 mutant, FBPase and Vid24p associated
with actin patches before and after addition of glucose. These characteristics are different
from those seen in wild-type cells in which the association of FBPase, Vid24p, Sec28p
and Vid30p with actin all decreased at the 60 min time point. It is interesting that
Vps34p itself is associated with actin patches during glucose starvation and after the
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Figure 3.14 The ∆C11 mutant blocks FBPase degradation, Vps34p association with
actin patches and FBPase clearance from the extracellular fraction.

(A) Cells expressing ∆C11-GFP were starved of glucose for 3 days, transferred to media
containing high glucose for the indicated time points and examined for FBPase
degradation. (B) Prolonged-starved cells expressing ∆C11-GFP were transferred to
glucose and examined for the distribution of GFP and actin patches using fluorescence
microscopy. (C) FBPase levels in the extracellular and intracellular fractions were
determined in cells expressing ∆C11-GFP that were starved of glucose and transferred to
media containing high glucose for the indicated time points.

146	
  
	
  

147	
  
	
  
addition of glucose for up to 60 min. In cells lacking SLA1 and ARC18 that inhibited the
degradation of FBPase, the distribution of Vps34p was affected.

In contrast, the

association of Vps34p with actin patches was still observed in cells lacking the VPS15
gene. This is different from that reported for the Vps pathway in which Vps15p is
required for the distribution of Vps34p to the Golgi or endosomes (45).
Given that actin polymerization is required for endocytosis, prolonged association
of FBPase and Vid24p with actin patches after the addition of glucose in the ∆vps34
mutant is consistent with the idea that endocytosis is affected in the absence of the VPS34
gene. From ImmunoEM studies, it was determined that significant amounts of FBPase
were detected in the periplasm of 3d-starved wild-type (BY4742) cells (Fig. 3.15). As
such, both ImmunoEM and extraction data indicated that about 40-70% of FBPase was in
the extracellular fraction (periplasm) in glucose-starved wild-type and the ∆vps34 mutant.
These results suggest that FBPase is secreted in glucose-starved cells and that the VPS34
gene is not involved in the secretion of FBPase during glucose starvation.
The appearance of FBPase in the extracellular fraction is dependent on the
duration of starvation. In cells starved of glucose for 1d, FBPase was expressed but was
not detected in the extracellular fraction. In 2d-starved cells grown in YPKG, low levels
of FBPase were detected in the extracellular fraction, and higher levels were detected in
the extracellular fraction in 3d-starved cells. GAPDH is a glycolytic enzyme and is
associated with the cell surface of Saccharomyces cerevisiae grown in rich medium
(174). Interestingly, levels of GAPDH in the extracellular fraction also varied. For
example, levels of GAPDH in the extracellular fraction were high in cells grown in YPD,
but were low in cells grown in YPKG for 1d and 2d. Levels of GAPDH increased in
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Figure 3.15 FBPase is in the periplasm in prolonged-starved wild-type cells.

FBPase distribution was examined in BY4742 cells that were starved of glucose for 3d.
Cells were processed and embedded as described previously. Thin sections were
incubated with FBPase antibodies followed by goat anti-rabbit antibodies conjugated
with 10 nm colloid gold particles and then visualized with electron microscopy. Bars:
200 nm. Note: Fig 3.8 was produced by Mr. Bennett J. Giardina (Research Technician)
and was used for manuscript.
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cells grown in 3d YPKG. Hence, levels of FBPase and GAPDH in the extracellular
fraction vary depending on the physiological states of the cells.
Why is FBPase secreted during prolonged glucose starvation?

It can be

speculated that when cells are starved of glucose for a shorter period of time (1d), FBPase
is needed for gluconeogenesis inside the cells and therefore is not secreted. However, as
cells are starved of glucose for a longer period of time (3d), substrates for
gluconeogenesis may be depleted and the need for FBPase inside cells decreases.
Therefore, more FBPase is secreted into the periplasm in 3d starved cells. Interestingly,
when glucose was added to glucose-starved wild-type cells, levels of FBPase in the
extracellular fraction decreased rapidly. Because FBPase is degraded in the vacuole,
extracellular FBPase should be internalized in response to glucose. Indeed, when glucose
was added to the ∆sla1 and ∆arc18 mutants that block actin polymerization and
endocytosis, the decline of FBPase in the extracellular fraction was delayed. Therefore,
this data are consistent with the idea that FBPase is secreted in prolonged starved cells
and is internalized when glucose is added to prolonged starved cells. Under the same
conditions, the majority of Vps34p, Vid24p, Sec28p and Vid30p were in the intracellular
fraction.
The decrease of FBPase in the extracellular fraction was delayed in the ∆vps34
mutant. Furthermore, the N736K and the ∆C11 mutants also retarded the decline of
FBPase in the extracellular fraction and impaired the distribution of Vps34p to actin
patches. Vps34p distribution was affected in the ∆sla1 and ∆arc18 mutants that also
delayed the clearance of FBPase from the extracellular space. Taken together, this
suggests that Vps34p localization to actin patches is important for its function in the

151	
  
	
  
internalization of FBPase from the extracellular space. At present, it is not known how
Vid vesicles associate with actin patches and how they dissociate. Vid vesicles may
aggregate in the cytoplasm, and actin is assembled on clusters of Vid vesicles. They then
move to sites of internalization on the plasma membrane. Alternatively, actin may mark
the sites for Vid vesicles to aggregate near the plasma membrane. In the ∆vps34 mutant,
high percentage of Vid24p remained associated with actin patches at t=60 min,
suggesting that the dissociation process is blocked in the absence of this gene. Because
this gene is also involved in the internalization of extracellular FBPase, this suggests that
the dissociation of Vid vesicles and actin is tightly linked to cargo internalization. The
dissociation of Vid vesicles and actin may occur after cargo proteins are internalized. If
this model is true, the ∆vps34 mutant may inhibit the internalization process and hence
Vid vesicles and actin cannot dissociate. This model is consistent with the findings that
internalization of FBPase is nearly complete following the addition of glucose for 30 min,
whereas the dissociation of Vid vesicles and actin is observed at the 60 min time point.
Based on the present findings, the following model is proposed (Fig. 3.16).
FBPase exists in two pools in prolonged starved cells. About 40-70 % of FBPase is in
the extracellular fraction (periplasm) during prolonged starvation. Because FBPase does
not contain the N-terminal signal for the ER-Golgi pathway, this protein is likely to be
secreted via a non-classical pathway. Following the addition of glucose, extracellular
FBPase is internalized. The internalization requires the SLA1, ARC18 and VPS34 genes.
Following internalization, extracellular FBPase merges with intracellular FBPase at
Vid/endosomes which then target FBPase to the vacuole for degradation.
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Figure 3.16 A model for VPS34 in the Vid pathway.

During prolonged-glucose starvation, FBPase is in both the intracellular and extracellular
fractions. Following glucose addition, extracellular FBPase is internalized into the cells
in a process dependent on the SLA1, ARC18 and VPS34 genes. Vps34p association with
actin patches is important for the internalization process. When the N736 reside was
mutated or when the C11 domain was deleted, Vps34p association with actin patches was
impaired and the internalization of FBPase was inhibited. FBPase internalization was
also inhibited in the ∆sla1 and ∆arc18 mutants that affected Vps34p association with
actin patches. Following internalization, intracellular and extracellular FBPase merge in
Vid/endosomes which then traffick to the vacuole.
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Chapter 4

CONCLUSIONS AND FUTURE DIRECTIONS

4.1

Conclusions
A unique vacuole dependent protein degradation pathway has been described. For

investigations in this pathway, FBPase has been used as a model molecule. Under
glucose starvation conditions in yeast cells, this protein is induced.

Following

replenishment of yeast cells with fresh glucose, FBPase is inactivated and is subsequently
degraded. As FBPase is a pivotal enzyme in the gluconeogenesis pathway, an elucidation
of FBPase degradation may furnish beneficial information pertaining to regulation of
metabolic pathways. Recent studies have determined that other gluconeogenic enzymes
such as malate dehydrogenase, phosphoenolpyruvate carboxykinase and isocitrate lyase
are also degraded by the Vid pathway.
Based on the work in this dissertation, the Vid pathway can be provisionally
divided into at least two steps. The first step is the internalization of extracellular FBPase
into the cells.

The second step is the transport of both merged intracellular and

extracellular FBPase in Vid/endosomes to the vacuole for degradation.
To enhance understanding of the Vid pathway, it is imperative to identify proteins
that are involved in the degradation of FBPase. Characterization of mutants defective in
FBPase degradation will facilitate understanding the vacuole dependent degradation
pathway. The long-term objectives of this study are to identify more genes that are
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involved in the Vid pathway and to elucidate the mechanism by which their gene
products induce the transport and degradation of FBPase. One technique that has been
used to identify candidate genes involved in the Vid pathway has been through the
screening of genetic mutations induced via UV irradiation.

This has enabled

identification of several genes involved in the Vid pathway (61). It should be noted that
this process did not identify all the genes involved in this pathway (61, 63, 78, 80, 157).
For instance, even though Ssa1p and Ssa2p are involved in the FBPase degradation
pathway, the Ssa family genes were not identified during preliminary genetic screens for
FBPase degradation mutants (80). Biochemical techniques such as MALDI analysis
identified critical molecules of the Vid pathway, namely constituents of COPI vesicles
such as Ret1p, Ret2p, Sec21p and Sec28p, and the TORC1 component Tco89p (62, 82).
The goal of this dissertation was to continue characterizing proteins required for the
different steps of Vid pathway, using a myriad of genetic, fluorescent and biochemical
analyses.
Using a transposon library screen, the VID30 gene was identified as a putative
candidate involved in the Vid pathway. This gene encodes a protein that has been
previously reported to be involved in the proteasomal degradation of FBPase (136).
Vid30p forms a complex with Vid24p and serves as an E3 ligase in the ubiquitination of
FBPase (136). It was determined that VID30 is required for the vacuole dependent
degradation of FBPase. In wild-type cells, Vid30p was co-localized with actin patches.
Moreover, in the absence of VID30, FBPase and the Vid vesicle marker Vid24p failed to
co-localize with actin patches. This suggests that Vid30p is required for the association
of Vid vesicles and actin patches. However, the mechanism by which Vid vesicles and
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actin patches associate is not known and warrants further investigation. Perhaps Vid
vesicles are components of endocytic vesicles and the subsequently formed endosomes,
and this may mediate the association of Vid vesicles and actin patches. It is interesting to
note that the Vid-endosome clusters that are formed following glucose replenishment
share morphological similarities to multivesicular bodies.
Vid30p contains two domains, a LisH (lissencephaly type 1-like homology) and
CTLH (C-terminal to the LisH) domain (139-144). Deletion of either LisH or CTLH
domain in the VID30 gene inhibited FBPase degradation after three-day glucose
starvation and replenishment. Alternatively, modified protein folding may account for
the LisH and CTLH domain deletion effect. Vid30p, in which either LisH or CTLH
domain had been deleted, was observed to be distributed to Vid vesicles and actin
patches. Unlike in wild-type cells, the mutant Vid30p failed to be distributed to the
vacuole membrane and was observed to aggregate in punctate structures. Similarly, upon
deleting either domain, FBPase was also observed to localize to punctate structures. At
present, these punctate structures have not been identified and characterized. However, it
can be inferred that these punctate structures mediate a critical step of cargo delivery
from the Vid/endosome to the vacuole. This also indicates that the LisH and CTLH
domains of Vid30p are involved in these later steps of the Vid pathway. Thus, in
summation, VID30 is required for the association of Vid vesicles and actin patches, and
that the LisH and CTLH domains also required at a later step in the Vid pathway.
To further investigate the mechanism of FBPase degradation by the Vid pathway,
the functions of Vps34p were characterized. VPS34 was identified in a transposon library
screen for mutants that were defective in FBPase degradation. This gene’s protein
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product is a Class III phosphatidylinositol (PtdIns) 3-kinase (PI3K) that functions to
phosphorylate PtdIns at the 3’ hydroxyl position to produce PtdIns 3-phosphate (PI3P)
(44). Vps34p has been previously reported to be essential for the sorting of vacuolar
proteins, Cvt pathway, endocytosis, multi-vesicular body formation and starvation
induced-macroautophagy (44, 162-164).

In this dissertation, it was determined that

VPS34 was required for the degradation of FBPase after three-day glucose starvation and
replenishment. Interestingly, this gene was not required for the degradation of FBPase
after one-day glucose starvation and replenishment. This suggests that perhaps Vps34p
may be involved in the inactivation of the proteasome after three-day glucose starvation,
and as such warrants further investigation.

The studies in this dissertation have

determined that Vps34p is co-localized with actin patches, which are required for the
early steps of endocytosis.

Moreover, cells lacking genes involved in actin patch

polymerization, such as SLA1 and ARC18, affect the co-localization of Vps34p with actin
patches. However, it is unclear how Vps34p interacts with actin patches or actin-related
proteins. In addition, the absence of VPS15 does not affect the co-localization of Vps34p
with actin patches. This is in contrast to the requirement of Vps15p for the targeting of
Vps34p to the Golgi or endosomes in the Vps pathway. This raises questions about the
factors that dictate when Vps34p is distributed to the actin patches as opposed to the
Golgi or endosomes. Perhaps structural proteins of the Vid vesicle, such as SEC28 and
VID24, may be essential for Vps34p interaction with actin patches. This can be studied
by performing differential centrifugation on the null mutants of SEC28 and VID24 and
examining if the levels of Vps34p are affected in the fraction enriched for actin patches.
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Upon examining the ultra-structural distribution of FBPase by immunoEM, it was
determined that FBPase distribution included the periplasm in both wild-type and ∆vps34
cells after three days glucose starvation. After glucose re-addition for 2 hours, amounts
of FBPase in the periplasm were reduced in wild-type cells. In the ∆vps34 mutant,
following glucose re-addition for 2 hours, high levels of FBPase remained in the
periplasm. This suggests that FBPase is secreted in glucose-starved cells in both wildtype and the ∆vps34 cells. Moreover, VPS34 may be required for the decline of FBPase
from the extracellular space in response to glucose. These results were further validated
by the cell extraction protocol that aided in separating cytoplasmic and periplasmic
proteins. Previous studies have reported that FBPase does not have a classical secretory
signal sequence. As such, this suggests that FBPase may be secreted into the periplasm
via a non-classical secretory pathway. However, the exact nature of this non-classical
pathway is unclear and requires further investigation.

It may also be pertinent to

understand why FBPase is secreted during prolonged glucose starvation.

It can be

postulated that secretion of FBPase during prolonged glucose starvation may be related to
depletion of substrates for gluconeogenesis in the cytoplasm.
Under standard growth conditions, it has been determined that the N736K and the
∆C11 mutants of Vps34p retard the decline of FBPase in the extracellular fraction and
impaired the distribution of Vps34p to actin patches. Both N736K and ∆C11 mutations
result in kinase dead mutants. This suggests that the kinase domain of Vps34p may be
required for the internalization of FBPase and for the localization of Vps34p to actin
patches. This indicates that Vps34p co-localization with actin patches is essential for its
role in the internalization of FBPase from the extracellular space. At present, it is unclear
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how the extracellular FBPase gets imported into the Vid vesicles following FBPase
internalization in response to glucose. Perhaps this could be addressed by studying
FBPase distribution in ∆vid22 and ∆vid22∆vps34 mutants using ImmunoEM. It has been
previously reported that VID22 is required for the import of cytoplasmic FBPase into the
Vid vesicles (63).

Conceivably, extracellular FBPase gets internalized in endocytic

vesicles and then subsequently gets imported into the Vid vesicles that are clustering
around the actin patches. In addition, the mechanism by which Vid vesicles and actin
patches associate and dissociate is still unclear. VPS34 involvement in the internalization
of extracellular FBPase may suggest that the dissociation of Vid vesicles and actin
patches is dependent on cargo internalization.

4.2

Future Directions
To further build on the observations made in this dissertation work, the following

studies would further characterize the mechanisms of the Vid pathway.

• It is presently unclear as to how Vid vesicles and actin patches associate. This
can be studied by purifying Vid vesicles using cell fractionation and visualizing
the association of these purified structures and actin patches at time points during
glucose

starvation

and

following

replenishment

using

ImmunoElectron

microscopy. This will enable in determining whether Vid vesicles associate with
actin patches at the sites of internalization or whether actin patches associate with
clusters of Vid vesicles in the cytoplasm.
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• It would be pertinent to determine if PI3P, the product of Class III PI3K, is also
distributed

to

replenishment.

actin

patches

during

glucose

starvation

and

following

PI3P is enriched in the membranes of the endosomes,

autophagosomes and vacuole (164, 175). In addition, this phospholipid has been
reported to bind to proteins containing the FYVE finger domains (175, 176). To
study this indirectly, proteins containing FYVE finger domains will be tagged
with fluorescent dyes to visualize their co-localization with actin patches using
fluorescence microscopy.

• It has been determined in this dissertation that Vps15p is required for the Vid
pathway. However, what is the function of this protein in the vacuole dependent
pathway? This can be determined by studying distribution of Vps15p to actin
patches using fluorescence microscopy and by studying the decline of FBPase in
the extracellular fraction in response to glucose using the cell extraction assay.

• It has been previously reported that Vps34p interacts with Vps15p. However, do
these proteins interact during prolonged glucose starvation and following
replenishment?

A coimmunoprecipitation experiment will be performed to

examine if there is a direct interaction between Vps34p and Vps15p during
glucose starvation and following replenishment. If an interaction exists, these two
proteins will be tagged with two different fluorescence dyes to visualize their colocalization using fluorescence microscopy
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