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Abstract 

 
Parkinson’s disease (PD) is an incurable fatal brain 
disorder linked to three disease-related properties that 
result from α-synuclein accumulation: its misfolding, 
aggregation, and cellular toxicity. Accelerating α-
synuclein degradation might provide therapy by 
reducing its accumulation. We tested if the lysosome 
degrades α-synuclein by a specific route, endocytosis, 
in a budding yeast model for PD. Specifically, we 
evaluated if α-synuclein accumulation, aggregation, and 
toxicity worsened in seven yeast strains that had 
individual gene deletions, which control specific steps 
within endocytosis. We report three significant findings. 
Firstly, all seven genes affected at least one α-synuclein 
PD-related property, thus providing accumulating 
genetic evidence for the endosome pathway as a 
regulator of α-synuclein degradation. Secondly, each 
gene affected α-synuclein properties to different 
extents, suggesting substrate specificity for 
endocytosis steps. Lastly, none of the genes 
contributed additional α-synuclein-dependent toxicity. 
Together, our data suggests that α-synuclein is 
degraded by the lysosome using the endocytosis route. 
Introduction 
 
Introduction 
 
Neurodegenerative Diseases 
Most of the cells in our body have regenerative power. 
Unfortunately, regeneration in the central nervous system is 
extremely restricted. This lack of regeneration can be 
particularly devastating, because if these cells are destroyed 
or damaged, permanent disability ensues.  

Our society is afflicted by a variety of human brain 
disorders. Amongst them are a group of disorders classified 
as the neurodegenerative diseases. The word 
neurodegeneration gives us a hint of what these disorders 
involve: the deterioration or death of neurons in the brain 
specific to the disease. Neurodegenerative diseases affect 
millions of people worldwide, and by 2040, they will surpass 
cancer as the leading cause of death. Unfortunately, no cure 
currently exists. Understanding the molecular and cellular 
mechanisms by which these diseases operate might 
eventually lead to more effective treatments and ultimately a 
cure (Lozano et al., 2005).  

The best-studied neurodegenerative diseases 
include Alzheimer’s disease, Lou Gehrig’s disease, 
Creutzfeldt-Jacob disease, Huntington disease, Parkinson’s 
disease (PD), and prion diseases. They vary in symptoms 
and onset, but one common characteristic is the presence of 
an abnormal protein unique to each disease. Each particular 
protein misfolds, aggregates, usually leading to 
accumulation as intracellular or extracellular inclusions in the 
brain of patients (Taylor et al., 2002). In most cases, these 
proteins are thought to gain a toxic new function leading to 
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pathogenesis, but data is not yet conclusive. My thesis 
focused on the molecular basis of one such disease, PD.  
 
Parkinson’s Disease 
PD afflicts around four million people worldwide, making it 
amongst the most prevalent neurodegenerative disease 
(Lozano et al., 2005).  First characterized in the 1800s by 
physician James Parkinson, classic symptoms include 
tremors, muscular rigidity, slowness of movement, and 
impaired balance and coordination. Half of the patients 
develop symptoms after age 60, suggesting that the disease 
not only affects the elderly since the other half develop 
symptoms before then. Currently, no cure for PD exists, but 
treatment for the symptoms is available. Unfortunately, most 
patients eventually become resistant to the medication 
(Lozano et al., 2005). 

Similar to other neurodegenerative diseases, PD 
is linked to the misfolding and accumulation of a particular 
protein, α-synuclein (Spillantini, et al., 1998). A hallmark 
symptom of PD is the accumulation and aggregation of α-
synuclein into structures called lewy bodies found in the 
substantia nigra region of the midbrain. These individuals 
experience loss of dopaminergic neurons in this area of the 
brain (Giasson et al., 1999; Spillantini et al., 1998, Abeliovich 
et al., 2000; Lozano et al., 2000). The basal ganglia consists 
of a group of nuclei that organize motor behavior and the 
substantia nigra is one component of this pathway. 
Therefore, the substantia nigra is essential for voluntary 
movement. Due to this fact, substantia nigra cell death leads 
to movement disorders since the death of these neurons 
interferes with the normal signaling to the basal ganglia 
(Figure 1A; Schmidt and Oertel, 2006). The brain has two 
pathways through the basal ganglia which function to either 
initiate volitional movement (direct pathway) or to suppress 
inappropriate movements (indirect pathway) (Purves, 2008). 
PD affects the direct pathway to the basal ganglia because it 
results from the inability to initiate movement, therefore 
making it a hypokinetic disease (Figure 1B; Purves, 2008).   

PD occurs in two forms: sporadic or familial. An 
estimated 95 percent of PD cases are sporadic (Schmidt and 
Oertel, 2006). The misfolding and accumulation of normal 
wild-type (WT) α-synuclein is linked to the sporadic case of 
PD. α-Synuclein aggregates and accumulates because of 
decreasing mitochondrial complex 1 activity, oxidative 
stress, and environmental factors such as chemicals or 
toxins (Dawson and Dawson, 2003). For example, the 
uptake of 1-Methyl-4-phenyl-4-propionoxy-piperidine 
(MPPP), a byproduct of synthetic heroin, caused PD-like 
symptoms in patients (Langston et al., 1983). The cause for 
the misfolding and accumulation of WT α-synuclein is not 
well understood. Because of the importance of these 
characteristics in PD pathogenesis, they are essential to 
examine further. 

In contrast, familial PD is caused by genetic 
factors. Studies of families demonstrate that point mutations 
in the α-synuclein gene cause PD. These mutations include 
the A30P (Polymeropoulos et al., 1997), A53T (Kruger et al., 
1998) or E46K (Zarranz et al., 2004) changes. Six other 
genes have been identified in the onset of familial PD: parkin 
(Kitada et al., 1998), UCH-L1 (Liu et al., 2002), DJ-1 
(Bonifati et al., 2003), PINK1 (Valente et al., 2004), LRRK2 
(Funayama et al., 2002; Paisan-Ruiz et al., 2004), and 
PARK9 (Ramirez et al., 2006). The parkin E3 ubiquitin ligase 
and UCH-L1 ubiquitin hydrolase gene mutations are involved  
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Figure 1: Parkinson’s disease Pathway. A. The motor cortex 
controls movement of our muscles, while the basal ganglia controls 
timing and coordination of that movement. The substantia nigra is 
part of the basal ganglia. This pathway is disrupted in PD by the loss 
of the dopaminergic neurons in the substantia nigra. This leads to 
less/shaky voluntary movement because the basal ganglia cannot 
send signals to the motor cortex, which would send instructions for 
movement. B. Direct pathway through the basal ganglia. In PD (red), 
the inputs by the substantia nigra are diminished, making it more 
difficult for a transient inhibition of the caudaute and putamen. This 
results in less inhibition of the globus pallidus and in turn more 
inhibition of the VA/VL complex of the thalamus, which results in less 
thalamic excitation of the motor cortex (Adapted from Purves, 2008). 
 
in interfering with the ubiquitin proteasome system (Kitada et 
al., 1998; Liu et al., 2002). DJ-1 gene mutations are 
implicated in the pathogenesis of PD because of its possible 
role in response to oxidative stress (Bonifati et al., 2003). 
PINK1 is involved in the phosphorylation of mitochondrial 
proteins, as a response mechanism for mitochondrial 
dysfunction, and its mutation has been linked to PD 
progression (Valente et al., 2004). A mutation in protein 
LRRK2 has similarly been linked to pathogenesis due to 
possible phosphorylation of α-synuclein protein or causing 
accumulation due to kinase activity (Paisan-Ruiz et al., 2004; 
Zimprich et al., 2004). Studies demonstrate that the LRRK2 
mutation causes a significant increase in kinase activity, 
suggesting a gain in PD pathology (Gloeckner et al., 2006). 
The most recently identified gene in familial PD has been 
PARK9, since mutations in this gene cause loss of function. 
Loss of PARK9 might be involved in the accumulation of 
proteins because of degradation dysfunction through either 
the proteasome or lysosome (Ramirez et al., 2006). Most 
importantly PARK9 protects cells from manganese toxicity, 
since manganese is an environmental factor in PD (Gitler et 
al., 2009). The mechanisms involved in progression to 
familial PD are a large area of study that still needs to be 
fully uncovered. Studying α-synuclein properties is important 
in order to understand PD pathogenesis, since α-synuclein 
misfolds in both sporadic and familial forms of the disease.   

 
α-Synuclein  
α-Synuclein has been implicated in a variety of other 
neurodegenerative diseases including AD (Lucking and 
Brice, 2000). As mentioned previously, the misfolding and 
aggregation of α-synuclein leads to Lewy body formation in 

the brains of patients. α-Synuclein is part of a larger family of 
proteins including α-, β-, and γ-synuclein (George, 2009). 
The protein has a molecular mass of 19 kDA, is 140 amino 
acids long (Jakes et al., 1994), and is composed of the N-
terminal amphiphathic domain, the hydrophobic middle 
domain, and the acidic C-terminal domain (Lucking and 
Brice, 2000). α-Synuclein’s flexible nature is due to its 
unfolded C-terminal region (Eliezer et al., 2001).  

The following key α-synuclein findings may help us 
better understand PD: 1) The protein’s normal function is not 
well understood, but data indicates it is highly expressed in 
the brain, particularly in presynaptic nerve terminals (Kaplan 
et al., 2003; Jakes et al., 1994). 2) α-Synuclein deletion mice 
exhibit a reduction in striatal dopamine neurons, supporting 
the finding that the protein is an essential presynaptic 
regulator of dopamine neurotransmission (Abeliovich et al., 
2000). 3) Lewy bodies have an increased accumulation of 
fibrillar α-synuclein, which point to their role in disease 
pathogenesis (Goldberg and Lansbury, 2000; Kaplan et al., 
2003). 4) The presence of a weak transient or residual 
secondary structure in the protein is what may be playing a 
role in amyloid fibril formation, therefore resulting in 
aggregation (Eliezer et al., 2001). 5) Cytoplasmic 
concentrations of dopamine have been demonstrated to 
promote and stabilize protofibrillar intermediates, linking the 
dopaminergic selectivity of α-synuclein (Conway et al., 
2001). 6) Data on the cytotoxicity of α-synuclein protofibrils 
has been inconclusive, but research demonstrates that α-
synuclein protofibrils are the ones that tightly bind to vesicles 
and cause membrane permeabilization and destruction, a 
toxic effect (Volles et al., 2001). 7) To further support α-
synuclein’s gain of function characteristics in PD, 
experiments in animal models show PD-like symptoms with 
α-synuclein over-expression. This was demonstrated with 
wild-type α-synuclein and familial mutants A30P and A53T in 
mice (Masilah et al., 2000), flies (Feany and Bender, 2000), 
and worms (Lakso et al., 2003). 8) In yeast models, WT and 
E46K α-synuclein enhanced cell toxicity (Dixon et al., 2005). 
WT and the other familial mutant, E46K localize to the 
plasma membrane, confirming α-synuclein’s membrane 
binding affinity. The familial mutant A30P localizes to the 
cytoplasm (Ouitero and Lindquist, 2003; Dixon et al., 2006; 
Sharma et al., 2006). However, the role of α-synuclein 
membrane binding in PD pathogenesis remains unknown. 9) 
Since it is found associated in diverse cellular locations, α-
synuclein degradation is likely complex.  
 
Major α-Synuclein Questions 
The past decade provided tremendous insight into the PD 
field. Questions regarding the molecular basis of PD still 
remain unanswered. Is the accumulation and inclusion 
formation of α-synuclein causing the progression of PD? If 
this is true, what is the causative agent? From the studies 
with the familial causing PD genes, the role of oxidative 
stress in PD pathogenesis needs to be fully understood. 
Studying the effect of mitochondrial dysfunction’s role in the 
disease is a priority. A major gap in the field is whether α-
synuclein accumulation causes PD. If so, a better 
understanding of the different degradation routes α-synuclein 
takes is essential for developing treatments. My thesis 
specifically focused on this last question.  

 
The Degradation Problem 
α-Synuclein is found in many cell locations (Figure 2A). α-
Synuclein is mostly found in the cytoplasm, while studies 
demonstrate an affinity to phospholipids along with vesicle 
binding (Kahle, 2000; Davidson et al., 1998; Eliezer et al., 
2001). Recently, data indicate that α-synuclein is delivered to 
the plasma membrane through its interactions with the ER-
Golgi secretory pathway (Dixon et al., 2005). Lastly, small  
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Figure 2: α-Synuclein location and possible degradation routes. 
A. α-Synuclein is found in several places throughout a cell: 1. In 
cytoplasm, 2. Membrane-bound, 3. In secretory pathway, and 4. 
Extracellularly. B. Old, misfolded or damaged proteins need to be 
degraded. Extracellular and membrane-bound proteins use the 
lysosome as a route, while nuclear cytoplasmic proteins use the 
proteasome. 
 
 
amounts of α-synuclein are secreted from cells and are 
present in human body fluids, such as the blood plasma and 
cerebrospinal fluid (Lee et al., 2008).  

α-Synuclein degradation is likely complex due to 
its localization (Figure 2A). The cell has mechanisms to 
degrade old, damaged, or misfolded proteins, as eliminating 
such proteins is critical for the health of an organism. These 
mechanisms break proteins down to their constituent amino 
acids through one of two different degradation routes: the 
ubiquitin proteasome system (UPS) or the lysosome (Figure 
2B). Given α-synuclein’s localization, its degradation is likely 
complex. Data reveals that prion proteins, another set of 
proteins linked to neurodegeneration, can use both 
pathways. In mice brains, the prion protein is deposited in 
the lysosome (Laszlo et al., 1992), while in yeast it uses the 
proteasome for degradation (Ma and Lindquist, 2001). 
Depending on where α-synuclein is localized, it might use 
one or both routes. I first examine the evidence for the 
proteasome as a site for α-synuclein degradation, followed 
by the lysosome. 

 
Route One: The Proteasome 
The ubiquitin proteasome system (UPS) is one of two 
recycling mechanisms in the cell. The proteasome usually 
degrades proteins from the cytoplasm or the nucleus. 
Exceptions to this rule exist, however (Figure 2B; Alberts, 
2004). The UPS uses ubiquitin, a small protein that is 
attached to molecules that need to be degraded, as a 
marker for the molecules’ destruction. The enzymes that add 
the ubiquitin protein recognize signals for misfolding or 
chemical damage in the proteins.  

Until 2004, the PD field believed α-synuclein was 
degraded solely by the proteasome, because α-synuclein is 
found in the cytoplasm. Several lines of genetic evidence 
support the proteasome as an α-synuclein degradation 

  

 
 
 
 

Figure 3: Three routes to the lysosome. There are three major 
routes to the lysosome: phagocytosis, autophagy, and endocytosis. In 
phagocytosis, the cell engulfs bacteria or viruses for degradation. In 
autophagy, a membrane forms and eventually surrounds the 
organelle, then transporting it to the lysosome. Lastly, during 
endocytosis, the plasma membrane invaginates and material from 
outside of the cell or from the plasma membrane is tagged to the 
lysosome. 

 
 

route. Patients with two mutant genes involved in the 
ubiquitin-proteasome system caused familial PD (UCH-L1 
and parkin). UCH-L1 is a neuronal enzyme that hydrolyses 
ubiqutin, and studies show that α-synuclein aggregates 
when mutated UCH-L1’s concentration exceeds a certain 
threshold (Liu et al., 2002). Parkin is an E3 ligase that 
ubiquitylates α-synuclein among other proteins and tags 
them for degradation (Liu et al., 2002; Kitada et al., 1998). 
Several lines of genetic and pharmacological evidence 
further provide a link to the importance of the proteasome in 
α-synuclein degradation. A 26S proteasome subunit mouse 
knockout model resulted in mice with intra-neuronal Lewy-
like inclusions and neurodegeneration in the nigrostriatal 
pathway (Bedfort et al., 2008). Pharmacological studies have 
shown that proteasome inhibition, by lactacystin, for 
example, leads to α-synuclein inclusion formation (Rideout et 
al., 2002; Sawada et al., 2004). Proteasome inhibition in 
mice increases cell death through activation of cytoplasmic 
p53. Findings suggest that p53 abnormalities may play a role 
in dopaminergic cell death (Nair et al., 2006). These results 
highlight the proteasome as a key organelle in α-synuclein 
degradation.  
 
Route Two: The Lysosome 
The lysosomal system is the second recycling mechanism in 
the cell which degrades proteins from the plasma membrane 
or from outside of the cell. The cell has three pathways to 
the lysosome: phagocytosis, autophagy and endocytosis 
(Figure 3). Extracellular particles, such as bacteria, are taken 
up through phagocytosis. Once the particle is bound to the 
cell, special receptors trigger invagination of the membrane. 
The vesicle then pinches off and this vacuole is now a 
phagosome. Then enzymes begin breaking the bacteria 
down and transport it to the lysosome; once it fuses with the 
lysosome, it becomes a phagolysosome (Alberts, 2004). 
Since α-synuclein is not a bacterium, phagocytosis is not 
studied as a degradation route.   

The second pathway to the lysosome is autophagy 
and a method that the cell uses to get rid of unwanted or 
damaged organelles and proteins found in the cytoplasm.       
Autophagy is a stimulus-induced (self-cannibalism)                       
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Figure 4: MVB/Endocytosis Pathway. A. The endocytic pathway 
brings in proteins from outside or from the plasma membrane into the 
cell and to the lysosome. It also brings in proteins that the lysosome 
needs to break down substances. These proteins are made in the 
ER. It does this using multivesicular bodies (MVBs), which are 
vesicles that form inside the late endosome. B. MVBs are formed 
when the endosome membrane invaginates into the lumen. The 
invagination is made possible by the endosomal-sorting complex 
required for transport (ESCRT). The ESCRT complex helps form 
MVBs which then make it possible for those membrane-bound 
proteins to be degraded once the endosome and lysosome fuse. 

 
 
mechanism: for example, if the cell is experiencing amino 
acid starvation the cell will degrade nonessential cellular 
components. The process begins with the formation of a 
membrane around an organelle, a process called nucleation. 
The membrane expands until the organelle is completely 
enclosed by a double membrane, creating an 
autophagosome (expansion). Lastly, this vesicle is then 
transported to the lysosome for degradation and the union of 
an autophagosome and a lysosome is called fusion (Alberts, 
2004).  

In endocytosis, the third route to the lysosome, 
fluid or small molecules are taken from the outside of the 
cell, from the plasma membrane, or from the ER-Golgi 
secretory pathway to the lysosome. This happens when the 
plasma membrane buds in and then pinches off to form an 
endosome. This material is eventually taken to the lysosome 
for digestion (Alberts, 2004). 

Several lines of pharmacological evidence now 
point to the lysosome as another α-synuclein degradation 
route: 1) Evidence demonstrates no changes in levels of α-
synuclein with proteasome inhibition (Rideout et al., 2004; 
Ancolio et al., 2000). 2) Studies performed with human 
neuroblastoma and rat embryonic cortical neuron cell 
cultures with inhibited lysosome show rapid accumulation of 
oligomeric α-synuclein (Lee et al., 2004). Cuervo et al. 
(2004) conducted experiments demonstrating WT α-
synuclein is internalized and degraded by the lysosome 
through chaperone-mediated autophagy (CMA). The A30P 
and A53T mutants, on the other hand, were not degraded 
using this mechanism. 3) Results were confirmed in similar 
experiments with inhibited CMA and macroautophagy, 

resulting in WT α-synuclein accumulation (Vogliatzi et al., 
2008). 4) Other experiments with autophagy found evidence 
of the presence of α-synuclein in autophagy-like vesicles. 
Data also showed that autophagy inducers, such as 
rapamycin, increased the clearance of α-synuclein in PC12 
cell lines (Webb et al., 2003).  

The studies above focus mostly on autophagy and 
less on endocytosis; almost all evidence is pharmacological. 
My thesis, therefore, focused on the endocytosis route. 
 
Multivesicular body/Endosome Pathway 
The main function of the endocytosis pathway is to import 
proteins located extracellularly or proteins on the membrane 
to the lysosome. Endocytosis also brings in proteins from the 
ER that the lysosome needs to break down substances 
(Figure 4A).  

Transmembrane proteins are delivered to the 
endosome lumen in multivesicular bodies (MVBs), which are 
vesicles that form inside the late endosome. The sorting of 
proteins into the MVB pathway is a complex, multistep 
process. Monoubiquitination of these transmembrane 
proteins signals their sorting into an MVB (Katzmann et al., 
2001). A common substrate that uses the MVB/endosome 
pathway is the epidermal growth factor receptor (EGF-R). 
The signal for this protein to become degraded by MVBs is 
tyrosine phosphorylation, and mutations impair its 
degradation (Fedler et al., 1990). Experiments with growth 
hormone receptor (GHR) demonstrate that ubiquitin needs to 
be present for GHR degradation by endocytosis (Strous et 
al., 1996). In accordance, other proteins such as Ste3, 
Gap1, Tat2t in yeast and GHR, MHCII, E-Cadherin in 
mammals also uses ubiquitin as a signal for degradation by 
the MVB/endocytosis pathway (Katzmann et al., 2002). 

The invagination of the endosome membrane is 
made possible by subcomplexes, the endosomal-sorting 
complex required for transport (pre-ESCRT, ESCRT I, II, III 
and post-ESCRT). The ESCRT complexes helps form MVBs 
which then make it possible for those membrane-bound 
proteins to be degraded once the endosome and lysosome 
fuse (Figure 4B; Katzmann et al., 2001; Katzman et al., 
2002). 

The ESCRT complexes are composed of less than 
20 proteins, known as class E Vacuolar Protein Sorting (vps) 
proteins, since the vacuole is the yeast counterpart of the 
lysosome (Katzmann et al., 2002). Mutations in these genes 
cause defective sorting of transmembrane proteins from the 
plasma membrane to the vacuolar lumen by means of the 
MVB pathway (Hierro et al., 2004). vps34, a protein kinase, 
is involved at the pre-ESCRT step with initiation and cargo 
recognition. vps34 is also responsible for the synthesis of a 
specific phospholipid, phosphatidylinositol 3-phosphate, 
which then forms a complex at the membrane with vps15 to 
regulate protein sorting (Herman & Erm, 1990; Stack et 
al.,1993). Moreover, pre-ESCRT protein vps27 is recruited to 
the early endosome by its interaction with the ubiquitinated 
cargo. vps27 then recruits ESCRT-I complex (composed of 
mvb12, vps23, vps28, and vps37) into the membrane, these 
proteins are responsible for the cargo sorting. ESCRT-I 
recruits ESCRT-II (composed of vps22, vps25, and vps36), 
and ESCRT-II recruits ESCRT-III (composed of vps2, vps20, 
vps24, and vps32) into the membrane (Babst et al., 2002). 
ESCRT-III is responsible for cargo sequestration and finally 
MVB vesicle formation. Post-ESCRT steps include vps4, 
vps60 and vta1. These are involved in disassembly and 
membrane release (Lee and Gao, 2008).  

A few studies have focused on the 
endocytosis/MVB pathway as a mechanism for α-synuclein 
degradation. First, genome-wide yeast deletions identified 
two endocytosis genes, vps24 and vps28, that demonstrated 
α-synuclein dependent toxicity (Willingham et al., 2003). 
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Figure 5: Predictions and genes examined. A. Predictions for 
endocytotic regulation of α-synuclein. We induced α-synuclein 
expression in both the endocytosis intact and the endocytosis 
deficient yeast. The endocytosis intact is expected to degrade α-
synuclein via the endosome-lysosome pathway, leading to healthy 
cells. On the other hand, we predict some, but not all endocytosis 
deficient yeast will increase α-synuclein accumulation, toxicity and 
change localization. B. Table showing the genes that make ESCRT-I, 
II and III. The genes examined in this study have a checkmark.   
 

 
Also, phosphorylated α-synuclein accumulated in 

C. elegans with endocytosis gene knockouts (Kuwahara et 
al., 2008). Even though α-synuclein is mostly a cytoplasmic 
protein, small amounts of its aggregated form are found 
outside the cells in PD patients, in particular in the blood 
plasma and cerebrospinal fluid. Lee et al., (2008) showed 
that accumulated extra cellular α-synuclein was internalized 
using the endocytosis pathway and eventually degraded by 
the lysosome (Lee et al., 2008). Rab5, a GTPase, seems to 
be an important factor in neuronal endocytosis. One study 
showed that Rab5 is critical for the degradation of 
exogenous α-synuclein in cells (Sung et al., 2001). In a yeast 
model, the familial mutant A30P binds to endocytic protein 
YPP1 at the plasma membrane, causing the budding of 
endocytic vesicles in receptor mediated endocytosis, and 
eventually targeted to the vacuole for degradation, and thus 
again linking endocytosis in α-synuclein degradation by the 
lysosome (Flower et al., 2007). Therefore, if α-synuclein 
uses this pathway, it should interact with all or some of the 
other ESCRT pathway proteins involved. 
 
Gap in Knowledge: What we still do not know 
Proteasome degradation of α-synuclein is supported by 
pharmacological, genetic and biochemical evidence. In order 
for the lysosome to receive a similarly wide level of support, 
additional genetic and biochemical studies need to be done. 
Past evidence for α-synuclein degradation by the lysosome 
mostly focused on pharmacological studies (Cuervo et al., 
2004; Lee et al., 2003). Alex Ayala ‘09 undertook the first 
study of the MVB/endocytosis protein complexes, and it was 
one of the few times where several PD-linked α-synuclein 
properties, accumulation, localization, and toxicity, were 
studied. She found that all six strains examined altered at 

least one of the three α-synuclein PD-related properties 
(Table 1; Ayala Thesis, 2009). She reported three significant 
findings: 1) The MVB/endocytosis pathway is implicated in α-
synuclein degradation, 2) Some ESCRT genes subtly 
regulate α-synuclein properties, and 3) An overall absence of 
toxicity and how we can understand those differences. The 
rest of the MVB/endocytosis genes still need to be analyzed 
(Figure 5B). My thesis filled this gap in knowledge using the   
same budding yeast model.  
 
 
Table 1: Past evaluation of α-synuclein degradation by 
endocytosis. Ayala Thesis (2009) evaluated α-Synuclein 
degradation toxicity, localization, and accumulation for six total 
ESCRT protein knockout strains. The changes were assessed as a 
strong, weak or none when compared to BY4741. 

 
 
Budding Yeast 
S. cerevisiae, budding yeast, was used as a model organism 
to evaluate the role of the endocytosis/MVB pathway in α-
synuclein degradation. The MVB/endosome pathway is best 
studied in budding yeast and because of its importance, the 
MVB pathway to the lysosome has been conserved from 
yeasts to humans (Katzman et al., 2001). Budding yeast are 
extremely powerful molecular and biological tools because 
their genome is known and the entire gene deletion library is 
available (OpenBiosystems). This eukaryotic model system 
is effective for the study of different neurodegenerative 
diseases. Budding yeast are used in the study of 
Huntington’s disease and PD among others (Willingham et 
al., 2003; Outeiro and Lindqust, 2004, Dixon et al., 2005, 
Sharma et al., 2006). 

 
Hypothesis and Aims 
My hypothesis was that the MVB/endosome pathway is a 
route by which α-synuclein is targeted to the lysosome.  

To test this hypothesis, I examined pre-ESCRT 
(vps34Δ and vps27Δ), ESCRT-I (vps37Δ and vps23Δ), 
ESCRT-II (vps22Δ) and ESCRT-III (vps2Δ and vps32Δ) 
genes. To evaluate the role of all seven proteins I evaluated 
the following aim: 

 
Aim: To compromise individual ESCRT genes in budding 
yeast and determine whether α-synuclein accumulated, 
changed localization, and/or induced toxicity.  

I predicted that the deletion of each of these genes 
would change one or more of the following: increase 
cytoplasmic localization of α-synuclein, increase α-synuclein 
accumulation and induce toxicity (Figure 5A).  

We report three significant findings. Firstly, all 
seven genes affected at least one α-synuclein PD-related 
property and thus providing accumulating genetic evidence 
for the MVB/endosome pathway as a regulator of α-

 
Strain: 

 

 
Localization 

 

 
Toxicity 

 

 
Accumulation 

 
 

ESCRT-I: 
mvb12Δ 
vps28Δ 

 

 
 

None 
Weak 

 

 
 

Non Toxic 
Weak 

 

 
 

Weak 
Weak 

 
 

ESCRT-II: 
vps25Δ 
vps36Δ 

 

 
 

Weak 
Weak 

 

 
 

Non Toxic 
Non Toxic 

 
 

Weak 
Strong 

 
ESCRT-III: 

vps20Δ 
vps24Δ 

 

 
 

Weak 
Strong 

 

 
 

Non Toxic 
Toxic 

 

 
 

Strong 
None 
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synuclein degradation. Secondly, each gene affected α-
synuclein properties to different extents, suggesting 
substrate specificity for endocytosis steps. Lastly, none of 
the genes contributed additional α-synuclein-dependent 
toxicity. Together, our data suggests that α-synuclein is 
degraded by the lysosome using the endocytosis route. 

  
Methods and Materials 
 
Except for the Loss of Induction assay the following methods 
have all been adapted from Sharma et al., (2006) and 
described briefly again.  

 
α-Synuclein Constructs 
The vectors used in this study (pYES2.1, GFP, WT α-
synuclein, and the A30P and E46K familial mutants) were 
created as previously described in Sharma et al., (2006). 

 
Yeast Strains 
Parent strain BY4741 (mat a) and MVB deletion strains 
vps27Δ, vps34Δ, vps23Δ, vps37Δ, vps22Δ, vps2Δ, and 
vps32Δ were purchased from Open Biosystems.  

 
Yeast Expression 
α-Synuclein expression plasmid vectors were transformed 
into above budding yeast strains as described in Burke et al., 
(2000). Yeast cells were grown on media lacking uracil (SC-
URA) for selection. Using polymerase-chain reaction (PCR), 
the presence of α-synuclein constructs was confirmed. The 
expression of α-synuclein was regulated using a galactose 
inducible promoter (GAL1) in the pYES2.1 vector. Yeast 
cells were grown overnight in SC-URA glucose (2%) media 
at 30ºC. Cells were washed with water and diluted to 5 x 
10^6 cells/ml in SC-URA galactose (2%) media to induce 
expression and grown to the time points desired for various 
experiments mentioned below. 

 
Western Blot Analysis 
Cells were grown overnight in 5 ml SC-URA glucose at 
30°C, 200 rpm. They were centrifuged at 1500xg for 5 
minutes at 4°C, and washed three times with 5ml water. 
Cells were then transferred to 25ml of SC-URA galactose at 
30°C at 200 rpm. At 24 hours, 2.5x107 cell density was 
calculated to create cell lysates. Cells were washed with 100 
mM NaN3, solubilized in ESB (electrophoresis sample 
buffer), and small beads were added to break up contents. 
Samples were run on Tris-Glycine gels using SDS 
containing running bugger. SeeBlue was used as the 
molecular weight standard. Gels were transferred to a PVDF 
membrane. Western blot was created by washing 
membranes with different antibodies using standard 
protocols and detected for alkaline phosphatase activity: 
anti-V5 to code for α-synuclein, and anti-PGK 
(phosphoglycerolkinase) as a loading control.  

 
GFP Microscopy 
Cells were grown overnight in 10 ml SC-URA glucose at 
30°C at 200 rpm. Protein expression was induced with SC-
URA galactose as previously described. After 24 and 48 
hours, 1ml of culture was pipetted into a 1.5 ml 
microcentrifuge tube and 10 ml cell suspension was pipetted 
onto a slide. Cells were visualized under a Nikon TE2000-U 
fluorescent microscope and images were acquired and 
analyzed using Metamorph 4.0 imaging software.  
 
Growth Curve Analysis 
Cells were grown overnight in 5 ml SC-URA glucose at 
30°C, 200 rpm. They were centrifuged at 1500xg for 5 
minutes at 4°C, and washed three times with 5ml water. 
Cells were resuspended in 10ml water and counted. 2.0x106 

cell density was inoculated into 25ml galactose and grown in 
a shaking incubator at 30°C, 200 rpm for 48 hours. At 
specific time points (0, 3, 6, 12, 18. 24, 36 and 48 hours) 1 
ml of culture was removed from each culture and pipetted 
into two cuvetes for duplicate readings. Readings were taken 
using a Hitachi U-2000 Spectrophotometer set at 600 nm.   
 
Spotting 
Cells were grown overnight in 5 ml SC-URA glucose at 
30°C, 200 rpm. They were centrifuged at 1500xg for 5 
minutes at 4°C, and washed three times with 5ml water. 
Cells were resuspended in 10ml water and counted. 2.0x107 
cell density were placed into a 1.5 ml centrifuge tube and 
centrifuged at 2500 rpm for 5 minutes. Water was removed 
and cells were resuspended in 1ml of sterile DI water. Cells 
were 5-fold serially diluted into 96-microwell plates and 
spotted on SC-URA glucose and galactose plates using a 
multi-channel pipette. Photographs were taken after 24 
hours of growth for glucose plates and 48 hours for 
galactose plates.  
 
Loss of Induction 
Cells were grown overnight in 5 ml SC-URA glucose at 
30°C, 200 rpm. They were washed twice in 5 ml water. Cells 
were re-suspended in 10 ml water and 4 ml were transferred 
into 46 ml of SC-URA galactose and grown for 24 hours. At 
24 hours, cells were counted and lysates were prepared. 
The culture was then transferred to a 50 ml centrifuge tube, 
washed 3 times with 10 ml water and re-suspended in 15 ml. 
5 ml of culture was transferred to 45 ml of SC-URA glucose. 
Lysates were prepared for galactose 24 hrs, glucose 0 hrs, 
glucose 6 hrs, glucose 12 hrs, and glucose 24 hrs, and 
Western Blot was performed as described above.   
 
Statistics 
Western blots, loss of induction blots, and microscopy 
pictures at each time point were repeated twice. Growth 
curves and 3 sets of glucose/galactose spotting were 
repeated three times. Growth curves were placed into a 
cumulative graph. Two-tailed distribution, two sample equal 
variable t-tests were performed on all cumulative growth 
curves at 18 and 24 hours. Each α-synuclein plasmid vector 
was compared to the parent plasmid. Microsoft excel was 
used to perform the t-test on the growth curves. For 
microscopy, Metamorph 4.0 imaging software was used to 
count 750 DIC cells, and the corresponding fluorescent 
pictures of cells were scored for phenotype and percent was 
calculated.   
 
Results 
 
Experimental Set-Up:  
Localization was analyzed through fluorescent microscopy, 
toxicity through growth curves and five-fold dilution spotting 
on plates, and accumulation through Western blots and loss 
of induction assays. Each strain was compared to the 
isogenic parent strain, BY4741, and transformed with five 
plasmid vectors (Table 2). The pYES2.1 parent plasmid and 
GFP plasmid served as negative controls. The three 
synuclein vectors contained wild-type (WT) or two familial 
mutants (A30P and E46K). 
 
BY4741: α-Synuclein is membrane bound in parent strain 
First, we analyzed α-synuclein properties in BY4741 strain 
because it displays normal endocytosis and does not contain 
any endocytosis gene deletions. The findings in this strain 
served as controls for the rest of the gene deletion strains 
we then studied. As previously shown (Sharma et al., 2006), 
we also found that both WT and E46K α-synuclein localized 
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Table 2. List of Transformed Budding Yeast Strains 
 

No cDNA  BY4741 

(parent plasmid) vps37Δ 

  vps27Δ 

  vps37Δ 

  vps23Δ 

  vps22Δ 

  

pYES2.1 

vps2Δ 
vps32Δ 
BY4741 
vps37Δ 
vps27Δ 
vps37Δ 

vps23Δ 

vps22Δ 

Alanine140-GFP pYES2.1 

vps2Δ 
vps32Δ 

WT-α-Synuclein-Alanine140-GFP pYES2.1 BY4741 

    vps37Δ 

    vps27Δ 
    vps37Δ 

    vps23Δ 
    vps22Δ 

  
  vps2Δ 

vps32Δ 
A30P-α-Synuclein-Alanine140-GFP pYES2.1 BY4741 

    vps37Δ 

    vps27Δ 
    vps37Δ 
    vps23Δ 

    vps22Δ 

  
  vps2Δ 

vps32Δ 
E46K-α-Synuclein-Alanine140-GFP pYES2.1 BY4741 

  vps37Δ 
  vps27Δ 
  vps37Δ 

  vps23Δ 
    vps22Δ 

  
  

vps2Δ 
vps32Δ 

 
 
 
to the plasma membrane but A30P was diffuse within the 
cytoplasm (Figure 6A, left). This qualitative observation was 
quantifiably confirmed (Figure 6A, right). WT and E46K α-
synuclein were equally expressed in these cells, while A30P 
expression was reduced (Figure 6B). Lastly, α-synuclein was 
not toxic to yeasts as assessed by both five-fold serial 
dilution plating (Figure 6C) and growth curves (Figure 6D).  
 
Pre-ESCRT: Both Proteins Regulate α-synuclein 
Localization 
Our next goal was to examine α-synuclein property changes 
in the first of two pre-ESCRT compromised strains: vps34Δ. 
In support of our hypothesis, both WT and E46K α-synuclein 
were quantifiably less localized at the plasma membrane at 
the end of 48 hours of expression (Figure 7A). Interestingly, 

A30P did not alter its localization pattern and, as expected, 
GFP remained unchanged (Figure 7A). Moreover, WT and 
E46K α-synuclein both also increased accumulation in 
vps34Δ cells, as shown in Western blots at 24 hours of 
expression (Figure 7B, top). To confirm this accumulation, 
we assessed protein turnover of both WT and E46K α-
synuclein by the loss of induction assay, which consequently 
supported the accumulation despite unequal loading (Figure 
7B, bottom). However, the α-synuclein localization change 
and accumulation did not correlate with an increase in 
cellular toxicity as shown by both toxicity assays (Figure 7C 
& D).  
 Secondly, we examined vps27Δ cells to assess if 
pre-ESCRT proteins regulate α-synuclein in similar or 
different ways. Similar to vps34Δ, WT and E46K α-synuclein 
were diffuse through cytoplasm and localized at the plasma 
membrane through 48 hours of expression, while A30P 
again did not alter its localization pattern (Figure 8A). 
Surprisingly, all three forms of α-synuclein compared equally 
to parent strain in the Western blot (Figure 8B, top). To 
confirm this lack of accumulation, we assessed protein 
turnover of WT α-synuclein using loss of induction and 
consequently saw no change between vps27Δ and parent 
strain (Figure 8B, bottom). Finally, α-synuclein was not toxic 
as shown through spotting (Figure 8C) and growth curve 
assays (Figure 8D). 
 
ESCRT I: Lack of vps37 Accumulates α-synuclein 
We then examined the two genes encoding the ESCRT I 
complex, starting with vps37Δ. Supporting our predictions, α-
synuclein demonstrated a minor change in localization in WT 
and E46K through 48 hours with less localization at the 
plasma membrane, while A30P remained the same (Figure 
9A). Furthermore, WT α-synuclein showed increased 
accumulation in vps37Δ, as seen through Western blots and 
loss of induction blots (Figure 9B). Although Western blot did 
not show accumulation for E46K, loss of induction analysis 
demonstrated accumulation (Figure 9B, bottom right). 
Finally, α-synuclein was not toxic as shown through both 
toxicity assays (Figure 9C & D).  
 The remaining ESCRT I gene deletion was 
vps23Δ. Unlike vps37Δ cells, vps23Δ cells had a very subtle 
change in localization when compared to parent strain, only 
a minority of cells expressed WT and E46K α-synuclein 
through the cytoplasm at 48 hours (Figure 10A). Moreover, 
α-synuclein expression was similar in both vps23Δ and 
parent strain despite unequal loading (Figure 10B). Just as 
in vps37Δ, the expression of α-synuclein did not cause 
toxicity to the cells (Figure 10C & D).  
ESCRT II: vps22 does not affect α-synuclein  
Our next goal was to examine the remaining ESCRT II 
strain: vps22Δ. Refuting our hypothesis, WT and A30P did 
not alter their localization pattern dramatically over 48 hours 
when compared to parent strain. Some E46K α-synuclein is 
diffuse within cytoplasm at 48 hours (Figure 11A). α-
Synuclein compared equally to parent strain in the Western 
blot and loss of induction (Figure 11B). Lastly, α-synuclein 
was not toxic to the cells (Figure 11C & D). 
 
ESCRT III: vps2 Alters α-synuclein Localization and 
Accumulation 
Our last goal was to examine one of two remaining ESCRT 
III compromised strains, vps2Δ, for its three PD-related α-
synuclein characteristics. Supporting our belief, both WT and 
E46K α-synuclein were quantifiably less localized at the 
plasma membrane at the end of 48 hours of expression, 
while A30P remained the same (Figure 12A). Moreover, WT



                      
 
Figure 6: α-Synuclein is membrane bound in parent strain 
A. LEFT- α-Synuclein localization: Fluorescence microscopy was used to visualize GFP-tagged α-synuclein at 24 and 48 hrs. WT and E46K α-
synuclein localizes to the membrane. Instead, A30P α-synuclein was diffuse throughout the cytoplasm and shows no membrane localization (n=2). 
RIGHT- Localization quantification of 750 cells of each transformed α-synuclein construct in BY4741 were counted and scored for five different 
florescence localization patterns: halo, diffuse, halo and diffuse, halo and foci, and polar halo (n=2).   
B. Protein expression: Western blotting was used to assess the amount of WT and familial mutant α-synuclein present in BY4741 yeast at 24 hrs. WT 
and E46K expression were similar while A30P expression was reduced (n=2). 
C. Spotting: Ten-fold serial dilutions on glucose (non-inducing media) and galactose (inducing media). WT, A30P, and E46K showed no impaired 
growth (n=3). 
D. Growth curve: Optical density 600 nm was used to evaluate growth in BY4741 budding yeast expressing WT, A30P, and E46K α-synuclein (induced 
in galactose). All α-synuclein expressing cells grew similarly to PP control (n=3, at 18 hours: GFP, p=0.992, WT, p=0.593, A30P, p=0.085, E46K,  
p=0.0604, at 24 hours: GFP, p=0.913, WT, p=0.498, A30P, p=0.060, and E46K growing better, p=0.015). 
 

                                          
 
Figure 7: a-Synuclein accumulation and localization changes in vps34Δ  
A. LEFT α-Synuclein localization: Fluorescence microscopy was used to visualize GFP-tagged α-synuclein at 24 and 48 hrs. WT and E46K α-
synuclein were less localized at the plasma membrane at the end of 48 hours of expression. A30P did not alter its localization pattern, and as expected 
GFP remained unchanged (n=2). RIGHT- Localization quantification of 750 cells of each transformed α-synuclein construct in vps34Δ  were counted 
and scored for five different florescence localization patterns: halo, diffuse, halo and diffuse, halo and foci, and polar halo (n=2).   
B. Protein expression: Western blotting and loss of induction were used to assess the amount of WT and familial mutant α-synuclein present in vps34Δ  
yeast at 24 hrs. Protein expression was compared to BY4741 parent strain which served as a control. WT and E46K α-synuclein both showed 
increased accumulation in vps34Δ  cells, as shown in both Western blots at 24 hours of expression and by loss of α-synuclein induction over the next 
24 hours (n=2). 
C. Spotting: Ten-fold serial dilutions on glucose (non-inducing media) and galactose (inducing media). WT, A30P, and E46K showed no impaired 
growth (n=3). 
D. Growth curve: Optical density 600 nm was used to evaluate growth in in vps34Δ  budding yeast expressing WT, A30P, and E46K α-synuclein 
(induced in galactose). All α-synuclein expressing cells grew similarly to PP control (n=3, at 18 hours: GFP growing better, p=0.020, WT, p=0.833, 
A30P growing better, p=0.018, E46K, p=0.699, at 24 hours: GFP growing better, p=0.022, WT, p=0.460, A30P growing better, p=0.018, and E46K, 
p=0.617



                                                       
 
Figure 8: Changes in α-synuclein localization in second pre-ESCRT vps27Δ  
A. LEFT- α-Synuclein localization: Fluorescence microscopy was used to visualize GFP-tagged α-synuclein at 24 and 48 hrs. WT and E46K α-
synuclein were less localized at the plasma membrane at the end of 48 hours of expression. A30P did not alter its localization pattern (n=2). RIGHT- 
Localization quantification of 750 cells of each transformed α-synuclein construct in vps27Δ  were counted and scored for five different florescence 
localization patterns: halo, diffuse, halo and diffuse, halo and foci, and polar halo (n=2).   
B. Protein expression: Western blotting and loss of induction were used to assess the amount of WT and familial mutant α-synuclein present in vps27Δ  
yeast at 24 hrs. Protein expression was compared to BY4741 parent strain which served as a control. Surprisingly, all three forms of α-synuclein 
compared equally to parent strain in the Western blot and WT results were confirmed in loss of induction blot (n=2). 
C. Spotting: Ten-fold serial dilutions on glucose (non-inducing media) and galactose (inducing media). WT, A30P, and E46K showed no impaired 
growth (n=3). 
D. Growth curve: Optical density 600 nm was used to evaluate growth in in vps27Δ  budding yeast expressing WT, A30P, and E46K α-synuclein 
(induced in galactose). All α-synuclein expressing cells grew similarly to PP control (n=3, at 18 hours: GFP, p=0.617, WT, p=0.936, A30P, p=0.064, 
E46K, p=0.494, at 24 hours: GFP, p=0.432, WT, p=0.897, A30P growing better, p=0.050, and E46K, p=0.384). 
 

                           
 
Figure 9: First ESCRT I strain vps37Δ  exhibits accumulation 
A. LEFT- α-Synuclein localization: Fluorescence microscopy was used to visualize GFP-tagged α-synuclein at 24 and 48 hrs. α-Synuclein had a minor 
change in localization in WT and E46K through 48 hours with less localization at the plasma membrane, while A30P remained the same (n=2). RIGHT- 
Localization quantification of 750 cells of each transformed α-synuclein construct in vps37Δ  were counted and scored for five different florescence 
localization patterns: halo, diffuse, halo and diffuse, halo and foci, and polar halo (n=2).   
B. Protein expression: Western blotting and loss of induction were used to assess the amount of WT and familial mutant α-synuclein present in vps37Δ  
yeast at 24 hrs. Protein expression was compared to BY4741 parent strain which served as a control. WT α-synuclein showed increased accumulation 
in vps37Δ , as seen through Western blots and loss of induction blots. Although Western blot did not show accumulation for E46K, loss of induction 
analysis demonstrated accumulation (n=2). 
C. Spotting: Ten-fold serial dilutions on glucose (non-inducing media) and galactose (inducing media). WT, A30P, and E46K showed no impaired 
growth (n=3). 
D. Growth curve: Optical density 600 nm was used to evaluate growth in in vps37Δ  budding yeast expressing WT, A30P, and E46K α-synuclein 
(induced in galactose). All α-synuclein expressing cells grew similarly to PP control (n=3, at 18 hours: GFP, p=0.784, WT, p=0.641, A30P, p=0.682, 
E46K, p=0.504, at 24 hours: GFP, p=0.852, WT, p=0.386, A30P, p=0.439, and E46K, p=0.163). 
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Figure 10: Subtle α-synuclein localization and accumulation in vps23Δ  
A. LEFT- α-Synuclein localization: Fluorescence microscopy was used to visualize GFP-tagged α-synuclein at 24 and 48 hrs. vps23Δ  cells had a very 
subtle change in localization when compared to parent strain, only a minority of cells expressed WT and E46K α-synuclein through the cytoplasm at 48 
hours (n=2). RIGHT- Localization quantification of 750 cells of each transformed α-synuclein construct in vps23Δ  were counted and scored for five 
different florescence localization patterns: halo, diffuse, halo and diffuse, halo and foci, and polar halo (n=2).   
B. Protein expression: Western blotting and loss of induction were used to assess the amount of WT and familial mutant α-synuclein present in vps23Δ  
yeast at 24 hrs. Protein expression was compared to BY4741 parent strain which served as a control. α-Synuclein expression was similar in both 
vps23Δ  and parent strain (n=2). 
C. Spotting: Ten-fold serial dilutions on glucose (non-inducing media) and galactose (inducing media). WT, A30P, and E46K showed no impaired 
growth (n=3). 
D. Growth curve: Optical density 600 nm was used to evaluate growth in in vps23Δ  budding yeast expressing WT, A30P, and E46K α-synuclein 
(induced in galactose). All α-synuclein expressing cells grew similarly to PP control (n=3, at 18 hours: GFP, p=0.495, WT, p=0.988, A30P, p=0.785, 
E46K, p=0.865, at 24 hours: GFP, p=0.303, WT, p=0.806, A30P, p=0.430, and E46K, p=0.691). 
 

                           
 
Figure 11: ESCRT II vps22Δ  exhibit few changes on α-synuclein  
A. LEFT- α-Synuclein localization: Fluorescence microscopy was used to visualize GFP-tagged α-synuclein at 24 and 48 hrs. WT and A30P did not 
alter their localization pattern dramatically over 48 hours. Some E46K α-synuclein is diffuse within cytoplasm at 48 hours (n=2). RIGHT- Localization 
quantification of 750 cells of each transformed α-synuclein construct in vps22Δ  were counted and scored for five different florescence localization 
patterns: halo, diffuse, halo and diffuse, halo and foci, and polar halo (n=2).   
B. Protein expression: Western blotting and loss of induction were used to assess the amount of WT and familial mutant α-synuclein present in vps22Δ  
yeast at 24 hrs. Protein expression was compared to BY4741 parent strain which served as a control. α-Synuclein compared equally to parent strain in 
the Western blot (n=2). 
C. Spotting: Ten-fold serial dilutions on glucose (non-inducing media) and galactose (inducing media). WT, A30P, and E46K showed no impaired 
growth (n=3) 
D. Growth curve: Optical density 600 nm was used to evaluate growth in in vps22Δ  budding yeast expressing WT, A30P, and E46K α-synuclein 
(induced in galactose). All α-synuclein expressing cells grew similarly to PP control (n=3, at 18 hours: GFP, p=0.486, WT, p=0.760, A30P, p=0.696, 
E46K, p=0.763, at 24 hours: GFP, p=0.570, WT, p=0.989, A30P, p=0.831, and E46K, p=0.894). 



                             
 
Figure 12: ESCRT III strain vps2Δ  expresses high localization to cytoplasm 
A. LEFT- α-Synuclein localization: Fluorescence microscopy was used to visualize GFP-tagged α-synuclein at 24 and 48 hrs. WT and E46K α-
synuclein were quantifiably less localized at the plasma membrane at the end of 48 hours of expression while A30P remained the same (n=2). RIGHT- 
Localization quantification of 750 cells of each transformed α-synuclein construct in vps2Δ  were counted and scored for five different florescence 
localization patterns: halo, diffuse, halo and diffuse, halo and foci, and polar halo (n=2).   
B. Protein expression: Western blotting and loss of induction were used to assess the amount of WT and familial mutant α-synuclein present in vps2Δ  
yeast at 24 hrs. Protein expression was compared to BY4741 parent strain which served as a control. WT and E46K α-synuclein showed increased 
accumulation in vps2Δ  as demonstrated by Western and loss of induction blots (n=2). 
C. Spotting: Ten-fold serial dilutions on glucose (non-inducing media) and galactose (inducing media). WT, A30P, and E46K showed no impaired 
growth (n=3). 
D. Growth curve: Optical density 600 nm was used to evaluate growth in in vps2Δ  budding yeast expressing WT, A30P, and E46K α-synuclein 
(induced in galactose). All α-synuclein expressing cells grew similarly to PP control (n=3, at 18 hours: GFP, p=0.836, WT, p=0.547, A30P, p=0.307, 
E46K, p=0.342, at 24 hours: GFP, p=0.896, WT, p=0.851, A30P, p=0.170, and E46K, p=0.316). 

                                     
 
Figure 13: Subtle shift in localization in ESCRT III vps32Δ  strain 
A. LEFT- α-Synuclein localization: Fluorescence microscopy was used to visualize GFP-tagged α-synuclein at 24 and 48 hrs. vps32Δ  cells had a 
subtle change in localization (n=2). RIGHT- Localization quantification of 750 cells of each transformed α-synuclein construct in vps32Δ  were counted 
and scored for five different florescence localization patterns: halo, diffuse, halo and diffuse, halo and foci, and polar halo (n=2).   
B. Protein expression: Western blotting and loss of induction were used to assess the amount of WT and familial mutant α-synuclein present in vps32Δ  
yeast at 24 hrs. Protein expression was compared to BY4741 parent strain which served as a control. α-synuclein expression was similar in both 
vps32Δ  and parent strain BY4741 (n=2). 
C. Spotting: Ten-fold serial dilutions on glucose (non-inducing media) and galactose (inducing media). WT, A30P, and E46K showed no impaired 
growth (n=3). 
D. Growth curve: Optical density 600 nm was used to evaluate growth in in vps32Δ  budding yeast expressing WT, A30P, and E46K α-synuclein 
(induced in galactose). All α-synuclein expressing cells grew similarly to PP control (n=3, at 18 hours: GFP, p=0.071, WT, p=0.075, A30P, p=0.642, 
E46K, p=0.250, at 24 hours: GFP, p=0.014, WT, p=0.094, A30P, p=0.261, and E46K, p=0.138). 



Table 3: Summary of α-synuclein changes in endocytosis-
deficient strains. α-Synuclein toxicity, localization, and accumulation 
have been evaluated for thirteen total ESCRT protein knockout 
strains. The strains done as part of this thesis are in bold. The 
changes were assessed as a strong, weak or none when compared 
to parent strain. 

 
 
and E46K α-synuclein showed increased accumulation in 
vps2Δ as demonstrated by Western blots and loss of 
induction blots (Figure 12B). As usual, the expression of α-
synuclein did not cause toxicity to the cells as shown through 
spotting (Figure 12C) and growth curve assays (Figure 12D).  
 To finally complete our picture, we examined 
vps32Δ, since it was our remaining ESCRT III gene deletion. 
Refuting our hypothesis, vps32Δ cells had only a subtle 
change in localization unlike vps2Δ (Figure 13A). In 
accordance to past strains, α-synuclein expression was 
similar in both vps32Δ and parent strain BY4741 (Figure 
13B). The expression of α-synuclein did not cause toxicity to 
the cells as demonstrated by both toxicity assays (Figure 
13C & D).  
 
Discussion 
 
Understanding how α-synuclein is degraded is of significant 
therapeutic value if α-synuclein is the culprit protein in PD. 
To build on current pharmacological evidence, the field 
needs more genetic analysis on whether α-synuclein 
degradation is through the MVB/endosome pathway to the 
lysosome. The DebBurman lab began evaluating the ability 
of several ESCRT proteins within the endocytosis pathway 
to regulate α-synuclein two years ago (Ayala Thesis, 2009). 
The goal of my thesis was to complete assessment of the 
remaining ESCRT-I, -II, and -III proteins, as well as the two 
pre-ESCRT proteins. We report three findings of notable 
interest. Firstly, my thesis further contributes to the 
accumulating genetic evidence for the MVB/endosome 
pathway as a regulator of α-synuclein degradation. 
Secondly, each gene affected α-synuclein properties to 
different extents, suggesting substrate specificity for 
endocytosis steps. Lastly, none of the genes contributed 
additional α-synuclein-dependent toxicity. Table 3 is a 
summary of the work accomplished so far within the 

MVB/endosome pathway by my thesis and that by Alex 
Ayala. For the future, post-ESCRT proteins remain to be 
analyzed.  
 
The MVB/endosome Pathway is Involved in Degrading α-
synuclein 
A first notable finding is that my data supports the hypothesis 
that α-synuclein is degraded through the MVB/endosome 
pathway to the lysosome. Of the seven genes I examined, all 
impacted one or more of the three α-synuclein-PD related 
properties (Table 3).  Specifically, α-synuclein accumulation 
increased in three strains (vps34Δ, vps37Δ, and vps2Δ), 
while α-synuclein localization became more cytoplasmic to 
different extents in all seven strains. This data adds to 
previous findings in our lab (Table 3; Ayala Thesis, 2009). 
Previously, α-synuclein accumulation increased in five of the 
six strains examined (mvb12Δ, vps28Δ, vps25Δ, vps36Δ, 
and vps20Δ). Additionally, an overlapping set of five strains 
had increased cytoplasmic localization and some formed 
aggregates (vps28Δ, vps25Δ, vps36Δ, vps20Δ, and 
vps24Δ). Lastly, two strains exhibited α-synuclein-dependent 
toxicity (vps24Δ and vps28Δ; Table 3). Therefore, our 
combined work shows that eight of thirteen strains examined 
changed accumulation while twelve out of thirteen strains 
affected localization patterns. Our work provides strong 
genetic support for α-synuclein degradation by the 
MVB/endocytosis pathway.  

The DebBurman lab utilizes a powerful budding 
yeast model for PD to assess three major PD-related α-
synuclein properties: localization, accumulation and toxicity, 
while most other published models focus on fewer (Table 4). 
For example, Willingham et al. (2003), when using genome 
wide yeast screening to discoverer modifiers of α-synuclein 
properties, only focused on toxicity. Within that study, two 
MVB pathway genes, vps24 and vps28, enhanced α-
synuclein toxicity when deleted, confirmed by Ayala Thesis 
(2009). Through this work, suggested the MVB/endocytosis 
route as a possible pathway for α-synuclein degradation. 
Accumulation and localization were not examined. Our lab 
saw changes in at least one and sometimes two of the three 
α-synuclein-PD related properties. We believe our approach 
is more rigorous and therefore adds additional evidence 
establishing the ESCRT genes’ involvement in α-synuclein 
degradation. 
 The fact that most ESCRT deletion genes affected 
several α-synuclein-PD related properties is unusual since 
evaluation of other pathways, such as oxidative stress 
(Brandis Thesis, 2006; Kukreja Thesis, 2008), ubiquitin 
proteasome system (Herrera Thesis, 2005), chaperones 
(Shrestha, 2007; unpublished findings), mitochondrial 
function (Zorniak Thesis, 2007), phospholipid synthesis 
(Kukreja Thesis, 2008), and autophagy (Choi Thesis, 2009) 
did not demonstrate such a high degree of regulation for 
multiple α-synuclein properties. For example, only four of six 
genes important for the nucleation and expansion steps of 
autophagy were found to subtly regulate α-synuclein 
properties when deleted (Choi Thesis, 2009). This suggests 
a subtler role for autophagy and point to the 
MVB/endocytosis route as a more likely route for α-synuclein 
degradation.  

An important genetic study with yeast previously 
demonstrated that MVB proteins interact with YPP1 in 
targeting A30P α-synuclein to the vacuole (the yeast 
equivalent of the lysosome) for degradation (Flower et al., 
2009). YPP1 is a protein that binds to A30P α-synuclein at 
the plasma membrane, directing it to the vacuole through 
endocytosis. YPP1 suppressed accumulation and toxicity of 
A30P α-synuclein, and the deletion caused accumulation 
and toxicity (Flower et al., 2009). The MVB genes examined  
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Toxicity 

 

 
Accumulation 

 
 

Pre-ESCRT: 
vps34Δ 
vps27Δ 

 

 
 

Strong 
Strong 

 
 

Non Toxic 
Non Toxic 

 
 

Strong 
None 

 
ESCRT-I: 
mvb12Δ 
vps23Δ 
vps28Δ 
vps37Δ 

 

 
 

None 
Weak 
Weak 
Weak 

 
 

Non Toxic 
Non Toxic 

Weak 
Non Toxic 

 
 

Weak 
None 
Weak 

Strong 

 
ESCRT-II: 
vps22Δ 
vps25Δ 
vps36Δ 

 

 
 

Weak 
Weak 
Weak 

 

 
 

Non Toxic 
Non Toxic 
Non Toxic 

 
 

None 
Weak 
Strong 

 
ESCRT-III: 

vps2Δ 
vps20Δ 
vps24Δ 
vps32Δ 

 

 
 

Strong 
Weak 
Strong 
Weak 

 
 

Non Toxic 
Non Toxic 

Toxic 
Non Toxic 

 

 
 

Strong 
Strong 
None 
None 
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Table 4: Summary of α-synuclein properties assessed in 
published yeast models. This table indicates whether one, two, or 
all three α-synuclein properties were assessed by other studies. 
Properties evaluated are indicated by a yes, while properties not 
evaluated are indicated by a no. 

 
 
 

in my thesis are essential components in another aspect of 
endocytosis: the formation of MVBs. Researchers 
demonstrated that α-synuclein binds to YPP1 endocytic 
protein for degradation through changes in accumulation and 
localization when YPP1 was deleted. When I evaluated 
endocytosis deletion strains, I also saw changes in 
accumulation and localization, providing further evidence for 
α-synuclein degradation through endocytosis. What is still 
puzzling is that in my study we see few A30P α-synuclein 
changes when the ESCRT machinery is compromised.  

Other studies continue to demonstrate and 
support my findings for α-synuclein degradation by the 
endocytic pathway. Sung et al., (2001) demonstrated that 
exogenous α-synuclein uses Rab5, a GTPase involved in 
the regulation of endocytosis, a to enter the cell, resulting in 
inclusion formation and cell death. Lee et al., (2007) further 
demonstrated that endocytosis degrades aggregated forms 
of extracellular α-synuclein. Moreover, in a genetic screen of 
over 1,500 genes in C. elegans, ten gene deletions caused 
α-synuclein toxicity. Out of those ten, four are involved in the 
endocytic machinery. The genes included apa-2 and aps-2 
which are necessary in recruiting clathrin and cargo 
receptors to the plasma membrane for invagination into 
endosomes. Data demonstrate that defective synaptic 
vesicle endocytosis leads to α-synuclein toxicity and 
accumulation of phosphorylated α-synuclein, again providing 
a pathogenic link between α-synuclein and endocytosis 
(Kuwahara et al., 2008). Moreover, another study provided 
further evidence that aggregated α-synuclein interacts with 
clathrin during receptor-mediated endocytosis (Liu et al., 
2007). The studies above further demonstrate α-synuclein 

internalization through endocytosis, however our data 
advances the field in providing specific evidence of α-
synuclein interacting with the MVB proteins on the 
endosome membrane.  
 
α-Synuclein is Regulated by a Subset of ESCRT Proteins 
My second notable finding is that while all evaluated genes 
had an effect on at least one or more α-synuclein PD-related 
properties, each had a different profile of regulation. While all 
ESCRT proteins are involved in α-synuclein regulation, most 
consistent regulation appears to be in the pre-ESCRT 
component. Strong/weak subtle regulation in ESCRT-I and –
III was apparent, and the least amount of regulation occurred 
in ESCRT-II (Table 3).  

Since all the proteins examined are involved in 
sorting membrane proteins into MVBs, it is possible that 
some of them play a more significant role in directing α-
synuclein into MVBs to be degraded. An important question 
is whether all substrates for the MVB pathway need to 
interact with each protein that comprises an ESCRT 
complex. Surprisingly, not much evidence yet exists. One of 
the best-known substrates for the MVB pathway, the EGF-R, 
interacts less with ESCRT-II. In mammalian cells, Bowers et 
al., (2006) demonstrated that EGF-R degradation was not 
affected by deletions in ESCRT-II proteins vps25 and vps22, 
and therefore does not play as large of a role in endosomal 
transport as the other complexes. This question of α-
synuclein specificity continues to be a mystery, since 
evidence with the human immunodeficiency virus (HIV) 
receptor Gab, another well-studied endocytosis substrate, 
comes from examining only a few key proteins in the ESCRT 
machinery. HIV interacts with membrane-bound Gag protein, 
which uses Tsg101 (vps2 in yeast) to gain access to the rest 
of the machinery involved in MVB vesicle budding. When 
Tsg101 was depleted, researchers demonstrated that there 
was a decrease in the viral proteins released from the cell. 
Therefore a functional MVB pathway is required for HIV 
release (Garrus et al., 2001). Additionally, a similar 
interaction with Tsg101 is seen with another virus, Ebola 
(Martin-Serrano et al., 2001). Since neither EGF-R nor HIV 
Gab receptor interact with all ESCRT complex proteins, α-
synuclein might interact with certain ESCRT components 
more than others in its degradation. 
 Moreover, within one particular ESCRT 
component, we see varying degrees of changes between 
each protein in that complex (Table 3). The notion of 
compensation is important when discussing the specificity of 
α-synuclein degradation. Perhaps the removal of one 
specific protein in yeast will not be enough to alter α-
synuclein degradation, or any other substrate using the 
MVB/endocytosis pathway. The remaining proteins in a 
particular ESCRT complex could compensate for the 
deletion of one protein. This makes the study of individual 
gene deletions difficult.  

Furthermore, when looking at individual gene 
deletions, as shown by our data, not one individual gene 
deletion changed all three α-synuclein PD-related properties 
examined (Table 3). Each gene deletion had a different 
phenotype. This might demonstrate that not all pathologically 
significant properties have to be affected in order to 
determine the gene’s importance in modulating α-synuclein. 
Past work in our lab parallels this notion. Brandis Thesis 
(2006) demonstrated that yeast deficient for sod2, a gene 
involved in oxidative stress response, have consistent 
toxicity without a shift in localization. Another example of this 
can be demonstrated in a study where Ypk9 was over-
expressed in yeast, here Ypk9 altered localization and 
suppressed toxicity, however, immunobloting and 
fluorescence quantifications showed that the over-  
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Accumulation 

 
Outerio and 
Lindquist 
(2003) 
 

 
Yes 

 
Yes 

 
No 

 
Willingham 
et al. 
(2003) 
 

 
Yes 

 
No 

 
No 

 
Liang et al. 
(2008) 
 

 
Yes 

 
No 

 
No 

 
Gitler et al. 
(2007) 
 

 
Yes 

 
No 

 
No 

 
Volles and 
Lansbury 
(2007) 
 

 
Yes 

 
Yes 

 
No 

 
Sharma et 
al. 
(2006) & all 
DebBurman 
lab theses 
 

 
 
Yes 

 
 
Yes 

 
 
Yes 



 
 

 

expression of ypk9 did not affect α-synuclein levels (Gitler et 
al., 2009).  
 
Consistent Absence of Toxicity 
Our final notable finding is the surprising absence of α-
synuclein-dependent toxicity in most strains evaluated 
(Table 3). We expected to see cells dying or growing slower 
due to α-synuclein expression because the literature 
demonstrates such toxicity (Ouitero and Lindqusist, 2004). 
The same strains that exhibited α-synuclein-dependent 
toxicity in our lab (vps24 and vps28) were the same ones 
that Willingham et al., 2003 demonstrated in his genome 
wide screen to discover α-synuclein modifiers (Table 3; 
Ayala Thesis, 2009). Willingham et al. (2003) didn't 
demonstrate toxicity in the rest of the deletion strains we 
examined. Moreover, toxic deletion strains vps24 and vps28 
did not exhibit the most dramatic shifts in the other α-
synuclein-PD related properties. Other gene deletions 
expressed strong changes in both localization and 
accumulation. Therefore, toxicity is not entirely dependent on 
accumulation and localization changes. 

Furthermore, in order to be a regulator of α-
synuclein, gene deletions do not always need to alter 
toxicity. In Willingham et al., (2003), around 4000 genes 
were examined and only 86 exhibited α-synuclein-dependent 
toxicity (Table 5A). There are many other genes linked to PD 
that did not express toxicity in that study, such as PARK9 
and YPP1. Therefore, the link between α-synuclein and 
toxicity is unknown.  

 
 

The surprising level of toxicity in this study has been 
reproduced in past studies in our lab (Table 5B). This also 
demonstrated that our moderate α-synuclein expression 
model does exhibit α-synuclein-dependent toxicity in certain 
cases. Perhaps the advantage to our moderate expression 
model is that it allows us to uncover really strong α-synuclein 
modifiers.  
 One suggestion for the lack of toxicity could be 
attributed to compensation by the other degradation 
pathway, the proteasome, when the MVB/endosome 
pathway is compromised. Therefore, this compensation 
could help in clearing any toxic α-synuclein present. 
Research demonstrates that the opposite is true. When the 
proteasome pathway is impaired, autophagy acts as a 
compensatory system. This was demonstrated in studies 
with cultured neuronal cells (Rideout et al., 2004) and in flies 
(Pandey et al., 2007). This compensation could also work 
visa versa, and instead of compensating for autophagy, 
compensate for endocytosis. Thus, the two degradation 
pathways may be interchangeable when needed. 
Additionally, the shift of α-synuclein to the cytoplasm places  
the protein in an ideal site for proteasome degradation, and 
such degradation is well documented.  

One last explanation for the absence of toxicity is 
since the localization of α-synuclein is changing from the 
plasma membrane, perhaps these cells need a minimum 
level of α-synuclein at the plasma membrane in order for it to 
be toxic. Studies show that α-synuclein disrupts normal 
membrane processes that eventually lead to toxicity (Volles 
and Lansbury, 2007).  

 
Table 5: Summary of α-synuclein toxicity in yeast deletion strains. A. Number yeast deletion strains that induced α-synuclein-dependent toxicity in 
15 different studies in the DebBurman lab. B. Number of yeast deletion strains that induced α-synuclein-dependent toxicity from a genetic screen of 
~4000 strains. 
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Knockout Study 
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Toxicity 

 
Willingham et al., 
2003 
 

 
~4000 

 
86 

B. 
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No. of Strains 
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DebBurma Lab 
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Toxicity 

 
N. Sharma, 2004 
 

 
2 

 
2 

 
S. Herrera, 2005 

 
8 

 
Only 1 

 
J. Price, 2004 
 

 
1 

 
1 

 
S. Vahedi, 2005 

 
2 

 
None 

 
A. Paul, 2004 
 

 
1 

 
None 

 
M. Vahedi, 2006 

 
6 

 
None 

 
K. Brandis, 2005 
 

 
4 

 
Only 1 

 
J. Wang, 2006 

 
2 

 
None 

 
T.  Vaidya, 2005 
 

 
3 

 
None 

 
M. Zorniak, 2007 

 
2 

 
None 

 
R. Shrestha, 2005 
 

 
3 

 
None 

 
L. Kukreja, 2008 

 
1 

 
None 

 
M. Stevenson, 2005 
 

 
1 

 
None 

 
R. Choi, 2009 
 

 
6 

 
Only 1 

    
A. Ayala, 2009 

 
7 

 
2 



Critiques, Limitations, and Future Studies 
The biggest limitation in our study is that genetic 
manipulations don’t display what biochemical studies show, 
the actual interaction between a specific ESCRT protein and 
α-synuclein. Co-immunoprecipitation or co- 
immunofluorescence assays would be effective at 
demonstrating this interaction. Some experiments that could 
improve and confirm the findings conducted here include 
vacuolar and vesicle staining. A vacuolar stain could verify 
that α-synuclein is not transported to the vacuole. A vesicle 
stain would also be helpful in evaluating integrity of the 
MVB/endocytosis pathway. Future studies could also focus 
on actually measuring if proteasome degradation of α-
synuclein is increasing during MVB dysfunction. Other 
studies could examine the combined effects of different 
ESCRT protein gene deletions with α-synuclein because the 
combined effects of two compromised genes could result in 
more drastic effects to cells. It might also be beneficial to 
study combined MVB dysfunction with compromised 
proteasomes. Moreover, studies that overexpress certain 
ESCRT genes could be effective at demonstrating their 
protective effect on the three α-synuclein PD-related 
properties. Lastly, future studies need to examine the post-
ESCRT proteins and their ability to regulate α-synuclein 
degradation. Their role in the disassembly and final step of 
the protein sorting process is crucial.  
 
Conclusion 
 
Currently no treatment for the burden caused by 
neurodegenerative disorders exists. It is important to study 
amyloid proteins that form fibrils since current research is 
hinting that many proteins have the sequence capable of 
triggering amyloid formation (Schnabel, 2010). The research 
being done will help in understanding the mechanism by 
which α-synuclein is removed from PD patients and 
eventually lead to the development of information that will 
help in the cure of PD and similar diseases.  

This study focused on one of the mechanisms by 
which α-synuclein is removed from cells. The three 
significant findings of this study together suggest that the 
pre-ESCRT and ESCRT I, II, and III steps in the 
MVB/endosome pathway are involved in degrading α-
synuclein, although in an unexpectedly complex way. 
Results support our hypothesis that the MVB/endosome 
pathway is a route by which α-synuclein is targeted to the 
lysosome. While all four ESCRT complexes appear to be 
involved, not all of their protein components may be 
contributing to the regulation of α-synuclein degradation.  
 
Acknowledgements 
 
I would like to first thank Dr. Shubhik DebBurman for his ongoing 
encouragement and guidance. He gave me the opportunity to work in 
a lab as an undergraduate and through this experience I was able to 
appreciate and understand my biology major. Next I would like to 
thank everyone in my lab, Mike Fiske’10, Keith Solvang’11, Alina 
Konnikova’11, Danny Sanchez’11, Pete Sullivan’12, and Kayla 
Alhstrand’12 for friendship and support, and also Alex Ayala’09 and 
Ray Choi’09 for my training. I would also like to appreciate the 
remaining members of my senior thesis committee, Dr. Ann Maine, 
Professor Karen Lebergott, and Dr. Michela Marinelli, for their 
constructive advice on evaluating my thesis. Lastly, I would like to 
thank my parents Elizabeth Pineda and Carlos Pérez for their love 
and support.  
 
Note: Eukaryon is published by students at Lake Forest 
College, who are solely responsible for its content. The 
views expressed in Eukaryon do not necessarily reflect 
those of the College. Articles published within Eukaryon 
should not be cited in bibliographies. Material contained 

herein should be treated as personal communication and 
should be cited as such only with the consent of the author. 
 
References 
 
Abeliovich, A., Schmitz, Y., Farinas, I., Choi-Lundberg, D., Ho, W.H., 
Castillo, P.E., Shinsky, N., Verdugo, J.M., Armanini, M., Ryan, A., et 
al. (2000). Mice lacking alpha-synuclein display functional deficits in 
the nigrostriatal dopamine system. Neuron 25, 239-252. 
Alberts, B. (2004). Essential Cell Biology (New York, NY: Garland 
Science Pub). 
 
Ancolio, K., Alves da Costa, C., Ueda, K., and Checler, F. (2000). 
Alpha-synuclein and the Parkinson's disease-related mutant 
Ala53Thr-alpha-synuclein do not undergo proteasomal degradation in 
HEK293 and neuronal cells. Neurosci. Lett. 285, 79-82. 
 
Ayala, A. (2009). Insight into Parkinson's disease: does α-synuclein 
use the MVB/endocytosis pathway as a route for degradation in the 
lysosome? Department of Biology. Lake Forest College. 
 
Babst, M., Katzmann, D.J., Snyder, W.B., Wendland, B., and Emr, 
S.D. (2002). Endosome-associated complex, ESCRT-II, recruits 
transport machinery for protein sorting at the multivesicular body. 
Dev. Cell. 3, 283-289. 
 
Bedford, L., Hay, D., Devoy, A., Paine, S., Powe, D.G., Seth, R., 
Gray, T., Topham, I., Fone, K., Rezvani, N., et al. (2008). Depletion of 
26S proteasomes in mouse brain neurons causes neurodegeneration 
and Lewy-like inclusions resembling human pale bodies. J. Neurosci.  
28, 8189-8198. 
 
Bonifati, V., Rizzu, P., van Baren, M.J., Schaap, O., Breedveld, G.J., 
Krieger, E., Dekker, M.C., Squitieri, F., Ibanez, P., Joosse, M., et al. 
(2003). Mutations in the DJ-1 gene associated with autosomal 
recessive early-onset parkinsonism. Science 299, 256-259. 
 
Bowers, K., Piper, S.C., Edeling, M.A., Gray, S.R., Owen, D.J., 
Lehner, P.J., and Luzio, J.P. (2006). Degradation of endocytosed 
epidermal growth factor and virally ubiquitinated major 
histocompatibility complex class I is independent of mammalian 
ESCRTII. J. Biol. Chem. 281, 5094-5105. 
 
Brandis, K. (2006). Modeling Parkinson's disease: using two yeasts 
to assess contributions of oxidative stress and α-synuclein synuclein 
aggregation towards cellular toxicity. Department of Biology. Lake 
Forest College. 
 
Choi, R. (2009) Insight into Parkinson's disease: using yeast as a 
model to evaluate the role of autophagey genes in α-synuclein 
synuclein toxicity. Department of Biology. Lake Forest College. 
 
Conway, K.A., Rochet, J.C., Bieganski, R.M., and Lansbury, P.T.,Jr. 
(2001). Kinetic stabilization of the alpha-synuclein protofibril by a 
dopamine-alpha-synuclein adduct. Science 294, 1346-1349. 
 
Cuervo, A.M., Stefanis, L., Fredenburg, R., Lansbury, P.T., and 
Sulzer, D. (2004). Impaired degradation of mutant alpha-synuclein by 
chaperone-mediated autophagy. Science 305, 1292-1295. 
 
Davidson, W.S., Jonas, A., Clayton, D.F., and George, J.M. (1998). 
Stabilization of alpha-synuclein secondary structure upon binding to 
synthetic membranes. J. Biol. Chem. 273, 9443-9449. 
 
Dawson, T. M. & Dawson, V. L. (2003). Molecular pathways of 
neurodegeneration in Parkinson’s disease. Science, 302, 819-822. 
 
Dixon, C., Mathias, N., Zweig, R.M., Davis, D.A., and Gross, D.S. 
(2005). Alpha-synuclein targets the plasma membrane via the 
secretory pathway and induces toxicity in yeast. Genetics 170, 47-59. 
 
Doidge, N. (2007). The Brain That Changes Itself: Stories of Personal 
Triumph from the Frontiers of Brain Science (New York: Viking). 
 
Eliezer, D., Kutluay, E., Bussell, R.,Jr, and Browne, G. (2001). 
Conformational properties of alpha-synuclein in its free and lipid-
associated states. J. Mol. Biol. 307, 1061-1073. 
 



Eukaryon, Vol. 7, March 2011, Lake Forest College                                                  Senior Thesis 
 

 

Feany, M.B., and Bender, W.W. (2000). A Drosophila model of 
Parkinson's disease. Nature 404, 394-398. 
 
Felder, S., Miller, K., Moehren, G., Ullrich, A., Schlessinger, J., and 
Hopkins, C.R. (1990). Kinase activity controls the sorting of the 
epidermal growth factor receptor within the multivesicular body. Cell 
61, 623-634. 
 
Flower, T.R., Clark-Dixon, C., Metoyer, C., Yang, H., Shi, R., Zhang, 
Z., and Witt, S.N. (2007). YGR198w (YPP1) targets A30P alpha-
synuclein to the vacuole for degradation. J. Cell Biol. 177, 1091-1104. 
 
Funayama, M., Hasegawa, K., Kowa, H., Saito, M., Tsuji, S., and 
Obata, F. (2002). A new locus for Parkinson's disease (PARK8) maps 
to chromosome 12p11.2-q13.1. Ann. Neurol. 51, 296-301. 
 
Garrus, J.E., von Schwedler, U.K., Pornillos, O.W., Morham, S.G., 
Zavitz, K.H., Wang, H.E., Wettstein, D.A., Stray, K.M., Cote, M., Rich, 
R.L., Myszka, D.G., and Sundquist, W.I. (2001). Tsg101 and the 
vacuolar protein sorting pathway are essential for HIV-1 budding. Cell 
107, 55-65. 
 
George, J.M. (2002). The synucleins. Genome Biol. 3, 1-6. 
 
Giasson, B.I., Uryu, K., Trojanowski, J.Q., and Lee, V.M. (1999). 
Mutant and wild type human alpha-synucleins assemble into 
elongated filaments with distinct morphologies in vitro. J. Biol. Chem. 
274, 7619-7622. 
 
Gitler, A.D., Chesi, A., Geddie, M.L., Strathearn, K.E., Hamamichi, S., 
Hill, K.J., Caldwell, K.A., Caldwell, G.A., Cooper, A.A., Rochet, J.C., 
and Lindquist, S. (2009). Alpha-synuclein is part of a diverse and 
highly conserved interaction network that includes PARK9 and 
manganese toxicity. Nat. Genet. 41, 308-315. 
 
Gloeckner, C.J., Kinkl, N., Schumacher, A., Braun, R.J., O'Neill, E., 
Meitinger, T., Kolch, W., Prokisch, H., and Ueffing, M. (2006). The 
Parkinson disease causing LRRK2 mutation I2020T is associated 
with increased kinase activity. Hum. Mol. Genet. 15, 223-232. 
 
Goldberg, M.S., and Lansbury, P.T.,Jr. (2000). Is there a cause-and-
effect relationship between alpha-synuclein fibrillization and 
Parkinson's disease? Nat. Cell Biol. 2, E115-9. 
 
Herman, P.K., and Emr, S.D. (1990). Characterization of VPS34, a 
gene required for vacuolar protein sorting and vacuole segregation in 
Saccharomyces cerevisiae. Mol. Cell. Biol. 10, 6742-6754. 
 
Herrera, S. (2005). Baker's yeast model for α-synuclein synuclein: 
evaluating ubiquitin conjugating enzyme specificity, post-translational 
modification, and familial mutant E46K. Department of Biology. Lake 
Forest College. 
 
Hierro, A., Sun, J., Rusnak, A.S., Kim, J., Prag, G., Emr, S.D., and 
Hurley, J.H. (2004). Structure of the ESCRT-II endosomal trafficking 
complex. Nature 431, 221-225. 
 
Jakes, R., Spillantini, M.G., and Goedert, M. (1994). Identification of 
two distinct synucleins from human brain. FEBS Lett. 345, 27-32. 
 
Kahle, P.J., Neumann, M., Ozmen, L., Muller, V., Jacobsen, H., 
Schindzielorz, A., Okochi, M., Leimer, U., van Der Putten, H., Probst, 
A., et al. (2000). Subcellular localization of wild-type and Parkinson's 
disease-associated mutant alpha -synuclein in human and transgenic 
mouse brain. J. Neurosci. 20, 6365-6373. 
Kaplan, B., Ratner, V., and Haas, E. (2003). Alpha-synuclein: its 
biological function and role in neurodegenerative diseases. J. Mol. 
Neurosci. 20, 83-92. 
 
Katzmann, D.J., Babst, M., and Emr, S.D. (2001). Ubiquitin-
dependent sorting into the multivesicular body pathway requires the 
function of a conserved endosomal protein sorting complex, ESCRT-
I. Cell 106, 145-155. 
 
Katzmann, D.J., Odorizzi, G., and Emr, S.D. (2002). Receptor 
downregulation and multivesicular-body sorting. Nat. Rev. Mol. Cell 
Biol. 3, 893-905. 
 
Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y., 
Minoshima, S., Yokochi, M., Mizuno, Y., and Shimizu, N. (1998). 

Mutations in the parkin gene cause autosomal recessive juvenile 
parkinsonism. Nature 392, 605-608. 
 
Kruger, R., Kuhn, W., Muller, T., Woitalla, D., Graeber, M., Kosel, S., 
Przuntek, H., Epplen, J.T., Schols, L., and Riess, O. (1998). Ala30Pro 
mutation in the gene encoding alpha-synuclein in Parkinson's 
disease. Nat. Genet. 18, 106-108. 
 
Kukreja, L. (2008). Evaluating factors that affect α-synuclein 
synuclein toxicity in yeast models protein concentration, 
phospholipids, & oxidants. Department of Biology. Lake Forest 
College. 
 
Kuwahara, T., Koyama, A., Koyama, S., Yoshina, S., Ren, C.H., 
Kato, T., Mitani, S., and Iwatsubo, T. (2008). A systematic RNAi 
screen reveals involvement of endocytic pathway in neuronal 
dysfunction in alpha-synuclein transgenic C. elegans. Hum. Mol. 
Genet. 17, 2997-3009. 
 
Lakso, M., Vartiainen, S., Moilanen, A.M., Sirvio, J., Thomas, J.H., 
Nass, R., Blakely, R.D., and Wong, G. (2003). Dopaminergic 
neuronal loss and motor deficits in Caenorhabditis elegans 
overexpressing human alpha-synuclein. J. Neurochem. 86, 165-172. 
 
Langston, J.W., Ballard, P., Tetrud, J.W., and Irwin, I. (1983). Chronic 
Parkinsonism in humans due to a product of meperidine-analog 
synthesis. Science 219, 979-980. 
 
Laszlo, L., Lowe, J., Self, T., Kenward, N., Landon, M., McBride, T., 
Farquhar, C., McConnell, I., Brown, J., and Hope, J. (1992). 
Lysosomes as key organelles in the pathogenesis of prion 
encephalopathies. J. Pathol. 166, 333-341. 
 
Lee, H.J., Khoshaghideh, F., Patel, S., and Lee, S.J. (2004). 
Clearance of alpha-synuclein oligomeric intermediates via the 
lysosomal degradation pathway. J. Neurosci. 24, 1888-1896. 
 
Lee, H.J., Suk, J.E., Bae, E.J., Lee, J.H., Paik, S.R., and Lee, S.J. 
(2008). Assembly-dependent endocytosis and clearance of 
extracellular alpha-synuclein. Int. J. Biochem. Cell Biol. 40, 1835-
1849. 
 
Lee, J.A., and Gao, F.B. (2008). Roles of ESCRT in autophagy-
associated neurodegeneration. Autophagy 4, 230-232. 
 
Liu, Y., Fallon, L., Lashuel, H.A., Liu, Z., and Lansbury, P.T.,Jr. 
(2002). The UCH-L1 gene encodes two opposing enzymatic activities 
that affect alpha-synuclein degradation and Parkinson's disease 
susceptibility. Cell 111, 209-218. 
 
Lozano, A.M., and Kalia, S.K. (2005). New movements in 
Parkinson’s. Scientific American. 68-75. 
 
Lucking, C. B., & Brice, A. (2000). Alpha-synuclein and parkinson's 
disease. Cellular and Molecular Life Sciences 57, 1894-1908.  
 
Ma, J., and Lindquist, S. (2001). Wild-type PrP and a mutant 
associated with prion disease are subject to retrograde transport and 
proteasome degradation. Proc. Natl. Acad. Sci. U. S. A. 98, 14955-
14960. 
 
Martin-Serrano, J., Zang, T., and Bieniasz, P.D. (2001). HIV-1 and 
Ebola virus encode small peptide motifs that recruit Tsg101 to sites of 
particle assembly to facilitate egress. Nat. Med. 7, 1313-1319. 
Masliah, E., Rockenstein, E., Veinbergs, I., Mallory, M., Hashimoto, 
M., Takeda, A., Sagara, Y., Sisk, A., and Mucke, L. (2000). 
Dopaminergic loss and inclusion body formation in alpha-synuclein 
mice: implications for neurodegenerative disorders. Science 287, 
1265-1269. 
 
Nair, V.D., McNaught, K.S., Gonzalez-Maeso, J., Sealfon, S.C., and 
Olanow, C.W. (2006). P53 Mediates Nontranscriptional Cell Death in 
Dopaminergic Cells in Response to Proteasome Inhibition. J. Biol. 
Chem. 281, 39550-39560. 
 
Outeiro, T.F., and Lindquist, S. (2003). Yeast cells provide insight into 
alpha-synuclein biology and pathobiology. Science 302, 1772-1775. 
 
Paisan-Ruiz, C., Jain, S., Evans, E.W., Gilks, W.P., Simon, J., van 
der Brug, M., Lopez de Munain, A., Aparicio, S., Gil, A.M., Khan, N., 



Eukaryon, Vol. 7, March 2011, Lake Forest College                                                  Senior Thesis 
 

 

et al. (2004). Cloning of the gene containing mutations that cause 
PARK8-linked Parkinson's disease. Neuron 44, 595-600. 
 
Pandey, U.B., Nie, Z., Batlevi, Y., McCray, B.A., Ritson, G.P., 
Nedelsky, N.B., Schwartz, S.L., DiProspero, N.A., Knight, M.A., 
Schuldiner, O., et al. (2007). HDAC6 rescues neurodegeneration and 
provides an essential link between autophagy and the UPS. Nature 
447, 859-863. 
 
Polymeropoulos, M.H., Lavedan, C., Leroy, E., Ide, S.E., Dehejia, A., 
Dutra, A., Pike, B., Root, H., Rubenstein, J., Boyer, R., et al. (1997). 
Mutation in the alpha-synuclein gene identified in families with 
Parkinson's disease. Science 276, 2045-2047. 
 
Purves, D. (2008). Neuroscience (Sunderland, MA: Sinauer). 
 
Ramirez, A., Heimbach, A., Grundemann, J., Stiller, B., Hampshire, 
D., Cid, L.P., Goebel, I., Mubaidin, A.F., Wriekat, A.L., Roeper, J., et 
al. (2006). Hereditary parkinsonism with dementia is caused by 
mutations in ATP13A2, encoding a lysosomal type 5 P-type ATPase. 
Nat. Genet. 38, 1184-1191. 
 
Rideout, H.J., Lang-Rollin, I., and Stefanis, L. (2004). Involvement of 
macroautophagy in the dissolution of neuronal inclusions. Int. J. 
Biochem. Cell Biol. 36, 2551-2562. 
 
Rideout, H.J., and Stefanis, L. (2002). Proteasomal inhibition-induced 
inclusion formation and death in cortical neurons require transcription 
and ubiquitination. Mol. Cell. Neurosci. 21, 223-238. 
 
Sawada, H., Kohno, R., Kihara, T., Izumi, Y., Sakka, N., Ibi, M., 
Nakanishi, M., Nakamizo, T., Yamakawa, K., Shibasaki, H., et al. 
(2004). Proteasome mediates dopaminergic neuronal degeneration, 
and its inhibition causes alpha-synuclein inclusions. J. Biol. Chem. 
279, 10710-10719. 
 
Schmidt, K., and Oertel, W. (2006). Fighting Parkinson’s. Scientific 
American. 64-69. 
 
Schnabel, J. (2010). Protein folding: The dark side of proteins. Nature 
464, 828-829. 
 
Sharma, N., Brandis, K.A., Herrera, S.K., Johnson, B.E., Vaidya, T., 
Shrestha, R., and Debburman, S.K. (2006). alpha-Synuclein budding 
yeast model: toxicity enhanced by impaired proteasome and oxidative 
stress. J. Mol. Neurosci. 28, 161-178. 
 
Sharon, R., Bar-Joseph, I., Frosch, M.P., Walsh, D.M., Hamilton, J.A., 
and Selkoe, D.J. (2003). The formation of highly soluble oligomers of 
alpha-synuclein is regulated by fatty acids and enhanced in 
Parkinson's disease. Neuron 37, 583-595. 
 
Stack, J.H., Herman, P.K., Schu, P.V., and Emr, S.D. (1993). A 
membrane-associated complex containing the Vps15 protein kinase 
and the Vps34 PI 3-kinase is essential for protein sorting to the yeast 
lysosome-like vacuole. EMBO J. 12, 2195-2204. 
 
Strack, B., Calistri, A., Accola, M.A., Palu, G., and Gottlinger, H.G. 
(2000). A role for ubiquitin ligase recruitment in retrovirus release. 
Proc. Natl. Acad. Sci. U. S. A. 97, 13063-13068. 
 
Strous, G.J., van Kerkhof, P., Govers, R., Ciechanover, A., and 
Schwartz, A.L. (1996). The ubiquitin conjugation system is required 
for ligand-induced endocytosis and degradation of the growth 
hormone receptor. EMBO J. 15, 3806-3812. 
 
 
Spillantini, M.G., Crowther, R.A., Jakes, R., Hasegawa, M., and 
Goedert, M. (1998). alpha-Synuclein in filamentous inclusions of 
Lewy bodies from Parkinson's disease and dementia with lewy 
bodies. Proc. Natl. Acad. Sci. U. S. A. 95, 6469-6473. 
 
Spillantini, M.G., Schmidt, M.L., Lee, V.M., Trojanowski, J.Q., Jakes, 
R., and Goedert, M. (1997). Alpha-synuclein in Lewy bodies. Nature 
388, 839-840. 
 
Sung, J.Y., Kim, J., Paik, S.R., Park, J.H., Ahn, Y.S., and Chung, 
K.C. (2001). Induction of neuronal cell death by Rab5A-dependent 
endocytosis of alpha-synuclein. J. Biol. Chem. 276, 27441-27448. 
 

Taylor, J.P., Hardy, J., and Fischbeck, K.H. (2002). Toxic proteins in 
neurodegenerative disease. Science 296, 1991-1995. 
 
Valente, E.M., Abou-Sleiman, P.M., Caputo, V., Muqit, M.M., Harvey, 
K., Gispert, S., Ali, Z., Del Turco, D., Bentivoglio, A.R., Healy, D.G., et 
al. (2004). Hereditary early-onset Parkinson's disease caused by 
mutations in PINK1. Science 304, 1158-1160 
 
Vogiatzi, T., Xilouri, M., Vekrellis, K., and Stefanis, L. (2008). Wild 
type alpha-synuclein is degraded by chaperone-mediated autophagy 
and macroautophagy in neuronal cells. J. Biol. Chem. 283, 23542-
23556. 
 
Volles, M.J., Lee, S.J., Rochet, J.C., Shtilerman, M.D., Ding, T.T., 
Kessler, J.C., and Lansbury, P.T.,Jr. (2001). Vesicle permeabilization 
by protofibrillar alpha-synuclein: implications for the pathogenesis and 
treatment of Parkinson's disease. Biochemistry 40, 7812-7819. 
 
Webb, J.L., Ravikumar, B., Atkins, J., Skepper, J.N., and Rubinsztein, 
D.C. (2003). Alpha-Synuclein is degraded by both autophagy and the 
proteasome. J. Biol. Chem. 278, 25009-25013. 
 
Willingham, S., Outeiro, T.F., DeVit, M.J., Lindquist, S.L., and 
Muchowski, P.J. (2003). Yeast genes that enhance the toxicity of a 
mutant huntingtin fragment or alpha-synuclein. Science 302, 1769-
1772. 
 
Zarranz, J.J., Alegre, J., Gomez-Esteban, J.C., Lezcano, E., Ros, R., 
Ampuero, I., Vidal, L., Hoenicka, J., Rodriguez, O., Atares, B., et al. 
(2004). The new mutation, E46K, of alpha-synuclein causes 
Parkinson and Lewy body dementia. Ann. Neurol. 55, 164-173. 
 
Zimprich, A., Biskup, S., Leitner, P., Lichtner, P., Farrer, M., Lincoln, 
S., Kachergus, J., Hulihan, M., Uitti, R.J., Calne, D.B., et al. (2004). 
Mutations in LRRK2 cause autosomal-dominant parkinsonism with 
pleomorphic pathology. Neuron 44, 601-607. 
 
Zorniak, M. (2007). Evaluation of mitochondrial dysfunction and α-
synuclein synuclein aggregation in yeast models of Parkinson's 
disease 
 
 
 
 
 
 
 
 


