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Mechanisms of amyloid-beta toxicity in the yeast Saccharomyces cerevisiae 

Angela M. Sia 

 

Alzheimer’s disease (AD) is the most common form of dementia, and a devastating 

neurodegenerative disease in which there is no cure or effective treatments to delay 

disease onset. One of the major culprits of the disease is the protein amyloid-beta (Aβ), 

which accumulates as both soluble and insoluble aggregates in the brain of AD patients, 

leading to cellular toxicity and neuronal degeneration. To gain a better understanding of 

the toxic effects of Aβ, we used the yeast Saccharomyces cerevisiae as a model 

organism. The advantage of using yeast was that we could conduct an unbiased, high-

throughput screen to identify loss-of-function genetic modifiers of Aβ toxicity. In 

addition, yeast is a simple, eukaryotic system to study the intracellular pathways that 

might be affected by Aβ accumulation. Genetic manipulation of the yeast genome is 

technically easy: genes of interest can be deleted, fusion proteins can be tagged to 

endogenous genes to track their localization within the cell, and expression of 

heterotrophic genes can be introduced. Furthermore, many tools are available to study 

physiological processes and pathways in yeast, such as intracellular trafficking, induction 

of stress responses, and growth rates measurements.   

 Our studies show that the expression of Aβ in yeast causes cellular toxicity, 

reduced growth rate, and induction of the unfolded protein response. However, these 

effects are not seen in Aβ mutant peptides that have a reduced aggregation propensity. 

This suggests that the accumulation of aggregated Aβ is a key component of toxicity. In 

addition, we observed that degradation of Aβ is impaired, resulting in slow turnover of 
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the protein in the cell. Fluorescence microscopy studies showed that Aβ localizes to the 

endoplasmic reticulum (ER), where misfolded or aggregated Aβ may be retained. A high-

throughput screen identified FAB1 as a loss-of-function genetic enhancer of Aβ toxicity. 

Loss of FAB1 further retards Aβ degradation, which may enhance Aβ accumulation and 

toxicity; however, the precise mechanisms for Aβ toxicity are still unknown. Our model 

provides a potential tool to study the quality control mechanisms that maintain 

intracellular Aβ in a properly folded and non-toxic state. 
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Background on Alzheimer’s disease 

Alzheimer’s disease (AD) is the most common cause of dementia, afflicting 5.4 million 

Americans and costing an estimated $200 billion in healthcare–related expenses each 

year. By 2050, the number of AD cases is predicted to triple, which may result in over a 

trillion dollars spent on healthcare (1). Despite extensive research, effective and/or 

preventative treatments for AD have yet to reach patients.  

AD is clinically characterized by a progressive decline in cognitive functions, 

especially in tasks involving learning and memory. Postmortem examination of affected 

patients’ brains reveal a significant accumulation of amyloid plaques and neurofibrillary 

tangles, the hallmarks of AD, in regions of the brain important for these cognitive 

functions: the entorhinal cortex, hippocampus, basal forebrain, and amygdala (2).  

Amyloid plaques are extracellular deposits of fibrillar and amorphous amyloid-beta (Aβ) 

peptide aggregates.  Neurofibrillary tangles are intracellular, hyperphosphorylated 

aggregates of the microtubule-associated protein tau. Brain regions with plaques and 

tangles typically exhibit reduced synaptic connections and neuritic dystrophy.  While 

amyloid plaques are unique to AD pathology, neurofibrillary tangles are associated with a 

number of neurodegenerative disorders such as frontotemporal dementia (3), and recent 

evidence suggests that tangles form downstream of amyloid toxicity (4). 

Aβ is generated from the proteolytic processing of a type-I transmembrane called 

amyloid precursor protein (APP) (5-7). Cleavage of APP by beta-secretase at the N-

terminus of Aβ and by gamma-secretase at the C-terminus of Aβ leads to the release of 

Aβ peptides that are typically 40 or 42 amino acids long (5,8-10). Although the Aβ40 

species is physiologically produced at greater amounts than Aβ42, Aβ42 has a greater 
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propensity to aggregate and is the predominant species in amyloid plaques (11-14). Small, 

nonfibrillar Aβ42 oligomers have also been implicated as the primary toxic species in AD 

(15-19). 

Extracellular Αβ is derived from the processing of APP at the plasma membrane 

or within the Golgi apparatus, Golgi-derived vesicles (20-22), or the endoplasmic 

reticulum (ER) (23-25). While Αβ is usually secreted, it is also found in the cytoplasm of 

neurons in AD brains (26,27) and within multivesicular bodies (28-30). In addition, Αβ 

may accumulate intracellularly after internalization of APP into endosomes and 

lysosomes where it can be processed by gamma-secretase (31-34) or through 

internalization of Αβ peptides from the extracellular space (35-37). According to the 

amyloid cascade hypothesis, increasing accumulation of Aβ42 enhances the aggregation 

of Aβ42 into toxic species that cause downstream neurotoxic effects, filamentous tau 

deposits, and eventually neurodegeneration and dementia (38-40).  

The role of Aβ in AD is underscored by a small population of patients with early-

onset (<60 years), familial AD (FAD).  In some families, FAD mutations occur in APP 

adjacent to the Aβ peptide sequence, enhancing cleavage by beta- and gamma-secretase 

(21,41).  FAD mutations are also found in proteins that directly affect gamma-secretase 

activity called presenilins (41-44).  Both types of mutations result in an increased 

production of Aβ42 peptides. In addition, some mutations can arise within the Aβ 

sequence itself, which heightens the propensity for the peptide to self-aggregate (43,45). 

Lastly, duplication of the APP gene, such as in patients with Down Syndrome, gives rise 

to increased Aβ deposition (46,47).   
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FAD mutations only account for a small percentage of AD cases.  On the other 

hand, the strongest known genetic risk for AD in many populations is apolipoprotein E4 

(apoE4) (48-54). ApoE4 is one of three alleles for apoE, a lipid transport protein 

important in the brain for normal lipid homeostasis and for the maintenance and repair of 

neurons.  Unlike the other two isoforms (apoE2 and apoE3), apoE4 is less capable for 

performing these tasks (55-58). The frequency of each allele in most populations is 65-

70% for apoE3, 5-10% for apoE2, and 15-20% for apoE4 (59).  The apoE4 allele is a 

major genetic risk factor for sporadic AD, and has a gene-dose effect on the risk and age 

of onset of the disease (48,50,52).  The risk of developing AD by the age of 85 is ~45% 

for one-copy of the apoE4 allele and 50-90% for two copies (48).  In contrast, the chance 

for developing AD in the general population is around 20 percent (48). In addition, the 

mean age of onset for patients without the apoE4 allele is 84 years, while one and two 

copies of apoE4 drops the age of onset to 75 and 68 years, respectively (48). Although 

apoE4 is strongly linked to AD, its mode of action is unknown.  ApoE4 transgenic mice 

exhibit some features of AD pathology such as reduced numbers of presynaptic terminals 

with (60,61) or without (62-64) the expression of APP, increased plaque deposition in 

apoE4 and APP double transgenic mice (61), increased phosphorylation of tau 

(63,65,66), impaired learning and memory (67,68), and altered long-term potentiation 

(69). Thus apoE4 has many neuropathological effects that are both dependent and 

independent of Aβ pathology.   

 

The amyloid hypothesis 

The amyloid hypothesis of AD is centered on the notion that increased production and 



   

 5

toxic accumulation of Aβ peptides initiates a sequence of pathologic events leading to 

disease (4).  The neurotoxic actions of Aβ include the production of reactive oxygen 

species and disruption of mitochondrial function. Aggregation of Aβ generates hydrogen 

peroxide, a process that requires oxygen and that is greatly potentiated by Fe2+ and Cu+ 

(70,71). Aβ aggregation also promotes lipid peroxidation at the plasma membrane and 

generation of 4-hydroxynonenal (4HNE), a highly reactive neurotoxic aldehyde that 

covalently modifies proteins (72). In addition, AD patients show deficits in glucose 

metabolism in the brain and decreased activities of cytochrome c oxidase, pyruvate 

dehydrogenase, and α-keoglutarate dehydrogenase (73).  A combination of oxidative 

stress and mitochondrial dysfunction may render neurons vulnerable to excitotoxicity and 

apoptosis, leading to the impairment and degeneration of synapses (2). 

 

The role of intracellular Aβ in AD 

Most AD research has focused on the neuropathological effects of extracellular Aβ 

accumulation and deposition on neuropathogenesis; however, recent evidence has shown 

that Aβ also accumulates intracellularly and plays an important role in the early stages of 

AD pathology. Immunoelectron microscopy shows accumulated and oligomerized Aβ42 

in the outer membranes of multivesicular bodies, especially in neuronal processes and 

synaptic compartments, in primary neurons from Tg2576 APP-mutant transgenic mice 

(increased Aβ42 production) and Tg2576 and AD brains (28,74).  Intraneuronal Aβ 

appears before the formation of extracellular plaques and neurofibrillary tangles (26). 

Microinjection of Aβ42 into cultured primary human neurons leads to apoptotic cell death 

and activation of caspases (75).  Intraneuronal expression of Aβ42 in rat primary neurons 
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inhibits the Akt survival pathway, overwhelms the stress response, and leads to cell death 

(76,77). Accumulation of intraneuronal Aβ correlates with deficits in long-term synaptic 

plasticity in a triple-transgenic mouse model of AD harboring mutations in PS1 (a 

subunit of gamma-secretase), APP, and tau (78,79).  However, these findings are 

controversial because the antibodies used in these studies might be detecting whole or 

partially-cleaved APP and not free Aβ (80); however, antibodies specific for free Aβ 

have been developed that would be useful in re-evaluating the previous findings (81). 

Nonetheless, there is strong evidence that intracellular pools of Aβ can contribute to 

neuronal dysfunction and degeneration, and therefore they should not be ignored.   

 

Yeast as a model organism 

The baker’s yeast, Saccharomyces cerevisiae, has a long history as a simple eukaryotic 

model organism for molecular, genetic, and biochemical dissection of cellular processes 

and pathways relevant to higher eukaryotes, including humans (82). The advantages of 

using yeast as a model include rapid growth on defined media, dispersed cells, the ease of 

mutant isolation, a well-defined genetic system, and a highly versatile DNA 

transformation system (83).  The greatest advantage of yeast is the rapidity and ease in 

performing genetic manipulations. The ease of mutagenesis and the availability of many 

mutant and cDNA collections allow for rapid isolation of genetic modifiers of specific 

processes or phenotypes.  Additionally, the recent development of arrayed libraries for 

systematized deletion or overexpression of most yeast genes has permitted rapid genomic 

screening and identification of novel gene interactions and drug targets (84).   
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Although yeast cannot be used to study neurodegeneration directly, it has recently 

been shown to be a useful system in which to study cell autonomous biological response 

pathways that are relevant to neurological diseases, especially amyloid diseases.  Basic 

mechanisms of protein misfolding, aggregation and toxicity have already resulted in 

significant insight into the pathogenesis of Huntington’s disease (HD) (85-87), 

Parkinson’s disease (PD) (88), Prion encephalopathies (89), Amyotrophic lateral sclerosis 

(ALS) (90), and Friedreich’s ataxia (91).   In particular, yeast models of HD (85,87,92) 

and PD (88,93) faithfully recapitulate some aspects of these diseases, such as inclusion 

body formation and cytotoxicity, and have been used to screen for genetic and 

pharmacologic modifiers of toxicity that may serve as potential therapeutic targets. One 

major caveat is simply that some genes important for modulating neurodegeneration may 

not be present (e.g., genes encoding caspases and, for the significance of AD, the protein 

tau). Ultimately, the utility of yeast as a model organism to study neurodegeneration lies 

only in its ability to generate unbiased genetic information that can be used to develop 

and test hypotheses in more physiologically relevant models of neurodegeneration.  

 

Yeast models to study Aβ 

In more recent years, yeast has been used to study the aggregation and toxicity of Aβ.  

Some studies looked at the cytoplasmic expression of Aβ fused to dihydrofolate 

reductase (94) or the MRF domain of the yeast prion Sup35 (95,96). Aβ aggregation 

caused the fusion proteins to lose their functions, thereby serving as an indirect readout 

for Aβ aggregation. Using this system, the authors studied mutations in the Aβ sequence 

that were important for its aggregation. The Aβ mutations used were F19,20T/I31P (95) 
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and F19D (94), which occur in the hydrophobic domains of the Aβ peptide. Another 

study also used the MRF-Aβ fusion to find small molecules that inhibited aggregation 

and allowed cell growth (96).  

 A few studies looked at the toxic effects of Aβ in the secretory pathway, which 

mimics where the peptide is produced upon proteolytic processing. An untagged version 

of Aβ in the secretory pathway implicated defects in endocytic trafficking as a 

mechanism of toxicity (97). In addition, an Aβ-GFP tagged construct caused cellular 

toxicity that may have resulted from decreased oxygen consumption and mitochondrial 

dysfunction (98). Finally, a study using cytoplasmic expression of GFP-Aβ reported 

growth defects in yeast and induction of the heat-shock response (99).  

 In this thesis, we sought out to establish a novel yeast model to study the toxic, 

intracellular effects of Aβ. We hoped to gain further insight into the mechanisms of cell 

death and dysfunction caused by Aβ accumulation within the cell that may ultimately 

play a role in the progression of neurodegeneration in AD.  
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Chapter 2 

Expression of Amyloid-Beta (Aβ) in Yeast Leads to Cellular Toxicity and  

Induction of the Unfolded Protein Response 
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ABSTRACT 

The amyloid-beta (Aβ) peptide is one of the major contributors to neuronal toxicity in 

Alzheimer’s disease. Aβ is a highly amyloidogenic protein, forming soluble and 

insoluble aggregates that accumulate both extracellularly and intracellularly, leading to 

neuronal dysfunction and eventually neuronal death. The precise mechanisms of 

intracellular Αβ toxicity and aggregation are not fully understood. To further understand 

how the intracellular accumulation of Αβ causes toxicity, we studied the effect of Aβ 

expression in the yeast Saccharomyces cerevisiae.  Overexpression of Αβ is toxic to yeast 

cells, which are unable to degrade the protein properly; this leads to the accumulation of 

Αβ in the endoplasmic reticulum (ER) and induction of the unfolded protein response 

(UPR). Importantly, we show that the ability of Αβ to aggregate is necessary for its toxic 

effects and UPR induction. Our results show that intracellular expression of Αβ causes 

cellular toxicity that is mediated by the UPR. Furthermore, we present a new tool to study 

the effect of Αβ aggregation within the cell.  
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INTRODUCTION 

Alzheimer’s disease (AD) is the most common cause of dementia, afflicting 5.4 million 

Americans and costing an estimated $200 billion in health care–related expenses each 

year. By 2050, the number of AD cases is predicted to triple, which may result in over a 

trillion dollars spent on healthcare (1). Despite extensive research, effective and/or 

preventative treatments for AD have yet to reach patients.  

The neuropathological hallmarks of AD are extracellular neuritic plaques and 

intracellular neurofibrillary tangles that accumulate with advancing neurodegeneration. 

The major component of plaques is the amyloid-beta (Aβ) peptide. Aβ is generated from 

the proteolytic processing of amyloid precursor protein (APP) by γ- and β-secretases, to 

form peptides that are most commonly 40 or 42 amino acids long (5,8-10). Aβ42 is the 

predominant species in plaques (11-14); however, nonfibrillar, soluble Aβ oligomers have 

been implicated as the more toxic species (15-19). 

Extracellular Αβ is derived from the processing of APP at the plasma membrane 

or within the Golgi apparatus, Golgi-derived vesicles (20-22), or the endoplasmic 

reticulum (ER) (23-25). While Αβ is usually secreted, it is also found in the cytoplasm of 

neurons in AD brains (26,27) and within multivesicular bodies (28-30). In addition, Αβ 

may accumulate intracellularly after internalization of APP into endosomes and 

lysosomes (31-34) or through internalization of Αβ peptides from the extracellular space 

(35-37). According to the amyloid cascade hypothesis, increases in Aβ42 lead to its 

aggregation and downstream neurotoxic effects, eventually resulting in 

neurodegeneration and dementia (38-40).  
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Most AD research has focused on the neuropathological effects of extracellular 

Aβ accumulation and deposition on neuropathogenesis; however, recent evidence has 

shown that Aβ also accumulates intracellularly and plays an important role in the early 

stages of AD pathology. Immunoelectron microscopy shows accumulated and 

oligomerized Aβ42 in the outer membranes of multivesicular bodies, especially in 

neuronal processes and synaptic compartments, in primary neurons from Tg2576 APP-

mutant transgenic mice (increased Aβ42 production) and Tg2576 and AD brains (28,74).  

Intraneuronal Aβ appears before the formation of extracellular plaques and 

neurofibrillary tangles (26). Microinjection of Aβ42 into cultured primary human neurons 

leads to apoptotic cell death and activation of caspases (75).  Intraneuronal expression of 

Aβ42 in rat primary neurons inhibits the Akt survival pathway, overwhelms the stress 

response, and leads to cell death (76,77). Accumulation of intraneuronal Aβ correlates 

with deficits in long-term synaptic plasticity in a triple-transgenic mouse model of AD 

harboring mutations in PS1 (a subunit of gamma-secretase), APP, and tau (78,79).   

Although it is widely accepted that Αβ accumulation is toxic, the precise 

mechanism of how Αβ toxicity leads to cellular dysfunction and death is not clearly 

understood. To investigate the cellular toxicity induced by intracellular Aβ, we used the 

yeast Saccharomyces cerevisiae as a model. S. cerevisiae has a long history as a simple 

eukaryotic model organism for molecular, genetic, and biochemical dissection of cellular 

processes and pathways relevant to higher eukaryotes, including humans (82). Yeast have 

provided significant insight into the basic mechanisms of protein misfolding, aggregation 

and toxicity in the pathogenesis of Huntington’s disease (85,86,92,100), Parkinson’s 

disease (88,93,101), prion encephalopathies (89), amyotrophic lateral sclerosis (90), and 
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frontotemporal dementia (102-104). Greater than 40% of all yeast proteins share some 

sequence similarity with at least one known or predicted human protein (105,106); 

therefore, the mechanisms of toxicity identified in yeast are likely to be physiologically 

relevant in higher eukaryotic models of disease. 

In this study, we show that intracellular expression of GFP-Aβ in the secretory 

pathway of yeast causes a growth defect that is dependent upon the ability of GFP-Aβ to 

aggregate. Furthermore, the degradation of GFP-Aβ is impaired, resulting in 

accumulation of GFP-Αβ in the ER and induction of the unfolded protein response 

(UPR). However, UPR induction can be rescued when GFP-Αβ aggregation is inhibited. 

These findings suggest that Αβ aggregates in the ER can be a major source of cellular 

toxicity, and could contribute to the progression of neurodegeneration in AD. 
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EXPERIMENTAL PROCEDURES 

Yeast strains, Media, and Plasmids – Strains were cultured at 30⁰C, unless otherwise 

noted, in appropriate selection media. Yeast nitrogen base, amino acids, and sugars were 

purchased from US Biological, Sunrise Science, and Sigma. Strains used in this study are 

listed in Table 2.1. Yeast strains hac1Δ, ire1Δ, der1Δ, hrd1Δ, and ssm4Δ were derived 

from BY4741, and were taken from Yeast Genome Deletion Collection (Open 

Biosystems). 

The plasmid p426GAL1-GFP-Aβ42 was created in two steps. First, the artificial 

signal peptide (5’-ATGCTAAAGCGCATAATCTGGATCCTATTCCTGCTAGGACT- 

AACATGGGGA-3’) and Aβ42 sequence (5’-GATGCAGAATTCCGACATGACTCAG-

GATATGAAGTTCATCATCAAAAATTGGTG TTCTTTGCAGAAGATGTGGGTTC-

AAACAAAGGTGCAATCATTGGACTCATGGTGGGCGGTGTTGTCATAGCG-3’) 

were inserted into the SpeI and XhoI sites of plasmid p426GAL1. Next, GFP was PCR-

amplified from plasmid pYES2-Htt25Q-GFP (86) using primers with 45 bp of homology 

to the 3’ end of the signal peptide and the 5’ end of Aβ. The GFP-PCR product was 

inserted between the signal peptide and Aβ sequence using homologous recombination in 

yeast. 

The PTEF2-GFP-NAT and PTEF2-dTomato-NAT plasmids were a gift from 

Jonathan Weissman (University of California, San Francisco/UCSF), and were used to 

generate strains PJM627 and PJM628 using previously described methods (107). 

The plasmid pRS405TRP1(3’-5’) (101) was used for integration of the 4xUPRE-

mCherry reporter. The 4xUPRE-mCherry sequence was shuttled from plasmid pPM47 

(108), a gift from Feroz Papa (UCSF), to pRS405-TRP1(3’-5’) using SacII and HindIII 



   

 15

sites. The resulting plasmid was linearized with XmaI and transformed into Y5563 and 

hac1Δ using high-efficiency lithium acetate transformation (Gietz and Schiestl, 2007). 

Transformants were selected on media lacking leucine. Integration at the TRP1 locus was 

verified by streaking colonies on media lacking tryptophan. 

Strain PJM450/Sec66-RFP::KAN was generated using previously described 

methods for the integration of a fluorescent tag at the genomic locus (109). Strains W303 

and pep4Δ were a gift from Susan Lindquist (Whitehead Institute). Strains WCG4a and 

WCG4-11/22a (pre1-1 pre2-2) were generated in the laboratory of Dieter Wolf and a gift 

from Linda Hicke (Northwestern University). 

 

Spotting Assays – Colonies were inoculated into appropriate selection medium 

containing 2% raffinose in a 96-well plate and grown to stationary phase (2-3 days). The 

assays were performed as described (110). For Figures 2C and 4D-E, the stationary-phase 

cultures were diluted 1:100 in sterile water before serially diluting five-fold in water.  

 

Flow Cytometry Growth Assay – Design of fluorescently tagged yeast strains, 

experimental procedures for the flow-growth assay, and relative growth–rate calculations 

were performed as described (107) with some modifications. Colonies were inoculated in 

triplicate into 2 ml of selection media with 2% glucose and grown to stationary phase. 

Equal amounts of dTomato cells with control vector (reference strain) and GFP cells with 

GFP or GFP-Aβ constructs (query strains) were combined into 2 ml of fresh media to 

optical density (OD600) 0.1 and grown again to stationary phase (2 days). Cultures were 

diluted 10-fold into 1x TE Buffer, and 30,000 cells analyzed on a FACSCalibur Flow 
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Cytometer. The frequency of dTomato+/GFP- and dTomato/GFP+ was determined. 

Cultures were then diluted 500-fold into 2 ml of selection media containing either 2% 

glucose or 2% galactose, and grown to stationary phase again (2-3 days). This dilution 

was repeated two more times for a total of 18 generations or three more times for a total 

of 27 generations. At stationary phase, the cultures were analyzed by flow cytometry. 

Data was analyzed using FlowJo software. 

 

Fluorescence Microscopy – For Sec66 co-localization, the Sec66-RFP strain transformed 

with p426GAL1-GFP-Aβ was grown to stationary phase in 2% raffinose selection media. 

The culture was diluted 1:50, grown to log-phase, and then induced with 2% galactose for 

6 h before imaging. Approximately OD600 2.0 of culture was collected by centrifugation 

at 3,000 rpm for 5 min. Cells were resuspended in 50-100 μl of media to an optimal 

dilution for imaging, mounted onto a 3% agarose pad, and overlaid with a glass coverslip. 

For FM4-64 labeling, strain Y5563 transformed with p426GAL1-GFP or GFP-Aβ 

was prepared as described above. After 6 h of induction, FM4-64 (Molecular Probes) 

staining was performed as previously described (101).  

All microscopy was performed at the UCSF Nikon Imaging Center. Images were 

acquired with a Plan Apo VC 100x/1.4 oil objective on a Ti-E inverted microscope 

(Nikon) equipped with a Yokagawa CSU22 spinning-disk confocal scan head (Solamere 

Technology Group) and an Evolve EMCCD camera (Photometrics). 

 

Unfolded Protein Response (UPR) Assay – UPR assays were performed with the 

reporter strain WT-UPRE. Strain hac1Δ UPRE transformed with e.v. served as the 
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negative control for non-fluorescent cells in the flow cytometer. Transformed colonies 

were inoculated in triplicate into 1 ml of media containing 2% raffinose and grown to 

saturation. Cultures were diluted to approximately OD600 0.01 in 1 ml of fresh raffinose 

media, and grown to log-phase. At this point, 100 μl of 20% galactose (final conc. 2%) 

was added, and induction carried out for 12 h. Cells were diluted 10-fold in 1x TE buffer 

and 10,000 cells were analyzed on a FACSCalibur Flow Cytometer for mCherry 

fluorescence. Data was analyzed using FlowJo software to determine median red 

fluorescence intensity and frequency of GFP+ cells. 

 

Protein Preparation, Ultracentrifugation, SDS-PAGE and Western Blot – Yeast pellets 

were resuspended in extraction buffer (100 mM Tris pH 7.9, 250 mM ammonium sulfate, 

1 mM EDTA, 10% glycerol) with protease inhibitor cocktail (Sigma, P8215) and 

vortexed with glass beads for five 1-min intervals at 4ºC. The crude lysate was 

centrifuged at 3,000 rpm for 2 min to remove cell debris, and the supernatant transferred 

to a new tube. Ultracentrifugation was performed as previously described (111). Briefly, 

200 μg of lysate in 50 μl of extraction buffer was centrifuged at 85,000 rpm (~ 250,000 

g) for 30 min at 4ºC in a TLA-100 (Beckman Coulter). The soluble fraction was 

transferred to a chilled tube and the pellet resuspended in 50 μl of extraction buffer. Both 

fractions were mixed 1:1 with 4x SDS sample buffer (240 mM Tris-HCl pH 6.8, 8% 

SDS, 20% glycerol, 16% 2-mercaptoethanol, 0.01% bromophenol blue) and boiled for 10 

min. Protein was separated on a 4-12% NuPAGE Bis-Tris polyacrylamide gel 

(Invitrogen) using MES running buffer, then transferred to nitrocellulose (Whatman). 
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Membranes were probed with monoclonal antibodies α-6E10 (Signet/Covance), α-GFP 

(Millipore MAB3580), and α-actin (Abcam ab8224).  

 

Promoter Shutoff – The yeast strains described were transformed with p426GAL1-GFP-

Aβ or GFP only.  Colonies were inoculated into 2% raffinose media and grown to 

stationary phase. Cultures were diluted 50-fold and induced during log-phase with 2% 

galactose for 1 h. The cells were pelleted at 3,000 rpm for 5 min, washed twice with 

water, and resuspended in 2% glucose media containing 50 μg/ml cycloheximide. 

Approximately OD600 2 of cells was collected for each time point. Protein was extracted 

using the alkaline lysis procedure previously described (112). Western blot was 

performed as described above using α-GFP and α-actin antibodies. Secondary antibodies 

were conjugated to either horseradish peroxidase or IRDye800CW (Licor). Densitometry 

was analyzed by ImageJ software. The Licor Odyssey system was used for fluorescence 

imaging and Image Studio software for quantification. 
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RESULTS 

A new yeast model to study intracellular Αβ toxicity  

We developed a yeast model to study intracellular Aβ expression, in which the human 

Aβ1-42 sequence was targeted to the secretory pathway using a signal sequence designed 

to improve secretion of heterologous proteins. Αβ expression was driven by the strong, 

inducible GAL1 promoter to maximize expression and enhance any effects of the protein. 

However, in preliminary experiments, Αβ was not detected in cells even with the strong 

promoter, possibly due to an instability problem that resulted in poor translation and/or 

rapid turnover of the protein. To stabilize Αβ expression, the protein was tagged at the N-

terminus with GFP (Figure 2.1A), which would facilitate imaging of the fusion protein in 

live cells. The GFP-Αβ fusion construct has been used previously in Escherichia coli 

(113-116) and yeast (94,98) to study the aggregation properties of Aβ, confirming that 

the protein can still aggregate even when fused to a large protein such as GFP. As a 

control, GFP with the same signal sequence was used (Figure 2.1A).  

First, we verified expression of our GFP-Aβ construct using a 2μ overexpression 

vector. This vector was transformed into the wild-type strain Y5563, which is derived 

from the parental strain BY4741. Cells were grown to log-phase in raffinose (non-

inducing) media, at which time galactose was added to induce gene expression. Aliquots 

of cells were taken at the indicated time points following induction, and protein lysates 

subjected to SDS-PAGE and Western blotting to verify expression of GFP-Αβ. After 2 h 

of induction, GFP-Αβ was readily detected in the cells as a monomer, but over time was 

also detected as higher molecular weight species that were approximately the size of 
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dimers, trimers, and tetramers (Figure 2.1B). The predominant species, however, 

appeared to be monomers and dimers. 

To determine the intracellular localization of GFP-Αβ, we used live-cell imaging. 

As expected, GFP and GFP-Αβ were detected in the secretory pathway of yeast, 

exhibiting the characteristic pattern of the nuclear and cortical ER (117). GFP-Αβ 

strongly co-localized with an ER-resident protein Sec66 (Figure 2.1C), a subunit of the 

Sec63 complex, which is involved in the translocation of proteins in the ER (118). GFP 

also localized to parts of the cell that did not appear to be ER, but resembled larger 

structures reminiscent of the vacuole. Using FM4-64, a lipophilic dye that binds to the 

plasma membrane, becomes endocytosed, and eventually labels the vacuolar membrane, 

we detected GFP within numerous, small vacuoles or late endosomal vesicles (Figure 

2.1D). In contrast, GFP-Aβ at the same time point was mostly localized to the ER and not 

within vacuolar or endosomal vesicles. This suggests that GFP can transit through the ER 

to the vacuole, whereas GFP-Aβ transit through the ER is delayed. 

 

Αβ expression in the secretory pathway is toxic 

Next, we determined whether GFP-Αβ expression in yeast causes any noticeable growth 

defect. In the spotting assay, non-induced cells in glucose media grew similarly, but cells 

in galactose media expressing GFP-Αβ grew more slowly than GFP alone (Figure 2.2A). 

We confirmed these results using a more sensitive and quantitative growth assay in which 

populations of fluorescently tagged yeast are counted by flow cytometry (107). We 

generated Y5563 strains expressing either dTomato or GFP under the constitutive TEF2 

promoter. The Y5563-dTomato strain transformed with empty vector served as the 
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reference strain, while the Y5563-GFP strain was transformed with a 2μ overexpression 

vector containing either GFP, GFP-Αβ, or the empty vector (e.v.). Equal amounts of 

dTomato and GFP cells were combined in non-inducing glucose media and grown to 

saturation. At this point, the cultures contained approximately 50% dTomato cells and 

50% GFP cells. The cultures were subsequently diluted 500-fold into fresh media 

containing either glucose or galactose, and grown to saturation again. This dilution was 

repeated two more times for a total of 27 generations. At each saturation step, the cultures 

were analyzed by flow cytometry to determine the ratio of GFP cells versus dTomato 

cells, and these measurements were used to calculate the relative growth rate (RGR). 

Using this approach, we observed GFP expression alone was toxic to yeast; however, 

GFP-Αβ was significantly more toxic than GFP (Figure 2.2B). The RGR for GFP-Αβ 

was 30% lower than WT and 20% lower than GFP.  

Since GFP alone displays some toxicity, we wondered whether the Αβ fusion was 

simply enhancing the toxicity of GFP. To determine whether the toxicity of GFP-Αβ was 

independent of the tag, we fused Αβ to the C-terminal end of dihydrofolate reductase 

(DHFR), a very stable and soluble protein. The linker region between DHFR and Αβ 

remained the same; however, the DHFR-Αβ fusion protein was driven to the secretory 

pathway with the commonly used KAR2 secretion signal. In the spotting assay, we 

observed that DHFR-Αβ expression also decreased cell viability compared to control, 

while DHFR expression alone was not toxic (Figure 2.2C), suggesting that Aβ, and not 

the fusion tag, is responsible for the observed cellular toxicity.  
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Αβ toxicity is dependent on aggregation 

Since GFP-Aβ forms aggregates in yeast, we next asked whether aggregation is 

necessary for toxicity. We engineered two lysine-to-proline mutations at positions 17 and 

34 of Αβ, within two hydrophobic regions that have been shown to be important for Αβ 

aggregation (ΑβL17,34P) (113,119,120). In particular, these mutations were shown to 

decrease the aggregation of an Aβ-GFP fusion protein expressed in bacteria (113). In 

preliminary experiments, we noticed that GFP-ΑβL17,34P  had higher expression levels 

than WT GFP-Αβ (data not shown), which may have been caused by copy-number 

differences with the 2μ expression vector. To control for copy-number, the constructs 

were shuttled to the low-copy number CEN4 vector p416. 

First, we determined whether the mutations decreased GFP-Aβ aggregation. After 

6 h of induction of WT GFP-Αβ and GFP-ΑβL17,34P, protein lysates were separated by 

ultracentrifugation into soluble (supernatant) and insoluble (pellet) fractions. These 

fractions were then subjected to SDS-PAGE and immunoblotting. While WT GFP-Αβ 

was mostly detected in the insoluble fraction, GFP-ΑβL17,34P was detected in both soluble 

and insoluble fractions. Furthermore, approximately 40% of GFP-ΑβL17,34P separated into 

the soluble fraction compared to less than 15% of WT GFP-Αβ (Figure 2.3A). In 

addition, the overall expression level of GFP-ΑβL17,34P was greater than WT GFP-Aβ, 

suggesting that the mutations enhance both the solubility and stability of GFP-ΑβL17,34P. 

Next, we analyzed the effect of GFP-ΑβL17,34P expression on toxicity using the 

flow cytometry growth assay. First of all, it was surprising that WT GFP-Αβ was still 

significantly more toxic than GFP alone when expressed from the low-copy CEN4 vector 
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(Figure 2.3B), which highlights the sensitivity of this assay to measure differences in cell 

growth. Importantly, we determined that GFP-ΑβL17,34P was significantly less toxic than 

WT GFP-Αβ (Figure 2.3B). In fact, the RGR was similar to the control (e.v.). The 

average RGRs for cells containing e.v., GFP, WT GFP-Αβ, or GFP-ΑβL17,34P were 

approximately 1.0, 0.93, 0.85, and 0.99, respectively. Therefore GFP-Αβ expression in 

the secretory pathway causes growth defects in yeast, and this toxic effect is highly 

dependent on the aggregation state of GFP-Αβ.  

We also analyzed the effect of single mutations L17P and L34P on the toxicity 

and aggregation propensity of GFP-Aβ. In addition, we engineered the Arctic mutation 

E22G, which increases Aβ aggregation (121), to determine if this mutation would 

enhance toxicity and aggregation. A summary of these mutations and expected effect on 

Aβ aggregation is shown in Appendix 1A. Interestingly, GFP-AβE22G did not have a 

noticeable difference in aggregation or toxicity compared to WT GFP-Aβ (Appendix 

1B,C). In contrast, cells expressing GFP-AβL17P and GFP-AβL34P exhibited increased 

protein expression and more Aβ in the soluble fraction (Appendix 1B). However, GFP-

AβL17P and GFP-AβL34P did not have a significant effect on growth rate compared to 

GFP-AβL17,34P (Appendix 1C). Therefore the single mutations showed an intermediate 

effect of the double mutation GFP-AβL17,34P. 

 

Αβ expression induces the unfolded protein response 

Proteins targeted for the secretory pathway first pass through the ER for processing and 

maturation. The ER also retains misfolded proteins and targets them for degradation if 
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they cannot be properly folded. When misfolded proteins accumulate, the ER activates 

the unfolded protein response (UPR), an inter-organelle signaling pathway that reduces 

protein translocation and enhances protein folding or degradation (122). The 

overexpression of heterologous proteins is known to activate the UPR (123-125). Since 

we found that Aβ accumulates in the ER (Figure 2.1C), we hypothesized that GFP-

Αβ expression was inducing the UPR and that this was a key component of its toxicity.  

To monitor UPR induction, we used a fluorescent UPR reporter that could be 

analyzed by flow cytometry (108). This reporter encodes mCherry driven by the CYC1 

promoter and four tandem repeats of the UPR element, which include binding sites for 

the transcription factor Hac1p (126). During the UPR, activated Hac1p regulates a 

transcriptional program that responds to stress-inducing conditions (127). We 

transformed this reporter strain with the low-copy number constructs expressing e.v., 

GFP, GFP-Αβ, or GFP-ΑβL17,34P . After 12 h of induction, the median fluorescence 

intensity of the mCherry signal was analyzed by flow cytometry.  

First, we analyzed UPR induction in the total population of cells sorted, and found 

that both GFP and GFP-Αβ significantly induced the UPR (Figure 2.4A); however, GFP-

Αβ induced the UPR significantly more than GFP (3-fold vs. 1.5-fold, respectively). This 

was also true when we analyzed UPR induction in only the GFP+ cell population: the 

UPR was induced 2.5-fold in GFP-Αβ cells compared to GFP (Figure 2.4B). 

Furthermore, this effect was not simply due to expression-level differences, since there 

were more GFP+ cells in the GFP strain culture than the GFP-Αβ strain culture (Figure 

2.4C). Importantly, UPR induction by GFP-ΑβL17,34P was significantly reduced compared 

to WT GFP-Aβ (Figure 2.4A,B) even though the frequency of GFP+ cells was greater in 
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GFP-ΑβL17,34P- than WT GFP-Aβ–expressing cells (Figure 2.4C). Therefore UPR 

induction appeared to positively correlate with aggregation and toxicity: GFP-Aβ in the 

ER significantly induced the UPR, and this effect was attenuated in the more soluble 

GFP-ΑβL17,34P variant. 

UPR induction was also analyzed in cells expressing GFP-Aβ mutations E22G, 

L17P, and L34P (Appendix 2). While GFP-AβE22G did not further increase UPR 

induction, GFP-AβL17P and GFP-AβL34P significantly reduced UPR induction compared 

to WT GFP-Aβ in the GFP+ cell population (Appendix 2B) and showed a trend in 

reduction in the total population (Appendix 2A); however, this decrease was not as 

dramatic as GFP-AβL17,34P. Furthermore, the frequency of GFP+ cells was greater in GFP-

AβL17P and GFP-AβL34P than for WT GFP-Aβ (Appendix 2C), indicating that higher 

expression levels do not correlate with UPR induction. 

Given that the UPR is induced by GFP-Aβ expression, we hypothesized that an 

intact UPR is necessary for the survival of yeast expressing GFP-Αβ. To test this 

hypothesis, we expressed GFP-Αβ from the low-copy vector in cells deficient for UPR 

induction, ire1Δ and hac1Δ. IRE1 is a transmembrane ER protein that contains 1) a 

lumenal domain for sensing unfolded proteins and 2) a cytosolic, protein-kinase domain 

that allows for trans-autophosphorylation and endonucleolytic cleavage of Hac1 mRNA 

to remove an intron that inhibits its translation (126,128-132). Upon translation, Hac1p is 

transported to the nucleus, where it regulates a transcriptional program of genes that 

respond to ER stress (127). Using the spotting assay, we found that overexpression of 

both GFP and GFP-Αβ is severely toxic to ire1Δ and hac1Δ even from a low-copy 

number vector (Figure 2.5A). As expected, GFP-Αβ was more toxic to the UPR-deficient 
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cells than GFP. These results suggest that an intact UPR is necessary to withstand the 

stress associated with GFP-Aβ and GFP overexpression, which overwhelms the protein-

folding machinery of the ER.  

Misfolded proteins retained in the ER can be removed by a process known as ER-

associated degradation (ERAD). During ERAD, misfolded proteins are retro-translocated 

from the ER into the cytoplasm, where they are poly-ubiquitinated by the E3 ubiquitin–

ligase complex Hrd1p/Hrd3p (133) before degradation by the proteasome (134). Other 

proteins with important roles in ERAD are Der1p, which is necessary for the retro-

translocation of some misfolded substrates (135,136), and Ssm4/Doa10, another E3 

ubiquitin ligase that targets misfolded proteins for degradation (137,138). If GFP-Αβ 

induction of the UPR leads to its degradation by ERAD, we hypothesized that an intact 

ERAD would also be necessary for the survival of yeast cells expressing GFP-Αβ. We 

overexpressed GFP and GFP-Αβ from the high-copy-number vector in three strains 

lacking essential ERAD genes: der1Δ, hrd1Δ, and ssm4Δ. However, compared to the 

UPR mutants, the ERAD mutant cells grew similarly to WT cells expressing GFP and 

GFP-Αβ, even with increased expression levels (Figure 2.5B). These results suggest that 

although GFP-Aβ accumulates in the ER and induces the UPR, cell survival is not 

dependent upon the ability to remove and degrade GFP-Aβ by ERAD. 

 

GFP-Αβ degradation is impaired 

Since GFP-Αβ induced the UPR to a greater extent than did GFP alone, and GFP-Αβ 

localized primarily to the ER, we hypothesized that the toxicity of GFP-Αβ may be 

attributed to its accumulation within this cellular compartment. To test this, we used 
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promoter-shutoff experiments to compare the degradation rates of GFP versus GFP-Αβ. 

After 1 h of induction in galactose media, the cells were resuspended in media containing 

glucose, which represses the promoter, and cycloheximide, a drug that blocks translation. 

Aliquots of cells were removed at 1, 3, 5, and 7 h after promoter shutoff, and the amount 

of GFP and GFP-Αβ remaining in the cells was determined by SDS-PAGE and 

immunoblotting. We observed that the turnover of GFP-Αβ was slower than GFP (Figure 

2.6A). After 1 h of promoter shutoff, more than 60% of GFP-Αβ remained compared to 

~40% of GFP; after 5 h, ~50% of GFP-Αβ was still remaining compared to <20% of 

GFP.  

Next, we sought to determine the location of GFP-Αβ turnover in the cell. The 

two sites of protein degradation in yeast are the proteasome and vacuole. First, we looked 

at the turnover of GFP-Aβ in the vacuole because this is the primary site for the 

degradation of long-lived proteins. We expressed GFP-Aβ in WT cells and pep4Δ, a 

yeast strain that lacks vacuolar protease activity. After 2 h of induction, the promoter was 

shut off and aliquots of the culture taken at 0, 2, and 6 h to determine the amount of GFP-

Aβ remaining. Surprisingly, there did not appear to be a dramatic difference in GFP-Aβ 

degradation between WT and pep4Δ (Figure 2.6B). There appeared to be more GFP-Aβ 

present in pep4Δ at 2 h, but this difference was not apparent at 6 h. To determine whether 

GFP-Aβ was being degraded by the proteasome, we expressed our construct in the 

temperature-sensitive proteasome-mutant strain WCG4a-11/22a and the isogenic WT 

strain WCG4a. We expressed GFP-Aβ for 3 h, shut off the promoter, shifted the cultures 

to the restrictive temperature of 37⁰C, and determined the amount of GFP-Aβ remaining 

after 6 h. Similar to the pep4Δ strain, we did not see a dramatic difference in GFP-Aβ 
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degradation in the proteasome mutant compared to WT (Figure 2.6C). This is not 

surprising since GFP-Aβ expression in the ERAD mutants did not increase toxicity 

(Figure 2.5C). Nonetheless, these results suggest that GFP-Aβ could be turned over by 

both the vacuole and proteasome, and one degradation pathway may be able to 

compensate for the loss of the other. This compensation would be important for toxic 

proteins, which should to be quickly eliminated from the cell. Alternatively, GFP-Aβ was 

only expressed for a short amount of time, and the accumulation of insoluble aggregates 

at the point of promoter shutoff may have been minimal, allowing the cell to better 

handle the protein by either route of degradation.  
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DISCUSSION  

We have developed a system in yeast to study the intracellular effects of Αβ expression. 

We show that GFP-Αβ expression in the secretory pathway impairs cell growth, and this 

toxicity is dependent on the ability of GFP-Αβ to form insoluble aggregates. 

Furthermore, GFP-Αβ expression strongly induces the UPR, which must be intact to 

maintain cell viability in the presence of GFP-Αβ. Reducing GFP-Aβ aggregation 

eliminates UPR induction and reduces GFP-Aβ toxicity, suggesting that GFP-Aβ 

aggregation and ER accumulation are important factors for toxicity.  

Induction of the UPR by GFP-Αβ may lead to downstream signaling events that 

slow cell growth or result in cell death (122). Studies in mammalian models have shown 

that the UPR is induced by exogenously applied Αβ (139,140) and by intracellular 

expression of Αβ (140). In addition, activation of the UPR can be seen in samples from 

AD patients (141-143). UPR induction can cause increased Ca2+ release from the ER, 

leading to intracellular Ca2+ dysregulation and neuronal toxicity (140). Alterations in 

intracellular calcium homeostasis have been implicated in the pathogenesis of AD (144).  

Aβ studies in yeast have been useful for studying sequence determinants for Αβ 

aggregation and for identifying cellular defects associated with Aβ toxicity. In studies 

where Αβ was fused to DHFR (94) or the Sup35 MRF domain (95,96) and expressed in 

the cytoplasm, Αβ aggregation disrupted protein conformation, resulting in loss-of-

function of the fusion proteins. Using this system, subsequent Αβ mutagenesis 

experiments identified several amino acids that are important for Aβ aggregation, many 

of which are located within hydrophobic regions (95). In addition, recent reports focused 
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on Αβ expression within the secretory pathway have implicated defects in endocytic 

trafficking (97) and mitochondrial dysfunction (98) as possible mechanisms of toxicity. 

Finally, cytoplasmic expression of Αβ has been shown to induce the heat-shock response 

(99). 

Our study is significant because we report, for the first time, that GFP-Aβ 

expression strongly induces the UPR and that the aggregation of GFP-Aβ is crucial for 

this induction, since the more soluble GFP-AbL17,34P mutant did not aggregate—or trigger 

toxicity—to the same degree as did WT GFP-Aβ, despite being expressed at higher 

levels. While this manuscript was being prepared, another study was published that 

described a similar yeast model for Αβ toxicity (97). We compared the toxicity of our 

GFP-Αβ construct with the untagged-Αβ construct from this study and found similar 

growth defects in WT yeast expressing these proteins (Appendix 3A). Furthermore, Aβ 

from this study also elicited the UPR to the same extent as GFP-Αβ (Appendix 3B), a 

finding that was not reported in the previous study. We predict that the L(17,34)P 

mutations would also reduce the toxicity and UPR induction caused by this Aβ construct. 

Our study thus reveals a novel and versatile model that can be adapted to identify targets 

that disrupt GFP-Aβ aggregation and toxicity. For example, by using a fluorescent UPR 

reporter, high-throughput screens could be conducted to discover genes or small 

molecules that modify UPR induction, thereby reducing GFP-Aβ aggregation and 

potentially alleviating GFP-Aβ toxicity. 
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Table 2.1 Yeast strains used in this study. 

Strain Genotype Reference 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 (145) 

Y5563 MATα can1Δ::MFA1pr-HIS3 lyp1Δ ura3Δ0 leu2Δ0 his3Δ1 met15Δ0 (146) 

PJM628 Y5563 ade2Δ::PTEF2-GFP-NAT This study 

PJM627 Y5563 ade2Δ::PTEF2-dTomato-NAT This study 

PJM629 Y5563 trp1Δ:::4xUPRE-mCherry-LEU2 This study 

PJM630 BY4741 hac1Δ::KAN trp1Δ:::4xUPRE-mCherry-LEU2 This study 

PJM450 BY4741 SEC66-RFP::KAN This study 

PJM634 Y5563 pep4Δ::KAN This study 

W303 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 (147) 

pep4Δ W303 pep4Δ::HIS3 (147) 

WCG4a MATa ura3-52 leu2-3 112 his3-11,15 (148) 

WCG4a-11/22a MATa ura3-52 leu2-3 112 his3-11,15 pre1-1 pre2-2 (148) 

 



   

 33

 

 
 
FIGURE 2.1 A yeast model to study intracellular Aβ.  

(A) The constructs used in this study. The human Aβ1-42 sequence was N-terminally 

tagged with GFP and targeted for secretion with a signal peptide (SP). Expression was 

controlled using the strong, inducible GAL1 promoter. GFP alone with the same signal 

peptide was used as a control. (B) Western blot showing the expression and accumulation 

of GFP-Aβ in the wild-type strain Y5563 transformed with p426GAL1- GFP-Aβ. Protein 

was detected with the α-6E10 antibody (*indicates a non-specific band). (C) 

Fluorescence microscopy of live cells showing the co-localization of GFP and GFP-Aβ 

with the ER-resident protein Sec66-RFP. (D) Fluorescence microscopy of live cells 

showing the localization of GFP and GFP-Aβ in relation to the vacuolar membrane, 

which is labeled with lipophilic dye FM4-64. 
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FIGURE 2.2. GFP-Aβ expression in the secretory pathway impairs yeast growth.  

(A) Spotting assay to assess cell viability of the wildtype strain Y5563 transformed with 

p426 empty vector (e.v.), GFP, or GFP-Aβ. Five-fold serial dilutions of culture were 

spotted on media containing 2% glucose (non-induced) or 2% galactose (induced). B, 

Quantification of growth rate as a second measure of cellular toxicity (see Experimental 

Procedures). Y5563 cells transformed with p426 e.v., GFP, or GFP-Aβ were grown for 

27 generations in glucose or galactose media. Graph is representative of three 

independent experiments. Error bars represent +/- SEM from three replicate samples. 

***P < 0.001; Two-Way ANOVA. (C), Spotting assay to assess cell viability of Y5563 

transformed with p426 e.v., DHFR or DHFR-Aβ. 
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FIGURE 2.3. GFP-Aβ aggregation is necessary for toxicity.  

(A) Left, Western blot of protein extracts from the Y5563 strain expressing WT GFP-Aβ 

or mutant GFP-AβL17,34P from the low-copy CEN4 vector p416 for 6 h. Extracts were 

separated by ultracentrifugation into the soluble supernatant (S) or the insoluble pellet (P) 

fractions, separated by SDS-PAGE and immunoblotted with α-6E10 antibody. Right, 

Percentage of protein in the supernatant or pellet fractions. Blots were quantified using 

the LiCor Odyssey imaging system. Error bars represent +/- SEM from three individual 

samples. (B) Relative growth rates of strain Y5563 expressing p416 e.v., GFP, GFP-Aβ, 

or GFP-AβL17,34P for 18 generations in either glucose or galactose media. Error bars 

represent +/- SEM from four independent experiments. ***P < 0.001; Two-Way 

ANOVA.
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FIGURE 2.4. GFP-Aβ expression induces the unfolded protein response.   

(A-C), Quantification of UPR induction from WT Y5563 yeast transformed with the 

integrating vector pRS405-4xUPRE-Cherry-(3’-5’TRP1), which encodes mCherry 

behind four repeats of the UPR response element. This strain was subsequently 

transformed with the low-copy vector p416 e.v., GFP, GFP-Aβ  or GFP-AβL17,34P. 

Constructs were induced during log-phase for 12 h, and UPR induction was measured by 

flow cytometry as described in Experimental Procedures. (A) Fold change in median 

fluorescence intensity in the total population of cells analyzed, compared to e.v. (B) Fold 

change in median fluorescence intensity in GFP+ cells only, compared to cells expressing 

GFP alone. (C) The frequency of GFP+ cells in the total population of cells analyzed. 

Graphs are representative of three independent experiments. Error bars represent +/- SEM 

from three replicate samples. **P < 0.01; ***P < 0.001; Student’s t-test.
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FIGURE 2.5. An intact UPR, but not ERAD, is necessary for the survival of cells 

expressing GFP-Aβ.  

(A) Spotting assay to assess cell viability of the WT strain BY4741 and UPR-mutant 

strains ire1Δ and hac1Δ transformed with p416 e.v., GFP, or GFP-Aβ. Five-fold serial 

dilutions of cultures were spotted on media containing 2% glucose (control) or 2% 

galactose (induced). (B) Spotting assay with BY4741 and ERAD-mutant strains der1Δ, 

hrd1Δ, and ssm4Δ transformed with p426 e.v., GFP, or GFP-Aβ. 
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FIGURE 2.6. The degradation of GFP-Aβ is impaired.  

(A) Top, Representative promoter shutoff experiment of Y5563 cells expressing GFP or 

GFP-Aβ from vector p426GAL1. Cells were induced during log-phase with 2% galactose 

for 1 h and then shifted to 2% glucose media containing 50 mg/ml cycloheximide to shut 

off promoter activity. Aliquots of protein extracts were removed at the indicated time 

points, separated by SDS-PAGE and immunoblotted with α-GFP and α -actin antibodies. 

Bottom, Graph showing the percent of protein remaining at indicated time points after 

promoter shutoff. Samples were quantified by densitometry and normalized to actin. (B) 

Degradation of GFP-Aβ in WT strain W303 and the vacuolar-protease mutant pep4Δ. 

Blots were scanned using the LiCor Odyssey imaging system. (C) Degradation of GFP-

Aβ in WT strain WCG4a and proteasome-mutant strain WCG4a-11/22a (assayed in 

duplicate). Blots were scanned using the LiCor Odyssey imaging system.  
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Chapter 3 

A genome-wide screen in yeast identifies  
fab1Δ as a genetic enhancer of Aβ toxicity 
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ABSTRACT 

The expression of GFP-Aβ42
 in the yeast Saccharomyces cerevisiae results in cellular 

toxicity, induction of the unfolded protein response, and growth defects. However, the 

mechanisms behind this toxicity are still unclear. We performed loss-of-function genetic 

screens in yeast to further dissect the pathways perturbed by GFP-Aβ42. We also screened 

for modifiers of GFP-Aβ40 toxicity, which caused a less severe growth defect compared 

to GFP-Aβ42.  Results of the screen identified distinct biological processes that modulate 

the toxicity of GFP-Aβ42 and GFP-Aβ40 with only a slight overlap of hits between the two 

variants. Follow-up of GFP-Aβ42 genetic modifiers led to a focus on one particular gene, 

FAB1. The toxicity of GFP-Aβ42 was enhanced in fab1Δ cells, possibly by decreasing the 

turnover of GFP-Aβ42 in the cell. FAB1 has a human ortholog called PIKfyve/PIP5K3, 

which is an essential gene with a role in endosomal-lysosomal trafficking that functions 

in a protein complex that has been associated with neurodegeneration.
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INTRODUCTION 

The yeast Saccharomyces cerevisiae was used previously to study the effect of 

intracellular amyloid-beta (Aβ) expression (see Chapter 2). GFP-Aβ42 accumulated in the 

endoplasmic reticulum, induced the unfolded protein response, and retarded cell growth.  

To further understand the mechanisms of GFP-Aβ42 toxicity in the cell, we performed 

genetic screens to look for loss-of-function genetic modifiers that enhanced or suppressed 

GFP-Aβ42 toxicity.  

 Yeast are a valuable tool for conducting high-throughput, genome-wide screens. 

Numerous libraries are available to study the effect of single gene deletions, gene 

overexpression, genetic interactions, and protein interactions (107,109,145,149-151). 

Furthermore, these libraries have been popular in screening for genetic modifiers of 

human diseases such as Huntington’s disease (HD) (92,93,152), Parkinson’s disease (PD) 

(93,153,154), and amyotrophic lateral sclerosis (104,155). In particular, previous studies 

in our lab have identified genetic modifiers in yeast that have been confirmed in 

mammalian models of HD (93,156) and PD (93,101).  

 A screen for modifiers of Aβ42 toxicity was completed recently (97). In this study, 

the authors used an overexpression plasmid library to screen for yeast genes that 

modified the toxicity of Aβ42 expressed in the secretory pathway. The authors identified 

12 genes with human homologs as modifiers, and these genes were involved in clathrin-

mediated endocytosis and association with the cytoskeleton. One of the genes was a 

homolog of PICLAM, one of the three most common risk factors for sporadic AD 

(157,158). The hits were also found to modulate Aβ toxicity in Caenorhabditis elegans 

and primary cortical neurons (97). This study highlights the utility of yeast as a tool to 
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find modulators of Aβ toxicity that may be useful for study in more relevant models of 

AD.  

 We conducted a genome-wide, loss-of-function screen in yeast to identify 

modifiers of GFP-Aβ42 and GFP-Aβ40 toxicity. Surprisingly, less than 25% of the hits 

overlapped, which indicates that the Aβ variants may have differential toxic effects. 

Further study of fab1Δ, an enhancer of GFP-Ab42 toxicity, suggests that defects of GFP-

Aβ42 turnover is a contributing factor to toxicity. The human ortholog for FAB1, 

PIKFyve/PIP5K3, has yet to be implicated in AD; however, it would be an interesting 

gene to investigate in mammalian AD models because PIKfyve and its regulating 

proteins are implicated in other neurodegenerative diseases such as Charcot-Marie-Tooth 

Type 4J disease (159), amyotrophic lateral sclerosis (160), and François-Neetens fleck 

corneal dystrophy (161).  Furthermore, loss of FAB1 and its corresponding product, 

PtdIns(3,5)P2, leads to embryonic lethality (162,163) and severe neurodegeneration 

(159,164) in higher eukaryotic models.  
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EXPERIMENTAL PROCEDURES 

Yeast strains, Media, and Plasmids – Strains were cultured at 30⁰C, unless otherwise 

noted, in appropriate selection media. Yeast nitrogen base, amino acids, and sugars were 

purchased from US Biological, Sunrise Science, and Sigma. Strains were in the Y5563 

background.  Strain fab1Δ was taken from Yeast Genome Deletion Collection (Open 

Biosystems). Plasmids p426GAL1-GFP and GFP-Aβ42 were described in Chapter 2, 

Experimental Procedures. Plasmid p426GAL1-GFP-Aβ40 was derived by site-directed 

mutagenesis of the Aβ42 sequence to generate a stop codon after amino acid 40. 

 

Genome wide genetic screens - The deletion library for the nonessential genes (Thermo 

Scientific Open Biosystems) and the hypomorphic library for essential genes (107) 

(Thermo Scientific Open Biosystems) were combined in four 1536-format plates. 

 Generation of the strains. The strains used in the screen contained the constructs 

p426GAL1-GFP, GFP-Aβ42, and GFP-Aβ40. Synthetic genetic array (SGA) methodology 

was used to combine each strain to the mutant alleles of the library using a protocol 

similar to the one described in (165). Replica plating was performed in 1536-colony 

format using a RoToR HDA robot (Singer Instrument Co. Ltd, UK).  

 Quantitative readout. We assessed the fitness of the strains we generated based on 

the colony size on agar plates. We used six replicates per condition for each selection 

step. Each replicate was pinned in conditions that induce (galactose) or do not induce 

(glucose) expression, and the plates were incubated for 22 h at 30⁰C before acquiring 

digital images. Measurement of the colony sizes was performed using a colony size 

software (HT Colony Grid Analyzer, http://sourceforge.net/project/show 
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files.php?group_id=163953). The colony size measurements were imported for data 

analysis in Matlab (The MathWorks, Inc.). We adapted the general methodology for 

generating quantitative genetic interaction scores described in (166) to compute genetic 

interaction scores. 

  

Data analysis - Quality control. After extraction of the pixel counts for all the colonies, 

the non-normalized (raw) colony sizes were filtered for potentially unreliable strains 

(noisy strains). The non-normalized colony sizes were normalized using the EMAP 

toolbox (166) to correct for differences in growth conditions, both within a plate (position 

effects) and from one plate to another. 

 Genetic interaction scores. Before scoring the genetic interactions, two additional 

filters were used 1) to remove the strains that were lost during the selection steps and for 

which no pixel count is detected (NaN strains) and 2) to remove strains that ordinarily 

show growth defects on galactose. The cutoff value for the galactose growth filter was 

individually set for each screen as the value of either the gal1Δ or gal4Δ mutant strains, 

since these strains are unable to utilize galactose, and thus define the background growth 

on galactose.  

 Genetic interactions were scored with the formula: 

 

 The normalized size of the colony for each of the six replicates, either on medium 

containing galactose (to induce expression) or on medium containing glucose (to repress 

expression) was used to compute genetic interaction scores. A score of 0 for a given 
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mutant strain indicates no genetic interaction between expression of the construct and the 

mutation, whereas toxicity enhancers have a negative score (less growth when expression 

of the construct is combined with a given mutation) and toxicity suppressors have a 

positive score (more growth when expression of the construct is combined with a given 

mutation). 

 To assign a confidence value to the genetic interaction scores, a ranksum test 

(Wilcoxon non parametric test) was used to determine whether the distribution of the 

ratios (size on galactose / size on glucose) were statistically different between the disease 

model and the control (GFP alone). Such a p-value accounts for the reproducibility of the 

replicates, and is used to discard data with low consistency between the replicates. We 

selected the mutant strains with a p-value < 0.05. 

 To account for the multiple comparisons, a false discovery rate (FDR) approach 

was applied to the mutant strains that pass the p-value cutoff. The cutoff value for the 

FDR was set at 0.1 (which reflects a maximum tolerance of 10% of false positives in the 

lists of hits). A q-value for FDR was calculated for each strain with a p-value <0.05, 

following the formula: 

 

A given mutant strain was considered a hit when q-value FDR < p-value. Seventy-nine 

wild type (WT) control strains were included in various random positions in the arrayed 

library plates. Expression of the proteins in these strains resulted in the same degree of 

toxicity as the parental disease model strains, confirming that the toxicity is retained after 

the crosses and selection steps of SGA. However, there was a certain degree of variation 

in the genetic interaction scores for these WT controls. For each screen (i.e., Aβ42  and 
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Aβ40), we set the cutoffs for the amplitude of the score as the mean value +/- 2 standard 

deviation (SD) of the WT controls scores. These more stringent lists of hits were used for 

the functional annotation (Gene Ontology) analysis. 

 Functional annotation analysis - The lists of enhancers and suppressors of 

toxicity for Aβ42  and Aβ40 were analyzed using the online functional annotation software 

DAVID (167,168) to retrieve the biological processes (BPs, Gene Ontology) terms 

significantly enriched. We used a cutoff p-value of 0.05 to retrieve BPs significantly 

enriched among the lists of hits. 

 

Spotting Assays – Colonies were inoculated into appropriate selection medium 

containing 2% raffinose in a 96-well plate and grown to stationary phase (2-3 days). The 

assays were performed as described (110). Cells were spotting on media containing 2% 

glucose (non-induced) or 2% galactose (induced).  

 

Growth Curve Assay – Colonies were inoculated in triplicate into minimal media with 

2% raffinose in a 96-well plate and grown to saturation. Cells were diluted 1:200 into 

media containing 2% raffinose (non-induced) or 2% galactose (induced), and grown 

overnight. Plates were thoroughly mixed, and the OD600 of the cultures read using a 

SpectraMax M5 plate reader (Molecular Devices). Time points were taken approximately 

every 2-3 h until the cultures reached stationary phase (OD600 0.4 in raffinose and OD600 

0.6 in galactose).  The slope of the growth curve during log-phase was calculated for each 

strain. Comparison of slopes between strains was analyzed in GraphPad Prism software. 
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Promoter Shutoff – Y5563 and fab1Δ transformed with p426GAL1-GFP and GFP-Aβ42  

were inoculated into 2% raffinose media and grown to stationary phase. Cultures were 

diluted 50-fold and induced during log-phase with 2% galactose for 1 h. The cells were 

pelleted at 3,000 rpm for 5 min, washed twice with water, and resuspended in 2% glucose 

media containing 50 μg/ml cycloheximide. Approximately OD600 2 of cells was collected 

for each time point. Protein extraction and western blot are described in Chapter 2, 

Experimental Procedures. Membranes were probed with monoclonal antibodies α-GFP 

(Millipore MAB3580) and α-actin (Abcam ab8224), and secondary anti-mouse-HRP. 

Protein levels were measured by densitometry in ImageJ. Data was analyzed in GraphPad 

Prism software. 
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RESULTS 
 
GFP-Aβ42 and GFP-Aβ40 cause differential toxicity 

We had previously established that GFP-Aβ42 was toxic in yeast compared to GFP alone 

(see Chapter 2). We sought to determine if Aβ40 showed a differential toxicity. As 

expected, GFP-Aβ40 was less toxic than GFP-Aβ42; however, GFP-Aβ40 was still more 

toxic than GFP alone (Figure 3.1A). This result is in agreement with the literature that 

Aβ42 is more toxic than Aβ40.  

 In an effort to elucidate the mechanisms of Aβ toxicity in the cell, we conducted a 

genome-wide loss-of-function screen to identify genes that enhance or suppress toxicity. 

Our screen indentified 96 potential modifiers for GFP-Aβ42
 (Appendix Tables 1, 2) and 

126 potential modifiers for GFP-Aβ40 (Appendix Tables 3, 4). Surprisingly, only 22 of 

the hits overlapped (Figure 3.1B), suggesting that the toxicity caused by GFP-Aβ42
 and 

GFP-Aβ40 was different. Further analysis showed that the enhancers and suppressors 

were enriched in distinct biological processes (Figure 3.1C). GFP-Aβ42
 suppressors were 

enriched in mRNA metabolism and response to DNA damage, which may modify protein 

expression to reduce toxicity. GFP-Aβ42
 enhancers were enriched in mitochondrial DNA 

maintenance and vacuolar transport. GFP-Aβ40 suppressors were enriched in 

microtubule-based transport, and GFP-Aβ40 suppressors were enriched in ion transport. In 

summary, the results from our screen indicate that the modifying pathways for GFP-Aβ42 

or GFP-Aβ40 toxicity are more different than they are similar. 
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fab1Δ is a genetic enhancer of GFP-Aβ42
 toxicity 

We decided to focus our attention on the hits for GFP-Aβ42, and retested the stronger hits 

by re-transforming our constructs into the deletion strains from the library and using 

spotting assays to assess cell viability. Seven hits retested that had slight modifying 

effects on GFP-Aβ42 toxicity (Table 3.1). We decided to follow-up with FAB1 because it 

had a close human ortholog and functioned in endosomal-lysosomal trafficking 

pathways.  

 FAB1 is a phosphatidylinositol(3)-phosphate 5-kinase located on the vacuolar 

membrane that generates the membrane lipid phosphatidylinositol 3,5-bisphosphate 

(Ptdlns(3,5)P2) from phosphatidylinositol 3-phosphate (PtdIns3P) (169). The amount of 

PtdIns(3,5)P2 is normally very small in the cell, but its synthesis is strongly increased 

during hyperosmotic stress (170). PtdIns(3,5)P2 interacts with various effector proteins to 

carry out its functions, which included proper sorting of endocytic cargo into multi-

vesicular bodies (MVB) en route to the vacuole (171,172) and recycling of membranes 

from the vacuole (169,173,174). fab1Δ cells lack detectable levels of PtdIns(3,5)P2, have 

enlarged vacuoles (169,173,174), and partial defects in MVB sorting (171,172). The 

mammalian ortholog of FAB1, PIKfyve/PIP5K3, localizes to early and late endosomes 

and also functions in endosomal-lysosomal transport (175-177). 

 First, we wanted to verify that fab1Δ modified the growth defects caused by GFP-

Aβ42 expression. In the spotting assay, fab1Δ enhanced the toxicity of GFP-Aβ42, but did 

not appear to enhance the toxicity of GFP alone (Figure 3.2A). We also tested cell 

viability with the growth curve to get a more quantitative readout of toxicity. WT and 

fab1Δ strains expressing GFP and GFP-Aβ42
 were grown in media containing raffinose 
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(non-induced) and galactose (induced) until saturation. The growth rates during log-phase 

were calculated by measuring the slope of the curve. According to these measurements, 

the fab1Δ background enhances the toxicity of both GFP and GFP-Aβ42 as evidenced by 

a decreased growth rate or slope compared to WT (Figure 3.2B, top). However, when the 

difference in growth rate between GFP and GFP-Aβ42
 within the strain backgrounds was 

compared, there was a significantly greater difference between GFP and GFP-Aβ42
 in 

fab1Δ than in WT (Figure 3.2B, bottom). In other words, there is a greater difference in 

toxicity between GFP and GFP-Aβ42 in fab1Δ than in WT.  

 

fab1Δ slows the turnover of GFP-Aβ42  

Since it is known that FAB1 has a role in regulating protein transport to the vacuole 

(171,172), we hypothesized that fab1Δ was exacerbating GFP-Aβ42
 toxicity by affecting 

trafficking to the vacuole for degradation. We used the promoter shutoff assay to 

determine the degradation rate of GFP- Aβ42
 in WT versus fab1Δ. As a control, we also 

monitored the degradation of GFP in both strains. GFP and GFP-Aβ42
 expression were 

induced during log-phase for 1 h, and then the promoter was turned off by switching to 

media containing glucose and cycloheximide. Approximately OD600 2 of cells was 

removed at 0, 2, 4, and 8 h after promoter shutoff, and the amount of GFP and GFP-Aβ42
 

remaining was analyzed. Surprisingly, the degradation of GFP was not different between 

WT and fab1Δ cells (Figure 3.3A, B). However, the degradation of GFP-Aβ42
 in fab1Δ 

was significantly slower in fab1Δ versus WT. At 2 h after promoter shutoff, about 50% of 

GFP-Aβ42
 was remaining in the WT cells. In contrast, it took 4 h after promoter shutoff 

before half of GFP-Aβ42
 was degraded in fab1Δ cells. Therefore the rate of GFP-Aβ42
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turnover is reduced in fab1Δ, which may increase GFP-Aβ42
 toxicity by prolonging its 

presence in the cell. 
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DISCUSSION 

To goal of this study was to use yeast to identify potential genetic modifiers of GFP-Aβ42 

and GFP-Aβ40 toxicity. Surprisingly, the hits from the screen for the Aβ variants were 

enriched in different biological processes, suggesting that they may have differential 

toxicities. We focused our attention on the modifiers for GFP-Aβ42 toxicity, retested the 

strongest enhancers and suppressors, and narrowed in on the genetic enhancer fab1Δ. Our 

results show that fab1Δ deletion slows the degradation of GFP-Aβ42, which already has 

delayed turnover compared to GFP alone.  

 The most likely hypothesis is that fab1Δ is contributing to GFP-Aβ42 

accumulation in the cell, leading to increased toxicity. However, previous studies had 

shown that GFP-Aβ42 may be retained in the ER. The question remains how FAB1, which 

localizes to the vacuolar membrane, affects the degradation of ER-retained GFP-Aβ42. 

Although FAB1 functions in sorting proteins into MVB (171,172), but it is not known 

whether it affects protein degradation. The trafficking of some yeast proteins, such as 

carboxypeptidase Y, alkaline phosphatase, Phm5p and Ste2p, is not impaired in 

fab1Δ (169,171,172,178).  However, there appears to be some delay in trafficking of the 

endocytic dye FM4-64 to the vacuole in fab1Δ mutants (179). In mammalian cells, 

PtdIns(3,5)P2 is important for autophagy and endosomal trafficking, especially in the 

central nervous system, and mutations that reduces levels of  PtdIns(3,5)P2 result in 

severe neurodegeneration (159,164,180-182). Defects in autophagy are present in AD 

(183,184), but FAB1 is not reported to have any effect on autophagy in yeast. The 

functions of FAB1 in yeast are still being elucidated, and there are probably undiscovered 

roles for FAB1 that would explain its effect on GFP-Aβ42 degradation. It would be 
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interesting to see whether PIKFyve, the human orthologs of FAB1, has modifying effects 

on Aβ toxicity in higher eukaryotic models of AD.  

 FAB1 was not identified in the previous screen for Aβ42 toxicity (97) because it is 

not present in the overexpression library. When we compared the results of the 

overexpression screen with our own results, only one hit overlapped: KEM1/XRN1. 

However, if we reduce the stringency of our analysis, additional hits overlapped: GRR1, 

MID2, PSK1, SLA1, and YAP1802 (yeast ortholog of PICALM). Furthermore, for most of 

these genes, if it was identified as a suppressor in the overexpression screen, it was 

identified as an enhancer in the loss-of-function screen. This shows that although the 

screens were different, a handful of modifiers were identified in both screens. Future 

studies could focus on how these genes modify Aβ toxicity.  
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Table 3.1. Confirmed genetic modifiers of GFP-Aβ42 toxicity. 

Genes Modifier Description Human 
Orthologs 

    
FAB1 E 1-phosphatidylinositol-3-phosphate 5-kinase; vacuolar 

membrane kinase that generates phosphatidylinositol (3,5)P2, 
which is involved in vacuolar sorting and homeostasis 

PIP5K3 

ANT1 E Peroxisomal adenine nucleotide transporter; involved in beta-
oxidation of medium-chain fatty acid; required for peroxisome 
proliferation 

SLC25A17 

MAK3 E Catalytic subunit of N-terminal acetyltransferase of the NatC 
type; required for replication of dsRNA virus 

NAT12 

CUP9 S Homeodomain-containing transcriptional repressor of PTR2, 
which encodes a major peptide transporter 

TGIF1/2 

SPT4 S Protein involved in the regulating Pol I and Pol II transcription, 
pre-mRNA processing, kinetochore function, and gene 
silencing; forms a complex with Spt5p 

SUPT4H1 

YFR016C S Putative protein of unknown function; green fluorescent protein 
(GFP)-fusion protein localizes to the cytoplasm and bud 

 

HAT2 S Subunit of the Hat1p-Hat2p histone acetyltransferase complex; 
has a role in telomeric silencing 

RBBP7/4 
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FIGURE 3.1. Genetic modifiers differ between GFP-Aβ42 and GFP-Aβ40. 

(A) Toxicity of GFP, GFP-Aβ42, and GFP-Aβ40 in WT strain Y5563. (B) Number of hits 

from the screen that were identified as genetic enhancers or suppressors for GFP-Aβ42 

and GFP-Aβ40. The overlapping region indicates the number of hits that were the same. 

(C) Clustering of the hits into distinct biological processes in yeast.  
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FIGURE 3.2. fab1Δ enhances the toxicity of GFP-Aβ42. 

(A) Spotting assay of the WT strain Y5563 and fab1Δ transformed with p426 GFP or 

GFP-Aβ. Five-fold serial dilutions of culture were spotted on media containing 2% 

glucose (non-induced) or 2% galactose (induced). (B) Growth rate of the same strains in 

liquid. Cells were grown in 2% raffinose  (top left) or 2% galactose (top right). The 

OD600 of the cultures was read every 2-3 h. The slope of the curve during exponential 

phase was calculated. The percent difference in slopes between GFP-Aβ and GFP in each 

strain is shown (bottom). Each point represents a separate experiment containing 

triplicate samples. Error bars represent +/- SEM. **P < 0.01; Student’s t-test.   
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FIGURE 3.3. GFP-Aβ42 degradation is slower in fab1Δ cells. 

Degradation of GFP (left) and GFP-Aβ (right) in Y5563 and fab1Δ. Cultures were 

induced during log-phase with 2% galactose for 1 h and then shifted to 2% glucose media 

containing 50 mg/ml cycloheximide to shut off promoter activity. Aliquots of protein 

extracts were removed at the indicated time points, separated by SDS-PAGE and 

immunoblotted with α-GFP and α-actin antibodies. (A) Top, Representative western blot 

from promoter shutoff experiments. Bottom, Protein quanitifcation by densitometry, 

normalized to actin. (B) Summary of data from independent experiments: GFP (n = 3), 

GFP-Aβ (n = 6). Error bars represent +/-SEM. *P < 0.05; Two-Way ANOVA.
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Chapter 4 

Conclusions and Future Directions
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Summary of major findings 

This thesis establishes a novel model for the study of amyloid-beta (Aβ) in the yeast 

Saccharomyces cerevisiae. Aβ accumulates in the brain of Alzheimer’s disease (AD) 

patients, leading to cellular toxicity and neuronal degeneration. We hypothesized that 

yeast could be used to study the intracellular, toxic effects of Aβ, and with this model we 

could screen for genetic modifiers of Aβ toxicity to understand the pathways that might 

be affected in AD. In Chapter 2, we established a new yeast strain that expresses Aβ42 

N-terminally tagged with GFP. This tag stabilized Aβ expression and allowed us to track 

the localization of the protein within the cell, but the fusion did not appear to perturb Aβ 

aggregation. GFP-Aβ localized strongly to the endoplasmic reticulum (ER), indicating its 

aggregation within this compartment of the cell. Further analysis revealed a strong 

induction of the unfolded protein response (UPR) by GFP-Aβ compared to GFP alone. 

This induction of the UPR is necessary for cell survival during GFP-Aβ expression 

because removal results in lethality. Furthermore, GFP-Aβ expression was more toxic 

than GFP alone, reducing the viability of cells. However, mutations of the GFP-Aβ 

sequence to reduce aggregation rescued the cell growth defect and UPR induction. 

Therefore GFP-Aβ aggregation and accumulation in the cell induces the UPR and 

triggers signals to slow cell growth. In Chapter 3, we sought to understand the 

mechanism of GFP-Aβ toxicity by screening a yeast deletion library for genes that 

modified cell growth in the presence of GFP-Aβ. One of the hits that enhanced toxicity 

was fab1Δ. The degradation of GFP-Aβ is slower in fab1Δ than in WT, which is 

predicted to prolong GFP-Aβ accumulation and enhance toxicity.  
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Significance of FAB1/PIKfyve as a modifier of Aβ toxicity  

FAB1 is an evolutionarily-conserved protein that is the only kinase in yeast that produces 

PtdIns(3,5)P2, a membrane lipid found on the vacuole. FAB1 is important for sorting 

endocytic cargo proteins into multivesicular bodies (171,172) and for maintaining 

homeostasis of vacuolar size, especially during osmotic stress (170). The roles of 

FAB1/PIKfyve, both in yeast and in higher eukaryotes, are only beginning to be 

understood. FAB1 loss in yeast is still viable; however, in higher eukaryotes, loss of 

FAB1 and its corresponding product, PtdIns(3,5)P2, leads to embryonic lethality 

(162,163) and severe neurodegeneration (159,164). Loss of PtdIns(3,5)P2 results in 

enlarged endolysosome/vacuoles within neurons and defects in endocytic trafficking to 

the lysosome/vacuole and in retrograde transport to the trans-Golgi network 

(159,164,182). In addition, PIKfyve has been found to protect against excitotoxicity by 

regulating the internalization and degradation of plasma membrane calcium channels 

(185). Therefore we believe PIKfyve, the ortholog of FAB1, would be an interesting gene 

to study in mammalian models of Aβ toxicity and AD.  

 One difference between PIKfyve and yeast FAB1 is the role of PIKfyve in 

autophagy (162,180,182,186). Mice with reduced PtdIn(3,5)P2 levels exhibit an 

accumulation of markers for autophagy, such as LC3-II, p62, and LAMP-2, in neurons 

and astrocytes (180), suggesting a block in the progression of autophagy. By unknown 

mechanisms, deficiency of PtdIn(3,5)P2 prevents vesicle fusion events and the 

accumulation of autophagy intermediates (180). This effect is similar to the accumulation 

of autophagic vacuoles in the brain of AD patients and AD mouse models (183,187,188), 

which can lead to increased generation of Aβ peptide from APP and neuritic dystrophy 
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(187-189). Future studies could determine whether PIKfyve and abnormal levels of 

PtdIn(3,5)P2 play a role in the autophagic dysfunction in AD.  

 

Significance of our yeast model of Aβ toxicity 

The yeast model we have established here may be useful for future studies on Aβ 

toxicity, Aβ aggregation, and protein quality control. First of all, we have shown, along 

with other studies, that yeast can be utilized to study the cell autonomous effects of Aβ 

toxicity. However, most of these yeast studies do not perfectly model the pathology of 

Aβ as seen in AD patients because the Aβ peptide is usually over-expressed and often 

fused to other proteins, and neither APP nor Aβ significantly accumulates in the ER in 

mammalian cells. Nonetheless, this study and others have shown that yeast can be used to 

understand basic cellular functions that may be affected by Aβ expression, which could 

potentially give insight to more complex models of the disease. Aβ expression in yeast 

has been shown to activate stress responses, such as the UPR and heat-shock response, to 

disrupt endocytic trafficking and mitochondrial respiration. Furthermore, yeast models 

have been useful tools to screen for genetic and pharmacological modifiers of Aβ 

toxicity. Ultimately, these findings in yeast need to be verified in mammalian models of 

AD to determine their significance. 

 In addition to understanding Aβ toxicity, this model also provides a new tool to 

understand Aβ aggregation that seems to directly correlate with toxicity. Although other 

studies in yeast have looked at Aβ aggregation using functional readouts dependent on 

the fusion protein used, this is the first study to show that decreasing Aβ aggregation 

leads to a direct physiological response: induction of the UPR. The response is also 
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independent of the GFP tag, and is seen even in an untagged Aβ construct. The 

fluorescent reporter for UPR induction would be a very useful tool for high-throughput 

screens aimed at identifying genetic or pharmacological modifiers of Aβ aggregation 

because the assay is robust, sensitive, and quantitative.  

 Lastly, this model can also be applied to general studies on protein quality control 

mechanisms. Some questions still remain on how yeast cells cope with Aβ expression 

and accumulation. For instance, how is GFP-Aβ processed and turned over? It seems 

unlikely that it is turned over by ER-associated degradation (ERAD) because it is a large, 

long-lived protein, and its degradation does not seem to be affected by proteasome 

inhibition. Furthermore, GFP-Aβ accumulates into insoluble aggregates that would be 

difficult to remove by ERAD. However, GFP-Aβ degradation is not drastically affected 

in a vacuolar-protease deficient cell. Therefore GFP-Aβ may be turned over by other 

methods (e.g., autophagy), or the vacuole and proteasome can compensate for loss of the 

other. In the promoter shut-off experiments, the protein is only expressed for a short 

amount of time, which may not be long enough for the protein to accumulate and 

aggregate. The potentially more soluble species that are produced would be easier for the 

cell to handle. Future studies would have to determine the different mechanisms of GFP-

Aβ turnover after short and long-induction times. These studies could give further insight 

into the protein quality control mechanisms that are necessary to cope with protein 

misfolding diseases.  
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FIGURE A1. Reducing GFP-Aβ aggregation alleviates toxicity.  

(A) Summary of Aβ mutations and the predicted effects on aggregation. (B) Western blot 

of protein extracts from WT strain Y5563 expressing GFP-Aβ or GFP-Aβ mutants E22G, 

L17P, L34P, or L17,34P from the high-copy vector p426 for 6.5 h. Extracts were 

separated by ultracentrifugation into the soluble supernatant (S) or the insoluble pellet (P) 

fractions, separated by SDS-PAGE and immunoblotted with α-6E10 antibody. (C) 

Relative growth rates of Y5563 cells expressing p416 empty vector (e.v.), GFP, GFP-Aβ, 

or GFP-Aβ mutants for 18 generations in either glucose or galactose media. Error bars 

represent +/- SEM from 2-4 independent experiments with triplicate samples. ***P < 

0.001; Two-Way ANOVA.
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FIGURE A2. Reducing GFP-Aβ aggregation decreases UPR induction. 

(A-C), Quantification of UPR induction from WT Y5563 yeast transformed with the 

integrating vector pRS405-4xUPRE-Cherry-(3’-5’TRP1), which encodes the mCherry 

gene behind four repeats of the UPR response element. This strain was subsequently 

transformed with the low-copy CEN vector p416 empty vector (e.v.), GFP, GFP-Aβ or 

GFP-Aβ mutants E22G, L17P, L34P, or L17,34P. Constructs were induced during log-

phase for 12 h, and UPR induction was measured by flow cytometry. (A) Fold change in 

median fluorescence intensity in the total population of cells analyzed, normalized to e.v. 

(B) Fold change in median fluorescence intensity in GFP+ cells only, normalized to GFP 

alone. (C) The frequency of GFP+ cells in the total population of cells analyzed. Graphs 

are representative of three independent experiments. Error bars represent +/- SEM from 

three replicate samples. *P < 0.05, **P < 0.01, ***P < 0.001; Student’s t-test.
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FIGURE A3. Untagged Aβ impairs cell growth and induces the UPR to the same 

extent as GFP-Aβ. 

(A) UPR induction by WT strain Y5563 expressing p426 e.v., GFP-Aβ or ssAβ1-42. 

Cells were induced during log-phase with 2% galactose for 4 h. Fold change in UPR 

induction at 4 h versus 0 h was calculated and normalized to e.v. Graph is representative 

of two independent experiments. Error bars represent +/-SEM of at least 3 replicate 

samples. ***P < 0.001; Student’s t-test. (B) Spotting assay to assess cell viability of 

Y5563 expressing p426 e.v., GFP-Aβ42, or ssAβ1-42. Strains were sampled in duplicate. 
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Table A1. Genetic enhancers of GFP-Aβ42 toxicity.  

 
Strain Function Strain Function 

ant1Δ Peroxisomal adenine nucleotide transporter mfα2Δ Mating pheromone alpha-factor 
aps1Δ Small subunit of AP-1 adaptor complex mir1Δ Mitochondrial phosphate carrier protein 
aro8Δ Aromatic aminotransferase 1 mon1Δ Vacuolar fusion protein  
asc1Δ Guanine nucleotide-binding protein ncs6Δ Cytoplasmic tRNA thiolation protein 
atg11Δ Cytoplasm-to-vacuole targeting (Cvt) pathway osm1Δ Fumarate reductase 
atg9Δ Involved in forming Cvt and autophagic vesicles otu2Δ Possibly interacts with ribosomes 
bni4Δ Scaffold protein for chitin deposition pgd1Δ Subunit RNA polymerase II complex 
cce1Δ Mitochondrial cruciform cutting endonuclease rfm1Δ DNA-binding protein  
cpr7Δ Peptidyl-prolyl cis-trans isomerase rpl24aΔ 60S ribosomal protein 
cst26Δ Incorporates stearic acid into phosphatidylinositol rpl9bΔ 60S ribosomal protein 
ctf13Δ Centromere DNA-binding protein complex CBF3  rpp1aΔ 60S acidic ribosomal protein  
dia4Δ Seryl-tRNA synthetase, mitochondrial rps29bΔ 40S ribosomal protein  
dph5Δ Methyltransferase for diphthamid synthesis rps6aΔ 40S ribosomal protein 
dur3Δ Urea active transporter smf3Δ Putative divalent metal ion transporter 
fab1Δ 1-phosphatidylinositol-3-phosphate 5-kinase snt2Δ DNA binding protein 
fau1Δ Folic acid biosynthesis srb5Δ Subunit RNA polymerase II complex 
flc2Δ Putative FAD transporter srn2Δ Component of the ESCRT-I complex 
fmp40Δ Unknown tmt1Δ Trans-aconitate 3-methyltransferase 
gmh1Δ Possibly cell wall synthesis or vacuolar targeting top1Δ DNA topoisomerase 1 
gpr1Δ G protein-coupled receptor  xbpΔ Transcriptional repressor  
hap2Δ Transcriptional activator  ydr506cΔ Possible membrane-localized protein 
hht2Δ Core histone protein H3 yhm2Δ Mitochondrial protein, mtDNA replication 
hot1Δ High-osmolarity-induced transcription protein yjr011cΔ Unknown 
ies5Δ Associaes with chromatin remodeling complex yjr120wΔ Unknown 
ilm1Δ Possibly mtDNA maintenance ykl069wΔ Methionine-R-sulfoxide reductase 
jhd2Δ Histone demethylase JHD2 ylr118cΔ Acyl-protein thioesterase 1 

mak3Δ Catalytic subunit of N-terminal acetyltransferase yol087cΔ Unknown 
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Table A2. Genetic suppressors of GFP-Aβ42 toxicity.  
 

Strain Function Strain Function 

alg7Δ N-linked glycosylation pin4Δ Cell cyle, response to DNA damage 
ape2Δ Aminopeptidase  poc4Δ Proteasome chaperone  
atc1Δ Possibly regulates cation stress rad6Δ Ubiquitin-conjugating enzyme E2 
ctk1Δ Catalytic subunit of C-terminal domain kinase I  rpb4Δ RNA polymerase II subunit 
ctk2Δ Catalytic subunit of C-terminal domain kinase I  rpb7Δ RNA polymerase II subunit  
fmp16Δ Possibly involved in stress response rpl16bΔ 60S ribosomal protein  
gep4Δ Unknown; required for respiratory growth rps1aΔ 40S ribosomal protein  
gpi15Δ GlcNAC-PI synthesis  rtt10Δ Regulation of Ty1 transposition 
gud1Δ Guanine deaminase scw11Δ Cell wall protein 
hat2Δ Histone acetyltransferase shc1Δ Activator of chitin synthase III 
hes1Δ Regulation of ergosterol biosynthesis shp1Δ Ubiquitin regulatory protein  
hsp12Δ Protects membranes during stress spt4Δ Transcription elongation factor  
hta1Δ Core histone protein H2A tma16Δ Unknown; associates with ribosomes 
ies2Δ Associates with chromatin remodeling complex ubp3Δ Ubiquitin carboxyl-terminal hydrolase 
kar3Δ Minus-end-directed microtubule motor ybl071c-bΔ Unknown 
kem1Δ 5'-3' exoribonuclease yel043wΔ Predicted cytoskeleton protein  
kns1Δ Dual specificity protein kinase yfr016cΔ Unknown 
lpd1Δ Dihydrolipoyl dehydrogenase yjr015wΔ Unknown 
mex67Δ mRNA export factor  ykr041wΔ Unknown 
mrs4Δ Mitochondrial RNA-splicing protein yml018cΔ Unknown 

nis1Δ Possibly involved in a mitotic signaling yor008c-aΔ Unknown 
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Table A3. Genetic enhancers of GFP-Aβ40 toxicity.  

Strain Function Strain Function 

alt2Δ Paralog of alanine transaminase pic2Δ Mitochondrial phosphate carrier 
arx1Δ Ribosomal large subunit biogenesis pom33Δ Transmembrane nucleoporin 
atg11Δ Pexophagy and the CVT pathway put2Δ Processes proline to glutamate 
atg22Δ Vacuolar amino acids efflux rot2Δ Required for normal cell wall synthesis 
ayt1Δ Acetyltransferase rrd2Δ Peptidyl-prolyl cis/trans-isomerase 
cyt2Δ Cytochrome c1 heme lyase rsm22Δ Mitochondrial ribosomal protein 
dbp9Δ Required for 27S rRNA processing smf3Δ Putative divalent metal ion transporter  
dia4Δ Mitochondrial seryl-tRNA synthetase snc2Δ v-SNARE 
erg24Δ Ergosterol biosynthesis sol3Δ 6-phosphogluconolactonase 
hat1Δ Subunit of histone acetyltransferase  tir4Δ Cell wall mannoprotein  
hda1Δ Histone deacetylase complex  uga4Δ Gamma-aminobutyrate transport protein  
irc23Δ Unknown vma5Δ Subunit of vacuolar H+-ATPase (V-ATPase) 
isc1Δ Inositol phosphosphingolipid phospholipase  ybl071c-bΔ Unknown 
met2Δ L-homoserine-O-acetyltransferase ybr141cΔ Probable methyltransferase 
mir1Δ Mitochondrial phosphate carrier yfl042cΔ Unknown 
mud2Δ Protein involved in early pre-mRNA splicing yjr120wΔ Unknown 
ncs6Δ Thiolation of uridine ynl010wΔ Unknown 
nup116Δ Component of nuclear pore complex yol107wΔ Unknown 
pai3Δ Cytoplasmic proteinase A (Pep4p) inhibitor, ypt6Δ Rab family GTPase  
pds5Δ Sister chromatid condensation & cohesion yur1Δ Mannosyltransferase  

pfk1Δ Subunit of phosphofructokinase   
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Table A4. Genetic suppressors of GFP-Aβ40 toxicity.  
 

Strain Function Strain Function 

aah1Δ Adenine deaminase ptc5Δ Regulation of pyruvate dehydrogenase activity  
aim25Δ Unknown rad6Δ Ubiquitin-conjugating enzyme (E2) 
aim4Δ Associated with the nuclear pore complex rad9Δ DNA damage-dependent checkpoint protein 
alf1Δ Alpha-tubulin folding protein rdl2Δ Protein with rhodanese activity 
alg7Δ UDP-N-acetyl-glucosamine-1-P transferase rfu1Δ Inhibits Doa4p deubiquitinating activity 
apm2Δ Unknown; possibly vesicular transport rim21Δ pH sensor molecule 
arc1Δ Involved in tRNA synthesis rpa12Δ RNA polymerase I subunit A12.2 
ard1Δ N-terminal acetyltransferase rpl40bΔ Ubiquitin-ribosomal 60S subunit protein 
aro1Δ Biosynthesis of aromatic amino acids rpl42bΔ 60S ribosomal subunit 
atg29Δ Required for authophagy rps14bΔ 40S ribosomal subunit 
bem2Δ Rho GTPase activating protein rps1aΔ 40S ribosomal subunit 
bem4Δ Cell polarity and bud emergence rps22bΔ 40S ribosomal subunit 
bud20Δ Protein involved in bud-site selection rps8aΔ 40S ribosomal subunit 
cho2Δ Phosphatidylethanolamine methyltransferase rtn2Δ Stabilizes membrane curvature 
clk1Δ Kinesin-associated protein  rtt10Δ Endosomal recycling 
csg2Δ ER protein required for mannosylation sas4Δ Acetylates free histones and nucleosomes 
cym1Δ Mitochondrial lysine-specific metalloprotease  scs3Δ Inositol prototrophy 
enb1Δ Endosomal ferric enterobactin transporter ser2Δ Serine and glycine biosynthesis 
fba1Δ Fructose 1,6-bisphosphate aldolase sfb3Δ COPII vesicle coat 
fks1Δ 1,3-beta-D-glucan synthase sfl1Δ Activation of stress responsive genes 
gcv2Δ Mitochondrial glycine decarboxylase complex shp1Δ Ubiquitin-mediated degradation 
gln3Δ Regulator of nitrogen catabolite repression shr5Δ Subunit of a palmitoyltransferase 
hel1Δ RING finger ubiquitin ligase (E3) sip18Δ Phospholipid-binding hydrophilin 
hes1Δ Implicated in ergosterol biosynthesis snx41Δ Sorting nexin 
hms1Δ Similarity to myc-family transcription factors sok2Δ Negatively regulates pseudohyphal differentiation 
hor2Δ Glycerol-1-phosphatase  ste50Δ Protein kinase in MAPK pathways 
hsp12Δ Maintainence of membrane organization  tgl2Δ Mitochondrial triacylglycerol lipase 
hst4Δ Sir2 NAD(+)-dependent protein deacetylases tma17Δ Unknown; associates with ribosomes 
idh2Δ Mitochondrial isocitrate dehydrogenase tom1Δ E3 ubiquitin ligase of the hect-domain class 
ies2Δ Chromatin remodeling  tpm1Δ Major isoform of tropomyosin 
irc25Δ Formation of 20S proteasome  tps1Δ Trehalose-6-P synthase/phosphatase complex 
kar3Δ Minus-end-directed microtubule motor ubr2Δ Cytoplasmic ubiquitin-protein ligase (E3) 
kel1Δ Cell fusion and cell morphology vma6Δ Subunit of vacuolar H+-ATPase (V-ATPase) 
lag2Δ Negatively regulates SCF E3-ubiquitin ligase  ybr124wΔ Unknown 
lin1Δ Component of U5 snRNP; nuclear protein yel043wΔ Predicted cytoskeleton protein  
mbp1Δ Cell cycle progression from G1 to S phase yjr011cΔ Unknown 
mdh1Δ Mitochondrial malate dehydrogenase yke2Δ Heterohexameric Gim/prefoldin protein complex 
mex67Δ Nuclear mRNA export ykr041wΔ Unknown 
mid2Δ Sensor for cell wall integrity signaling ynl260cΔ Unknown 
mup3Δ Low affinity methionine permease yor2892Δ Unknown 
ndt80Δ Meiosis-specific transcription factor  ypr338wΔ Unknown 
pex15Δ Peroxisomal membrane protein yrf1-6Δ Helicase encoded by telomeric Y' elements 

pin4Δ G2/M phase progression    
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