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ABSTRACT 

	
Polyphosphates (polyP) are long chains of phosphates residues linked via high-

energy phosphoanhydride bonds. PolyP’s regulation and its functions have been studied 

in bacteria and in yeast, but the synthesis and degradation pathways of polyP in mammals 

are still unknown. This makes it challenging to study polyP biology in mammalian cells. 

In this thesis, the E. coli gene Polyphosphate kinase 1 (PPK1), which encodes for an 

enzyme that synthesizes polyP, was used as a tool to study polyP biology in both yeast 

and mammalian cells. Using yeast as a model organism, expression of EcPPK1 led to a 

decrease in alpha-synuclein toxicity. Additional evidence shows the usefulness of using 

yeast as a model organism to study polyP’s protective effect on alpha-synuclein toxicity. 

In mammalian cells, transfection of EcPPK1 allowed for the modulation of polyP 

concentration in the cell. This led to the identification of six human proteins that are able 

to be polyphosphorylated. Preliminary data from RNA sequencing also shows that polyP 

in HEK293T cells regulates gene expression. Overall, this work demonstrated that 

EcPPK1 is a useful tool to study polyP biology in yeast and mammals.  
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CHAPTER 1: INTRODUCTION 

 

1.1 PolyP: an ancient molecule 

Polyphosphates (polyP) are long chains of inorganic phosphates linked via high-

energy phosphoanhydride bonds. They can range from 3 to 1000s of phosphate residues 

in length, and are found in all organisms (Braun, 2015; Jacobson, Halman, & Yariv, 

1982; Arthur Kornberg, Rao, & Ault-Riché, 1999; Moreno & Docampo, 2013; Rao, 

Gómez-García, & Kornberg, 2009). This molecule was discovered in 1890 in the form of 

granules and was referred to as “volutin” (Kulaev, Vagabov, & Kulakovskaya, 2005; 

Liebermann, 1890; Meyer, 1904). In 1947, Wiame showed the granules were comprised 

of polyP (Wiame, 1947). In the 1950s, Kornberg became intrigued by this understudied 

molecule and spent several decades studying it (S. R. Kornberg, 1957; K. D. Kumble & 

Kornberg, 1995; H. Wurst, Shiba, & Kornberg, 1995). The mechanisms involved with 

polyP and its functions have been studied in bacteria and yeast, but the synthesis pathway 

of polyP in mammals is still unknown (Figure 1) (A. Kornberg, 1995; K. D. Kumble & 

Kornberg, 1995; Moreno & Docampo, 2013; H. Wurst et al., 1995).  

 

1.1.1 PolyP in Saccharomyces cerevisiae (yeast) 

1.1.1.1 PolyP biology in yeast 

In yeast, Vacuolar Transporter Chaperone 4 (Vtc4) is the enzyme that catalyzes 

the synthesis of polyP from ATP and translocates it to the vacuole, where it is stored 

(Figure 1). Vtc4 is part of the Vacuolar Transporter Chaperone (VTC) complex, which 

has no homologous proteins in mammalian cells (Hothorn et al., 2009). The complex can  
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Figure 1. Synthesis and degradation of polyphosphate. A) In yeast, polyP is 

synthesized through the enzyme Vtc4 and is degraded by Ppx1, Ppn1, Ppn2 or Ddp1. In 

E. coli, polyP is produced by PPK1 and is degraded by PPX1 or PPX2. The synthesis and 

degradation pathway is unknown in mammals. (Prepared by Amanda Bentley-DeSousa, 

unpublished) B) The VTC complex in yeast synthesizes polyP and translocates it to the 

vacuole. (Inspired by Gerasimaite & Mayer, 2016) 
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be found in two forms, Vtc4/Vtc2/Vtc1 or Vtc4/Vtc3/Vtc1, with the former being more 

abundant on the endoplasmic reticulum (ER) and the latter on the vacuole (Hothorn et al., 

2009; Uttenweiler, Schwarz, Neumann, & Mayer, 2007). All Vtc proteins possess three 

C-terminal helices embedded in the membrane. In addition, Vtc2, Vtc3 and Vtc4 all 

possess a N-terminal domain that is hydrophilic and points towards the cytosol, while 

Vtc1 is smaller and almost fully included in the membrane (Muller, 2003). Vtc2 and Vtc3 

are thought to be accessory subunits of the complex. Vtc5 directly interacts with the VTC 

complex to stimulate the production and accumulation of polyP (Desfougères, 

Gerasimaite, Jessen, & Mayer, 2016). 

 

The translocation of polyP into the vacuole is important in yeast, as the 

accumulation of cytosolic polyP is thought to be toxic to the cell leading to abnormal 

morphology and impaired cell growth (Gerasimaite, Sharma, Desfougeres, Schmidt, & 

Mayer, 2014). When VTC4 is not properly expressed or is deleted, polyP is no longer 

synthesized (Ogawa, DeRisi, & Brown, 2000). Similarly, when VTC1 is deleted, there is 

no synthesis of polyP (Ogawa et al., 2000), while deletion of VTC5 decreases polyP 

production and accumulation (Desfougères et al., 2016).  

 

One of the enzymes that catalyzes the degradation of polyP is the 

exopolyphosphatase 1 (Ppx1) (Figure 1) (H. Wurst et al., 1995; Helmut Wurst & 

Kornberg, 1994).  In yeast, Ppx1 cleaves the phosphate residues (Pi) at the terminal ends 

of a polyP chains of 3 to 500 phosphate residues, however it favours longer chains (~250 

Pi) (Helmut Wurst & Kornberg, 1994). Ppx1 is mostly a cytosolic enzyme (Gerasimaitė 
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& Mayer, 2017; Krishnanand D. Kumble & Kornberg, 1996; H. Wurst et al., 1995), but 

has also been found to be located in the nucleus, at the plasma membrane, and the 

mitochondria matrix (Huh et al., 2003; L. Lichko, Kulakovskaya, Pestov, & Kulaev, 

2006; L. P. Lichko, Pestov, Kulakovskaya, & Kulaev, 2003). Since most of the polyP is 

found in the vacuole, it has been suggested that the main function of Ppx1 could be to 

prevent the accumulation of polyP in the cytosol, where polyP can become toxic to the 

cell (Bentley-DeSousa et al., 2018; Gerasimaite & Mayer, 2016; Gerasimaite et al., 

2014). The diphosphoinositol polyphosphate phosphohydrolase 1 (Ddp1) was identified 

as an endopolyphosphatase found in the cytosol and the nucleus, and has been reported to 

cleave long polyP chains in the middle to obtain shorter chains (Lonetti et al., 2011). 

Unlike Ppx1 or Ddp1, the endopolyphosphatases Ppn1 and Ppn2 are found in the vacuole 

(Gerasimaitė & Mayer, 2017; Krishnanand D. Kumble & Kornberg, 1996). Ppn1’s action 

results in smaller polyP chains of 60 Pi, 3 Pi and 1 Pi residue in length (Krishnanand D. 

Kumble & Kornberg, 1996). Ppn2 acts independently from Ppn1, and while it breaks 

down long chains of polyP into shorter chains similarly to Ppn1, it is thought to not be 

able to release single Pi residues (Gerasimaitė & Mayer, 2017).  

 

In yeast, vacuolar polyP accounts for 10 to 20% of the dry weight of the cell 

(Indge, 1968; A. Kornberg, 1995; Urech, Dürr, Boller, Wiemken, & Schwencke, 1978). 

Only low amounts of polyP are found in the cytoplasm, the mitochondria and the nucleus 

(Arthur Kornberg et al., 1999; Saito, Ohtomo, Kuga-Uetake, Aono, & Saito, 2005; 

Tijssen, Beekes, & Van Steveninck, 1982; Urech et al., 1978). The overall concentration 

of polyP in yeast cells is around 120mM-200mM (Figure 2) (Auesukaree et al., 2004; 
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Arthur Kornberg et al., 1999). The exact concentration of polyP in each organelle is still 

unknown. However, it is thought that the vacuole contains between 90 to 99% of the total 

polyP in cells (Indge, 1968; Arthur Kornberg et al., 1999). 

 

1.1.1.2 PolyP functions in yeast 

In yeast, polyP acts as a source of energy and a storage of Pi residues (Arthur 

Kornberg et al., 1999; Moreno & Docampo, 2013). For instance, when the cells are 

deficient in nutrients (for example, Pi residues), polyP is able to restock the cells with Pi 

(Neef & Kladde, 2003). PolyP also acts as an ion chelator (Bonting, Kortstee, & Zehnder, 

1993; Dunn, Gable, & Beeler, 1994; Kulaev et al., 2005), and polyP has been shown to 

play an important role in yeast cell survival when cells are in the stationary phase 

(Sethuraman, Rao, & Kornberg, 2001). The absence of polyP leads to defects in 

microautophagy (Uttenweiler et al., 2007), and deletion of certain genes involved in the 

phosphate-responsive (PHO) regulatory pathway has been shown to negatively affect the 

accumulation of polyP (Ogawa et al., 2000). Additionally, absence of polyP (ie. when 

VTC4 is deleted) decreases sensitivity to stress in pho80∆ and pho85∆ cells, where 

Pho80-Pho85 are regulators of VTC4 expression (Huang, Moffat, & Andrews, 2002). 

 

1.1.2 PolyP in Escherichia coli (bacteria) 

In bacteria, PPK1 is the enzyme that produces polyP from ATP (Figure 1) (K. 

Ahn & Kornberg, 1990). The other polyphosphate kinase in bacteria is PPK2, which is 

able to synthesize polyP from either ATP or GTP (Ishige, Zhang, & Kornberg, 2002; 

Zhang, Ishige, & Kornberg, 2002). PolyP is hydrolyzed by PPX1, an 
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exopolyphosphatase, that favours the break down of longer polyP chains (Akiyama, 

Crooke, & Kornberg, 1993). Unlike yeast, bacteria do not have any known 

endopolyphosphatases (Moreno & Docampo, 2013).  

 

Similar to yeast, polyP functions as storage for Pi residues, can be a substitute for 

ATP and thus, an energy source (Arthur Kornberg et al., 1999). PolyP also regulates 

development, stress and survival (Ault-Riché, Fraley, Tzeng, & Kornberg, 1998; Crooke, 

Akiyama, Rao, & Kornberg, 1994; Arthur Kornberg et al., 1999; Rao & Kornberg, 1996). 

During the stationary phase, ppk1 mutants show increased sensitivity to hydrogen-

peroxide, menadione, heat and high salt concentration (Rao & Kornberg, 1996). 

Additionally, in the stationary phase, the survival of ppk1 mutants is importantly 

decreased (Rao & Kornberg, 1996). PolyP has also been linked to biofilm formation and 

virulence (Grillo-Puertas, Villegas, Rintoul, & Rapisarda, 2012; Kim, Rao, Fraley, & 

Kornberg, 2002; Rashid et al., 2000). At high polyP concentrations, defects in biofilm 

formation are observed (Grillo-Puertas et al., 2012).  

 

When E. coli PPK1 is expressed in yeast, it is thought to produce polyP in the 

cytoplasm, independently from the vacuole (Gerasimaite et al., 2014). In my work, these 

two elements make EcPPK1 a very useful tool to manipulate the production and location 

of polyP chains in yeast and mammalian cells. 
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1.1.3 PolyP in mammals 

The synthesis and degradation of polyP in mammals are not well described 

(Bentley-DeSousa & Downey, 2018). The only proposed human exopolyphosphatase is 

H-prune, which is thought to act on short polyP chains and to be inhibited by long polyP 

chains (Tammenkoski et al., 2008). However, H-prune’s exopolyphosphatase activity has 

only been shown in vitro (Tammenkoski et al., 2008). PolyP chains have been found in 

different cellular compartment such as the nucleus, the cytoplasm and the mitochondria 

(K. D. Kumble & Kornberg, 1995). PolyP concentration varies from one cell line to 

another, and in different tissues (K. D. Kumble & Kornberg, 1995). However, overall, the 

concentration of polyP in mammalian cells (<1mM) is much lower than in yeast (120-

200mM), which has made studying polyP difficult in higher eukaryotes (Figure 2) 

(Auesukaree et al., 2004; Arthur Kornberg et al., 1999; Rao et al., 2009; Ruiz, Lea, 

Oldfield, & Docampo, 2004). 

 

Exactly how polyP is regulated in mammals is unknown, but the involvement of 

polyP in a variety of medically related functions has been uncovered. PolyP plays a role 

in apoptosis (Hernandez-Ruiz, Gonzalez-Garcia, Castro, Brieva, & Ruiz, 2006). It has 

been shown that the addition of polyP to myeloma cell lines increases apoptosis activity 

compared to normal cell lines (Hernandez-Ruiz et al., 2006). Moreover, polyP is found in 

high concentration in the dense granules of platelets (Ruiz et al., 2004). Once released 

from platelets, it acts in the blood coagulation cascade (Müller et al., 2009; Smith et al., 

2006; Smith et al., 2010; Smith & Morrissey, 2008). It has been reported to accelerate 

blood clotting and fibrinolysis and thus, is considered a procoagulant and 
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Figure 2. Concentration of polyP in different organisms and organelles. 

Concentrations of polyP in different mammalian cells are lower than in yeast with the 

exception of the dense granules found in platelets (Auesukaree et al., 2004; K. D. Kumble 

& Kornberg, 1995; Ruiz et al., 2004). (Figure prepared by Dr. Michael Downey)
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proinflammatory mediator (Müller et al., 2009; Smith et al., 2006). PolyP’s effect on the 

blood cascade is also dependent on chain length (Stephanie A. Smith et al., 2010). PolyP 

was found to play a role in certain type of cancer cells such as MCF-7 and myeloma cells 

(Jimenez-Nuñez et al., 2012; Wang, Fraley, Faridi, Kornberg, & Roth, 2003). One study 

showed that the levels of polyP were higher in myeloma plasma cells compared to normal 

plasma cells, and that nuclear polyP modulated RNA polymerase I activity (Jimenez-

Nuñez et al., 2012). PolyP was also found to activate mTOR (Wang et al., 2003). In 

MCF-7 cells, in the absence of polyP, mTOR is not activated and is unable to 

phosphorylate PHAS-I (eukaryotic initiation factor eIF4E-binding protein), one of its 

substrates (Wang et al., 2003). Additionally, polyP has been reported to act as 

gliotransmitter by activated astrocytes, and as a neuromodulator (Holmström et al., 2013; 

Stotz et al., 2014). In neurons, polyP has been found to localized to the synaptic vesicles 

where it is thought to act as a neurotransmitter and regulate neuronal activity (Stotz et al., 

2014).   

 

1.2 PolyP and proteotoxic stress 

1.2.1 Proteotoxic stress: a common regulator of neurobiological disease 

Protein homeostasis, also called proteostasis, is essential for the proper 

functioning of a cell (Balch, Morimoto, Dillin, & Kelly, 2008; Morimoto, 2008). Protein 

homeostasis encompasses many mechanisms such as translation, the folding of proteins, 

their transportation and localization, their concentration and their degradation (Balch et 

al., 2008; Morimoto, 2008). If protein homeostasis is not tightly maintained and 

misfolded proteins are not degraded, they can aggregate and lead to disruption of critical 
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cell functions. This is referred to as proteotoxic stress, and is often associated with 

neurodegenerative diseases (Balch et al., 2008; Braun, 2015; Morimoto, 2008; Taylor, 

Hardy, & Fischbeck, 2002). 

 

1.2.2 PolyP: a modifier of human protein toxicity 

When proteins become misfolded and aggregate together, they form amyloid 

fibrils. These fibrils are insoluble and found in β-sheet conformation (Eichner & Radford, 

2011). Recently, Cremers et al. (2016) investigated the role polyP plays on the amyloid 

fibril formation process, and more specifically of the alpha-synuclein protein. Previous 

work from the same group showed that in bacteria, polyP acts as a chaperone and helps 

stabilize proteins under stress conditions (Gray et al., 2014). Thus, they hypothesized that 

polyP could play a role in the stabilization and modulation of amyloid fibril formation, 

and more specifically of alpha-synuclein fibrils (Cremers et al., 2016). 

 

1.2.2.1 Alpha-synuclein structure and function 

The SNCA gene is found on chromosome 4q21 and encodes for the protein alpha-

synuclein (Polymeropoulos et al., 1997). Alpha-synuclein is composed of 140 amino 

acids, and contains three domains: an amphipathic N-terminal lipid-binding α-helix, a 

non-amyloid component (NAC), which has been reported to be an aggregation domain, 

and a C-terminal acidic tail associated with protein aggregation inhibition (Clayton & 

George, 1998; Polymeropoulos et al., 1997; Ueda et al., 1993). Alpha-synuclein is mostly 

localized in the synapse of neurons found in the central nervous system (CNS), and it is 

thought that alpha-synuclein plays a role in the regulation of the release of dopamine, 
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which is a neurotransmitter controlling movement (Liang et al., 2008; Maroteaux, 

Campanelli, & Scheller, 1988; Venda, Cragg, Buchman, & Wade-Martins, 2010).  

 

Alpha-synuclein pathology contributes to both familial and sporadic forms of 

Parkinson’s Disease (PD). PD is a neurodegenerative disease that leads to the impairment 

of the motor functions due to the loss of dopaminergic neurons in the substantia nigra 

(Lees, Hardy, & Revesz, 2009; Outeiro & Lindquist, 2003; Taylor et al., 2002). Most 

cases of PD are associated with the duplication or even triplication of the SNCA gene 

(Chartier-Harlin et al., 2004; Singleton et al., 2003). This holds true for both familial and 

sporadic cases (T. B. Ahn et al., 2008; Chartier-Harlin et al., 2004; Nishioka et al., 2009; 

Singleton et al., 2003). In some familial forms of the disease, the accumulation of alpha-

synuclein in cells is due to a missense mutations of the SNCA gene (Braun, 2015). Three 

different missense mutations are often related to PD: A53T, A30P and E46K (Krüger et 

al., 1998; Polymeropoulos et al., 1997; Zarranz et al., 2004). Recently, three additional 

missense mutations have been identified and were reported to be affiliated with sporadic 

PD. They include: A18T, A29S and H50Q (Appel-Cresswell et al., 2013; Hoffman-

Zacharska et al., 2013; Proukakis et al., 2013). All of these mutations are located in the 

N-terminal of the protein (Chai & Lim, 2013). Whether a mutation or duplication of the 

SNCA gene is the cause of PD, the pathology observed in patients is similar (Chai & 

Lim, 2013). Alpha-synuclein aggregates and forms large cytoplasmic inclusions in the 

brain called Lewy bodies (Outeiro & Lindquist, 2003; Taylor et al., 2002). 
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There is still some controversy in the field as to whether alpha-synuclein 

aggregation leads to toxic loss-of-function in preventing alpha-synuclein function or 

leads to toxic gain-of-function by allowing the cytotoxicity (Collier, Eugene Redmond, 

Steece-Collier, Lipton, & Manfredsson, 2016; Oikawa et al., 2016; Perez & Hastings, 

2004). Overall, the mechanisms that protect normal cells from toxicity associated with 

aberrant expression of alpha-synuclein are currently poorly understood and need to be 

further studied.  

 

1.2.2.2 PolyP reduces alpha-synuclein toxicity 

In Lewy bodies, alpha-synuclein fibrils form aggregates. Through the process of 

fibril formation, intermediate oligomers of alpha-synuclein accumulate and are thought to 

be toxic to the cell (Bucciantini et al., 2002; Celej et al., 2012; Chiti & Dobson, 2006). 

These toxic oligomers are produced before the formation of mature fibrils and as a result 

of mature fibrils shedding (Chen et al., 2015). Cremers et al. (2016) uncovered that polyP 

accelerates alpha-synuclein fibril formation and reduces alpha-synuclein fibril shedding 

in vitro. Moreover, they showed that polyP most likely interacts with alpha-synuclein 

fibril via a stable complex (Cremers et al., 2016). When observing alpha-synuclein fibrils 

in the presence or absence of polyP using transmission electron microscopy (TEM), they 

observed that alpha-synuclein fibrils with polyP were thinner, longer and straighter 

(Cremers et al., 2016). Using neuroblastoma cells, they showed that addition of alpha-

synuclein fibrils stabilized with polyP, reduced the amount of cell death observed 

compared to the addition of alpha-synuclein fibrils in the absence of polyP (Cremers et 

al., 2016). Overall, their study provided strong evidence that polyP plays an important 
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role in the stabilization of alpha-synuclein fibril formation, which results in decreased 

cytotoxicity. However, the potential genetic and molecular interactions involved in this 

protective process have not been elucidated yet. 

 

1.2.3 Yeast: a useful model system to study the impact of polyP on toxic proteins in 

vivo 

The budding yeast system is best suited for the study of both toxic proteins and 

polyP biology. Yeast has been used to study human toxic proteins for almost two decades 

(Braun, 2015; Krobitsch & Lindquist, 2000; Morimoto, 2008; Outeiro & Lindquist, 

2003). Overexpression of these proteins in yeast results in cytoplasmic aggregates that 

cause a loss of viability, mirroring what is seen in human cells. This system has been 

used by the lab of Susan Lindquist and others to identify modulators of aggregation 

and/or toxicity (Dixon, Mathias, Zweig, Davis, & Gross, 2005; Gitler et al., 2009; 

Outeiro & Lindquist, 2003; Winderickx et al., 2008; Zabrocki et al., 2008). About a third 

of human genes that are associated to diseases share homology to yeast genes. Several 

genetic screens have been performed in yeast and have identified genes associated with 

alpha-synuclein toxicity (Cooper et al., 2006; Liang et al., 2008; Willingham, Outeiro, 

DeVit, Lindquist, & Muchowski, 2003), or huntingtin toxicity (Giorgini, Guidetti, 

Nguyen, Bennett, & Muchowski, 2005; Willingham et al., 2003). For example, Gitler et 

al. (2009) identified YPK9 as a gene whose overexpression reduces the toxicity of alpha-

synuclein in yeast. The Ypk9 protein is the yeast homolog of parkin, which is thought to 

carry out a similar function in human cells.  
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As mentioned previously, yeast is an ideal model organism to use for the study of 

polyP biology as it has very high concentrations of polyP (120-200mM) compared to 

mammalian cells (<1mM) (Auesukaree et al., 2004; Arthur Kornberg et al., 1999; K. D. 

Kumble & Kornberg, 1995). In yeast, the regulators of polyP synthesis and degradation 

are known; whereas in mammals, the regulators have yet to be identified (Gerasimaitė & 

Mayer, 2017; Hothorn et al., 2009; Krishnanand D. Kumble & Kornberg, 1996; Lonetti et 

al., 2011; Helmut Wurst & Kornberg, 1994). The work presented in this thesis took 

advantage of the yeast budding system to establish this organism as a tool to investigate 

whether the effect of the identified yeast genes have on alpha-synuclein toxicity is 

occurring through polyP biology. The first step was to test whether polyP can impact 

alpha-synuclein toxicity within established yeast models, and use this work in yeast as a 

stepping-stone for mammalian work.  

 

1.3 Polyphosphorylation: a novel post-translational modification 

Signaling pathways are varied, complex and essential for proper regulation in 

cells. Post-translational modifications (PTM) play a major role in cell signaling and 

include protein modifications such as ubiquitination, phosphorylation, and SUMOylation. 

In 2015, Azevedo et al. introduced a novel PTM called polyphosphorylation. It consists 

of the covalent attachment of polyP chains to lysine residues found in a poly-acidic serine 

and lysine-rich (PASK) motifs (Figure 3a). This modification is non-enzymatic and to 

date, can only be detected by electrophoretic mobility shift on NuPAGE gels (Figure 3b) 

(Azevedo, Livermore, & Saiardi, 2015; Bentley-DeSousa et al., 2018). 
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Figure 3. Yeast proteins can be polyphosphorylated. A) yeast proteins containing a 

PASK motif can be polyphosphorylated on lysine (K) residues by polyP chains and B) 

yeast WCE extract from wild-type or vtc4∆ background strains with TAP-tagged TOP1 

were run on 4-12% Bis-Tris NuPAGE gel, transferred to PVDF membrane prior to 

immunoblotting with an antibody against the TAP tag to observe the electrophoretic 

mobility shift due to polyphosphorylation. (Figure prepared by Amanda Bentley-

DeSousa) 
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1.3.1 Top1 and Nsr1 are polyphosphorylated in yeast 

The first two targets identified as polyphosphorylated by Azevedo et al. (2015) 

were the yeast proteins Nsr1 (Nuclear signal recognition 1) and Top1 (Topoisomerase 1).  

Polyphosphorylation of Nsr1 was observed by electrophoretic mobility shift on a Bis-Tris 

NuPAGE gel. Nsr1’s predicted molecular weight is ~45 kDa; however, it was detected in 

WT yeast at ~130 kDa. When VTC4 was deleted or when the WT protein extract was 

treated with Ppx1, an exopolyphosphatase, the electrophoretic shift collapsed (Azevedo et 

al., 2015). A similar mobility shift was seen for Top1. Through several assays, the 

authors demonstrated that polyphosphorylation occurs covalently and non-enzymatically 

on lysine residues found in a PASK motif. The size of the shift observed for 

polyphosphorylation seems to correlate to the length of the polyP chain (Azevedo et al., 

2015). Finally, polyphosphorylation negatively alters Nsr1-Top1 protein interaction and 

protein localization, and decreases Top1 activity (Azevedo et al., 2015).  

 

1.3.2 15 new yeast polyphosphorylated targets identified 

Following the Azevedo et al. (2015) study, Bentley-DeSousa et al. (2018) 

performed a screen to identify additional polyphosphorylated targets in yeast. From this 

screen, 15 new polyphosphorylated substrates were uncovered (Table 1). The screen 

focused on 90 of 427 PASK proteins, for which the PASK motif was described as a 20 

amino acid stretch containing a minimum of 75% glutamic acid (E), aspartic acid (D), 

serine (S) and at least one lysine (K). WT and vtc4∆ strains fused with the GFP-tagged 

proteins of interest were ran on NuPAGE gels to observe which ones displayed an 

electrophoretic mobility shift indicative of polyphosphorylation (Bentley-DeSousa et al., 
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Table 1. 17 polyphosphorylated yeast substrates and their human homologs. This 

table lists all 17 yeast substrates that have been found to be polyphosphorylated as of 

today, it describes their function and indicates their human homologs. The shaded hits 

represents the ones found in Azevedo et al. (2015) and the unshaded ones were identified 

in Bentley-DeSousa et al. (2018). (Adapted from Azevedo et al., 2015; Bentley-DeSousa 

et al., 2018)  

Yeast protein Function Human homolog 
Nsr1 mRNA localization NCL 
Top1 DNA topoisomerase TOP1 
Nop56 rRNA maturation hNOP56 
Nop58 rRNA maturation hNOP58 
Rts1 PP2A phosphatase PPP2R5A-E 
Fpr3 Propyl isomerase N/A 
Fpr4 Propyl isomerase N/A 
Boi1 Polar growth NEB/NEBL 
Rpa34 RNA polymerase I subunit CD3EAP 
Rrp15 rRNA processing RRP15 
Jjj1 Chaperone N/A 
Chz1 Htz1 chaperone N/A 
Tma23 Ribosome biogenesis N/A 
Eaf7 NuA4 HAT subunit MRGBP 
Nst1 N/A N/A 
Utp14 Ribosome assembly UTP14A/C 
Hpc2 Nucleosome assembly FAM21C 
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2018). The study found that the 17 yeast proteins identified as being polyphosphorylated, 

including Nsr1 and Top1, are part of a large network involved in ribosome biogenesis. 

Moreover, polysome profiles between WT and vtc4∆ yeast strains showed defects in 

polysome assembly, suggesting that Vtc4 plays a role in ribosome function (Bentley-

DeSousa et al., 2018). 

 

Bentley-DeSousa et al. (2018) showed that the electrophoretic mobility shifts 

observed on polyphosphorylated proteins collapses on SDS-PAGE gels. The Bis-Tris 

NuPAGE gels used for polyphosphorylation assays sold by Thermo Fisher are not 

polymerized with tetramethylethylenediamine (TEMED) unlike SDS-PAGE gels. 

Therefore, they tested their own Bis-Tris gels polymerizing them with or without 

TEMED and concluded that the TEMED contributes to the collapse of the shifts on SDS-

PAGE gels (Bentley-DeSousa et al., 2018). Therefore, as of today, polyphosphorylation 

assays are only performed on Bis-Tris NuPAGE gels. This is the technique used in this 

thesis to identify polyphosphorylated proteins. 

 

One of the points addressed in Bentley-DeSousa et al. (2018), a publication I am 

second author on, is whether human proteins containing a PASK motif can also be 

polyphosphorylated. This is the first step in investigating whether some functions of 

polyP in human cells might be mediated by its covalent attachment to proteins. The 

answers to this question are part of this thesis and are discussed in detail in Chapters 3 

and 4.  
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1.4 Rationale 

Although extensive research has been carried out on polyP in the last two 

decades, polyP biology is still an understudied field (Bentley-DeSousa & Downey, 2018). 

Recently, polyP has been shown to be involved in functions relevant for health research 

and could be used as a potential therapeutic target (Jimenez-Nuñez et al., 2012; Müller et 

al., 2009; Wang et al., 2003). In order to evaluate the therapeutic potential, polyP 

synthesis and regulation in mammals needs to be elucidated. Investigating the genetic and 

molecular interactions involved with polyP cytoprotective effect on alpha-synuclein may 

provide insight on polyP’s effect on amyloid-related diseases. The development of tools 

to study polyP biology in mammalian cells is necessary to help identify polyP regulators 

and gain a deeper understand of polyP function in mammals.   

 

1.5 Hypotheses and Objectives 

Hypothesis 1:  

PolyP is a modifier of proteotoxic stress. In order to test this hypothesis, my objectives 

are to: 

• Develop yeast as novel genetic model for polyP’s role in regulating folding of 

toxic proteins involved in neurobiological diseases 

• Uncover the molecular impact of polyP on toxic proteins 
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Hypothesis 2:  

Human proteins containing PASK motifs can be polyphosphorylated, and this PTM 

modulates the function of its target proteins. In order to test this hypothesis, my 

objectives are to: 

• Identify which human proteins can be polyphosphorylated  

• Uncover the involvement of polyphosphorylation in the function of relevant 

pathway
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CHAPTER 2: MATERIAL AND METHODS 

 

2.1 Investigating polyP’s effect on alpha-synuclein toxicity in yeast 

2.1.1 Yeast strains and plasmids 

Yeast strains and plasmids used can be found in Table 2 and Table 3 

respectively.  

Plasmids were transformed using DH5α competent cells and following the 

“Transforming Bacteria” protocol from Promega Subcloning Notebook. LB plates 

containing either ampicillin or kanamycin were used to grow the bacteria. After overnight 

incubation at 37°C, a streak was taken from the plate and the bacteria was grown for a 

minimum of 8 hours in 3ml LB media with either 3µl of ampicillin or kanamycin at 

37°C. All plasmid stocks were prepared following the “Purification of plasmid DNA” 

protocol using the EZ-10 Spin column plasmid DNA MiniPreps Kit (Bio Basics Inc 

BS614-250).  

A VTC4 knockout cassette was generated by PCR using the primers 

GCTAACAATCAAATCGGCCAATAAAAGAGCATAACAAGGCAGGAACAGCTC

AGCTGAAGCTTCGTACGC AND 

TTACTTAATTATACAGTAAAAAAAACACGCTGTGTATTCAGCATAGGCCACT

AGTGGATCTG. Yeast strains, as indicated in Table 2, were then transformed with the 

knockout cassette in order to delete VTC4. 
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Table 2. Yeast strains used for spot tests and Western blot analysis   

Name Strain # Strain genotype Source 
WT YMD964 MATα leu2d0 ura3d0 his3-1 

MET15 lys2d0 
Rudner Lab 

vtc4∆ YMD1577 MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 
vtc4::NATMX 

(Bentley-DeSousa et 
al., 2018) 

LowTox YMD1761 MATa URA3 ura3::pRS306-
GAL-aSyn-GFP 

Lindquist Lab 
PMID 14657500 

LowTox EV YMD1760 MATa URA3 ura3::pRS306 Lindquist Lab 
PMID 14657500 

InTox YMD1756 MATa can1-100 his3-11,15 
leu2-3,112 trp1-1 ura3-1 
ade2-1 his3::pRS303-GAL-
aSyn-YFP trp1::pRS304-
GAL-aSyn-YFP 

Lindquist Lab 

InTox EV YMD1757 MATa can1-100, his3-11,15 
leu2-3,112, trp1-1, ura3-1, 
ade2-1 his3::pRS303 
trp1::pRS304 

Lindquist Lab 

HiTox YMD1759 MATa TRP1 URA3 
trp1::pRS304-GAL-aSyn-
GFP ura3::pRS306-GAL-
aSyn-GFP 

Lindquist Lab  
PMID 14657500 

HiTox EV YMD1758 MATa TRP1 trp1::pRS304 
ura3::pRS306 

Lindquist Lab  
PMID 14657500 

LowTox vtc4∆ YMD1840 MATa URA3 ura3::pRS306-
GAL-aSyn-GFP 
vtc4::KANMX 

This study 

HiTox vtc4∆ YMD1839 MATa TRP1 URA3 
trp1::pRS304-GAL-aSyn-
GFP ura3::pRS306-GAL-
aSyn-GFP vtc4::KANMX 

This study 

InTox EcPPK1 YMD1837 
(isolate 1) 
YMD1838 
(isolate 2) 

MATa W303 can1-100 his3-
11,15 leu2-3,112 trp1-1 ura3-
1 ade2-1 his3::pRS303-GAL-
aSyn-YFP leu2::pRS304-
GAL-aSyn-YFP [pRS416-
GPD-PPK1] 

This study 

InTox EcPPK1(EV)  YMD1824 
(isolate 1) 
YMD1825 
(isolate 2) 

MATa W303 can1-100 his3-
11,15 leu2-3,112 trp1-1 ura3-
1 ade2-1 his3::pRS303-GAL-
aSyn-YFP leu2::pRS304-

This study 
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Name Strain # Strain genotype Source 
GAL-aSyn-YFP [pRS416-
GPD] 

WT HA-EcPPK1 YMD2045  MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 his3::p121-
GAL-HA-PPK1-HIS3 

This study 

WT HA-EcPPK1-
NLS 

YMD2049  MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 his3::p121-
GAL-HA-PPK1-NLS-HIS3 

This study 

vtc4∆ HA-EcPPK1 YMD2052 
(isolate 1) 
YMD2053 
(isolate 2) 

MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 
vtc4::NATMX his3::p121-
GAL-HA-PPK1-HIS3 

This study 

vtc4∆ HA-EcPPK1-
NLS 

YMD2056 
(isolate 1) 
YMD2057 
(isolate 2) 

MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 
vtc4::NATMX his3::p121-
GAL-HA-PPK1-NLS-HIS3 

This study 

WT SNCAWT YMD1852 
(isolate 1) 
YMD1853 
(isolate 2) 

MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 [pRS426-
GAL1-SNCAWT-GFP] 

This study 

WT SNCAWT(EV) YMD1848 MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 [pRS426-
GAL1-GFP] 

This study 

vtc4∆ SNCAWT YMD1868 
(isolate 1) 
YMD1869 
(isolate 2) 

MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 
vtc4::NATMX [pRS426-
GAL1-SNCAWT-GFP] 

This study 

vtc4∆ SNCAWT(EV) YMD1864 MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 
vtc4::NATMX [pRS426-
GAL1-GFP] 

This study 

WT HA-EcPPK1 
SNCAWT 

YMD2063 MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 his3::p121-
GAL-HA-PPK1-HIS3 
[pRS426-GAL1-SNCAWT-
GFP] 

This study 

WT HA-EcPPK1 
SNCAWT(EV) 

YMD2059 MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 his3::p121-
GAL-HA-PPK1-HIS3 
[pRS426-GAL1-GFP] 

This study 

WT HA-EcPPK1-
NLS SNCAWT 

YMD2095 MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 his3::p121-
GAL-HA-PPK1-NLS-HIS3 
[pRS426-GAL1-SNCAWT-
GFP] 

This study 
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Name Strain # Strain genotype Source 
WT HA-EcPPK1-
NLS SNCAWT(EV) 

YMD2091 MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 his3::p121-
GAL-HA-PPK1-NLS-HIS3 
[pRS426-GAL1-GFP] 

This study 

vtc4∆ HA-EcPPK1 
SNCAWT 

YMD2079 MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 
vtc4::NATMX his3::p121-
GAL-HA-PPK1-HIS3 
[pRS426-GAL1-SNCAWT-
GFP] 

This study 

vtc4∆ HA-EcPPK1 
SNCAWT(EV) 

YMD2075 MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 
vtc4::NATMX his3::p121-
GAL-HA-PPK1-HIS3 
[pRS426-GAL1-GFP] 

This study 

vtc4∆ HA-EcPPK1-
NLS SNCAWT 

YMD2111 MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 
vtc4::NATMX his3::p121-
GAL-HA-PPK1-NLS-HIS3 
[pRS426-GAL1-SNCAWT-
GFP] 

This study 

vtc4∆ HA-EcPPK1-
NLS SNCAWT(EV) 

YMD2107 MATα leu2d0 ura3d0 his3-1 
MET15 lys2d0 
vtc4::NATMX his3::p121-
GAL-HA-PPK1-NLS-HIS3 
[pRS426-GAL1-GFP] 

This study 
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Table 3. Plasmids used for yeast transformation 
 

Name Plasmid Source 
EcPPK1 pRS416-GPD-PPK1 Mayer Lab 

PMID 25315834 
EV for EcPPK1 pRS416-GPD Mayer Lab 

PMID 25315834 
HA-EcPPK1 p121-GAL-HA-PPK1-HIS3 This study 
HA-EcPPK1-NLS p121-GAL-HA-PPK1-NLS-

HIS3 
This study 

SNCAWT pRS426-GAL1-SNCAWT-GFP-
URA3 

Braus Lab 
PMID 22722939 

EV for SNCAWT pRS426-GAL1-GFP-URA3 Braus Lab  
PMID 22722939 
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2.1.2 Yeast transformation 

Yeast cells were grown overnight in YPD media with 5% dextrose at 30°C. The 

next day, they were diluted to 0.2 OD600 and grown till 0.8 OD600. The cells were spun 

down at 3,000 rpm for 5 minutes. The cell pellet was washed in water and spun down 

again. The cells were transferred to an eppendorf tube using 1 mL of 0.1M LiAc and spun 

at 10,000 rpm for 10 seconds. The cell pellet was resuspended to the 0.5 mL mark on the 

Eppendorf tube with 0.1M LiAc. 50 µl of the solution was transferred to a new tube, spun 

down and the supernatant was discarded. The following components were added to the 

cell pellet: 240 µl of 50% PEG, 36 µl of 1M LiAc, 10 µl of ssDNA (10 mg/mL stock), ~1 

µg of DNA and ~73 µl of water. The mix was vortexed for 1 minute and incubated for 30 

minutes at 30°C. The sample was then heat shocked for 15 minutes at 42°C. The cells 

were spun down at 6,000 rpm for 2 minutes. A quick wash of the pellet with water was 

done, prior to resuspending the pellet in 200 µl of water. The solution was then plated 

onto either a SC-selective plate or a YPD plate followed by a drug selection plate. 

Finally, the plate is incubated at 30°C to allow colonies to grow.  

 

2.1.3 Spot tests 

Yeast cells were grown fresh on agar plates and were resuspended in water. The 

cells were then plated in five-fold dilutions on the indicated plates and left to grow at 

30°C. Pictures were taken after 24-72 hours of incubation. 
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2.1.4 TCA protein preparation 

Yeast cells were grown overnight in YPD or SC selective media. The next day, 

the cultures were diluted to OD600 = 0.8 and grown for ~1 hour at 30°C. Cells were 

centrifuged at 3,000 rpm for 5 minutes, washed with cold water and centrifuged again. 

Cells were resuspended in water to be transferred into a screw cap tube and was pelleted. 

The pellet was resuspended in 300 µl of 20% TCA and about 200 µl of glass beads were 

added. To be lysed, the cells were bead beat twice 3 minutes while being kept on ice in 

between. The supernatant was transferred to a new tube. 300 µl of 5% TCA was added to 

the beads, vortexed and the supernatant was added to the initial transferred supernatant. 

The samples were then spun at 12,500 rpm for 4 minutes at 4°C and the supernatant was 

discarded. 100 µl of SDS-PAGE sample buffer was added to each pellet and the samples 

were vortexed prior to being boiled at 100°C for 5-10 minutes. Finally, the samples were 

centrifuged at 17,000 g for 4 minutes at room temperature, and the supernatant was 

transferred to a new tube. The samples were then run on either a 10% SDS-PAGE gel at 

120V or a 4-12% Bis-Tris NuPAGE gel (Thermo Fisher NP0336BOX) at 200V. The gel 

was transferred to a PVDF membrane before immunoblotting. 

 

2.1.5 Immunoblotting 

The membranes were blocked with 5% milk in 1xTBST or 5% BSA in 1xTBST 

for 30 minutes. They were then incubated with the primary antibody for 1 hour at room 

temperature or overnight at 4°C. After 3 x 5 minute-washes with 1xTBST, the 

membranes were incubated with the secondary antibodies for 30 minutes at room 

temperature, and were then washed again 3 x 5 minutes. After incubation with ECL 
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reagent, the blots were developed using imaging films. The antibodies used are listed in 

Table 4. 

 

2.2 Investigating polyphosphorylation in mammalian cells 

2.2.1 Mammalian cell culture 

HEK293T cell lines were obtained from ATCC (ATCC CRL-3216). HEK293T 

cells were cultured in DMEM (Wisent 319-015-CL) with 10% FBS (Wisent 080-150), 1 

mM sodium pyruvate (Sigma S8636-100ML) and Penicillin-Streptomycin-Amphotericin 

B solution. Cells were grown in 10 cm or 6-well polystyrene dishes at 37°C and 5% CO2. 

Our lab regularly monitors the cell cultures for mycoplasma contamination using a 

Mycoplasma Detection Kit (ABM G238). 

 

2.2.2 PolyP WCE preparation 

WT (ppn1∆) and vtc4∆ (ppn1∆vtc4∆) strains were grown overnight in 10 ml YEP media 

with dextrose. The following day, the cells were diluted to 0.8 OD in 40 ml of YEP 

media with dextrose and incubated for ~1 hour at 30°C. 25 OD worth of cells were 

transferred into 15ml falcon tube and centrifuge at 3,000 rpm for 5 minutes. The cells 

were transferred to screw cap tubes and washed once with 500 µl of cold water. The cells 

were centrifuged at 13,500 rpm for 1 minute at 4°C, and the supernatant was discarded. 

The pellets were resuspended in 300 µl of cold polyP lysis buffer. 100 µl of glass beads 

were added to each tube and using the minibeater, the samples were beat twice for 30 

seconds with an ice incubation in between. The supernatant was transferred to new  
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Table 4. Primary antibodies used for Western blot analysis 

 
Antigen 

 
Working dilution 

 
Manufacturer and product # 

GFP (JL-8) 1:2,000 Living Colors (Clontech), 
#632381 

Cdc55 1:5,000 Dr. Adam Rudner, PMID: 
26715668 

Fpr3 C-terminal 1:2,000 Dr. Jeremy Thorner, PMID: 
7525596 

Nucleolin 1:5,000 Abcam, Ab22758 
hNOP56 1:1,000 Bethyl, A302-720A-T 

Mesd 1:1,000 Cell Signaling, #2763 
Dek 1:1,000 Santa Cruz, #136222 

eIF5B 1:200 Santa Cruz, #393564 
UPF3B 1:500 Santa Cruz, #48800 

GAPDH-HRP-
conjugate 

1:40,000 Abcam, Ab85760 

β-Actin HRP-conjugate 1:40,000 Santa Cruz, #47778 

Goat anti-Mouse HRP 
conjugate secondary 

1:10,000 Biorad, #172-1011 

Goat anti-Rabbit HRP 
conjugate secondary 

1:10,000 Biorad, #170-6515 
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microcentrifuge tubes and centrifuge at 13,500 rpm for 5 minutes at 4°C. The supernatant 

was again transferred to new microcentrifuge tubes.  

 

2.2.3 In vitro polyphosphorylation assay using HEK293T cells 

HEK293T were grown to ~80% confluency in a 10 cm dish. Cells were washed 

with 1xPBS before being scraped and collected in an Eppendorf tube. Cells were spun 

down for 5 minutes at 5,000 rpm in the cold centrifuge and the PBS was discarded. 1ml 

of mammalian polyP lysis buffer was added, cells were vortexed for 30 seconds and 

incubated on ice for 15 minutes. A 21-gauge needle was used to break up the cells, before 

being centrifuged for 15 minutes at 13,500 rpm in the cold centrifuge. The supernatant 

was transferred to a new Eppendorf tube and kept on ice. Using this prepared whole cell 

extract, 4 reactions were prepared. In tube #1, 45 µl of mammalian polyP lysis buffer was 

mixed with 5 µl of HEK293T WCE. In tube #2, 45 µl of WT yeast lysate (see polyP 

WCE preparation) was added to 5 µl of HEK293T WCE. In tube #3, 45 µl of vtc4∆ yeast 

lysate was mixed with 5 µl of HEK293T WCE. In tube #4, 45 µl of synthetic 

polyphosphate (final concentration of 0.5 mM) was mixed with 5 µl of HEK293T WCE. 

All 4 tubes were incubated for 1 hour at 4°C with end-over-end rotation. NuPAGE 

loading buffer was added in a 1:1 ration to each tube before being boiled. The samples 

were then ran on a 4-12% Bis-Tris NuPAGE gel (Thermo Fisher NP0336BOX). 

 

2.2.4 Plasmids used 

All plasmid stocks were prepared using the HiPure Plasmid Maxiprep Kit (Invitrogen 

K210006).   
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pcDNA3.1(-)EcPPK1 

E. coli PPK1 was amplified from a yeast plasmid gifted by Andreas Mayer. The 5’ and 3’ 

primers used were respectively 

TCCACCACACTGGGACTAGTGATGGGTCAGGAAAAGCTATAC and 

TGATCAGCGGTTTAAACTTATTATTCAGGTTGTTCGAGTG designed with NEB 

Builder. The empty vector pcDNA3.1(-) was cut at BamHI and HindIII restriction sites, 

and the EcPPK1 insert was introduced in the cut backbone using Gibson assembly (NEB 

E5510S). The pcDNA3.1(-) backbone used in this study contains a bleocin resistance 

marker.  

pcDNA3.1(-)HA-EcPPK1 

HA-EcPPK1 was amplified from a yeast plasmid previously made in our lab. The 5’ and 

3’ primers used were respectively 

TCCACCACACTGGACTAGTGATGTACCCATACGATGTTC and 

TGATCAGCGGTTTAAACTTATTATTCAGGTTGTTCGAG designed with NEB 

Builder. The empty vector pcDNA3.1(-) was cut at BamHI and HindIII restriction sites, 

and the HA-EcPPK1 insert was introduced in the cut vector using Gibson assembly (NEB 

E5510S). The pcDNA3.1(-) backbone used in this study contains a bleocin resistance 

marker. 

 

2.2.5 Transfection of mammalian cells 

Cells were grown to 70-80% confluency in a 6-well polystyrene dish and were 

transfected using Lipo2000 with 2 µg of pcDNA3.1(-)EcPPK1, pcDNA3.1(-)HA-
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EcPPK1, OLLAS-EcPPK1 or MYC-LRP5, in parallel as its empty vector. The 

transfected cells were left to grow for 48 hours in OptiMeM (Fisher 31985-070).  

 

2.2.6 Protein preparation for mammalian cells 

Post-transfection, the cells were washed one with cold 1xPBS and then collected 

in 1ml of 1xPBS with the help of a scraper. The cells were spun down for 5 minutes at 

5,000 rpm in the cold centrifuge. The 1xPBS was discarded and ~200 µl of RIPA Lysis 

Buffer was added. Cells were vortexed for 30 seconds and incubated on ice for ~20 

minutes before being centrifuged for ~20 minutes at 13,500 rpm in the cold centrifuge. 

The supernatant was transferred to a new Eppendorf tube and 5x Laemmli Sample Buffer 

was added. The samples were boiled before loading of the gel.  

 

2.2.7 Western blotting for mammalian protein extract 

The samples were run on 4-12% Bis-Tris NuPAGE gels (Thermo Fisher 

NP0336BOX) at 200V using 1xMOPS Running Buffer. The gels were transferred to 

PVDF membranes at 85V for ~1 hour using 1xNuPAGE Transfer Buffer. The 

membranes were blocked with 5% milk in 1xTBST or 5% BSA (VWR CA97061-416) in 

1xTBST for 30 minutes. They were then incubated with the primary antibody for 1 hour 

at room temperature or overnight at 4°C. After 3 x 5 minute-washes with 1xTBST, the 

membranes were incubated with the secondary antibodies for 30 minutes at room 

temperature, and were then washed again 3 x 5 minutes. After incubation with ECL 

reagent (Fisher WBLUF0500), the blots were developed using imaging films. The 

antibodies used are listed in Table 4. 
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2.2.8 PolyP extraction in HEK293T cells  

After HEK293T cells were transfected with CTRL or EcPPK1 plasmids for 48 

hours, the cells were washed with cold 1xPBS and collected with 1ml PBS. The cells 

were spun down for 5 minutes at 5,000 rpm in the cold centrifuge. The PBS was 

discarded and the cell pellets were resuspended in 250 µl TELS buffer and mixed with 

250 µl of acid phenol/chloroform pH 4.5 [125:25] [Phenol solution pH 4.3 (P4682), 

Chloroform (Sigma 472476)]. 400-600 µl of glass beads were added to the samples and 

they were vortexed for 5 minutes at 4°C, prior to centrifugation for 5 minutes at 1,500g in 

the cold centrifuge. The water phase was transferred to a new tube and subjected to 

chloroform extraction with an equal volume of chloroform. The water phase was 

transferred to a new tube and polyphosphate was precipitated by adding 2.5 volumes of 

ethanol and an overnight incubation at -20°C. The following day, the samples were 

centrifuged for 10 minutes at 10,000 g for 10 minutes and the supernatant was discarded. 

The pellets were resuspended in 50 µl of ddH2O. This protocol was adapted from 

(Adapted from K. D. Kumble & Kornberg, 1995; Seidlmayer, Gomez-Garcia, Blatter, 

Pavlov, & Dedkova, 2012).  

 

2.2.9 PolyP detection  

PolyP standards (Regenetiss, Japan) and extracted polyP samples were run on a 

10% acrylamide TBE-Urea gel at 110V for 45 minutes. The gel was then stained for 15 

minutes with 0.01% Toluidine blue (Sigma T3260-5G) and washed for 3 hours with a 

fixation solution [25% methanol (Fisher A412P-4), 5% of glycerol (Fisher BP229-4), 

ddH2O]. 
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2.2.10 Purified hNOP56 shift assay 

A master mix containing 5 µl of purified hNOP56 (OriGene TP761154), 5 µl of 

5x Laemmli Sample Buffer and 40 µl of polyP Lysis Buffer without inhibitors was 

prepared and boiled. It was then added to 7 tubes containing different concentrations (0 to 

100 mM) of synthetic polyP (Kerafast EUI005). Following a 1-hour incubation at room 

temperature, 5x Laemmli Sample Buffer was added in a 1:1 ratio to each sample. The 

samples were boiled and ran on a 4-12% Bis-Tris NuPAGE gel (Thermo Fisher 

NP0336BOX). 

 

2.3 RNA sequencing sample preparation 

Post-transfection with pcDNA3.1(-) or pcDNA3.1(-)EcPPK1, the cells were 

collected with 1 ml cold 1xPBS. 400 µl were set aside for protein preparation (cf. method 

above) and 600 µl were used for RNA isolation. To extract the RNA, the miRNeasy Mini 

Kit (Quiagen 217004) was used. The samples were then sent to Genome Quebec 

Innovation Centre for RNA sequencing and to Canadian Centre for Computational 

Genomics (C3G) for bioinformatics analysis.  
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CHAPTER 3: RESULTS 

 

3.1 Yeast as a model organism to study polyP’s effect on alpha-synuclein toxicity 

3.1.1 The Gal overexpression system 

In order to study the expression of toxic proteins in yeast, the system commonly 

used is the galactose (Gal) overexpression system (Johnston, 1987). In this system, the 

gene encoding a toxic human protein is placed under a Gal-inducible promoter. 

Expression is repressed in the presence of dextrose, but can be quickly induced with 

galactose with which it is highly expressed (Figure 4). The constructs can be integrated 

into the genome or expressed from a plasmid. The impact of various mutations can then 

be easily be studied by comparing cell growth or cell viability on different growth media 

via spot test or by examining expression levels of proteins via western blot.  

 

3.1.2 HA-EcPPK1 and HA-EcPPK1-NLS constructs rescue polyphosphorylation 

of Fpr3 when VTC4 is deleted (vtc4∆) 

The first part of this study aimed to uncover the molecular interactions between 

polyP and alpha-synuclein in order to determine whether the impact of yeast genes 

identified as modifiers of alpha-synuclein toxicity is occurring through polyP biology. 

PolyP is mostly localized in the vacuole, whereas the protein aggregations associated 

with alpha-synuclein toxicity are found in the cytoplasm (Outeiro & Lindquist, 2003). E. 

coli PPK1 (EcPPK1) synthesizes polyP independently of the vacuole, and EcPPK1 

synthesized polyP accumulates in the cytoplasm (Gerasimaite et al., 2014). Thus, to 

engineer a system wherein polyP is synthesized in the cytoplasm, EcPPK1 was  
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Figure 4. The galactose overexpression system. In this system, a toxic human protein, 

such as alpha-synuclein, is placed under a Gal-inducible promoter. Expression of the 

plasmid is inhibited in the presence of dextrose, which allows cell growth. In the presence 

of galactose, the expression is induced, which leads to toxicity and thus, cell death. 
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cloned under a Gal-inducible promoter. Two constructs were obtained: HA-EcPPK1 and 

HA-EcPPK1-NLS, which has a nuclear localization signal (NLS). 

 

To determine if EcPPK1 and EcPPK1-NLS constructs are able to produce polyP, 

a polyphosphorylation mobility shift assay was performed since polyphosphorylation of a 

protein can only be observed in a vtc4∆ background if EcPPK1 produces polyP (Bentley-

DeSousa et al., 2018). HA-EcPPK1 and HA-EcPPK1-NLS plasmids were integrated into 

WT and vtc4∆ yeast strains, and the production of polyP was checked by assessing 

polyphosphorylation of FK506-sensitive proline rotamase 3 (Fpr3), a previously 

identified yeast target of polyphosphorylation. When VTC4 is deleted, there is no 

production of polyP and thus, a collapse of the shift (Figure 5). In presence of HA-

EcPPK1 or HA-EcPPK1-NLS in the WT strain, Fpr3 migrated at a higher apparent 

molecular weight compared to the WT strain (Figure 5). In the vtc4∆ strain, HA-EcPPK1 

and HA-EcPPK1-NLS both rescued polyphosphorylation of Fpr3, suggesting production 

of polyP from both plasmids (Figure 5). The results suggest that both HA-EcPPK1 and 

HA-EcPPK1-NLS constructs are able to produce polyP and this synthesized polyP can 

polyphosphorylate proteins.  

 

3.1.3 HA-EcPPK1 and HA-EcPPK1-NLS constructs do not increase cell viability 

associated with alpha-synuclein toxicity  

To examine the expression of alpha-synuclein in the presence of the HA-EcPPK1 

and HA-EcPPK1-NLS, an alpha-synuclein (SNCAWT) plasmid was introduced into the 

WT and vtc4∆ strains expressing cytoplasmic or nuclear-targeted EcPPK1 previously 
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Figure 5. HA-EcPPK1 and HA-EcPPK1-NLS rescue Fpr3 polyphosphorylation. 

HA-EcPPK1 and HA-EcPPK1-NLS, both under a Gal promoter, were introduced in WT 

and vtc4∆ yeast strains. The strains were grown in YEP media containing galactose, 

which drives the expression of the EcPPK1 constructs, or containing raffinose, which 

does not allow expression of the constructs. A TCA protein preparation was used to 

obtain WCE and the samples were run on a 4-12% Bis-Tris NuPAGE gel. The gel was 

transferred on a PVDF membrane prior to immunoblotting with an Fpr3 antibody. Cdc55 

was used as a loading control.  
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generated (Figure 5). The cell viability of each strain was assessed through spot test 

assay, using a dextrose plate to inhibit HA-EcPPK1, HA-EcPPK1-NLS and alpha-

synuclein (SNCAWT), and a galactose plate to drive the expression of all three constructs 

(Figure 6). Cremers et al. (2016) showed that polyP could decrease alpha-synuclein 

toxicity. Thus, I expected to observe increased cell viability of the WT and vtc4∆ strains 

expressing alpha-synuclein in presence of cytosolic polyP (HA-EcPPK1). Alpha-

synuclein (SNCAWT) expression alone led to decreased cell viability, while HA-EcPPK1 

and HA-EcPPK1-NLS impacted cell viability minimally (Figure 6). HA-EcPPK1 and 

HA-EcPPK1-NLS expression appeared to decrease alpha-synuclein’s cell viability 

phenotype in the WT background, but to increase the viability in the vtc4∆ background 

(Figure 6). Overall, through several trials, the spot test assays showed inconsistent 

results. Therefore, another approach was used for the following assays, and the 

constitutive promoter GPD was used to express EcPPK1 (see section 3.1.6).   

 

3.1.4 Alpha-synuclein expression in yeast 

We were kindly gifted by Susan Lindquist’s lab three sets of yeast strains 

expressing alpha-synuclein under a Gal promoter with all constructs being integrated in 

the genome (Outeiro & Lindquist, 2003). The first set comprises the LowTox strain that 

expresses one construct of alpha-synuclein with a GFP tag and the LowTox EV that has 

the empty vector. The second set contains the HiTox strain that expresses two different 

alpha-synuclein constructs both GFP tagged, and the HiTox EV strain that has the two 

empty vector constructs. The third set consists of the InTox strain that also expresses two 

alpha-synuclein constructs but that differ from the HiTox strain and that are YFP tagged,  
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Figure 6. HA-EcPPK1 and HA-EcPPK1-NLS do not increase cell viability in the 

presence of alpha-synuclein. An empty vector (EV) or an alpha-synuclein (SNCAWT) 

plasmids were introduced into the WT HA-EcPPK1, WT HA-EcPPK1-NLS, vtc4∆ HA-

EcPPK1 and vtc4∆ HA-EcPPK1-NLS yeast strains. The strains were plated on a dextrose 

plate (left) and a galactose plate (right), which drives expression of the constructs. The 

strains were grown overnight on SC-URA plates containing raffinose. The next day, they 

were resuspended in water and plated in 5-fold dilutions and then incubated at 30°C for 

three days before pictures were taken to assess cell viability.   
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and the InTox EV that contains the two empty vectors. The detailed genotype of each 

strain can be found in Table 2. Outeiro and Lindquist (2003) showed that when two 

copies of alpha-synuclein are integrated, the protein localizes to the cytoplasm in 

inclusions, while one integrated copy leads to protein localization to the plasma 

membrane.  

 

In order to observe the phenotype of each yeast strain described above, a spot test 

assay was performed, using a dextrose plate to inhibit alpha-synuclein and a galactose 

plate to drive alpha-synuclein expression. As shown in Figure 7, the LowTox (+) strain 

shows no differences in cell viability as compared to its control LowTox EV. Oppositely, 

the InTox (++) and HiTox (+++) strains show almost complete loss of cell viability when 

alpha-synuclein is expressed in the presence of galactose as compared to the InTox EV 

and HiTox EV strains respectively (Figure7). Altogether, this suggests that high amounts 

of alpha-synuclein lead to cell death, which is consistent with observations described by 

Outeiro and Lindquist (2003) when assessing the same yeast strains.  

 

3.1.5 vtc4∆ does not affect cell viability in the presence of alpha-synuclein 

In order to investigate whether the presence or absence of polyP affects the cell 

viability of the LowTox and HiTox yeast strains, VTC4 was deleted (vtc4∆) in these two 

strains and a spot test was performed. Our expectation was that by deleting VTC4, hence 

stopping the production of polyP, we would observe increased cell death. No differences 

in cell viability were observed between the LowTox and the LowTox vtc4∆ strains, and 

the HiTox and the HiTox vtc4∆ strains (Figure 8). Since low expression level of alpha- 
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Figure 7. High levels of alpha-synuclein are toxic in yeast. Three sets of yeast strains 

expressing alpha-synuclein at expected low (+), intermediate (+) and high (+++) toxicity 

levels were plated on a dextrose plate (left) and a galactose plate (right), which drives 

expression of the alpha-synuclein constructs. The strains were grown overnight on YPD 

plates containing raffinose. The next day, they were plated in 5-fold dilutions and then 

incubated at 30°C for three days before pictures were taken to assess cell viability. The 

constructs integrated in each strain are indicated to the right of the figure. Strains names: 

(+) LowTox, (++) InTox, (+++) HiTox.  
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Figure 8. vtc4∆ does not affect cell viability in the presence of alpha-synuclein. VTC4 

was deleted in the LowTox and the HiTox. The LowTox EV, LowTox and LowTox 

vtc4∆ strains, as well as the HiTox EV, HiTox and HiTox vtc4∆ strains were plated on a 

dextrose plate (left) and a galactose plate (right), which drives the expression of the 

alpha-synuclein constructs. The strains were grown overnight on YPD plates containing 

raffinose. The next day, they were plated in 5-fold dilutions and then incubated at 30°C 

for three days before pictures were taken to assess cell viability.   
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synuclein does not appear to be toxic to the cell (Figure 7), it could explain why in the 

absence of polyP (vtc4∆), the cell viability is not impacted. Moreover, the alpha-

synuclein expression in the HiTox strain leads to almost complete loss of cell viability. 

Therefore, the detrimental effect of the absence of polyP would not be observed. In the 

section below, I investigated the impact of exogenous polyP in the InTox strain through 

the use of EcPPK1. 

 

3.1.6 Expression of EcPPK1 appears to rescue the cell viability of the InTox strain 

In order for polyP to be synthesized in the cytoplasm, EcPPK1 under the GPD 

promoter was introduced in the InTox yeast strain. In order to assess the cell viability of 

the InTox strain in the presence and absence of EcPPK1-synthesized polyP a spot test 

was performed. Two isolates of the InTox EcPPK1 control and the InTox EcPPK1 strains 

were plated on dextrose and galactose plates. Both InTox EcPPK1 isolates show an 

increase in cell viability when compared to the InTox EcPPK1 control isolates, which 

exhibit complete cell death (Figure 9).  

 

Moreover, the expression of EcPPK1 when alpha-synuclein expression is 

inhibited on the dextrose plate shows some decrease in cell viability (Figure 9). This 

observation is not surprising as toxicity associated with the expression of EcPPK1 has 

been reported in the literature previously (Gerasimaite et al., 2014). Altogether, these 

results show that additional polyP increases cell viability in the presence of toxic 

expression of alpha-synuclein, which suggests that polyP is able to reduce alpha- 
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Figure 9. Expression of EcPPK1 appears to rescue the cell viability of the InTox 

strain. An empty vector (EV) or EcPPK1 was expressed in the InTox yeast strain. Two 

isolates (1) and (2) of each strain were on a dextrose plate (left) or a galactose plate 

(right), which drives expression of the alpha-synuclein construct. The strains were grown 

overnight on SC-URA plates containing raffinose. The next day, they were plated in 5-

fold dilutions and then incubated at 30°C for three days before pictures were taken to 

assess cell viability.   
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synuclein toxicity. This is consistent with polyP having a protective effect on amyloid 

cytotoxicity (Cremers et al., 2016).  

 

3.1.7 Alpha-synuclein is not polyphosphorylated  

Next, I aimed to determine whether the mechanism through which polyP 

stabilized alpha-synuclein fibrils as reported by Cremes et al. (2016) was through 

polyphosphorylation. Therefore, the InTox EcPPK1 and its control, the HiTox, HiTox 

vtc4∆, LowTox, LowTox vtc4∆ strains were grown in media containing galactose to 

induce the expression of alpha-synuclein and the expression levels of alpha-synuclein 

were analyzed by NuPAGE western blotting (Figure 10). As mentioned above, all 

constructs expressing alpha-synuclein are GFP or YFP tagged and thus, the blot was 

probed with GFP (Outeiro & Lindquist, 2003). Alpha-synuclein does not appear to be 

polyphosphorylated as no shifts were observed between the LowTox and LowTox vtc4∆ 

strains or the HiTox and HiTox vtc4∆ strains (Figure 10). These results suggest that 

polyP’s effect on alpha-synuclein does not occur through polyphosphorylation. 

 

Altogether, the results show that EcPPK1 expression is a useful tool to study 

polyP biology. This preliminary data is the first step in investigating the genetic and 

molecular interactions involved with polyP and alpha-synuclein toxicity. Expression of 

EcPPK1 was taken advantage of to study polyphosphorylation and, more generally, 

polyP biology in mammalian cells, which is addressed in the rest of this study. 
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Figure 10. Alpha-synuclein is not polyphosphorylated. The LowTox and HiTox yeast 

strains and their matching vtc4∆ strains, as well as the InTox EcPPK1 control and the 

InTox EcPPK1 yeast strains were grown in media containing raffinose or galactose, 

which drives the expression of the alpha-synuclein constructs. A TCA protein preparation 

was used to obtain WCE. The samples were run on a 4-12% Bis-Tris NuPAGE gel and 

the gel was transferred on a PVDF membrane prior to immunoblotting with a GFP 

antibody to detect alpha-synuclein. Cdc55 was used as a loading control. 
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3.2 Can human proteins undergo polyphosphorylation? 

Azevedo et al. (2015) were the first ones to introduce polyphosphorylation. They 

identified two substrates in yeast and Bentley-DeSousa et al. (2018) identified an 

additional 15. In this study, I determined whether human proteins could also be 

polyphosphorylated. Studying polyP in mammals is a complex task as none of the polyP 

regulators are known and polyP levels are low (K. D. Kumble & Kornberg, 1995). 

However, the work previously done in yeast using EcPPK1 expression to produce 

exogenous polyP gave us a great tool to work with in human cells.  

 

With the collaboration of Dr. Norman Davey (UC Dublin), bioinformatics 

analysis identified 1134 human proteins containing one or more poly-acidic serine and 

lysine rich (PASK) motifs. Polyphosphorylation occurs on those PASK motifs that were 

previously described as acidic stretches of amino acids containing serine (S), aspartic 

acid (D), glutamic acid (E) and lysine (K) residues (Azevedo et al., 2015). Therefore, the 

PASK motif for the analysis was set as 75% S/D/E with at least one K. Within that list, 

the homologs of polyphosphorylated yeast proteins such as nucleolin (homolog of yeast 

Nsr1) and proteins with a high number of PASK motifs were prioritized for the following 

assays.  

 

3.2.1 Nucleolin is polyphosphorylated in vitro 

Nsr1 was one of the first yeast proteins identified as being polyphosphorylated 

(Azevedo et al., 2015). Thus, I sought to assess whether its human homolog nucleolin 

could also be polyphosphorylated. Since none of the polyP regulators are known in 
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mammalian cells, an initial synthetic assay was performed wherein polyP was added to 

HEK293T cell extract in vitro using WT yeast extract and synthetic polyP. Two samples 

were also prepared without exogenous polyP by adding vtc4∆ yeast extract or buffer 

(Figure 11). These samples were run on a 4-12% Bis-Tris NuPAGE gel to observe the 

electrophoretic mobility shift indicative of polyphosphorylation. In the presence of polyP 

(WT yeast extract and 0.5mM polyP), nucleolin migrated at ~150 kDa (Figure 11), 

whereas it ran at its expected molecular weight (~100 kDa) in the control (buffer) and in 

the absence of yeast polyP (vtc4∆) (Figure 11). These results suggest that polyP chains 

can polyphosphorylate a human protein such as nucleolin. This is the first demonstration 

of polyphosphorylation occurring on human proteins.   

 

3.2.2 EcPPK1 is expressed and polyP is produced in HEK293T cells 

Since the regulators of polyP in mammalian cells are unknown, we were unable to 

control polyP levels in the cell. However, the expression of EcPPK1 in vtc4∆ yeast 

strains is able to produce polyP and rescue polyphosphorylation as shown previously in 

yeast (Figure 9).  Thus, to modulate the levels of polyP in vivo in order to assess 

mammalian protein polyphosphorylation, HA-EcPPK1 was cloned into a mammalian 

vector. To confirm its expression, the plasmid was transfected into HEK293T cells. The 

protein extracts were run on a 4-12% Bis-Tris NuPAGE gel to assess protein 

polyphosphorylation, as well as a SDS gel to identify the tagged HA-EcPPK1 (Figure 

12). DEK proto-oncogene (DEK) contains several PASK motifs, which makes it is a 

good candidate for polyphosphorylation. The results showed that DEK was  
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Figure 11. Nucleolin is polyphosphorylated in vitro. HEK293T cells were grown to 

~70% confluency prior to protein extraction with RIPA buffer. The WCE was then 

incubated with buffer, WT yeast extract, vtc4Δ yeast extract or 0.5 mM of synthetic 

polyP. The samples were run on a 4-12% Bis-Tris NuPAGE gel, transferred to PVDF 

membrane prior to immunoblotting with a nucleolin antibody. GAPDH was used as a 

loading control. (Adapted from Bentley-DeSousa et al., 2018)  
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polyphosphorylated in the presence of EcPPK1 and HA-EcPPK1 (Figure 12 a), and that 

HA-EcPPK1 was indeed expressed (Figure 12 b).  

 

Another way to assess the production of polyP with the expression of EcPPK1 is 

by extracting polyP from HEK293T cells transfected with the control plasmids or 

EcPPK1. An acid phenol/chloroform extraction was performed and the samples, along 

side polyP standards, were run on a 10% TBE-UREA gel prior to toluidine blue staining. 

As shown in Figure 13, a large amount of polyP was extracted from the cells transfected 

with EcPPK1 compared to the control cells containing low endogenous levels of polyP. 

This confirms the production of exogenous polyP in HEK293T when transfected with 

EcPPK1. 

 

3.2.3 Six human proteins can be polyphosphorylated when EcPPK1 is expressed 

After confirming that EcPPK1 is expressed (Figure 12) and polyP is produced 

(Figure 13), this system was used to manipulate polyP levels in HEK293T cells in order 

to perform a small screen to identify substrates of polyphosphorylation. Cells were 

transfected with an empty vector or EcPPK1, and protein extracts were run a 4-12% Bis-

Tris NuPAGE gel. The western blot was probed with different antibodies. Nucleolin was 

shifted in the presence of EcPPK1 (Figure 14 a), which is consistent with the in vitro 

assay results shown above (Figure 11). Using this method, 5 other human proteins were 

identified as capable of being polyphosphorylated: nucleolar protein 56 (hNOP56), 

mesoderm development LPR chaperone (Mesd), DEK proto-oncogene (DEK), eukaryotic  
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Figure 12. HA-EcPPK1 is expressed in HEK293T and leads to polyphosphorylation 

of DEK. An empty vector and HA-EcPPK1 cloned into a mammalian vector were 

transfected into HEK293T cells and grown for 48 hours prior to protein extraction with 

RIPA buffer. The protein extracts were then ran on a 4-12% Bis-Tris NuPAGE gel (A) 

and a SDS-PAGE gel (B). The gels were transferred to PVDF membrane prior to 

immunoblotting with the indicated antibodies (DEK and HA). GAPDH was used as a 

loading control. 
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Figure 13. PolyP is present in EcPPK1 transfected HEK293T cells. An empty vector 

and EcPPK1 was transfected into HEK293T cells and grown for 48 hours prior to polyP 

extraction by acid phenol-chloroform extraction. PolyP standards were used as controls: 

short chain (14 Pi units), medium chain (60 Pi units), and long chain (130 Pi units). The 

samples were run on a 10% TBE-UREA gel prior to staining with toluidine blue for 15 

minutes and washing with a fixation solution for 3 hours.  
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Figure 14. Expression of EcPPK1 in HEK293T cells results in polyphosphorylation 

of 6 human proteins. An empty vector and EcPPK1 cloned into a mammalian vector 

were transfected into HEK293T cells and grown for 48 hours prior to protein extraction 

with RIPA buffer. The protein extracts were then ran on a 4-12% Bis-Tris NuPAGE gel 

and transferred to PVDF membrane prior to immunoblotting with the indicated 

antibodies. (Adpated from Bentley-DeSousa et al., 2018)  
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translation initiation factor 5B (eIF5B) and regulator of nonsense mediated mRNA decay 

(UPF3B) (Figure 14 b-f). Overall, 37 antibodies were tested. 6 human proteins were 

confirmed to be polyphosphorylated (Figure 14), 16 human proteins were found not to be 

polyphosphorylated (data not shown) and 15 were inconclusive. Expression of EcPPK1 

in HEK293T was a key element in this screen and allowed us to show for the first time 

that human proteins can be polyphosphorylated.    

 

3.2.4 Polyphosphorylation shift is dependent on polyP concentration 

In yeast, it has been observed previously that the shift size (in relative molecular 

weight) of a polyphosphorylated target seems to depend on the concentration of polyP 

and its chain length (Azevedo et al., 2015; Bentley-DeSousa et al., 2018). In order to test 

if this was also occurring with mammalian proteins, purified hNOP56 was incubated with 

different concentrations of polyP (75 Pi units). This in vitro assay showed that the 

hNOP56 polyphosphorylation shift observed was dependent on the polyP concentration 

(Figure 15).  

 

3.3 EcPPK1 as a tool to study polyP biology using RNA sequencing 

To investigate on a larger scale the effect polyP has in human cells, I decided to 

study the gene expression changes in the presence of exogenous polyP in HEK293T cells. 

Three biological replicates of HEK293T cells were transfected with an empty vector and 

EcPPK1. After 48 hours, cells were collected, and divided for protein and RNA 

extractions. Using the protein extract, the samples were run on a 4-12% Bis-Tris 

NuPAGE gel and probed with a DEK antibody (Figure 16). In the presence of EcPPK1,  
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Figure 15. hNOP56 polyphosphorylated mobility shift size depends on polyP 

concentration. Purified human NOP56 was incubated in vitro with increasing 

concentrations of synthetic polyP of medium chain (75 Pi units). The samples were then 

ran on a 4-12% Bis-Tris NuPAGE gel and transferred to PVDF membrane prior to 

immunoblotting with a hNOP56 antibody. (Adapted from Bentley-DeSousa et al., 2018) 
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Figure 16. DEK is polyphosphorylated in the RNA sequencing samples. Three 

biological replicates of HEK293T cells were transfected with an empty vector and 

EcPPK1. The cells and grown for 48 hours prior to protein extraction with RIPA buffer. 

The protein extracts were then ran on a 4-12% Bis-Tris NuPAGE gel and transferred to 

PVDF membrane prior to immunoblotting with a DEK antibody. GAPDH was used as a 

loading control.  
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DEK is shifted in all three biological replicates (Figure 16). This western blot 

suggests that EcPPK1 is producing polyP in the cells.  

 

The RNA extraction was performed using the miRNeasy Mini Kit (Quiagen) and 

the samples were sent to Genome Quebec Innovation Centre for RNA sequencing and to 

the Canadian Centre for Computational Genomics (C3G) for bioinformatics analysis. 

Overall, 112 genes were found to be up- or down-regulated in presence of polyP with a p 

value lower than 0.05 and a fold change equal or greater than 2 (Figure 17). There is a 

greater number of genes being down-regulated (104) compared to up-regulated (8). The 

top 30 genes, whose expression is altered in the presence of polyP, are listed in Table 5. 

Finally, a Gene Ontology (GO) term analysis identified enrichment in nuclear and 

nucleolar localizations (Figure 18). The analysis also showed enrichment in DNA related 

processes and functions, as well as a strong enrichment in metal ion binding function 

(Figure 18). This data is the first step towards gaining a better understanding of polyP 

biology in mammals.  
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Figure 17. Genes up- or down-regulated in the presence of polyP. Three biological 

replicates of HEK293T cells were transfected with an empty vector and EcPPK1. RNA 

was collected and RNA sequencing was performed. The volcano plot represents the 

entire data set.   
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Table 5. Top 30 up- and down-regulated genes in the presence of polyP. Three 

biological replicates of HEK293T cells were transfected with an empty vector and 

EcPPK1. RNA was collected and RNA sequencing was performed. The data was sorted 

based on a p value < 0.05 and a fold change > 2. The top 30 up- and down-regulated 

genes in the presence of polyP are included in the table below.  
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 Gene Log2_FC Adjusted p 
value 

Function 

 
 
 
 
 
 
 
D 
O 
W 
N 
- 
R 
E 
G 
U 
L 
A 
T 
E 
D 
 

LY86-AS1 -5.625 4.30E-02 Non coding RNA 
RP11-70C1.1 -4.364 6.50E-05 Non coding RNA 
RP11-805L22.3 -4.114 3.90E-02 Non coding RNA 
RP11-1022B3.1 -4.024 1.60E-03 Non coding RNA 
KCNN4 -3.498 7.00E-23 Subunit of a voltage-independent 

potassium channel 
ETV7 -2.971 2.20E-13 Transcription factor 
HEPACAM2 -2.854 2.10E-02 Mitosis 
RP11-672A2.5 -2.849 7.40E-04 Non coding RNA 
HIST2H4A -2.773 4.40E-05 Nucleosome structure  
AC104534.2 -2.682 1.60E-03 Non coding RNA 
RP4-625H18.2 -2.663 1.10E-02 Non coding RNA 
CCR4 -2.631 2.50E-03 G-protein-coupled receptor for CC 

chemokine 
CYP4F2 -2.604 5.00E-05 Monooxygenase 
IP6K3 -2.599 5.10E-04 Inositol phosphokinase 
ZNF750 -2.552 9.30E-06 Transcription factor 
MYO1H -2.452 2.60E-06 Intracellular transport and vesicle 

trafficking 
ID3 -2.449 1.30E-63 Inhibitor of DNA binding 
XKR7 -2.441 1.90E-13 Unknown 
FOXJ1 -2.31 2.10E-03 Transcription factor 
CYP4F3 -2.23 1.20E-09 Monooxygenase 
KRTAP5-AS1 -2.059 4.00E-16 Non coding RNA 
LTA -2.027 1.80E-03 Cytokine involved in the 

inflammation response and 
development of lymphoid organs 

U 
P 
- 
R 
E 
G 
U 
L 
A 
T 
E 
D 

RP11-319G9.3 2.755 3.70E-04 Non coding RNA 
RP11-226M10.3 2.367 4.80E-02 Non coding RNA 
RP11-421E14.2 2.182 1.80E-03 Non coding RNA 
RP11-308B5.2 1.711 3.70E-02 Non coding RNA 
RP11-631M6.2 1.667 3.40E-02 Non coding RNA 
HIST1H1D 1.351 2.40E-02 Nucleosome structure 
EGR1 1.186 2.10E-24 Transcription regulator 
ETV5 1.112 8.10E-10 Transcription factor  
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Figure 18. Enrichment of up- and down-regulated genes in the presence of polyP. 

Three biological replicates of HEK293T cells were transfected with an empty vector and 

EcPPK1. RNA was collected and RNA sequencing was performed. A GO enrichment 

analysis was performed by the Canadian Centre for Computational Genomics. For the 

analysis, all differentially expressed genes with an adjusted p-value under 0.1 were used.  
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CHAPTER 4: DISCUSSION 

 

PolyP regulation and function have been studied in yeast and bacteria, but the 

synthesis and degradation of polyP in mammals have not been characterized (Hooley, 

Whitehead, & Brown, 2008). To study different aspects of polyP biology in both yeast 

and mammalian cells, EcPPK1, a bacterial enzyme that synthesizes polyP, was used to 

modulate polyP concentration and localization. Overall, my work demonstrates the 

advantage of EcPPK1 as a novel tool to study polyP biology in yeast and in mammalian 

cells.  

 

4.1 Yeast as a model organism to study polyP’s effect on alpha-synuclein toxicity 

First, I aimed to establish yeast as a model organism to study alpha-synuclein 

aggregation and to investigate the molecular interactions involved in polyP’s protective 

effect on alpha-synuclein toxicity. In the past two decades, researchers have established 

yeast as a model organism to study neurodegenerative diseases such as PD, Huntington’s 

disease and Alzheimer’s disease (Krobitsch & Lindquist, 2000; Outeiro & Lindquist, 

2003; Winderickx et al., 2008). About 31% of the yeast protein-encoding genes have a 

mammalian homolog (Botstein, Chervitz, & Cherry, 1997), and about 31% of the 

disease-associated genes in humans have been found to share homology to yeast genes 

(Foury, 1997). This led to genetic screens performed in yeast to identify genes associated 

with huntingtin toxicity (Giorgini et al., 2005; Willingham et al., 2003), and alpha-

synuclein toxicity (Cooper et al., 2006; Liang et al., 2008; Willingham et al., 2003). 

Major cellular processes have also been found to be conserved between yeast and 
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mammals, which makes work in yeast a stepping-stone in identifying the mechanisms 

involved with neurodegenerative diseases in humans (Winderickx et al., 2008). 

Additionally, polyP regulators are known in yeast. Altogether, yeast is a useful model 

organism to study whether the effect of the yeast genes on alpha-synuclein toxicity 

occurs through polyP biology.  

 

4.1.1 Expression of EcPPK1 can rescue alpha-synuclein toxicity 

Since polyP is mainly localized in the vacuole, whereas alpha-synuclein 

aggregates form in the cytoplasm (Indge, 1968; Outeiro & Lindquist, 2003; Urech et al., 

1978), EcPPK1 was used as a tool to produce increased amounts of cytoplasmic polyP 

compared to a WT cell (Gerasimaite et al., 2014). Using a HA-tagged EcPPK1 construct 

with and without a NLS, and an alpha-synuclein plasmid, I investigated the impact of 

polyP on alpha-synuclein toxicity. Based on the idea that polyP protects the cell from 

alpha-synuclein toxicity (Cremers et al., 2016), I hypothesized that EcPPK1 would lead 

to an increase in cell viability. I observed an increase in cell viability from HA-EcPPK1 

or HA-EcPPK1-NLS in the presence of alpha-synuclein in a vtc4∆ background but a 

decrease in cell viability in a WT background (Figure 6). Overall, through different 

trials, the results appeared to be inconsistent, which led us to take a different approach. 

While HA-EcPPK1 and HA-EcPPK1-NLS are functional constructs (Figure 5), 

microscopy work needs to be performed to confirm the localization of the polyP they 

produced.  
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Using the InTox yeast strain (two copies of YFP-tagged alpha-synuclein 

integrated), an EcPPK1 plasmid with a GPD promoter was introduced. A spot test assay 

showed that in the presence of EcPPK1, cell viability was increased suggesting that 

exogenous polyP reduced alpha-synuclein toxicity (Figure 9). Similarly, adding polyP to 

the media of HeLa cells secreting alpha-synuclein reduces the amount of cell death 

observed (Cremers et al., 2016). Thus, my results are consistent with their findings. 

Altogether, while the results regarding polyP’s effect on cell viability in the presence of 

alpha-synuclein varied between experimental set-ups, expression of EcPPK1 as a tool to 

study polyP biology allowed manipulation of polyP by increasing its overall 

concentration in the cell. It also allows for the possibility of localizing polyP production 

in different cell compartments, which is key knowing that typically ~90% of polyP in the 

cell is found in the vacuole (Indge, 1968; Urech et al., 1978). In the future, a tetracycline-

inducible promoter, which allows to turn genes on and off in a titrable manner in the 

presence of the drug tetracycline, could be used to better regulate the expression of alpha-

synuclein or EcPPK1 in yeast (Gossen & Bujard, 1992).  

 

In the future, it would be interesting to investigate the impact of polyP chain 

length on alpha-synuclein toxicity. EcPPK1 is believed to produce polyP chains made of 

~100 to ~750 Pi (Ault-Riché et al., 1998; Krishnanand D Kumble, Ahn, & Kornberg, 

1996), which are longer than the ~50 Pi synthetic polyP chains used by Cremers et al. 

(2016) in their study. The exopolyphosphatase Ppx1 could be overexpressed along side 

EcPPK1 to shorten the polyP chains produced by EcPPK1. Additionally, deletion of 

VTC4 combined with mutations of genes previously found to affect alpha-synuclein 



	 	 	 66	

toxicity in yeast (Cooper et al., 2006; Liang et al., 2008; Willingham et al., 2003) could 

give insight on the mechanism and molecular interactions involved with polyP’s ability to 

increase alpha-synuclein fibril stability.  

 

4.1.2 Absence of polyP through deletion of VTC4 does not impact alpha-synuclein 

toxicity 

PolyP decreases alpha-synuclein toxicity by reducing the amount of toxic 

oligomers produced during alpha-synuclein fibril formation (Cremers et al., 2016). I 

aimed to determine whether alpha-synuclein toxicity increased when stopping the 

production of polyP in yeast by deleting VTC4, the gene that encodes for the enzyme 

responsible for the synthesis of polyP. I found that the absence of polyP (vtc4∆) had no 

impact on alpha-synuclein toxicity (Figure 8). Although I expected to see decreased cell 

viability in the presence of alpha-synuclein and absence of polyP (vtc4∆), alpha-

synuclein expression in the HiTox strain (two copies of GFP-tagged alpha-synuclein 

constructs integrated) showed almost complete loss of cell viability, thus masking 

observation of any potential decrease in cell viability when lacking polyP (vtc4∆). 

 

4.1.3 PolyP does not polyphosphorylate alpha-synuclein   

Cremers et al. (2016) suggested that polyP’s cytoprotective effect occurs through 

the stabilization of alpha-synuclein fibrils rather than affecting alpha-synuclein protein 

levels. This led to the hypothesis that polyP could polyphosphorylate alpha-synuclein to 

stabilize the mature fibrils. My results suggest that polyP’s effect on alpha-synuclein is 

not through polyphosphorylation (Figure 10), however additional research is needed to 
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further investigate how polyP interacts with alpha-synuclein fibrils. Since the yeast 

strains gifted by Dr. Lindquist’s lab express GFP- or YFP-tagged alpha-synuclein, 

microscopy would allow visualization of the alpha-synuclein aggregates (Outeiro & 

Lindquist, 2003). Using DAPI, which detects polyP at wavelength of 525-550 nm (Allan 

& Miller, 1980; Gomes et al., 2013), we could test whether polyP co-localizes with the 

aggregates or leads to the localization of the aggregates somewhere other than the 

cytoplasm. While spot test assays give a quick and clear phenotype on cell viability, 

microscopy would be more precise and allow us to visualize more subtle changes that 

could be happening in the cell when EcPPK1 produces polyP. 

 

Overall, my work demonstrats that EcPPK1 expression in yeast is a useful tool to 

manipulate polyP concentrations and localization in the cell. This preliminary data 

provides a starting point for future analyses of the genetic and molecular interactions 

involved with polyP and alpha-synuclein toxicity in yeast. This work could be extended 

to study other amyloid proteins such as amyloid-β and Tau that have also been 

investigated in yeast. The work in yeast is the first step in gaining a deeper understanding 

of alpha-synuclein toxicity and translating the findings to mammalian models.  

 

4.2 EcPPK1 as a tool to study polyphosphorylation in mammalian cells 

Polyphosphorylation, as a PTM, was first discovered in yeast (Azevedo et al., 

2015). As of today, 17 yeast proteins have been found to be polyphosphorylated 

(Azevedo et al., 2015; Bentley-DeSousa et al., 2018). Azevedo et al. (2015) and Bentley-

DeSousa et al. (2018) brought up the question of whether human proteins could also be 
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polyphosphorylated. A bioinformatics analysis conducted in collaboration with Dr. 

Davey (UC Dublin) showed that 1134 human proteins contain a PASK motif (75% S/D/E 

with at least one K), but whether the proteins can actually be polyphosphorylated was 

unknown. The challenges in assessing polyphosphorylation of human proteins are the low 

polyP concentrations found in most mammalian cells (K. D. Kumble & Kornberg, 1995), 

and the unknown polyP regulators in mammals, which make it difficult to modulate 

polyP levels in the cell and visualize quantitative polyphosphorylation via electrophoretic 

mobility shift on Bis-Tris NuPAGE gels. Here, I investigated whether 

polyphosphorylation is conserved in higher eukaryotes by exploiting the expression of 

the EcPPK1 to produce exogenous polyP in HEK293T cells – hence increasing polyP 

concentration in the cell. 

 

4.2.1 EcPPK1 expression in HEK293T cells produces exogenous polyP 

EcPPK1 was transfected in HEK293T and its expression was confirmed via 

western blot (Figure 12), as well as polyP extraction (Figure 13). Interestingly, when 

comparing the polyP extracted from the EcPPK1 transfected cells to the polyP standards, 

it appears that the polyP chain lengths produce by EcPPK1 are longer than 130 Pi 

residues. The long smear observed suggests that the polyP produced might vary greatly in 

chain lengths. It has been reported that EcPPK1 can synthesize polyP chains of ~100 Pi 

to ~750 Pi residues (Ault-Riché et al., 1998; Krishnanand D Kumble et al., 1996). My 

results suggest long chains of polyP can be produced by EcPPK1 in HEK293T cells.   
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4.2.2 Human proteins can be polyphosphorylated 

Expressing EcPPK1 in HEK293T cells increased polyP concentration and 

allowed me to carry out a small screen to identify human proteins able to be 

polyphosphorylated. Six human proteins were identified as able to be 

polyphosphorylated: nucleolin, hNOP56, Mesd, DEK, eIF5B, and UPF3B (Figure 14). 

Nucleolin, the homolog of yeast substrate Nsr1, is a protein found in the nucleolus and is 

known to play a role in the synthesis and maturation of ribosomes (Ginisty, Sicard, 

Roger, & Bouvet, 1999). hNOP56, the homolog of yeast substrate Nop56, is also located 

in the nucleolus and plays a role in ribosome biogenesis (Gautier, Bergès, Tollervey, & 

Hurt, 1997; Hayano et al., 2003). Both Mesd and DEK are proteins without yeast 

homologs. Mesd is found in the endoplasmic reticulum (ER) and plays an important role 

in the localization of the low-density lipoprotein receptor-related proteins 5 and 6 (LRP5 

and LRP6) at the cell surface (Hsieh et al., 2003). DEK is a nuclear phosphoprotein that 

binds to chromatin (Waldmann, Scholten, Kappes, Hu, & Knippers, 2004). eIF5B is one 

of the initiation factors required for initiation of translation (Pestova et al., 2001). Finally, 

UPF3B is a protein found in the nucleus and acts as a shuttling protein for the nonsense-

mediated mRNA decay pathway between the nucleus and the cytoplasm (Serin, 

Gersappe, Black, Aronoff, & Maquat, 2001). The non-enzymatic property of the PTM 

brings up a caveat of this polyphosphorylation assay. Indeed, it is difficult to assess 

whether the polyP chains produced by EcPPK1 bind covalently to the protein fully in 

vivo or also partially when lysing the cells for protein extraction in vitro. Thus, while the 

EcPPK1 system allows for the identification of human proteins that can be 
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polyphosphorylated, whether polyphosphorylation detected is occurring in vivo or in 

vitro, is unknown.  

 

One of the limits of this polyphosphorylation screen is the lack of specific 

definition of the PASK motif. In order to prioritize which proteins to examine, the 

bioinformatics analysis done in collaboration with Dr. Davey gave a list of 1134 human 

proteins that possessed one or more amino acid stretch comprised of 75% S/D/E with at 

least one K. While all the proteins we identified as polyphosphorylated were in this list of 

proteins containing a PASK motif, others I tested in the screen based on the 

bioinformatics analysis were not polyphosphorylated. I also cannot exclude the 

possibility that proteins not included in this list can be polyphosphorylated. 

Unfortunately, looking at the PASK motifs of identified polyphosphorylated targets in 

yeast and humans has not been able to narrow down the amino acids required in the 

PASK motif. Further research should focus on determining what constitutes the PASK 

motif, which would help gain a better understanding of polyphosphorylation (Bentley-

DeSousa & Downey, 2018).  

 

A recent study used a different approach to identify human polyphosphorylated 

proteins (Azevedo et al., 2018). A human proteome array using an 8-Pi residue polyP 

molecule was used to identify human proteins binding to polyP. The human proteome 

array slide used included ~15 000 human proteins(Azevedo et al., 2018). From their two 

screens, 75 proteins appeared to be consistent candidates for polyphosphorylation. 

Electrophoretic mobility shift assays were then performed to determine if the proteins 
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found to bind polyP were polyphosphorylated (Azevedo et al., 2018). The authors 

confirmed six human proteins as polyphosphorylation targets: tetratricopeptide repeat 

domain 27 (TTC27), endoplasmin (HSP90B1), eukaryotic translation initiation factor 2B 

subunit epsilon (eIF2B5), general transcription factor IIi (GTF2I), gelsolin (GSN), and 

EYA transcriptional coactivator and phosphatase 1 (EYA1) (Azevedo et al., 2018). While 

HSP90α/β (HSP90AA1 and HSP90AB1) did not come up in their screen through 

NuPAGE analysis, they showed it was also able be to polyphosphorylated (Azevedo et 

al., 2018).  

 

HSP90B1, HSP90AA1, HSP90AB1 and eIF2B5 are proteins containing a PASK 

motif based our group’s bioinformatics analysis and as suggested by Azevedo et al. 

(2018). Interestingly, Azevedo et al. (2018) found all three isoforms of the Hsp90 protein 

to be polyphosphorylated in vitro, while HSP90AA1 (Bentley-DeSousa et al., 2018) and 

HSP90α/β (data not shown) were found not polyphosphorylated in my work. While I 

used the EcPPK1 system to produce exogenous polyP in HEK293T cells, Azevedo et al. 

(2018) incubated HeLa cells with synthetic polyP of ~100 Pi. As mentioned previously, 

EcPPK1 has been reported to produce polyP chain length from 100 Pi to 750 Pi (Ault-

Riché et al., 1998; Krishnanand D Kumble et al., 1996). Thus, the variations in cell lines 

used and polyP chain lengths could explain the differences observed regarding 

polyphosphorylation of HSP90AA1 and HSP90AB1. It would be interesting to further 

cross-reference Azevedo et al. (2018) 75 preliminary hits with our group’s bioinformatics 

analysis to determine how many of their hits are considered to have a PASK motif. 

Confirming additional hits as able to be polyphosphorylated would also help determine 
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more specifically the composition of the PASK motif, as well as gaining more insight on 

polyphosphorylation.  

 

In yeast, changes in the electrophoretic mobility of polyphosphorylation 

substrates correlates with the number of lysines, but not with the number of serines or 

acidic amino acids contained in their PASK motifs (Bentley-DeSousa et al., 2018). 

Performing the same analysis with all 12 human proteins found to be polyphosphorylated 

and with additional confirmed targets from Azevedo et al. (2018) screen would further 

expand our knowledge on the PASK motif and its role in polyphosphorylation.  

 

One of the main questions in the field that still has not been demonstrated, in 

yeast and in mammalian cells, is whether polyphosphorylation occurs in vivo. 

Electrophoretic mobility shift on NuPAGE gels is currently the only way of detecting 

polyphosphorylation (Azevedo et al., 2015, 2018; Bentley-DeSousa et al., 2018). In 

HEK293T cells, the polyP concentration is much lower than in yeast (K. D. Kumble & 

Kornberg, 1995), which might prevent detection of the mobility shift of 

polyphosphorylated proteins on NuPAGE gels (Bentley-DeSousa et al., 2018). Increasing 

polyP concentration in the cell may exaggerate the polyphosphorylation shift but still be 

representative of what occurs in vivo. Moreover, in yeast, the shift of a 

polyphosphorylated protein collapses when VTC4 is deleted (Azevedo et al., 2015; 

Bentley-DeSousa et al., 2018). Since we do not know what synthesizes polyP or what 

degrades it in mammals, endogenous polyP levels cannot be modulated and the collapse 

of the shift observed upon stopping polyP synthesis cannot be reproduced. Uncovering 
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polyP regulators in mammals could be the key to detecting polyphosphorylation in vivo. 

The size of the polyP chains in vivo may also differ from the long polyP chains produced 

by EcPPK1. Shorter polyP chains may not confer visible polyphosphorylation by 

mobility shift assay. Developing additional assays to detect polyphosphorylation would 

be an asset to study polyphosphorylation in vivo.  

 

4.2.3 Polyphosphorylation mobility shift depends on polyP concentration 

I found that polyphosphorylation of purified hNOP56 shift increases with 

increasing polyP concentration (Figure 15). These results are consistent with similar in 

vitro assays performed in yeast (Azevedo et al., 2015; Bentley-DeSousa et al., 2018). My 

results suggest polyphosphorylation does not occur or cannot be detected at polyP 

concentrations lower than 0.5 mM. While polyphosphorylation might not be detectable in 

certain mammalian cells due to low polyP concentration (K. D. Kumble & Kornberg, 

1995) compared to yeast (Auesukaree et al., 2004), some cells or organelles do have 

higher endogenous polyP concentrations, which could allow for quantitative 

polyphosphorylation in vivo. For example, the dense granules in platelets contain ~130 

mM of polyP (Ruiz et al., 2004). In platelets, activation of the coagulation cascade leads 

to the release of the polyP found in the dense granules (Ruiz et al., 2004). PolyP then 

induces clot formation while inhibiting fibrinolysis (Ruiz et al., 2004; S. A. Smith et al., 

2006). Additionally, polyP chains were suggested to bind to K residues on thrombin 

(Choi, Smith, & Morrissey, 2011; Mutch, Myles, Leung, & Morrissey, 2010). Therefore, 

it would be interesting to investigate whether polyP acts on the blood cascade through 

polyphosphorylation (Bentley-DeSousa & Downey, 2018).  
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4.2.4 Finding a function for polyphosphorylation in mammals 

What still has not been demonstrated in mammals is the function of 

polyphosphorylation. A protein of interest to investigate polyphosphorylation function is 

the Mesd chaperone. The PASK motif of Mesd is found within the C-terminal of the 

protein, which is also an important region for LRP5 and LRP6 proteins with the 

chaperone (Figure 19) (J. Chen et al., 2011; Hsieh et al., 2003; Lin et al., 2013). Mesd is 

found in the ER and transports LRP5/6 to the membrane, where they act as Wnt co-

receptors with Frizzled receptor (Bhanot et al., 1996; Hsieh et al., 2003; Pinson, Brennan, 

Monkley, Avery, & Skarnes, 2000; Wehrli et al., 2000). If LRP5 and LRP6 are not 

localized to the cell membrane, defects in Wnt signaling are observed (Hsieh et al., 

2003). Previously, Azevedo et al. (2015) demonstrated that polyphosphorylation could 

impact protein-protein interaction, protein localization, and protein function. Thus, 

polyphosphorylation could play a role in the interaction of LRP5/6 with Mesd, which 

could also impact localization and function of the two receptors (Bentley-DeSousa et al., 

2018). Preliminary data from our lab show that polyphosphorylation is preserved during 

immunoprecipitation of Mesd using our EcPPK1 system in HEK293T cells. A co-

immunoprecipitation with EcPPK1 transfected cells would be a first step to investigate 

whether polyphosphorylation affects Mesd interaction with LRP5 or LRP6. Microscopy 

work could also be performed to assess the localization of Mesd, LRP5 and LRP6 in low 

and high concentrations of polyP.  
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Figure 19. The PASK motif of Mesd is found in a region interacting with LRP5/6. 

(Adapted from Bentley-DeSousa et al., 2018) 
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4.3 EcPPK1 as a tool to study polyP biology in mammalian cells 

4.3.1 PolyP up- and down-regulates gene expression in HEK293T cells 

To gain better insight on polyP biology and function in mammalian cells, RNA 

sequencing was performed in order to study gene expression changes related to the 

presence of exogenous polyP in HEK293T. I hypothesized that that data would indicate 

changes in expression of genes involved in specific pathways. The results showed that a 

total of 112 genes are up- or down-regulated in the presence of ectopic polyP with cut-

offs of p value < 0.05 and fold change > 2 (Figure 17). Out of those 112 genes, 104 are 

down-regulated while only 8 are up-regulated.  

 

The GO term analysis showed enrichment in nuclear and nucleolar localization 

(Figure 18). Targets of polyphosphorylation have been found to be enriched in nuclear 

and nucleolar localization as well (Azevedo et al., 2015; Bentley-DeSousa & Downey, 

2018). Whether these two observations suggest a link between gene expression affected 

by polyP and proteins polyphosphorylated in the nucleus and nucleolus is yet to be 

determined. Additionally, the GO term analysis showed enrichment in DNA related 

processes and functions, as well as metal ion binding function (Figure 18). The latter 

appears to be consistent with reports in the literature of polyP acting as an ion chelator 

(Archibald & Fridovich, 1982; Bonting et al., 1993; Dunn et al., 1994; Kulaev et al., 

2005). As an adjusted p-value of 0.1 was used to perform the GO term analysis, it would 

be useful to redo the analysis with more stringent criteria (ex. p < 0.05, 1.5 to 2 fold 

change) to narrow down the most enriched cellular processes and molecular function 



	 	 	 77	

associated with polyP. While our hits still need to be validated using qPCR, the results 

suggest that the presence of polyP in mammals impacts gene expression.  

 

4.3.2 PolyP impacts gene expression in SaOS-2 cells 

A recent study performed a cDNA microarray in SaOS-2 cells after treatment 

with polyP and found 23 genes that were up-regulated and 11 genes that were down-

regulated (Lui, Ao, Li, Khong, & Tanner, 2016). Their most up-regulated gene was 

interleukin 11 (IL-11), while their most down-regulated gene was solute carrier family 30 

member 1 (SLC30A1) (Lui et al., 2016). In my RNA sequencing data, these two genes 

showed no change in expression between our control and EcPPK1 transfected cells. The 

early growth response 1 (EGR1) gene was found to be up-regulated in both studies, while 

inhibitor of DNA binding 3 (ID3), inhibitor of DNA binding 1 (ID1) and maltase-

glucoamylase (MGAM) where found to be up-regulated in their microarray but down-

regulated in our RNA sequencing (Lui et al., 2016). The differences observed between 

the two studies can be explained by several differences in the experimental set up. First, 

different cell lines were used (HEK293T vs. SaOS-2). HEK293T is a human embryonic 

kidney cell line, whereas SaOS-2 is a human osteosarcoma cell line. Second, different 

approaches were used to introduce polyP to the cell. Lui et al. (2016) treated the SaOS-2 

cells with extracellular polyP, whereas we expressed EcPPK1 in HEK293T to synthesize 

polyP in the cell. Third, their cells were treated for 3 hours with synthetic polyP of 65 Pi 

residues in chain length. For our work, cells were left to grow 48 hours post-transfection 

with EcPPK1, and polyP extraction from EcPPK1 transfected cells showed that the polyP 

chain length synthesized are longer than 130 Pi residues. The polyP chain lengths in each 
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experiment and the exposure time of the cells to polyP were different, which implies that 

the concentration of polyP in the cells varied between the two experimental set-ups. 

While the data by Lui et al. (2016) were validated by qPCR, the RNA sequencing results 

from our groups have not. This is a potential caveat when comparing the results of both 

studies. Nonetheless, the results do suggest that polyP could up- or down-regulate 

different genes from one cell line to another due to differences in endogenous polyP 

concentrations and polyP chain length sizes. It would be interesting to investigate further 

changes in gene expression from polyP presence in different cell lines using our EcPPK1 

expression system.  

 

4.4 Future directions  

My work showed that EcPPK1 is a useful tool to modulate polyP in yeast and in 

mammalian cells. In yeast, the work done with EcPPK1 could be extended to investigate 

human protein aggregations. Toxic aggregates, such as alpha-synuclein inclusions, often 

lead to diseases that are still poorly understood. Determining how polyP protects cells 

against the toxicity from protein aggregates could be a stepping-stone in finding 

therapeutic treatments for neurodegenerative diseases, such as Parkinson’s disease or 

Alzheimer’s disease. Additionally, I showed that EcPPK1 could also be expressed in 

mammalian cells. Thus, EcPPK1 could be used as a tool in neurons to further investigate 

polyP’s role in neurodegenerative diseases.  

 

In mammalian cells, as polyP’s regulators are still unknown and the concentration 

of polyP generally low compared to yeast, it is difficult to study polyP biology 
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(Auesukaree et al., 2004; K. D. Kumble & Kornberg, 1995). Expression of EcPPK1 in 

mammalian cells is a new approach that allows for the synthesis of exogenous polyP in 

the cell. Using this system, I was able to demonstrate that human proteins can be 

polyphosphorylated. The next step, using EcPPK1, is to find a function for 

polyphosphorylation in mammalian cells. As explained previously, Mesd appears to be a 

good candidate to investigate the impact polyphosphorylation has on its function. 

Furthermore, analysis of the PASK motifs of the human polyphosphorylated targets 

reported in my work and by Azevedo et al. (2018) would broaden our knowledge of the 

PASK motif and polyphosphorylation.   

 

To validate the hits from the RNA sequencing, EcPPK1 transfected cells will be 

used to collect RNA and primers will be designed for qPCR. A deeper analysis of the 

bioinformatics data from the RNA sequencing could give leads on undiscovered 

functions of polyP in mammals. On a broader scale, it would also be interesting to 

investigate polyP’s impact on gene expression in various cell lines.  

 

As of today, the human enzymes involved in the synthesis and degradation of 

polyP are unknown (Hooley et al., 2008). H-prune is the only proposed human 

exopolyphosphatase, but its role has only been shown in vitro (Tammenkoski et al., 

2008). H-prune is thought to act only on short chains of polyP and to be inhibited by long 

chains of polyP (Tammenkoski et al., 2008). Identifying the enzymes involved in polyP 

regulation in mammals would be an important stepping-stone in polyP biology research, 

and a key element in studying polyphosphorylation in vivo.  
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4.5 Conclusions 

This study investigated polyP biology in different organisms. My work in yeast 

provided a starting point for future analyses of the genetic and molecular interactions 

involved with polyP and alpha-synuclein toxicity, through the use of EcPPK1. In 

mammals, in which polyP’s regulators are still unknown, EcPPK1 expression allowed to 

demonstrate for the first time that human proteins can be polyphosphorylated. Moreover, 

the RNA sequencing data, when comparing control and EcPPK1 transfected cells, 

showed that polyP up- and down-regulates gene expression. While these results still need 

to be validated using qPCR, they are the first step in gaining better insight into polyP 

biology in mammals. Altogether, I have demonstrated that expression of EcPPK1 in yeast 

and in mammals is a remarkable tool to study polyP biology.  

    



	 	 	 81	

REFERENCES 

 
Ahn, K., & Kornberg, A. (1990). Polyphosphate kinase from Escherichia coli. 

Purification and demonstration of a phosphoenzyme intermediate. Journal of 
Biological Chemistry, 265(20), 11734–11739. 

 
Ahn, T. B., Kim, S. Y., Kim, J. Y., Park, S. S., Lee, D. S., Min, H. J., … Jeon, B. S. 

(2008). α-Synuclein gene duplication is present in sporadic Parkinson disease. 
Neurology, 70(1), 43–49. https://doi.org/10.1212/01.wnl.0000271080.53272.c7 

 
Akiyama, M., Crooke, E., & Kornberg, A. (1993). An exopolyphosphatase of Escherichia 

coli: The enzyme and its ppx gene in a polyphosphate operon. Journal of Biological 
Chemistry, 268(1), 633–639. 

 
Allan, R. A., & Miller, J. J. (1980). Influence of S-adenosylmethionine on DAPI-induced 

fluorescence of polyphosphate in the yeast vacuole. Canadian Journal of 
Microbiology, 26(8), 912–920. https://doi.org/10.1139/m80-158 

 
Appel-Cresswell, S., Vilarino-Guell, C., Encarnacion, M., Sherman, H., Yu, I., Shah, B., 

… Farrer, M. J. (2013). Alpha-synuclein p.H50Q, a novel pathogenic mutation for 
Parkinson’s disease. Movement Disorders, 28(6), 811–813. 
https://doi.org/10.1002/mds.25421 

 
Archibald, F. S., & Fridovich, I. (1982). Investigations of the state of the manganese in 

Lactobacillus plantarum. Archives of Biochemistry and Biophysics, 215(2), 589–596. 
https://doi.org/10.1016/0003-9861(82)90120-5 

 
Auesukaree, C., Homma, T., Tochio, H., Shirakawa, M., Kaneko, Y., & Harashima, S. 

(2004). Intracellular Phosphate Serves as a Signal for the Regulation of the PHO 
Pathway in Saccharomyces cerevisiae. Journal of Biological Chemistry, 279(17), 
17289–17294. https://doi.org/10.1074/jbc.M312202200 

 
Ault-Riché, D., Fraley, C. D., Tzeng, C. M., & Kornberg, A. (1998). Novel assay reveals 

multiple pathways regulating stress-induced accumulations of inorganic 
polyphosphate in Escherichia coli. Journal of Bacteriology, 180(7), 1841–1847. 
Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/9537383%5Cnhttp://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=PMC107098 

 
Azevedo, C., Livermore, T., & Saiardi, A. (2015). Protein polyphosphorylation of lysine 

residues by inorganic polyphosphate. Molecular Cell, 58(1), 71–82. 
https://doi.org/10.1016/j.molcel.2015.02.010 

 
Azevedo, C., Singh, J., Steck, N., Hofer, A., Ruiz, F. A., Singh, T., … Saiardi, A. (2018). 

Screening a protein array with synthetic biotinylated inorganic polyphosphate to 



	 	 	 82	

define the human polyP-ome. ACS Chemical Biology. 
https://doi.org/10.1021/acschembio.8b00357 

 
Balch, W. E., Morimoto, R. I., Dillin, A., & Kelly, J. W. (2008). Adapting proteostasis 

for disease intervention. Science. https://doi.org/10.1126/science.1141448 
 
Bentley-DeSousa, A., & Downey, M. (2018). From underlying chemistry to therapeutic 

potential: open questions in the new field of lysine polyphosphorylation. Current 
Genetics, 1–8. https://doi.org/https://doi.org/10.1007/s00294-018-0854-4 

 
Bentley-DeSousa, A., Holinier, C., Moteshareie, H., Tseng, Y. C., Kajjo, S., Nwosu, C., 

… Downey, M. (2018). A Screen for Candidate Targets of Lysine 
Polyphosphorylation Uncovers a Conserved Network Implicated in Ribosome 
Biogenesis. Cell Reports, 22(13), 3427–3439. 
https://doi.org/10.1016/j.celrep.2018.02.104 

 
Bhanot, P., Brink, M., Samos, C. H., Hsieh, J. C., Wang, Y., Macke, J. P., … Nusse, R. 

(1996). A new member of the frizzled family from Drosophila functions as a 
wingless receptor. Nature, 382(6588), 225–231. https://doi.org/10.1038/382225a0 

Bonting, C. F. C., Kortstee, G. J. J., & Zehnder, A. J. B. (1993). Properties of 
Polyphosphatase of Acinetobacter-Johnsonii-210a. Antonie Van Leeuwenhoek 
International Journal of General and Molecular Microbiology, 64(1), 75–81. 

 
Botstein, D., Chervitz, S. A., & Cherry, J. M. (1997). Yeast as a model organism. 

Science. https://doi.org/10.1126/science.277.5330.1259 
 
Braun, R. J. (2015). Ubiquitin-dependent proteolysis in yeast cells expressing neurotoxic 

proteins. Frontiers in Molecular Neuroscience, 8. 
https://doi.org/10.3389/fnmol.2015.00008 

 
Bucciantini, M., Giannoni, E., Chiti, F., Baroni, F., Taddei, N., Ramponi, G., … Stefani, 

M. (2002). Inherent toxicity of aggregates implies a common mechanism for protein 
misfolding diseases. Nature, 416(6880), 507–511. https://doi.org/10.1038/416507a 

 
Celej, M. S., Sarroukh, R., Goormaghtigh, E., Fidelio, G. D., Ruysschaert, J.-M., & 

Raussens, V. (2012). Toxic prefibrillar α-synuclein amyloid oligomers adopt a 
distinctive antiparallel β-sheet structure. Biochemical Journal, 443(3), 719–726. 
https://doi.org/10.1042/BJ20111924 

 
Chai, C., & Lim, K.-L. (2013). Genetic insights into sporadic Parkinson’s disease 

pathogenesis. Current Genomics, 14(8), 486–501. 
https://doi.org/10.2174/1389202914666131210195808 

 
Chartier-Harlin, M. C., Kachergus, J., Roumier, C., Mouroux, V., Douay, X., Lincoln, S., 

… Destee, A. (2004). alpha-Synuclein locus duplication as a cause of familial 
Parkinson’s disease. Lancet, 364(9440), 1167–1169. https://doi.org/10.1016/S0140-



	 	 	 83	

6736(04)17103-1 
 
Chen, J., Liu, C. C., Li, Q., Nowak, C., Bu, G., & Wang, J. (2011). Two structural and 

functional domains of MESD required for proper folding and trafficking of LRP5/6. 
Structure, 19(3), 313–323. https://doi.org/10.1016/j.str.2011.01.010 

 
Chen, S. W., Drakulic, S., Deas, E., Ouberai, M., Aprile, F. A., Arranz, R., … Cremades, 

N. (2015). Structural characterization of toxic oligomers that are kinetically trapped 
during α-synuclein fibril formation. Proceedings of the National Academy of 
Sciences, 112(16), E1994–E2003. https://doi.org/10.1073/pnas.1421204112 

 
Chiti, F., & Dobson, C. M. (2006). Protein Misfolding, Functional Amyloid, and Human 

Disease. Annual Review of Biochemistry, 75(1), 333–366. 
https://doi.org/10.1146/annurev.biochem.75.101304.123901 

 
Choi, S. H., Smith, S. A., & Morrissey, J. H. (2011). Polyphosphate is a cofactor for the 

activation of factor XI by thrombin. Blood, 118(26), 6963–6970. 
https://doi.org/10.1182/blood-2011-07-368811 

 
Clayton, D. F., & George, J. M. (1998). The synucleins: A family of proteins involved in 

synaptic function, plasticity, neurodegeneration and disease. Trends in 
Neurosciences. https://doi.org/10.1016/S0166-2236(97)01213-7 

 
Collier, T. J., Eugene Redmond, D., Steece-Collier, K., Lipton, J. W., & Manfredsson, F. 

P. (2016). Is alpha-synuclein loss-of-function a contributor to parkinsonian 
pathology? Evidence from non-human primates. Frontiers in Neuroscience, 
10(JAN). https://doi.org/10.3389/fnins.2016.00012 

 
Cooper, A. A., Gitler, A. D., Cashikar, A., Haynes, C. M., Hill, K. J., Bhullar, B., … 

Lindquist, S. (2006). α-synuclein blocks ER-Golgi traffic and Rab1 rescues neuron 
loss in Parkinson’s models. Science, 313(5785), 324–328. 
https://doi.org/10.1126/science.1129462 

 
Cremers, C. M., Knoefler, D., Gates, S., Martin, N., Dahl, J. U., Lempart, J., … Jakob, U. 

(2016). Polyphosphate: A Conserved Modifier of Amyloidogenic Processes. 
Molecular Cell, 63(5), 768–780. https://doi.org/10.1016/j.molcel.2016.07.016 

 
Crooke, E., Akiyama, M., Rao, N. N., & Kornberg, A. (1994). Genetically altered levels 

of inorganic polyphosphate in Escherichia coli. Journal of Biological Chemistry, 
269(9), 6290–6295. 

 
Desfougères, Y., Gerasimaite, R., Jessen, H. J., & Mayer, A. (2016). Vtc5, a novel 

subunit of the vacuolar transporter chaperone complex, regulates polyphosphate 
synthesis and phosphate homeostasis in yeast. Journal of Biological Chemistry, 
291(42), 22262–22275. https://doi.org/10.1074/jbc.M116.746784 

 



	 	 	 84	

Dixon, C., Mathias, N., Zweig, R. M., Davis, D. A., & Gross, D. S. (2005). ??-synuclein 
targets the plasma membrane via the secretory pathway and induces toxicity in 
yeast. Genetics, 170(1), 47–59. https://doi.org/10.1534/genetics.104.035493 

 
Dunn, T., Gable, K., & Beeler, T. (1994). Regulation of cellular Ca2+ by yeast vacuoles. 

Journal of Biological Chemistry, 269(10), 7273–7278. 
 
Eichner, T., & Radford, S. E. (2011). A Diversity of Assembly Mechanisms of a Generic 

Amyloid Fold. Molecular Cell. https://doi.org/10.1016/j.molcel.2011.05.012 
 
Foury, F. (1997). Human genetic diseases: A cross-talk between man and yeast. Gene. 

https://doi.org/10.1016/S0378-1119(97)00140-6 
 
Gautier, T., Bergès, T., Tollervey, D., & Hurt, E. (1997). Nucleolar KKE/D repeat 

proteins Nop56p and Nop58p interact with Nop1p and are required for ribosome 
biogenesis. Molecular and Cellular Biology, 17(12), 7088–7098. 
https://doi.org/10.1128/MCB.17.12.7088 

 
Gerasimaite, R., & Mayer, A. (2016). Enzymes of yeast polyphosphate metabolism: 

structure, enzymology and biological roles. Biochemical Society Transactions, 
44(1), 234–239. https://doi.org/10.1042/BST20150213 

 
Gerasimaitė, R., & Mayer, A. (2017). Ppn2, a novel Zn 2+ -dependent polyphosphatase in 

the acidocalcisome-like yeast vacuole. Journal of Cell Science, jcs.201061. 
https://doi.org/10.1242/jcs.201061 

 
Gerasimaite, R., Sharma, S., Desfougeres, Y., Schmidt, A., & Mayer, A. (2014). Coupled 

synthesis and translocation restrains polyphosphate to acidocalcisome-like vacuoles 
and prevents its toxicity. Journal of Cell Science, 127(23), 5093–5104. 
https://doi.org/10.1242/jcs.159772 

 
Ginisty, H., Sicard, H., Roger, B., & Bouvet, P. (1999). Structure and functions of 

nucleolin. Journal of Cell Science, 112 ( Pt 6, 761–772. 
https://doi.org/10.1093/emboj/17.5.1476 

 
Giorgini, F., Guidetti, P., Nguyen, Q., Bennett, S. C., & Muchowski, P. J. (2005). A 

genomic screen in yeast implicates kynurenine 3-monooxygenase as a therapeutic 
target for Huntington disease. Nature Genetics, 37(5), 526–531. 
https://doi.org/10.1038/ng1542 

 
Gitler, A. D., Chesi, A., Geddie, M. L., Strathearn, K. E., Hamamichi, S., Hill, K. J., … 

Lindquist, S. (2009). α-Synuclein is part of a diverse and highly conserved 
interaction network that includes PARK9 and manganese toxicity. Nature Genetics, 
41(3), 308–315. https://doi.org/10.1038/ng.300 

 
Gomes, F. M., Ramos, I. B., Wendt, C., Girard-Dias, W., De Souza, W., Machado, E. A., 



	 	 	 85	

& Miranda, K. (2013). New insights into the in situ microscopic visualization and 
quantification of inorganic polyphosphate stores by 4’,6-diamidino-2-phenylindole 
(DAPI)-staining. European Journal of Histochemistry, 57(4), 228–236. 
https://doi.org/10.4081/ejh.2013.e34 

 
Gossen, M., & Bujard, H. (1992). Tight control of gene expression in mammalian cells 

by tetracycline-responsive promoters. Proceedings of the National Academy of 
Sciences of the United States of America, 89(12), 5547–5551. 
https://doi.org/10.1073/pnas.89.12.5547 

 
Gray, M. J., Wholey, W. Y., Wagner, N. O., Cremers, C. M., Mueller-Schickert, A., 

Hock, N. T., … Jakob, U. (2014). Polyphosphate Is a Primordial Chaperone. 
Molecular Cell, 53(5), 689–699. https://doi.org/10.1016/j.molcel.2014.01.012 

 
Grillo-Puertas, M., Villegas, J. M., Rintoul, M. R., & Rapisarda, V. A. (2012). 

Polyphosphate Degradation in Stationary Phase Triggers Biofilm Formation via 
LuxS Quorum Sensing System in Escherichia coli. PLoS ONE, 7(11). 
https://doi.org/10.1371/journal.pone.0050368 

 
Hayano, T., Yanagida, M., Yamauchi, Y., Shinkawa, T., Isobe, T., & Takahashi, N. 

(2003). Proteomic analysis of human Nop56p-associated pre-ribosomal 
ribonucleoprotein complexes: Possible link between Nop56p and the nucleolar 
protein treacle responsible for Treacher Collins syndrome. Journal of Biological 
Chemistry, 278(36), 34309–34319. https://doi.org/10.1074/jbc.M304304200 

 
Hernandez-Ruiz, L., Gonzalez-Garcia, I., Castro, C., Brieva, J. a., & Ruiz, F. a. (2006). 

Inorganic polyphosphate and specific induction of apoptosis in human plasma cells 
Laura. Haematologica, 91, 1180–1186. 

 
Hoffman-Zacharska, D., Koziorowski, D., Ross, O. A., Milewski, M., Poznański, J., 

Jurek, M., … Friedman, A. (2013). Novel A18T and pA29S substitutions in α-
synuclein may be associated with sporadic Parkinson’s disease. Parkinsonism and 
Related Disorders, 19(11), 1057–1060. 
https://doi.org/10.1016/j.parkreldis.2013.07.011 

 
Holmström, K. M., Marina, N., Baev, A. Y., Wood, N. W., Gourine, A. V., & Abramov, 

A. Y. (2013). Signalling properties of inorganic polyphosphate in the mammalian 
brain. Nature Communications, 4. https://doi.org/10.1038/ncomms2364 

 
Hooley, P., Whitehead, M. P., & Brown, M. R. W. (2008). Eukaryote polyphosphate 

kinases: is the “Kornberg” complex ubiquitous? Trends in Biochemical Sciences, 
33(12), 577–582. https://doi.org/10.1016/j.tibs.2008.09.007 

 
Hothorn, M., Neumann, H., Lenherr, E. D., Wehner, M., Rybin, V., Hassa, P. O., … 

Mayer, A. (2009). Catalytic Core of a Membrane-Associated Eukaryotic 
Polyphosphate Polymerase. Science, 324(5926), 513–516. 



	 	 	 86	

https://doi.org/10.1126/science.1168120 
 
Hsieh, J.-C., Lee, L., Zhang, L., Wefer, S., Brown, K., DeRossi, C., … Xu, X.-X. (2003). 

Mesd encodes an LRP5/6 chaperone essential for specification of mouse embryonic 
polarity. Cell, 112(3), 355–367. https://doi.org/10.1016/s0092-8674(03)00045-x 

 
Huang, D., Moffat, J., & Andrews, B. (2002). Dissection of a complex phenotype by 

functional genomics reveals roles for the yeast cyclin-dependent protein kinase 
Pho85 in stress adaptation and cell integrity. Molecular and Cellular Biology, 
22(14), 5076–5088. https://doi.org/10.1128/MCB.22.14.5076-5088.2002 

 
Huh, W.-K., Falvo, J. V., Gerke, L. C., Carroll, A. S., Howson, R. W., Weissman, J. S., 

& O’Shea, E. K. (2003). Global analysis of protein localization in budding yeast. 
Nature, 425(6959), 686–691. https://doi.org/10.1038/nature02026 

 
Indge, K. J. (1968). Polyphosphates of the yeast cell vacuole. Journal of General 

Microbiology, 51(3), 447–455. https://doi.org/10.1099/00221287-51-3-447 
 
Ishige, K., Zhang, H., & Kornberg, A. (2002). Polyphosphate kinase (PPK2), a potent, 

polyphosphate-driven generator of GTP. Proceedings of the National Academy of 
Sciences, 99(26), 16684–16688. https://doi.org/10.1073/pnas.262655299 

 
Jacobson, L., Halman, M., & Yariv, J. (1982). The molecular composition of the volutin 

granule of yeast. Biochemical Journal, (201), 473–479. 
 
Jimenez-Nuñez, M. D., Moreno-Sanchez, D., Hernandez-Ruiz, L., Benítez-Rondán, A., 

Ramos-Amaya, A., Rodríguez-Bayona, B., … Ruiz, F. A. (2012). Myeloma cells 
contain high levels of inorganic polyphosphate which is associated with nucleolar 
transcription. Haematologica, 97(8), 1264–1271. 
https://doi.org/10.3324/haematol.2011.051409 

 
Johnston, M. (1987). A model fungal gene regulatory mechanism: the GAL genes of 

Saccharomyces cerevisiae. Microbiological Reviews, 51(4), 458–476. 
 
Kim, K.-S., Rao, N. N., Fraley, C. D., & Kornberg, A. (2002). Inorganic polyphosphate is 

essential for long-term survival and virulence factors in Shigella and Salmonella 
spp. Proceedings of the National Academy of Sciences of the United States of 
America, 99(11), 7675–7680. https://doi.org/10.1073/pnas.112210499 

 
Kornberg, A. (1995). Inorganic polyphosphate: Toward making a forgotten polymer 

unforgettable. Journal of Bacteriology. https://doi.org/10.1128/jb.177.3.491-
496.1995 

 
Kornberg, A., Rao, N. N., & Ault-Riché, D. (1999). Inorganic Polyphosphate: A 

Molecule of Many Functions. Annual Review of Biochemistry, 68(1), 89–125. 
https://doi.org/10.1146/annurev.biochem.68.1.89 



	 	 	 87	

Kornberg, S. R. (1957). Adenosine triphosphate synthesis from polyphosphate by an 
enzyme from Escherichia coli. BBA - Biochimica et Biophysica Acta, 26(2), 294–
300. https://doi.org/10.1016/0006-3002(57)90008-2 

 
Krobitsch, S., & Lindquist, S. (2000). Aggregation of huntingtin in yeast varies with the 

length of the polyglutamine expansion and the expression of chaperone proteins. 
Proceedings of the National Academy of Sciences of the United States of America, 
97(4), 1589–1594. https://doi.org/10.1073/pnas.97.4.1589 

 
Krüger, R., Kuhn, W., Müller, T., Woitalla, D., Graeber, M., Kösel, S., … Riess, O. 

(1998). Ala30Pro mutation in the gene encoding alpha-synuclein in Parkinson’s 
disease. Nature Genetics, 18(2), 106–108. https://doi.org/10.1038/ng0298-106 

 
Kulaev, I. S., Vagabov, V. M., & Kulakovskaya, T. V. (2005). The Biochemistry of 

Inorganic Polyphosphates: Second Edition. The Biochemistry of Inorganic 
Polyphosphates: Second Edition. https://doi.org/10.1002/0470858192 

 
Kumble, K. D., Ahn, K., & Kornberg, A. (1996). Phosphohistidyl active sites in 

polyphosphate kinase of Escherichia coli (autophosphorylation͞histidine 
phosphorylation͞site-directed mutagenesis). Biochemistry, 93, 14391–14395. 
https://doi.org/10.1073/pnas.93.25.14391 

 
Kumble, K. D., & Kornberg, A. (1995). Inorganic polyphosphate in mammalian cells and 

tissues. Journal of Biological Chemistry, 270(11), 5818–5822. 
https://doi.org/10.1074/jbc.270.11.5818 

 
Kumble, K. D., & Kornberg, A. (1996). Endopolyphosphatases for long chain inorganic 

polyphosphate in yeast and mammals. Journal of Biological Chemistry, 271(43), 
27146–27151. https://doi.org/10.1074/jbc.271.43.27146 

 
Lees, A. J., Hardy, J., & Revesz, T. (2009). Parkinson’s disease. The Lancet. 

https://doi.org/10.1016/S0140-6736(09)60492-X 
 
Liang, J., Clark-Dixon, C., Wang, S., Flower, T. R., Williams-Hart, T., Zweig, R., … 

Witt, S. N. (2008). Novel suppressors of alpha-synuclein toxicity identified using 
yeast. Hum Mol Genet, 17(23), 3784–3795. https://doi.org/10.1093/hmg/ddn276 

 
Lichko, L., Kulakovskaya, T., Pestov, N., & Kulaev, I. (2006). Inorganic polyphosphates 

and exopolyphosphatases in cell compartments of the yeast Saccharomyces 
cerevisiae under inactivation of PPX1 and PPN1 genes. Bioscience Reports, 26(1), 
45–54. https://doi.org/10.1007/s10540-006-9003-2 

 
Lichko, L. P., Pestov, N. A., Kulakovskaya, T. V., & Kulaev, I. S. (2003). Effect of PPX1 

Inactivation on the Exopolyphosphatase Spectra in Cytosol and Mitochondria of the 
Yeast Saccharomyces cerevisiae. Biochemistry (Moscow), 68(7), 740–746. 
https://doi.org/10.1023/A:1025026831748 



	 	 	 88	

Liebermann, L. (1890). Detection of metaphosphoric acid in the nuclein of yeast. 
Pflugers Arch, (47), 155–160. 

 
Lin, C., Lu, W., Zhang, W., Londoño-Joshi, A. I., Buchsbaum, D. J., Bu, G., & Li, Y. 

(2013). The C-Terminal Region Mesd Peptide Mimics Full-Length Mesd and Acts 
as an Inhibitor of Wnt/β-Catenin Signaling in Cancer Cells. PLoS ONE, 8(2). 
https://doi.org/10.1371/journal.pone.0058102 

 
Lonetti, A., Szijgyarto, Z., Bosch, D., Loss, O., Azevedo, C., & Saiardi, A. (2011). 

Identification of an evolutionarily conserved family of inorganic polyphosphate 
endopolyphosphatases. Journal of Biological Chemistry, 286(37), 31966–31974. 
https://doi.org/10.1074/jbc.M111.266320 

 
Lui, E. L. H., Ao, C. K. L., Li, L., Khong, M. L., & Tanner, J. A. (2016). Inorganic 

polyphosphate triggers upregulation of interleukin 11 in human osteoblast-like 
SaOS-2 cells. Biochemical and Biophysical Research Communications, 479(4), 
766–771. https://doi.org/10.1016/j.bbrc.2016.09.137 

 
Maroteaux, L., Campanelli, J. T., & Scheller, R. H. (1988). Synuclein: a neuron-specific 

protein localized to the nucleus and presynaptic nerve terminal. The Journal of 
Neuroscience : The Official Journal of the Society for Neuroscience, 8(8), 2804–
2815. https://doi.org/10.1523/JNEUROSCI.08-08-02804.1988 

 
Meyer, A. (1904). Orientirende Untersuchungen uber Verbreitung, Morphologie und 

chemie des volutins. Bot. Zeitung, VII, 113–152. 
 
Moreno, S. N. J., & Docampo, R. (2013). Polyphosphate and Its Diverse Functions in 

Host Cells and Pathogens. PLoS Pathogens, 9(5). 
https://doi.org/10.1371/journal.ppat.1003230 

 
Morimoto, R. I. (2008). Proteotoxic stress and inducible chaperone networks in 

neurodegenerative disease and aging. Genes and Development. 
https://doi.org/10.1101/gad.1657108 

 
Müller, F., Mutch, N. J., Schenk, W. A., Smith, S. A., Esterl, L., Spronk, H. M., … 

Renné, T. (2009). Platelet Polyphosphates Are Proinflammatory and Procoagulant 
Mediators In Vivo. Cell, 139(6), 1143–1156. 
https://doi.org/10.1016/j.cell.2009.11.001 

 
Muller, O. (2003). Role of the Vtc proteins in V-ATPase stability and membrane 

trafficking. Journal of Cell Science, 116(6), 1107–1115. 
https://doi.org/10.1242/jcs.00328 

 
Mutch, N. J., Myles, T., Leung, L. L. K., & Morrissey, J. H. (2010). Polyphosphate binds 

with high affinity to exosite II of thrombin. Journal of Thrombosis and Haemostasis, 
8(3), 548–555. https://doi.org/10.1111/j.1538-7836.2009.03723.x 



	 	 	 89	

Neef, D. W., & Kladde, M. P. (2003). Polyphosphate loss promotes SNF/SWI- and 
Gcn5-dependent mitotic induction of PHO5. Molecular and Cellular Biology, 
23(11), 3788–3797. https://doi.org/10.1128/MCB.23.11.3788-3797.2003 

 
Nishioka, K., Ross, O. A., Ishii, K., Kachergus, J. M., Ishiwata, K., Kitagawa, M., … 

Hattori, N. (2009). Expanding the clinical phenotype of SNCA duplication carriers. 
Movement Disorders, 24(12), 1811–1819. https://doi.org/10.1002/mds.22682 

 
Ogawa, N., DeRisi, J., & Brown, P. O. (2000). New Components of a System for 

Phosphate Accumulation and Polyphosphate Metabolism in Saccharomyces 
cerevisiae Revealed by Genomic Expression Analysis. Molecular Biology of the 
Cell, 11(12), 4309–4321. https://doi.org/10.1091/mbc.11.12.4309 

 
Oikawa, T., Nonaka, T., Terada, M., Tamaoka, A., Hisanaga, S. I., & Hasegawa, M. 

(2016). α-Synuclein fibrils exhibit gain of toxic function, promoting tau aggregation 
and inhibiting microtubule assembly. Journal of Biological Chemistry, 291(29), 
15046–15056. https://doi.org/10.1074/jbc.M116.736355 

 
Outeiro, T. F., & Lindquist, S. (2003). Yeast Cells Provide Insight into Alpha-Synuclein 

Biology and Pathobiology. Science, 302(5651), 1772–1775. 
https://doi.org/10.1126/science.1090439 

 
Perez, R. G., & Hastings, T. G. (2004). Could a loss of alpha-synuclein function put 

dopaminergic neurons at risk? Journal of Neurochemistry, 89(6), 1318–1324. 
https://doi.org/10.1111/j.1471-4159.2004.02423.x 

 
Pestova, T. V., Kolupaeva, V. G., Lomakin, I. B., Pilipenko, E. V., Shatsky, I. N., Agol, 

V. I., & Hellen, C. U. T. (2001). Molecular mechanisms of translation initiation in 
eukaryotes. Proceedings of the National Academy of Sciences, 98(13), 7029–7036. 
https://doi.org/10.1073/pnas.111145798 

 
Pinson, K. I., Brennan, J., Monkley, S., Avery, B. J., & Skarnes, W. C. (2000). An LDL-

receptor-related protein mediates Wnt signalling in mice. Nature, 407(6803), 535–
538. https://doi.org/10.1038/35035124 

 
Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra, A., … 

Nussbaum, R. L. (1997). Mutation in the α-synuclein gene identified in families 
with Parkinson’s disease. Science, 276(5321), 2045–2047. 
https://doi.org/10.1126/science.276.5321.2045 

 
Proukakis, C., Dudzik, C. G., Brier, T., MacKay, D. S., Cooper, J. M., Millhauser, G. L., 

… Schapira, A. H. (2013). A novel α-synuclein missense mutation in Parkinson 
disease. Neurology. https://doi.org/10.1212/WNL.0b013e31828727ba 

 
Rao, N. N., Gómez-García, M. R., & Kornberg, A. (2009). Inorganic Polyphosphate: 

Essential for Growth and Survival. Annual Review of Biochemistry, 78(1), 605–647. 



	 	 	 90	

https://doi.org/10.1146/annurev.biochem.77.083007.093039 
 
Rao, N. N., & Kornberg, A. (1996). Inorganic polyphosphate supports resistance and 

survival of stationary-phase Escherichia coli. Journal of Bacteriology, 178(5), 1394–
1400. https://doi.org/10.1128/jb.178.5.1394-1400.1996 

 
Rashid, M. H., Rumbaugh, K., Passador, L., Davies, D. G., Hamood,  a N., Iglewski, B. 

H., & Kornberg,  a. (2000). Polyphosphate kinase is essential for biofilm 
development, quorum sensing, and virulence of Pseudomonas aeruginosa. 
Proceedings of the National Academy of Sciences of the United States of America, 
97(17), 9636–9641. https://doi.org/10.1073/pnas.170283397 

 
Ruiz, F. A., Lea, C. R., Oldfield, E., & Docampo, R. (2004). Human platelet dense 

granules contain polyphosphate and are similar to acidocalcisomes of bacteria and 
unicellular eukaryotes. Journal of Biological Chemistry, 279(43), 44250–44257. 
https://doi.org/10.1074/jbc.M406261200 

 
Saito, K., Ohtomo, R., Kuga-Uetake, Y., Aono, T., & Saito, M. (2005). Direct labeling of 

polyphosphate at the ultrastructural level in Saccharomyces cerevisiae by using the 
affinity of the polyphosphate binding domain of Escherichia coli 
exopolyphosphatase. Applied and Environmental Microbiology, 71(10), 5692–5701. 
https://doi.org/10.1128/AEM.71.10.5692-5701.2005 

 
Seidlmayer, L. K., Gomez-Garcia, M. R., Blatter, L. A., Pavlov, E., & Dedkova, E. N. 

(2012). Inorganic polyphosphate is a potent activator of the mitochondrial 
permeability transition pore in cardiac myocytes. The Journal of General 
Physiology, 139(5), 321–331. https://doi.org/10.1085/jgp.201210788 

 
Serin, G., Gersappe, A., Black, J. D., Aronoff, R., & Maquat, L. E. (2001). Identification 

and Characterization of Human Orthologues to Saccharomyces cerevisiae Upf2 
Protein and Upf3 Protein (Caenorhabditis elegans SMG-4). Molecular and Cellular 
Biology, 21(1), 209–223. https://doi.org/10.1128/MCB.21.1.209-223.2001 

 
Sethuraman, A., Rao, N. N., & Kornberg, A. (2001). The endopolyphosphatase gene: 

essential in Saccharomyces cerevisiae. Proceedings of the National Academy of 
Sciences of the United States of America, 98(15), 8542–8547. 
https://doi.org/10.1073/pnas.151269398 

 
Singleton, A. B., Farrer, M., Johnson, J., Singleton, A., Hague, S., Kachergus, J., … 

Gwinn-Hardy, K. (2003). α-Synuclein Locus Triplication Causes Parkinson’s 
Disease. Science, 302(5646), 841. https://doi.org/10.1126/science.1090278 

 
Smith, S. A., Choi, S. H., Davis-Harrison, R., Huyck, J., Boettcher, J., Reinstra, C. M., & 

Morrissey, J. H. (2010). Polyphosphate exerts differential effects on blood clotting, 
depending on polymer size. Blood, 116(20), 4353–4359. 
https://doi.org/10.1182/blood-2010-01-266791 



	 	 	 91	

Smith, S. A., & Morrissey, J. H. (2008). Polyphosphate enhances fibrin clot structure. 
Blood, 112(7), 2810–2816. https://doi.org/10.1182/blood-2008-03-145755 

 
Smith, S. A., Mutch, N. J., Baskar, D., Rohloff, P., Docampo, R., & Morrissey, J. H. 

(2006). Polyphosphate modulates blood coagulation and fibrinolysis. Proceedings of 
the National Academy of Sciences, 103(4), 903–908. 
https://doi.org/10.1073/pnas.0507195103 

 
Stotz, S. C., Scott, L. O., Drummond-Main, C., Avchalumov, Y., Girotto, F., Davidsen, 

J., … Colicos, M. A. (2014). Inorganic polyphosphate regulates neuronal excitability 
through modulation of voltage-gated channels. Molecular Brain, 7(1). 
https://doi.org/10.1186/1756-6606-7-42 

 
Tammenkoski, M., Koivula, K., Cusanelli, E., Zollo, M., Steegborn, C., Baykov, A. A., 

& Lahti, R. (2008). Human metastasis regulator protein H-prune is a short-chain 
exopolyphosphatase. Biochemistry, 47(36), 9707–9713. 
https://doi.org/10.1021/bi8010847 

 
Taylor, J. P., Hardy, J., & Fischbeck, K. H. (2002). Toxic proteins in neurodegenerative 

disease. Science. https://doi.org/10.1126/science.1067122 
 
Tijssen, J. P. F., Beekes, H. W., & Van Steveninck, J. (1982). Localization of 

polyphosphates in Saccharomyces fragilis, as revealed by 4′,6-diamidino-2-
phenylindole fluorescence. BBA - Molecular Cell Research, 721(4), 394–398. 
https://doi.org/10.1016/0167-4889(82)90094-5 

 
Ueda, K., Fukushima, H., Masliah, E., Xia, Y., Iwai, A., Yoshimoto, M., … Saitoh, T. 

(1993). Molecular cloning of cDNA encoding an unrecognized component of 
amyloid in Alzheimer disease. Proceedings of the National Academy of Sciences, 
90(23), 11282–11286. https://doi.org/10.1073/pnas.90.23.11282 

 
Urech, K., Dürr, M., Boller, T., Wiemken, A., & Schwencke, J. (1978). Localization of 

polyphosphate in vacuoles of Saccharomyces cerevisiae. Archives of Microbiology, 
116(3), 275–278. https://doi.org/10.1007/BF00417851 

 
Uttenweiler, A., Schwarz, H., Neumann, H., & Mayer, A. (2007). The Vacuolar 

Transporter Chaperone (VTC) Complex Is Required for Microautophagy. Molecular 
Biology of the Cell, 18(1), 166–175. https://doi.org/10.1091/mbc.E06-08-0664 

 
Venda, L. L., Cragg, S. J., Buchman, V. L., & Wade-Martins, R. (2010). α-Synuclein and 

dopamine at the crossroads of Parkinson’s disease. Trends in Neurosciences. 
https://doi.org/10.1016/j.tins.2010.09.004 

 
Waldmann, T., Scholten, I., Kappes, F., Hu, H. G., & Knippers, R. (2004). The DEK 

protein-an abundant and ubiquitous constituent of mammalian chromatin. Gene. 
https://doi.org/10.1016/j.gene.2004.08.029 



	 	 	 92	

Wang, L., Fraley, C. D., Faridi, J., Kornberg, A., & Roth, R. A. (2003). Inorganic 
polyphosphate stimulates mammalian TOR, a kinase involved in the proliferation of 
mammary cancer cells. Proceedings of the National Academy of Sciences of the 
United States of America, 100(20), 11249–11254. 
https://doi.org/10.1073/pnas.1534805100 

 
Wehrli, M., Dougan, S. T., Caldwell, K., O’Keefe, L., Schwartz, S., Valzel-Ohayon, D., 

… DiNardo, S. (2000). Arrow encodes an LDL-receptor-related protein essential for 
Wingless signalling. Nature, 407(6803), 527–530. https://doi.org/10.1038/35035110 

 
Wiame, J. M. (1947). Étude d’une substance polyphosphorée, basophile et 

métachromatique chez les levures. BBA - Biochimica et Biophysica Acta, 1(C), 234–
255. https://doi.org/10.1016/0006-3002(47)90137-6 

 
Willingham, S., Outeiro, T. F., DeVit, M. J., Lindquist, S. L., & Muchowski, P. J. (2003). 

Yeast Genes that Enhance the Toxicity of a Mutant Huntingtin Fragment or α-
Synuclein. Science, 302(5651), 1769–1772. https://doi.org/10.1126/science.1090389 

 
Winderickx, J., Delay, C., De Vos, A., Klinger, H., Pellens, K., Vanhelmont, T., … 

Zabrocki, P. (2008). Protein folding diseases and neurodegeneration: Lessons 
learned from yeast. Biochimica et Biophysica Acta - Molecular Cell Research. 
https://doi.org/10.1016/j.bbamcr.2008.01.020 

 
Wurst, H., & Kornberg, A. (1994). A soluble exopolyphosphatase of Saccharomyces 

cerevisiae. Purification and characterization. Journal of Biological Chemistry, 
269(15), 10996–11001. 

 
Wurst, H., Shiba, T., & Kornberg, A. (1995). The gene for a major exopolyphosphatase 

of Saccharomyces cerevisiae. Journal of Bacteriology, 177(4), 898–906. 
https://doi.org/10.1128/JB.177.4.898-906.1995 

 
Zabrocki, P., Bastiaens, I., Delay, C., Bammens, T., Ghillebert, R., Pellens, K., … 

Winderickx, J. (2008). Phosphorylation, lipid raft interaction and traffic of alpha-
synuclein in a yeast model for Parkinson. Biochimica et Biophysica Acta, 1783(10), 
1767–1780. https://doi.org/10.1016/j.bbamcr.2008.06.010 

 
Zarranz, J. J., Alegre, J., Gómez-Esteban, J. C., Lezcano, E., Ros, R., Ampuero, I., … De 

Yebenes, J. G. (2004). The New Mutation, E46K, of α-Synuclein Causes Parkinson 
and Lewy Body Dementia. Annals of Neurology, 55(2), 164–173. 
https://doi.org/10.1002/ana.10795 

 
Zhang, H., Ishige, K., & Kornberg, A. (2002). A polyphosphate kinase (PPK2) widely 

conserved in bacteria. Proceedings of the National Academy of Sciences of the 
United States of America, 99(26), 16678–16683. 
https://doi.org/10.1073/pnas.262655199 

  



	 	 	 93	

APPENDIX 1: Solutions and buffers 

YEP media 

 For 1L: 10 g Yeast extract (BD 212750), 20 g Bactopeptone (BD 211677), 5 mL 1% 

Tryptophan [5 g Tryptophan (SLBD9323V), ddH2O], 5 mL 1% Adenine [5 g Adenine 

(Sigma 071M1375V), 5 mL 10M NaOH (Fisher BP359-500), ddH2O] and ddH2O 

LB media 

For 1L: 10 g NaCl (Sigma 89888-5KG), 5 g Yeast extract (BD 212750), 10 g Tryptone 

(BD 211699) and ddH2O 

SDS-PAGE sample buffer 

100 ul 1M DTT (Bio Basic DB0058) and 100 µl 1.5M Tris-HCl pH 8.8 [Tris base (Fisher 

BP152-5), Hydrochloric acid (Fisher A144-212)] are added to 800 µl of stock sample 

buffer [30% Glycerol (Fisher BP229-4), 6% SDS (Fisher BP166), 160mM Tris-HCl pH 

6.8 [Tris base (Fisher BP152-5), Hydrochloric acid (Fisher A144-212)] and 0.004% 

Bromophenol blue (Fisher BP115-25)] 

NuPAGE sample buffer 

0.6 mL 4X LDS Sample Buffer (Thermo Fisher NP0007), 0.25 mL 10X Sample 

Reducing Buffer (Thermo Fisher NP0009) and 0.15 mL ddH2O 

5x Laemmli sample buffer 

0.5M DTT (Bio Basic DB0058), 50% Glycerol (Fisher BP229-4), 250mM Tris-HCl pH 

6.8 [Tris base (Fisher BP152-5), Hydrochloric acid (Fisher A144-212)], 10% SDS (Fisher 

BP166), 25% B-mercaptoethanol (Sigma M6250) and Bromophenol blue (Fisher BP115-

25) 
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TELS buffer 

0.5 mL of 1M LiCl stock (AnalaR 10374), 0.1 mL of 0.5M EDTA pH 8.0 (Sigma 03690), 

0.05 mL of 1M Tris pH 8.0 [Tris base (Fisher BP1525), Hydrochloric acid (Fisher A144-

212)], 0.25 mL of 10% SDS (Invitrogen 15525-017) and 4.1 mL of ddH2O 

PolyP lysis buffer 

9.7 mL ice cold lysis buffer stock solution [7 mM EDTA (Sigma ED2SS), 150 mM NaCl 

(Sigma S9888), 50 mM Tris-HCl pH 8.9 [Tris base (Fisher BP152-5), Hydrochloric acid 

(Fisher A144-212)], 20 µl 1M Imidazole (Sigma I0250), 10 µl 1M Sodium Fluoride 

(Sigma 201154), 11.5 µl 1M Sodium Molybdate (Sigma 243655), 50 µl 200 mM Sodium 

Orthovanadate (NEB P0758S), 50 µl 1M DTT (BioBasic DB0058), 10 µl 5 mM 

Cantharidin (Sigma C7632), 100 µl 2.5 mM (-)-p-bromotetramisole Oxalate (Sigma 

190047), 100 µl Sigma protease inhibitor cocktail (Sigma P8215), 100 µl 100 mgs/mL 

PMSF (Sigma P7626) and 1 cOmplete protease inhibitor tablet (Roche 4693132001) 

RIPA lysis buffer 

10 mL ice cold lysis buffer stock solution [100 mM NaCl (Invitrogen AM9759), 10 mM 

Tris-HCl pH 7.4 [Tris base (Fisher BP152-5), Hydrochloric acid (Fisher A144-212)], 1 

mM EDTA (Sigma 03690), 1% IGEPAL CA-630 (Sigma I8896), 0.5% Sodium 

Deoxycholate (Sigma D6750), 0.1% SDS (Invitrogen 15525-017)], 500 µl Sodium 

Floride (0.5M, Sigma 201154), 500µl Glycerol-2-Phosphate (1M, Sigma G9422), 500µl 

Nicotinamide (1M, Sigma N3376), 500µl PMSF (1mg/mL, Sigma P7626), 500µl Sodium 

Butyrate (1M, Sigma 303410) and 1 cOmplete protease inhibitor tablet (Roche 

4693132001) 
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Triton X buffer (0.01%) 

500µl 1M Tris pH 7.4 [Tris base (Fisher BP152-5) and Hydrochloric acid (Fisher A144-

212)], 1.5 mL 5M NaCl (Sigma S9888), 50µl 10% Triton X stock solution [Triton X 

(Sigma X100) and ddH2O], fill to 45 mL with ddH2O, 1 cOmplete protease inhibitor 

tablet (Roche 4693132001), 500 µl Sodium Floride (0.5M, Sigma 201154), 500µl 

Glycerol-2-Phosphate (1M, Sigma G9422), 500µl Nicotinamide (1M, Sigma N3376), 

500µl PMSF (1mg/mL, Sigma P7626) and 500µl Sodium Butyrate (1M, Sigma 303410) 

SDS running buffer 

100 mL of 10X 1L stock solution [188g Glycine (Fisher BP381-5), 30.2 g Tris base 

(Fisher BP152-5), 10 g SDS (Fisher BP166)] and 900 mL ddH2O 

SDS transfer buffer 

100 mL of 10X 1L stock solution [166.175 g Glycine (Bio Basic GB0235), 30.275 g Tris 

base (Fisher BP152-5), ddH2O], 200 mL Methanol (Fisher A412P-4) and 700 mL ddH2O 

NuPAGE running buffer 

50 mL of 20X 1L stock solution [121.1 g Bis-Tris (Sigma B9754), 209.2 g MOPS 

(Sigma M1254), 20 g SDS (Fisher BP166), 12 g EDTA (Sigma ED2SS), ddH2O] and 950 

mL ddH2O 

NuPAGE transfer buffer 

50 mL of 20X 1L stock solution [104.8 g Bis-Tris (Sigma B9754), 81.6 g Bicine (Sigma 

B3876), 6 g EDTA (Sigma ED2SS), ddH2O], 200 mL Methanol and 750 mL ddH2O 

SDS-PAGE gel 

For the resolving gel: 30% Acrylamide solution (Bio-rad 161-0158), ddH2O, 1.5M Tris 

buffer pH 8.8 [Tris base (Fisher BP1525), Hydrochloric acid (Fisher A144-212)], 10% 
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APS [5 g Ammonium Persulfate (Sigma A3678), up to 50 mL ddH2O], 10% SDS 

(Invitrogen 15525-017) and TEMED (Bio Basic TB0508). For the stacking gel: 30% 

Acrylamide solution (Bio-rad 161-0158), ddH2O, 1M Tris buffer pH 6.8 [Tris base 

(Fisher BP1525), Hydrochloric acid (Fisher A144-212)], 10% APS (Sigma A3678), 10% 

SDS (Invitrogen 15525-017) and TEMED (Bio Basic TB0508) 

5xTBE 

For 1L: 54 g Tris Base (Fisher 164824), 27.5 g Boric acid (Fisher 141011), 20 mL 0.5M 

EDTA pH 8.0 (Sigma 03690) and ddH2O 

10% TBE-Urea gel 

8 mL of 5xTBE stock, 6.67 mL of 30% Acrylamide solution (Bio-rad 161-0158), 19.2 g 

UREA (Fisher BP169), up to 40 mL ddH2O, 400 µl of 10% APS [5 g Ammonium 

Persulfate (Sigma A3678), up to 50 mL ddH2O] and 40 µl of TEMED (Bio Basic 

TB0508) 

1xTBS-T 

100 mL of 10X 1L stock solution TBS pH 7.5 [30 g Tris base (Fisher BP152-5), 88 g 

NaCl (Sigma S9888-5KG), 2 g KCl (Sigma P9333-500G), Hydrochloric acid (Fisher 

A144-212)], 10 mL 10% Tween (Fisher BP337-500) and 890 mL ddH2O 

20xPBS 

For 2L: 320 g NaCl (Sigma S9888-5KG), 8 g KCl (Sigma P9333-500G), 57.6 g 

Na2HPO4-H2O (Analar B10249-34), 9.6 g KH2PO4 (Sigma P0662-500G) and ddH2O 

 

 

 


