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ABSTRACT 
 
Polyphosphate (polyP) is a polymer of inorganic phosphate residues that can range from three 

residues to thousands in length. These polymers are conserved across most organisms where they 

participate in a multitude of cellular functions. In yeast, polyP is synthesized and stored within the 

vacuole where it is involved in phosphate, ion, and pH homeostasis. Despite growing interest in 

polyP’s role in a variety of diseases there are still many questions relating to its fundamental 

biology that remain unanswered.  

We first set out to expand the scope of polyP-binding proteins in yeast. We performed an 

expanded screen of 200 yeast proteins that were not screened in our groups previous screen for 

polyP-binding proteins published in 2018. We identify 8 new polyP-binding proteins that interact 

genetically and physically with previous targets involved in ribosome biogenesis. These include 

two proteins involved in vacuolar function – the Prb1 protease and the Apl5 subunit of the AP-3 

complex. The ability of polyP to bind to these proteins suggests a model for feedback regulation 

of polyP synthesis in the vacuole.  

In many cell types, polyphosphate is concentrated in subcellular compartments or 

organelles. In budding yeast, polyP synthesis by the membrane-bound vacuolar transporter 

chaperone (VTC) complex is coupled to its translocation into the lumen of the vacuole, a lysosome-

like organelle, where it is stored at high concentrations. In contrast, the ectopic expression of the 

bacterial polyphosphate kinase (PPK) results in the toxic accumulation of polyP outside the 

vacuole. We used label-free mass spectrometry to investigate the mechanisms underlying this 

toxicity. We find that PPK expression results in the activation of a stress response mediated in part 

by the Hog1 and Yak1 kinases and the Msn2/Msn4 transcription factors as well as changes in 

protein kinase A (PKA) activity. This response is countered by the combined action of the Ddp1 
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and Ppx1 polyphosphatases that function together to counter polyP accumulation and downstream 

toxicity. 

Finally, we performed a protein mutagenesis screen to explore the structure and function 

of the Ddp1 endopolyphosphatase. We used our ectopic PPK expression system (described above) 

to compare the ability of Ddp1 mutants and wild-type Ddp1 to rescue the PPK-induced toxicity. 

Our screen confirms many phosphate recognition residues important for Ddp1’s polyphosphatase 

activity in vivo. We also developed a plasmid shuffle system in a pyrophosphatase mutant strain 

that presumably accumulates toxic levels of 1,5-bisdiphosphoinositol tetrakisphosphate (1,5-IP8) 

to expand our Ddp1 mutagenesis screen and study the regulation of its pyrophosphatase activity 

in vivo. Moreover, DIPP1, the mammalian homologue of Ddp1, can complement the loss of the 

yeast protein, highlighting that this system could be used to perform mutagenesis screens on other 

pyrophosphatases in the future.  

Together this work expands on potential functions of polyP in yeast and provides insight 

into the importance of polyP compartmentalization in eukaryotes. Moreover, it provides insight 

into the multiple functions of Ddp1 and how they might be regulated in vivo. 
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1.1.  Renewed interest in an old molecule 

Polyphosphate (polyP) is a polymer of at least three inorganic phosphate residues linked by high 

energy phosphoanhydride bonds (1) (Figure 1). These polymers are conserved across most 

organisms, except for plants where they have not conclusively been detected (2). Although these 

chains were first discovered over a century ago, and may have arisen during the prebiotic era (3,4), 

polyP research has only more recently gained significant interest. This is largely because there is 

growing evidence that polyP is involved in various physiological disorders (5–8). Despite the 

recent boom in polyP research there are still many questions relating to its basic biology that 

remain unanswered. Work in mammalian cells is complicated by a lack of knowledge about the 

enzymes that produce and degrade polyP (9). Nonetheless, this has not stopped researchers from 

identifying a multitude of potential functions of polyP in higher eukaryotes. However, the lack of 

candidate enzymes responsible for polyP synthesis in mammalian cells has made the budding yeast 

Saccharomyces cerevisiae a workhorse in the polyP field (10). 

 

 

 
 

 
Figure 1. Schematic representation of a polyP chain. PolyP chains are polymers of at least three 
phosphate residues joined together by high energy phosphoanhydride bonds. These chains range 
from three to hundreds of phosphate units in length. The negative charge imparted by the oxygen 
atoms make these chains highly anionic. 
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1.2. PolyP synthesis and localization  

1.2.1.   Bacteria 

In bacteria, polyP is synthesized by a highly conserved polyphosphate kinase (PPK) that uses ATP 

to add phosphate residues to growing chains (11–13) (Figure 2). PolyP levels are kept low under 

optimal conditions, such as growth in rich media (14). However, when cells are starved for 

nutrients, polyP levels rapidly accumulate to help the cells adapt to stress (14). How polyP 

accumulation is regulated is still unclear, but it may be post-translational. PPK is 

autophosphorylated before polyP synthesis occurs (12) and its dimerization is also likely critical 

(15). PolyP synthesis machinery is well conserved across bacteria and most bacteria have a single 

PPK enzyme. However, some bacteria also have a PPK2 enzyme which primarily degrades polyP 

to make GTP, but can also synthesize polyP from ATP (16,17). The PPK synthetase from 

Escherichia coli is thought to act as a homodimer or homotetramer and is localized to the inner 

membrane (15,18). Although bacteria lack membrane bound organelles, the polyP produced by 

PPK is often localized into granules within the cytosol (19–21). Recent work in E. coli has 

demonstrated that during nitrogen starvation polyP co-localizes with Hfq to form Hfq-PolyP (HP) 

bodies which segregate specific types of RNAs until nitrogen repletion (22). The formation of 

polyP granules may serve as a way of regulating polyP localization and function in the absence of 

membrane-bound organelles. 

1.2.2.   Yeast 

In yeast, polyP synthesis is accomplished via the vacuolar transporter chaperone (VTC) complex 

which is predominantly localized to the vacuolar membrane (23) (Figure 2). The VTC complex is 

composed of multiple individual subunits: Vtc1, Vtc2 or Vtc3, and Vtc4 (24–26). The complex 

stoichiometry consists of 3 Vtc1 subunits, 1 Vtc2 or Vtc3 subunit, and 1 Vtc4 subunit (25–27).  
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Figure 2. Schematic representation of polyP synthesis enzymes in bacteria and yeast. 
Bacterial polyP is synthesized by the polyP kinase PPK during stress conditions, such as nutrient 
starvation. PPK is thought to act as a membrane-bound dimer or homotetramer. PolyP localizes 
into granules in the cytosol of bacteria. Yeast polyP is synthesized by the membrane-bound VTC 
complex, which is composed of 3 Vtc1 subunits, 1 Vtc2 or Vtc3 subunit, and 1 Vtc4 subunit. Vtc4 
and Vtc2/3 contain SPX domains which can be bound by inositol pyrophosphates, such as IP8, to 
stimulate polyP synthesis. In yeast, polyP synthesis simultaneously drives the transport of polyP 
into the vacuole where it is stored in high concentration.  
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Additionally, Vtc5, which is not required for polyP synthesis, can be recruited to increase the rate 

of synthesis of the complex (28). Vtc4 is the central catalytic subunit of the complex and uses the 

g-phosphate of ATP to grow chains of polyP (23). The VTC complex is regulated by phosphate 

availability in the cell. Individual subunits of the VTC complex belong to the PHO regulon and 

their transcription is induced during phosphate starvation (29). Moreover, the catalytic activity of 

the complex is directly stimulated by inositol pyrophosphates, which are important phosphate 

signaling molecules that communicate cytosolic inorganic phosphate levels via SPX (Syg1 Pho81 

Xpr1) domain binding (25–27,30–32). Recent work demonstrated that inositol pyrophosphate 

binding to the SPX domains of Vtc2/3 and Vtc4 disrupts SPX-SPX domain interactions between 

the subunits and activates Vtc4-dependent polyP synthesis (27). During synthesis, the growing 

polyP chains are simultaneously transported into the vacuolar lumen where they are stored at high 

concentrations (33). The coupled synthesis and transport of polyP is thought to be important to 

prevent the toxic effects of polyP accumulation outside of the vacuole (33). Indeed, ectopic 

expression of E. coli PPK, encoding the bacterial polyP synthetase, leads to cytoplasmic polyP 

accumulation which is toxic suggesting that vacuolar sequestration of polyP is important (33,34). 

This segregation of polyP stores appears to be conserved across eukaryotes, including 

trypanosomes and mammals, where it is also often localized within acidocalcisome-like organelles 

(33,35). Although polyP is compartmentalized within the vacuole it has also been detected in other 

subcellular compartments in lower concentrations, such as the nucleus (36,37), the cytoplasm (38), 

and the mitochondria (39,40). Whether these small pools of polyP are synthesized locally or 

transported from the vacuole is still unclear. Interestingly, VTC subunits localize around the 

nucleus (believed to be the endoplasmic reticulum) and the cell periphery under phosphate replete 

conditions (23,41), but whether this population of the VTC complex produces polyP is still unclear. 
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Nonetheless, understanding why polyP is stored in the vacuole and how it might localize to other 

compartments under specific conditions remains an important question for future research.  

 

1.2.3.   Mammalian cells 

Despite the explosion of recent interest in polyP and its links to various physiological disorders in 

mammalian systems, the enzymes that produce and degrade polyP in higher eukaryotes are not 

well characterized (9). Efforts to identify proteins with homology to bacterial PPK and yeast VTC 

proteins have been unsuccessful and have made the identification of a mammalian polyP 

synthetase difficult (9,42). More recently, the mitochondrial FOF1-ATP synthase has been shown 

to synthesize and hydrolyse polyP in assays using isolated mitochondria (43), but it’s contribution 

to polyP levels in vivo has not been demonstrated. Because the enzymes responsible for polyP 

production have not been identified researchers have resorted to manipulating polyP levels via 

exogenous addition of polyP or via the expression of polyP producing and degrading enzymes 

from bacteria and yeast. Similarly to yeast, polyP is also compartmentalized into acidocalcisome-

like organelles. For example, polyP is stored in the dense granules of platelet cells and is important 

for activating the blood clotting cascade when needed (44). In astrocytes, polyP is also localized 

to vesicle-like structures and is released in a calcium-dependent manner to activate nearby neurons 

(45). Thus, compartmentalization of polyP into specific organelles appears to be a conserved mode 

of regulation across eukaryotes.  

 

1.3. Enzymes involved in polyP degradation 

Enzymes that degrade polyP are termed polyphosphatases. These enzymes can be classified into 

two groups: endopolyphosphatases which cleave internal phosphoanhydride bonds to generate two 



Chapter 1 – Introduction 

 7 

shorter chains, or exopolyphosphatases which cleave terminal bonds to release a single phosphate 

residue and produce a shorter chain (Figure 3). These polyphosphatase enzymes often use specific 

cations for their enzymatic function and play important roles in regulating polyP levels as well as 

chain lengths.  

1.3.1.   Polyphosphatases in bacteria 

The only known polyphosphatase enzyme in bacteria is the PPX exopolyphosphatase. The PPX 

enzyme is conserved across bacteria and functions as a dimer that hydrolyzes polyP chains 

processively from the terminal phosphate residue (46). Cells lacking PPX have higher levels of 

polyP during stress conditions compared to wild-type cells (47). The N-terminus contains its 

catalytic site and shares homology with the acetate and sugar kinase/Hsp70/actin (ASKHA) 

phosphotransferase superfamily (48). The C-terminus contains the polyP binding domain, which 

is often used as a probe to detect polyP via microscopy in fixed cells (38). Interestingly, a linker 

that links the N- and C-terminal regions is important for determining polyphosphatase activity in 

vitro (49). The length of this linker appears to directly correlate with polyphosphatase activity (49). 

Since bacteria only possess an exopolyphosphatase, the endopolyphosphatase function of polyP 

degrading enzymes likely arose during evolution in eukaryotes. 

1.3.2.   Polyphosphatases in yeast 

1.3.2.1. Vacuolar polyphosphatases  

The enzymes involved in degrading polyP in yeast are better characterized than in higher 

eukaryotes, making it an ideal model for studying polyP biology. However, there are still many 

open questions in terms of the in vivo roles for polyphosphatases. The genetic tools available for 

yeast may permit rapid dissection of such functional and regulatory pathways. The majority of 

polyP synthesized by the VTC complex in yeast is simultaneously transported and stored in the  
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Figure 3. Schematic of eukaryotic polyphosphatases including yeast and mammalian 
enzymes. Characterized and proposed polyphosphatases are classified as endopolyphosphatases 
or exopolyphosphatases based on their activity.  
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vacuole (33). Here reside two polyphosphatases that directly regulate polyP levels and chain 

length, and a phosphatase that impacts polyP levels via an unknown mechanism. 

1.3.2.1.1. Ppn1 

The Ppn1 polyphosphatase is thought to act as a homotetramer composed of four 35 kDa subunits 

(50). Notably, it is a dual-activity polyphosphatase that can cleave internal phosphoanhydride 

bonds to generate two shorter chains, or cleave terminal bonds to release a single inorganic 

phosphate (50,51). How this dual endo- and exopolyphosphatase activity is regulated is unclear, 

but in vitro data suggest that Ppn1 catalytic activity might be modulated by specific divalent 

cations. Although Ppn1 displays endopolyphosphatase activity in the presence of Mn2+, Mg2+, 

Co2+, or Zn2+, addition of Co2+ was shown to specifically promote its exopolyphosphatase activity 

(52–54). However, it is unclear how these metal cofactors impact the polyphosphatase activity 

within the vacuole itself, where a multitude of metal ions are stored and likely compete to interact 

with polyP (55). The in vitro activity of Ppn1 has been tested across a wide range of pHs and 

optimal activity was observed around pH 7.5 (54). However, it maintained some activity at lower 

pHs overlapping with those suggested for the vacuole, which is mildly acidic under various growth 

conditions (56). 

Notably, Ppn1 is first synthesized as a 78 kDa protein precursor (Figure 4) that is trafficked 

to the vacuole through the multivesicular body (MVB) pathway, a process that is dependent on 

Rsp5 and Tul1-mediated ubiquitination (57,58). Within the vacuole lumen, the Ppn1 precursor is 

N- and C-terminally cleaved by vacuolar proteases to generate the mature polypeptide (51). 

Activation appears to be dependent on glycosylation since the mutation of three asparagine 

residues predicted to be modification sites abolishes polyphosphatase activity (50), which may 

represent an important mechanism for regulation. Importantly, expression of only the predicted  
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Figure 4. Domain structure of eukaryotic endo- and exopolyphosphatase enzymes. 
Coordinates based on Pfam (http://pfam-legacy.xfam.org/) (59).  
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mature form of Ppn1 does not result in an active enzyme (51). This suggests that the actual process 

of maturation is important for the enzyme's function, perhaps via facilitation of polypeptide 

folding. 

Ppn1 is thought to play a role in phosphate homeostasis by processing long-chain polyP 

into inorganic phosphate which can then be exported from the vacuole when phosphate levels are 

low. Its expression is upregulated during low phosphate conditions, and ppn1∆ mutants 

accumulate longer chain polyP and lower levels of orthophosphate (29,60). Additionally, there is 

evidence to suggest that the role of Ppn1 in regulating chain length is particularly prominent during 

the stationary phase when nutrients have been expended (50,61). Therefore, it is tempting to 

speculate that Ppn1 trafficking to the vacuole or its processing by vacuolar proteases may be 

regulated by changes in nutrient availability. 

1.3.2.1.2. Ppn2  

The Ppn2 polyphosphatase is also localized to the vacuole where it acts as an endopolyphosphatase 

that can cleave polyP chains into shorter ones (61). It belongs to the phosphoprotein phosphatase 

family of metallophosphatases (Figure 4), defined by three highly conserved sequence motifs, 

which contain two catalytic aspartic acid residues (61). Mutating either of these aspartic acids to 

asparagine was shown to ablate Ppn2 polyphosphatase activity in vitro (61). The 

endopolyphosphatase activity of Ppn2 is Zn2+ or Co2+-dependent in vitro, but is likely Zn2+-

dependent in vivo (61). It is unclear if Ppn2 acts a monomer or in a complex, and structural studies 

are still needed to address this question. Additionally, since its in vitro activity has been assayed 

only at pH 6.8 (61) and 7.2 (53), testing under acidic conditions is warranted. Ppn2 is also thought 

to be trafficked via the MVB pathway to the vacuole lumen (61), but there is no evidence to suggest 

that proteolytic processing is necessary for its activity. Cells deleted for PPN2 accumulate longer 
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polyP chains during early logarithmic growth, however, this effect is much more drastic 

in ppn1∆ ppn2∆ cells at all phases of growth, suggesting Ppn1 and Ppn2 function redundantly (61). 

How the enzymatic activity of these two vacuolar polyphosphatases is balanced during specific 

growth periods remains an interesting avenue for future studies. 

1.3.2.1.3. Pho8 

The Pho8 alkaline phosphatase (ALP) of yeast is homologous to the mammalian ALPs (Figure 4). 

It is synthesized as an inactive precursor that is trafficked to the vacuole through the secretory 

pathway, where it is activated by Pep4 or Prb1 via a C-terminal cleavage event (62–64). Within 

the vacuole, the active enzyme can exist as a membrane-bound or a soluble form that also lacks 62 

amino acids on the N-terminus (62,64,65). Pho8 is a Zn2+ and Mg2+-dependent protein phosphatase 

that dephosphorylates p-nitrophenyl phosphate and phosphopeptides in vitro, suggesting that it 

dephosphorylates proteins in the vacuole to recycle phosphate (64,66,67). Additionally, it was 

shown that purified Pho8 has activity towards fructose 2,6-biphosphate, and extracts from pho8∆ 

mutants did not possess fructose-2,6-bisphosphate 6-phosphatase activity (68). It is also involved 

in nicotinamide adenine dinucleotide metabolism by potentially converting nicotinamide 

mononucleotide into nicotinamide riboside in the vacuole (69). 

More recently, it was shown that pho8∆ mutants accumulate higher levels of polyP than 

wild-type cells, although the chain lengths of extracted polyP were not affected (70). This could 

suggest that Pho8 does not directly act as a polyphosphatase, but may instead regulate the 

accumulation of polyP through other pathways. However, direct polyphosphatase activity of Pho8 

has not been ruled out and there is evidence to suggest that the ALP isolated from the 

yeast Candida utilis is active in this regard (71). Interestingly, Gerasimaitė et al. showed that Pho8 

co-immunoprecipitated with Ppn2 at equal levels, suggesting they might form a complex (61).   



Chapter 1 – Introduction 

 13 

However, Ppn2 immunoprecipitated from pho8∆ mutants still possessed polyphosphatase 

activity in vitro, indicating that Pho8 is not required for Ppn2 activity (61). Nevertheless, this does 

not rule out the possibility that Pho8 might regulate Ppn2 activity in vivo via other means. An 

interesting possibility is that Pho8 might act as an exopolyphosphatase and that the Ppn2-Pho8 

complex works by processively cleaving long-chains into shorter chains via Ppn2, followed by 

Pho8-dependent conversion of those short chains into inorganic phosphate. 

1.3.2.2. Nonvacuolar polyphosphatases 

The prevailing idea that polyP levels are kept high in the vacuole and kept low in other 

compartments would suggest a tight regulation of polyP levels outside the vacuole. There are two 

enzymes that are thought to degrade polyP beyond the vacuole: the endopolyphosphatase Ddp1 

and the exopolyphosphatase Ppx1, but their functional roles in vivo remain unclear. 

1.3.2.2.1. Ddp1 

The diadenosine and diphosphoinositol polyphosphate phosphohydrolase (Ddp1) appears to be 

largely localized in the cytoplasm, but is also detected in the nucleus (37,72,73). It is a relatively 

small 21.5 kDa protein from the Nudix hydrolase family (Figure 4) that has been ascribed a 

number of enzymatic activities (Figure 5). First, it is an inositol pyrophosphatase that 

dephosphorylates 1-IP7 with the greatest affinity, and ddp1∆ mutants accumulate high levels of 1-

IP7 (30,74–78). However, Ddp1 can also hydrolyse 5-IP7 and 1,5-IP8 with lower affinity in vitro 

(77,79), and ddp1∆ mutants have also been shown to accumulate higher levels of 1,5-IP8 (30). 

Inositol pyrophosphates are high-energy molecules composed of an inositol ring modified by 

mono- or diphosphates and are involved in eukaryotic cell signalling (80). Interestingly, inositol 

pyrophosphates have been shown to regulate VTC activity and polyP synthesis by binding to SPX 

domains (31,32). 5-IP7 was shown to have the greatest stimulatory effect on the VTC complex in 
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Figure 5: The many ascribed functions of yeast Ddp1. Ddp1 can cleave 1-IP7 into IP6, and 1,5-
IP8 into 5-IP7 in vivo. As an endopolyphosphatase, Ddp1 can cleave polyP chains internally to 
generate two shorter chains in vivo. Ddp1 has also been shown to cleave the 5’-7-methlyguanosine 
(7’mG) cap of RNA in vitro. Finally, Ddp1 was first characterized as a nucleotide polyphosphatase 
able to cleave diadenosine hexaphosphate in vitro.  
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 vivo, whereas high levels of 1-IP7 did not stimulate VTC-dependent polyP synthesis (32). More 

recent work has demonstrated that inositol pyrophosphate binding to the Vtc2 and Vtc3 subunits 

disrupts SPX-SPX interactions with Vtc4 to promote polyP synthesis (27). Here, 1,5-IP8 was 

shown to have the strongest stimulatory effect on VTC activity, followed by 5-IP7 and IP6 (27). 

This link between inositol pyrophosphate and polyP metabolism suggests that Ddp1 might 

indirectly affect polyP levels via its inositol pyrophosphate activity in a manner that is still unclear. 

Second, Ddp1 might directly impact polyP levels as a polyphosphatase considering it has also been 

shown to degrade polyP in vitro at pH 6.8–8, and deletion of DDP1 impacts polyP levels in the 

cell (34,76). Specifically, cells deleted for DDP1 accumulate 20% less polyP than wild-type cells 

(76), but overexpression of Ddp1 in cells ectopically expressing E. coli PPK reduces PPK-

synthesized nonvacuolar polyP to background levels (34). This polyphosphatase activity is largely 

dependent on Mg2+, Co2+, or Mn2+ cofactors in vitro (76,81). Notably, Ddp1 has been shown to 

have a higher affinity for polyP than inositol pyrophosphates (76). Finally, it has been shown to 

degrade diadenosine polyphosphate (74,82), and can cleave 7-methylguanosine caps from the 5′ 

end of mRNA in vitro (83), although these functions have not been investigated in vivo. The latter 

functions appear dependent on Mn2+ in vitro, but higher concentrations of Mg2+ can promote 

diadenosine polyphosphate hydrolysis (82,83). Mutation of two glutamic acids within the Nudix 

box (Figure 4) has been shown to abrogate polyphosphatase and decapping activity in vitro 

(76,83). More recently, the molecular structure of Ddp1 bound to pyrophosphates, diadenosine 

polyphosphates, and polyP has been determined (84). This work revealed the phosphate binding 

moieties important for substrate binding and reaffirmed Ddp1 preference for polyP (84). 

Considering its many ascribed functions in vitro, it will be important to fully explore the functions 
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of Ddp1 in vivo and to study its regulatory regions to uncover how the cell might coordinate these 

various activities. 

1.3.2.2.2. Ppx1 

The Ppx1 exopolyphosphatase is a 40–45 kDa monomeric enzyme that degrades polyP by cleaving 

terminal phosphoanhydride bonds to remove a single phosphate and thereby generate a shorter 

chain (85–88). It is the only known yeast polyphosphatase that possesses only exopolyphosphatase 

activity. Despite its name, it does not share homology with the E. coli polyphosphatase PPX (87). 

Instead, it belongs to the DHH phosphoesterase superfamily (Figure 4) and is structurally similar 

to the family II pyrophosphatases (87,88). However, unlike Ddp1, Ppx1 cannot act on inositol 

pyrophosphates (76). The catalytic activity of Ppx1 is dependent on Mg2+, Mn2+, or Co2+ and is 

optimal between pH 6.8 and 8.8 in vitro (86,88). It is mainly thought to localize to the cytoplasm 

(72), although it is notable that ppx1∆ mutants have decreased exopolyphosphatase activity in 

mitochondrial fractions, indicating that Ppx1 might localize in part to the mitochondria (89). The 

functional role of Ppx1 remains unclear and there are no tractable phenotypes described 

for ppx1∆ mutants. The expression of Ppx1 is not affected by levels of phosphate in the cell 

suggesting that it is not regulated by the PHO regulon (29), while its post-translational regulation 

has yet to be explored. Furthermore, ppx1∆ mutants do not show obvious changes in polyP chain 

length (76), although this could be because it is not localized to the vacuole lumen where most of 

the polyP is stored. Despite a lack of clear phenotypes in ppx1∆ cells, Ppx1 might be important for 

regulating the polyphosphorylation of proteins by removing the modification from target lysines. 

Indeed, this activity has been described in vitro for both Ppx1 and Ddp1 (36). 

1.3.3.   Polyphosphatases in mammalian cells 

While mechanisms of polyP synthesis in human cells remain poorly characterized, there has been 
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some progress in identifying candidate polyphosphatase enzymes. Still, the context under which 

these enzymes are relevant and how their activities may be regulated in vivo is unclear. In this 

section, we focus on the intracellular DIPP1 and Prune proteins, as well as alkaline and acid 

phosphatases, which are proposed to degrade extracellular pools of polyP. 

1.3.3.1. DIPP1/NUDT3 

Work from Lonetti et al. (76) demonstrated that Ddp1 homologs DIPP1 (Figure 4), DIPP2 and 

DIPP3, have endopolyphosphatase activity in vitro at pH 8–9. While this activity was first 

measured at a much lower level than that of Ddp1 (76), subsequent work showed that inclusion of 

Zn2+ or Mn2+ as the divalent cation greatly improves DIPP1 ability to cleave polyP chains (90). 

Moreover, the enzyme is active in reaction conditions spanning physiological pH (90). Using the 

Xpress-PPBD probe to detect nuclear polyP, Samper-Martín et al. (90) demonstrated a Zn2+-

dependent reduction of polyP with DIPP1 overexpression, and a corresponding increase in polyP 

following its knockdown. Since the available level of Zn2+ in the cell is usually quite low (90), one 

might question when this activity would be relevant. The authors present evidence suggesting that 

treatment of cells with H2O2 causes an increase in available zinc, coincident with a DIPP1-

dependent decrease in nuclear polyP (90). Functionally, DIPP1 is required for limiting 

accumulation of gamma-H2AX foci, a marker of DNA damage, and preservation of viability after 

H2O2 treatment (90). The mechanism by which polyP is acting in this scenario is currently 

unknown, but this remains an exciting area for future work. 

Interestingly, in contrast to yeast Ddp1, ectopic expression of human DIPP1 in yeast failed 

to decrease polyP levels or rescue toxicity associated with accumulation of nonvacuolar polyP 

made by the E. coli PPK enzyme (34). This remained true even when cells were supplemented 

with high levels of zinc (34). This could simply reflect a failure of ectopically expressed DIPP1 to 
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localize to compartments that house PPK-synthesized polyP, or an inability of DIPP1 to target the 

very long polyP chains that PPK makes. More interesting is the possibility that this seemingly 

contradictory result reflects the requirement for cofactors unique to mammalian cells, at least 

for in vivo activity. 

Finally, DIPP1 also functions in inositol pyrophosphate metabolism (77) and mRNA 

decapping (91,92). How these various functions might be coordinated is unknown, although it is 

noteworthy that Zn2+ does not stimulate the inositol pyrophosphatase activity of DIPP1, which 

instead requires Mg2+ (90). As DIPP1 localizes to both the nucleus and cytoplasm (90), it is 

possible that various activities are dictated in part by cation concentrations in these compartments. 

1.3.3.2. Prune 

The name Prune comes from the protein homology to a Drosophila protein of the same name 

whose mutation results in a loss of red pigmentation in the eyes (93,94). Human Prune is a 453 

amino acid protein that is mostly cytoplasmic (95,96), and can be conceptually segmented into two 

halves. The larger N-terminal region (roughly 370 amino acids) contains two globular domains 

(97). The C-terminal region contains a segment that is thought be intrinsically disordered, with 

subsections that have a propensity to form alpha helices, followed by a small compact domain at 

the very end of the protein (97). The N-terminal region encodes a catalytic domain with homology 

to Ppx1 (Figure 4) (98), originally characterized as having phosphodiesterase activity against 

cAMP (99). Subsequent work described an exopolyphosphatase activity for Prune at pH 7.2 that 

is three orders of magnitude greater than its phosphodiesterase activity, calling into question the 

relevant in vivo activity (98). In contrast to Ppx1, Prune prefers very short chains of 3–4 phosphate 

moieties in length, with limited to no activity against polyP chains of 25 moieties or longer 

(98,100). Like other exopolyphosphatases, Prune requires metal cofactors, such as Mg2+ or Co2+. 
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In contrast, its activity is inhibited by Zn2+ (98). 

To our knowledge, there are no studies that link Prune expression to changes in polyP 

levels in vivo. It is unclear if the type of very short chains preferred by Prune (e.g. triphosphates) 

even exist to any appreciable extent in human cells (101). Of course, it could indeed be the action 

of Prune which keeps triphosphate levels low. Prune could also work in concert with 

endopolyphosphatase enzymes to increase the conversion of longer chains to orthophosphate. As 

a starting point, it would be interesting to test the impact of Prune overexpression or knockdown 

using the probes employed by Samper-Martín et al. for the study of DIPP1 (90). Notably, like 

DIPP1, ectopic expression of Prune fails to reduce polyP levels in PPK-expressing yeast cells 

accumulating long-chain polyP outside of the vacuole (34). However, this may be in part due to 

the preference of Prune for very short polyP chains (98). As suggested for DIPP1, the contribution 

of Prune to polyP metabolism in vivo may only become apparent under specific conditions or in 

the presence of cofactors unique to higher eukaryotes. 

One reason why interest in Prune remains high is that its elevated expression is a proposed 

biomarker for the progression of diverse cancers. Here, we point the reader to an excellent review 

by Bibbo et al. (102). This role is thought to stem from Prune interaction, via its C-terminal region, 

with a number of proteins such as GSK-3β and an inhibitor of metastasis called Nm23-H1 

(97,103,104). In cancer cells, the binding of Prune to GSK-3β inhibits its function and promotes 

Wnt signalling, in part by promoting GSK-3β sequestration into multivesicular bodies (95). On 

the other hand, Prune is thought to cooperate with GSK-3β in the regulation of focal adhesions to 

promote cell migration (103). Prune also inhibits the function of Nm23-H1, and this is associated 

with increased cell motility in breast cancer cell models (96,99). Importantly, Nm23-H1 acts as an 

inhibitor of Prune polyphosphatase activity (98), but increases its cAMP phosphodiesterase 
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activity (99). It is possible that the binding of Prune C-terminal region to different partners 

functions in part to toggle its various enzymatic activities. In turn, the interactions could be 

regulated by various signalling cascades responding to internal or external stimuli. To this end, it 

is noteworthy that the Prune-Nm23-H1 interaction requires phosphorylation of Nm23-H1 by 

casein kinase II (96). However, there has been no substantial follow-up of the role of Prune's 

polyphosphatase activity in cancer cell metastasis. 

Finally, mutations in Prune are also thought to give rise to neurodevelopmental disorder 

with microcephaly, hypotonia, and variable brain anomalies (NMIHBA) (100,102,105). Prune 

mutations contributing to the disease can both increase (105) and decrease (100) polyphosphatase 

activity, suggesting a complicated relationship between polyP levels and the phenotypes associated 

with the disease. Whether NMIHBA represents a true ‘polyPathy’ warrants continued 

investigation. 

From a clinical perspective, the field will benefit from proteomic studies that define the 

full complement of proteins that interact with Prune in wild-type and disease cells of different 

origin. The BioGRID (106) database shows Prune interacting physically with 21 distinct proteins. 

Some of these contain enzymatic activities and could function as modulators of Prune 

activity in vivo via post-translational modifications. Future studies should begin by testing if these 

interactors are interdependent or mutually exclusive, and whether they impact Prune 

exopolyphosphatase activity or substrate preference. 

1.3.3.3. Alkaline and acid phosphatases 

Alkaline phosphatase is a membrane protein found in different cell types throughout the body. It 

shows robust exopolyphosphatase activity in vitro, including in some assays conducted at 

physiological pH (107–109). It is thought that polyP accumulating on the outside of certain types 



Chapter 1 – Introduction 

 21 

of cells, such as osteoblasts, can be processed by ALP to generate free phosphate that drives 

mineralization. Mechanistically, liberated phosphate may play a direct role in mineralization or 

serve as an energy source to drive reactions required for the process via ATP (re)generation (110–

112). At some cell surfaces, polyP may function to inhibit ALP action against other substrates such 

as pyrophosphate, which negatively regulates the mineralization process (109,113,114). Thus, the 

impact of polyP in mineralization appears very context-specific, with length of polyP chains, ion 

concentrations, and ALP expression levels potentially dictating outcomes (108,109,114–116). 

Different isoforms of ALP (e.g. placental, tissue-nonspecific (Figure 4), and intestinal ALP) seem 

to have different enzymatic properties and ion dependencies (107–109), which could add 

complexity to the regulation of polyP hydrolysis across different tissues. 

Importantly, ALP action on polyP at the cell surface could have important consequences 

beyond mineralization. For example, polyP is thought to bind at the cell surface by interacting 

directly with receptors imbedded in the plasma membrane (e.g. P2Y1) or receptor ligands (e.g. 

HMGB1, ligand of the RAGE receptor), to impact downstream signalling events in endothelial 

cells (117,118). These receptors are likely to differ between cell types. For example, the impact of 

polyP on macrophages is independent of P2Y1 and RAGE (119). Regardless, we theorize that ALP 

could play a role in degrading polyP bound at cell surfaces to turn off signalling cascades. ALP 

could also play a role in degrading polyP released by bacterial pathogens during infection (119). 

Finally, it is likely responsible for the short half-life of polyP in blood (5). 

Tartrate-resistant acid phosphatase (TRAP) is a metalloenzyme (Figure 4) that carries two 

iron atoms at its active site (120). It can cleave short polyP chains of 40 moieties in length to 

release free phosphate, suggestive of exopolyphosphatase activity (121). Long-chain polyP (e.g. 

P300) can also inhibit phosphatase activity of TRAP towards other substrates, even though it is 
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not actively degraded. It is theorized that this may be important for regulation of bone resorption 

by osteoclasts (121). Like ALP, the polyphosphatase activity of TRAP is proposed to occur at the 

cell surface (121). As such, a caveat of this work is that in vitro polyphosphatase assays were 

carried out at pH 5.5 (121). It is unclear if this enzyme is also active at physiological pH. 

Alternatively, transient microenvironments at cell surfaces in vivo may permit its action outside 

the pH range normally measured for whole cells and tissues (120). While to our knowledge there 

are no additional studies regarding its role in polyP turnover, TRAP is certainly worthy of further 

investigation. Understanding how polyP is targeted outside of the cell will be critical for efforts 

aimed at delivering polyP for therapeutic purposes. 

 

1.4. Functions of polyP 

PolyP has been shown to play a role in various cellular functions in all kingdoms of life. Its function 

has been well studied in bacteria, which normally have low levels of polyP, but rapidly accumulate 

polyP in response to various stressors such as salt stress (14), nutrient starvation (14), and oxidative 

stress (122). During oxidative stress polyP can act as a protein chaperone by binding to partially 

unfolded proteins to promote their proper refolding and prevent protein aggregation (122). Cells 

lacking PPK have impaired virulence, biofilm formation, and are more susceptible to antibiotics 

suggesting that polyP is important for bacterial pathogenesis (123). In fact, bacterial polyP is 

involved in host-pathogen interactions and can directly interfere with the innate immune response 

(119). Thus PPK has been suggested as a potential target in the fight against antibiotic resistant 

bacterial infections (124,125).  

In yeast, polyP can exceed 200 mM in terms of free phosphate (60) and is primarily stored 

within the vacuole where it is involved in phosphate (126,127), pH (128), and ion homeostasis 
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(129,130). PolyP accumulation in yeast is dependent on phosphate availability and is directly 

regulated by inositol pyrophosphate (27,32,127). PolyP stores are degraded by polyphosphatases 

during phosphate limitation and are likely exported as inorganic phosphate by Pho91 to buffer 

cytosolic phosphate levels (61,131–133). Recent metabolomic work demonstrated that cells 

lacking polyP show phosphate starvation features even when grown in the presence of phosphate 

(127). The VTC complex has also been shown to be involved in regulating microautophagy but 

direct evidence for a role by polyP is unclear (41). Moreover, polyP accumulation in the vacuole 

is important for driving vacuolar fusion (24,134). However, the potential functions of polyP 

beyond the vacuole remain unclear. Of note, polyP may be degraded by polyphosphatases in a cell 

cycle-dependent manner to provide phosphate for dNTP synthesis during DNA replication (135). 

In mammalian cells, which have relatively low micromolar concentrations of polyP (136), 

it has been shown that polyP is stored in platelet dense granules in high concentrations (local 

millimolar concentrations) and released upon their activation (44). Here, polyP plays a regulatory 

role in blood clotting by interacting with various clotting factors of the blood coagulation cascade 

(137). The inability to produce and store polyP in dense granules can lead to bleeding disorders. 

Patients affected by Hermansky-Pudlak syndrome (HPS) are unable to generate various lysosome-

related organelles, including dense granules (138–140). As a result, they are unable to store polyP 

in their platelets and are affected by bleeding disorders (138,139). Exogenous polyP addition to 

platelets derived from HPS patients is able to restore blood coagulation (141). PolyP has also been 

shown to be involved in calcium signaling of neuronal cells. PolyP is released from astrocytes in 

a calcium-dependent manner and ultimately activates nearby neurons (45). A recent study 

demonstrated that astrocytes from patients with ALS release excessive amounts of polyP which 

drives pathogenesis (7). Links between polyP dysregulation and diseases has sparked new interest 
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in the field of polyP in recent years. However, better characterization of the enzymes that produce 

and degrade polyP will be critical to study these links and begin to treat polyP driven disorders. 

 

1.5. The current landscape of polyP-protein interactions 

PolyP impacts a wide variety of biological processes, from stress resistance in bacteria to blood 

clotting in mammals (142). How does such a simple molecule impart its diverse functions at a 

molecular level? We don't expect there to be a single answer to this question. However, there are 

likely to be common mechanisms at play that can guide our understanding of polyP biology across 

evolution. One interesting possibility was proposed by Azevedo et al. (36), who in 2015 provided 

evidence that polyP chains could be covalently linked to lysine residues within two yeast proteins, 

Nsr1 and Top1, in a non-enzymatic reaction. Mutations that abrogate so called 

‘polyphosphorylation’ also altered protein subcellular localization and resulted in changes to 

Top1's topoisomerase activity in vitro (36). For both proteins, polyphosphorylation occurred in 

polyacidic serine and lysine rich (abbreviated as PASK) motifs (36). 

The idea that polyP can bind to proteins to impact their function is not new. In bacteria, 

early work by Arthur Kornberg's lab showed that polyP can bind to the Lon protease and stimulate 

its role in degrading ribosomal proteins during starvation (143). In mammals, polyP impacts blood 

coagulation by binding to various clotting factors (137). Finally, the conserved histidine α-helical 

(CHAD) domain, conserved in prokaryotes and eukaryotes, has been characterized as a polyP-

binding domain (144). 

Yet, the thought that polyP could alternatively function as a new lysine-based post-

translational modification (PTM) is particularly interesting, especially in light of the idea that it 

could directly compete with other modifications that occur on lysines, such as methylation, 
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acetylation, or ubiquitylation (145). The evidence for covalent attachment of polyP to proteins 

rested in large part on the intriguing observation that Top1 and Nsr1 isolated from wild-type cells 

display a dramatic decrease in electrophoretic mobility, relative to proteins isolated from polyP-

deficient vtc4Δ mutants, when analyzed on Bis-Tris polyacrylamide gels (NuPAGE) (36) (Figure 

6). The ‘polyP shift’ persisted when extracts were generated under harsh denaturing conditions 

(e.g. urea or SDS) (36), usually assumed to disrupt non-covalent interactions. 

The following years saw an explosion in the identification of proteins that shifted via NuPAGE 

analysis in the presence of polyP. Our lab initially published 15 PASK-containing targets, with 

enrichment of proteins localized to the nucleolus and involved in various aspects of ribosome 

biogenesis and translation control (146). We also provided the first evidence for 

polyphosphorylation of human proteins, with the identification of six targets (146). Work with 

human proteins was extended by Azevedo et al. (147), who used a protein microarray to screen for 

polyP-binding proteins. They confirmed six targets that fit previously established criteria for 

polyphosphorylation, namely a polyP-dependent shift on NuPAGE gels (147). In addition, they 

identified five proteins that did not undergo polyP shifts on NuPAGE gels, but still seemed to 

interact with polyP as judged by mobility shift on native PAGE or by chromatography, suggesting 

non-covalent binding (147). The fact that some polyP-binding proteins behave differently on 

NuPAGE gels is consistent with alternative modes of polyP interaction. 

 

1.6. Revisiting defining characteristics of polyphosphorylation 

The collective work between 2015 and 2020 raised the exciting possibility that polyP is a global 

effector of protein function. Indeed, PASK motifs appear often across eukaryotic species (146).  
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Figure 6. NuPAGE gel mobility shift analysis of polyP-binding protein. Your favourite protein 
(YFP) can be epitope tagged (e.g. GFP) and screened for polyP binding using a gel shift assay. 
When polyP-binding proteins are extracted from wild-type cells producing polyP, they run at a 
higher apparent molecular weight than expected on NuPAGE gels. If the VTC4 gene is deleted, 
polyP synthesis is abolished, and the protein runs at its expected molecular weight.  
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Recent efforts, including contributions from our group, demonstrated that histidine and lysine 

repeats (polyHis and polyLys) can also interact with polyP molecules (148,149) (Figure 7). In 

contrast with what was originally proposed for lysine polyphosphorylation, the salt and pH 

sensitivity of polyP interaction with polyHis repeat proteins suggested non-covalent binding — 

despite the fact that the interaction slowed migration on NuPAGE gels (148). Beyond expanding 

the scope of proteins that can interact with polyP, the polyHis study called into question the use of 

NuPAGE gels to discern covalent versus non-covalent interactions, and prompted a re-analysis of 

the biochemical characteristics of lysine polyphosphorylation. Neville et al. (149) showed that the 

NuPAGE shift for lysine polyphosphorylation targets was lost when reactions carried out on beads 

were subsequently washed with high salt or high pH buffers. Importantly, these salt and pH 

sensitivities were confirmed in separate experiments using size exclusion chromatography (149). 

Together, these results challenged the assertion that polyphosphorylation is covalent, since we 

expect covalent modifications to be resistant to these conditions.  

 We note that the findings of Neville et al. are seemingly at odds with a more recent 

experiment conducted by Azevedo et al. (150) where protein extracts adjusted to 500 mM salt 

concentration are permissive for polyP-induced shifts for yeast Nsr1 and human nucleolin proteins, 

previously described as polyphosphorylated targets. A key difference between these works is that 

in Neville et al. (149) excess polyP was washed away from the target protein prior to analysis. The 

ability of targets to shift on NuPAGE gels may depend on the absolute quantity of polyP in the 

sample. Regardless, we conclude that shifts on NuPAGE (or other types of gels for that matter), 

while indicative of interaction with polyP, are a poor proxy for distinguishing covalent versus non-

covalent interactions. 
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Figure 7. PolyP-binding sequence element motifs. PolyP has been shown to bind proteins 
containing polyacidic serine and lysine-rich (PASK) motifs, positively charged surfaces, histidine 
repeats (polyHis), and lysine repeats (polyLys). Examples (e.g.) of proteins with known modes of 
polyP binding that were discussed in the review are provided. 
  



Chapter 1 – Introduction 

 29 

1.7. A unified nomenclature for polyP-protein interactions 

With these new findings, we now consider the evidence for covalent attachment of polyP to 

proteins to be lacking. Of course, we cannot say for certain that covalent attachment of polyP to 

lysine or other amino acids never happens. For example, it is possible that polyP interaction with 

some targets is covalent in vivo. While there is currently no evidence to support this idea, models 

are made to be broken. Despite a reinterpretation of the mode of polyP interaction, the original 

work from Azevedo et al. (36) remains an outstanding contribution. 

At this time, the term polyphosphorylation – with -ylation almost exclusively denoting a 

PTM – seems somewhat confusing. Other terms for non-covalent polyP interaction with proteins 

have been suggested. For example, our colleagues have proposed the term ‘histidine and lysine 

polyP modification’ (151). However, the introduction of new language seems largely unnecessary 

when the terms ‘polyP binding’ and ‘polyP-binding proteins’ suffice. 

 

1.8.  Outcomes of polyP-protein interactions 

It appears that polyP-binding proteins are not exactly rare. To date, at least 100 targets have been 

validated across prokaryotic and eukaryotic species (See Supplementary Table S1 in published 

online article), with additional candidates identified via large scale analyses. PolyP-binding 

proteins include PASK, polyHis, and polyLys containing proteins, as well as those that interact 

with polyP via a collection of positive charges concentrated on (or across) a target's surface (Figure 

7). Below, we highlight key molecular outcomes of polyP-protein interactions and provide 

examples for each case. For now, we consider these outcomes independent of the proposed mode 

of binding (i.e. covalent versus varied types of non-covalent interactions), but it is not impossible 

that distinct interactions could preferentially lead to certain fates. Importantly, outcomes are not 



Chapter 1 – Introduction 

 30 

necessarily mutually exclusive, and polyP's impact on a given target could certainly be context 

specific. A summary is presented in Figure 8. 

1.8.1. Protein chaperone activity 

PolyP performs a chaperone-like role in stabilizing intermediate structures of ‘client’ proteins 

including citrate synthase (122), luciferase (122), and lactate dehydrogenase (LDH) (152) when 

these proteins are partially unfolded. Size exclusion chromatography experiments conducted with 

LDH suggest that polyP behaves analogous to a protein chaperone, that binds the partially unfolded  

protein, to promote the formation of intermediate stabilizing structures composed of soluble beta-

sheets (152). Additionally, in the case of LDH, intermediate structures formed in the presence of 

polyP could be refolded by actual protein chaperones upon removal of the thermal stressor that 

was initially used to unfold it (152,153). How the activities of polyP and protein chaperones are 

co-ordinated during refolding is deserving of further investigation. This type of protein 

stabilization may have physiological relevance during conditions of heat or oxidative stress 

(122,152). As noted previously, the mammalian NUDT3 polyphosphatase is proposed to regulate 

polyP levels during oxidative stress (90), and we wonder if changes in the folding of nuclear 

proteins could explain increases in H2AX phosphorylation, a marker of DNA damage, in NUDT3 

depleted cells (90). On the other hand, polyP has been shown to bind amyloidogenic proteins that 

have a propensity to aggregate, oligomerize, and nucleate (154). For these proteins, polyP binding 

results in a different fate. It accelerates the aggregation and nucleation of these proteins, causing 

them to form compact, insoluble structures (154). An example is the fibrillation of the E. coli CsgA 

protein (155). Here, polyP plays a role in stabilization of the protein to promote biofilm formation 

(155). Other proteins that are structurally reorganized by polyP include those involved in the 

progression of neurodegenerative Alzheimer's and Parkinson's diseases such as Aβ1–40/42, Tau, β2- 
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Figure 8. Outcomes of polyP-protein binding. PolyP binding to proteins can disrupt or promote 
protein-protein interactions or protein-substrate interactions. PolyP binding can also stabilize 
partially unfolded proteins or play a role in promoting protein aggregation. Additionally, polyP 
binding events can modulate the enzymatic activity of proteins or contribute to the regulation of 
signaling pathways within cells. Overall, polyP has wide-reaching roles in the regulation of protein 
function and activity through direct binding. 
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microglobulin, and alpha-synuclein proteins (155–157). Interestingly, fibrillation of proteins can 

happen in the absence of polyP, at a slower rate, presumably resulting in less compact fibrils that 

are cytotoxic and contribute to faster disease progression (155). Work in neuronal cell lines 

and Caenorhabditis elegans neurodegenerative models suggests that polyP-stabilized alpha-

synuclein fibrils are less cytotoxic and more susceptible to proteolytic degradation compared with 

their unstabilized counterparts (155). Two key residues (K43 and K45) within a lysine-rich region 

of alpha-synuclein may be critical for polyP binding (157). An open question is whether polyP can 

stabilize fibrils as they come apart and act as a chaperone to modulate their refolding. 

Understanding the residues or regions of proteins that interact to promote aggregate formation will 

help better predict the outcome of polyP binding to partially unfolded proteins and how it could 

play a role in reversing protein aggregation. 

1.8.2. Modulation of protein-protein interactions 

Beyond its role in modulating protein folding, polyP can impact target interactions with other 

proteins. 

1.8.2.1. Promoting interactions 

One of the earliest descriptions of a polyP-binding protein was made by Kuroda et al. (143), who 

showed that polyP binding facilitates degradation of target proteins by the Lon protease in E. coli. 

In this scenario, polyP is suggested to bind both Lon and the target, serving as a molecular adaptor. 

This was first proposed to play a role in the targeting of Lon to ribosomal subunits and nucleoid 

proteins, during starvation, as part of a broader response that allows cells to adapt to the lack of 

nutrients (143,158,159). Subsequent work found that this mechanism also contributes to the arrest 

of DNA replication initiation in E. coli by regulating the pool of replication initiator protein, DnaA, 

when bound to ADP (160). An interesting proposal by Ropelewska et al. (161) is that most 



Chapter 1 – Introduction 

 33 

substrates degraded by Lon in a polyP-dependent manner also bind polyP themselves. As another 

example, two-hybrid assays suggest that polyP binding promotes formation of a heterodimer 

complex between the Francisella tularensis transcription factors MglA and SspA (162). However, 

it is unclear if disruption of this complex in ppk-ppx mutant strains is due to the direct loss of polyP 

or a downstream effect of the mutations themselves (162). 

 The effect of polyP may be particularly impactful when it binds to multiple proteins 

functioning in the same pathway. PolyP's role in the blood coagulation contact pathway is an 

excellent example. PolyP binds to diverse coagulation factor proteins (FV (163), FXI (164), FXII 

(165), and thrombin (166)) and plays a role in activating them either directly, or indirectly by 

accelerating the rate of their interactions. We speculate that polyP may play a similar role in 

bridging transient interactions in other cases where it interacts with multiple proteins in close 

proximity. For example, we previously identified many polyP interacting proteins that localize to 

the nucleolus (146), and theorize that transient interactions mediated by polyP may be important 

for ribosome biogenesis. 

1.8.2.2. Disrupting interactions 

In addition to promoting interactions, polyP can also disrupt or prevent interactions between two 

or more proteins. For example, polyP competes with FVIII to bind von Willebrand Factor (VWF) 

(167), and instead promotes VWF interaction with glycoprotein Ib (168). This mechanism plays a 

role in increasing VWF binding to platelets, which is required for platelet activation and 

aggregation (167,168). PolyP has also been reported to disrupt the interaction between PASK-

containing Nsr1 and Top1 in vitro (36). Whether polyP impacts interaction of these proteins in 

vivo is not clear, but it is tempting to speculate that this mechanism serves to regulate localization 

of both proteins to the nucleolus, which is more pronounced in vtc4Δ mutant cells that cannot make 
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polyP (36). Notably, similar polyP-induced changes in localization have been observed for the 

mammalian kinase DYRK1A (148), which has wide reaching roles in neurogenesis (169), cell 

proliferation (170,171), and cell homeostasis (172). Specifically, in the presence of excess polyP 

synthesized by ectopically-expressed bacterial PPK, DYRK1A failed to form nuclear speckles 

(148). We surmise that this effect and other changes in localization ultimately stem from changes 

to protein-protein interactions. For example, occlusion of a nuclear localization signal (which often 

contain lysine residues (173)) by polyP binding could alter a protein's subcellular distribution. 

1.8.3. Modulation of cell signaling 

Notably, polyP also directly interacts with cell surface receptors to initiate intracellular signaling 

events. While these receptors are also proteins, this function of polyP is deserving of special 

attention since the source of polyP is extracellular (e.g. from microorganisms (119), damaged cells 

(7), or dense granules of platelets (44)). For instance, polyP binding to RAGE and possibly P2Y1 

receptors of endothelial cells leads to the activation of pathways like mTORC2 signaling (174) and 

inflammatory responses involving H4 and HMGB1, which also bind polyP with high affinity 

(118). Additionally, the predicted binding of polyP to P2Y1 is thought to activate calcium signaling 

and release of internal polyP stores by astrocytes (45). Intriguingly, released polyP can also act as 

a neurotransmitter to influence activation of neighboring cells and their uptake of polyP (45). 

Conversely, polyP can also block receptor binding sites for other ligands. For example, polyP 

binding to the ACE2 receptor is thought to block the binding of the SARS-CoV-2 Spike protein, 

thereby preventing viral entry (6,175). In these examples, polyP is proposed to act at the cell 

surface. However, it is also plausible that polyP may actually enter the cell during receptor 

internalization (175). For example, via ACE2 internalization, bound polyP could enter the cell and 
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potentially serve as an intracellular signaling molecule or perform one or more of the functions 

listed above. 

1.8.4. Regulation of enzymatic activity 

PolyP binding may also inhibit the enzymatic activity of proteins. For example, in vitro assays 

show that in the presence of polyP, Top1 loses the ability to relax supercoiled DNA (36). Similarly, 

polyP inhibited the in vitro kinase activity of DYRK1A (148). PolyP also inhibits the catalytic 

activity of HAL, a histidase from Trypanosoma cruzi proposed to interact with polyP, via its lysine-

rich intrinsically disordered region (176). Of note, it is unclear how the ability of polyP to chelate 

ions contributes to in vitro enzymatic assays and this is deserving of additional consideration in 

future work. Conversely, polyP could promote enzyme activation. We note that Wang et al. (177) 

demonstrated that polyP stimulates the kinase activity of mTOR, the master regulator of cellular 

homeostasis, in a concentration-dependent manner in vitro. In vivo, ectopic expression of the yeast 

exopolyphosphatase Ppx1 reduced phosphorylation of mTOR target PHAS-1 and reduced cell 

viability (177). Given this evidence, it would be important to establish if mTOR regulation occurs 

via direct binding to polyP. 

1.8.5. Modulation of protein-nucleic acid interactions and protein-lipid interactions 

PolyP binding can modulate the affinity of targets for other molecules besides proteins. For 

instance, polyP has been shown to compete with DNA for binding to the mammalian transcription 

factor MafB, which is unable to bind DNA when polyP-bound (148). However, it is also possible 

for polyP to alter the RNA or DNA binding specificity of target proteins. This activity of polyP has 

been shown for the E. coli DNA- and RNA-binding protein Hfq (178), and a similar effect is 

proposed for the sigma factor σ80 of Heliobacter pylori (179). Here we speculate that polyP 

binding stimulates changes in protein conformation or cofactor interactions that alter target binding 
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specificity. In another example, polyP-stabilized lipopolysaccharide micelles bind to the TLR4 

receptor of macrophages more readily than in the absence of polyP (180). However, in this case, it 

is unclear if polyP directly interacts with TLR4 receptors or if its role is more indirect. 

 

1.9. Open questions in the field of polyphosphate biology 

Many questions about fundamental aspects of polyP biology remain unanswered. Without knowing 

the identity of the enzymes that synthesize and degrade polyP in higher eukaryotes yeast will 

remain a key model for answering some of these questions. In yeast, it is still unclear how 

polyphosphatases are regulated inside the vacuole to prevent the continuous degradation of polyP 

as is it synthesized by the VTC complex. Moreover, the compartmentalization of polyP within the 

vacuole is like that observed in other eukaryotes where polyP is often localized into 

acidocalcisome-like organelles. Understanding why polyP is compartmentalized and the 

consequences of mislocalized polyP could provide insight into potential links between polyP and 

various physiological disorders. In some cases, lack of polyP may drive physiological disorders, 

such as Hermansky-Pudlak syndrome, whereas in other cases too much polyP seems to be 

detrimental, like in the case of ALS patients. Polyphosphatases which are well positioned to 

regulate polyP levels within cells may be key regulators of various polyP-driven disorders. These 

enzymes may be able to regulate polyP levels, as well as polyP-protein interactions. Better 

characterizing these enzymes in mammalian cells will be imperative. However, there is still much 

to learn about the regulation of polyphosphatases in yeast and these modes of regulation could be 

conserved in higher eukaryotes. Overall, our work provides novel insights into novel effectors of 

polyP binding, functions of polyP, and mechanisms by which polyP metabolism is regulated in 

yeast.  
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1.10.  Description of rationales and hypothesis  

In this thesis, I present a manuscript that expands the scope of known polyP-binding proteins in 

yeast. A second manuscript that examines the importance of polyP compartmentalization in 

acidocalcisome like-organelles in eukaryotes and identifies pathways dysregulated by nonvacuolar 

polyP accumulation. Finally, a third manuscript in preparation that examines the structure and 

function of the Ddp1 polyphophosphatase. Together, these works contribute to the field by 

establishing new potential functions of polyP and the regulation of polyP metabolism in yeast. 

1.10.1.   Objective 1: An expanded screen for the identification of novel polyP-binding 

proteins. 

1.10.1.1. Rationale  

We and other groups have previously identified numerous polyP-binding proteins in yeast by 

screening proteins that contain polyacidic serine and lysine rich (PASK) motifs. Following our 

groups first published screen that examined 90 PASK-containing proteins there remained ~337 

proteins that had not yet been screened. We successfully screened ~200 of these remaining proteins 

for their ability to bind polyP using the NuPAGE analysis. 

1.10.1.2. Hypothesis  

I hypothesized that other unscreened proteins would also bind polyP and that these proteins might 

localize to other compartments of the cell. Based on the high concentrations of polyP in the 

vacuole, I hypothesized that PASK-containing vacuolar proteins would bind polyP and would more 

likely act as effectors of polyP binding events.  
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1.10.2.   Objective 2: Explore polyP compartmentalization in yeast and identify the molecular 

mechanisms that make nonvacuolar polyP accumulation toxic. 

1.10.2.1. Rationale  

Many eukaryotic organisms store polyP within membrane bound acidocalcisome-like organelles 

and release it when needed. In yeast, forced synthesis of polyP outside the vacuole is toxic to cells 

highlighting the importance of polyP compartmentalization.  

1.10.2.2.  Hypothesis  

I hypothesized that polyP is compartmentalized to prevent the non-specific interaction of this 

anionic polymer with proteins and other molecules. This compartmentalization allows for the tight 

spatiotemporal control of polyP when needed. By using mass spectrometry to identify dysregulated 

proteins in cells expressing PPK we could begin to identify the molecular mechanisms of its 

toxicity and identify potential pathways that could be regulated by nonvacuolar polyP under certain 

physiological conditions. 
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1.10.3.   Objective 3: Explore the structure and function of the Ddp1 polyphosphatase and 

uncover how it is regulated in vivo. 

1.10.3.1. Rationale  

We identified the Ddp1 endopolyphosphatase as a key regulator of nonvacuolar polyP levels using 

the PPK expression system. Ddp1 is a Nudix family protein that has been shown to have broad 

specificity towards a variety of substrates. Despite its many ascribed functions how it regulates 

these activities within the context of the cell is still unclear. 

1.10.3.2.  Hypothesis  

I hypothesized that Ddp1’s catalytic activities are regulated to select between its various substrates 

in vivo. Using our PPK expression system, we could perform a protein mutagenesis screen to 

identify regions and amino acids that are important for Ddp1’s regulation and function.  
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2.1.  Abstract 

Polyphosphates (polyP) are long chains of inorganic phosphates that can be attached to lysine 

residues of target proteins as a nonenzymatic post-translational modification. This modification, 

termed polyphosphorylation, may be particularly prevalent in bacterial and fungal species that 

synthesize large quantities of polyP. In this study, we evaluated the polyphosphorylation status 

of over 200 candidate targets in Saccharomyces cerevisiae. We report eight new 

polyphosphorylated proteins that interact genetically and physically with previous targets 

implicated in ribosome biogenesis. The expanded target network includes vacuolar proteins Prb1 

and Apl5, whose modification with polyP suggests a model for feedback regulation of polyP 

synthesis, while raising questions regarding the location of polyphosphorylation in vivo. 
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2.2. Introduction  

Polyphosphate (polyP) is a polymer of inorganic phosphate moieties joined together in linear 

chains ranging from 3 to 1000 s of residues in length. Evidence suggests that these chains exist in 

all cells, although their length and concentration vary widely. PolyP is particularly abundant in the 

budding yeast Saccharomyces cerevisiae, comprising upward of 10% of the dry weight of the cell 

and reaching internal concentrations of over 200 mM in terms of individual phosphate units (1,2). 

Most of the polyP in yeast is stored in the vacuole following synthesis by the vacuolar membrane-

bound VTC complex (3). Overall chain length is controlled by exo- and endopolyphosphatases 

Ddp1, Ppn1, Ppn2, and Ppx1 (4). In addition to its role in ion homeostasis and phosphate 

metabolism (5,6), Azevedo et al. (7) showed that polyP chains can be noncovalently added to 

lysine residues as a post-translational modification (PTM). They characterized this modification 

on proteins Nsr1 and Top1, providing evidence that polyP chains can regulate protein interactions 

and topoisomerase activity of purified Top1 in vitro, as well as the localization of Nsr1 and 

Top1 in vivo. Polyphosphorylation is nonenzymatic and occurs in polyacidic serine and lysine rich 

(PASK) motifs (7,8). While the sequence requirements for polyP addition are unclear, lysine 

residues appear to be the modified site (7,9,10). Consistent with this, mutation of lysine residues 

within predicted PASK motifs to arginine prevents polyphosphorylation of Nsr1, Top1, and 

Rpa34 (7,9). Polyphosphorylation causes dramatic electrophoretic shifts when protein extracts are 

run on denaturing Bis-Tris NuPAGE gels, but this same shift does not occur with traditional 

SDS/PAGE gels (7,9). The underlying reasons for this difference are not completely clear, 

although it could be related to the use of TEMED in the polymerization of SDS/PAGE gels (9). 

Recently, we reported the identification of an additional 15 polyphosphorylation targets in 

yeast, including a conserved network implicated in ribosome biogenesis (9). Many of the PASK 
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motifs in these proteins are contained within intrinsically disordered regions that appear to be 

under evolutionary selection (11). Based on enrichment in ribosome-related functions, we 

uncovered a novel function for VTC4, encoding the catalytic subunit of the VTC complex (12), in 

polysome assembly (9). We also demonstrated that six human proteins, including homologs of our 

novel yeast targets, could be polyphosphorylated following the ectopic expression 

of Escherichia coli PPK, the bacterial polyP polymerase, in HEK293T cells (9). Subsequent 

studies using protein microarrays identified an additional eight human proteins as targets, in 

addition to five proteins that appear to bind polyP chains noncovalently (13). Altogether, work 

from our group and others suggests that lysine polyphosphorylation has the capacity to be a global 

protein modifier, akin to other lysine-based modifications such as acetylation or 

ubiquitylation (8,14). 

Our previous strategy to identify targets of lysine polyphosphorylation in yeast took 

advantage of a set of strains wherein each open reading frame is expressed as a fusion with the 

GFP epitope (15). Candidate fusions from this set were crossed into a wild-type or vtc4∆ mutant 

background prior to analysis by NuPAGE and immunoblotting with an antibody against GFP. In 

this assay, a VTC4-dependent electrophoretic shift signals a candidate polyphosphorylated protein. 

In our previous work (9), we prioritized 90 targets from 427 proteins containing putative PASK 

motifs, defined by a sliding window of 20 amino acids with 75% D, E, S, or K amino acids with 

at least 1 K. This set of 90 proteins was enriched for multiple or long PASK motifs containing 

many lysine residues. In an attempt to further define the landscape of polyphosphorylation 

in S. cerevisiae, we have now screened the remainder of the candidates present in this GFP 

collection (See Methods section) using a similar strategy.  
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2.3. Results and discussion 

Using our previously defined screening approach, we have now uncovered an additional eight 

candidate targets. As observed in our previous work, the shifts conferred by polyP (i.e., in the 

presence of a functional VTC4 gene) are dramatic and quantitative, with the whole population of 

target proteins being affected (Figure 1). We attribute this ‘all or nothing’ pattern to the high 

concentration of polyP in cells and in extracts following cell lysis, which could be quantitatively 

modifying proteins in vitro. In vivo polyphosphorylation of any given target may be sub-

stoichiometric. As we previously found for other targets (9), polyP-induced shifts collapsed when 

samples were analyzed via SDS/PAGE instead of NuPAGE (Figure S1). New polyphosphorylated 

targets uncovered in our screen include homologs of proteins implicated in human disease (Figure 

1, see below). Despite the identification of proteins predicted to function in diverse processes, new 

targets display extensive physical and genetic interactions with previously identified 

polyphosphorylated proteins (Figure 2). Heh2 is an inner nuclear membrane protein involved in 

ensuring the quality control of nuclear pore complexes (18). Ygr237c and Kel3 are uncharacterized 

proteins with diverse physical and genetic interactions and putative cytoplasmic localization (19). 

Itc1 is a member of the Itc1-Isw2 chromatin remodeling complex involved in meiotic gene 

repression (20). Nop2 is an rRNA methyltransferase required for 27S rRNA processing and 60S 

ribosome biogenesis (21,22). While largely uncharacterized, Syh1 co-purifies with 

ribosomes (23), suggesting that it too functions in translation or ribosome assembly. SYH1 also 

displays genetic interaction with EBP2, encoding a protein involved in 60S biogenesis (24). The 

identification of Nop2 and Syh1 is consistent with our previous observation that vtc4∆ cells show 

defects in polysome formation and the previous identification of negative genetic interactions 

between vtc4∆ mutants and deletions of genes impacting ribosome biogenesis (RPP1A, MAK11, 
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Figure 1. Identification of new polyphosphorylated targets in yeast. (A) NuPAGE analysis of 
polyphosphorylated proteins. Paired GFP‐tagged proteins were extracted from wild‐type or vtc4∆ 
mutant cells using TCA lysis prior to NuPAGE analysis, western blotting to PVDF membrane and 
detection using the indicated antibodies. Rts1 serves as a positive control. Cdc55 serves as a 
negative control. Images representative of N = 4 or greater for each target. (B) Table of new 
polyphosphorylated targets uncovered in this study. Human homologs were determined using the 
YeastMINE tool. Bold indicates the presence of a PASK sequence in human homolog (as defined 
by Bentley‐DeSousa et al. (9)). 
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Figure 2. Polyphosphorylated targets are connected by genetic and physical interactions. 
Genetic and physical associations between new and previously identified targets were computed 
using the GeneMANIA tool (see Methods section). Each node (circle) represents an individual 
polyphosphorylated protein (n = 22). Physical and genetic interactions are indicated with green 
and pink lines, respectively. Purple nodes indicate localization to the nucleolus (n = 12; 
FDR = 1.85 × 10−7). 
 

  



Chapter 2 – Manuscript #1 

 60 

and RPC25) and translation (ELP3, ELP6, and MNR1) (25,26). These data are also consistent with 

findings in other eukaryotes. In particular, polyP localizes to the nucleolus, the site of ribosome 

biogenesis, and interacts with nucleolar proteins in trypanosomes (27). Nucleolar polyP is also 

thought to regulate RNA polymerase I in myeloma cells (28). Our expanded target list also 

included a number of proteins associated with vacuolar biology. Prb1 encodes the yeast vacuolar 

proteinase B (29). Apl5 is involved in transporting protein cargo from the ER-Golgi system to the 

vacuole (30). Since the vast majority of polyP localizes to the vacuole in S. cerevisiae, these 

proteins are ideal candidate effectors of polyP-mediated signaling. Therefore, we carried out 

further experiments to validate the polyphosphorylation of these new targets and to determine 

amino acid sequences required for the modification. 

We first sought to confirm that the electrophoretic shift detected for Prb1-GFP in the 

presence of VTC4 was due to polyP. Since polyphosphorylation occurs nonenzymatically even in 

harsh conditions (7), we added synthetic polyP of 75 units in length to vtc4∆ whole-cell protein 

extracts generated via a trichloroacetic acid (TCA) lysis protocol. PolyP addition caused a 

concentration-dependent electrophoretic shift (Figure 3A). Addition of 5 mM polyP conferred an 

electrophoretic shift to Prb1-GFP in vtc4∆ extracts that was equal to the shift observed in the wild-

type control. In contrast, the same concentration of sodium phosphate had no impact on the 

mobility of Prb1-GFP, confirming that polyP is required for the modification (Figure 3A). PolyP-

induced shifts also scaled with chain length, with longer chains producing a more dramatic change 

in electrophoretic mobility (Figure S2A). 

The Prb1 protease is a heavily processed protein that undergoes a series of glycosylations 

and programed cleavages to convert the zymogen precursor (pre-pro) form to the fully active 

enzyme (mPrb1) (31). Processing occurs in step with its transit through the ER-Golgi system to  
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Figure 3. Analysis of Prb1 polyphosphorylation. (A) Indicated concentrations of polyP (75 
units) or sodium phosphate control were added to vtc4∆ mutant cell extracts expressing GFP‐
tagged Prb1 and polyP‐induced shifts were analyzed by western blotting with an antibody against 
GFP after NuPAGE analysis. The band at the bottom is likely a breakdown product containing 
GFP. Representative of N = 2. (B) Schematic of inactive pre‐pro form of Prb1. The region 
recognized by the antibody is shown. Red lysines indicate candidate sites for polyP attachment. 
(C) Prb1 was expressed under the GAL promoter (see Methods section) for 2 h prior to the addition 
of glucose to stop transcription. Processing and polyphosphorylation of Prb1 at the indicated time 
points was monitored via NuPAGE analysis. The proposed schematic for Prb1 processing indicated 
on the right was adapted from that proposed in Mark et al. (33). Representative of N = 2. 
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the vacuole (Figure 3B and Figure 3C). Since the C-terminal GFP tag of Prb1-GFP is predicted 

to be removed during its processing, Figure 1A and Figure 3A only confirmed 

polyphosphorylation of pre-proPrb1. In order to study polyphosphorylation of Prb1 in the context 

of its processing from zymogen to active enzyme, we used a previously described galactose 

overexpression system (32). Induction of PRB1 transcription with the addition of galactose, 

followed by addition of glucose to turn off that transcription, allowed for the production of a 

population of native Prb1 whose processing could be monitored over time. Following analysis by 

NuPAGE and western blotting, we detected Prb1 with a previously published antibody that 

recognizes the first 14 amino acids of the fully processed and active (mPrb1) protein (Figure 

3B) (31). We expect this antibody to detect all forms of Prb1. Only pre-proPrb1, but not any of the 

processed forms, exhibited an electrophoretic shift in VTC4 strains relative to vtc4∆ mutants 

(Figure 3C). As a control, the previously identified target Rts1 (9) showed polyphosphorylation 

throughout the time course in VTC4 cells (Supplementary Figure 2B). These data suggest that 

the P1 segment of Prb1, which is removed in the first self-catalyzed cleavage event within the 

endoplasmic reticulum (31), is the modified species. Indeed, the predicted PASK motif is located 

in the P1 fragment, as indicated in Figure 3B. Importantly, analysis of these same 

samples via traditional SDS/PAGE, which does not resolve polyP-induced shifts (9), showed 

identical migration of all species, consistent with the electrophoretic shift being due to 

polyphosphorylation (Supplementary Figure 2C). In this analysis, we also observed slightly 

delayed processing of Prb1 in vtc4∆ mutants, although it is unclear if this is biologically 

meaningful (Supplementary Figure 2C). 

Polyphosphorylation of the P1 fragment may be required to ensure early processing steps 

occur in a manner consistent with the production of an active mPrb1 protein. In this capacity, polyP 
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may function redundantly or in coordination with other PTMs, including glycosylations. 

Alternatively, polyP may function in a quality control capacity to regulate the function or 

degradation of Prb1 that is improperly processed by the ER-Golgi system. A similar role has been 

suggested for the SCFSaf1 ubiquitin ligase, which ubiquitylates Prb1 but does not impact the bulk 

turnover of the protein population (32,33). The hypothesis that polyP modulates protein stability 

is consistent with its previously described role as a molecular chaperone in other biological 

systems (34). 

Prb1 is an interesting target in part because it emphasizes the importance of determining 

where within the cell polyphosphorylation occurs. While most polyP is localized to the yeast 

vacuole, it has also been detected in other compartments including the mitochondria, cytoplasm, 

and nucleus (7,35-37). Importantly, the bioavailability of these pools of polyP to act in 

polyphosphorylation reactions in vivo is not clear. To our knowledge, polyP localization to the ER 

lumen has not been well-documented. But, a fraction of the polyP-synthesizing VTC complex was 

proposed to reside at the ER membrane (38). 

Apl5, the second vacuole-related protein uncovered in our screen, functions as a member 

of the conserved AP3 complex. AP3 selectively transports protein cargo from the Golgi to 

lysosome-related organelles such as the yeast vacuole (39,40). As with Prb1-GFP, Apl5-GFP 

polyphosphorylation was rescued by the addition of increasing concentrations of polyP to vtc4∆ 

extracts, and polyP-induced shifts scaled with chain length (Figure 4A and Supplementary 

Figure 2D). Other subunits of AP3 were not polyphosphorylated (Figure 4B), suggesting that 

Apl5 may be a focal point for AP3 regulation by polyP. As predicted, the PASK motif of Apl5 is 

required for the electrophoretic shift observed in VTC4 strains (Figure 4C). This PASK motif is 

located in the ‘ear domain’ of the protein (Figure 4D), previously demonstrated to be required for  
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Figure 4. Analysis of Apl5 polyphosphorylation. (A) Indicated concentrations of polyP (75 
units) or sodium phosphate control were added to vtc4∆ mutant cell extracts expressing GFP‐
tagged Apl5 and polyP‐induced shifts were analyzed by western blotting with an antibody against 
GFP after NuPAGE analysis. Representative of N = 3. (B) The indicated components of the AP3 
complex were expressed as GFP fusions in WT and vtc4∆ strains and analyzed by western blotting 
following NuPAGE analysis of protein extracts. Representative of N = 3. (C) The PASK motif of 
Apl5 is required for its polyphosphorylation. Protein extracts from the indicated strains were 
analyzed as described in B. Representative of N = 3. (D) Representation of the conserved Apl5 
protein and the AP3 complex. The schematic of the AP3 complex is adapted from that proposed 
previously (39). 
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interaction with AP3 regulators such as Vps41 (30,41). This interaction is thought to occur when 

Vps41 is integrated into the HOPS complex and promotes AP3 docking to the vacuole membrane, 

which allows proper delivery of vacuolar cargo (30). The other large subunit of the AP3 complex, 

Apl6, also has a PASK motif (9), although we did not detect reproducible Vtc4-dependent 

electrophoretic shifts of this protein on NuPAGE gels (Figure 4B). Notably, Apl6 only has two 

lysines in its PASK motif, compared to 13 for Apl5 (Supplementary Figure 3A). Since we 

previously found that electrophoretic shifts due to polyphosphorylation scale in proportion to the 

number of lysines in the PASK motif (9), it is possible that Apl6 polyphosphorylation is not easily 

detected via this method. 

AP3 mutant strains were previously described as having low levels of polyP (42). AP3 

could impact polyP synthesis by transporting proteins involved in polyP synthesis or storage to the 

vacuole (42-44). In the context of this model, polyphosphorylation of AP3 may serve as means of 

feedback to regulate AP3 function. Importantly, the impact of AP3 on polyP metabolism could be 

mediated by multiple cargos, as over 200 genes are known to impact polyP synthesis 

in S. cerevisiae (42). In humans, mutations in the AP3β and AP3δ subunits of the AP3 complex, 

homologs of Apl6 and Apl5, respectively (Figure 4D) (39), give rise to Hermansky–Pudlak 

syndrome (HPS) subtypes 2 and 10 (45-47). HPS is a pleiotropic disease characterized by defects 

in the transport of proteins to lysosome-related organelles (48-49). Notably, a hallmark of HPS is 

bleeding diathesis and a failure to accumulate or retain polyP in the dense granules of 

platelets (48,49). PolyP has a well-characterized role in the blood coagulation cascade and works 

by stimulating activation of several clotting factors (50). AP3β1, AP3β2, and AP3δ also have 

PASK motifs as defined by our criteria (Supplementary Figure 3B), and 

Azevedo et al. (13) provided evidence that AP3β1 can be polyphosphorylated. Direct regulation 
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by polyP may be a conserved feature of AP3 biology. As with Prb1, where within the transit 

pathway to the vacuole AP3 subunits interact with polyP is a critical question that remains to be 

answered. 

Altogether, our work expands the scope of polyphosphorylation in yeast and provides new 

avenues for exploring the functional consequences of this intriguing PTM. Expanding the catalog 

of polyphosphorylated proteins in other eukaryotes will be a critical step in understanding the 

molecular and cellular functions of polyP in these systems. 
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2.4. Methods  

Yeast strains 

All strains are in the S288C BY474 background and were generated using standard methods. 

Strains were analyzed via PCR in a manner similar to that described by the yeast deletion 

consortium (http://www-sequence.stanford.edu/group/yeast_deletion_project/protocols.html) to 

confirm the presence of the knockout cassette and the absence of the wild-type open reading frame 

for gene deletions and the correct position of the tag-marker cassette for epitope-tagged strains. 

This analysis was also done for strains streaked or generated from strains taken from the GFP-

tagged set. Here, a common forward primer was used to check the position of GFP-

HIS3MX cassette with a gene-specific reverse primer outside of the area of homology used for 

recombination at the 3′ end of the gene (typically 300–500 bp downstream of the stop codon). The 

common forward primer P1 (also known in our lab as KandCV) has the sequence 5′-

TTCGCCTCGACATCATCTGCCC-3′ and primes in the common TEF terminator of the ‘MX’ 

style cassettes. Thus, this primer is useful in confirming cassette positions associated with other 

yeast collections including the TAP-tagged and deletion libraries. A sample PCR analysis is shown 

in Supplementary Figure 4. Strain confirmations were always done on colony-purified isolates, 

whose genotypes are described in Supplementary Table 1. For the GAL shut-off experiment used 

to examine Prb1 processing, wild-type GALpr-PRB1 and GALpr-PRB1 vtc4∆ mutant strains were 

grown in synthetic complete (SC) media with 2% raffinose overnight. Cells were diluted to 

OD600 = 0.3 in SC media with 2% raffinose and grown until OD600 = 0.6. Cultures were then 

supplemented with 2% galactose for 30 min to induce Prb1 expression. Subsequently, glucose was 

added to a final concentration of 2% and time points were taken every 15 min. For all other 

http://www-sequence.stanford.edu/group/yeast_deletion_project/protocols.html
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experiments, cells were grown in YPD media supplemented with 0.005% adenine and tryptophan. 

All strains were grown at 30 °C. 

Screening protocol 

Candidate target strains were recovered from the yeast GFP-tagged collection and the vtc4∆ 

and ppn1∆ mutations were crossed into the strains as previously described (9). Paired protein 

extracts were generated and analyzed using NuPAGE analysis following the preparation of protein 

extracts via TCA lysis (see below). Rts1 was used as a control polyphosphorylated protein for each 

sample analyzed. Candidates were confirmed in a secondary screen before streaking strains for 

single colonies and confirming the correct position of the GFP tag. As described throughout the 

results section, select hits were reconfirmed by re-tagging candidates in wild-type and vtc4∆ 

strains and/or with the use of antibodies directed against native targets. A list of screened targets 

and their predicted PASK motifs is included in Supplementary Table 1. We have now analyzed 

321 of 427 PASK containing proteins in yeast. 

Protein analysis 

Protein extraction was done using a TCA lysis method that has been described previously (9). A 

similar protocol is reiterated here. Briefly, 3–6 OD600 equivalents of yeast cells were lysed in 

300 μL of 20% TCA with 100 μL of acid-washed glass beads. Supernatant was recovered and 

beads were washed with 300 μL of 5% TCA and combined with the first supernatant. Samples 

were centrifuged at 16 000 g for 4 min at 4 °C. Pellets were resuspended in 100 μL SDS/PAGE 

sample buffer (0.8 mL 3× SDS/PAGE sample buffer, 100 μL 1.5 M Tris-HCl pH 8.8, 100 μL 

1 M DTT). Samples were boiled for 5 min and centrifuged again at 16 000 g for 4 min. Supernatant 

was removed for immediate analysis or stored at −80 °C until use. Typically, 10 μL of extract 

(~ 75 μg) was loaded for each lane, but this varied depending on the expression of the protein 



Chapter 2 – Manuscript #1 

 69 

under analysis. We have observed that protein samples tend to lose their polyphosphorylation after 

multiple freeze thaw cycles. We recommend same-day NuPAGE analysis of extracted proteins. 

Western blotting 

Buffers used for NuPAGE and SDS/PAGE analysis were described previously (9). SDS/PAGE 

gels used for this work were 10% final concentration made with 30% acrylamide/bis solution at a 

ratio of 37.5 : 1 (BioRad 1610158, Hercules, CA, USA). Please note that SDS/PAGE analysis does 

not resolve polyP-induced shifts. PVDF membrane (Biorad 162-0177) was used for Western 

blotting of separated protein samples. Primary and secondary antibodies used for immunoblotting, 

including dilution information for each antibody, are described in Supplementary Table 2. 

Washed blots were exposed to ECL from Millipore (Burlington, MA, USA: Sigma WBKLS0500 

or WBLUF0500). Ponceau S stain (Sigma P-3504, St. Louis, MO, USA) was used to verify equal 

loading across the blots and to monitor the quality of transfer for each blot. 

Homologs and Network analysis 

Homologs were determined via the YeastMINE tool (16). Genetic networks were generated using 

GeneMANIA (GeneMANIA.org; June 12, 2019) (17). Gene attributes were set to zero, only 

genetic and physical interactions were computed and shown, all other settings were left as default. 

FDR displayed was as calculated for nucleolar localization by the GeneMANIA tool. 

In vitro polyphosphorylation assays 

In vitro polyphosphorylation assays were carried out by mixing the indicated concentrations of 

polyP with TCA-style protein preps, followed by incubation at room temperature for 20 min before 

re-boiling of reactions and NuPAGE analysis, as described above. PolyP chains used for this 

analysis are an average of 75 units in length and were purchased from Kerafast (Medium chain, 

EUI005, Boston, MA, USA). For supporting in vitro analyses, short (14 units), medium (60 units), 
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and long (130 units) chains were gifted by T. Shiba (Regentiss, Kunitachi City, Japan). Extra-long 

polyP chains (700 units) were from Kerafast (EUI002). 
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2.7. Supplemental figures  

 

 

 

 

S1 Figure. Collapse of polyphosphate-induced shifts on SDS-PAGE gels. (A) analysis of 
protein samples from the indicated strains by NuPAGE was followed by immunoblotting with 
anti-GFP antibody. Representative of at least N=4 for each target. (B) As in A but with separation 
on SDS-PAGE gels instead of NuPAGE. Representative of N=2. Relates to Figure 1. 
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S2 Figure. Analysis of Prb1 and Apl5 polyphosphorylation. (A) Chain length dependence of 
polyP-induced shifts. 10 mM chains of the indicated lengths or extracts from ppn1∆ ppn2∆ 
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deletion mutants were mixed with extracts from vtc4∆ cells expressing Prb1-GFP and resolved via 
NuPAGE. The band marked with an asterisk at the bottom is likely a breakdown product 
containing GFP. Representative of N=2. (B) Polyphosphorylation of Rts1 was monitored during 
the experiment presented in Figure 3C using an antibody against Rts1. The band marked with an 
asterisk at the bottom is likely a breakdown product containing GFP. Representative of N=2. (C) 
Processing of pre-pro Prb1 was monitored for the experiment presented in Figure 3C using SDS-
PAGE and immunoblotting with an antibody against Prb1. Note: SDS-PAGE does not resolve 
shifts due to lysine polyphosphorylation. Asterisk may represent a previously uncharacterized 
form of Prb1. Representative of N=2. (D) 10 mM chains of the indicated lengths or extracts from 
ppn1∆ ppn2∆ deletion mutants were mixed with extracts from vtc4∆ cells expressing Apl5-GFP 
and resolved via NuPAGE. Representative of N=4. Relates to Figures 3 and 4. 
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S3 Figure. PASK sequences within the AP3 complex. (A) PASK sequences of Apl5 and Apl6. 
Numbers indicate amino acid positions. (B) PASK sequences of AP3b and AP3d. Numbers 
indicate amino acid positions. Relates to Figure 4. 
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S4 Figure. Strategy for TAG checking. (A) Diagram of SYH1-GFP tagged locus (top) and WT 
locus (bottom). Primers used for confirmation are indicated. (B) gDNA prepared from the 
indicated strains was used in PCR reactions with the primers indicated in A. Strains used in the 
analysis are YMD2258, YMD2259 and YMD963. Relates to Materials and Methods. 
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2.8. Supplemental tables 

Note: The tables that are important for the interpretation of the data presented have been included 
in the thesis. Please see the link provided below for all Supplemental Tables related to this article. 
 

List of tables presented:  

S1 Table. PASK containing proteins screened for polyphosphorylation in this study. 

S2 Table. Yeast strains used in this study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Online version of tables (S1 – S3):  
feb213588-sup-0002-TableS1-S3.xlsx 

S1 Table. PASK containing proteins screened for polyphosphorylation in this study. 

S2 Table. Yeast strains used in this study.  
 
S3 Table. Antibodies used in this study.  

https://febs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2F1873-3468.13588&file=feb213588-sup-0002-TableS1-S3.xlsx
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S1 Table – PASK containing proteins screened for polyphosphorylation in this study. 

Systematic names from the 
Saccharomyces Genome 

Database (SGD) 
Hits? 

(Yes/No) 

Systematic names from the 
Saccharomyces Genome 

Database (SGD) 
Hits? 

(Yes/No) 
YFR019W   YDR195W   
YHR023W   YBR138C   
YML059C   YGL056C   
YDR457W   YMR215W   
YLR430W   YMR131C   
YOR341W   YKL081W   
YBL034C   YPR169W   
YER164W   YGR189C   
YDR283C   YDL101C   
YML072C   YJL013C   
YAL024C   YFR039C   
YMR280C   YML043C   
YGL197W   YOR229W   
YPR189W   YOR198C   
YNR031C   YOL041C   
YMR190C   YDL189W   
YNL088W   YDR473C   
YLR278C   YPR152C   
YPL137C   YNL206C   
YOL138C   YBR279W   
YDR293C   YDR055W   
YOR227W   YDL150W   
YDR301W   YPR148C   
YLR084C   YDR528W   
YGR270W   YBL091C   
YJR092W   YNL066W   
YDR097C   YNL175C   
YGL140C   YOR051C   
YKR096W   YGR142W   
YGR233C   YDL105W   
YLR371W   YDR309C   
YDR507C   YGR187C   
YNL250W   YOR057W   
YMR012W   YKL114C   
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YGL133W YES YBR065C   
YCR033W   YDR171W   
YML049C   YHR052W   
YOR188W   YBL029W   
YJR035W   YKR071C   
YML010W   YDR173C   
YDR325W   YLR287C   
YIL112W   YOR261C   
YBR245C   YGR283C   
YKL033W   YML037C   
YBR059C   YOL007C   
YJL098W   YHR156C   
YFL034W   YPL157W   
YHR082C   YNL322C   
YPR104C   YOR006C   
YCR057C   YJR007W   
YGR140W   YDL173W   
YER075C   YDR054C   
YDR028C   YOR083W   
YOR048C   YGR239C   
YMR124W   YJL115W   
YGL241W   YDL051W   
YIL075C   YKR025W   
YDR356W   YCR016W   
YDR495C   YLR003C   
YGL180W   YOR281C   
YLR451W   YDR087C   
YOR373W   YLR132C   
YBR237W   YGL237C   
YPL105C YES YGR280C   
YDR409W   YNL148C   
YER151C   YGR075C   
YDL040C   YOR004W   
YGL141W   YER174C   
YGR071C   YDL139C   
YOR233W   YLR194C   
YMR102C   YDR174W   
YLR095C   YKL096W   
YKR099W   YMR233W   
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YDL122W   YMR311C   
YLR397C   YLR221C   
YNL258C   YBL057C   
YPL158C   YER079W   
YPL074W   YOR078W   
YAL043C   YBR122C   
YGR237C YES YDR022C   
YKR010C   YFR001W   
YHR149C   YGR251W   
YNL059C   YPR067W   
YHR197W   YGL058W   
YOR206W   YLR421C   
YAR014C   YKL160W   
YDR333C   YNL143C   
YDR458C YES YCR043C   
YLR002C   YNL149C   
YLR403W   YMR123W   
YDR452W   YDR382W   
YMR075W   YDL081C   
YNL176C   YDR363W-A   
YNL299W   YGL137W   
YDR398W   YCR017C   
YEL060C YES YHR079C   
YNR038W   YBR086C   
YNL020C   YIR006C   
YGL023C   YDR080W   
YDR419W   YPL195W YES 
YPL263C YES YGR281W   
YOL117W   YPL270W   
YBR060C   YGR261C   
YOR027W   YBL011W   
YGR013W   YHL019C   
YNL039W   YNL275W   
YNL061W YES YMR307W   
YKR078W   YKL008C   
YGR246C   YLL010C   
YER140W   YBR127C   
YGR278W   YKL021C   
YKL088W   YHL003C   
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YGL244W   YNR041C   
YHR064C   YHR195W   
YBR030W   YDR033W   
YIL045W   YNL173C   
YPL212C   YLR025W   
    YFR033C   
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S2 Table – Yeast strains used in this study.  

Strain 
Number 

Strain 
Background Full Genotype Source 

YMD2256 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d0 ITC1-GFP-HIS3MX GFP 

collection 

YMD2257 S288C 
BY474 

MATa can1::STE2pr-LEU2 lyp1 ura 30 LYS2+ ITC1-GFP-HIS3MX 
ppn1::NATMX vtc4::KANMX 

This 
study 

YMD2258 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d0  SYH1-GFP-HIS3MX GFP 

collection 

YMD2259 S288C 
BY474 

MATa can1::STE2pr-LEU2 lyp1 ura 30 LYS2+ SYH1-GFP-HIS3MX 
ppn1::NATMX vtc4::KANMX 

This 
study 

YMD2260 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d0  YGR237C-GFP-HIS3MX GFP 

collection 

YMD2261 S288C 
BY474 

MATa can1::STE2pr-LEU2 lyp1 ura 30 LYS2+ YGR237C-GFP-
HIS3MX ppn1::NATMX vtc4::KANMX 

This 
study 

YMD2262 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d0  HEH2-GFP-HIS3MX GFP 

collection 

YMD2263 S288C 
BY474 

MATa can1::STE2pr-LEU2 lyp1 ura 30 LYS2+ HEH-GFP-HIS3MX 
ppn1::NATMX vtc4::KANMX 

This 
study 

YMD2264 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d0  PRB1-GFP-HIS3MX GFP 

collection 

YMD2265 S288C 
BY474 

MATa can1::STE2pr-LEU2 lyp1 ura 30 LYS2+ PRB1-GFP-HIS3MX 
ppn1::NATMX vtc4::KANMX 

This 
study 

YMD2266 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d0  KEL3-GFP-HIS3MX GFP 

collection 

YMD2267 S288C 
BY474 

MATa can1::STE2pr-LEU2 lyp1 ura 30 LYS2+ KEL3-GFP-HIS3MX 
ppn1::NATMX vtc4::KANMX 

This 
study 

YMD2268 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d0  NOP2-GFP-HIS3MX GFP 

collection 

YMD2269 S288C 
BY474 

MATa can1::STE2pr-LEU2 lyp1 ura 30 LYS2+ NOP2-GFP-HIS3MX 
ppn1::NATMX vtc4::KANMX 

This 
study 

YMD2272 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d0  APL5-GFP-HIS3MX GFP 

collection 

YMD2273 S288C 
BY474 

MATa can1::STE2pr-LEU2 lyp1 ura 30 LYS2+ APL5-GFP-HIS3MX 
ppn1::NATMX vtc4::KANMX 

This 
study 

YMD2380 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d0 APL5-GFP-HIS3MX This 

study 

YMD2381 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d0 APL6-GFP-HIS3MX This 

study 

YMD2382 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d0 APS3-GFP-HIS3MX This 

study 

YMD2531 S288C 
BY474 

MATa his3d1 leu2d0 met15d0 ura3d0 APL5-GFP-HIS3MX 
vtc4::NATMX 

This 
study 
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YMD2537 S288C 
BY474 

MATa his3d1 leu2d0 met15d0 ura3d0 APL6-GFP-HIS3MX 
vtc4::NATMX 

This 
study 

YMD2539 S288C 
BY474 

MATa his3d1 leu2d0 met15d0 ura3d0 APS3-GFP-HIS3MX 
vtc4::NATMX 

This 
study 

YMD2548 S288C 
BY474 MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ APM3-GFP-HIS3MX This 

study 

YMD2551 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ APM3-GFP-HIS3MX 
vtc4::NATMX 

This 
study 

YMD2583 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ APL5PASK∆896-932-
GFP-HIS3MX 

This 
study 

YMD2644 S288C 
BY474 MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ KANMX-GALpr-PRB1 This 

study 

YMD2647 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ KANMX-GALpr-PRB1 
vtc4::NATMX 

This 
study 

YMD2663 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ APL5PASK∆896-932-
GFP-HIS3MX vtc4::NATMX 

This 
study 

YMD2330 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ ppn1::KANMX 
ppn2::NATMX 

Bentley-
DeSousa 

et al., 
PMID: 

29590613 

YMD963 S288C 
BY474 MATa his3d1 leu2d0 met15d0 ura3d 

Boone lab 
via Adam 
Rudner 
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3.1. Abstract 
 
In diverse cells from bacterial to mammalian species, inorganic phosphate is stored in long chains 

called polyphosphate (polyP). These nearly universal polymers, ranging from three to thousands 

of phosphate moieties in length, are associated with molecular functions, including energy 

homeostasis, protein folding, and cell signaling. In many cell types, polyphosphate is concentrated 

in subcellular compartments or organelles. In the budding yeast Saccharomyces cerevisiae, polyP 

synthesis by the membrane-bound vacuolar transporter chaperone (VTC) complex is coupled to 

its translocation into the lumen of the vacuole, a lysosome-like organelle, where it is stored at high 

concentrations. In contrast, the ectopic expression of the bacterial polyphosphate kinase (PPK) 

results in the toxic accumulation of polyP outside the vacuole. In this study, we used label-free 

mass spectrometry to investigate the mechanisms underlying this toxicity. We find that PPK 

expression results in the activation of a stress response mediated in part by the Hog1 and Yak1 

kinases and the Msn2/Msn4 transcription factors as well as by changes in protein kinase A (PKA) 

activity. This response is countered by the combined action of the Ddp1 and Ppx1 

polyphosphatases that function together to counter polyP accumulation and downstream toxicity. 

In contrast, the ectopic expression of previously proposed mammalian polyphosphatases did not 

impact PPK-mediated toxicity in this model, suggesting either that these enzymes do not function 

directly as polyphosphatases in vivo or that they require cofactors unique to higher eukaryotes. Our 

work provides insight into why polyP accumulation outside lysosome-like organelles is toxic. 

Furthermore, it serves as a resource for exploring how polyP may impact conserved biological 

processes at a molecular level.  
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3.2. Importance 
 
Cells from bacteria to humans have a molecule called polyphosphate (polyP) that functions in 

diverse processes. In many microbes, polyP is sequestered in granules or lysosome-related 

organelles such as vacuoles. In this study, we use an ectopic expression system to force budding 

yeast to accumulate polyP outside the vacuole. We use proteomics to demonstrate that this 

nonvacuolar polyP initiates a stress response mediated by a signaling cascade involving the Yak1 

and Hog1 kinases and the Msn2 and Msn4 transcription factors. This response is countered by a 

pair of polyphosphatases with different enzymatic activities that function in concert to degrade 

polyP. Our results provide new insights into why polyP is confined to specific cell locations in 

many microbial cells. 
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3.3. Introduction 
 
Inorganic phosphates can be joined in linear chains that range from three to thousands of residues 

in length. These polymers, called polyphosphate, or “polyP,” have been implicated in diverse 

biological processes spanning both prokaryotic and eukaryotic species. In the budding 

yeast Saccharomyces cerevisiae, polyP is synthesized by the vacuolar transporter chaperone 

(VTC) complex (1). The VTC complex is composed of the catalytic subunit Vtc4 along with Vtc1 

and either Vtc2 or Vtc3 (1). Cells mutated for Vtc4, Vtc1, or both Vtc2 and Vtc3 have no detectable 

polyphosphate (2). An accessory subunit called Vtc5 increases the activity of the complex but is 

not strictly required for polyP synthesis (3,4). The majority of the VTC complex localizes to the 

membrane of the yeast vacuole, a lysosome-like organelle (1). The VTC complex spans the 

vacuolar membrane and synthesizes polyP chains by hydrolyzing the gamma phosphate of 

cytoplasmic ATP, adding it to growing polyP chains that are simultaneously translocated into the 

vacuole lumen (5). Vacuolar polyP comprises the majority of total cellular polyP stores, exceeding 

10 to 20% of the dry cell weight (2,6). Other areas of the cell beyond the vacuole, including the 

plasma membrane, cytoplasm, and mitochondria, have lower levels of polyP (2). PolyP is also 

found in the nucleus, although the reported levels vary drastically (2). These variations are likely 

due to differences in growth conditions as well as differences in the methods of sample preparation 

and detection. Whether polyP outside the vacuole is synthesized locally or somehow transported 

from polyP stores that first accumulate in the vacuole lumen is unknown. Although some VTC 

proteins localize in part to the plasma membrane and/or the endoplasmic reticulum (1,7), it is 

unknown if these pools of VTC proteins participate in polyP synthesis. 

The subcellular enrichment of polyP is conserved in higher eukaryotes (8). For example, 

in human myeloma cells (9) and various cancer cell lines treated with cisplatin (10), polyP 
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accumulates in the nucleolus. In platelets, it is concentrated in lysosome-related organelles called 

dense granules (11). The localization of polyP to such hot spots likely promotes specific functions. 

In yeast, vacuolar polyP is important for phosphate homeostasis (12) and vacuole fusion (13). 

PolyP released from dense granules following injury interacts directly with specific clotting factors 

to promote blood coagulation (11,14). In contrast, less is known about whether there are 

physiological reasons why the levels of polyP in some areas of the cell must be kept low. 

Unlike the VTC complex, the ectopic expression of the Escherichia coli polyphosphate 

kinase (called PPK) in yeast results in the accumulation of polyP outside the vacuole, and this 

correlates with slow growth, altered cellular morphology, and dramatic sensitivity to the 

translation inhibitor cycloheximide and the mTOR inhibitor rapamycin (5,15). The amount of 

polyP made by PPK is 20% of that produced by VTC (5), and PPK-induced toxicity is observed 

in both wild-type (WT) and vtc4Δ cells (15). Together, these data point to the location of PPK-

synthesized polyP, rather than changes in the total amount, as the driving force behind the observed 

toxicity. Finding the mechanisms underlying this toxicity will provide a foundation for a better 

understanding of the spatial and temporal regulation of polyP metabolism in eukaryotic cells. 

Here, we use label-free mass spectrometry (MS) to determine why PPK expression and the 

concomitant accumulation of nonvacuolar polyP are toxic in yeast. Our results demonstrate that 

PPK-expressing cells remodel their proteome with changes to protein networks controlling 

fundamental aspects of metabolism. In follow-up work, we present evidence that a Yak1/Hog1-

Msn2/Msn4 pathway limits the viability of these cells and that protein kinase A (PKA) activity is 

also altered by PPK expression. Finally, we demonstrate that polyP accumulation outside the 

vacuole is countered by the combined activities of the endopolyphosphatase Ddp1 

(diphosphoinositol polyphosphate phosphohydrolase) and the exopolyphosphatase Ppx1 that work 
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together to degrade long-chain polyP synthesized by PPK. Our results provide an explanation for 

why polyP is sequestered, elaborate functions of polyphosphatases outside the vacuole, and 

suggest new avenues for exploring polyP functions at the molecular level. 

 

3.4. Results 

3.4.1. Remodeling of the yeast proteome in response to ectopic PPK expression 
 
To determine why PPK expression and the accumulation of nonvacuolar polyP are toxic in yeast, 

we used label-free mass spectrometry to survey changes to the proteome in strains expressing PPK 

versus the empty vector control. Our initial experiments were carried out in a vtc4Δ background, 

which enabled us to confirm the production of the polyP in each isolate used for analysis, as judged 

by the lysine polyphosphorylation of the Fpr3 protein (15) (see Figure S1A in the supplemental 

material). The polyP made by PPK in yeast was of the long-chain type, like that produced by E. 

coli under starvation (Figure 1A) (16). Total protein from 5 isolates of the control and 5 isolates 

of PPK-expressing cells was isolated using an SDS lysis protocol prior to trypsinization and 

tandem mass spectrometry (MS/MS) analysis using a Thermo Scientific Q Exactive Plus Orbitrap 

mass spectrometer (Figure 1B). As expected, peptides from bacterial PPK were detected only in 

the PPK-expressing strains (Supplementary Table 1B). At the level of a false discovery rate 

(FDR)-adjusted P value of <0.05, 8 proteins were deemed significantly upregulated, while 6 were 

downregulated (Figure 1C and Figure 1D). An additional 24 proteins showed up- or 

downregulation with an associated statistical significance of 0.05 ≤ P ≤ 0.1 (Figure 1C and 

Supplementary Table 1A). Finally, there were 2 proteins (Snl1 and Rpl22b) that were detected 

in all five replicates of the empty vector control but not in any replicates of the PPK-expressing 

strains (Figure 1D and Supplementary Table 1B). 
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Figure 1. The proteome of PPK-expressing yeast. (A) PPK expression in yeast allows the 
production of polyP outside the vacuole. Polyphosphate was extracted from the strains expressing 
the indicated constructs and visualized using DAPI staining following separation on a 15.8% 
acrylamide–TBE–urea gel. Two biological replicates are presented for each condition. (B) 
Workflow for data-dependent acquisition (DDA)-based label-free mass spectrometry analysis. (C) 
Volcano plot with proteins up- or downregulated following PPK expression in a vtc4Δ 
background. Red proteins are downregulated (adjusted P value of <0.05), and blue proteins are 
upregulated (adjusted P value of <0.05). Black proteins are those with an adjusted P value of ≤0.1. 
(D) Table of the top differentially expressed proteins identified with an adjusted P value of <0.05. 
Images are representative of data from ≥3 experiments. FC, fold change; N/A, not applicable. 
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3.4.2. Vacuolar polyP does not impact the cellular response to PPK expression 
 
To validate our proteomics data set, we expressed up- or downregulated proteins as C-terminal 

3FLAG fusions from their endogenous loci and transformed these strains with control or PPK-

expressing vectors. We first carried out this analysis in a vtc4Δ background, mirroring the 

conditions used for our mass spectrometry experiments. For differentially expressed proteins with 

a P value of ≤0.1, we confirmed 6 of 6 upregulations chosen for analysis (e.g., Gcv1) and 3 of 4 

downregulations chosen for analysis (e.g., Fet3 and Hem13), for an overall confirmation rate of 

90% (Figure 2A, Supplementary Table 2, Supplementary Figure 1B and Supplementary 

Figure 1D). The validation of protein changes in the ranges of both a P value of <0.05 and 

a P value of ≤0.1 supports our use of the cutoff of a P value of ≤0.1 for downstream bioinformatics 

analyses (see below). Notably, we also confirmed 5 of 6 differentially expressed proteins beyond 

the range of a P value of 0.1 (Supplementary Table 2, Supplementary Figure 1B and 

Supplementary Figure 1D), highlighting the overall high quality of our data set and the 

stringency of our statistical approach. 

To test if these changes are influenced by the presence of vacuolar polyP, we repeated our 

Western blot analyses in a wild-type strain (i.e., VTC4+), with a confirmation rate of 86% (P ≤ 0.1) 

(Figure 2B, Supplementary Table 2 and Supplementary Figure 1C). This observation is 

consistent with our previous work demonstrating that PPK expression sensitizes cells to rapamycin 

and cycloheximide regardless of VTC4 status (15). As suggested previously (5), PPK is not simply 

replacing polyP that is missing in vtc4Δ cells. Instead, nonvacuolar polyP appears to have unique 

consequences for the cell. Finally, to test if the catalytic activity of PPK was required for the 

observed effects, we generated a mutant version of the enzyme where three histidine residues 

shown or proposed to be required for catalytic activity (17-19) were mutated to alanine. This 
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Figure 2. The response to PPK expression is not impacted by the presence of vacuolar polyP. 
(A and B) Protein extracts from the indicated strains were prepared using a TCA lysis protocol 
and separated on SDS-PAGE gels. Separated proteins were transferred to a PVDF membrane prior 
to probing with anti-FLAG antibody to detect candidate proteins. Ponceau S staining of the PVDF 
membrane is shown as a loading control. (C) Polyphosphate was extracted from the strains 
expressing the indicated constructs and visualized using toluidine blue staining following 
separation on a 15.8% acrylamide–TBE–urea gel. The asterisk indicates nonspecific staining of an 
unknown product that is not polyP, as it is present in vtc4Δ cells. (D) Tenfold dilutions of the 
indicated strains were spotted onto SC-Ura medium and incubated for 48 h at 30°C. (E) Protein 
extracts from the indicated strains were analyzed as described above for panel A. (F) STRING 
analysis locates differentially expressed proteins in subnetworks of physically interacting proteins. 
Magenta, experimental evidence; cyan, database evidence; purple, database evidence (specifically 
protein homology). Images are representative of results from ≥3 experiments. 
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mutant enzyme did not produce detectable polyP in vivo (Figure 2C). Furthermore, it did not result 

in the same slow-growth defects seen for wild-type PPK expression (Figure 2D). For 8 of 8 

candidates tested (P ≤ 0.1), mutant PPK did not impact protein levels (Figure 2E, Supplementary 

Table 2 and Supplementary Figure 1D) despite being expressed at higher levels than wild-type 

PPK (Supplementary Figure 1E). One interesting exception (although beyond the cutoff of 

a P value of ≤0.1) is Ctt1-3FLAG, which was also upregulated in strains expressing the catalytic 

mutant (Supplementary Table 2 and Supplementary Figure 1D). Still, our data confirm that 

PPK catalytic activity seems to be required for most changes measured. Finally, we note that 

proteins encoded by the phosphate (PHO) regulon (e.g., Pho8, Pho86, and Vtc2) (20) did not show 

significant changes in PPK-expressing cells (Supplementary Table 1A). Therefore, the effects of 

PPK expression are not easily explained by changes in phosphate signaling. 

3.4.3. Expression changes for proteins involved in fundamental metabolism in PPK-

expressing cells 

To identify the molecular functions impacted by PPK expression, we carried out Gene Ontology 

(GO) (21) enrichment analysis of up- or downregulated proteins (P ≤ 0.1). We found a statistically 

significant enrichment (FDR-adjusted P value of 0.036) of GO:0006082 (organic acid metabolic 

process) (Supplementary Table 1F). Differentially expressed proteins belonging to this group 

include those involved in glucose metabolism (Hxk2 and Tdh3), B vitamin synthesis (Snz1 and 

Fol2), and amino acid biogenesis or turnover (e.g., Aro3, Gcv1, and Gln1) (22). These changes 

suggest that polyP accumulation outside the vacuole influences important aspects of primary 

metabolism. Using STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) (23) to 

model protein interactions, we found that proteins involved in amino acid metabolism had physical 

interactions with each other and with 3 heat shock proteins (Hsp26, Hsp42, and Hsp104) (22) that 
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were also significantly up- or downregulated with PPK expression (Figure 2F). The identification 

of heat shock proteins in this network is interesting in light of the proposed role of polyP itself as 

a molecular chaperone (24). Other heat shock or “quality control” proteins up- or downregulated 

in our data set include Hsp12, Hsp104, and Snl1, a cochaperone for Hsp70 (22). 

PolyP can function as an ion chelator, and recent work from Beaufay et al. suggests that it 

can act as an inhibitor of the Fenton reaction, in which Fe2+ reacts with hydrogen peroxide to form 

reactive hydroxyl radicals (25). Interestingly, we noted that a number of proteins downregulated 

with PPK expression either are involved in ion transport (e.g., Fet3, which oxidizes Fe2+ to 

Fe3+ (26)) or require divalent ions as cofactors (e.g., Adh4, which requires zinc for its catalytic 

activity (27)). Genes encoding other differentially expressed proteins confer resistance to metal 

ions (e.g., HIS1 (28)) or are induced in response to metal deficiency (e.g., ADH4, induced in 

response to low zinc (29)). While the toxicity associated with PPK expression was not impacted 

by the addition of various divalent cations (Fe2+, Mg2+, Zn2+, and Ca2+) to growth media 

(Supplementary Figure 2), we cannot yet rule out that disruption of ion homeostasis impacts 

proteome changes independently of the overt toxicity observed in PPK-expressing cells. 

3.4.4. An Msn2/Msn4-dependent signaling pathway limits viability in PPK-expressing cells 

We next used the Yeast Search for Transcriptional Regulators and Consensus Tracking 

(YEASTRACT) (30) tool to identify candidate transcription factors involved in the regulation of 

genes encoding proteins up- or downregulated in our data set (Figure 3A). We were particularly 

interested in Msn2 (regulating 85% of hits) and its paralog Msn4 (regulating 74% of hits) for two 

reasons. First, these transcription factors are involved in the response to diverse cellular stresses 

via the activation of stress response element (STRE) genes (31,32) (Figure 3B). Second, the 

constitutive activation of Msn2 is associated with slow growth (33,34). We reasoned that the mis- 



Chapter 3 – Manuscript #2 

 100 

 

Figure 3. The Msn2 and Msn4 transcription factors limit viability in PPK-expressing cells. 
(A) YEASTRACT analysis was used to identify candidate transcriptional regulators based on 
proteins up- and downregulated in the mass spectrometry analysis. See Materials and Methods for 
details. The percentages show the fractions of differentially expressed proteins (adjusted P value 
of ≤0.1) whose encoding genes are regulated by the indicated transcription factors. (B) 
Relationship between PKA/Yak1/Hog1 and Msn2/Msn4 in stress signaling. (C) Tenfold serial 
dilutions of the indicated strains transformed with an empty or PPK-expressing vector were spotted 
onto the indicated media and incubated for 48 h at 30°C. Two biological replicates for 
the msn2Δ msn4Δ mutant are shown for each condition. (D) Schematic of an inducible HA-PPK 
expression system under the control of the GAL promoter. Gal-induced HA-PPK expression 
results in decreased growth in both the vtc4Δ and wild-type backgrounds. Tenfold serial dilutions 
of the indicated strains were spotted onto the indicated media and incubated for 72 h at 30°C. (E) 
Protein extracts from the indicated strains harboring an empty GAL promoter or the inducible HA-
PPK expression system were prepared using a TCA lysis protocol and separated on SDS-PAGE 
gels. Separated proteins were transferred to a PVDF membrane prior to the detection of proteins 
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with the indicated antibodies. Ponceau S staining of the PVDF membranes is shown as a loading 
control. (F) Protein extracts from the indicated strains were prepared and analyzed as described 
above for panel E. A phospho-CREB antibody was used to detect the NLS-specific 
phosphorylation of Msn2. Cdc55 is used as a loading control. Images are representative of results 
from ≥3 experiments. 
 
 

regulation of Msn2 and/or Msn4 impacts cell growth and/or division in PPK-expressing cells. 

Indeed, the deletion of MSN2 and MSN4 in PPK-expressing strains improved growth in serial 

dilution assays (Figure 3C), suggesting that these transcription factors hinder growth in the 

presence of nonvacuolar polyP. We next examined changes to Msn2 via Western blotting. For 

these experiments, we developed an integrated galactose (Gal)-inducible version of the PPK 

expression system (Figure 3D). This allowed better control over PPK expression and prevented 

strains from adapting to the presence of nonvacuolar polyP. The PPK construct contains an N-

terminal hemagglutinin (HA) epitope tag, which allowed us to monitor expression in mutant 

strains. Notably, Gal-induced HA-PPK expression resulted in growth defects in both the vtc4Δ and 

WT strain backgrounds (Figure 3D). HA-PPK-synthesized polyP was quantified in vtc4Δ cells 

and amounted to approximately 50% of that produced in wild-type cells grown in galactose 

(Supplementary Figure 3A). We further validated our Gal-inducible system by demonstrating 

that Gcv1-3FLAG and Hsp42-3FLAG are upregulated and that Fet3-3FLAG and Adh4-3FLAG 

are downregulated following HA-PPK expression (Figure 3E and Supplementary Figure 1F), 

mirroring what was observed for the plasmid-based expression system used in previous 

experiments. The loss of PKA-dependent Msn2 nuclear localization signal (NLS) phosphorylation 

is associated with its nuclear localization and transcriptional activation of stress response element 

genes (35) (Figure 3B). HA-PPK-expressing cells had lower levels of this phosphorylated form 

of Msn2, which can be fortuitously detected using an antibody against human pCREB (35,36) 
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(Figure 3F). Notably, the levels of total Msn2 were also reduced with PPK expression (Figure 

3F), an observation that may seem at odds with the idea of enhanced Msn2 activity. However, we 

note that nuclear Msn2 is thought to be destabilized under conditions of chronic stress and low 

PKA activity as well as heat shock (34,37). Importantly, Msn2/Msn4-induced genes whose 

encoded proteins were upregulated with PPK expression showed increased mRNA expression, 

consistent with regulation occurring at the transcriptional level (Supplementary Figure 3B). 

Hog1 and Yak1 are upstream kinases that act on Msn2 to regulate its nuclear import and at 

the promoter level to stimulate stress-dependent gene induction (38,39) (Figure 3B). Therefore, 

we next tested if Hog1 and Yak1 might be involved in the response to HA-PPK expression and 

polyP accumulation outside the vacuole. While we saw no change in the expression of Hog1-green 

fluorescent protein (GFP) or Yak1-GFP (Figure 4A and Figure 4B), the electrophoretic mobility 

of Yak1-GFP was slightly but reproducibly increased with PPK expression (Figure 4B). We 

surmised that this could represent a loss of autophosphorylation or PKA-dependent 

phosphorylation that accompanies Yak1 activation or translocation to the nucleus, respectively 

(40). Indeed, some PKA-dependent phosphoproteins show misregulation in PPK-expressing cells 

(Figure 4C). The deletion of HOG1 or YAK1 partially rescued the slow growth associated with 

PPK expression (Figure 4D). As a control, these strains had equal levels of HA-PPK expression 

(Supplementary Figure 3C). We also observed a comparable effect on cells deleted for VTC4, 

which were confirmed to accumulate similar levels of PPK-synthesized polyP (Supplementary 

Figure 3D and Supplementary Figure 3F). Collectively, our data suggest that Hog1 and Yak1 

may signal through Msn2/Msn4 in response to polyP accumulation outside the vacuole and that 

the activation of this signaling pathway inhibits growth. However, we cannot completely rule out 

a role for these proteins in the metabolism or distribution of polyP itself. 
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3.4.5. Ddp1 cooperates with Ppx1 to degrade nonvacuolar polyP 

Since aberrant polyP outside the vacuole leads to changes in the expression of the proteome, we 

expect that mechanisms may exist to counter its accumulation. In yeast, work on polyphosphatase 

enzymes has focused on four proteins: Ppn1, Ppn2, Ppx1, and Ddp1. Ppn2 and Ddp1 are thought 

to act as endopolyphosphatases, which cleave polyP chains internally (2). Ppx1 functions as an 

exopolyphosphatase that cleaves polyP chains starting at the end (2). Ppn1 has been proposed to 

have both functions (2). Work by Gerasimaitė et al. demonstrated that GALpr-PPX1 strains show 

decreased growth when grown in glucose (repressed PPX1) versus galactose 

(PPX1 overexpression) in the presence of nonvacuolar polyP (5). Whether Ppx1 works alone or in 

conjunction with additional polyphosphatases is unknown. Therefore, we tested the contribution 

of each of the four polyphosphatase enzymes in our system. The deletion of the polyphosphatase 

gene PPN1 or PPN2 had no impact on the growth or viability of HA-PPK-expressing cells (Figure 

5A). This observation is consistent with their roles as vacuolar enzymes and the lack of an impact 

of vacuolar polyP stores on PPK-induced toxicity (Figure 3D). In contrast, and as 

expected, PPX1 deletion greatly enhanced the toxicity associated with PPK expression (Figure 

5B). Interestingly, a similar phenotype was observed in cells disrupted for DDP1. In contrast to 

the slow-growth phenotype conferred by PPK expression alone, the deletion of these genes 

resulted in a dramatic decrease in viability in addition to slow growth (Figure 5B). Interestingly, 

the simultaneous deletion of DDP1 and PPX1 showed an effect that was not more dramatic than 

that observed for either single mutant (Figure 5B). This largely epistatic relationship was 

recapitulated in the context of a liquid growth assay (Supplementary Figure 4A), suggesting that 

Ddp1 and Ppx1 function in the same pathway to counter the toxicity of polyP outside the vacuole. 

However, we note that HA-PPK expression levels are lower in the ppx1Δ ddp1Δ double mutant  
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Figure 4. Yak1 and Hog1 kinases modulate the response to PPK expression. (A) Hog1-GFP 
levels are unaffected by PPK expression. Protein extracts from the indicated strains were prepared 
using a TCA lysis protocol and separated on SDS-PAGE gels. Separated proteins were transferred 
to a PVDF membrane before probing with the indicated antibodies to detect the proteins of interest. 
Ponceau S staining of the PVDF membrane is shown as a loading control. (B) PPK expression 
leads to an increase in the electromobility of Yak1. Protein extracts from the indicated strains were 
prepared and analyzed as described above for panel A, but proteins were run on a 10% SDS-PAGE 
gel with a 77:1 acrylamide-to-bis ratio. Two biological replicates are shown for each condition. 
(C) Phosphorylated PKA substrates were detected using an antibody that detects phosphorylated 
serine or threonine residues with arginine at the −3 and −2 positions (RRXS*/T*). Arrows indicate 
misregulated phosphorylated PKA substrates. Ponceau S staining of the PVDF membrane is shown 
as a loading control. (D) Tenfold serial dilutions of the indicated strains were spotted onto the 
indicated media and incubated for 72 h at 30°C. Images are representative of results from ≥3 
experiments. 
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than in wild-type cells or either single mutant (Supplementary Figure 4C and Supplementary 

Figure 4G), which somewhat complicates this interpretation. To test if Ddp1 and Ppx1 physically 

interact to degrade polyP in a concerted fashion, we attempted to coimmunoprecipitate 3HA-Ddp1 

and Ppx1 but did not detect any interaction between the two proteins (Supplementary Figure 4B). 

To understand the mechanisms of Ppx1 and Ddp1 action, we analyzed polyP from our 

panel of polyphosphatase mutants. These experiments were conducted in a vtc4Δ background to 

allow the visualization of HA-PPK-synthesized polyP rather than the VTC-synthesized polyP 

stored in the vacuole but released during the polyP isolation protocol. As we observed in the 

plasmid-based system, HA-PPK-synthesized polyP accumulated as predominantly long chains 

reminiscent of those synthesized by E. coli in response to cellular stress (Figure 5C). Here again, 

the amount of polyP is smaller than that in a wild-type yeast cell, consistent with the notion that it 

is the localization of PPK-synthesized polyP rather than the amount of that polyP that drives 

changes in cell growth (5). HA-PPK-expressing strains lacking PPX1 had more polyP, and the 

chains were of a medium length (Figure 5C). Strains lacking DDP1 also showed increased polyP, 

but these chains were of the long form (Figure 5C). The ppx1Δ ddp1Δ double mutant accumulated 

both medium and long polyP chains, with long chains being predominant. The overexpression of 

either enzyme reduced the level of HA-PPK-synthesized polyP to background levels (Figure 5C) 

and rescued the slow growth associated with PPK expression (Supplementary Figure 4D). While 

these experiments suggest that Ddp1 and Ppx1 act sequentially to degrade long chains of polyP, 

Ppx1 may also target a distinct population of medium-length chains synthesized by HA-PPK. 

Interestingly, PKA activity was drastically reduced in ppx1Δ cells expressing HA-PPK (Figure 

5D). This observation reinforces the connection between polyP accumulation outside the vacuole  
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Figure 5 – Figure legend on the next page  



Chapter 3 – Manuscript #2 

 107 

Figure 5. PolyP accumulation outside the vacuole is countered by Ppx1 and Ddp1. (A and B) 
The indicated strains were spotted in a 5-fold dilution series onto plates containing 2% glucose or 
1.8% raffinose with 0.2% galactose and incubated at 30°C for 72 h. (C) Polyphosphate was 
extracted from the indicated strains and visualized using toluidine blue staining following 
separation on a 15.8% acrylamide–TBE–urea gel. The asterisk indicates nonspecific staining of an 
unknown product that is not polyP, as it is present in vtc4Δ cells. (D) PKA activity is drastically 
reduced in ppx1Δ cells expressing PPK. Protein extracts from the indicated strains were prepared 
using a TCA lysis protocol and separated on SDS-PAGE gels. Separated proteins were transferred 
to a PVDF membrane before probing with a phospho-PKA substrate antibody. Ponceau S staining 
of the membrane is used as a loading control. In these experiments, protein levels seem to be lower 
in PPK-expressing strains, which may be indicative of cell death. (E) Strains with the indicated 
plasmids expressing yeast or candidate human polyphosphatase enzymes were spotted in 10-fold 
dilution series and incubated at 30°C for 72 h. (F) Polyphosphate was extracted from the strains 
expressing the indicated plasmids and analyzed as described above for panel D. Images are 
representative of results from ≥3 experiments. 
 
 
and signaling through this pathway. In contrast, the deletion of DDP1 had little effect (Figure 5D), 

suggesting that the impact on PKA may be chain length dependent. 

To corroborate and extend our findings with yeast Ppx1 and Ddp1, we analyzed lysine 

polyphosphorylation of previously identified targets (15). Since lysine polyphosphorylation is a 

nonenzymatic modification, it is thought to be controlled largely by the concentration of polyP 

itself. We carried out these experiments in a vtc4Δ background to prevent the interference of 

vacuolar polyP, which can polyphosphorylate proteins during cell lysis (41). The deletion 

of PPX1 or DDP1 in HA-PPK-expressing cells resulted in the decreased electrophoretic mobility 

of the polyphosphorylation targets Rts1 and Fpr3 on NuPAGE gels, indicative of lysine 

polyphosphorylation (Supplementary Figure 4E-G) (15). Therefore, the “extra” polyP in these 

cells is competent to participate in lysine polyphosphorylation reactions. The decreased 

electrophoretic mobility observed in ppx1Δ and ddp1Δ cells could result from the modification of 

additional lysines at higher concentrations of polyP (42). The greater impact of ddp1Δ may reflect 

the addition of longer chains to individual target lysines in these cells. We propose that the 

enhanced toxicity of PPK expression observed in ddp1Δ and ppx1Δ mutants may be due in part to 
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the aberrant polyphosphorylation of proteins in the cytoplasm, although the identities of these 

remain unknown. 

Yeast Ppx1 and Ddp1 show homology to human Prune and DIPP1-DIPP3, respectively 

(43,44). Prune and DIPP1-DIPP3 have exo- or endopolyphosphatase activity in vitro (43-35). 

Only DIPP1 (also called NUDT3) has been described to have activity in vivo (45). Samper-Martín 

et al. showed that DIPP1 overexpression confers a zinc-dependent reduction in polyP detected in 

HEK293T cells via a polyP binding probe (45). Conversely, DIPP1 knockdown caused an increase 

in polyP in both HEK293T and SH-SY5Y cells using this same method of detection (45). To 

determine if candidate polyphosphatases could impact PPK-induced toxicity and/or polyP 

accumulation in yeast, we expressed them in yeast under the control of the strong glyceraldehyde-

3-phosphate dehydrogenase (GPD) promoter (Supplementary Figure 5A). In contrast 

to DDP1 overexpression, the ectopic expression of human Prune or DIPP1-DIPP3 proteins did not 

improve growth in PPK-expressing cells (Figure 5E) and did not decrease polyP accumulation 

(Figure 5F). Since DIPP1 activity is thought to be zinc dependent (45), we added zinc to the 

growth media used for these experiments. Although the highest concentrations of zinc used caused 

a slight improvement in the growth of strains expressing HA-PPK alone or in the presence of 

Prune, the growth of DIPP1-DIPP3-expressing strains was unaffected (Supplementary Figure 

5B). Similarly, although the addition of zinc resulted in a slight decrease in polyP levels in all 

strains tested, this was not impacted by the ectopic expression of DIPP1 (Supplementary Figure 

5C). Either Prune and DIPP1-DIPP3 do not directly impact the accumulation of long-chain 

polyP in vivo or their activities are not faithfully recapitulated in yeast under the conditions tested. 
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3.5. Discussion 

3.5.1. Nonvacuolar polyP reprograms the yeast proteome 

There are conflicting data concerning the concentration of polyP that accumulates outside the 

vacuole in wild-type yeast, although it is generally accepted that the vacuole harbors substantially 

higher concentrations than other areas of the cell (2). The sequestration of polyphosphate in 

specific subcompartments is not unique to yeast. Human cells accumulate high concentrations of 

polyP in the nucleolus or in dense granules of platelets (9.11). Trypanosomes accumulate high 

levels of polyP in acidocalcisomes (46) as well as in glycosomes and the nucleolus in smaller 

amounts (47). Even in many bacteria, polyP produced in response to stress is concentrated in 

granules (2). While the concentration of polyP in these areas is important for specific cellular 

functions (i.e., blood clotting in the case of dense granules (48)), it is less clear if polyP is actively 

excluded from (or limited within) some areas of the cell and why this might be important. The 

expression of bacterial PPK in yeast, coincident with the production of polyP outside the vacuole, 

was previously demonstrated to reduce growth and sensitize cells to rapamycin and cycloheximide 

(5,15). Our new study provides a critical advance by (i) identifying molecular pathways that 

mediate the toxic effects of PPK expression and (ii) providing molecular insight into how exo- and 

endopolyphosphatases cooperate to counter the accumulation of nonvacuolar polyP in yeast. 

We are not able to rule out that other enzymatic activities of the PPK enzyme (e.g., the 

phosphorylation of nucleotides) contribute to the proteomic changes measured in our mass 

spectrometry experiments. However, the fact that PPK’s impact is greatly exacerbated in strains 

lacking the Ddp1 and/or Ppx1 polyphosphatase suggests that downstream changes in growth 

and/or viability are related to changes in polyP metabolism. PolyP could influence the expression 

or stability of some proteins directly, perhaps by binding to transcription factors or proteins 



Chapter 3 – Manuscript #2 

 110 

themselves. We expect that the investigation of such direct modes of action will provide clues to 

the molecular functions of polyP that are broadly applicable, even under endogenous scenarios. 

Protein changes following PPK expression could also be indirect, for example, as a downstream 

result of polyP-mediated ion chelation or the cell’s response to more direct activities. Importantly, 

we consider such indirect effects to be equally interesting as they provide valuable insights into 

how eukaryotic cells respond to mislocalized polyP and may aid in the identification of scenarios 

when this occurs in the absence of PPK expression. 

3.5.2. Ddp1 and Ppx1 limit the toxic effects of nonvacuolar polyP 

In ppx1Δ and ppx1Δ ddp1Δ cells expressing PPK, polyP accumulates as medium-length chains, 

similar to those made by the VTC complex in wild-type cells. This argues against the idea that 

PPK expression is toxic only because it makes long chains that are not normally seen in yeast. 

However, we cannot rule out that different chain lengths have unique impacts on cell signaling 

and physiology, and this remains an important area for future research. Indeed, there is precedent 

for chain-length-dependent effects of polyP. For example, polyP chains of different lengths affect 

different parts of the blood coagulation cascade (49), and long chains preferentially stimulate 

changes in macrophage signaling important for the immune response (50). Since we have not 

recovered any evidence of a physical interaction between Ddp1 and Ppx1, we propose that they 

act sequentially to degrade long polyP chains (Figure 6), with Ddp1 first cleaving chains to 

generate free polyP “ends” on which Ppx1 can then act. Notably, Ppx1 has also been shown to 

directly remove polyP chains from the nuclear polyphosphorylated target Nsr1 (51) and could act 

on other proteins in PPK-expressing cells to limit toxicity. 
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Figure 6. Working model for the cellular response to nonvacuolar polyP in yeast. PPK-
produced polyP accumulates in the cytoplasm and slows growth by a variety of pathways, which 
include the activation of a Yak1/Hog1-Msn2/Msn4 signaling cascade. The accumulation of polyP 
outside the vacuole is countered by Ppx1 and Ddp1, which work together to degrade polyP. See 
the text for details. 
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3.5.3. PolyP as an activator of stress signaling 

We propose that polyP escaping degradation by polyphosphatases activates a stress-signaling 

pathway that limits cell growth or viability (Figure 6). It is unclear if polyP is indeed causing some 

type of intracellular stress (i.e., the accumulation of unfolded proteins) or if it is inappropriately 

activating stress-signaling pathways in the absence of stress. Regardless, the downstream 

consequences appear to involve the PKA pathway, which plays a central role in the regulation of 

cell metabolism, growth, as well as diverse stress responses (52). Our results show that the 

accumulation of nonvacuolar polyP leads to the broad misregulation of PKA substrates. Some of 

these substrates may include differentially expressed proteins identified in our mass spectrometry 

experiments. For example, Ura2, which is downregulated in PPK-expressing cells, is 

phosphorylated by PKA in vitro (53). Moreover, PKA regulates the activity of Msn2/Msn4 and 

Yak1 through direct phosphorylation (35,40), and recently, it was suggested that PKA might 

modulate the activation of the Hog1 pathway during impaired sphingolipid biosynthesis (54). 

Previous work has shown that the deletion of YAK1 or MSN2 and MSN4 under conditions of low 

PKA activity rescues related slow-growth phenotypes (55,56). We have shown that the deletion 

of YAK1 or MSN2 and MSN4 also rescues growth in PPK-expressing cells, which is in accordance 

with scenarios of low PKA activity. Furthermore, low PKA activity imparted by the accumulation 

of nonvacuolar polyP could explain the sensitivity of PPK-expressing cells to rapamycin (15) since 

mutants with low PKA activity have increased sensitivity to this drug (57). Our results suggest that 

nonvacuolar polyP might affect PKA activity directly or indirectly and that these changes may 

explain the observed toxicity (Figure 6). 

3.5.4. Endogenous functions of nonvacuolar polyP 

The polyphosphate functions outside the vacuole are poorly understood. The Ppx1 and Ppn1 
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polyphosphatases localize in part to the mitochondria, and here, polyP is suggested to play a role 

in energy homeostasis and metabolism (58). Within the nucleus, polyphosphorylation may also 

inhibit the interaction of the Top1 and Nsr1 proteins in addition to modulating their localization to 

the nucleolus (51). It is also tempting to speculate that the nuclear localization of polyphosphate 

underlies its poorly understood role in cell cycle regulation (59). How polyP that functions in or 

transits through the cytoplasm in a wild-type cell avoids degradation by polyphosphatases is an 

intriguing question. It may be that these polyP molecules are bound by proteins or small molecules 

that prevent enzyme access to the phosphoanhydride bonds. It is also possible that Ddp1 and Ppx1 

become activated to degrade cytoplasmic polyP only when the concentration exceeds a particular 

threshold. We further speculate that polyP could be released from vacuoles following damage with 

lysosomotropic agents such as N-dodecylimidazole (60) or during sporulation, where the vacuole 

undergoes programmed lysis (61). Ddp1 and Ppx1 are ideally placed to regulate these responses. 

3.5.5. Regulation of polyP in human cells 

Our study suggests that the degradation of long-chain polyP in human cells will require the 

combined action of both endo- and exopolyphosphatases, akin to what we observed for Ddp1 and 

Ppx1. Mammalian polyphosphatases may also play a role in degrading long-chain polyP made by 

pathogenic bacteria, which has been suggested to enter cells during infection to reprogram 

macrophages and thereby subvert host defense mechanisms (50). The identities of intracellular 

human polyphosphatases had long remained unknown, but Prune and DIPP1-DIPP3 have emerged 

as candidates based on their in vitro activities (43,44,62). Notably, mutations that reduce Prune 

activity in vitro give rise to a rare disease called neurodevelopmental disorder 

with microcephaly, hypotonia, and variable brain anomalies (NMIHBA) (62). However, 

expressing either Prune or DIPP1-DIPP3 in yeast resulted in no appreciable change in viability 
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and no obvious decrease in PPK-synthesized polyP. We note that the in vitro exopolyphosphatase 

activity of Prune is mostly against very short chains (3 to 4 phosphate units in length) (44,62). In 

our experiments, Prune was also expressed at substantially lower levels than the DIPP1-DIPP3 

proteins in yeast despite the fact that both constructs used the GPD promoter. Together, these 

observations could account for the lack of an effect observed in our system. More surprising is the 

observation that the expression of DIPP1 had no effect in either the presence or absence of zinc. 

This finding is seemingly at odds with the exciting work of Samper-Martín et al., who describe a 

zinc-dependent activity of DIPP1 (also called NUDT3) in HEK293T and SH-SY5Y cells (45). 

One exciting possibility is that DIPP1 or other mammalian polyphosphatase enzymes require 

additional cofactors besides zinc that are not normally present in yeast. Such proteins could serve 

as important regulators of in vivo polyphosphatase activity and should be a focus of future work. 
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3.6. Methods 

Yeast strains and handling 

Yeast strains were constructed using standard methods as previously described (63-65). The 

locations of gene deletion and tagging cassettes were confirmed using PCR analyses (65). The full 

genotypes of all yeast strains used in this work are listed in Supplementary Table 3 in the 

supplemental material. Cells were grown in yeast extract-peptone-dextrose (YPD), YEP-raffinose, 

YEP-galactose, or synthetic complete (SC) medium as described below for individual experiments. 

In general, SC-Ura and SC-Leu media were used to maintain URA3-based and LEU2-based 

selection plasmids, respectively. 

Plasmids 

All plasmids used for this work are listed in Supplementary Table 5A. All plasmids generated 

for this work are available from Addgene (www.Addgene.org). 

Polyphosphate extractions. 

(i) Cell growth 

Cells expressing the plasmids indicated in Figure 1A and Figure 2C were diluted to an optical 

density at 600 nm (OD600) of 0.2 in SC-Ura medium with 2% glucose and grown at 30°C with 

shaking until the OD600 reading reached a final value of 0.8 to 1. Cells in Figure 

5C and Supplementary Figure 3F were diluted to an OD600 of 0.2 in YEP medium with 2% 

raffinose and grown for 3 h before the addition of 2% galactose and growth for another 3 h. Cells 

expressing the plasmids indicated in Figure 5F and Supplementary Figure 5C were diluted to 

an OD600 of 0.2 in SC-Ura medium with 2% raffinose and grown for 3 h before the addition of 2% 

galactose and growth for another 3 h. 

 

http://www.addgene.org/
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(ii) PolyP extraction 

The polyP isolation protocol was adapted from a protocol first described by Bru et al. (66) and 

described elsewhere (16). The protocol is repeated here using similar language. Yeast cell pellets 

of approximately 8 OD600 units in size were resuspended in 400 μL of cold LETS buffer (100 mM 

LiCl, 10 mM EDTA, 10 mM Tris-HCl [pH 7.4], 0.2% SDS), transferred to a screw-cap tube 

containing 600 μL of phenol (pH 8) and 150 μL of MilliQ water (mqH2O), and vortexed for 20 s. 

Samples were then heated for 5 min at 65°C and cooled on ice for 1 min. Once cooled, 600 μL of 

chloroform was added, and the samples were vortexed for 20 s. Vortexed samples were centrifuged 

at 13,000 × g for 2 min at room temperature, and the top layer was transferred to a new tube 

containing 600 μL of chloroform. Samples were vortexed for 20 s and centrifuged again at 

13,000 × g for 2 min, and the top layer was transferred to a clean 1.5-mL tube. To degrade RNA 

and DNA, 2 μL of 10 mg/mL of RNase A and 2 μL of 10 mg/mL of DNase I were added to samples, 

and the samples were incubated at 37°C for 1 h. Digested samples were transferred to prechilled 

1.5-mL tubes containing 1 mL of 100% ethanol and 40 μL of 3 M sodium acetate (pH 5.3), and 

polyP was left to precipitate at −20°C for at least 3 h or overnight. PolyP was pelleted by 

centrifugation at 13,000 × g for 20 min at 4°C, and the supernatant was discarded. The pellet was 

washed with 500 μL of cold 70% ethanol and centrifuged at 13,000 × g for an additional 5 min. 

The supernatant was discarded, and the pellets were air dried before being resuspended in 20 to 30 

μL of mqH2O. 

(iii) Gel analysis 

Extracted polyP was diluted 1:1 with polyP loading buffer (10 mM Tris-HCl [pH 7], 1 mM EDTA, 

30% glycerol, bromophenol blue), and 15 μL was loaded onto a 15.8% Tris-borate-EDTA (TBE)–

urea gel (5.25 g urea, 7.9 mL 30% acrylamide, 3 mL 5× TBE, 150 μL 10% ammonium persulfate 
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[APS], 15 μL N,N,N′,N′-tetramethylethylenediamine [TEMED]) and run at 100 V for 1 h 45 min 

in 1× TBE running buffer. For toluidine blue staining, the gel was incubated in fixative solution 

with toluidine blue (25% methanol, 5% glycerol, 0.05% toluidine blue) for 20 min and destained 

with fixative solution without toluidine blue. For 4′,6-diamidino-2-phenylindole (DAPI) staining, 

the protocol was adapted from the one described previously by Smith and Morrissey (67). The 

extracted polyP was diluted 1:60 for wild-type or 1:10 for vtc4Δ background strains with polyP 

loading buffer, and 15 μL was loaded. The gel was incubated in fixative solution with DAPI (25% 

methanol, 5% glycerol, 50 mM Tris base, 2 μg/mL DAPI) for 30 min. The gel was destained with 

fixative solution without DAPI for 1 h, changing solution once halfway through. The destained gel 

was exposed to 365 nM UV light on a transilluminator to photobleach the DAPI-polyP until it 

became dark. Pictures were taken with a Bio-Rad ChemiDoc UV transilluminator. 

Polyphosphate quantification 

Polyphosphate was quantified using the Phosfinity total polyphosphate quantification kit 

(Aminoverse) according to the manufacturer’s protocol. 

Label-free mass spectrometry 

The sample preparation and mass spectrometry protocols are based on an experimental setup that 

we have used previously for work in HEK293T cells (16). Similar language is used in the 

description here. Cells were diluted to an OD600 of 0.2 in SC-Ura medium with 2% glucose and 

grown at 30°C with shaking until an OD600 of 1 was reached. Yeast pellets of approximately 50 

OD600 units in size were resuspended in 600 μL of lysis buffer (5% SDS and 50 mM 

triethylammonium bicarbonate [TEAB] supplemented with protease and phosphatase inhibitor 

tablets [Roche]), and a 2-mL screw-cap tube was filled with acid-washed glass beads. Cells were 

lysed with 12 1-min pulses on a BioSpec minibeadbeater with incubation on ice in between pulses. 
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The lysates were clarified by centrifugation at 15,000 × g for 10 min at 4°C. The supernatant was 

collected and centrifuged again at 15,000 × g for 10 min at 4°C before being collected again and 

frozen at −80°C. Frozen protein extracts were shipped overnight on dry ice to the UC Davis 

Proteomics core. Trypsin digestion was performed using S-Trap Mini spin columns (Protifi) 

according to the manufacturer’s protocol. 

Liquid chromatography and mass spectrometry analysis 

At UC Davis, digested peptides were first separated using Proxeon Easy-nLC II high-performance 

liquid chromatography (HPLC) (Thermo Scientific) coupled to a Proxeon nanospray source. The 

peptides were loaded onto a 100-μm by 25-mm Magic C18 100-Å 5-micron reverse-phase trap and 

desalted online prior to being separated using a 75-μm by 150-mm Magic C18 200-Å 3-micron 

reverse-phase column. For all runs, peptides were eluted using a 140-min gradient with a flow rate 

of 300 nL/min into a Thermo Scientific Q Exactive Plus Orbitrap mass spectrometer. First, an MS 

survey scan was obtained for the m/z range of 350 to 1,600. MS/MS spectra were acquired with 

the top 15 ions in the MS spectra subjected to higher-energy collisional dissociation, with 

resolutions at 400 m/z of 70,000 and 17,500 at the MS1 and MS2 levels, respectively. For 

precursor ion selection, an isolation mass window of 1.6 m/z was used. A normalized collision 

energy of 27% was used for fragmentation. Dynamic exclusion was set for 15 s. 

Bioinformatics analyses 

For mass spectrometry data, the bioinformatics pipeline used for analysis is similar to the one 

previously described (16). The details are presented here with minimal rewording for clarity. 

Protein identification 

Tandem mass spectra were extracted using the msConvert program (68). X!Tandem (version 

X!Tandem ALANINE [2017.2.1.4]; thegmp.org) was used to analyze MS/MS spectra and identify 
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peptide sequences (69). The X!Tandem program was used to search the Swiss-Prot/UniProt S. 

cerevisiae database (70) (proteome identifier UP000002311; downloaded 21 December 2018), 

along with 110 common laboratory contaminants (thegpm.org/crap/) and the E. coli PPK protein 

sequence, and all of these sequences were reversed for a decoy database search. A database search 

was performed on MS/MS spectra from precursor ions with a charge state of 4 at most. Trypsin 

was set as the digestion enzyme. Using an X!Tandem two-pass search, the initial search was 

performed with one miscleavage considered, and a refinement search looked for additional 

unanticipated miscleavages in peptides from proteins identified in the first pass. Fragment ion and 

parent ion mass tolerances were set to 20 ppm. Single-amino-acid polymorphisms were checked 

for each peptide residue in the first search, using a default list of polymorphisms from the single 

nucleotide polymorphism (SNP) annotations in ENSEMBL (71). Carbamidomethylations of 

cysteine and selenocysteine were specified as fixed modifications. Variable modifications included 

were glutamic acid→pyroglutamic acid of the N terminus, glutamine→pyroglutamine of the N 

terminus, ammonia loss of the N terminus, deamidation of asparagine and glutamine, oxidation 

and dioxidation of both methionine and tryptophan, and N-terminal acetylation. Validation of 

peptide and protein identifications was done using the Scaffold program (version 4.11.1; Proteome 

Software, Inc., Portland, OR). The ProteinProphet algorithm was used to assign protein 

identification probabilities. Peptide identifications associated with an FDR of <1% were deemed 

of high confidence. Protein identifications with an FDR of <1% and associated with at least 2 high-

confidence peptides were then used in all downstream analyses. Proteins were grouped into protein 

groups if they shared significant peptide evidence. To satisfy the principles of parsimony, proteins 

sharing the same peptides were grouped if it was not possible to differentiate them based on 

MS/MS analyses. 

https://www.uniprot.org/proteomes/UP000002311
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Differential protein expression analysis 

Protein and protein group spectral counts were retrieved from Scaffold. To account for missing 

values, spectral counts were imputed for all spectral count values equal to zero by randomly 

sampling spectral count values from the bottom 20% of nonzero spectral counts. Spectral counts 

were normalized by the total number of spectral counts in each MS/MS run. Protein differential 

expression was assessed using two-tailed, two-sample Student’s t test assuming unequal variance 

on normalized spectral counts. Differential expression was assessed using a t test only for proteins 

that were reproducibly identified in 3 or more replicates under both experimental conditions. The 

Benjamini-Hochberg procedure (72) was used to correct for multiple-hypothesis testing. Proteins 

were deemed differentially expressed when their FDR-adjusted P value was ≤0.1. In addition, 

proteins with extreme expression differences (i.e., detected in all replicates under one condition 

and in none under the other condition) are also reported and named “all-or-none” proteins. 

Gene Ontology enrichment analysis 

In order to investigate key functional changes in response to the ectopic expression of PPK, a Gene 

Ontology (73) enrichment analysis was performed using Ontologizer (74). Differentially 

expressed proteins (FDR-adjusted P value of ≤0.1) and all-or-none proteins were evaluated for 

enrichment against a background of all identified proteins in all MS/MS runs (FDR of <1%). The 

OBO ontology file and GAF annotation file used for Gene Ontology enrichment analysis were 

downloaded from the Gene Ontology database (http://geneontology.org/) on 22 August 2019 and 

20 January 2020, respectively. The P values were adjusted using the Benjamini-Hochberg 

procedure to correct for multiple-hypothesis testing. 

 

 

http://geneontology.org/
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Protein-protein interaction network 

The STRING (23) database was used to construct a protein-protein interaction network between 

differentially expressed proteins (FDR-adjusted P value of ≤0.1) and all-or-none proteins. The 

network was constructed using the STRING medium-confidence (0.4) threshold for experimental 

evidence and database evidence of interactions. Proteins without any protein-protein interactions 

were removed from the network. 

YEASTRACT analysis 

Genes of differentially expressed proteins (FDR-adjusted P value of ≤0.1) and all-or-none proteins 

were ranked by transcription factor using YEASTRACT 

(http://www.yeastract.com/formrankbytf.php) (30). Documented regulations were filtered by 

DNA binding or expression evidence, and transcription factors acting as an activator or inhibitor 

and all transcription factors were checked. 

Immunoprecipitation 

Cells were diluted to an OD600 of 0.2 in YEP medium with 2% raffinose and grown for 3 h before 

inducing 3HA-Ddp1 expression with 2% galactose for 2 h. Yeast cell pellets of approximately 50 

OD600 units were resuspended in 750 μL of lysis buffer (0.1% NP-40, 150 mM NaCl, 50 mM Tris-

HCl [pH 8], 10% glycerol); 15 mL of buffer was supplemented with 30 μL of 1 M imidazole, 15 

μL of 1 M sodium fluoride, 17.25 μL of 1 M sodium molybdate, 75 μL of 200 mM sodium 

orthovanadate, 75 μL of 1 M dithiothreitol (DTT), 15 μL of 5 mM cantharidin, 150 μL of 2.5 mM 

(−)-p-bromotetramisole oxalate, 75 μL of 1 M glycerol-2-phosphate, 15 μL of 0.1 M 

phenylmethylsulfonyl fluoride (PMSF), and a 15-mL Roche cOmplete protease inhibitor tablet 

with EDTA (15, 51); and 2-mL screw-cap tubes were filled with acid-washed glass beads. Cells 

were lysed with 8 1.5-min pulses on a BioSpec minibeadbeater with incubation on ice between 

http://www.yeastract.com/formrankbytf.php
https://journals.asm.org/doi/full/10.1128/mbio.00390-22?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#core-B15
https://journals.asm.org/doi/full/10.1128/mbio.00390-22?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#core-B51
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pulses. Lysates were clarified by centrifugation at 15,000 × g for 10 min at 4°C. The supernatant 

was collected and centrifuged again at 15,000 × g for 10 min at 4°C. Anti-HA antibody was added 

to each lysate at a dilution of 1/650, and the mixture was rotated end over end for 1 h at 4°C. After 

incubation, 20 μL of protein A magnetic beads was washed 3 times with 700 μL of lysis buffer 

and added to each sample, and the samples were rotated end over end for 1 h at 4°C. The samples 

were centrifuged briefly to pellet the beads, and the lysate was removed. The beads were washed 

3 times with 700 μL of lysis buffer and eluted with sample buffer by boiling for 10 min. 

Immunoblotting 

Proteins were extracted using a method that was described previously (15). That method is 

described again here for convenience. Cell pellets at an OD600 of 3 to 6 (measured using an 

Eppendorf BioPhotometer) were resuspended in 300 μL of a solution containing 20% 

trichloroacetic acid (TCA) and 100 μL of acid-washed glass beads. Cells were lysed with 2 3-min 

pulses on a BioSpec minibeadbeater. The supernatant was removed and kept. Beads were washed 

with 300 μL 5% TCA, and this supernatant was combined with the first 300 μL. This mixture was 

clarified via centrifugation at 16,000 × g for 4 min at 4°C. The resulting pellet was dissolved in 

100 μL of SDS-PAGE loading buffer supplemented with a 1/10 volume of 1.5 M Tris-HCl (pH 

8.8) and a 1/10 volume of 1 M DTT and boiled for 8 min. The samples were centrifuged again at 

16,000 × g for 4 min, and the supernatant was recovered. Approximately 10 to 20 μL was loaded 

per gel (corresponding to about 75 μg of protein). Unless stated otherwise in the figure legends, 

protein samples were run on 10% SDS-PAGE gels made from a 30% acrylamide/bis-acrylamide 

(37.5:1). To resolve polyphosphorylation-induced shifts, protein samples were run on NuPAGE 4 

to 12% bis-Tris gels. Buffers used for both gel types were described previously (15). All proteins 
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were transferred to polyvinylidene difluoride (PVDF) membranes before probing with antibodies. 

The antibodies used for this work are detailed in Supplementary Table 4. 

Spot tests 

Cells from freshly grown plates were diluted in water, and 5- or 10-fold serial dilutions were 

spotted onto the indicated media and allowed to dry prior to incubation at 30°C for 2 to 3 days. 

Liquid growth curves 

Cultures grown overnight in YEP medium with 2% raffinose were diluted to an OD600 of 0.2 in 

YEP medium with 2% raffinose and incubated at 30°C with shaking for 4.5 h (OD600 = 0.6 to 0.8). 

Cultures were subsequently diluted to an OD600 of 0.1 (measured using an Eppendorf 

BioPhotometer) in YEP medium with 2% raffinose or YEP medium with 2% galactose. Two 

hundred microliters of cells was pipetted into the wells of a 100-well honeycomb plate, and the 

plate was incubated in a Bioscreen C plate reader (Oy Growth Curves) set at 30°C with continuous 

shaking. A wavelength of 600 nm was used to measure the optical density every 15 min for 24 h. 

RT-qPCR analysis  

(i) RNA extraction 

Cell pellets of 12 OD600 units were resuspended in a solution containing 1 mL of cold TRIzol and 

200 μL of acid-washed glass beads. Cells were lysed with 6 30-s pulses on a BioSpec 

minibeadbeater with 2 min on ice between cycles. Two hundred microliters of chloroform was 

added, and the samples were vortexed for 20 s and incubated at room temperature for 5 min. The 

samples were centrifuged at 16,000 × g for 15 min at 4°C. The aqueous phase was transferred to a 

fresh screw-cap tube containing 400 μL of chloroform, and the extraction step was repeated as 

described above. The aqueous phase was transferred to a fresh 1.5-mL Eppendorf tube, RNA was 

precipitated by adding 500 μL (1:1 volume) of cold isopropanol and 1 μL of Glycoblue, and the 
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mixture was incubated for 30 min at −20°C. RNA was pelleted by centrifugation for 20 min at 

20,000 × g at 4°C, and the supernatant was discarded. The pellet was washed with 1 mL of cold 

70% ethanol and centrifuged at 20,000 × g for 10 min at 4°C. The ethanol was discarded, and the 

pellets were allowed to air dry for 10 min in a fume hood. The pellets were dissolved in 30 μL of 

RNase-free water and heated at 55°C for 5 min to ensure resolubilization of the RNA. The quality 

of the RNA was analyzed by nanodrop and agarose gel methods. Extracted RNA was DNase 

treated according to the Invitrogen Ambion DNase I (RNase-free) protocol. DNase was removed 

by phenol-chloroform extraction; a 1:1 volume of a phenol-chloroform-isoamyl solution (25:24:1) 

was added, and the samples were vortexed for 2 min. The samples were centrifuged at 

20,000 × g for 10 min at 4°C. The aqueous phase was transferred to an Eppendorf tube containing 

1 mL of cold ethanol and 16 μL of sodium acetate, and RNA was left to precipitate overnight at 

−20°C. RNA was pelleted by centrifugation for 20 min at 20,000 × g at 4°C, and the supernatant 

was discarded. The pellet was washed with 1 mL of cold 70% ethanol and centrifuged at 

20,000 × g for 10 min at 4°C. The ethanol was discarded, and the pellets were allowed to air dry 

for 10 min in a fume hood. The pellets were dissolved in 25 μL of RNase-free water and heated at 

55°C for 5 min. 

(ii) cDNA synthesis and qPCR 

One microgram of RNA was reverse transcribed to cDNA using 5× All-In-One reverse 

transcription (RT) master mix (Applied Biological Materials). Reaction mixtures were incubated 

in a thermocycler at 37°C for 15 min, 25°C for 10 min, 60°C for 50 min, and 85°C for 5 min. 

cDNA was diluted 1:5 with RNase-free water, aliquoted into 20-μL working solutions, and stored 

at −80°C. Quantitative PCRs (qPCRs) were carried out using iQ SYBR green supermix according 

to the manufacturer’s protocol under the following conditions: 95°C for 3 min and 40 cycles of 
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95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. Melt curve analysis was performed at the end of 

each run, and standard curves using genomic DNA were performed to assess the primer efficiency 

for each primer pair. All qPCRs were completed in 3 technical replicates with 5 biological 

replicates. Changes in mRNA expression were calculated using the ΔΔCT method, and statistical 

analysis was performed using Bio-Rad CFX Maestro 2.3 version 5.3.022.1030 software, which 

uses unpaired two-tailed Student’s t test based on the geometric mean. Significance was also 

determined using standard unpaired two-tailed Student’s t test performed using GraphPad Prism 

version 9. The primers used are listed in Supplementary Table 5B. 

Data availability 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 

via the PRIDE (75) partner repository with the data set identifier PXD031326. 

  

https://www.ebi.ac.uk/pride/archive?keyword=PXD031326
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3.9.  Supplemental figures  
 

 
 
S1 Figure. Changes to the S. cerevisiae proteome with ectopic PPK expression. (A) PPK 
expression restores polyphosphate levels in samples used for mass spectrometry. Protein extracts 
were prepared from the indicated strains carrying either control or PPK-expressing plasmids using 
an SDS lysis protocol and separated on a NuPAGE gel. Separated proteins were transferred to a 
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PVDF membrane before probing with an antibody that recognizes yeast Fpr3. Ponceau S staining 
of the membrane is shown as a loading control. The shift observed in PPK-expressing samples is 
a sign of lysine polyphosphorylation and polyP production. (B) Supplemental protein expression 
validation of mass spectrometry candidates in a vtc4Δ background. (C) Supplemental protein 
expression validation of mass spectrometry candidates in a wild-type background. (D) 
Supplemental protein expression validation of mass spectrometry candidates in a vtc4Δ 
background with mutant PPK included. Asterisks indicate nonspecific bands. (E) Expression 
levels of HA-PPK and mutant HA-PPK expressed from plasmids in a vtc4Δ background. These 
cell extracts were prepared from Fet3-3FLAG-tagged strains. (F) Supplemental protein expression 
validations of mass spectrometry candidates using the Gal-inducible HA-PPK system. All protein 
extracts from the indicated strains in panels B to F were prepared using a TCA lysis protocol and 
separated on SDS-PAGE gels. Separated proteins were transferred to a PVDF membrane before 
probing with an anti-FLAG antibody. Ponceau S staining of the membrane is used as a loading 
control. Images are representative of results from ≥2 experiments. 
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S2 Figure. Supplementing media with excess metals does not rescue PPK-induced growth 
defects. The indicated strains were spotted in 10-fold dilution series. All metals were used at a 
concentration of 200 μM with the exception of calcium chloride, which was used at 100 mM. 
Plates were incubated at 30°C for 48 h. Images are representative of results from 2 experiments, 
except for calcium chloride, which is representative of results from 3 experiments.  
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S3 Figure. PolyP quantification, qPCR analysis of Msn2/Msn4 targets, and HA-PPK levels 
in the HOG1 and YAK1 mutants. (A) Quantification of polyP produced by the Gal-inducible 
HA-PPK system. Extracted polyP was quantified from 5 biological replicates using the Phosfinity 
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kit. Error bars represent standard deviations. Significance was determined by 2-tailed 
Student’s t test. (B) qPCR analysis of differentially expressed proteins regulated by the 
Msn2/Msn4 transcription factors. qPCR was performed on 5 biological replicates. Error bars 
represent standard errors of the means. The indicated P values were determined by Bio-Rad CFX 
Maestro 2.3 version 5.3.022.1030 software, which uses Student’s t test based on the geometric 
mean. (C) Protein extracts from the indicated strains were prepared using a TCA lysis protocol 
and separated on SDS-PAGE gels. Separated proteins were transferred to a PVDF membrane and 
probed with anti-HA to detect HA-PPK. Ponceaus S staining is shown as a loading control. (D) 
The indicated strains were spotted in 10-fold dilution series, and plates were incubated at 30°C for 
48 h. (E) Protein extracts from the indicated strains were prepared using a TCA lysis protocol and 
separated on SDS-PAGE gels. Separated proteins were transferred to a PVDF membrane and 
probed with anti-HA to detect HA-PPK. Ponceaus S staining is shown as a loading control. (F) 
PolyP levels are unaffected in hog1Δ and yak1Δ mutants. Polyphosphate was extracted from the 
indicated strains and visualized using toluidine blue staining following separation on a 15.8% 
acrylamide–TBE–urea gel. The asterisk indicates nonspecific staining of an unknown product that 
is not polyP, as it is present in vtc4Δ cells. Images are representative of results from ≥3 
experiments, except for panel E, which is representative of results from 2 experiments. 
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S4 Figure. HA-PPK regulation in polyphosphatase mutants. (A) Growth curves for the 
indicated strains were generated using the Bioscreen C system described in Materials and Methods. 
(B) Ppx1 does not coimmunoprecipitate with Ddp1. 3HA-Ddp1 was immunoprecipitated using an 
anti-HA antibody and then recovered using protein A-agarose beads before elution in sample 
buffer. Eluted proteins from the indicated strains were separated on SDS-PAGE gels and 
transferred to a PVDF membrane prior to probing with anti-HA to detect 3HA-Ddp1 and anti-
Ppx1 to detect Ppx1. (C) HA-PPK levels in polyphosphatase mutants. Protein extracts from the 
indicated strains were prepared using a TCA lysis protocol and separated on SDS-PAGE gels. 
Separated proteins were transferred to a PVDF membrane and probed with anti-HA to detect HA-
PPK. Ponceau S staining is shown as a loading control. (D) The indicated strains were spotted in 
10-fold dilution series, and plates were incubated at 30°C for 48 h. (E to G) After a 1-h galactose 
induction of HA-PPK, lysine polyphosphorylation of Fpr3 and Rts1 was analyzed by NuPAGE, 
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followed by transfer to a PVDF membrane and the detection of proteins using the indicated 
antibodies. Ponceau S staining of the membrane is used as a loading control. Images are 
representative of results from ≥3 experiments for all panels except panel B, which is representative 
of results from 2 experiments. 
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S5 Figure. Overexpression of potential mammalian polyphosphatases. (A) Protein extracts 
from the indicated strains were analyzed using a 12% SDS-PAGE gel following TCA-style lysis, 
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prior to transfer to a PVDF membrane and detection with anti-HA to detect HA-PPK. Strains were 
transformed with the empty vector or HA-tagged Prune-, HA-tagged DIPP1-, HA-tagged DIPP2-
, HA-tagged DIPP3A-, HA-tagged DIPP3B-, or yeast Ddp1-expressing plasmids. Ponceau S 
staining is shown as a loading control. (B) Strains with the indicated plasmids expressing potential 
mammalian polyphosphatases or yeast Ddp1 were spotted in 10-fold serial dilutions onto the 
indicated media supplemented with or without zinc sulfate. (C) Polyphosphate was extracted from 
strains expressing the indicated plasmids and visualized using toluidine blue staining following 
separation on a 15.8% acrylamide–TBE–urea gel. The asterisk indicates nonspecific staining of an 
unknown product that is not polyP, as it is present in vtc4Δ cells. Images are representative of 
results from 3 experiments. 
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3.10. Supplemental tables 

Note: The tables that are important for the interpretation of the data presented have been included 
in the thesis. Please see the link provided below for all Supplemental Tables related to this article. 
 

List of tables presented:  

S1 Table. Mass spectrometry data.  

1. S1-Tab 2: Significantly differentially expressed proteins identified. 
2. S1-Tab 3: All-or-none proteins identified.  

S2 Table. Summary of MS data set confirmations.  
 

1. S2-Tab 1: MS confirmations using PPK plasmid.  
2. S2-Tab 2: MS confirmations using gal-inducible PPK expression system.  

 
S3 Table. Yeast strains used in this work.  
 
S5 Table. Plasmids and qPCR primers used in this work.  
 

1. S5-Tab 1: Plasmids used in this work.  
 
 
 
 
 
 
 
Online version of tables (S1 – S3):  
 
S1 Table. Mass spectrometry data.  
See online: Table S1, XLSX file, 2.2 MB. 
 
S2 Table. Summary of MS data set confirmations.  
See online: Table S2, XLSX file, 0.01 MB. 
 
S3 Table. Yeast strains used in this work.  
See online: Table S3, XLSX file, 0.01 MB. 
 
S4 Table. Antibodies used in this work.  
See online: Table S4, XLSX file, 0.01 MB. 
 
S5 Table. Plasmids and qPCR primers used in this work.  
See online: Table S5, XLSX file, 0.01 MB. 

https://journals.asm.org/doi/suppl/10.1128/mbio.00390-22/suppl_file/mbio.00390-22-s0006.xlsx
https://journals.asm.org/doi/suppl/10.1128/mbio.00390-22/suppl_file/mbio.00390-22-s0007.xlsx
https://journals.asm.org/doi/suppl/10.1128/mbio.00390-22/suppl_file/mbio.00390-22-s0008.xlsx
https://journals.asm.org/doi/suppl/10.1128/mbio.00390-22/suppl_file/mbio.00390-22-s0009.xlsx
https://journals.asm.org/doi/suppl/10.1128/mbio.00390-22/suppl_file/mbio.00390-22-s0010.xlsx
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S1 Table-Tab 2 – Significantly differentially expressed proteins identified. 

Significantly differentially expressed 
proteins 

Protein name FDR-adjusted p-value 
HXK2 0.031045414 
YDL124W 0.031045414 
ALD4 0.031045414 
ADH4 0.031045414 
HSP26 0.031045414 
GCV1 0.031045414 
URA2 0.03671704 
ASC1 0.03671704 
ARG4 0.03671704 
ARO3 0.044613425 
FET3 0.044613425 
URA1 0.046720606 
HBT1 0.046720606 
LAC1 0.046720606 
HSP42 0.056464909 
TDH3 0.0605642 
TY1B-NL1 0.090697301 
SSZ1 0.090697301 
HMO1 0.090697301 
HEM13 0.090697301 
URA3 0.099597571 
ZPS1 0.099597571 
CCP1 0.099597571 
HIS1 0.099597571 
SNZ1 0.099597571 
DED1 0.099911428 
HSP12 0.099911428 
GLN1 0.099911428 
ALD3 0.099911428 
GUT2 0.099911428 
IDP3 0.099911428 
ASP1 0.100905939 
MSC7 0.101021044 
HSP104 0.102839886 
TUF1 0.102839886 
PMT4 0.102839886 
FOL2 0.102839886 
FIS1 0.102839886 
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S1 Table-Tab 3 – All-or-none proteins identified.  

All-or-none proteins 

Protein Name PPK_1 PPK_2 PPK_3 PPK_4 PPK_5 Ctrl_1 Ctrl_2 Ctrl_3 Ctrl_4 Ctrl_5 

RPL22B 0 0 0 0 0 4 2 2 4 3 
SNL1 0 0 0 0 0 4 4 2 2 4 
PPK1 35 33 34 28 28 0 0 0 0 0 
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S2 Table-Tab 1 – MS confirmations using PPK plasmid.  
 

Proteins Regulation PPK vs. 
Control 

Confirmations 
vtc4∆ (n)# wild-type (n)# 

Ald4 Up Yes (4) Not tested 
Adh4 Down Yes (6) Yes (2) 
Hsp26 Down Inconsistent (3) Inconsistent (2) 
Gcv1 Up Yes (6) Yes (4) 
Ura2 Up Yes (4) Not tested 
Fet3 Down Yes (8) Yes (5) 
Ura1 Up Yes (3) Yes (3) 

Hsp42 Up Yes (5) Not tested 
Hem13 Down Yes (6) Yes (3) 
Ald3 Up Yes (5) Yes (4) 
Msc1 Up Yes (2) Not tested 
Rib4 Up Yes (2) Not tested 
Ctt1 Up Yes (5) Yes (2) 

Hsp78 Up Yes (2) Yes (2) 
Yhb1 Down Yes (4) Not tested 
Rpp1b Down Opposite (2) Not tested 

    
Legend:    
p<0.05    
0.05<p≤0.1    
p>0.1    
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S2 Table-Tab 2 – MS confirmations using gal-inducible PPK expression system.  
 

Proteins Regulation PPK vs. 
Control 

Confirmations 
vtc4∆ (n) wild-type (n) 

Ald4 Up Not tested Not tested 
Adh4 Down Not tested Yes (2) 
Hsp26 Down Not tested Opposite (3) 
Gcv1 Up Not tested Yes (3) 
Ura2 Up Not tested Not tested 
Fet3 Down Not tested Yes (3) 
Ura1 Up Not tested Not tested 

Hsp42 Up Not tested Yes (3) 
Hem13 Down Not tested Not tested 
Ald3 Up Not tested Not tested 
Msc1 Up Not tested Not tested 
Rib4 Up Not tested Not tested 
Ctt1 Up Not tested Not tested 

Hsp78 Up Not tested Not tested 
Yhb1 Down Not tested Inconsistent (3) 
Rpp1b Down Not tested Not tested 

    
Legend:    
p<0.05    
0.05<p≤0.1    
p>0.1    
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S3 Table – Yeast strains used in this work.  
 

Reference 
number 

Strain 
background Genotype Source 

963 S288C 
BY474 MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ Rudner Lab via 

Boone Lab 

1574 S288C 
BY474 MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 

Bentley-DeSousa 
et al., PMID: 

29590613 

2723A S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
FET3-3FLAG-HYGMX This study 

2727A S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
HEM13-3FLAG-HYGMX This study 

2823 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
GCV1-3FLAG-HYGMX This study 

2919 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ FET3-3FLAG-
HYGMX This study 

2914 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ GCV1-3FLAG-
HYGMX This study 

2925 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ HEM13-
3FLAG-HYGMX This study 

1106 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ msn4::KANMX 
msn2::HIS3MX 

Rössl et al., 
PMID: 27527516 

3219 S288C 
BY474 MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+  This study 

3222 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3  MET15+ 
LYS2+  This study 

3333 S288C 
BY474 MATa leu2d0 ura3d0 his3::GAL-HIS3 met15d0 LYS2+  This study 

3336 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3  met15d0 
LYS2+  This study 

3305 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HIS3 met15d0 lys2d0 FET3-
3FLAG-HYGMX This study 

3307 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 met15d0 
lys2d0 FET3-3FLAG-HYGMX This study 

3751 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
GCV1-3FLAG-HYGMX This study 

3754 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ GCV1-3FLAG-HYGMX This study 

3788 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
msn4::KANMX msn2::NATMX This study 

3236 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 met15d0 LYS2+ 
ppn1::KANMX This study 
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3240 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 met15d0 
LYS2+ ppn1::KANMX This study 

3243 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
ppn2::KANMX This study 

3246 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ ppn2::KANMX This study 

3226 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
ppx1::KANMX This study 

3229 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ ppx1::KANMX This study 

3232 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
ddp1::KANMX This study 

3233 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ ddp1::KANMX This study 

3301 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
ppx1::KANMX ddp1::NATMX This study 

3303 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ ppx1::KANMX ddp1::NATMX This study 

3340 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HIS3 met15d0 LYS2+ 
vtc4::NATMX ppx1::KANMX This study 

3341 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ vtc4::NATMX ppx1::KANMX This study 

3343 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
vtc4::NATMX ddp1::KANMX This study 

3346 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
lys2d0 vtc4::NATMX ddp1::KANMX This study 

3387 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
vtc4::HYGMX ppx1::KANMX ddp1::NATMX This study 

3391 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ vtc4::HYGMX ppx1::KANMX ddp1::NATMX This study 

3546 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 met15d0 
LYS2+ vtc4::HYGMX KANMX-GAL-PPX1 This study 

3550 S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
lys2d0 vtc4::HYGMX KANMX-GAL-3HA-DDP1 This study 

3955 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
HOG1-GFP-HIS3MX This study 

3958 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ HOG1-GFP-HIS3MX This study 

3949 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
YAK1-GFP-HIS3MX This study 

3952 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ YAK1-GFP-HIS3MX This study 

3727 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
hog1::NATMX This study 
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3731 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ hog1::NATMX This study 

3721 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
yak1::NATMX This study 

3724 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ yak1::NATMX This study 

3782 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
yak1::NATMX hog1::HYGMX This study 

3785 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ yak1::NATMX hog1::HYGMX This study 

3452 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ KANMX-GAL-
3HA-DDP1 This study 

2725A S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
HSP26-3FLAG-HYGMX This study 

2729A S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
YHB1-3FLAG-HYGMX This study 

2814 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
ADH4-3FLAG-HYGMX This study 

2818 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
RPP1B-3FLAG-HYGMX This study 

2820 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
URA1-3FLAG-HYGMX This study 

2821 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
CTT1-3FLAG-HYGMX This study 

2825 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
ALD3-3FLAG-HYGMX This study 

2826 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
RIB4-3FLAG-HYGMX This study 

2828 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
MSC1-3FLAG-HYGMX This study 

2830 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
HSP78-3FLAG-HYGMX This study 

2836 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
URA2-3FLAG-HYGMX This study 

2838 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
ALD4-3FLAG-HYGMX This study 

2840 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ vtc4::NATMX 
HSP42-3FLAG-HYGMX This study 

2910 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ URA1-3FLAG-
HYGMX This study 

2912 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ CTT1-3FLAG-
HYGMX This study 

2916 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ ALD3-3FLAG-
HYGMX This study 
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2917 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ HSP78-
3FLAG-HYGMX This study 

2921 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ ADH4-3FLAG-
HYGMX This study 

2923 S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ HSP26-
3FLAG-HYGMX This study 

3751 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
GCV1-3FLAG-HYGMX This study 

3754 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ GCV1-3FLAG-HYGMX This study 

3757 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
YHB1-3FLAG-HYGMX This study 

3760 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ YHB1-3FLAG-HYGMX This study 

3763 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
ADH4-3FLAG-HYGMX This study 

3766 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ ADH4-3FLAG-HYGMX This study 

3769 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
HSP26-3FLAG-HYGMX This study 

3772 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ HSP26-3FLAG-HYGMX This study 

3775 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HIS3 MET15+ LYS2+ 
HSP42-3FLAG-HYGMX This study 

3776 S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 MET15+ 
LYS2+ HSP42-3FLAG-HYGMX This study 

4135 S288C 
BY474 

MATα leu2d0 ura3d0 his3::HIS3-GAL-HA-PPK MET15+ 
LYS2+ yak1::NATMX vtc4::KANMX This study 

4138 S288C 
BY474 

MATα leu2d0 ura3d0 his3::HIS3-GAL-HA-PPK MET15+ 
LYS2+ hog1::NATMX vtc4::KANMX This study 

4141 S288C 
BY474 

MATα leu2d0 ura3d0 his3::HIS3-GAL-HA-PPK MET15+ 
LYS2+ yak1::NATMX hog1::HYGMX vtc4::KANMX This study 
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S5 Table-Tab 1 – Plasmids used in this work.  
 

Plasmid  Details Reference 

pRS415-GPD Empty vector control with GPD promoter expressing 
nothing (Leu2 selection) This study 

pRS415-GPD-PPK Expresses E. coli PPK from yeast GPD promoter (Leu2 
selection) This study 

p416-GPD Empty vector control with GPD promoter expressing 
nothing (Ura3 selection) 

Gerasimaitė 
et al., 

PMID: 
25315834 

p416-GPD-PPK Expresses E. coli PPK from yeast GPD promoter (Ura3 
selection) 

Gerasimaitė 
et al., 

PMID: 
25315834 

p416-GPD-HA-PPK Expresses HA-tagged E. coli PPK from yeast GPD 
promoter (Ura3 selection) This study 

p416-GPD-PPK(mutant) Expresses catalytic mutant of E. coli PPK from yeast GPD 
promoter (Ura3 selection) This study 

p416-GPD-HA-
PPK(mutant) 

Expresses catalytic mutant of HA-tagged E. coli PPK 
from yeast GPD promoter (Ura3 selection) This study 

p416-GPD-PRUNE-HA Expresses human HA-tagged PRUNE from yeast GPD 
promoter (Ura3 selection) This study 

p416-GPD-DIPP1-HA Expresses human HA-tagged DIPP1 from yeast GPD 
promoter (Ura3 selection) This study 

p416-GPD-DIPP2-HA Expresses human HA-tagged DIPP2 from yeast GPD 
promoter (Ura3 selection) This study 

p416-GPD-DIPP3A-HA Expresses human HA-tagged DIPP3A from yeast GPD 
promoter (Ura3 selection) This study 

p416-GPD-DIPP3B-HA Expresses human HA-tagged DIPP3B from yeast GPD 
promoter (Ura3 selection) This study 

p416-GPD-DDP1 Expresses yeast DDP1 from yeast GPD promoter (Ura3 
selection) This study 
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4.1. Abstract 

Inositol pyrophosphate and polyphosphate are two critical phosphate molecules important for 

maintaining phosphate homeostasis in yeast. The Ddp1 protein is a Nudix protein that can degrade 

both of these phosphate substrates, but how these activities are regulated in vivo is still unclear. In 

this study we set out to explore the regulation of the Ddp1 protein as a polyphosphatase and a 

pyrophosphatase. We first performed a protein mutagenesis screen to explore the structure and 

function of the Ddp1 endopolyphosphatase. We used our previously described ectopic PPK 

expression system to compare the ability of Ddp1 mutants and wild-type Ddp1 to rescue the PPK-

induced toxicity. Our screen confirms many phosphate recognition residues important for Ddp1’s 

polyphosphatase activity in vivo. We also developed a plasmid shuffle system in a pyrophosphatase 

mutant strain that presumably accumulates toxic levels of 1,5-bisdiphosphoinositol 

tetrakisphosphate (1,5-IP8) to expand our Ddp1 mutagenesis screen and study the regulation of its 

pyrophosphatase activity in vivo. We identify the intrinsically disordered N-terminal region, as 

well as a potential phosphorylation site that follows the IDR, as potential regulators of 

pyrophosphatase activity. Moreover, DIPP1, the mammalian homologue of Ddp1, can complement 

the loss of the yeast protein in the plasmid shuffle system, highlighting that this system could be 

used to perform mutagenesis screens on other pyrophosphatases in the future. 
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4.2. Introduction 

High energy phosphate molecules such as polyphosphate and inositol pyrophosphate are important 

for regulating phosphate homeostasis in yeast (1–3). The timely synthesis and degradation of these 

phosphate molecules is critical for phosphate signaling. The yeast diadenosine and 

diphosphoinositol polyphosphate phosphohydrolase (Ddp1) was first described as a diadenosine 

phosphohydrolase (4). Since then, Ddp1’s cleavable substrates have expanded to include inositol 

pyrophosphates (5–7), polyphosphate (6), and the 5’-7-methylguanosine cap of RNA (8). Its broad 

specificity for a variety of substrates is unsurprising considering it is a member of the Nudix 

(nucleoside diphosphate linked to any moiety) hydrolase family (9). Nudix proteins are conserved 

from prokaryotes to eukaryotes and have been shown to hydrolyze nucleoside polyphosphates, 

dinucleoside polyphosphates, inositol pyrophosphates, polyphosphate, nucleotide sugars, and a 

variety of RNA cap structures (9). Nudix proteins all share a Nudix motif GX5EX7REUXEEXGU, 

in which X is any amino acid and U is isoleucine, leucine or valine (I/L/V), that forms a loop-

helix-loop structure with multiple metal binding sites (10,11). It is still unclear how these broad 

specificity proteins might be regulated in vivo to selectively target certain substrates over others. 

The relevance of Ddp1’s diadenosine polyphosphate hydrolase activity has remained 

unclear. In vitro, Ddp1 can cleave nucleoside polyphosphates such as Ap6A, Ap5A, Ap5, and Ap4, 

but not Ap4A or Ap3A (4). However, the existence of Ap6A and Ap5A in yeast has yet to be 

demonstrated. Moreover, yeast cells do not produce Ap5 or Ap4 during normal vegetative growth, 

but both have been detected during later stages of sporulation (12). It was initially proposed that 

Ddp1 might be responsible for degrading these potentially toxic dinucleoside polyphosphates 

during sporulation (4). It is still unclear if this nucleoside polyphosphatase activity is relevant in 

vivo or if it is simply an evolutionary artifact of Nudix proteins (9,11). Since first being 
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characterized as a diadenosine polyphosphate hydrolase, Ddp1 has been shown to catalyze a 

multitude of other substrates. 

The strongest in vivo data for Ddp1 activity can be attributed to its inositol pyrophosphatase 

activity (13–15). Inositol pyrophosphates consist of phosphorylated, 6 carbon, inositol rings that 

can carry one or two diphosphate moieties (16). These molecules act as important signalling 

molecules by binding to SPX (Syg1/Pho81/Xpr1) domains of proteins (17). In yeast, 1,5-IP8, 

denoting diphosphates at carbon ring positions 1 (C1) and 5 (C5), can bind and inactivate the 

cyclin-dependent kinase inhibitor Pho81 (15). When cells are starved for phosphate, inositol 

pyrophosphates are rapidly degraded leading to Pho85-Pho80 inactivation and a phosphate 

starvation transcriptional response (15). Moreover, inositol pyrophosphates have been shown to 

positively modulate the activity of the VTC complex (18). Recent work demonstrated that 1,5-IP8, 

and to a lesser degree 5-IP7 and IP6, increase VTC activity by binding to the SPX domains of Vtc2 

and Vtc3, and preventing SPX-SPX interactions between these subunits and Vtc4 (19). As a result, 

the inositol pyrophosphate and polyphosphate pathways appear to be intertwined (3,6). Inositol 

pyrophosphates are degraded by a variety of pyrophosphatases including Ddp1, Siw14, and Vip1 

which is a dual pyrophosphate kinase and phosphatase (Figure 3A). Ddp1 preferentially removes 

the b-phosphate from C1 and can convert 1,5-IP8 into 5-IP7 or 1-IP7 into IP6 (5–7). On the other 

hand, Siw14 preferentially removes the b-phosphate from C5 and can convert 1,5-IP8 into 1-IP7 

or 5-IP7 into IP6 (20). As expected, ddp1∆ mutants accumulate significantly more 1-IP7 whereas 

siw14∆ mutants accumulate more 5-IP7, and both show increased levels of 1,5-IP8 (13,15,20). 

Vip1 is a unique dual inositol pyrophosphate kinase and phosphatase which can phosphorylate the 

C1 position of IP6 to generate 1-IP7 or remove the b-phosphate from C1 to convert 1,5-IP8 into 

5-IP7 (21). Together these enzymes control the turnover of inositol pyrophosphates in yeast. 
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Ddp1 also has endopolyphosphatase activity and can cleave polyphosphate chains internally to 

generate two shorter chains (6). Interestingly, Ddp1 shows preference for polyP degradation over 

pyrophosphate in vitro when both substrates are present (6). This may be because more phosphate 

recognition residues interact with polyP than with inositol pyrophosphate (22). Recently, we 

demonstrated that Ddp1 can degrade polyphosphate in vivo using an ectopic E. coli PPK 

expression system (23). Expression of the E. coli PPK synthetase in yeast leads to nonvacuolar 

polyP accumulation which is toxic to the cell (23,24). Deletion of the nonvacuolar 

polyphosphatases Ppx1 or Ddp1 sensitizes yeast cells to the cytotoxic effects of PPK expression, 

whereas their overexpression can degrade PPK-synthesized polyP and rescue the toxicity (23).  

Recent crystallography work solved Ddp1’s structure bound by dinucleoside 

polyphosphate, pyrophosphates, and polyphosphate (15 residues in length), and identified 

important phosphate recognition residues that drive substrate binding and catalysis. However, how 

these various activities might be regulated in vivo is still unclear. Here, we set out to explore how 

Ddp1 activity is regulated in vivo by performing a large-scale mutagenesis screen. Using our E. 

coli PPK expression system, we were able to investigate residues that contribute to Ddp1’s activity 

as an endopolyphosphatase. Moreover, we developed a plasmid shuffle system to begin to study 

the regulation of its inositol pyrophosphatase function in vivo. 

We confirm essential phosphate binding sites that are important for Ddp1’s 

polyphosphatase activity in vivo. We show that the intrinsically disordered N-terminus is 

dispensable for polyphosphatase activity but potentially critical for pyrophosphatase activity. We 

identify the serine 26, which is a potential phosphorylation site, as a possible regulator of 
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pyrophosphatase activity. Finally, we show that the N-terminus is not involved in RNA binding, 

but that the nose might be. 

 

4.3. Results 

4.3.1. Confirming Ddp1 polyphosphate recognition sites in vivo 

To identify potential regulatory regions of Ddp1, we performed a structural mutagenesis screen by 

mutating amino acids of interest to alanine and generated N- and C-terminal truncations. A plasmid 

expressing DDP1-HA from its native promoter and terminator was used for site directed 

mutagenesis. We previously demonstrated that cells lacking DDP1 are sensitive to PPK 

expression, because of nonvacuolar polyP accumulation, and show a drastic reduction in growth 

compared to wild-type cells expressing PPK (23). Complementation of Ddp1 from a plasmid can 

rescue this growth phenotype (Figure 1A). The mutagenized plasmids were transformed into 

ddp1∆ cells expressing PPK, and spot tests were used to determine whether the mutations impair 

or ameliorate the expected rescue (Figure 1B). Out of the 112 mutants screened, almost 50% 

influenced the level of rescue as assessed by spot test (Table S1). However, some of these 

mutations negatively affected protein levels making it difficult to discern a functional role. This 

may be because mutation of residues that contribute to Ddp1’s tertiary structure can easily disrupt 

its folding and stability. Thus, mutations that negatively impact protein levels might represent 

amino acids that are important for protein folding and stability rather than regulatory sites. 

Nonetheless, using our PPK expression system we were able to confirm a multitude of 

phosphate recognition residues that were previously uncovered using crystallography (22). These 

include R32, H55, K56, K57, R58, K63, R102, R171, which when mutated impacted the ability of 

Ddp1 to rescue growth to varying degrees (Figure 1B). We first explored the role of the 54- 
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Figure 1. Using the PPK system to identify critical Ddp1 polyphosphate binding sites in vivo. 
(A) Complementation of DDP1-HA from a plasmid can rescue ddp1∆ cells expressing PPK. 
Tenfold dilutions of the indicated galactose inducible HA-PPK strains transformed with an empty 
vector plasmid or a plasmid expressing DDP1-HA were spotted onto SC-Ura plates containing 2% 
dextrose or galactose and grown for 3 days. (B) Mutation of some Ddp1 phosphate binding sites 
affect the DDP1-dependent rescue. Tenfold dilutions of the ddp1∆ GAL-HA-PPK strains 
transformed with an empty vector or a plasmid expressing DDP1-HA or the indicated DDP1-HA 
mutant were spotted onto SC-Ura plates containing 2% dextrose or galactose and grown for 3 days. 
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(C) Effect of phosphate binding site mutations on Ddp1-HA expression. Protein extracts from the 
indicated strains were prepared using a TCA lysis protocol and separated on a 12% SDS-PAGE 
gel. Separated proteins were transferred to a PVDF membrane and HA-PPK (~75 kDa) and Ddp1-
HA (~25 kDa) were detected using an HA antibody. Ponceau S staining of the PVDF membrane 
is shown as a loading control. (D) PPK-synthesized polyP levels in cells expressing Ddp1-HA 
phosphate binding site mutants. Polyphosphate was extracted from the indicated strains and 
visualized using DAPI staining following separation on a 20% acrylamide/bis-acrylamide(19:1)–
TBE gel. Images are representative of ≥3 experiments. 
 

AHKKR motif for Ddp1’s polyphosphatase activity. This motif was proposed to be involved in 

polyphosphate binding and is not fully conserved in the DIPP1 mammalian homologue (22). 

Mutation of individual residues within the motif (e.g. H55A, K56A K57A, R58A) did not impact 

the Ddp1-dependent rescue (Figure 1B). However, when we mutated the entire AHKKR motif to 

GAAAA no rescue was observed suggesting that this stretch of residues is important for 

polyphosphatase activity (Figure 1B). Importantly, this mutant was expressed at similar levels to 

that of the wild-type protein highlighting that the effect is not due to protein stability (Figure 1C). 

In fact, mutation of most phosphate binding sites did not impact Ddp1 levels dramatically (Figure 

1C). We surmise that their side chains are used to interact with substrates rather than forming 

intramolecular interactions important for protein structure. Because this motif is not fully 

conserved in the human homologue DIPP1 we wondered if these differences could account for the 

inability of DIPP1 expression to rescue PPK-induced toxicity in yeast (23). Mutation of DIPP1’s 

semi-conserved RHPDR sequence to AHHKR did not significantly improve its ability to rescue 

PPK-induced toxicity (Supplemental Figure 1). Thus, differences in the AHKKR motif cannot 

account for the differences in activity between Ddp1 and DIPP1 in yeast expressing PPK. 

Interestingly, S52 and S53, which were proposed to form a short loop within Ddp1’s 

catalytic site essential for phosphate binding (22), were dispensable for polyphosphatase activity 

(Figure 1B and 1D). Moreover, we did not see the same level of instability when the S52A S53A 
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mutant was expressed in yeast (Figure 1C), which was unstable and insoluble when expressed in 

E. coli (22). Interestingly, despite the slight reduction in protein levels the S52A S53A mutant had 

little impact on polyphosphatase activity in yeast expressing PPK (Figure 1D). Although these 

serine residues do not appear to be essential for polyphosphatase activity, as previously thought, 

they may be essential for inositol pyrophosphate and dinucleoside polyphosphate recognition.  

To assess how mutation of the previously identified phosphate binding sites H55, K56 K57, 

R58, 54-AHHKR, S52 S53, R32, K63, R102, R129, and R171 might affect polyphosphatase 

activity we extracted the polyP from vtc4∆ yeast expressing PPK and the Ddp1 mutants of interest. 

By deleting VTC4, we were able to ablate vacuolar polyP and specifically extract PPK-synthesized 

polyP for analysis. Lack of Ddp1 led to a dramatic increase in PPK-synthesized polyP 

accumulation which was reduced by the expression of Ddp1-HA (Figure 1D). Ddp1 mutants that 

showed the worst rescue via spot tests, such as AHHKR/GAAAA, R32A, K63A, and R171A, had 

polyP profiles that looked most like the ddp1∆ mutant expressing PPK (Figure 1D). Other 

mutations which were not as detrimental to the Ddp1-dependent rescue, such as S52A S53A, 

R102A, and R129A, did not show as dramatic increases in PPK-synthesized polyP (Figure 1D). 

Altogether, we were able confirm essential phosphate binding sites of Ddp1 including R32, 54-

AHHKR, K63, and R171. Moreover, we show that S52 and S53 are not essential for polyphosphate 

binding as previously thought. These results highlight that our PPK expression system can be used 

to study the structure and function of polyphosphatase enzymes targeted outside the vacuole.  

4.3.2. The nose and the intrinsically disordered N-terminus are dispensable for 

polyphosphatase activity 

The crystal structure of Ddp1 revealed an interesting 26 amino acid insertion that projects out of 

the Nudix fold which the authors termed the “nose” (22). The nose is a partly disordered region 
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that is conserved in the Saccharomyces pombe homolog Aps1, but not in the mammalian 

homologue DIPP1 (22). The authors showed that the nose is not required for Ddp1’s 

pyrophosphatase activity in vitro. To test whether this structure was involved in Ddp1’s 

polyphosphatase activity, we assessed its ability to rescue the PPK-induced toxicity in yeast. Cells 

expressing wild-type Ddp1 or the nose∆ mutant had comparable growth phenotypes (Figure 2A), 

suggesting that the nose is not involved in degrading polyP, at least in the context of our PPK 

expression system. Moreover, the nose∆ did not show appreciable differences in protein levels or 

PPK-synthesized polyP levels compared to wild-type Ddp1 (Figure 2B and 2C). 

Additionally, Márquez-Moñino et al. had proposed that the nose could be important for 

Ddp1 dimerization and oligomerization (22). However, in co-immunoprecipitation assays using 

strains expressing Ddp1-3FLAG transformed with a plasmid expressing DDP1-HA or 

DDP1(nose∆)-HA we were not able to detect an interaction between Ddp1-3FLAG and Ddp1-HA 

(Supplemental Figure 2). Certainly, it is possible that the FLAG and HA epitope tags, and the 

conditions under which the co-immunoprecipitation was performed could impact the potential 

interaction. 

 We were also interested in Ddp1’s N-terminus as a potential regulatory region since the 

first 23 amino acids are predicted to be intrinsically disordered (25) and no structure for the first 

20 amino acids was recovered during crystallization (22). Moreover, like the nose, it is not 

conserved in the mammalian homolog DIPP1 (22). Truncation of the first 20 N-terminal amino 

acids (N20∆) did not significantly affect the ability of this mutant to deal with PPK-induced 

toxicity (Figure 2A). However, truncation of the first 25 N-terminal amino acids N25∆ had a 

slightly more dramatic effect on the ability of Ddp1 to rescue growth (Figure 2A). Strikingly, the 

N25∆ mutant had much lower protein levels compared to wildtype (Figure 2B). When we  
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Figure 2. The disordered N-terminus and nose of Ddp1 are not required for polyphosphatase 
activity, but the nose might be involved in RNA binding. (A) N-terminal truncations and 
phosphorylation site mutations do not significantly affect Ddp1-dependent rescue of PPK-
expressing cells. Tenfold dilutions of the indicated galactose inducible HA-PPK strains 
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transformed with an empty vector or a plasmid expressing DDP1-HA or the indicated DDP1-HA 
mutant were spotted on SC-Ura plates containing 2% dextrose or galactose and grown for 3 days. 
(B) Effect of N-terminal truncations and phosphorylation site mutations on Ddp1-HA expression. 
Protein extracts from the indicated strains were prepared using a TCA lysis protocol and separated 
on a 12% SDS-PAGE gel. Separated proteins were transferred to a PVDF membrane and HA-PPK 
(~75 kDa) and Ddp1-HA (~25 kDa) were detected using an HA antibody. Ponceau S staining of 
the PVDF membrane is shown as a loading control. The * indicates a non-specific band of 
unknown origin. (C) N25∆ mutants show slightly higher polyP accumulation in PPK-expressing 
cells. Polyphosphate was extracted from the indicated strains and visualized using DAPI staining 
following separation on a 20% acrylamide/bis-acrylamide (19:1)–TBE gel. (D) In vitro 
polyphosphatase assays of various Ddp1 truncation mutants. Polyphosphatase assays were 
conducted with 5 mM polyP with an average chain length of 60 residues (P60) and increasing 
equimolar amounts of the indicated purified Ddp1 proteins. Concentrations of proteins used were 
200, 400, 800, and 1600 nM. Reactions were incubated for 1 h at 37°C before being stopped with 
EDTA. Samples were run on a 20% acrylamide/bis-acrylamide(19:1)–TBE gel and stained with 
toluidine blue to visualize polyP. (E) The nose is important for RNA binding. Electromobility shift 
assays were conducted with increasing equimolar amounts of purified proteins and 1 nM of an 
IR800 Dye-labelled RNA probe. Concentrations of proteins used were 625, 1250, 2500, 5000 nM. 
Reactions were incubated at 4°C for 1 h before being run on a 6% non-denaturing 0.5X Tris-
Glycine acrylamide/bis-acrylamide (37.5:1) gel. Images are representative of ≥3 experiments. 

 

extracted polyP from the N25∆ mutant we saw increased polyP levels as compared to Ddp1-HA 

(Figure 2C). Similarly, in vitro assays with the purified N25∆ Ddp1 mutant revealed slightly worse 

polyphosphatase activity compared to wild-type Ddp1 (Figure 2D). Combining the N25∆ and 

nose∆ truncations improved the rescue slightly compared to N25∆ truncation alone (Figure 2A), 

but the double truncation showed similar polyphosphatase activity to the N25∆ mutant (Figure 2C 

and D). The slight growth improvement is likely because truncation of the nose stabilized the 

protein levels, as seen by western blot (Figure 2B). This stabilization effect is in line with previous 

work which demonstrated that truncation of the nose increases the thermal stability of Ddp1 in 

vitro (22). However, it’s unclear why this stabilization effect is seen when the N25∆ truncation is 

combined with the nose, but not with the nose∆ alone in vivo (Figure 2B). 

Next, we investigated the regulatory function of a putative phosphorylation site on serine 

26 (S26) that has been detected by many mass spectrometry experiments (26–29). This serine is 
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followed by a proline and bears a similarity to the consensus sequence recognized by cyclin-

dependent kinases like Pho85, involved in phosphate metabolism and cell cycle regulation (30), 

and Cdc28 involved in cell cycle regulation (31). Intrinsically disordered regions (IDR) are hot 

spots for phosphorylation and can promote the folding or unfolding of disordered regions, as well 

as promote the binding or dissociation of protein interactors (32). Mutation of S26 to alanine 

(S26A), to prevent phosphorylation, or to aspartic acid (S26D), to mimic phosphorylation, had no 

impact on the ability of Ddp1 to rescue PPK-induced toxicity (Figure 2A). However, compared to 

wild-type and S26D Ddp1, whose expression were comparable, the S26A mutant was expressed 

at slightly lower levels (Figure 2B). Together, we conclude that the disordered N-terminus and the 

phosphorylation site that follows are dispensable for polyphosphatase activity. 

4.3.3. The nose is involved in nucleic acid binding 

Many Nudix hydrolases have been shown to have 5’-7-methylguanosine RNA decapping activity 

in vitro, including Ddp1 (8). Unsurprisingly, many of these hydrolases can bind to nucleic acids 

(33). Since IDRs are often associated with nucleic acid binding (34), we next tested the role of the 

N-terminus and the nose in binding RNA using electromobility shift assays (EMSA). Our EMSAs 

suggest that the nose might be involved in nucleic acid binding, but the N-terminus is not (Figure 

2E). The N25∆ mutant displayed similar binding to the RNA probe compared to wild-type Ddp1, 

whereas the nose∆ mutant showed less binding to the RNA probe (Figure 2E). When both 

mutations were combined the ability of Ddp1 to bind nucleic acids was like that of the nose∆ 

mutant (Figure 2E). Interestingly, the catalytically dead E83A E84A Ddp1 protein had a higher 

affinity for RNA (Figure 2E). Moreover, more distinct banding patterns could be seen with the 

catalytically dead mutant (Figure 2E). Nudix proteins have previously been reported to form 

smears as seen in our EMSA and it has been suggested that this could be due to the ability of these 
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proteins to form dimers or oligomers on nucleic acids (33). Therefore, Ddp1 might oligomerize in 

the presence of RNA and these oligomers might be stabilized in the catalytic mutant allowing them 

to better survive the electrophoresis conditions. Moreover, previous modelling of Ddp1 crystals 

suggested that the nose might make intermolecular interactions to form apparent Ddp1 oligomers, 

but whether these are physiologically relevant is unclear (22). The reduction in RNA binding in 

the nose∆ mutant may result from reduced oligomerization on the RNA substrate. Considering this 

possibility, it would be interesting to repeat the co-immunoprecipitations in the presence of RNAse 

inhibitors to see if an RNA-dependent Ddp1-Ddp1 interaction can be demonstrated. Moreover, 

oligomerization on RNA could act as a means of enzymatic regulation. Repeating in vitro 

polyphosphatase assays in the presence and absence of RNA could begin to test this possibility. 

This data suggests that the nose of Ddp1 is important for nucleic acid binding. Whether 

this structure is also important for Ddp1’s ability to decap RNA remains to be tested. Interestingly, 

it could also represent a novel regulatory mechanism within the context of the cell which should 

be explored further.  

4.3.4. A plasmid shuffle system for studying the structure and function of pyrophosphatases 

in vivo 

In addition to studying the structure and function of Ddp1 as a polyphosphatase, we also wanted 

to develop a system to study the regulation of its pyrophosphatase activity in vivo. In S. pombe, 

overaccumulation of 1,5-IP8 is toxic to cells. In fact, deletion of aps1 (homologue of DDP1) in a 

mutant expressing the inactive pyrophosphatase asp1-D333A (homologue of VIP1)  is 

synthetically lethal (35). Furthermore, deletion of aps1 in combination with siw14 is also 

synthetically lethal (36). In both cases, the observed lethality is thought to result from 1,5-IP8 

overaccumulation. In S. cerevisiae, homologous mutations that increase 1,5-IP8 accumulation such 
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as ddp1∆ siw14∆ and ddp1∆ vip1∆ VIP1(H548A) (equivalent to the Asp1 phosphatase mutant) are 

not synthetically lethal (Supplemental Figure 3). It is unclear if S. pombe might be more sensitive 

to 1,5-IP8 levels compared to S. cerevisiae. Therefore, in an effort to drive 1,5-IP8 accumulation 

higher we generated a ddp1∆ siw14∆ vip1∆ mutant and transformed it with a plasmid expressing 

VIP1-H548A from its native promoter and terminator. Mutation of H548A prevents Vip1 from 

dephosphorylating 1,5-IP8, but its kinase domain can still phosphorylate 5-IP7 into 1,5-IP8 or IP6 

into 1-IP7 (21) (Figure 3A). Expression of the Vip1 pyrophosphatase mutant in this triple mutant 

was inviable suggesting that 1,5-IP8 is also toxic in S. cerevisiae.  

Next, we generated a URA3-marked plasmid expressing wild-type VIP1 and a LEU2-

marked plasmid expressing VIP1-H548A from their native promoters and terminators. To 

demonstrate that the expression of VIP1-H548A is synthetically lethal in the ddp1∆ siw14∆ vip1∆ 

mutant we co-transformed both aforementioned plasmids and performed a 5-FOA plasmid shuffle 

to select against the URA3 plasmid. Loss of the wild-type copy of VIP1 was lethal (Figure 3B), 

suggesting that 1,5-IP8 accumulation driven by the loss of Ddp1 and Siw14, and the mutation of 

the pyrophosphatase domain of Vip1 is lethal.  

We then exploited this plasmid shuffle system to study the regulation of Ddp1’s 

pyrophosphatase activity in vivo. To accomplish this, we took our LEU2 plasmid expressing VIP1-

H548A and subcloned wild-type DDP1 or mutants thereof. This way we could co-express the Vip1 

pyrophosphatase mutant and Ddp1 mutants of interest from the LEU2 plasmid and select for VIP1 

loss using 5-FOA. As expected, expression of wild-type Ddp1 was able to rescue cells that lost the 

VIP1 plasmid (Figure 3C). On the other hand, expression of the catalytically dead mutant 

DDP1(EE/AA) was unable to rescue cells from the presumed 1,5-IP8 toxicity (Figure 3C). In line  
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Figure 3. Ddp1’s N-terminus is required for pyrophosphatase activity. (A) Schematic of 
inositol pyrophosphate synthesis and degradation. Enzymes in blue represent kinases that 
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phosphorylate inositol and enzymes in red represent pyrophosphatases that dephosphorylate 
inositol pyrophosphates. (B) Loss of VIP1 is lethal in ddp1∆ siw14∆ vip1∆ cells expressing the 
VIP1(H548A) pyrophosphatase domain mutant. Tenfold dilutions of the ddp1∆ siw14∆ vip1∆ 
mutants co-transformed with the indicated plasmids were spotted onto SC-Ura-Leu plates or SC-
Leu + FOA plates and grown for 3 days at 30°C. (C) Plasmid shuffle assay used to assess the 
ability of Ddp1 mutants to rescue inositol pyrophosphate toxicity. Fivefold dilutions of the ddp1∆ 
siw14∆ vip1∆ cells co-transformed with a URA3-marked plasmid expressing VIP1 and a LEU2-
marked plasmid co-expressing VIP1(H548A) and DDP1-HA or the indicated DDP1-HA mutants. 
(D) Protein expression levels of various Ddp1 mutants and the DIPP1 protein in the 
pyrophosphatase mutant strain. Protein extracts from ddp1∆ siw14∆ vip1∆ mutants co-transformed 
with a LEU2-marked plasmid expressing VIP1 and a URA3-marked plasmid co-expressing 
VIP1(H548A) and DDP1-HA or the indicated DDP1-HA mutants were prepared using a TCA lysis 
protocol and separated on a 13% SDS-PAGE gel. Half the amount of protein was loaded for GPD-
DIPP1-HA. The * indicates a non-specific band of unknown origin. Images are representative of 
≥3 experiments. 
 
 
with previous in vitro pyrophosphatase assays (22), truncation of the nose had no significant impact 

on Ddp1’s ability to deal with inositol pyrophosphate (Figure 3C). Mutation of the 54-AHKKR 

motif, which was essential for polyphosphatase activity (Figure 2B and 2D), showed a reduction 

in rescue rather than complete death (Figure 3C). Moreover, it was expressed to a similar degree 

as the wild-type protein (Figure 3D). This suggests that the AHKKR motif is also important for 

pyrophosphate substrate binding, but not necessarily essential. Next, it will be interesting to test 

whether the S52 S53 serine loop is important for pyrophosphatase activity. By comparing which 

phosphate binding sites are important for pyrophosphatase activity we will be able to determine 

whether they overlap with sites essential for polyP binding. This could provide insight into 

substrate selection in vivo. 

Interestingly, truncation of the N-terminus (N20∆ and N25∆) resulted in no growth on 5-

FOA (Figure 3C and Supplemental Figure 4A), suggesting that the N-terminus of Ddp1 might 

be important for inositol pyrophosphatase activity. Moreover, combining the N25∆ truncation with 

the nose∆ truncation was insufficient to rescue growth (Figure 3C). However, these results were 

somewhat difficult to interpret because all three of these mutants, which were unable to rescue 



Chapter 4 – Manuscript #3 

 169 

growth, had lower expression levels than wild-type Ddp1-HA to varying degrees (Figure 3D and 

Supplemental Figure 4B). We were also interested in the potential regulatory role of S26 

phosphorylation. Despite seeing no effect with the PPK expression system (Figure 2A), we 

wondered if it might regulate its pyrophosphatase activity. Expression of the S26A mutant showed 

worse viability on 5-FOA plates and the colonies that did appear were small and slow growing 

compared to cells expressing wild-type Ddp1-HA (Figure 3C). Conversely the phosphomimetic 

mutant S26D showed a similar rescue in viability comparable to wild-type Ddp1 (Figure 3C). 

Protein levels of the S26A Ddp1 mutant were slightly lower than that of wildtype or the S26D 

mutant (Figure 3D), but it is unclear if this can account for the effects seen. Nonetheless, these 

data suggest that the phosphorylation of S26 could be important for regulating the pyrophosphatase 

activity of Ddp1. This phosphorylation site could potentially serve to regulate the structure of the 

disordered N-terminus. 

Finally, we also tested the ability of DIPP1 (the human homologue of Ddp1) to rescue the 

1,5-IP8 mediated toxicity. DIPP1 expression was able to rescue viability similarly to Ddp1 (Figure 

3B), demonstrating that its mammalian homologue can complement the yeast pyrophosphatase. 

Importantly, this also confirmed, for the first time, that DIPP1 is functional when expressed in 

yeast. An important fact considering that we previously had shown that it was unable to degrade 

PPK-synthesized polyP in yeast, unlike Ddp1 (23). Finally, we were interested in testing potential 

mutant isoforms of DIPP1 and their impact on its function. As a first test, we cloned a readthrough 

transcript isoform of DIPP1 where RPS10 is fused to DIPP1 (37). The RPS10-DIPP1-HA fusion 

protein was unable to rescue the pyrophosphate mediated toxicity (Figure 3C). However, the 

fusion protein was also expressed at a much lower level compared to wild-type DIPP1-HA even 

though both were expressed from the same constitutive GPD promoter (Figure 3C). Nonetheless, 
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these results highlight that our plasmid shuffle system could be a useful tool for performing 

structure function analysis screens of DIPP1 as well as other mammalian pyrophosphatases. 

 

4.4. Discussion 

In this work, we used our previously described PPK expression system to perform a structure and 

function analysis of Ddp1’s polyphosphatase activity in vivo. Consistent with the published crystal 

structure of Ddp1 bound by various substrates, mutation of residues involved in phosphate binding 

disrupted the polyphosphatase activity of Ddp1. Moreover, we showed that the intrinsically 

disordered N-terminus is dispensable for polyphosphatase activity and RNA binding. Using 

purified proteins, we showed that Ddp1’s nose structure is involved in binding RNA which may 

have implications for its decapping activity. Finally, we developed a novel plasmid shuffle system 

to investigate the pyrophosphatase activity of Ddp1 in vivo. This system allowed us to identify the 

N-terminus as a potentially critical region for Ddp1’s pyrophosphatase activity. Additionally, a 

phosphorylation site on S26, which follows the IDR, might also be important for regulating this 

activity. These results raise the interesting possibility that the phosphorylation site at S26 might 

regulate the structure of the disordered N-terminus and promote pyrophosphatase activity. More 

work is needed to validate these potential modes of Ddp1 regulation. 

Our work demonstrates that the PPK expression system is a valuable tool for performing 

structure function analyses of cytoplasmic polyphosphatases in yeast. Using this system, we were 

able to build upon crystal structure work to confirm the importance of most phosphate recognition 

residues important for Ddp1’s polyphosphatase activity in vivo. We identified the phosphate 

binding residues R32, 54-AHHKR, K63, and R171 as critical residues for Ddp1’s ability to 

degrade PPK-synthesized polyP in vivo. Based on these results, this system could be expanded to 
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study the structure and function of other polyphosphatases, such as the Ppx1 exopolyphosphatase 

in yeast. Similarly to Ddp1 there is a lack of data regarding its regulation as well as its function in 

vivo.  

Although the intrinsically disordered N-terminus does not appear to be important for 

polyphosphatase activity, it appears to be important for its pyrophosphatase activity. More work 

will need to be done to establish if the N-terminus is directly involved in pyrophosphatase activity 

or if the lack of rescue in our plasmid shuffle is simply due to lowered protein levels. In vitro 

assays using synthesized inositol pyrophosphates and purified Ddp1 proteins could begin to 

answer these questions. We propose that the N-terminus might be important for acting as a capture 

site for inositol pyrophosphate substrates. Inositol pyrophosphate is a bulky substrate that needs to 

be orientated properly into Ddp1’s catalytic site for productive binding and catalysis (22). Similar 

pyrophosphate capture sites have been demonstrated for Vip1’s pyrophosphatase domain (21) and 

the mammalian PPIP5K (Vip1 homologue) kinase domain (38). In both cases, the capture site is 

thought to be important for ensuring the proper rotation of the pyrophosphate molecule into the 

active site (21,38). It is possible that inositol pyrophosphates are first bound to the N-terminal IDR 

before being shuttled and properly rotated into to the catalytic site to promote catalysis. The IDR 

contains many arginine residues that could be important for binding inositol pyrophosphate. 

Moreover, phosphorylation of S26 might induce structural changes in the IDR that promote 

inositol pyrophosphate binding or shuttling. Protein phosphorylation has previously been shown 

to affect the structure of IDRs in a variety of ways (32). One interesting possibility is that the 

phosphorylation might affect the cis-trans conformation of its neighbouring proline, which could 

impact the orientation and structure of the N-terminus (32).  
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A second possibility is that the N-terminus is important for Hsc82 (Hsp90) client 

recognition and subsequent folding and activation. Hsc82 was previously found to target IDRs of 

client proteins and Ddp1 was identified as a potential interactor of Hsc82 via mass spectrometry 

after crosslinking (39). Notably, Ddp1 interacted with all three domains of Hsc82 and one of these 

crosslinked interacting peptides was mapped between residues 33 and 44 of Ddp1 (39), just 

downstream of the IDR. It is possible that Hsc82 binds Ddp1 to promote the proper folding and 

activation of Ddp1. This could potentially explain why N25∆ mutants show decreased levels of 

Ddp1 protein. Moreover, several mutations of charged amino acids within or near the Hsc82-

recognized peptide (residues 33-44) of Ddp1 had similar detrimental effects on Ddp1 levels (Table 

S1).  

In mammals it has been proposed that Hsp90 binds to IPPK6B, the homologue of Kcs1, to 

inhibit its ability to phosphorylate IP6 to IP7 (40). An increase in IP7 was seen in hsc82∆ yeast 

mutants which the authors assigned to an increase in Kcs1 activity (40). However, it is also possible 

that deletion of HSC82 might negatively impact Ddp1 folding and activity which could account 

for this 2-fold increase in IP7. Deletion mutants of DDP1 have previously been shown to have 10-

fold higher levels of 1-IP7 (15). Interestingly, many PHO regulated genes were recently identified 

as differentially expressed proteins in hsc82-W296A mutant yeast using proteomics (41). Most Vtc 

proteins as well as many PHO regulated proteins such as Pho5 and Pho84 were found to be 

downregulated (41). These results suggest the Hsc82 might play an important role in the phosphate 

response and the potential interplay between Hsc82 and inositol pyrophosphate metabolism should 

be investigated further.  

Whether Pho85 or Cdc28 can directly phosphorylate Ddp1 on S26 to regulate its function 

is still unclear. Recent work demonstrated that 1,5-IP8 is likely the master regulator of the 
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phosphate response following phosphate depletion (15). When cells are exposed to phosphate 

limitation, 1,5-IP8 and all other inositol pyrophosphates are rapidly depleted (15). The loss of 1,5-

IP8 binding to Pho81’s SPX domain causes a conformational change that results in Pho85 

inhibition (15). This inhibition allows Pho4 to localize to the nucleus and activate the transcription 

of PHO regulon genes (15). Ddp1 can degrade 1,5-IP8, as well as 1-IP7, and may be important for 

rapidly depleting inositol pyrophosphate and maintaining their levels until phosphate becomes 

available again. Based on our results, the phosphorylation of S26 could be important for promoting 

the inositol pyrophosphatase activity of Ddp1. Identifying physiological conditions under which 

phosphorylation at this site increases or decreases could provide more insight into its potential 

regulatory function. 

Like S. pombe, too much 1,5-IP8 accumulation appears to be lethal in S. cerevisiae. We 

have shown that ddp1∆ siw14∆ vip1∆ mutants expressing VIP1-H548A are inviable. In S. pombe 

genetic experiments suggest that 1,5-IP8 toxicity is driven by early 3’-processing/transcription 

termination (36). Interestingly, this 1,5-IP8 toxicity can be abrogated by the deletion of SPX 

domain proteins Gde1, Spx1, Vtc2, and Vtc4 (42). Mutation of the SPX domain of Gde1 and Spx1 

is sufficient to supress toxicity whereas mutation of Vtc4’s SPX domain is not (42). It will be 

important to determine whether 1,5-IP8 toxicity is driven by similar mechanisms in budding yeast. 

Notably, S. pombe appears to be more sensitive to 1,5-IP8 levels since ddp1∆ siw14∆ and ddp1∆ 

vip1∆ VIP1(H548A) S. cerevisiae mutants are viable. Moreover, Spx1 which was identified as a 

transducer of 1,5-IP8 toxicity in S. pombe is not conserved in S. cerevisiae (42). Additionally, 

Pho81 and Pho85 are not conserved in S. pombe (15). These differences in conservation suggest 

that 1,5-IP8 toxicity could be driven by different molecular mechanisms. One interesting 

possibility raised by Schwer et al. is that overaccumulation of 1,5-IP8 drives nonvacuolar polyP 
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synthesis (42). Under phosphate replete conditions, GFP subunits localize around the nucleus 

(believed to be the ER) and the plasma membrane suggesting that VTC pools might produce polyP 

beyond the vacuole (43,44). Recent work has shown that 1,5-IP8 can bind to the SPX domains of 

Vtc2 and Vtc3 to promote the catalytic activity of the VTC complex (19). Thus increased 1,5-IP8 

levels could promote the accumulation of nonvacuolar polyP which is toxic to cells. Ddp1 would 

be well positioned to deal with inositol pyrophosphate as well as nonvacuolar polyP in this 

scenario. Future work will explore the genetic and molecular mechanisms that drive 1,5-IP8 

toxicity in S. cerevisiae.  

Finally, we have demonstrated that our plasmid shuffle system using the ddp1∆ siw14∆ 

vip1∆ pyrophosphatase mutant strain expressing VIP1-H548A can be used to study the regulation 

of the Ddp1 pyrophosphatase and its mammalian homologue DIPP1. By modifying plasmids used 

for the plasmid shuffle, this system could easily be expanded to study the structure and function 

of Siw14 or Vip1 in vivo. Moreover, our system could be leveraged to explore cancer related 

mutations of DIPP1. This would allow us to determine whether these mutations correspond to loss 

of function mutations. Eventually this information could be used to determine whether certain 

DIPP1 mutations might drive negative outcomes in specific cancer types. 
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4.5. Methods 

Yeast growth and maintenance 

Yeast strains were constructed using standard methods as previously described (45–47). The 

locations of gene deletion and tagging cassettes were confirmed using PCR analyses (47). The full 

genotypes of all yeast strains used in this work are listed in Table S2. Cells were grown in yeast 

extract-peptone-dextrose (YPD) or synthetic complete (SC) medium as described for individual 

experiments. In general, SC-Ura and Sc-Leu media were used to maintain URA3-based and LEU2-

based selection plasmids, respectively. Double dropout media (SC-Ura-Leu) was used to maintain 

both plasmids simultaneously when needed. For experiments where gal-HA-PPK was induced 

(Fig. 1D and 1E, and Fig. 2B and 2C) cells were grown in SC-Ura with 2% raffinose overnight. 

The next morning, cultures were diluted to OD600 = 0.25 in SC-Ura with 2% raffinose and grown 

for 3 hours. Cultures were then supplemented with 2% galactose for 3 hours to induce HA-PPK 

expression. For other experiments (Fig. 3C, and Sup. Fig. 4B), cells were grown in SC-Ura-Leu 

with 2% dextrose overnight, diluted to OD600 = 0.2 the next morning and grown until cells had 

doubled twice to OD600 = ~0.8-1. All strains were grown at 30°C.  

Plasmids 

All plasmids used for this work are listed in Table S2. Some plasmids generated for this 

work will be made available from Addgene (www.Addgene.org). 

Mutagenesis of the first 101 plasmids was performed by GenScript. For the other plasmids, 

site directed mutagenesis was performed using a protocol adapted from Edelheit et al. (48). Primers 

for site directed mutagenesis were designed using Agilent’s QuikChange Primer Design Program. 

Two individual 50 μL PCR reactions for each forward and reverse primer were prepared using 32.5 

μL H2O, 10 μL 5X HF buffer, 2.5 μL DMSO, 1 μL 10 mM dNTPs, 2.5 μL 10 μM primer, 1 μL 50 

http://www.addgene.org/
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ng/μL plasmid, and 0.5 μL Phusion enzyme. PCR was carried out using the following settings: 

98°C for 2 min, followed by 25 cycles of 98°C for 15 sec, 55°C for 30 sec, 72°C for 30 sec/kb of 

plasmid, and a final extension at 72°C for 5 min. The reactions were cooled and 10 μL from each 

PCR reaction were combined. The combined reactions were denatured at 95°C for 5 minutes and 

then gradually cooled to 37°C to allow random annealing of the PCR products. After cooling, 2 

μL of 10X CutSmart buffer and 1 μL of Dpn1 enzyme were added to the reaction and incubated 

for at least 1 hour at 37°C to degrade any non-mutated methylated parental plasmid. Finally, 5 μL 

of the Dpn1 treated reaction mixture was transformed into XL10-gold ultracompetent cells 

following Agilent’s transformation protocol. All plasmids were sequenced to confirm the presence 

of the desired mutations. 

Spot tests 

Cells from freshly grown plates were diluted in water, and 5- or 10-fold serial dilutions were 

spotted onto the indicated media and allowed to dry before incubation at 30°C for 3 days. For 5-

FOA selection assays, SC-Leu plates contained 50 mg/L uracil and 1 g/L of 5-FOA (49). FOA is 

used to select against cells expressing URA3 (49). 

Immunoblotting 

Cell pellets equivalent to an OD600 of 5 (measured using an Eppendorf BioPhotometer) were 

resuspended in 300 μL of 20% trichloroacetic acid (TCA) and 100 μL of acid-washed glass beads. 

Cells were lysed with 2 x 1.5 min pulses on a BioSpec mini-beadbeater. The supernatant was 

transferred to a new tube. Beads were washed with 300 μL 5% TCA by vortexing for 10 sec, and 

this supernatant was combined with the first 300 μL. This mixture was clarified via centrifugation 

at 16,000 × g for 4 min at 4°C. The resulting pellet was resuspended in 100 μL of SDS-PAGE 

loading buffer supplemented with a 1/10 volume of 1.5 M Tris-HCl (pH 8.8) and a 1/10 volume 
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of 1 M DTT and boiled for 5 min. The samples were centrifuged again at 16,000 × g for 4 min at 

room temperature, and the supernatant was recovered. Approximately 10 to 20 μL was loaded per 

gel (corresponding to about 75 μg of protein). Unless stated otherwise in the figure legends, protein 

samples were run on 12% SDS-PAGE gels made from a 30% acrylamide/bis-acrylamide (37.5:1) 

solution. Buffers used were described previously (15). All proteins were transferred to 

polyvinylidene difluoride (PVDF) membranes and blocked with 5% milk in TBST before probing 

with antibodies. 

Immunoprecipitation 

Cell pellet equivalent to an OD600 of 40 (measured using an Eppendorf BioPhotometer) were 

resuspended in 600 μL of lysis buffer (20 mM Tris-HCl pH 7.4, 137 mM NaCl, 1 mM EDTA, 0.1 

% NP-40, 1 mM PMSF, Roche c0mplete protease inhibitor tablet) in 2 mL screw cap tubes. Tubes 

were filled with acid-washed glass beads, leaving about 100 μL of empty space at the top. Cells 

were lysed by bead beating 5 x 1 min on a BioSpec mini-beadbeater, with 2 min on ice water in 

between cycles. After lysis, cell debris were removed by centrifuging lysates at 16,000 x g for 10 

minutes at 4°C. Anti-FLAG M2 magnetic beads equilibrated in lysis buffer were added to the 

clarified lysate and rotated end over end for 1 hour at 4°C. Beads were subsequently washed 3 

times with 750 μL lysis buffer. Proteins were eluted by incubating beads in sample buffer without 

DTT and heating at 65°C for 10 min. The eluate was collected and DTT was added to 100 mM 

before heating again for 5 min. 

Polyphosphate extraction and gel electrophoresis 

The polyP extraction protocol was adapted from a protocol first described by Bru et al. (50). Yeast 

pellets of 8 OD600 units in size were resuspended in 400 μL of cold LETS buffer (10 mM Tris-HCl 

pH 7.4, 100 mM LiCl, 10 mM EDTA, 0.2% SDS). Resuspended cells were transferred to a 2 mL 
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screw cap tube containing 600 μL of phenol (pH 8) and 150 μL of MilliQ water (mqH2O), and 

vortexed for 20 sec. Samples were heated for 10 min at 65°C and cooled on ice for 2 min. Once 

cooled, 600 μL of chloroform was added, and the samples were vortexed for 20 sec. Samples were 

centrifuged at 16,000 x g for 2 min at room temperature, and the top aqueous phase (600 μL) was 

transferred to a new 2 mL screw cap tube containing 600 μL of chloroform. Samples were vortexed 

for 20 sec and centrifuged again at 16,000 x g for 2 min. The top aqueous phase (400 μL) was 

transferred to a prechilled 1.5 mL tube containing 1 mL of ethanol and 40 μL (1/10 volume) of 3 

M sodium acetate (pH 5.3). The polyP was left to precipitate overnight and then pelleted by 

centrifugation at 16,000 x g for 20 min at 4°C. The supernatant was discarded, and the pellet was 

washed with 500 μL of cold 70% ethanol and centrifuged at 16,000 x g for an additional 5 min. 

The supernatant was discarded, and the pellets were air dried before being resuspended in 30 μL 

of mqH2O. 

Extracted polyP was diluted 1:20 with water and polyP loading buffer (10 mM Tris-HCl 

[pH 7], 1 mM EDTA, 30% glycerol, bromophenol blue) and 10 uL was loaded onto a 20% Tris-

borate-EDTA (TBE) gel (19:1) and run at 100 V for 2 h 30 min in 1X TBE running buffer. For 

4′,6-diamidino-2-phenylindole (DAPI) staining, the protocol was adapted from the one described 

previously by Smith and Morrissey (51). The gel was incubated in fixative solution with DAPI 

(25% methanol, 5% glycerol, 50 mM Tris base, 2 μg/mL DAPI) for 30 min with rocking. The gel 

was destained with fixative solution without DAPI for 1 h with rocking, changing the solution once 

halfway through. The destained gel was exposed to 365 nm UV light on a transilluminator to 

photobleach the DAPI-polyP until it became dark. Pictures were taken with a Bio-Rad ChemiDoc 

UV transilluminator. 

 



Chapter 4 – Manuscript #3 

 179 

Protein purification 

N-terminally 6HIS-TEV-tagged Ddp1 constructs were expressed in BL21 (DE3) pLysS 

Escherichia coli cells. Bacteria were grown in LB media supplemented with 100 μg/mL ampicillin, 

34 μg/mL chloramphenicol, and 0.5% dextrose overnight at 37 °C. The next morning cells were 

diluted to an OD600 of 0.1 in 1 L of fresh LB media supplemented with 100 μg/mL ampicillin, 34 

μg/mL chloramphenicol, 0.5% dextrose, and 1 mM MgCl2, and grown at 37°C to an OD600 of 0.5-

0.6. Cells were shifted to 30°C and expression was induced with 0.2 mM isopropyl-β-d-

thiogalactopyranoside (IPTG) for 4 hours at 30°C. Cells were harvested by centrifugation and 

pellets were washed once with mqH2O before freezing in liquid nitrogen and storing them at -80 

°C. Cells were resuspended in 30 mL of lysis buffer (50 mM HEPES-KOH pH 7.4, 500 mM NaCl, 

10% glycerol, 10 mM imidazole pH 7.4, 0.5% triton X-100, 10 mM BME, 1 mM MgCl2, 1 mM 

PMSF, EDTA-free c0mplete protease inhibitor tablet). Cells were lysed by addition of 0.4 mg/mL 

lysozyme and incubated on ice for 30 minutes before sonicating 4 x 20 sec on a Misonix sonicator 

3000 on power level 5. Cell debris were removed from the lysate by spinning at 16,000 rpm for 

30 min at 4°C and filtering through a 0.45 μM filter. TALON resin (1.5 mL slurry) washed and 

equilibrated in 50 mM HEPES-KOH pH 7.4, 500 mM NaCl, 10% glycerol, 10 mM imidazole pH 

7.4, 0.5% triton X-100, and 1 mM MgCl2 was added to the clarified lysate and rotated for 30 min 

at 4°C. The beads were pelleted by centrifuging at 500 x g for 5 min at 4°C and batch washed with 

20 mL of wash buffer (50 mM HEPES-KOH pH 7.4, 500 mM NaCl, 10% glycerol, 10 mM 

imidazole pH 7.4, 0.1% triton X-100, 10 mM BME, 1 mM MgCl2, 0.1 mM PMSF) by rotation for 

5 mins at 4°C. The beads were spun again at 500 x g for 2 mins at 4°C and transferred to a 

chromatography column in a cold room. The column with beads was washed with 10 mL of wash 

buffer followed by 10 mL of high salt wash buffer containing 1 M NaCl. Finally, the protein was 
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eluted with 5 mL elution buffer (50 mM HEPES-KOH pH 7.4, 300 mM NaCl, 150 mM imidazole 

pH 7.4, 10% glycerol, 1 mM MgCl2, 10 mM BME). Fractions were collected and analyzed by 

SDS-PAGE. Fractions containing the protein were pooled, and excess 6HIS-TEV protease was 

added before dialyzing overnight in dialysis buffer (25 mM HEPES-KOH pH 7.4, 200 mM NaCl, 

10% glycerol, 10 mM imidazole pH 7.4, 1 mM MgCl2, 10 mM BME). The protein + TEV mixture 

was dialyzed two more times for at least 3 hours in fresh dialysis buffer. The tag-free Ddp1 protein 

was separated from the fusion tag and the 6His-TEV protease using a second TALON bead affinity 

chromatography step. The eluate was collected and dialyzed against storage buffer (20 mM 

HEPES-KOH pH 7.4, 100 mM NaCl, 10% glycerol, 1 mM MgCl2, 1 mM DTT). Proteins were 

concentrated to at least 1 mg/mL using Amicon Ultra-15 Centrifugal Filters with a 10 kDa MWCO, 

aliquoted into PCR tubes in single use aliquots, and flash frozen in liquid nitrogen. Proteins were 

stored at -80°C until needed. Final protein concentrations were determined by running the purified 

proteins on an SDS-PAGE gel with known concentrations of a BSA standard and quantified after 

Coomassie staining using the standard curve.  

Polyphosphatase activity assays 

Proteins were flash thawed and diluted to appropriate concentrations in storage buffer (20 mM 

HEPES-KOH pH 7.4, 100 mM NaCl, 10% glycerol, 1 mM MgCl2, 1 mM DTT). Two-fold serial 

dilutions of the proteins were prepared to the desired concentrations. Polyphosphatase reactions 

were prepared in 10 μL volumes containing 10 mM HEPES-KOH pH 7.4, 50 mM NaCl, 2 mM 

MgCl2, 5 mM P60 and equimolar concentrations of protein as indicated in the figure legend. 

Reactions were incubated at 37°C for 1 h in a thermocycler. After 1 h, 2 μL of a 100 mM EDTA 

solution was added to each tube to stop the reaction. Samples were either stored at -80°C or 

immediately run on a 20% acrylamide/bis-acrylamide (19:1)-TBE gel (12.5 mL 40% 
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acrylamide/bis-acrylamide (19:1), 2.5 mL 10X TBE, 9.8 mL H2O, 125 μL 10% APS, and 20 μL 

TEMED). Samples were run on large 18 cm x 18 cm gels using a 19:1 acrylamide/bis-acrylamide 

solution to resolve short chain polyP products. Gels were run at 360 V for 3 h in a cold room before 

staining in fixative solution with toluidine blue (25% methanol, 5% glycerol, 0.05% toluidine blue) 

for 30 min. Gels were subsequently destained with the same solution without toluidine blue and 

scanned.  

Electromobility shift assays 

Proteins were flash thawed and diluted in storage buffer (20 mM HEPES-KOH pH 7.4, 100 mM 

NaCl, 10% glycerol, 1 mM MgCl2, 1 mM DTT). EMSA reactions were prepared in 10 μL reactions 

containing 10 mM HEPES-KOH pH 7.4, 50 mM KCl, 5% glycerol, 5 mM MgCl2, 0.05% NP-40, 

50 ug/mL BSA, 1 nM IR800-labelled RNA probe, and the molar concentrations of protein as 

indicated in the figure legend. In probe only reactions, the volume of protein (2 μL) was replaced 

with storage buffer. Reactions were incubated in a thermocycler at 4°C for 1 h and run on a 6% 

non-denaturing Tris-Glycine polyacrylamide/bis-acrylamide gel (37.5:1) with 2.5% glycerol that 

had been pre-run at 80 V for 30 min in a cold room. Gels were run for 160 V for 5 min before 

reducing the voltage to 80 V for 1 h. Gels were imaged with a BioRad Chemidoc MP using the 

IR800 dye filter setting. The RNA probe sequence is: 5’-

UAGUACCGCCACCCUCAGAACCUUUUUUUUUUUUUU-3’ and is the same sequence as the 

RNA36 probe from Ray and Frick (33). 
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4.8. Supplemental figures  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
S1 Figure. Mutation of DIPP1’s RHPDR sequence to AHKKR does not significantly improve 
rescue. Ten-fold dilutions of wild-type galactose inducible HA-PPK yeast strains transformed with 
the indicated GPD overexpression plasmids were spotted onto SC-Ura plates with 2% dextrose or 
galactose and grown for 3 days. Images are representative of ≥3 experiments. 
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S2 Figure. Ddp1 does not interact with itself. Ddp1-3FLAG was immunoprecipitated from yeast 
cells co-expressing Ddp1-HA or Ddp1(nose∆)-HA. Protein samples were separated on a 12% 
SDS-PAGE gel. Separated proteins were transferred to a PVDF membrane and Ddp1-HA was 
detected using an HA antibody and Ddp1-3FLAG was detected using a FLAG-HRP antibody. 
Image is representative of 1 experiment. 
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S3 Figure. The ddp1∆ siw14∆ and siw14∆ vip1∆ VIP1(H548A) mutant strains are viable in S. 
cerevisiae. Ten-fold dilutions of the indicated strains were spotted onto SC-Ura or YPD plates as 
indicated and grown for 1 day. The slight toxicity observed in both strains was only visible during 
the first 24 h of growth. Images are representative of ≥3 experiments. 
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S4 Figure. The first 20 amino acids of Ddp1 are important for its pyrophosphatase activity. 
(A) Plasmid shuffle assay used to assess the ability of Ddp1 mutants to rescue inositol 
pyrophosphate toxicity. Fivefold dilutions of the ddp1∆ siw14∆ vip1∆ cells co-transformed with a 
URA3-marked plasmid expressing VIP1 and a LEU2-marked plasmid co-expressing VIP1(H548A) 
and DDP1-HA or the indicated DDP1-HA mutants. (B) Protein expression levels of various Ddp1-
HA mutants. Protein extracts from ddp1∆ siw14∆ vip1∆ mutants co-transformed with a LEU2-
marked plasmid expressing VIP1 and a URA3-marked plasmid co-expressing VIP1(H548A) and 
DDP1-HA or the indicated mutant were prepared using a TCA lysis protocol and separated on a 
13% SDS-PAGE gel. The * indicates a non-specific band of unknown origin. Images are 
representative of ≥3 experiments. 
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4.9. Supplemental tables 

 
List of tables presented:  
 
S1 Table. Summary of the Ddp1 mutant screen. 
 

1. S1-Tab 1: List of mutants screened, their phenotypes and expression levels.  
 
S2 Table. Strains and plasmids used in this work. 
 

1. S2-Tab 1: Strains used in this work.  
2. S2-Tab 2: Plasmids used in this work.  
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S1 Table-Tab 1 – List of mutants screened, their phenotypes and expression levels.  
 

Description Name Mutation site Phenotype Expression 

Repeated amino acids 

Mut1 K44A K45A dead lower 
Mut2 K56A K57A slightly worse same 
Mut3 S52A S53A same slightly lower 
Mut4 G64A G65A dead lower 
Mut5 T75A T76A same lower 
Mut6 E83A E84A dead lower 
Mut7 P103A P104A same lower 
Mut8 P127A P128A same lower 
Mut9 L142A L143A worse lower 
Mut10 L174A L175A dead lower 
Mut11 I183A I184A  dead lower 
Mut12 D186A D187A same slightly higher 

Possible 
phosphorylation sites 

Mut13 S13A same same 
Mut14 S26A same slightly lower 
Mut15 S52A   same same 
Mut16 S117A S121A same same 
Mut17 S158A same same 
Mut18 S181A worse lower 
Mut19 T4A same same 
Mut20 T15A    slightly worse same 
Mut21 T29A same same 
Mut22 T41A T51A dead lower 
Mut23 T75A  same same 
Mut24 T76A same same 
Mut25 T81A dead same 
Mut26 T97A same same 
Mut27 T130A slightly worse same 
Mut28 T160A same slighly lower 
Mut29 Y25A same slighly lower 
Mut30 Y73A same same 
Mut31 Y135A dead lower 

Mut32 Y157A 
same or slightly 
worse slightly lower 

Possible 
acetylation/ubiquitinatio

n sites 

Mut33 K3 
same or slightly 
worse slightly lower 

Mut34 K44A   slightly worse lower 
Mut35 K45A slightly worse lower 
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Mut36 K56A    slightly worse same 
Mut37 K57A worse same 
Mut38 K63A  dead same 
Mut39 K68A same same 
Mut40 K90A same untested 
Mut41 K105A K109A slightly worse same 
Mut42 K112A potentially better higher 
Mut43 K119A same higher 
Mut44 K125A same same 
Mut45 K145A same same 
Mut46 K151A slightly worse slightly lower 
Mut47 K155A worse lower 
Mut48 K163A same same 
Mut49 K170A same same 
Mut50 K185A slightly worse lower 
Mut51 K188A slightly worse lower 

Aligned to DIPP1 (N-
term) difference  

Mut52 G2M same same 
Mut53 E18K G19S R20N slightly worse more 
Mut54 E21Q N22T Q23R same lower 
Mut55 V24G S26Y P27D worse lower 
Mut56 V28G T29D A31Y worse lower 
Mut57 R32K L33K V34R dead lower 

Aligned to DIPP1 
(Nudix box) difference  

Mut58 K63G V66M K68P dead lower 
Mut59 D69E P71E N72P worse lower 
Mut60 Y73S E74A T75V slightly worse lower 
Mut61 T76A Q78V T81V same more 
Mut62 W82C C87V I88K dead lower 

Aligned to DIPP1 (C-
term) difference  

Mut63 R154V K155V L156A dead 
hardly 
detectable 

Mut64 Y157T S158T T160S same same 

Mut65 E161V A162S K163A dead 
hardly 
detectable 

Mut66 N165S L166S I167M  dead 
hardly 
detectable 

Mut67 D168S A169G K170I dead lower 

Aligned to DIPP1 (N-
term) similar 

Mut68 G30A  same same 
Mut69 A35G same same 
Mut70 C37A C39A same same 

Mut71 V47A L48A dead 
hardly 
detectable 

Mut72 H55A slightly worse same 
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Aligned to DIPP1 (C-
term) Similar  

Mut73 L142A  even worse lower 

Mut74 Y159A dead 
hardly 
detectable 

Mut75 Q164A worse lower 
Mut76 R171A worse same 

Aligned to DIPP1 
(Nudix Box) Similar 

Mut77 R58A W59A I60A V61A P62A dead 
hardly 
detectable 

Motifs 

Mut78 E83A E84A A85G G86A dead 
hardly 
detectable 

Mut79 
I60A V61A  P62A K63A G64A 
G65A dead 

hardly 
detectable 

Mut80 
E136A L137A E138A I139A 
E140A dead 

hardly 
detectable 

Mut81 K185A D186A D187A K188A dead lower 

PolyP binding 

Mut82 A54G H55A K56A K57A R58A dead same 
Mut83 R58A  slightly worse slightly lower 
Mut84 R102A slightly worse slightly lower 
Mut85 R129A slightly worse same 
Mut86 R171A worse same 

Key interaction sites 
Mut87 R32A  dead lower 
Mut88 E80A dead lower 
Mut89 E84A dead lower 

N-term modifications 

Mut90 N term -5 same same 
Mut91 N term -10 slightly better slightly higher 
Mut92 N term -15 same slightly higher 
Mut93 N term -20 slightly worse slightly lower 
Mut94 N term -25 slightly worse lower 

C-term modifications 

Mut95 C term -28 dead ? 
Mut96 C term -23 dead ? 
Mut97 C term -18 dead ? 
Mut98 C term -13 dead ? 
Mut99 C term -8 dead ? 
Mut100 C term -3 dead ? 

  Mut101 nose∆  same same 
  Mut102 N term - 25 and nose∆ slightly worse lower 

Phosphomimetic Mut103 S26D same same 

Potential phospho site Mut104 T41A same lower 
Phosphomimetic Mut105 T41D worse lower 

Potential phospho site Mut106 S26A T41A dead lower 
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Phosphomimetic Mut107 S26D T41D dead lower 
Potential W-Y dyad Mut108 W59A dead lower 

Y157 interacts with 
W59 Mut109 Y157A Y159A dead lower 

KEN box-like motif Mut110 G19A E21A N22A worse lower 
D-box motif Mut111 R171A L174A dead same 

Predicted bipartite NLS Mut112 148-174∆ dead undetectable 
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S2 Table-Tab 1 – Strains used in this work. 
 

Reference 
number 

Strain 
background Genotype Source 

963 
S288C 
BY474 MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ 

Adam Rudner's Lab 
via Boone Lab 

3222 
S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3  
MET15+ LYS2+  

McCarthy et al. 2023 
(PMID: 35862758) 

3234 
S288C 
BY474 

MATα leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 
met15d0 LYS2+ ddp1::KANMX  

McCarthy et al. 2023 
(PMID: 35862758) 

3347 
S288C 
BY474 

MATa leu2d0 ura3d0 his3::GAL-HA-PPK-HIS3 
MET15+ LYS2+ vtc4::NATMX ddp1::KANMX 

McCarthy et al. 2023 
(PMID: 35862758) 

3512 
S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ 
DDP1-3FLAG-HYGMX This study 

4340 
S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ 
ddp1::NATMX This study 

4944 
S288C 
BY474 MATa leu2d0 ura3d0 his3-1 met15d0 siw14::URA3 This study 

4946 
S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ 
siw14::URA3 ddp1::NATMX This study 

4968 
S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 lys2d0 
vip1::HYGMX This study 

5032 
S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ 
ddp1::NATMX vip1::HYGMX This study 

5321 
S288C 
BY474 

MATa leu2d0 ura3d0 his3-1 met15d0 LYS2+ 
ddp1::NATMX vip1::HYGMX siw14::KANMX This study 
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S2 Table-Tab 2 – Plasmids used in this work.  
 

Plasmid  Details Source 

pRS316 Empty vector control (URA3 selection) 

Sikorski and 
Hieter 1989 

(PMID: 
2659436) 

pRS316-DDP1-HA Expresses DDP1-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(H55A)-
HA 

Expresses DDP1(H55A)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(K56A 
K57A)-HA 

Expresses DDP1(K56A K57A)-HA from its endogenous 
promoter and terminator (URA3 selection) This study 

pRS316-DDP1(R58A)-
HA 

Expresses DDP1(R58A)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(54-
AHHKR/GAAAA)-HA 

Expresses DDP1(54-AHHKR/GAAAA)-HA from it endogenous 
promoter and terminator (URA3 selection) This study 

pRS316-DDP1(S52A)-HA Expresses DDP1(S52A)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(S52A 
S53A)-HA 

Expresses DDP1(S52A S53A)-HA from its endogenous promoter 
and terminator (URA3 selection) This study 

pRS316-DDP1(R32A)-
HA 

Expresses DDP1(R32A)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(K63A)-
HA 

Expresses DDP1(K63A)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(R102A)-
HA 

Expresses DDP1(R102A)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(R129A)-
HA 

Expresses DDP1(R129A)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(R171A)-
HA 

Expresses DDP1(R171A)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(N20∆)-HA Expresses DDP1(N20∆)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(N25∆)-HA Expresses DDP1(N25∆)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(nose∆)-
HA 

Expresses DDP1(nose∆)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(N25∆ 
nose∆)-HA 

Expresses DDP1(N25∆ nose∆)-HA from its endogenous 
promoter and terminator (URA3 selection) This study 

pRS316-DDP1(S26A)-HA Expresses DDP1(S26A)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-DDP1(S26D)-HA Expresses DDP1(S26D)-HA from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS316-VIP1 Expresses VIP1 from its endogenous promoter and terminator 
(URA3 selection) This study 
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pRS316-VIP1(H548A) Expresses VIP1(H548A) from its endogenous promoter and 
terminator (URA3 selection) This study 

pRS415 Empty vector control (LEU2 selection) Kristin Baetz 
Lab 

pRS415-VIP1 Expresses VIP1 from its endogenous promoter and terminator 
(LEU2 selection) This study 

pRS415-VIP1(H548A) Expresses VIP1(H548A) from its endogenous promoter and 
terminator (LEU2 selection) This study 

pRS415-VIP1(H548A)-
DDP1-HA 

Co-expresses VIP(H548A) pyrophosphatase mutant and DDP1-
HA from their endogenous promoters and terminators (LEU2) This study 

pRS415-VIP1(H548A)-
DDP1(N20∆)-HA 

Co-expresses VIP(H548A) pyrophosphatase mutant and 
DDP1(N20∆)-HA from their endogenous promoters and 
terminators (LEU2) 

This study 

pRS415-VIP1(H548A)-
DDP1(N25∆)-HA 

Co-expresses VIP(H548A) pyrophosphatase mutant and 
DDP1(N25∆)-HA from their endogenous promoters and 
terminators (LEU2) 

This study 

pRS415-VIP1(H548A)-
DDP1(N25∆ nose∆)-HA 

Co-expresses VIP(H548A) pyrophosphatase mutant and 
DDP1(N25∆ nose∆)-HA from their endogenous promoters and 
terminators (LEU2) 

This study 

pRS415-VIP1(H548A)-
DDP1(S26A)-HA 

Co-expresses VIP(H548A) pyrophosphatase mutant and 
DDP1(S26A)-HA from their endogenous promoters and 
terminators (LEU2) 

This study 

pRS415-VIP1(H548A)-
DDP1(S26D)-HA 

Co-expresses VIP(H548A) pyrophosphatase mutant and 
DDP1(S26D)-HA from their endogenous promoters and 
terminators (LEU2) 

This study 

pRS415-VIP1(H548A)-
DDP1(E83A E84A)-HA 

Co-expresses VIP(H548A) pyrophosphatase mutant and 
DDP1(E83A E84A)-HA from their endogenous promoters and 
terminators (LEU2) 

This study 

pRS415-VIP1(H548A)-
DDP1(54-
AHKKR/GAAAA)-HA 

Co-expresses VIP(H548A) pyrophosphatase mutant and 
DDP1(54-AHKKR/GAAAA)-HA from their endogenous 
promoters and terminators (LEU2) 

This study 

pRS415-VIP1(H548A)-
GPD-DIPP1-HA 

Co-expresses VIP(H548A) pyrophosphatase mutant and human 
DIPP1-HA from yeast GPD promoter (LEU2) This study 

pRS415-VIP1(H548A)-
GPD-RPS10-DIPP1-HA 

Co-expresses VIP(H548A) pyrophosphatase mutant and human 
RPS10-DIPP1-HA from the constitutive GPD promoter (LEU2) This study 

p416 Empty vector control (URA3 selection) 
Gerasimaitė et 

al., PMID: 
25315834 

p416-DIPP1-HA Expresses human DIPP1-HA from GPD promoter (URA3 
selection) 

McCarthy et al. 
2023 (PMID: 

35862758) 

p416-
DIPP1(RHPDR/AHKKR)-
HA 

Expresses human DIPP1(RHPDR/AHKKR)-HA from yeast GPD 
promoter (URA3 selection) This study 

p416-DDP1 Expresses yeast DDP1 from yeast GPD promoter (URA3 
selection) 

McCarthy et al. 
2023 (PMID: 

35862758) 

p6HIS-TEV-Ddp1 Expresses 6HIS TEV-cleavable Ddp1 from IPTG inducible 
promoter This study 
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p6HIS-TEV-Ddp1(N25∆) Expresses 6HIS TEV-cleavable Ddp1(N25∆) from IPTG 
inducible promoter This study  

p6HIS-TEV-Ddp1(nose∆) Expresses 6HIS TEV-cleavable Ddp1(nose∆) from IPTG 
inducible promoter This study 

p6HIS-TEV-Ddp1(N25∆ 
nose∆) 

Expresses 6HIS TEV-cleavable Ddp1(N25∆ nose∆) from IPTG 
inducible promoter This study 

p6HIS-TEV-Ddp1(E83A 
E84A) 

Expresses 6HIS TEV-cleavable Ddp1(E83 E84) from IPTG 
inducible promoter This study 
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5.1. Role of polyP-protein interactions and vacuolar function 

At the time of my first publication (1) (Chapter 2) polyphosphorylation was believed to be covalent 

based on its ability to survive denaturing conditions (2). New evidence (discussed in Chapter 1 – 

Introduction) suggests that polyphosphorylation is non-covalent (3) and our lab now refers to target 

proteins as polyP-binding proteins rather than polyphosphorylated proteins. Whether the 

interaction is covalent or non-covalent does not necessarily matter, although different binding 

modes could potentially lead to different outcomes in the cell. To date, most polyP-binding proteins 

uncovered in yeast are nucleolar proteins involved in ribosome biogenesis (2,4). This is seemingly 

at odds with the fact that the majority of polyP in yeast is stored in the vacuole (5,6). By performing 

an expanded screen for polyP-binding proteins using the NuPAGE analysis we were able to 

uncover 8 additional targets in yeast. Notably, these targets included two vacuolar proteins, Prb1 

and Apl5. We focused on these vacuolar proteins since we believed that they were more likely to 

be effectors of polyP-mediated signaling based on polyP levels in the vacuole. We showed that 

polyP binds to the precursor peptide of Prb1 which is removed by a self-catalyzed cleavage event 

in the endoplasmic reticulum (ER) (7). Moreover, Prb1 processing was slightly slower in vtc4∆ 

cells, which lack polyP, suggesting that polyP binding could be important for Prb1 processing. 

Notably, the Ppn1 endopolyphosphatase also binds polyP when analyzed via NuPAGE, whereas 

Ppn2 does not (data not shown). Similarly to Prb1, polyP binds Ppn1 within its precursor peptide 

which is eventually cleaved by vacuolar proteases, including Prb1 (8). How polyphosphatases in 

the vacuole are regulated is still unclear, but their activity must be regulated in some manner to 

avoid the degradation of polyP as it is synthesized in the vacuole. Otherwise, the synthesis and 

storage of polyP in the vacuole would be a futile task (9). The fact that polyP binds the propeptide 

of Prb1 suggests a potentially interesting cross-regulatory mechanism between polyP, vacuolar 
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proteases, and the subsequent processing of polyphosphatases in the vacuole. It is possible that 

small pools of polyP in the ER could be important for regulating protease and polyphosphatase 

processing and activation in the vacuole. This idea is particularly interesting since some Vtc 

proteins localize around the nucleus (thought to be the ER) and the cell periphery in phosphate 

replete conditions (10,11). Future studies should aim to investigate the regulatory role of polyP in 

the processing and activation of vacuolar proteases and polyphosphatases. 

 

5.2. Characteristics of polyP-binding elements 

PolyP-binding sequence elements are positively charged in nature, suggesting that polyP 

interaction might simply be determined by the charged state of proteins and the corresponding 

anionic nature of the polymer. However, it is unlikely that charge is the only consideration. 

Interestingly, mutation of lysine and histidine residues in PASK and polyHis motifs to arginine 

prevents polyP interaction (2,4,12,13). Why does positively charged arginine not support binding 

in these contexts? Neville et al. (14) have previously discussed the idea that the guanidinium group 

in the arginine side chain results in a delocalized charge that prevents polyP binding. However, we 

also note that loss of polyP binding for arginine mutations has only been demonstrated using 

NuPAGE analysis (2,4,12,13). It is possible that polyP still binds to arginine-rich sequences, but 

with a lower affinity that does not permit detection on NuPAGE gels. As such, we encourage the 

use of alternative techniques, described below, to investigate the binding properties of arginine-

rich sequences. This same logic extends to investigating the contribution of neighboring amino 

acids such as acidic and serine residues found in the PASK motif (2,15). Finally, it is curious that 

in contrast with PASK and polyHis motifs, arginines have been implicated in polyP binding for 

the endopolyphosphatase Ddp1 (16), the polyP kinase PPK2 (17), and the polyP-binding CHAD 
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domain (18). Therefore, it could also be true that context is important — PASK and polyHis 

sequences are shorter motifs often located in regions of little structure, whereas Ddp1, PPK2, and 

CHAD domains bind to polyP across folded protein surfaces. Finally, we do not discount the 

possibility that polyP binding to protein targets could be impacted by direct or indirect interactions 

with peptide backbones. 

 

5.3. Methodological considerations for studying polyP-binding proteins 

While NuPAGE analysis may be useful for identification of the strongest polyP binders, the fact 

that these gels are (largely) denaturing, presents a challenge for understanding how proteins might 

interact with polyP in vivo. Under denaturing conditions, polyP binding could be mediated by 

amino acids that are not normally exposed in natively folded proteins. Immobilization of natively 

folded proteins on beads, followed by washing prior to NuPAGE would help to address these 

concerns (12). Still, other more precise methods than gel electrophoresis are needed to identify 

and study the kinetics of polyP-binding proteins under native conditions. For example, plate-based 

enzyme-linked immunosorbent assays have recently been used to measure the affinity of polyP for 

three different plasma proteins (19), as well as the SARS-CoV-2 ACE2 receptor (20). Even more 

sophisticated tools such as surface plasmon resonance analysis (21–23) and grating-coupled 

interferometry (18) have also been used to accurately measure dissociation constants for polyP-

protein interactions. Since polyP concentrations vary across different cell types and even within 

regions of a single cell, accurate measurements of polyP binding parameters are critical to establish 

whether an interaction is likely to occur in vivo. 
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5.4. Regulation of polyP binding by post-translation modifications (PTMs) 

A consideration that has not been explored in detail is the potential interplay between PTMs and 

polyP binding. Direct modification of lysine residues, by acetylation or methylation for example 

(24,25), could prevent polyP from interacting with these residues. Azevedo et al. (2) also 

previously suggested the possibility of interplay between polyP binding and covalent 

pyrophosphorylation of eukaryotic PASK containing proteins. Pyrophosphorylation involves the 

magnesium dependent non-enzymatic transfer of the β-phosphoryl group from inositol 

pyrophosphate to a pre-phosphorylated residue (26). This modification occurs primarily on serine 

residues within intrinsically disordered regions (27). Indeed, recent work suggests that 

pyrophosphorylation occurs on a global scale and many of the proteins modified are localized to 

the nucleolus (27), as is the case with polyP-binding proteins (2,4). It is important to note that 

polyP binding is not strictly dependent on pyrophosphorylation since Nsr1 extracted from yeast 

cells with no diphosphoinositol pentakisphosphate, the phosphate donor for pyrophosphorylation, 

can bind polyP (2), and proteins purified from E. coli can also bind polyP in vitro (3). Nonetheless, 

we postulate that pyrophosphorylation might regulate polyP binding in vivo under specific 

conditions. As a first step, proteins known to bind polyP that are also pyrophosphorylated, such as 

Nsr1 (2,26) or DEK (4,27), could be used to test whether this modification can alter the extent of 

polyP binding in vitro. Alternatively, polyP binding could precede pyrophosphorylation, either by 

promoting the recruitment of kinases responsible for priming phosphorylations, or the subsequent 

reaction with inositol pyrophosphates (26). 

 

5.5. Regulation of polyP binding by polyphosphatases 

Polyphosphatases are ubiquitous enzymes, from prokaryotes to eukaryotes (28). The ability of 
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these enzymes to degrade polyP chains makes them candidate regulators that could turn off or 

dampen signaling cascades initiated by polyP-protein interactions. In vitro work has shown that 

recombinant yeast Ppx1 can cleave protein-bound polyP (2), and many studies have used 

exogenous Ppx1 expression to study the effects of polyP in mammalian cells (29,30). 

Polyphosphatases were initially proposed to remove the covalent interacting polyP chains from 

proteins (2,31,32), although there is no reason to assume that the mode of interaction would have 

any bearing on the ability of these enzymes to act on polyP bound to protein targets. Understanding 

how these polyphosphatases are regulated could shed light on pathways mediated by polyP-protein 

interactions. Since most polyphosphatase enzymes are dependent on cations for their function (28), 

we speculate that local concentrations of these cofactors are important determinants for the reversal 

of polyP-protein interactions in vivo. 

5.6. Importance of polyP compartmentalization 

Compartmentalization of polyP into acidocalcisome-like organelles is conserved across most 

eukaryotic organisms that produce polyP (33,34). Acidocalcisomes are acidic membrane-bound 

organelles where phosphorous is stored as pyrophosphate and polyP often complexed to calcium 

or other ions (35). Although bacteria don’t have membrane-bound organelles, polyP is often 

“compartmentalized” into fluid-like granules that may arise from phase separation (36,37). The 

sequestration of polyP into granules and vacuole-like organelles suggests a tight control of polyP 

localization to prevent nonspecific interactions with effector proteins or cations (38). Indeed, 

accumulation of nonvacuolar polyP in yeast is toxic and we have shown that this mislocalization 

activates a constitutive Msn2/Msn4-driven stress response likely driven by low PKA activity 

(Chapter 3) (39). It is unclear if nonvacuolar polyP is causing some type of intracellular stress (i.e. 

the accumulation of unfolded proteins) or if it is inappropriately activating these stress-signaling 
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pathways in the absence of stress. Importantly, this toxicity is dampened by the cytoplasmic 

polyphosphatases Ddp1 and Ppx1, which combine their endo- and exopolyphosphatase activities 

to regulate nonvacuolar polyP accumulation. Thus, these two enzymes likely ensure that 

nonvacuolar polyP levels are kept at bay under normal physiological conditions.  

In yeast, the most obvious reason for polyP synthesis and storage within the vacuole is to 

serve as a phosphate store to deal with fluctuations in the environment, such as phosphate 

availability (9,38). To this end, it is thought that when phosphate is plentiful it is imported into the 

cell and subsequently converted into polyP and stored in the vacuole (9,38). When phosphate 

becomes limiting, polyP stores are mobilized by the Ppn1 and Ppn2 polyphosphatases and 

exported into the cytoplasm as inorganic phosphate by the Pho91 phosphate transporter (9,40–42). 

How the synthesis and degradation of polyP is regulated to prevent degradation of polyP stores is 

still unclear (9). Potential interplay between polyP, vacuolar proteases, and the subsequent 

processing of polyphosphatases was discussed above. Another possibility is that polyphosphatases 

are inhibited by inorganic phosphate levels in the vacuole. There is some in vitro evidence that 

Ppn1 is inhibited by phosphate and pyrophosphate (43), thus Ppn1 might be regulated by enzyme 

product inhibition. Similar inhibition is seen for the pyrophosphatase activity of S. pombe Siw14 

(44) and S. cerevisiae Vip1 (45) where inorganic phosphate is inhibitory in vitro. New work from 

Bru et al. suggests that polyphosphatase activity in the vacuole is inhibited by inorganic phosphate 

(46). When phosphate levels are abundant, the VTC complex converts ATP in the cytoplasm into 

polyP for storage. As polyP is synthesized a portion is converted into inorganic phosphate by Ppn1 

and Ppn2 until it reaches an inhibitory threshold that inactivates the polyphosphatases and allows 

for polyP accumulation (46). When phosphate becomes limiting, Pho91 exports phosphate from 
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the vacuole allowing for polyP chains to be degraded and further exported as inorganic phosphate 

(46). Thus, the compartmentalization of polyP allows for a dynamic phosphate buffering system. 

5.7. Physiological scenarios of nonvacuolar polyP accumulation 

Herein we used the E. coli PPK expression system to investigate the consequences of nonvacuolar 

polyP accumulation in yeast. This artificial system allowed us to explore the importance of polyP 

compartmentalization in eukaryotes and the molecular mechanisms that lead to the toxic effects of 

mislocalized polyP accumulation (33,39). One important question that still needs to be addressed 

is if, when, and how polyP might make its way outside the vacuole? There are a few potential 

scenarios of interest wherein polyP might be released from the vacuole via vacuolar lysis or 

permeabilization. First, polyP might be released from the vacuole during sporulation when cells 

undergo meiosis (47,48). During this process the vacuole is lysed, and its contents are released 

into the cytosol to promote bulk degradation of the nuclear content that is not protected by a spore 

wall (47,48). Second, hydrogen peroxide stress (49) and heat stress (50) have both been shown to 

lead to vacuole membrane permeabilization and eventual cell death. These could be potential 

scenarios when polyP might be released from the confines of the vacuole and may interact with 

proteins outside the vacuole. It would be interesting to test whether proteins that we identified as 

being differentially regulated by PPK expression are also differentially regulated during these 

physiological scenarios. Moreover, if polyP is released into the cytoplasm during these events, it 

would be interesting to investigate the impact of deleting the cytoplasmic polyphosphatases Ddp1 

and Ppx1 to see whether phenotypes, such as cell death, are exaggerated.  
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5.8. Protein kinase A (PKA) regulation by polyP 

Our findings in Chapter 3, suggest that nonvacuolar polyP accumulation leads to lowered PKA 

activity in yeast cells expressing PPK and that this effect is amplified in polyphosphatase mutants 

(39). However, it is still unclear if this regulation is direct or indirect. A first step in determining a 

direct effect of polyP on PKA activity would be to perform in vitro phosphorylation assays. PKA 

is composed of 3 catalytic subunits: Tpk1, Tpk2, and Tpk3, and a regulatory subunit Bcy1 (51). In 

vitro a single catalytic subunit, like Tpk1, can be used to perform in vitro phosphorylation of known 

PKA targets, such as Yak1 (52). Comparing the ability of Tpk1 to phosphorylate Yak1 in the 

presence or absence of polyP in vitro would begin to delineate the direct versus indirect effects of 

polyP on PKA. Moreover, the effects on PKA substrate phosphorylation are greater in ppx1∆ cells 

than the effects seen in ddp1∆ mutants. These results suggest there might be a chain length-

dependent effect on PKA activity since ppx1∆ mutants accumulate more medium and short chain 

polyP than ddp1∆ mutants, which accumulate a greater amount of long chain polyP. This potential 

chain length-dependent effect could be tested by using commercially available synthetic polyP 

chains of varying lengths in the in vitro assays described above. Chain-length dependent effects 

have previously been described, for example short chain and long chain polyP activate different 

parts of the blood coagulation cascade (53), and long chain polyP is better for interfering with 

macrophage signaling (54). Thus, chain length-dependent effects could represent an important 

mechanism of polyP signaling.  

The effects of polyP on PKA activity could also be indirect via an upstream target in the 

cAMP-PKA pathway. An obvious target would be the Ras GTPase pathway, which when active 

(GTP-bound), interacts with the adenylate cyclase Cyr1 to produce cAMP (51,55,56). This cAMP 

can then bind to the regulatory subunit Bcy1 allowing the catalytic subunits to phosphorylate their 
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targets (51,56). Interestingly, K-Ras, the human homologue of yeast Ras1 and Ras2 has been 

shown to bind polyP and the addition of exogenous polyP to media or ectopic expression of PPK 

reduces the amount of GTP-bound K-Ras in HELA cells (57). A similar Ras2-GTP pulldown assay 

could be used to investigate if PPK expression reduces the amount of GTP-bound Ras2 in yeast 

(58,59). Moreover, if nonvacuolar polyP affects Ras2 activation and subsequently PKA activity, 

deletion of the Ddp1 and Ppx1 polyphosphatases would be expected to reduce Ras2-GTP to a 

greater degree based on the reduced PKA substrate phosphorylation we see in these mutants. These 

experiments would begin to answer whether nonvacuolar polyP affects PKA activity directly or 

indirectly.  

 

5.9. Regulation of Ddp1 activity 

Our work in Chapter 4 has confirmed critical residues for Ddp1 polyphosphate binding and 

catalysis in vivo using our PPK expression system. We have shown that the intrinsically disordered 

N-terminus might also be important for its pyrophosphatase activity. Moreover, our data suggest 

that the phosphorylation of serine 26 is potentially important for regulating this pyrophosphatase 

activity. However, there are still many questions regarding Ddp1’s regulation to be answered (some 

of these are discussed in Chapter 4).  

First, although Ddp1 is primarily localized in the cytoplasm it is still unclear how a small 

portion of Ddp1 is localized to the nucleus. Using the cNLS mapper tool (60), we identified a 

potential bipartite nuclear localization signal between amino acids 148-172. Unfortunately, when 

we generated a deletion mutant of this region the protein was not expressed to a detectable level 

(data not shown). In the future, a more targeted mutational analysis of key basic residues might 

allow us to determine whether this region is in fact a nuclear localization signal (61).  
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Previous works have shown that protein chaperones can facilitate the nuclear import of 

client proteins, which might target misfolded cytoplasmic proteins for degradation in the nucleus 

(62,63). Another interesting possibility is that chaperone interactions with Hsc82 (64)  and Ssa1 

(65) may allow for the nuclear import of Ddp1. Analyzing the localization of Ddp1 in chaperone 

deletion mutants could begin to test this possibility. Moreover, Hsc82 was previously shown to 

target IDRs of client proteins and prevent them from being recruited into RNA-containing stress 

granules and processing bodies (P-bodies) (64). We have shown that Ddp1 can bind to RNA which 

may promote oligomerization via the nose. The RNA-dependent oligomerization of Ddp1 could 

serve to regulate the enzymatic activity of Ddp1 in the cell. Co-localization experiments could be 

performed to determine whether Ddp1 can localize to stress granules or P-bodies under specific 

conditions and whether Hsc82 might regulate its inclusion into these RNA-containing cytoplasmic 

bodies.  

 The possibility that Ddp1 activity might be regulated by phosphate levels in the cell should 

also be investigated. Performing in vitro polyphosphatase or pyrophosphatase assays in the 

presence of increasing orthophosphate concentrations could begin to determine whether Ddp1 

activity is directly regulated by phosphate. Similar phosphate-dependent inhibition has been 

demonstrated for the mammalian PPIP5K pyrophosphatase domain (66), Vip1’s pyrophosphatase 

domain (45), and S. pombe Siw14 (44). However, it is still unclear how phosphate acts on these 

proteins to inhibit their activity. In the case of Vip1, it has been proposed that orthophosphate might 

bind to the highly basic “capture site” to prevent 1,5-IP8 from binding (45). If the N-terminus of 

Ddp1, which also contains many basic amino acids, does is in fact act as a capture site, a similar 

phosphate dependent-inhibition could be true. Moreover, the phosphorylation of Ddp1 S26 could 

potentially serve to prevent this phosphate-dependent inhibition by preventing phosphate from 
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binding the basic residues in the N-terminus or the nearby R32 residue which is critical for polyP 

binding and may be critical for inositol binding as well.  

 

5.10. Could Ddp1 dephosphorylate pyrophosphorylated proteins? 

Since the coordinated addition and removal of phosphorylation is important for regulating protein 

function and cell signaling (67) it is safe to assume that timely removal of pyrophosphorylation is 

likely also important. Ddp1 can accommodate various substrates into its active site for catalysis 

raising the possibility that it could also dephosphorylate pyrophosphorylated proteins. 

Interestingly, pyrophosphorylation removal was shown to be resistant to various phosphatases 

including lambda phosphatase (26). Further work using pyrophosphorylated peptides 

demonstrated that protein phosphatases like PP1, PP2C were ineffective in removing 

pyrophosphate, but that the alkaline phosphatases CIP, rSAP, and phoA were effective (68). By 

incubating pyrophosphorylated peptides with lysates prepared from wild-type yeast cells and 

pho8∆ mutants, the authors were able to show that the alkaline phosphatase Pho8 can hydrolyze 

pyrophosphate from proteins (68). Interestingly, there was still some hydrolysis activity in pho8∆ 

lysates suggesting that there are other yeast proteins that can hydrolyze protein pyrophosphate 

(68). This residual activity was lost in the presence of EDTA, suggesting that the protein is metal 

dependent (68). Ddp1 is a metal-dependent pyrophosphatase which could be responsible for this 

residual activity and its ability to remove pyrophosphate from proteins should be tested. 

Notably, DIPP1, the mammalian homologue of Ddp1, was unable to remove 

pyrophosphate from any of the peptides tested (68). Although the mammalian homologue cannot 

remove the pyrophosphate moiety from peptides there are several differences in the Ddp1 structure 

that could promote protein binding and its ability to remove the pyrophosphate moiety. For 
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example, intrinsically disordered regions are known to be important for protein-protein 

interactions (69). The intrinsically disordered N-terminus and the nose could serve as regions 

important for promoting protein-protein interactions with pyrophosphorylated proteins. Future 

work should determine whether Ddp1 can remove pyrophosphate moieties from proteins.  

 

5.11. 1,5-IP8 toxicity in yeast 

Our work has shown that the ddp1∆ siw14∆ vip1∆ pyrophosphatase mutant expressing 

VIP1(H548A) is inviable and that this toxicity is presumably driven by excess 1,5-IP8 

accumulation. It will be important to confirm whether this lethality is in fact driven by 1,5-IP8 by 

measuring inositol pyrophosphate levels using a conditional mutant (e.g. galactose-inducible 

VIP1(H548A) in ddp1∆ siw14∆ vip1∆ background). Recent advances in the extraction and mass 

spectrometry analysis of pyrophosphate extracted from yeast has enabled more precise 

measurements of pyrophosphate extracted from yeast (70–72). Nonetheless, genetic studies in S. 

pombe suggest that 1,5-IP8 overaccumulation is also toxic (44). Here, the toxicity seems to be 

driven in part by early 3’-processing/transcription termination (73). Notably, deletion of various 

SPX binding domain proteins can rescue this toxicity (73). As a first step, SPX domain containing 

proteins in S. cerevisiae should be deleted to see if a similar phenomenon is true. These include 

Vtc2, Vtc3, Vtc4, Vtc5, Pho81, Pho87, Pho90, Pho91, Gde1, and Syg1 (74). These proteins could 

be screened using our plasmid shuffle system to see if their deletion can rescue growth in the 

ddp1∆ siw14∆ vip1∆ VIP1(H548A) mutant. We note that the transducers of 1,5-IP8 toxicity may 

differ between S. pombe and S. cerevisiae. In S. pombe, Spx1 was identified has a transducer of 

1,5-IP8 toxicity but is not conserved in S. cerevisiae (73). Moreover, the SPX domain protein 

Pho81 and the Pho85 cyclin-dependent kinase are not conserved in S. pombe (72). Our results also 
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suggest that S. pombe may be more sensitive to 1,5-IP8 accumulation compared to S. cerevisiae 

where pyrophosphatase double mutants are viable. Differences in SPX binding domain protein 

conservation and inositol pyrophosphate signaling could account for these differences. 

One interesting possibility raised by Schwer et al. is that excess 1,5-IP8 drives nonvacuolar 

polyP accumulation in the nucleus (73) (See discussion Chapter 4). A small portion of the VTC 

complex may reside around the nuclear membrane under phosphate replete conditions to produce 

a small pool of nuclear polyP (10). Although it was initially thought that 5-IP7 could activate the 

VTC complex in vivo (75), more recent work showed that 1,5-IP8 is likely the regulatory 

pyrophosphate that can activate the VTC complex to promote polyP synthesis (76). Thus increased 

1,5-IP8 levels could promote the accumulation of nonvacuolar polyP which is toxic. To test this 

possibility, the Ppx1 exopolyphosphatase could be targeted to the nucleus using a nuclear 

localization signal. If nuclear polyP accumulation is driving 1,5-IP8 toxicity we would expect Ppx1 

expression in the nucleus to rescue growth. 

 

5.12  Concluding remarks 

Overall, the work presented in this thesis has expanded our understanding of the role of polyP and 

its regulation in the budding yeast S. cerevisiae. We have shown that polyP can bind to the 

propeptide of the vacuolar protease Prb1 and may be important for its processing. Prb1 itself is 

directly involved in the processing and activation of the Ppn1 endopolyphosphatase suggesting a 

potential cross-regulatory mechanism between polyP, vacuolar proteases, and the subsequent 

processing of polyphosphatases in the vacuole that should be explored further.  

Additionally, our work has uncovered potential pathways that drive the toxicity of 

nonvacuolar polyP accumulation. We find that nonvacuolar polyP accumulation in yeast activates 
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an Msn2/Msn4-dependent stress response that appears to be driven by a reduction in PKA activity. 

Nonvacuolar polyP accumulation and toxicity is mitigated by the cytoplasmic Ddp1 and Ppx1 

polyphosphatases. These results highlight the importance of polyP compartmentalization in 

eukaryotes and suggest that polyphosphatases likely play important roles in mitigating the negative 

impacts of mislocalized polyP in other eukaryotes. Moreover, we identify a potential link between 

the conserved PKA pathway and polyP signaling.  

Finally, we have used our PPK expression system to better characterize critical 

polyphosphate binding residues of the Ddp1 endopolyphosphatase in vivo. Additionally, we have 

developed a plasmid shuffle system to study its pyrophosphatase activity in vivo and have 

identified potentially important regulatory regions, including its intrinsically disordered N-

terminus. These tools have allowed us to explore how this multifunctional enzyme might be 

regulated in vivo. Understanding how these enzymes are regulated will be critical for the 

development of potential therapeutic interventions for polyP-driven disorders.  

Importantly, this work has highlighted two tools that can potentially be used to further 

characterize these important enzymes. The PPK expression system can be used to explore the 

regulation and function of other cytoplasmic polyphosphatases, such as Ppx1 in yeast, as well as 

potential mammalian candidate enzymes. In addition, our pyrophosphatase plasmid shuffle system 

could be expanded to explore the function of other key yeast pyrophosphatases including Siw14 

and Vip1. Similarly, it could be used to characterize mammalian pyrophosphatases such as the 

DIPP1 homologue. If the inositol pyrophosphate and polyphosphate pathways in higher eukaryotes 

are interconnected, as they are in yeast, both classes of enzymes may be important drivers of polyP 

dysregulation in human cells. Eventually, these enzymes may provide therapeutic targets in 

disorders driven by the overaccumulation or mislocalization of polyP. Additionally, understanding 
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how these enzymes function will be critical in efforts to deliver polyP in therapeutic contexts. 

Thus, it will be critical to understand how these enzymes are regulated in the context of the cell.  
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