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ABSTRACT 

 

  Inositol pyrophosphates are high energy signaling molecules found across eukaryotes that 

are important for diverse cellular processes like phosphate homeostasis, the immune response, 

fungal pathogenicity, endocytosis, energy homeostasis and stress responses. Although inositol 

pyrophosphates have been implicated in many processes, the mechanism(s) by which inositol 

pyrophosphates influence them is largely unknown. Siw14 is an inositol pyrophosphate 

phosphatase in Saccharomyces cerevisiae that specifically cleaves the 5-position β-phosphate of 

inositol pyrophosphates 5PP-InsP5 and 1,5PP2-InsP4. We found that Oca1 and Oca2, Siw14 

homologs in yeast which are catalytically inactive, enhance the activity of Siw14 with its preferred 

substrate 5PP-InsP5. Our data support a model in which Oca1 and Oca2 are novel 

pseudophosphatases that employ a modulator mechanism of action to affect their active canonical 

phosphatase, Siw14. The loss of Siw14 in S. cerevisiae leads to a significant increase in inositol 

pyrophosphates. Unsurprisingly, the loss of either Oca1 or Oca2 in yeast does not strongly increase 

inositol pyrophosphate levels, however the siw14Δoca1Δ and siw14Δoca2Δ mutants have levels 

of PP-InsPs similar to siw14Δ. Interestingly, we found that the siw14Δ mutant is resistant to 

multiple stresses including oxidative stress, osmotic stress, heat stress, and nutrient deprivation. 

Under normal growth conditions, the siw14Δ mutant has 444 genes that are misregulated, which 

largely overlap genes induced in the environmental stress response. Notably, 75% of the genes 
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misregulated in the siw14Δ mutant are known to be regulated by the master cell regulator Target 

of Rapamycin Complex 1 (TORC1). We show that Msn2, a general stress transcription factor and 

a major target of TORC1, exhibits increased nuclear localization in the siw14Δ mutant. Our data 

suggest that inositol pyrophosphates affect the ESR in part by increasing the nuclear localization 

and transcription of Msn2 targets. Additionally, our data support a model in which inositol 

pyrophosphates negatively regulate TORC1 signaling.  
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CHAPTER 1 

 

REVIEW OF INOSITOL PYROPHOSPHATE METABOLISM,  

 

MECHANISMS OF ACTION, AND CELLULAR PROCESSES IMPACTED 

 

 

This chapter will contain background information necessary for each subsequent chapter. Parts of 

Chapter 1 have been published in Current Genetics (Morrissette and Rolfes 2020). Section 1.1 will 

describe the inositol pyrophosphate pathway including structure and enzymes required for the 

conversion between molecules. This section will also briefly describe the current known 

mechanisms of action for inositol pyrophosphates. Section 1.2 will describe cellular processes 

affected by inositol pyrophosphates.  

 

1.1 Inositol Pyrophosphates – The Metabolic Pathway 

 

Inositol pyrophosphates (PP-InsPs) are composed of a phosphorylated myo-inositol ring 

that has one or more β-phosphates (pyrophosphates; see Figure 1.1). These high energy PP-InsPs 

are found across eukaryotes with many conserved enzymes throughout the metabolic pathway. 

The yeast pathway is shown in Figure 1.1 and a list of homologous enzymes is found in Table 1.1.  

The soluble inositol polyphosphate pathway begins with the cleavage of membrane-associated 

phosphoinositide, phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) by phospholipase C 

(PLC1) to form inositol (1,4,5) trisphosphate (abbreviated as InsP3). InsP3 is phosphorylated by 

inositol multikinase (ARG82) and further phosphorylated by inositol phosphate kinase (IPK1) to 

produce inositol (1,2,3,4,5,6) hexakisphosphate (InsP6). The yeast kinase Kcs1 (mammals have 

three homologs of Kcs1: IP6K1, IP6K2, IP6K3) phosphorylates the C5 α-phosphate of InsP6 to 

generate 5-diphosphoinositol pentakisphosphate, 5PP-InsP5 (further shortened to 5-InsP7) (Saiardi, 
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Erdjument-Bromage et al. 1999).  The phosphatase Siw14 reverses this reaction by specifically 

hydrolyzing the C5 β-phosphate (Steidle, Chong et al. 2016). The primary substrate for Kcs1 is 

InsP6; however, Kcs1 can also phosphorylate the C5 on 1PP-InsP5. Vip1 has dual kinase and 

phosphatase domains and, therefore, both adds and removes the C1 β-phosphate.  The primary 

substrate for Vip1 is 5-InsP7 and the product is a molecule that carries two pyrophosphate groups, 

1,5-diphosphoinositol tetrakisphosphate (1,5PP2-InsP4 further shortened to InsP8).  As shown in 

Figure 1.1, both Kcs1 and Vip1 recognize InsP6 and inositol pyrophosphate substrates, thus 

changing the order in which pyrophosphates are added to InsP6 (Lee, Mulugu et al. 2007, Mulugu, 

Bai et al. 2007). The DDP1 gene encodes a nonspecific polyphosphate phosphatase with many 

substrates, including 1-InsP7, InsP8, polyphosphate, and diadenosine polyphosphates (Safrany, 

Ingram et al. 1999, Yang, Safrany et al. 1999, Kilari, Weaver et al. 2013).  

Based on the pathway in Figure 1, the vip1∆ mutant cannot synthesize 1-InsP7 or InsP8  

(Dubois, Scherens et al. 2002), and has increased levels of its substrate 5-InsP7 (Onnebo and 

Saiardi 2009, Steidle, Chong et al. 2016). The kcs1∆ mutant produces neither 5-InsP7 nor InsP8 

(Dubois, Scherens et al. 2002). The kcs1∆ vip1∆ double mutant has undetectable levels of all 

inositol pyrophosphates (Mulugu, Bai et al. 2007). The siw14∆ mutant has increased levels of both 

5-InsP7 and InsP8 (Steidle, Chong et al. 2016). Many studies use the mutants described above to 

vary the levels of PP-InsPs to examine isoform-specific phenotypes and to characterize the 

mechanisms of action. 
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1.2 Mechanisms of Action

Inositol polyphosphates currently have three known mechanisms of action – serving as 

structural elements/cofactors in proteins, as allosteric regulators of protein activity, and as 

pyrophosphate donors to phosphoserine residues. The following sections will describe these 

mechanisms. Note that ‘inositol polyphosphates’ is a general term that refers to InsP3, InsP4, InsP5, 

and InsP6 as well as the inositol pyrophosphates (5-InsP7, 1-InsP7 and InsP8), whereas inositol 

pyrophosphates or PP-InsPs is a more specific term.  Where appropriate, the specific inositol 

pyrophosphate will be named.   

 

Structural Elements 

 Inositol polyphosphates can serve as structural elements enabling proteins to fold into 

biologically active molecules, although this mechanism is less common for inositol 

pyrophosphates (Macbeth, Schubert et al. 2005, Watson, Fairall et al. 2012, Millard, Watson et al. 

2013, Ouyang, Zheng et al. 2016, Watson, Millard et al. 2016, Dick, Zadrozny et al. 2018). For 

example, InsP6 is a cofactor for two distinct steps of HIV-1 virus particle formation, for the 

adenosine deaminases that edit mRNA and tRNA (ADAR2, ADAT), and for a chromosome 

cohesion regulator (Pds5) (Macbeth et al. 2005; Dick et al. 2018, Ouyang 2016; Macbeth et al. 

2005). In addition, InsP4 is a cofactor in Class I HDACs (Millard et al. 2013, Watson et al. 2012, 

Watson et al. 2016). Interestingly, 5-InsP7 is required for interaction between the SPX domain of 

Pho81 and Pho80-Pho85 in Cryptococcus neoformans. Notably, this interaction is important for 

activation of the phosphate utilization pathway (PHO Pathway); thus, the structural requirement 

for Pho81-Pho80-Pho85 complex interaction is also required for signaling activation.  
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Allosteric Regulators  

Inositol pyrophosphates can act as allosteric regulators to affect signaling pathways, most 

commonly by competing with membrane-associated phosphatidylinositides for binding to proteins 

through PH domains (Luo, Huang et al. 2003, Nagata, Saiardi et al. 2010, Gokhale, Zaremba et al. 

2013, Wild, Gerasimaite et al. 2016). Multiple studies have shown that 5-InsP7 has a higher binding 

affinity to PH domains than either 1-InsP7 or InsP8. (Luo, Huang et al. 2003, Gokhale, Zaremba et 

al. 2013). Perhaps most notably, InsP7 competes with the lipid inositide PI(3,4,5)P3 to bind the PH 

domain of AKT. InsP7 competitively binding to AKT results in translocation of AKT from the 

membrane to the cytoplasm with a concomitant inhibition of signaling (Luo, Huang et al. 2003, 

Chakraborty, Koldobskiy et al. 2010, Prasad, Jia et al. 2011, Gokhale, Zaremba et al. 2013). This 

physiologically relevant phenomenon affects multiple processes including insulin sensitivity, 

weight gain, and neutrophil function; Additional PH domain-containing proteins including SIN1 

(stress-activated protein kinase interaction partner-1; required for PIP3 mediated mTORC2 

(mammalian Target of Rapamycin Complex 2) translocation to the membrane)  and GRP1 (general 

receptor for phosphoinositides-1; phosphoinositide dependent guanine-exchange factor) are 

known to competitively bind InsP7 (Gokhale, Zaremba et al. 2013). It is interesting to speculate 

that competition between membrane-associated and soluble phosphoinositides may be a general 

mechansim to attenuate signals.  

There are also non-PH domain containing proteins that bind InsP7; examples include CK2 

to regulate DNA-PK/ATM-p53 mediated apoptosis,  Vtc4 in yeast to promote polyP synthesis, 

Syt1 to negatively regulate Ca2+ synaptic exocytosis, and Pho81 to regulate phosphate homeostasis 

(Rao, Cha et al. 2014, Lee, Lee et al. 2016, 2017, Gerasimaite, Pavlovic et al. 2017). 
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Phosphate Donors 

The third mechanism of action for inositol pyrophosphates entails transfer of the β-

phosphate group to phosphoserine in proteins – without requiring a kinase. This modification is 

known as pyro-phosphorylation or di-phosphorylation. Importantly, although this reaction does 

not require a kinase, the serine residues must be pre-phosphorylated (Bhandari, Saiardi et al. 2007, 

Azevedo, Burton et al. 2009, Szijgyarto, Garedew et al. 2011, Pulloor, Nair et al. 2014, Thota, 

Unnikannan et al. 2015, Chanduri, Rai et al. 2016). Several proteins are pyrophosphorylated, 

including Nsr1, SRP40/Nopp140, Gcr1, RNA pol I, AP3B1, IRF3 and dynein (Bhandari, Saiardi 

et al. 2007, Azevedo, Burton et al. 2009, Werner, Speed et al. 2010, Chanduri, Rai et al. 2016, 

Saiardi 2016, Chanduri and Bhandari 2020). Pyro-phosphorylation of these proteins serves as a 

post-translational regulatory mechanism to affect their respective processes. The proteins listed 

above affect a wide range of cellular processes in the nucleus – transcription (Gcr1, IRF3), 

ribosome biogenesis (RNA Pol I, Nsr1), and splicing (SRP40/Nopp140) – and in the cytoplasm –

cargo transportation (dynein) and exocytosis (AP3B1) (Thota, Unnikannan et al. 2015, Azevedo 

and Saiardi 2016, Ravi, Gowsalya et al. 2019). 
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Figure 1.1. Schematic depicting the metabolism of inositol pyrophosphates. The soluble 

inositol phosphate pathway begins with cleavage of phosphatidylinositol (4,5) bisphosphate by 

phospholipase C (not shown) to generate inositol (1,4,5) trisphosphate (InsP3). Arg82 (inositol 

phosphate multikinase) phosphorylates the 3 and 6 positions to generate inositol (1,3,4,5,6) 

pentakisphosphate (InsP5). Ipk1 (inositol phosphate kinase) phosphorylates the 2 position to 

generate inositol (1,2,3,4,5,6) hexakisphosphate (InsP6). The preferred pathway for synthesis of 

inositol pyrophosphates with heavy arrows (top): InsP6 is pyrophosphorylated by Kcs1 (IP6K) on 

the 5 position to generate 5PP-InsP5 (5-InsP7), and Vip1 (PP-IP5K) pyrophosphorylates 5-InsP7 to 

generate 1,5PP2-InsP4 (InsP8). Siw14 specifically dephosphorylates the β-phosphate on the 5 

position, and Vip1 and Ddp1 dephosphorylate the β-phosphate on the 1 position. Below is the less 

preferred pathway, in which Vip1 acts first on the 1 position of InsP6 to generate 1PP-InsP5 (1-

InsP7) and Kcs1 pyrophosphorylates the 5 position on 1PP-InsP5 to generate 1,5PP2-InsP4 (InsP8). 
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Table 1.1. Inositol polyphosphate enzyme orthologs  

 

*not yet identified or discovered.  

ENZYME NAMES 
YEAST 

PROTEINS 
MAMMALIAN PROTEINS 

INOSITOL PHOSPHATE 
MULTIKINASE 

Arg82 IP3K 

INOSITOL POLYPHOSPHATE 
KINASE 

Ipk1 IP5K 

INOSITOL HEXAKISPHOSPHATE Kcs1 IP6K1, IP6K2, IP6K3 
DIPHOSPHOINOSITOL 

POLYPHOSPHATE KINASE 
Vip1 PPIP5K1, PPIP5K2 

DIPHOSPHOINOSITOL 
PHOSPHATE 

PHOPHOHYDROLASE 
Ddp1 hDIPP1, hDIPP2, hDIPP3, hDIPP4 

5-DIPHOSPHOINOSITOL 
PENTAKISPHOSPHATE 

PHOSPHATASE 
Siw14 N/A* 
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1.3 Cellular Processes Affected by Inositol Pyrophosphates  

As previously discussed, inositol pyro- and poly-phosphates influence a number of cellular 

processes in eukaryotes through multiple mechanisms of action. Inositol polyphosphates are 

involved in RNA editing, cohesin regulation, and HIV-1 viral particle formation, however, for the 

remainder of this discussion inositol pyrophosphates will be described as they are the focus of this 

dissertation. PP-InsPs are involved in many additional processes including phosphate homeostasis, 

energy homeostasis, DNA damage response, the cell cycle, the immune response, yeast 

pathogenicity, insulin exocytosis, prion propagation, glycolysis, autophagy, cell migration and 

environmental stress responses (Figure 1.2) (Saiardi, Sciambi et al. 2002, Luo, Huang et al. 2003, 

Saiardi, Resnick et al. 2005, Bennett, Onnebo et al. 2006, Lee, Mulugu et al. 2007, Alcázar-Román 

and Wente 2008, Ponnusamy, Alderson et al. 2008, Burton, Hu et al. 2009, Onnebo and Saiardi 

2009, Chakraborty, Koldobskiy et al. 2010, Koldobskiy, Chakraborty et al. 2010, Tsui and York 

2010, Chakraborty, Kim et al. 2011, Koldobskiy and Snyder 2011, Szijgyarto, Garedew et al. 2011, 

Saiardi 2012, Saiardi 2012, Banfic, Bedalov et al. 2013, Erneux and Elong Edimo 2013, Jadav, 

Chanduri et al. 2013, Wilson, Livermore et al. 2013, Worley, Luo et al. 2013, Pöhlmann, Risse et 

al. 2014, Fu, Xu et al. 2015, Laha, Johnen et al. 2015, Lev, Li et al. 2015, Shears 2015, Shears 

2015, Thota and Bhandari 2015, Thota, Unnikannan et al. 2015, Banfic, Crljen et al. 2016, 

Moritoh, Oka et al. 2016, Azevedo and Saiardi 2017, Shah, Ganguli et al. 2017, Shears 2017, 

Wickner, Kelly et al. 2017, Chakraborty 2018, Chande and Bergwitz 2018, Eskes, Deprez et al. 

2018, Kang 2018, Nair, Gu et al. 2018, Norman, Shively et al. 2018, Deng, Yang et al. 2019, 

Sanchez, Garg et al. 2019, Wilson, Jessen et al. 2019, Chatree, Thongmaen et al. 2020, Cridland 

and Gillaspy 2020, Lee, Kim et al. 2020, Morrissette and Rolfes 2020, Rao, Cha et al. 2020, 
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Steidle, Morrissette et al. 2020). The remainder of this Introduction will further explore the role(s) 

of inositol pyrophosphates in the some of the processes listed above, except that the environmental 

stress response will be described in detail in Section 1.2.  
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Figure 1.2. Inositol pyrophosphates influence diverse cellular processes. Summary of 

known pathways that inositol pyrophosphates affect across eukaryotic organisms. Red lines 

indicate PP-InsPs inhibit the respective process and green lines indicate PP-InsPs activate or 

enhance the respective processes. This figure is adapted from (Thota and Bhandari 2015).   
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Phosphate Homeostasis  

  PP-InsPs have been linked to phosphate metabolism in a number of organisms, but their 

role was first described in the yeast Saccharomyces cerevisiae. Yeast cells regulate intracellular 

levels of inorganic phosphate (Pi) through multiple strategies including importing extracellular 

phosphate through phosphate transporters, recycling internal phosphate from organic molecules 

including nucleotides and phospholipids, and the formation of phosphate polymers known as Poly-

P in the vacuole (Lichko, Kulakovskaya et al. 2006, Parzych and Klionsky 2019, Austin and Mayer 

2020). Phosphate homeostasis is maintained through the PHO pathway that regulates many of the 

genes involved in the processes described above.  

The PHO pathway regulon is transcriptionally regulated through the transcription factor - 

Pho4 and a CDK complex, Pho80/Pho85/Pho81 (cyclin/kinase/CDK inhibitor, respectively) 

(Huang, Ferrin-O'Connell et al. 2007, Lee, Huang et al. 2008, Choi, Rajagopal et al. 2017). Under 

excess phosphate conditions, Pho85 phosphorylates Pho4 leading to nuclear export, preventing 

transcription of target genes. Under phosphate limiting conditions, Pho81 inhibits Pho85 kinase 

activity leading to decreased phosphorylation of Pho4, increased nuclear localization, and 

increased transcription of the PHO regulon (Kaffman, Herskowitz et al. 1994, O'Neill, Kaffman 

et al. 1996, Yang, Wu et al. 1997, Kaffman, Rank et al. 1998).  

Many studies have shown an interesting link between inositol pyrophosphates and 

phosphate homeostasis. In S. cerevisiae, the kcs1Δ mutant has significantly decreased levels of 

Poly-P and many PHO genes are constitutively active (Auesukaree, Tochio et al. 2005), suggesting 

the cells are behaving as if they are limited for phosphate. However, in a kcs1Δ mutant in the 

human fungal pathogen Cryptococcus neoformans, whose phosphate regulation is mostly 
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conserved with S. cerevisiae, the PHO genes are not activated under Pi
- conditions (Desmarini, 

Lev et al. 2020), suggesting that cells are behaving as if they are replete in phosphate. A previous 

study of the Sckcs1Δ mutant showed normal Pho4 nuclear localization in Pi
 limiting conditions; 

however a small population of cells in rich Pi medium showed Pho4 nuclear localization consistent 

with the constitutive activation of PHO genes in the kcs1Δ mutant (Lee, Mulugu et al. 2007), 

although transcription factor localization is not necessarily a read-out of activity.   

Although the mechanism(s) for this divergence has not yet been determined, a recent study 

showed a direct interaction between 5PP-InsP5 and Pho81 via a SPX-domain surface-lysine cluster 

in C. neoformans (Desmarini, Lev et al. 2020). This is particularly interesting given a 2007 study 

showed that 1PP-InP5 is critical to the PHO CDK complex inactivation in S. cerevisiae; they 

showed that Pho4 failed to enter the nucleus under phosphate limiting conditions in the vip1Δ 

mutant and InsP7 inhibited the CDK complex in vitro (Lee, Mulugu et al. 2007).  

There are several pieces of confounding data that contradict the model that 1PP-InsP5 is 

required for Pho81-dependent inactivation of Pho4. First, Choi and colleagues showed that PHO 

pathway genes are derepressed in the vip1Δ mutant under phosphate limiting conditions (Choi, 

Rajagopal et al. 2017). Next, although the 2007 study showed that InsP7 levels increase in 

phosphate limiting conditions, several studies in both S. cerevisiae and C. neoformans show InsP7 

levels actually decrease under comparable conditions (Lonetti, Szijgyarto et al. 2011, Wild, 

Gerasimaite et al. 2016, Desmarini, Lev et al. 2020). These data suggest that the mechanism for 

CDK complex regulation may be more complicated than originally indicated; an intriguing 

possibility is that InsP8 may be important for PHO regulation in S. cerevisiae. Indeed, the 

concentration of InsP7 required for inhibition of Pho81 in vitro was 500 µM, which is significantly 
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higher than physiologically relevant concentrations of InsP7 thought to range from 0.5 to 5 µM 

(Stephens, Radenberg et al. 1993, Barker, Wright et al. 2004, Lin, Fridy et al. 2009). Additional 

research is required to reconcile these observations, perhaps elucidating the exact mechanism by 

which inositol pyrophosphates regulate phosphate homeostasis in S. cerevisiae. 

 

Transcription, RNA Processing, and RNA Regulation 

Mammalian NUDT3, previously named DIPP1, hydrolyses both 5´-m7G cap triphosphate 

linkers and PP-InsPs. The decapping function of NUDT3 is competitively inhibited by 5-InsP7, 1-

InsP7, and InsP8 in vitro, although the authors argue 5-InsP7 is likely the most physiologically 

relevant in mammalian cells due to its intrinsically higher levels in vivo relative to the other PP-

InsPs. Importantly, 5-InsP7 stabilizes the interactions between NUDT3 and its RNA substrates and 

increases P-body abundance (Sahu, Wang et al. 2020). There is no yeast orthologue of the 

mammalian NUDT3 protein, and it is not clear if there is a functional equivalent. 

 

 Glycolysis and Energy Homeostasis  

Inositol pyrophosphates were first linked to the levels of ATP in a 2007 study that showed 

that cells unable to make 5-InsP7 (kcs1Δ) had significantly increased levels of ATP relative to WT 

cells. The kcs1Δ mutant also has significantly lower levels of ADP and AMP, therefore the 

ATP:ADP and ATP:AMP ratios are significantly higher than in WT cells (Szijgyarto, Garedew et 

al. 2011). Notably, the vip1Δ mutant had near WT levels of ATP in S. cerevisiae, but higher levels 

of ATP in C. albicans (Saiardi, Erdjument-Bromage et al. 1999, Ma, Yu et al. 2020). These 

findings suggest that in S. cerevisiae 5-InsP7, but not 1-InsP7 or InsP8, is important for maintaining 
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normal ATP levels, whereas there seems to be a divergence in C. albicans that has yet to be further 

explored.  

The IP6K enzymes in both yeast and mammalian cells have a low affinity for ATP (1 mM) 

whereas most kinases have a much higher affinity for ATP (< 100 µM) exemplifying the 

connection between ATP levels and inositol pyrophosphate generation (Voglmaier, Bembenek et 

al. 1996, Saiardi, Erdjument-Bromage et al. 1999). The consequence of this affinity difference 

means that the InsP6 kinases are exquisitely sensitive to small drops in intracellular ATP pools, 

decreasing the 5-InsP7 and InsP8 pools while allowing the 1-InsP7 pool to increase.  

In yeast, ATP is generated through both aerobic respiration and anerobic metabolism 

(fermentation) in yeast. Fermentation is favored during high glucose conditions and aerobic 

respiration is favored upon glucose depletion which is known as the post-diauxic shift. The kcs1Δ 

and kcs1Δvip1Δ mutants were unable to grow on non-fermentable carbon sources (ethanol, 

glycerol, and galactose) and likely always favor fermentation. Indeed, kcs1Δ mutant cells consume 

oxygen at a rate four times lower than WT cells during log growth and fail to make the diauxic 

shift in which yeast begin to favor oxidative phosphorylation over fermentation. This could be due 

to decreased numbers of mitochondria and mitochondrial function in the kcs1Δ mutant. 

Interestingly, glucose uptake, glycolytic flux, expression of glycolytic genes and fermentation is 

increased in the kcs1Δ mutant.  Together these data indicate that mitochondrial presence 

(generation or stability) and function is dependent on the presence of 5-InsP7. 

These findings extend to mammalian cells where IP6K3-/- mice have lower glucose levels 

than WT mice and increased levels of lactate (Moritoh, Oka et al. 2016). Additionally, IP6K3 

mRNA levels increase upon dexamethasone induced glucose metabolism inhibition suggesting 



15 

 

IP6K3 may serve a similar function in muscle and skeletal cells of mammalian cells as Kcs1 in 

yeast (Moritoh, Oka et al. 2016).   

 

Cell Cycle  

As yeast cells progress through the cell cycle, inositol pyrophosphate levels fluctuate. More 

specifically, InsP7 and InsP8 levels increase upon release from α-factor corresponding to S-phase 

progression (Banfic, Bedalov et al. 2013). The kcs1Δ mutant arrests in G1 and progresses into S-

phase >180 min after release from α-factor compared to WT progression that occurs within 30 

min. Conversely, overexpression of Kcs1 results in 2-fold increased levels of InsP7 and InsP8 

compared to WT causing cells to reach G2/M earlier than WT cells (Banfic, Crljen et al. 2016). 

Additionally, mammalian rat tumor cells show increased levels of InsP7 during G1-phase 

suggesting inositol pyrophosphates likely play a role in modulating cell cycle progression in 

eukaryotic cells (Morrison, Haney et al. 2009). However, in both cases, the specific protein that 

are responding to the levels of PP-InsPs are not known.  

 

Protein Synthesis during Translation  

The kcs1Δ mutant (which does not produce 5-InsP7), but not the vip1Δ mutant (which does 

not produce 1-InsP7), shows increased sensitivity to translation/protein synthesis inhibitors 

including G418, paromomycin and hygromycin B. In addition, protein synthesis is decreased 

approximately 2-fold in the kcs1Δ mutant compared to WT and cannot be complemented with 

catalytically inactive Kcs1 (Thota, Unnikannan et al. 2015). Conversely, IP6K1-/- knock out mice 

have a 15% increase in translation compared to WT (Chakraborty, Koldobskiy et al. 2010). This 
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indicates that protein synthesis is dependent on one of the InsP6-kinase products, 5-InsP7 or InsP8, 

however there appears to be a divergence in roles between yeast and mice.  

 

Autophagy and AKT Signaling (mTOR) 

Briefly, autophagy is the process by which materials such as proteins and organelles are 

broken down and recycled. The first evidence that PP-InsPs were involved in autophagy came 

from a study that showed that the introduction of IP6Ks into mammalian cells led to increased 

autophagosome formation (Nagata, Saiardi et al. 2010).  Later research in yeast showed that the 

kcs1Δ mutant has decreased autophagic flux as shown by the GFP-Atg8 assay and acid 

phosphatase activity measurements and the vip1Δ mutant has near WT (or slightly increased) 

levels of autophagy (Taylor, Chen et al. 2012). In contrast, recent studies in C. albicans have 

shown that the vip1Δ/Δ mutant has autophagy defects that result in decreased GFP-Atg8 

translocation from the cytoplasm to the vacuole for degradation. Bone marrow-derived 

mesenchymal cells showed a similar response in which InsP7 levels increase under hypoxic 

conditions (which activates autophagy); selective inhibition of InsP7 production eliminated 

autophagy entirely (Deng, Yang et al. 2019). The authors proposed a mechanism in which high 

levels of InsP7 found under hypoxic conditions inhibits AKT and mTOR leading to downstream 

activation of autophagy. Notably, mTOR/AKT in mammalian cells and TORC1 (Target of 

Rapamycin Complex 1) in yeast regulate autophagy. The hypothesis that InsP7 inhibits mTOR is 

consistent with published data; for example, introduction of IP6Ks into mammalian cells led to 

decreased phosphorylation of mTOR (Nagata, Saiardi et al. 2010). Separately, IP6K1 knockout 

mice have increased AKT signaling and InsP7 competitively binds to the PH domain of AKT to 
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displace PIP3 and inhibit activity (Chakraborty, Koldobskiy et al. 2010). These data suggest a 

potentially conserved role for inositol pyrophosphates in regulating TOR signaling. 

 

DNA Damage Response and Repair 

Briefly, the DNA Damage Response in yeast is characterized by a protein kinase signaling 

cascade consisting of two main upstream kinases, Tel1 and Mec1 (the mammalian orthologs are 

ATM and ATR, respectively) that phosphorylate Rad53 and Dun1 (mammalian CHK1 and CHK2, 

respectively) to regulate many downstream elements including the cell cycle and DNA damage 

response genes.  Multiple studies have linked inositol pyrophosphates to DNA damage responses 

in both yeast and mammalian cells (Luo, Saiardi et al. 2002, Onnebo and Saiardi 2009, Koldobskiy, 

Chakraborty et al. 2010, Jadav, Chanduri et al. 2013, Rao, Xu et al. 2014).  One study showed that 

the kcs1Δ mutant suppresses the hyperrecombination phenotype of pkc1-4 mutants suggesting that 

PP-InsPs are required for DNA recombination. The kcs1Δ mutant is sensitive to the DNA 

damaging agents: methyl methanesulfonate (MMS) and bleomycin. Additionally, Kcs1p and 

Vip1p are hyperphosphorylated in rad53 and mec1 mutants and they become phosphorylated in 

response to DNA damaging agents. Together these results indicate the inositol biosynthetic kinases 

are differentially phosphorylated possibly to alter their activity and thus levels of PP-InsPs in 

response to conditions of or mimicking the DNA Damage Response (Luo, Saiardi et al. 2002). 

In mammalian cells, IP6K1 physically interacts with CRL4, a component of the DNA 

damage response (Rao, Xu et al. 2014). Under normal conditions, interaction between IP6K1 and 

CRL4 renders IP6K1 inactive, however upon UV treatment inducing DNA damage, IP6K1 

becomes catalytically active and 5-InsP7 generated from IP6K1 is thought to cause complex 
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dissociation leading to CRL4 activation, although the precise mechanism(s) is currently unclear 

(Rao, Cha et al. 2014).  Mouse embryonic fibroblasts lacking IP6K1 are defective in homologous 

recombination and have reduced survival upon treatment with DNA damage reagents hydroxyurea 

and neocarzinostatin (Jadav, Chanduri et al. 2013). These findings indicate that PP-InsPs and 

IP6Ks in yeast and mammalian cells have distinct but overlapping roles in responding to and 

regulating DNA damage responses and repair.  

 

Telomeres and Aging 

The kcs1Δ mutant has longer telomeres compared to WT, whereas the ipk1Δ mutant (which 

has increased levels of a different inositol pyrophosphate, PP-InsP4) has shorter telomeres than 

WT cells (York, Armbruster et al. 2005). The authors note that the telomere defect found in the 

kcs1Δ mutant is dependent on Tel1 and suggest PP-InsPs may inhibit Tel1 resulting in telomere 

length (mis)regulation.  Further research is required to determine how inositol pyrophosphates 

affect telomere length.  

Two studies have shown that older animal cells (bone marrow-derived mesenchymal cells 

and hepatocytes) have higher levels of 5-InsP7 (Chakraborty, Koldobskiy et al. 2010, Zhang, Zhao 

et al. 2014).  Another study showed that IP6K3-/- mice live longer (Moritoh, Oka et al. 2016). 

Together these indicate that increased levels of 5-InsP7 are correlated with older cells and may 

play a role in regulating aging rates.  
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Cell Death and Apoptosis 

Several studies have shown that IP6K2, but not IP6K1 or IP6K3, is involved in cell death 

through multiple mechanisms. Overexpression of IP6K2 increases cell death in approximately 

50% of cells treated with apoptotic stressors, whereas catalytically inactive IP6K2 mutants survive 

all treatments (Nagata, Luo et al. 2005). Upon these stressors, IP6K2 translocates from the nucleus 

and cytoplasm to damaged mitochondria but not healthy mitochondria suggesting an important 

role for apoptotic specific functions (Nagata, Luo et al. 2005). Another study showed that HSP90 

physically binds IP6K2 in the cytoplasm under normal conditions to inhibit IP6K2 activity and 

consequently apoptosis. Upon dissociation from HSP90, IP6K2 becomes active and leads to cell 

death (Chakraborty, Koldobskiy et al. 2008).  

Finally, IP6K2 physically interacts with Tti1, a component of the Triple T (TTT) complex. 

The IP6K2 product, InsP7, also directly binds CK2 to enhance phosphorylation of the TTT 

complex to activate p53 (Rao, Cha et al. 2014, Rao, Xu et al. 2014).   IP6K2 in mammalian cells 

is required for p53 mediated apoptosis due to both direct physical binding between IP6K2 and p53 

and IP6K2 activity (Koldobskiy, Chakraborty et al. 2010). Together, these indicate multiple levels 

of IP6K2 and inositol pyrophosphates in regulating cell death and apoptosis.  

 

Immune Response 

The human antiviral immune response requires production of 1-InsP7, but not 5-InsP7, to 

increase phosphorylation and activation of IRF3. IRF3 is a transcription factor required for the 

expression of type-1 interferon. Unsurprisingly, the activation of IRF3 via 1-InsP7 leads to 
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increased expression of Type 1 interferon (Pulloor, Nair et al. 2014); therefore 1-InsP7 is a positive 

regulator of Type-1 Interferon production.  

 

Fungal Virulence and Morphology  

Strains of the fungal pathogens Aspergillus nidulans and Ustilago maydis with mutations 

in the VIP1 ortholog (ASP1) display abnormal cell morphologies, defects in polarized cell growth, 

and filamentation (Pöhlmann, Risse et al. 2014). In Schizosaccharomyces pombe, mutations in 

asp1 (vip1) blocked the dimorphic switch (Pöhlmann and Fleig 2010). In the pathogenic yeast 

Cryptococcus neoformans, kcs1Δ mutants were avirulent and displayed lower melanization, 

decreased laccase activity, and increased capsule formation (Lev, Li et al. 2015, Li, Lev et al. 2016, 

Liao, Wang et al. 2018). Interestingly, unlike the kcs1Δ mutant, the vip1Δ mutant of C. neoformans 

displayed WT survival  (Lev, Li et al. 2015). In C. albicans, vip1Δ/Δ mutants have filamentation 

defects and attenuated virulence (Ma, Yu et al. 2020). These results indicate that disruptions in the 

synthesis of the different types of inositol pyrophosphates have dramatic effects on morphology 

and virulence. Determining the mechanisms of action will lead to increased understanding of these 

important cellular processes and provide potentially new therapeutic targets (Li, Lev et al. 2016, 

Kang 2018, Saiardi, Azevedo et al. 2018).  

 

Stress Responses 

Inositol pyrophosphates are required for normal responses to several stressors. The 

transcriptional activation of environmental stress response (ESR) genes in yeast was eliminated in 

mutants that cannot produce inositol pyrophosphates (Worley, Luo et al. 2013). Conversely, 
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increased levels of inositol pyrophosphates found in the siw14Δ partially induced ESR genes under 

normal growth conditions indicating PP-InsPs are required for a normal transcriptional response 

to stress (Steidle, Morrissette et al. 2020). The role of inositol pyrophosphates in stress responses 

will be further explored in Section 1.3 and Chapter 2. 

 

 

1.4 Inositol Pyrophosphates are Required for Cellular Responses to Stress 

 

Several studies have shown that inositol pyrophosphates are required for cell survival in 

response to stress. In one of the earliest studies, the kcs1∆ mutant was discovered to be sensitive 

to osmotic and cell wall (caffeine) stresses (Dubois, Scherens et al. 2002). The kcs1Δ mutant is 

also sensitive to heat stress (Saiardi, Caffrey et al. 2000, Sinha, David et al. 2008, Auesukaree, 

Damnernsawad et al. 2009, Horigome, Ikeda et al. 2009, Ruiz-Roig, Viéitez et al. 2010, Gibney, 

Lu et al. 2013, Jarolim, Ayer et al. 2013). Perhaps unexpectedly, both the kcs1∆ and vip1∆ mutants 

are resistant to hydrogen peroxide (Onnebo and Saiardi 2009). The vip1Δ/Δ mutant was recently 

reported to be sensitive to nitrogen starvation in C. albicans. Although cell survival phenotypes 

for the kcs1∆ vip1∆ double mutant have not been reported, this strain is unable to activate the ESR 

in response to oxidative and osmotic stresses as measured by global gene expression assays 

(Worley, Luo et al. 2013).  

We recently reported that the siw14Δ mutant was resistant to osmotic, heat, and oxidative 

stresses and nutrient deprivation (Steidle, Morrissette et al. 2020), which was also found during 

high-throughput analyses (Brown, Sherlock et al. 2006, Jarolim, Ayer et al. 2013, Garay, Campos 

et al. 2014). Unlike the kcs1∆ vip1∆ double mutant, the siw14∆ mutant can generate the ESR; in 

fact, the siw14∆ mutant has an amplified transcriptional response to stress compared to the wild-
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type (Steidle, Morrissette et al. 2020). These results in the siw14∆, kcs1∆, and vip1∆ mutants 

indicate that formation of 5-InsP7 (or possibly InsP8) is important for the adaptive stress responses, 

although the different stress responses may utilize the PP-InsPs uniquely.  

Cells also require inositol pyrophosphates in order to undergo the developmental changes 

of sporulation and pseudohyphal development in response to carbon and nitrogen starvation. The 

Sckcs1Δ mutant is defective for both sporulation (Enyenihi and Saunders 2003, Kloimwieder and 

Winston 2011) and pseudohyphal formation (Norman, Shively et al. 2018), and the vip1Δ strain is 

unable to form pseudohyphae (Pöhlmann, Risse et al. 2014). Increased levels of 5-InsP7 due to 

overexpression of KCS1 or deletion of siw14Δ result in hyperfilamentation (Norman, Shively et 

al. 2018). Thus, the phenotypes of the siw14Δ mutant are largely the reverse of those in the kcs1Δ 

mutant, suggesting that synthesis of 5-InsP7 is important for the adaptive stress responses as well 

as the developmental and morphological changes in response to nutrient deprivation.   

 

Inositol Pyrophosphate Levels Change in Response to Stress 

Given the requirement for inositol pyrophosphates in the cellular responses to stress, the 

question was raised whether the levels of PP-InsPs are altered upon stress. Two studies reported 

opposite results when cells were challenged with hydrogen peroxide. In one study, hydrogen 

peroxide treatment led to a decrease in InsP7 levels to ~20% of the wild-type in vivo, and the 

activity of recombinant Kcs1 was inhibited by oxidation in vitro, consistent with the lower levels 

of InsP7 (Onnebo and Saiardi 2009). However, in our report, hydrogen peroxide treatment led to a 

2-fold increase in InsP7 levels and a 5-fold increase in InsP8 levels in vivo, and the activity of 

recombinant Siw14 was reversibly inhibited by oxidation in vitro, consistent with the higher levels 
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of InsP7 (Steidle, Morrissette et al. 2020). The differences in the findings from the two studies have 

not been resolved; however, the differences could be due to strain backgrounds or experimental 

conditions.  

 

Inositol Pyrophosphates affect the ESR through Both Rpd3L and Msn2/4 

Two studies sought to determine the mechanism(s) by which inositol pyrophosphates 

influence the stress response, given the phenotypes associated with these molecules (Worley, Luo 

et al. 2013, Steidle, Morrissette et al. 2020). The general stress response in yeast depends on two 

distinct regulators, Msn2/4 and Rpd3L. Msn2 and Msn4 (abbreviated Msn2/4) are two partially 

redundant transcription factors that bind to stress response elements to promote the expression of 

their target genes (Görner, Durchschlag et al. 1998, Sadeh, Movshovich et al. 2011). Rpd3L is a 

histone deacetylase (HDAC) that activates stress response genes and represses ribosomal 

biogenesis (RiBi) genes in response to stress (Alejandro-Osorio, Huebert et al. 2009, Ruiz-Roig, 

Viéitez et al. 2010).  

As noted above, one mechanism of action for inositol phosphates is structural. Mammalian 

Class I HDACs require InsP4 to assemble into fully active histone deacetylase complexes (Watson, 

Fairall et al. 2012, Millard, Watson et al. 2013, Watson, Millard et al. 2016). However, the authors 

note that it is possible that InsP4 regulates the enzymatic activity of the Class I HDACs because 

the binding pocket is accessible to soluble InsP4 and the apparent KD for binding inositol 

phosphates is consistent with catalytic activity being affected by small changes in intracellular 

concentrations (Millard, Watson et al. 2013). The yeast Rpd3 protein has a putative inositol 

phosphate-binding pocket based on sequence conservation with the mammalian enzymes (Worley, 
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Luo et al. 2013). An important difference between yeast and mammalian HDACs is that full 

activity of the yeast Rpd3L complex requires inositol pyrophosphates (Worley, Luo et al. 2013). 

Substitution mutations in the residues proposed to bind inositol phosphate in Rpd3 (rpd3ibs) led to 

a pattern of gene expression similar to that of strains that either lack the HDAC (rpd3Δ) or are 

unable to synthesize inositol pyrophosphates (kcs1Δ vip1Δ) (Worley, Luo et al. 2013). In support 

of this, the Rpd3L target genes were not deacetylated upon osmotic stress in the kcs1∆ vip1∆ 

mutant. These findings demonstrated that inositol pyrophosphates are required for Rpd3L 

deacetylase activity (Worley, Luo et al. 2013). However, current results from the experiments in 

yeast cannot determine whether the PP-InsPs are exchangeable and regulate the HDAC activity or 

serve solely a structural role (Worley, Luo et al. 2013, Steidle, Morrissette et al. 2020).   

Under normal growth conditions, Msn2 is phosphorylated and sequestered in the cytoplasm 

with low frequency shuttling into the nucleus; however, upon stress Msn2 is dephosphorylated and 

shuttles into the nucleus at higher frequency (Jacquet, Renault et al. 2003, Cai, Dalal et al. 2008, 

Gonze, Jacquet et al. 2008, Petrenko, Chereji et al. 2013). The siw14∆ mutant shows increased 

nuclear localization of Msn2-GFP and increased expression of Msn2 target genes under non-stress 

conditions (Steidle, Morrissette et al. 2020). These results indicated that high levels of PP-InsPs 

likely enhance activation of the iESR (induced environmental stress response) genes through 

Msn2/4. Further experiments are necessary to determine how inositol pyrophosphates influence 

Msn2/4 activity, especially considering that Msn2/4 are regulated by multiple pathways, including 

TORC1, Protein Kinase A (PKA), Snf1, and Psr1/2-Whi2 (Boy-Marcotte, Perrot et al. 1998, 

Görner, Durchschlag et al. 1998, Smith, Ward et al. 1998, Beck and Hall 1999, Kaida, Yashiroda 

et al. 2002, Lee, Kim et al. 2013). 
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TORC1 Signaling  

 

The Target of Rapamycin (TOR) kinase is a master regulator that integrates signals of 

nutrient abundance and cellular stress to regulate proliferation and stress responses (reviewed in 

(Zaman, Lippman et al. 2008, Deprez, Eskes et al. 2018)). The TORC1 complex regulates 

proliferation by affecting ribosome synthesis, gene expression, and translation initiation (Figure 

1.3). During favorable conditions, TORC1 phosphorylates the S6 kinase Sch9 to activate it (Urban, 

Soulard et al. 2007); in turn, Sch9 phosphorylates Dot6 and Tod6 to prevent repression of Ribi 

genes (Huber, French et al. 2011). Under stress conditions, TORC1 inhibits Sch9 activity (Urban, 

Soulard et al. 2007), thus allowing Dot6/Tod6 to repress RiBi genes. Under favorable conditions, 

TORC1 also phosphorylates Tap42 to inhibit the activity of the associated Pph21/22 phosphatases 

(Di Como and Arndt 1996, Wang and Jiang 2003). Upon TORC1 inhibition, the Tap42 complex 

dissociates allowing for activation of transcription factors, such as Gln3/Gat1 and Msn2/4, and 

expression of the target genes (Beck and Hall 1999). 
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Figure 1.3. Simplified depiction of the TORC1 regulated genes. (Left) Under favorable 

conditions, TORC1 is active to phosphorylate Tap42. Tap42 interacts with the PP2A phosphatases 

to inhibit their activity, leading to lower activity of the downstream transcription factors. Active 

TORC1 phosphorylates the Sch9 kinase to active it; the repressors Dot6/Tod6 are inactivated by 

Sch9 phosphorylation. (Right) Under unfavorable conditions, TORC1 is inactive, Tap42 releases 

the PP2A phosphatases that dephosphorylate the downstream targets to activate the transcription 

factors, and inactive Sch9 does not inhibit the repressors Dot6/Tod6, leading to RiBi gene 

repression. High levels of inositol pyrophosphates in the siw14Δ mutant led to increased 

expression of target genes in the Tap42 branch and no difference in the Sch9 branch (Steidle and 

Morrissette et al. 2020), consistent with partial activation of the Tap42 branch. Lack of inositol 

pyrophosphates in the kcs1Δ vip1Δ double mutant led to no change in the phosphorylation of 

Dot6/Tod6 (Worley, Luo et al. 2013) under favorable growth conditions. Black dots indicate 

phosphorylation events.  

https://link.springer.com/article/10.1007/s00294-020-01078-8#ref-CR85
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1.5 Review of Pseudoenzymes    

A pseudoenzyme is a catalytically inactive protein whose primary amino acid sequence or 

fold mirrors that of an active enzyme.  Unlike their active counterparts, they have negligible 

catalytic activity. However, pseudoenzymes are expressed, biologically relevant, and have a 

cellular function. Current estimates predict that approximately 10% of enzyme families in both 

eukaryotes and prokaryotes are comprised of pseudoenzymes (Pils and Schultz 2004). They are 

found across enzyme superfamilies including: pseudokinases, pseudophosphatases, 

pseudoproteases, pseudonucleases, pseudoGTPases, and more (Adrain and Freeman 2012, 

Reiterer, Eyers et al. 2014, Eyers and Murphy 2016, Abudukelimu, Mondeel et al. 2017, 

Aggarwal-Howarth and Scott 2017, Murphy, Farhan et al. 2017, Murphy, Mace et al. 2017, 

Reiterer, Pawłowski et al. 2017, Hinton 2019, Jeffery 2019, Ribeiro, Das et al. 2019, Sharir-Ivry 

and Xia 2019, Adrain 2020, Jeffery 2020, Reiterer, Pawłowski et al. 2020, Ribeiro, Tyzack et al. 

2020, Shrestha, Byrne et al. 2020). A key aspect of pseudoenzymes is that they affect the 

homologous catalytically-active enzyme through one of four main mechanisms of action: 

modulators, competitors, spatial anchors, and signal integrators (Figure 1.4). Each mechanism is 

discussed in greater detail below.  

 

Mechanisms of Action for Pseudoenzymes  

The best characterized mechanism of action for pseudoenzymes is that they can act as 

modulators to inhibit or enhance enzyme reactions, typically through direct interaction. Some 

propose modulators arose in enzyme families due to gene duplication events that allowed for loss 

of selective pressure to maintain catalytic function (Boudeau, Miranda-Saavedra et al. 2006, 
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Murphy, Zhang et al. 2014, Eyers and Murphy 2016, Abudukelimu, Mondeel et al. 2017, Sharir-

Ivry and Xia 2018, Sharir-Ivry and Xia 2019, Adrain 2020). Examples are found across enzyme 

families including the pseudoprotease – cFLIP that inhibits caspase-8 activity, the pseudokinases 

– KSR1/2, HER3, STRAD, and FAM20A that each enhance their catalytically-active kinase 

counterparts, the pseudokinases JAK2 and TYK2 that inhibit rather than enhance their active 

kinases, the pseudophosphatases – MTMR5 and TABl that inhibit MTMR2 and TAK1, 

respectively, the  pseudoGTPases – Rnd1 and Rnd3/RhoE (which regulate RhoA), and the pseudo-

E3 Ub ligases – MDMX, BARD1, and PCGF-1 (which bind and enhance RING ligase activity) 

(Foster, Hu et al. 1996, Brzovic, Rajagopal et al. 2001, Chang, Xing et al. 2002, Linke, Mace et 

al. 2008, Jura, Shan et al. 2009, Zeqiraj, Filippi et al. 2009, Brennan, Dar et al. 2011, Kharitidi, 

Manteghi et al. 2014, Lupardus, Ultsch et al. 2014, Taherbhoy, Huang et al. 2015, Cui, Zhu et al. 

2017, Jacobsen and Murphy 2017, Murphy, Farhan et al. 2017, Murphy, Mace et al. 2017).  

 A second mechanism of action for pseudoenzymes is as a spatial anchor or as a scaffold 

for active enzymes to sequester protein(s) within certain organelles or to maintain proximity to 

substrate. For example, pseudoGTPase CENP-M recruits active complex CENP-T/W to 

chromosomal kinetochores (Basilico, Maffini et al. 2014). The pseudophosphatase STYX anchors 

ERK1/2 in the nucleus (Reiterer, Pawłowski et al. 2017, Reiterer, Figueras-Puig et al. 2018).  

Third, pseudoenzymes act as competitors to the active enzyme to bind substrate and 

thereby prevent catalysis. For example, pseudochitinase YKL-39 binds, but does not hydrolyze 

chitooligosaccharides (Schimpl, Rush et al. 2012, Ranok, Wongsantichon et al. 2015). The 

pseudophosphatase STYX competes with DUSP4 to bind ERK1/2 thereby preventing DUSP4 

activity (Reiterer, Fey et al. 2013). 
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Finally, pseudoenzymes can act as integrators or molecular switches to affect cell 

signaling. For example, MTRM5 and MTMR13 are thought to regulate endocytic trafficking via 

RabGTPases (Jean, Cox et al. 2012). Phosphorylation of pseudokinase MLKL activates the 

specific cell death process, necroptosis (Hildebrand, Tanzer et al. 2014).  

Pseudoenzyme research is an emerging field. As more pseudoenzymes are experimentally 

characterized, their mechanisms of action will likely evolve to more accurately reflect the 

numerous functions of pseudoenzymes.   
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Figure 1.4 Schematic depiction of four mechanisms of action for pseudoenzymes.  Each panel 

represents an experimentally described mechanism of action in enzyme families including, but not 

limited to, pseudokinases and pseudoenzymes. Figure is adapted from (Reiterer, Eyers et al. 2014).  

Signal Integrator Spatial Anchor/Scaffold 

Modulator Competitor 
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CHAPTER 2  

The InsP7 Phosphatase Siw14 Regulates Inositol Pyrophosphate Levels to Control 

Localization of the General Stress Response Transcription Factor Msn2a 

 

2.1 Introduction 

The cumulative response to unfavorable conditions is known as the environmental stress 

response (ESR) and it is necessary for cells to adapt and survive external changes (Gasch, Spellman 

et al. 2000). Environmental stresses include conditions such as temperature extremes, nutrient 

limitation, acidic or basic conditions, and osmotic differences (Kültz 2003, Morano, Grant et al. 

2012). In the yeast Saccharomyces cerevisiae, the ESR is activated in general, and additional 

distinct stress responses are activated to varying degrees depending on the type of stress and its 

duration (Gasch 2007). The ESR includes the total transcriptional responses that cells have during 

stressful conditions, ~300 genes are induced and ~600 genes are repressed (Gasch, Spellman et al. 

2000). Repressed genes are involved in promoting growth and include ribosome biogenesis and 

protein synthesis (Gasch, Spellman et al. 2000, Gasch 2007). The induced genes in the ESR are 

involved in handling cellular damage (e.g., defense against reactive oxygen species (ROS), DNA 

repair, protein refolding), altering carbohydrate and protein metabolism, and generating 

intracellular signals (Gasch, Spellman et al. 2000, Gasch 2003).  

Transcriptional responses in the ESR are dependent upon the partially redundant transcription 

factors Msn2 and Msn4 (Msn2/4) that promote transcription of the general stress response genes 

 
a Contributing Authors: Elizabeth A. Steidle, Kotaro Fujimaki, Lucy Chong, Adam C. Resnick, Andrew P. Capaldi, 

and Ronda J. Rolfes. This Chapter was published in the Journal of Biological Chemistry (Steidle and Morrissette, 

2020) 
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(Morano, Grant et al. 2012, Lee, Kim et al. 2013, Hughes Hallett, Luo et al. 2014, 

AkhavanAghdam, Sinha et al. 2016). The ability of these factors to activate transcription is 

regulated by multiple pathways, including TOR (target of rapamycin) and ras-cAMP-PKA, that 

affect subcellular localization, protein interactions, and protein half-life (Inoki, Ouyang et al. 2005, 

Sadeh, Movshovich et al. 2011, Morano, Grant et al. 2012, Lee, Kim et al. 2013). Under log-phase 

growth conditions, Msn2/4 proteins are differentially phosphorylated and sequestered in the 

cytoplasm (Görner, Durchschlag et al. 1998, Beck and Hall 1999). Upon stress, Msn2/4 are 

dephosphorylated and move into the nucleus where Msn2/4 bind stress response elements (STREs) 

to promote the transcription of stress response genes (reviewed in (Gasch 2003, Morano, Grant et 

al. 2012)).  

Transcriptional responses in the ESR are also regulated by the histone deacetylase (HDAC) 

complex Rpd3L. The canonical role for HDACs is to form repressive chromatin structures to 

inhibit transcription. Interestingly, the Rpd3L complex also functions to promote transcription 

during heat and oxidative stresses (Alejandro-Osorio, Huebert et al. 2009, Ruiz-Roig, Viéitez et 

al. 2010). Rpd3L is required for the binding of Msn2 to promoters (Alejandro-Osorio, Huebert et 

al. 2009).  

Unexpectedly, inositol pyrophosphates were discovered to be critical for transcriptional 

responses during oxidative and osmotic stresses (Worley, Luo et al. 2013); transcriptional 

responses were lost in mutants unable to synthesize inositol pyrophosphates as well as in an rpd3-

mutant with substitutions in the putative inositol phosphate binding pocket (Worley, Luo et al. 

2013).  
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Inositol pyrophosphates are high energy signaling molecules found ubiquitously across 

eukaryotes and are involved in diverse pathways such as DNA repair, yeast virulence, human 

immune response, glycolysis, energy homeostasis, and the general stress response (Fleischer, Xie 

et al. 1994, Ali, Duden et al. 1995, Saiardi, Resnick et al. 2005, York, Armbruster et al. 2005, 

Szijgyarto, Garedew et al. 2011, Worley, Luo et al. 2013). Inositol pyrophosphates are fully 

phosphorylated myo-inositol rings with an additional β-phosphate at the 1- or 5-position, or at both 

positions. In S. cerevisiae, the most abundant inositol pyrophosphate is 5-diphosphoinositol 

pentakisphosphate (5PP-InsP5, a specific isomer of InsP7) (Onnebo and Saiardi 2009). This 

molecule is synthesized by the kinase Kcs1 which adds the β-phosphate to InsP6 at the 5-position 

(Saiardi, Erdjument-Bromage et al. 1999). The kinase Vip1 pyrophosphorylates the 1-position of 

5PP-InsP5, resulting in 1,5-bisdiphosphoinositol tetrakisphosphate (1,5PP2-InsP4, a.k.a. InsP8), as 

well as on InsP6, resulting in 1PP-InsP5 an isomer of InsP7 (Mulugu, Bai et al. 2007, Lin, Fridy et 

al. 2009). Deletion of both KCS1 and VIP1 prevents cells from producing inositol pyrophosphates; 

importantly, these cells are unable to induce the environmental stress response with either osmotic 

or oxidative stresses based on transcriptional profiling assays (Worley, Luo et al. 2013). 

We identified the novel inositol pyrophosphate phosphatase Siw14 that specifically cleaves 

the β-phosphate from the 5-position of InsP7 (Steidle, Chong et al. 2016). When SIW14 is deleted, 

the levels of InsP7 increase 6.5-fold and the levels of InsP8 increase 1.6-fold (Steidle, Chong et al. 

2016). The impact of the increased inositol pyrophosphate levels on the ESR in the siw14Δ mutant 

is unknown, and was investigated here by assessing growth phenotypes, transcriptional responses, 

and inositol pyrophosphate levels. We also sought to determine how inositol pyrophosphates may 

influence the stress response by using epistasis to examine roles for Msn2/4 and Rpd3L. These 
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data demonstrate that increased intracellular levels of inositol pyrophosphates partially induce the 

ESR through Msn2/4 and support the role for the SIW14-encoded InsP7 phosphatase in regulating 

levels of inositol pyrophosphates. 

 

2.2 Results 

The siw14Δ mutant Is Resistant to a Range of Environmental Stresses 

The siw14Δ mutant has elevated inositol pyrophosphates (Steidle, Chong et al. 2016), leading 

us to hypothesize that it would be resistant to environmental stresses. To test this, we examined 

the response of the mutant strain to oxidative and osmotic stresses, heat shock, and nutrient 

deprivation. To test for oxidative stress, we assessed resistance to hydrogen peroxide. Cells were 

grown either to mid-log phase or after the diauxic shift (~24-hr) in SC medium, and were treated 

with 1 mM H2O2 for 3-hr before plating onto solid YPD medium to determine survival. As shown 

in Figure 2.1A, approximately 40% of the siw14Δ mutant cells in log-phase survived H2O2 

treatment as compared to only 2% of the treated wild-type cells; this level of resistance from strain 

BY4741 is in agreement with previous reports (Martins and English 2014, Altintaş, Martinin et al. 

2016). We found that post-diauxic shift cells responded similarly: ~60% of the siw14Δ mutant 

survived H2O2-treatment compared to only 20% of wild-type cells (Figure 2.1A).  

To examine heat tolerance, the siw14Δ mutant and isogenic wild-type cells were grown in 

YPD medium to mid-log phase or post-diauxic shift, subjected to heat stress at 50°C (for mid-log 

cells) or 53°C (for post-diauxic cells) for 10 min and plated onto solid YPD medium (Figure 2.1B). 

Virtually none of the wild-type cells survived the heat shock whereas the siw14Δ mutant survived 

well (Figure 2.1B). Complementation of the siw14∆ mutant with SIW14 on a plasmid restored the 
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wild-type sensitive phenotype to cells, whereas complementation with the catalytically dead allele, 

in which the active-site cysteine was mutated to serine (siw14-C214S), failed to restore the normal 

phenotype (Figure 2.1B).  

To test for resistance to osmotic stress, wild-type and siw14Δ mutant strains were grown to 

mid-log or post-diauxic phases in YPD medium and were spread onto YPD medium or YPD 

medium containing 1.35 M KCl for high osmotic conditions. The siw14∆ mutant showed a 3-fold 

increase in survival in log-phase cultures and a 1.5-fold increase in post-diauxic phase cultures as 

compared to the wild-type strain (Figure 2.1C).  

In response to nutrient deprivation, yeast cells transition to stationary phase and induce many 

genes involved in the stress response (Werner-Washburne, Braun et al. 1993). The chronological 

aging assay measures the survival of cells in stationary phase for a prolonged period of time 

(Pereira and Saraiva 2013). Wild-type and siw14Δ mutant strains were inoculated into minimal 

medium and cultured at 30ºC for 14 days; aliquots were removed daily. Cells were stained with 

propidium iodide, which is excluded by living cells, and the percentage of living cells was 

determined relative to the total number of cells. We found that the siw14∆ mutant strain had fewer 

propidium iodide-stained cells compared to the wild-type strain each day during the 14-day period. 

The wild-type cells showed a much greater variation in survival than did the mutant during the 

time course; even so, differences were significant at days 2 and 3 (Figure 2.1D). These results 

showed that the siw14∆ mutant survived nutrient depletion better than the wild-type strain. 
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Figure 2.1. The siw14∆ mutant is resistant to environmental stresses. (A) Wild-type and 

siw14∆ mutant strains were grown to log phase or for 24 hr (post-diauxic shift phase) and treated 

with 1 mM H2O2. Cells were plated, incubated at 30°C for 2 days, colony forming units (CFUs) 

were determined, and the percent survival was calculated (CFU treated/CFU untreated, ×100). 

Bars represent the average of 12 biological replicates over 4 assays. (B) Representative growth of 

the WT+pRS316 vector and siw14Δ transformed with vector, plasmid-borne SIW14+ or SIW14-

C214S (top) or untransformed (bottom).  Strains were exposed to 50°C (top) or 53°C (bottom) heat 

stress for 10 min. Cells were normalized to the same OD600, serially diluted in buffered saline with 

glucose, and 2.5 µL was spotted on SC-ura medium (top) or YPD (bottom).  The experiments were 
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performed in triplicate on independent transformants; log-phase cultures were spotted on the same 

plate for each experiment, although not necessarily adjacent to each other; the same occurred for 

the 24-hr cultures. (C) WT and siw14∆ mutant strains were grown as in (A) and were spread onto 

YPD or YPD containing 1.35 M KCl medium for osmotic stress. Percent survival was quantified 

as in (A); and bars represent the average of 6 replicates over two separate assays. (D) WT and 

siw14∆ mutant strains were grown for 14 days to measure chronological aging. Aliquots of cells 

were removed every 24-hrs; cells were stained with propidium iodide and assayed by flow 

cytometry. Points represent the average of three biological replicates, and error bars are standard 

error of the mean. *p-values ≤ 0.05, **p-values ≤ 0.01, ***p-values ≤ 0.001. A, B, D performed 

by EAS. C performed by VAM. 
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The Stress Response Is Partially Induced in Unstressed siw14Δ Cells  

To determine if siw14∆ mutant cells are stress-resistant due to increased expression of the 

ESR genes, we measured gene expression in wild-type (BY4741) and siw14∆ mutant cells during 

log-phase growth, oxidative stress, and osmotic stress using two-color DNA microarrays (Worley, 

Luo et al. 2013). In the wild-type, we found that 1,450 genes were affected for osmotic stress and 

1,367 genes in the profile for oxidative stress using a two-fold or greater cut-off (Supporting 

Information, Table S1). Using the definition of the ESR as the overlap between these stresses 

(Gasch, Spellman et al. 2000), we found 728 genes were affected under both stress conditions.  

When the siw14∆ mutant was compared to the wild-type under log-phase growth conditions 

(SC medium), 354 genes showed increased expression and 90 genes showed decreased expression 

of at least two-fold. The genes differentially regulated in the siw14∆ mutant (271 of 444 genes) 

partially overlapped with the set of genes with altered expression in stressed wild-type cells (Figure 

2.2A and 2.2C). Indeed, the genes with the greatest up-regulation in the siw14∆ mutant are ones 

that are typically induced under stress (Figure 2.2B). Furthermore, we found minimal effects on 

expression of ribosomal biogenesis and ribosomal protein genes, consistent with the normal 

growth rate of the siw14Δ mutant (data not shown). Genes that were differentially regulated in the 

siw14∆ (173 genes, Figure 2.2C) and did not overlap with the stress-response genes are involved 

in diverse processes such as glycolysis, gluconeogenesis, ATP generation/electron transport chain 

function, and oxidation-reduction reactions. 

When placed under osmotic or oxidative stress conditions, the siw14∆ mutant is able to mount 

a stress response.  Under stress conditions, the siw14∆ mutant induces 1328 genes under osmotic 

and 1247 genes under oxidative stress conditions when compared to log-phase growth conditions 
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(Figure 2.2D). The induced ESR genes were expressed at higher levels in the siw14Δ strain when 

compared with the wild-type strain (Figure 2.2D). Thus, the siw14∆ mutant has a partially induced 

stress response under normal growth conditions (i.e., the 444 genes), and it is able to further mount 

a strong ESR in response to external stresses.  

To confirm the results of the DNA microarray analysis, we examined gene expression using 

RT-qPCR, following the mRNA levels of several genes that had previously been shown to be 

induced and repressed during the ESR (Figure 2.3A-D). The induced genes selected for further 

expression analysis were: CTT1, which encodes catalase the enzyme that converts H2O2 to water 

(Grant, Perrone et al. 1998) and is under the control of the general stress response transcription 

factors Msn2/4 during oxidative stress (Martinez-Pastor, Marchler et al. 1996, Schmitt and 

McEntee 1996, Boy-Marcotte, Perrot et al. 1998); HSP12, which encodes a plasma-membrane 

associated protein important for membrane integrity and is also a downstream target of Msn2/4 

(Praekelt and Meacock 1990, Welker, Rudolph et al. 2010); XBP1, a transcriptional repressor that 

down-regulates 15% of all genes when yeast transition to stationary phase and is known to be up-

regulated in the ESR (Miles, Li et al. 2013). The repressed genes selected for further expression 

analysis were: ADH1, which encodes alcohol dehydrogenase (Bennetzen and Hall 1982); NOG1, 

which is one of the most down-regulated genes in a wild-type strain under low nutrient stress 

conditions and is important for 60S ribosomal subunit biogenesis (Kallstrom, Hedges et al. 2003); 

GAR1 that is involved in ribosomal biogenesis (Tremblay, Lamontagne et al. 2002); and RPL16A, 

which encodes the large ribosomal subunit 16A (Planta and Mager 1998).  

Based on the microarray data, we expected that CTT1, HSP12, and XBP1 would show 

increased expression in the unstressed siw14∆ mutant relative to the wild-type and that they would 
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be further induced upon stress treatment. Furthermore, we expected the ribosomal biogenesis 

genes to show no expression differences between the WT and siw14Δ mutant, and that they would 

be down-regulated in response to stress in both strains. Indeed, the unstressed siw14Δ mutant 

significantly up-regulates XBP1, CTT1, and HSP12 by 4.8-fold, 5-fold, and 10-fold, respectively 

(the black bars in Figures 2.3A and 2.3B). As expected, expression of NOG1, GAR1, RPL16A and 

ADH1 in the siw14Δ showed no significant difference from the wild-type (the black bars in Figure 

2.3C and 2.3D). HSP12 and CTT1 expression increased in the siw14Δ mutant under osmotic stress, 

by 81-fold and 152-fold, respectively (Figure 2.3A, gray bars). This increase was higher than the 

31-fold and 91-fold induction of the same genes during osmotic stress in wild-type cells (Figure 

3A, red bars). NOG1 and GAR1 were further down-regulated in the siw14∆ mutant compared to 

the wild-type strain under osmotic stress (Figure 2.3C, blue vs. gray bars). These results together 

are consistent with the ability of the siw14Δ mutant to mount an enhanced stress response.  

We also evaluated gene expression patterns for these genes under oxidative stress. There was 

a different expression response in the wild-type and mutant cells relative to the osmotic stress. 

CTT1 was induced 81-fold in stressed siw14∆ mutant cells and 13-fold in stressed wild-type 

(Figure 2.3B, green vs. gray bars). The expression of XBP1 was induced 2-fold by H2O2 in the 

siw14Δ and 1.2-fold in the wild-type (Figure 2.3B, green vs. gray bars). Hydrogen peroxide 

treatment of the siw14Δ mutant led to the down-regulation of RPL16A to 60% expression of the 

wild-type and the expression of ADH1 decreased to 1% of the wild-type. 



41 

 

 
 

 

Figure 2.2. The transcriptional stress response is partially induced in the unstressed siw14Δ 

mutant. (A) Heat map displaying the results of microarray analysis. The scale is Log2 with the 

bluest shade as a Log2 value of ≤ -3 (8-fold) difference and the yellowest shade as a Log2 value of 

≥ 3; black indicates no difference in expression. The heat map shows the 444 genes that are 

misregulated in the siw14∆ mutant; these genes are aligned with the corresponding genes in the 

wild-type strain stressed with either 1.3 M KCl (osmotic) or 1 mM H2O2 (oxidative). (B) The top 

ten induced genes in the siw14∆ mutant are genes previously discovered to be induced in wild-
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type cells placed under stress (Gasch et al., 2003). (C) The Euler plot shows the overlap in the 

number of genes that are differentially expressed in the siw14∆ mutant and wild-type cells stressed 

with hydrogen peroxide or potassium chloride. (D) Heat map of the complete genome comparing 

the wild-type response to H2O2 and KCl aligned with the siw14∆ mutant stressed with H2O2 and 

KCl normalized to the corresponding wild-type stress response. RNA extracted by TW; 

Microarray performed by KF; All analysis by VAM. 
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Figure 2.3. The siw14Δ mutant cells have partially induced the ESR in unstressed conditions 

and are able to mount a stress response. (A-D) RT-qPCR fold changes represented as Log2 

values normalized to both the reference gene UBC6 and unstressed wild-type cells. (A and C) Cells 

were stressed with 0.4 M KCl or (B and D) 1 mM H2O2. Bars represent the average expression of 

triplicate samples and error bars are the standard error of the mean. Statistical differences were 

determined comparing the wild-type (which would be 0 on the graphs) and the siw14Δ mutant 

(black bar), between treated wild-type and mutant (indicated by the short line above the gray and 

blue or green bars), and between untreated and treated siw14Δ mutant (long line above the black 

and blue or green bars); *p-value ≤ 0.05, **p-value ≤ 0.01, ***p-value ≤ 0.001, and ****p-value 

≤ 0.0001. Experiment performed by EAS.  



44 

 

Inositol Pyrophosphate Levels Increase in Wild-type Cells During Oxidative Stress  

As inositol pyrophosphates are necessary for induction of the environmental stress response 

(Worley, Luo et al. 2013), we wondered whether inositol pyrophosphate levels might increase 

when yeast strains are exposed to environmental stresses. Strains were radiolabeled with 3H-myo-

inositol, grown to mid-log phase and treated with hydrogen peroxide or potassium chloride for 20 

min to induce oxidative or osmotic stress responses, respectively. After extracts were prepared, 

labeled inositol pyrophosphates were separated by HPLC and scintillation counting was 

performed. InsP7 and InsP8 levels were determined relative to InsP6, and then were normalized to 

the unstressed wild-type strain (Figure 2.4). Treatment with H2O2 led to a significant increase in 

both InsP7 (2.1 ± 0.3-fold) and InsP8 (5.3 ± 0.8-fold) in wild-type cells. Interestingly, we detected 

no increase in inositol pyrophosphates with KCl treatment (Figure 2.4). The siw14Δ mutant 

exhibited high levels of InsP7 and InsP8, as we previously reported (Steidle, Chong et al. 2016), 

and these levels did not change further under either oxidative or osmotic stresses (Figure 2.4).  
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Figure 2.4. Inositol pyrophosphate levels increase in wild-type cells under oxidative stress. 

Representative inositol phosphate profiles for wild-type and siw14Δ mutant stressed with (A) 1 

mM H2O2 or (B) 0.4 M KCl for 20 min. Quantified levels of (C) InsP7 or (D) InsP8 relative to 

InsP6 in unstressed cells or cells stressed with 0.4 M KCl or 1 mM H2O2 in both wild-type or 

siw14∆ mutant strains. All fold changes were normalized to unstressed wild-type levels. Bars 

represent the average of 12 biological replicates in 4 separate experiments and error bars represent 

standard deviation; ***p-values ≤ 0.001. Experiments performed by LC and EAS. 
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The Siw14 Phosphatase Is Reversibly Inhibited by Hydrogen Peroxide 

One mechanism to link oxidative stress with an increase in inositol pyrophosphate levels is 

through inhibition of Siw14.  The active site of Siw14 contains a cysteine (HCX5R) required for 

catalysis.  Reversible oxidation of the active site cysteine is a known mechanism for this family of 

phosphatases (Denu and Tanner 1998, Östman, Frijhoff et al. 2011). If oxidation inactivates Siw14 

in wild-type cells, there would be an increase in inositol pyrophosphate pools. 

To test this model for inhibition of Siw14 by hydrogen peroxide, we purified recombinant 

His6-MBP-Siw14, and treated it with 1 mM and 5 mM hydrogen peroxide for 30 min on ice.  

Enzyme activity was assayed using pNPP as the phosphatase substrate (Steidle, Chong et al. 2016).  

As shown in Figure 2.5A, hydrogen peroxide treatment led to a decrease in the phosphatase activity 

of Siw14.   

To determine whether the inhibition was reversible, we performed reversible oxidation assays 

as described (Denu and Tanner 1998, Östman, Frijhoff et al. 2011).  We treated the purified 

recombinant enzyme with 1 mM hydrogen peroxide as above (30 min on ice), and then added 

catalase to a parallel sample of the treated enzyme to degrade any remaining hydrogen peroxide 

(30 min on ice) followed by addition of 0.1 mM dithiothreitol.  Hydrogen peroxide treatment 

significantly decreased the activity to 62 ± 5 U (p= 0.005, Student t-test), a 28% reduction from 

the untreated activity of 86. ± 4. U (Figure 2.5B).  Removal of the hydrogen peroxide with catalase 

restored enzyme activity to 80. ± 10 U, which was not statistically different from the untreated 

sample (p= 0.367).  These findings indicate that Siw14 is reversibly oxidized, that oxidation 

decreases enzyme activity, and the decreased activity could account for the increase in 5PP-InsP5 

detected upon hydrogen peroxide treatment (Figure 2.4).   
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Figure 2.5. Reversible inhibition of Siw14 phosphatase activity in vitro.  (A) Recombinant 

His6-MBP-Siw14 protein was purified and treated with 0, 1, or 5 mM hydrogen peroxide for 30 

min on ice and assayed for phosphatase activity using p-nitrophenol phosphate as the substrate.  

Absorbance was measured at OD405 and activity was determined relative to a standard curve with 

p-nitrophenol.  Activity was defined as 1 U = 1 µmol/min/g protein.  (B) Recombinant, purified 

His6-MBP-Siw14 protein was treated with 1 mM hydrogen peroxide as in panel A, and then was 

treated with 1 U catalase for 30 min on ice followed by the addition of 100 µM dithiothreitol.  

Phosphatase activity was measured as described above.  The oxidized enzyme has enzyme activity 

that is different from the untreated enzyme (p=0.005, Student t-test) and the restored enzyme is 

not different than the untreated enzyme (p=0.367).  Experiments performed by VAM.  
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Inositol Pyrophosphates Affect the Environmental Stress Response through Msn2/4 Signaling 

We considered possible mechanisms to link the transcriptional changes to inositol 

pyrophosphates. It was previously reported that transcriptional profiles are similar in the rpd3Δ 

strain, in the kcs1Δ vip1Δ strain that cannot produce inositol pyrophosphates, and in the rpd3ibs 

mutant that has substitutions in the amino acids that contact the inositol pyrophosphate (Worley, 

Luo et al. 2013). These results suggest that the histone deacetylase activity of Rpd3L is regulated 

by inositol pyrophosphates, and therefore we hypothesized that increased inositol pyrophosphate 

levels would affect Rpd3L activity leading to increased gene expression and stress resistance. To 

test this hypothesis, we performed an epistasis experiment combining the rpd3ibs mutant and the 

siw14Δ mutant. Using an oxidative stress assay, we expected the rpd3ibs mutant to be sensitive to 

H2O2 (this expectation was based on the gene expression profile, although this phenotype had not 

been previously reported (Worley, Luo et al. 2013)); the siw14∆ mutant is resistant to H2O2 (Figure 

2.1A). If increased levels of inositol pyrophosphates regulate the activity of HDAC, then the 

phenotype of the rpd3ibs siw14Δ double mutant would be sensitive to H2O2 and rpd3ibs would be 

epistatic to the siw14∆ mutant. As shown in Figure 2.6A and 2.6B, the wild-type and rpd3ibs mutant 

have the same sensitivity to H2O2 (blue and red bars) and the double mutant was as resistant to 

oxidative stress as the siw14Δ mutant (orange and red-hatched bars). Thus, siw14Δ acted epistatic 

to rpd3ibs; this result is not consistent with a model in which varying levels of inositol 

pyrophosphates would regulate the activity of the histone deacetylase Rpd3L. However, this result 

is consistent with the role for inositol pyrophosphates to act in a structural role within the Rpd3L 

complex (see Discussion).  
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We next addressed the hypothesis that inositol pyrophosphates affect transcription through 

the Msn2/4 transcription factors. Following a similar approach, we examined the epistatic 

relationship between siw14∆ and strains carrying msn2Δ or msn4Δ mutations. If oxidative stress 

resistance – that is due to increased inositol pyrophosphate levels in the siw14Δ mutant – occurs 

through Msn2/4, we would expect that the msn2Δ and msn4Δ mutations would be epistatic to the 

siw14Δ mutation. As shown in Figure 2.7A and 2.7B, the siw14Δ mutant is resistant to oxidative 

stress (solid orange bars) and the msn2∆ and msn4∆ single mutants (green and pink bars, 

respectively) are as or more sensitive to H2O2 as the wild-type strain (blue bar). Importantly, both 

the msn2Δ siw14∆ and msn4Δ siw14Δ double mutants are as sensitive to H2O2 as the msn2∆ and 

msn4∆ single mutants (hatched green and pink bars, respectively). This result indicated that the 

msn2Δ and msn4Δ mutations are epistatic to siw14Δ.  

To examine this epistasis relationship further, we examined the expression of CTT1 that is 

dependent on Msn2/4 (Martinez-Pastor, Marchler et al. 1996, Schmitt and McEntee 1996, Boy-

Marcotte, Perrot et al. 1998), using RT-qPCR analysis in strains with and without hydrogen 

peroxide treatment. As shown in Figure 2.7C, the expression of CTT1 in the msn2Δ siw14Δ double 

mutant was virtually the same as in the msn2Δ single mutant, indicating that msn2Δ is epistatic to 

siw14Δ. The msn4Δ mutant exhibited expression higher than WT under normal conditions and 

further increased expression upon hydrogen peroxide treatment, and this level of expression was 

unexpected given that the strain carried the normal allele of MSN2. Expression in the double 

msn4Δ siw14Δ mutant was lower than that of the siw14Δ single mutant, indicating that msn4Δ acts 

epistatic to siw14Δ. Together, these data are consistent with the hydrogen peroxide resistance 

phenotype of the siw14Δ mutant occurring through the Msn2/4 transcription factors.  
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Figure 2.6. The siw14∆ mutation is epistatic to the rpd3 ibs mutation. (A) Wild-type, siw14∆, 

rpd3ibs, and siw14∆ rpd3ibs strains were grown to mid-log phase and treated with 1 mM H2O2 for 

3 hrs, as described in Figure 2.1. Cells were plated and incubated at 30°C for two days. Colony 

forming units (CFUs) were determined, and the percent survival was calculated (CFU treated/CFU 

untreated, ×100). (B) Bars represent the average of 9 biological replicates over 3 assays. Error bars 

represent standard deviation. ** p-value ≤ 0.001. Experiments performed by VAM. 
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Figure 2.7. The msn2∆ and msn4∆ mutations are epistatic to the siw14∆ mutation. (A) Wild-

type, siw14∆, msn2∆, and msn4∆ single mutant, and the msn2∆ siw14∆ and msn4∆ siw14∆ double 

mutant strains were grown overnight in YPD and normalized to OD600 of 0.2 in YPD medium. 

Cells were grown for 30 min and treated with 2 mM and 5 mM hydrogen peroxide for three hours 

as described (61). Cells were serially diluted 10-fold, plated on YPD medium, and incubated at 

30°C for 2 days. (B) Strains were grown and prepared as described above; however, cells were 

treated with 2 mM, 4 mM, and 7 mM hydrogen peroxide. Instead of spotting, 20 µl of appropriately 

diluted sample were spread onto YPD plates.  Colony forming units (CFUs) were determined, and 

the percent survival was calculated (CFU treated/CFU untreated, ×100). Bars represent the average 



52 

 

of 9 biological replicates over 3 assays. Error bars represent standard deviation. (C) Expression of 

CTT1 measured by RT-qPCR. Cells were grown as described in Figure 2.3. Values were 

normalized to UBC6 and to the wild-type grown in YPD. The graph shows the mean from triplicate 

samples (biological replicates) and error bars represent the standard deviation.  Significance, p ≤ 

0.01 is indicated by **, p ≤ 0.05 is as indicated by *; n.s., not significant.  Experiments performed 

by VAM. 
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Msn2 Shows Increased Nuclear Localization in the siw14∆ Mutant 

 These epistatic data, coupled with the transcriptional analyses (Figures 2.2 and 2.3), support 

a model in which inositol pyrophosphate levels affect the activity of Msn2/4. One mechanism to 

account for the increased expression of CTT1 is that Msn2 localizes to the nucleus more frequently 

in the siw14Δ mutant. To test this, we examined the localization of an Msn2-GFP fusion protein 

using live-cell fluorescence microscopy for each wild-type and siw14∆ strains (Figure 2.8A). 

Nuclear localization of Msn2-GFP was scored in cells that had a bright concentrated GFP 

fluorescence (Görner, Durchschlag et al. 1998). We found that Msn2-GFP localized to the nucleus 

in 2 of 583 wild-type cells (0.3%) and in 253 of 498 siw14Δ cells (50.8%) (Figure 2.8B).   The 

increased nuclear localization is consistent with the increased expression of ESR genes as well as 

the stress resistance phenotypes seen in the siw14Δ mutant.  
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Figure 2.8.  Msn2-GFP shows increased nuclear localization in the siw14∆ mutant 

(A) Images were taken from cells prepared from multiple cultures grown on different days. 

Overnight cultures were grown in SC medium at room temperature (RT), diluted 1:50 into fresh 

medium, and grown to mid-log phase at RT. Each sample (1 ml) was placed into borosilicate 

chamber coverslip slides and allowed to settle for 30 min at RT.  Images were taken using an 

inverted microscope as described in Experimental Procedures.   Representative images are shown.  

(B)  Cells were scored for the localization of Msn2-GFP: intense nuclear localization was scored 
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as positive and diffuse cytosolic fluorescence was scored as negative.  Localization was 

determined in wild-type (RR694) and siw14Δ mutant (RR695) strains.  Experiment performed by 

VAM. 



56 

 

2.3 Discussion 

Using growth assays and gene expression analysis, we demonstrated that SIW14 is a negative 

regulator of the stress response at least partially through Msn2/4. The siw14Δ mutant is resistant 

to heat, osmotic, oxidative and nutritional stresses, extending and confirming previously reported 

findings (Care, Vousden et al. 2004, Brown, Sherlock et al. 2006, Jarolim, Ayer et al. 2013, Garay, 

Campos et al. 2014, Altintaş, Martinin et al. 2016). Transcription of the environmental stress 

response is partially induced under non-stress conditions in the siw14Δ mutant, consistent with the 

increased stress resistance. The siw14Δ mutant strain is capable of inducing a transcriptional ESR, 

indicating that the stress response signaling pathway is intact and that the steady state levels of 

inositol pyrophosphates are implicated in setting a baseline. The results from the epistasis and 

localization experiments indicate that high levels of inositol pyrophosphates affect the nuclear 

localization of the transcription factor Msn2.    

SIW14 encodes a phosphatase specific for the β-phosphate on 5PP-InsP5 and the mutant has 

6-fold elevated levels of inositol pyrophosphates (Steidle, Chong et al. 2016). Inositol 

pyrophosphates, synthesized by the kinases Kcs1 and Vip1, are required for induction of the 

environmental stress response (Worley, Luo et al. 2013) and for resistance to environmental 

stresses (Dubois, Scherens et al. 2002). Our results here demonstrate higher endogenous levels of 

inositol pyrophosphates in the mutant led to a partially-induced transcriptional ESR. These 

observations suggest that cells might modulate inositol pyrophosphate levels as an intracellular 

signal to affect the ESR under stress conditions.  

Consistent with a role for inositol pyrophosphates as signaling molecules, hydrogen peroxide 

treatment increased the levels of inositol pyrophosphates in wild-type cells and was particularly 
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high for InsP8 (a 5.3 ± 0.8-fold increase). Conversely, the kcs1Δ vip1Δ double mutant, which does 

not produce inositol pyrophosphates, exhibited a severe transcriptional defect by completely 

failing to induce an ESR during H2O2 stress (Worley, Luo et al. 2013). Our results here linking 

inositol pyrophosphate levels to transcriptional responses are consistent with previous gene 

expression studies (Worley, Luo et al. 2013), and with the increased levels of InsP7 and H2O2-

resistance of the vip1Δ mutant (Onnebo and Saiardi 2009, Steidle, Chong et al. 2016). An 

intriguing possibility is that the active site cysteine of Siw14 directly senses cellular ROS levels, 

and the phosphatase is catalytically inactive when oxidized. Reversible oxidation of the active site 

cysteine could regulate the enzyme activity of Siw14, as has been described for other members of 

this phosphatase family (Denu and Tanner 1998, Östman, Frijhoff et al. 2011). If oxidative stress 

conditions inhibit Siw14 in wild-type cells, there would be an increase in inositol pyrophosphate 

pools; these could in turn partially induce the ESR. This model is also consistent with the absence 

of an increase in inositol pyrophosphate levels in the siw14Δ mutant upon oxidative stress (Figure 

2.4). 

We found that neither InsP7 nor InsP8 levels changed during osmotic stress in either the wild-

type or siw14Δ strains; our results with the wild-type are consistent with a previous study (Choi, 

Mollapour et al. 2005). Results from the kcs1Δ vip1Δ double mutant showed that a transcriptional 

stress response was partially mounted during osmotic stress (Worley, Luo et al. 2013), indicating 

a divergence in the role of inositol pyrophosphates in the osmotic and oxidative stress responses, 

and demonstrating that the transcriptional response to oxidative stress is more dependent on 

inositol pyrophosphate levels.  It is possible that osmotic stress affects only a small pool of inositol 

pyrophosphates that is below our detection limits whereas oxidative stress affects multiple 
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localized pools (e.g. cytosolic, membrane-associated, and nuclear) such that the global changes 

are detectable by HPLC analysis. 

One possible model linking inositol pyrophosphates to the induction of the ESR in yeast could 

be through the histone deacetylase (HDAC) Rpd3L. Rpd3L is recruited to the promoters of many 

ESR genes (Alejandro-Osorio, Huebert et al. 2009, Ruiz-Roig, Viéitez et al. 2010) and is proposed 

to have an inositol phosphate binding pocket (Worley, Luo et al. 2013) based on amino acid 

conservation with an inositol polyphosphate binding pocket found in the human HDAC3 (Watson, 

Fairall et al. 2012, Watson, Millard et al. 2016). This model suggests that inositol pyrophosphates 

directly bind Rpd3L to influence HDAC activity.  

To test the model that inositol pyrophosphates activate the ESR through Rpd3L, we performed 

epistasis experiments with the siw14Δ mutant and the Rpd3L inositol binding site (rpd3ibs) mutant. 

Unexpectedly, we found the stress-resistant phenotype of the siw14Δ mutant is inconsistent with 

regulation of HDAC activity by modulating PP-InsPs levels. Although our experiments indicate 

an alternative mechanism for ESR activation, they do not rule out a structural role for inositol 

pyrophosphates in the Rpd3L complex. Worley and colleagues showed that the transcription 

profiles of the rpd3Δ, rpd3ibs, and kcs1Δvip1Δ mutant strains are the same in non-stress and stress 

conditions (Worley, Luo et al. 2013), which demonstrated that PP-InsPs, the inositol-phosphate-

binding site, and catalytic activity by Rpd3L are all required for the appropriate transcriptional 

responses.  

Our results led us to pursue an alternative model by which inositol pyrophosphates function 

through the stress response transcription factors Msn2/4. These partially redundant transcription 

factors regulate a large portion of ESR genes by binding to upstream stress response elements 
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(Schmitt and McEntee 1996). Using known Msn2/4 target genes, we analyzed our microarray data 

to identify target genes that were differentially expressed in the siw14Δ mutant. Indeed, 122 of the 

444 genes differentially expressed in the siw14Δ mutant are transcriptionally regulated by Msn2/4. 

The epistasis and localization results support a model in which modulation of inositol 

pyrophosphate levels affect signaling of cellular stress to Msn2/4.  

This study has strengthened the connection between inositol pyrophosphates and the 

environmental stress response. Interestingly, a role for inositol pyrophosphates in stress responses 

have been found in other eukaryotes, but has remained understudied (Wilson, Livermore et al. 

2013, Shears 2015, Thota and Bhandari 2015). For example, Cryptococcus neoformans requires 

the IP6 kinase Kcs1 and production of 5PP-InsP5 for adaptation to host cell environments and 

pathogenesis (Lev, Li et al. 2015, Li, Lev et al. 2016). In Saccharomyces, inositol pyrophosphates 

are required for pseudohyphal growth, a response to nutrient limitation (Norman, Shively et al. 

2018), and for prion propagation (Wickner, Kelly et al. 2017). Inositol pyrophosphates are 

important for signaling of heat and osmotic stress in mammalian cells (Pesesse, Choi et al. 2004, 

Choi, Mollapour et al. 2005) and are critical for jasmonate-dependent defenses again herbivorous 

insects and necrotrophic fungi in plants (Laha, Johnen et al. 2015). These examples highlight the 

broad role for inositol pyrophosphates in stress responses.  New insights into the metabolism of 

inositol pyrophosphates may lead to novel therapeutics and treatments, as well as a deeper 

understanding of their cellular roles.  
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2.4 Experimental Procedures 

Strains and Plasmids  

Strains used in this study are listed in Table 1. Parental wild-type strain BY4741 and the 

siw14Δ::KANMX, msn2Δ::KANMX and msn4Δ::KANMX mutant strains were purchased from 

OpenBioSystems, and strains W3O3 and ACY614 were obtained from A. Capaldi (Hughes Hallett, 

Luo et al. 2014). The msn2∆ siw14∆ and msn4∆ siw14∆ mutant strains were constructed by PCR 

amplification of the siw14Δ::URA3 allele, and homologous recombination at SIW14 with selection 

on SC-Ura medium, as described (Steidle, Chong et al. 2016), in the BY4741 msn2∆ or msn4∆ 

mutant strains. The MSN2-GFP strain (Huh, Falvo et al. 2003) was kindly provided by Mark Rose; 

to introduce MSN2-GFP into the siw14Δ::KANMX strain RR643, the MSN2-GFP::HIS3 allele was 

amplified by PCR, integrated by homologous recombination and selection on SC-His medium. 

The plasmids carrying the SIW14 gene or the phosphatase-dead allele siw14-C214S were 

previously reported (Steidle, Chong et al. 2016).  

 

Growth Conditions   

Cells were grown in YPD (1% yeast extract, 2% peptone, 2% dextrose) and plasmid-bearing 

cells were grown in SC-Ura (0.17% YNB (Sunrise Science Products), 0.5% ammonium sulfate, 

0.069% CSM-Ura amino acid mix (MP Biomedicals), 2% dextrose, 0.75 µM adenine); strains 

without plasmids were grow on SC-Ura medium supplemented with 0.9 mM uracil. Overnight 

cultures were inoculated into fresh medium at an OD600 of 0.1-0.15 and were allowed to grow to 

log phase (OD600 of ~0.6) or for 24-hr for post-diauxic shift. Cultures were normalized to the same 

OD600 and serially diluted 1:10 four times in buffered saline with glucose (10 mM Tris-HCl, pH7.5, 
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85 mM NaCl, 10 mM glucose) unless otherwise noted. Post-diauxic shift cultures were serially 

diluted 1:10 in 10 mM Tris-HCl, pH 7.5, 85 mM NaCl without glucose unless otherwise noted. 

For semi-quantitative measurement of yeast growth, 2.5 µL of each dilution was spotted onto solid 

medium. For quantitative measurement of yeast growth 20-25 µL of the 10-3 or 10-4 dilution were 

spread onto solid medium such that the CFU were in the range of 30-300 colonies and cell counts 

were made. All plates were allowed to grow for 2 days at 30°C unless otherwise noted. 

For osmotic stress, cultures were grown to early log phase (OD600 of 0.3) or post-diauxic shift 

(24-hr) and were plated on YPD medium containing 1.35 M KCl. For oxidative stress, cultures 

were grown to early log phase (OD600 of 0.3) or post-diauxic shift in SC medium, and 1 mM H2O2 

was added for 3 hr (modified from (Vernis, Facca et al. 2009)). Cells were serially diluted 1:10 in 

sterile deionized H2O and were plated onto solid YPD medium. For cultures with mutations in 

msn2Δ or msn4Δ, cells were grown overnight and diluted to an OD600 of 0.2 in YPD and allowed 

to grow for 30 min and then treated with H2O2 (Hasan, Leroy et al. 2002). Cells were then serially 

diluted as described above. For heat shock, overnight cultures were diluted to an OD600 of 0.1 in 

YPD or SC-ura medium (for plasmid containing strains) and grown to mid-log phase or for 24-hr. 

Cells were subjected to 50°C or 53°C for 10 min, serially diluted, and plated on SC-Ura solid 

medium (for plasmid containing strains) or YPD, modified from (Care, Vousden et al. 2004). 

 

Chronological Aging Assays  

Cells were grown overnight in YPD and then normalized in SC media at an OD600 of ~0.1. 

Cultures were allowed to grow for 14 days at 30°C with shaking. Samples were removed every 

24-hr and normalized to an OD600 of 0.3 which equaled about 106 cells. They were stained with ~6 
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µg/mL propidium iodide to test for dead cells (Pereira and Saraiva 2013). Using flow cytometry 

(Becton Dickinson FACSort), stained cells were counted and the percent alive were calculated for 

each strain at each time point in triplicate. 

 

Microarray Analysis  

BY4741 and the siw14Δ mutant were grown to 0.6 OD600 in SD medium (0.67% YNB (Becton 

Dickinson, USA), 0.1% amino acid mixture (United States Biological, USA), 2% dextrose). Half 

of the cells were immediately harvested, and the remaining half were osmotically stressed by the 

addition of KCl (0.4 M) or oxidatively stressed with 1 mM H2O2 for 20 min and were harvested 

(Worley, Luo et al. 2013). W303 cells were grown to 0.6 OD600 in SD medium and were stressed 

in medium lacking dextrose for 20 min. RNA was isolated by hot acid phenol followed by 

purification using the RiboPureTM Yeast RNA Purification Kit (Ambion). RNA was converted into 

cDNA using oligo-dT before being labeled with Cy3 or Cy5 for transcript level measurement on 

Agilent G4813A DNA microarrays and an Axon 4000B scanner, as described previously (Worley, 

Luo et al. 2013). The microarray data have been deposited in NCBI’s Gene Expression Omnibus 

(Edgar, Domrachev et al. 2002, Barrett, Wilhite et al. 2013) and are accessible through GEO Series 

accession number GSE135546 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135546). Heat Maps were generated 

using the online source Morpheus (Morpheus 2019). The Euler Plot in Figure 2.2C was generated 

as described (Micallef and Rodgers 2014) using eulerAPE.  GO term analysis, performed for the 

data table in Supporting Information, was generated using the Saccharomyces Genome Database 

GO Term Finder tool (Cherry, Hong et al. 2012).  



63 

 

RT-qPCR  

Overnight cultures were inoculated into fresh YPD medium and grown to log phase. Cultures 

were split and each set of cultures were treated with 1 mM H2O2, 0.4 M KCl, or were untreated for 

20 min at 30°C (Worley, Luo et al. 2013). Cells were immediately placed on ice and centrifuged 

at 2500 rpm for 2 min, and pellets were frozen at -80ºC (Ghosh, Wangsanut et al. 2015). RNA was 

extracted using the RiboPureTM RNA Kit following the manufacturer’s instructions with slight 

modifications: 3 µg of RNA was treated with 1 µl of DNase I in a 50 µl reaction volume for 1 hr 

at 37°C. RNA (200 ng) was used to synthesize the cDNAs using the SensiFAST cDNA synthesis 

kit (Bioline), following the manufacturer’s instructions. The synthesized cDNA was diluted 5-fold 

into the DEPC water. The RT-qPCR was performed using the SensiFAST SYBR No-ROX Kit 

(Bioline), following the manufacturer’s instructions with two technical replicates for each cDNA 

sample. Three µl of 5-fold diluted cDNA was added into the reaction with 15 µl final volume and 

the primers used for each gene are as follows: CTT1, forward 5′–AGAGAGTTACGC-

AATACTTTGG–3′ and reverse 5′–CCTTCAA-GGTCAACAGGTTC–3′; HSP12, forward 5′–

GCAGACCAAGCTAGAGATTAC–3′ and reverse 5′–TTCTTGGTTGGGTCTTCTTC–3′; 

XBP1, forward 5′–CCACTTTCCCTCAACCTT-ATG–3′ and reverse 5′–GTATTATGAGCT-

GGTCGTTGG–3′; UBC6, forward 5′–GATAC-TTGGAATCCTGGCTGGTCTGTCTC–3′ and 

reverse 5′–AAAGGGTCTTCTGTTTCATCAC-CTGTATTTGC–3′; GAR1, forward 5′–GCTGA-

CAAACTATTGCCTATTG–3′ and reverse 5′–GGCACCACTTCTCTTCTTC–3′; NOG1, 

forward 5′–GGAGAAAGCTGCATGGATT-AG–3′ and reverse 5′– AGTTTAGAACGTGG-

CATGATAG–3′; ADH1, forward 5′–CAAGT-CGTCAAGTCCATCTC–3′ and reverse 5′–
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CAAGCCGACAACCTTGAT–3′; and RPL16A, forward 5′–GCCAAATTGGAAGC-AAAGAG–

3′ and reverse 5′–TTCAGCAGCAGTAGC-ATTAG–3′.  

For CTT1 expression (Figure 2.7), RNA was prepared using the Qiagen RNeasy Plus Mini 

kit, following the manufacturer’s instructions, and the Luna Universal One Step RT-qPCR Kit 

(from New England Biolabs) was used for detection. The relative gene expression was calculated 

by the ΔCT Method using UBC6 as the reference gene as described (Teste, Duquenne et al. 2009) 

and were normalized to the wild-type. 

 

Extraction of 3H-Inositol Phosphates and HPLC Analysis  

Overnight cultures were grown in YPD medium and normalized to an OD600 of 0.005 in SC-

inositol medium. Cells were radiolabeled with 75 µCi of 3H-myo-inositol for ~20 hr, stressed with 

either 0.4 M KCl or 1 mM H2O2 for 20 min, and harvested. Extracts were prepared and inositol 

pyrophosphates separated and assessed as described (Steidle, Chong et al. 2016). 

 

Purification of Siw14 and Enzyme Assay 

Recombinant His6-MBP-Siw14 was expressed in E. coli BL21(DE3) and purified following 

the protocol described (Wang, Gu et al. 2018), with modification.  Briefly, E. coli containing the 

pGro7 chaperone plasmid and pDest-566-Siw14 plasmid were grown overnight in nutrient rich 

2xYT medium, inoculated 1:100 into fresh 2×YT containing 0.07% L-Arabinose, pH 7.5, and 

grown at 37°C to mid-log phase. Isopropyl-β-D-thiogalactopyranoside (IPTG) was added to 100 

µM and cultures were grown at 4°C for two days. Cells were pelleted by centrifugation and lysed 

by sonication.  Protein was purified in batch using Ni-NTA Sepharose beads (GE Healthcare); 
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beads were washed twice with Buffer 1 (20 mM Tris-HCl, pH 7.5, 20 mM imidazole, 300 mM 

NaCl) and once with Buffer 2 (20 mM Tris-HCl pH 7.5, 20 mM imidazole, 50 mM NaCl). Protein 

was eluted in Buffer 3 (20 mM Tris-HCl, pH 7.5, 400 mM imidazole, 50 mM NaCl). To remove 

the inhibitory imidazole, buffer was exchanged using centrifugal filter units (Amicon Ultra-15, 

Ultracel – 30K) to a buffer containing 20 mM Tris-HCl, pH 7.5, and 50 mM NaCl. Purification 

was assessed by polyacrylamide gel electrophoresis and staining with Coomassie brilliant blue.   

For oxidation reactions, 10 µg of purified Siw14 was incubated with hydrogen peroxide (0 

mM, 1 mM or 5 mM) for 30 min on ice.  A phosphatase assay was performed in quintuplicate, as 

described (Steidle, Chong et al. 2016), using pNPP as the phosphatase substrate.  To test reversible 

oxidation, the purified Siw14 was incubated with 1 mM hydrogen peroxide for 30 min on ice, and 

then 1 U of catalase (Sigma C30-100MG) was added for 30 min to degrade residual hydrogen 

peroxide. Immediately following the catalase reaction, samples were treated with 100 µM 

dithiothreitol (DTT) for 30 min on ice, followed by phosphatase assay (Steidle, Chong et al. 2016). 

Absorbance values were recorded at OD405 and converted to activity; units reported as 1 U = 1 

µmol/min/g protein and calculated using a standard curve.  The dotplots were generated using an 

online tool (Weissgerber, Savic et al. 2017). 

 

Microscopy  

Strains RR694 and RR695 were grown overnight in SC medium at room temperature, and then 

diluted to an OD600 of 0.1, and cultured for 6-hr at room temperature.  One ml of cells was 

transferred to a chamber slide (2-well borosilicate chamber coverglass slide) and allowed to 

settle for 30 min before imaging.  Images were acquired using a deconvolution microscopy 
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system (DeltaVision; Applied Precision, LLC) equipped with an inverted microscope (TE200; 

Nikon) and a 100× objective with numerical aperture of 1.4. Image analysis were performed 

using Precision softWoRx and ImageJ. For each strain, three biological replicates and at least 

450 cells were counted. 
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Table 2.1. Strains used in this study 

 

Strain  Genotype Reference 

BY4741 MATa his3Δ met15Δ leu2Δ ura3∆ (Brachmann, 

Davies et al. 

1998) 

RR642 MATa his3Δ met15Δ leu2Δ ura3∆ siw14::KANMX4 (Brachmann, 

Davies et al. 

1998) 

RR650 MATa his3Δ met15Δ leu2Δ ura3∆ msn2∆::KANMX4 (Brachmann, 

Davies et al. 

1998) 

RR651 MATa his3Δ met15Δ leu2Δ ura3∆ msn4∆::KANMX4 (Gasch, 

Spellman et 

al. 2000) 

RR667 MATa his3Δ met15Δ leu2Δ ura3∆ msn2∆::KANMX4 

siw14Δ::URA3 [parent strain: RR650] 

This study 

RR668 MATa his3Δ met15Δ leu2Δ ura3∆ msn4∆::KANMX4 

siw14Δ::URA3 [parent strain: RR651] 

This study 

W303 

(ACY044) 

MATa trp1-1 leu2-3,112 ura3-1 his3-11,15 can1-100 

GAL1+ psi+ ADE2+ 

(Capaldi, 

Kaplan et al. 

2008) 

ACY614 MATa trp1-1 leu2-3,112 ura3-1 his3-11,15 can1-100 

GAL1+ psi+ ADE2+ rpd3ibs 

(Worley, Luo 

et al. 2013) 

RR657 MATa trp1-1 leu2-3,112 ura3-1 his3-11,15 can1-100 

GAL1+ psi+ ADE2+ rpd3ibs siw14Δ::KANMX4 rpd3ibs 

This study 

RR694 MATa his3Δ met15Δ leu2Δ ura3∆ MSN2-GFP::HIS3 (Huh, Falvo et 

al. 2003) 

RR695 MATa his3Δ met15Δ leu2Δ ura3∆ MSN2-GFP::HIS3 

siw14Δ::KANMX4 

This study 
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CHAPTER 3  

Oca1 and Oca2 Are Pseudoenzymes that Enhance the Activity of InsP7 Phosphatase Siw14b 

 

3.1 Introduction 

Inositol pyrophosphates are high energy signaling molecules conserved across eukaryotes 

(Shears 2007, Chakraborty, Kim et al. 2011, Koldobskiy and Snyder 2011, Saiardi 2012, Shears 

2015, Shears 2015, Thota and Bhandari 2015, Shears 2017, Chakraborty 2018, Morrissette and 

Rolfes 2020). They are composed of a fully phosphorylated myo-inositol ring with pyrophosphates 

at the C-1 and/or C-5 positions (diphosphates are also called pyrophosphates). Research in yeast, 

plants, and mammalian cells has shown that inositol pyrophosphates are involved in numerous 

cellular processes including stress responses, DNA damage repair, endocytosis, insulin secretion, 

virulence, energy and phosphate homeostasis, and more (Care, Vousden et al. 2004, Chakraborty, 

Kim et al. 2011, Jadav, Chanduri et al. 2013, Li, Lev et al. 2016, Azevedo and Saiardi 2017, Kang 

2018, Morrissette and Rolfes 2020). Several excellent reviews highlight known phenotypes 

associated with inositol pyrophosphates (Shears 2007, Burton, Hu et al. 2009, Tsui and York 2010, 

Chakraborty, Kim et al. 2011, Koldobskiy and Snyder 2011, Saiardi 2012, Saiardi 2012, Thota 

and Bhandari 2015, Li, Lev et al. 2016, Shears 2017, Chakraborty 2018, Kang 2018, Lee, Kim et 

al. 2020, Morrissette and Rolfes 2020), their known mechanisms of action (Bhandari, Saiardi et 

al. 2007, Saiardi 2016, Shah, Ganguli et al. 2017, Shears 2017, Ganguli, Shah et al. 2020), and the 

enzymes involved in the biosynthetic pathway (Barker, Illies et al. 2009, Azevedo, Szijgyarto et 

al. 2011, Shears 2018). The major inositol pyrophosphate pathway is briefly summarized here: the 

 
b Contributing Authors: Huanchen Wang, Elizabeth A. Steidle, Jeffery R. Reitano, Stephen Shears, and Ronda 

Rolfes 



69 

 

InsP6 kinase, Kcs1 in Saccharomyces cerevisiae (IP6K1, IP6K2, and IP6K3 in mammals), 

phosphorylates the 5-position α-phosphate of InsP6 to generate 5PP-InsP5 (aka, 5-InsP7).  The PP-

InsP5 kinase Vip1 in S. cerevisiae (Asp1 in Cryptococcus neoformans, and PPIP5K1 and PPIP5K2 

in mammals) has both kinase and phosphatase domains specific to adding a β-phosphate at the 1C-

position to yield 1,5PP2-InsP4 (InsP8), as well as removing it.  A minor pathway to InsP8 involves 

Vip1 acting prior to Kcs1. Ddp1, a promiscuous phosphatase with numerous substrates, 

dephosphorylates the 1C-position β-phosphate of 1PP-InsP5 and InsP8. Our lab identified and 

characterized Siw14 as an inositol pyrophosphate phosphatase that cleaves the 5C-position β-

phosphate (Steidle, Chong et al. 2016). This inositol pyrophosphate pathway is ubiquitous in 

eukaryotes, with important reactions performed by homologous enzymes in other fungi (Pöhlmann 

and Fleig 2010, Pöhlmann, Risse et al. 2014, Li, Lev et al. 2016, Kang 2018, Liao, Wang et al. 

2018, Desmarini, Lev et al. 2020, Ma, Yu et al. 2020), in plants (Laha, Johnen et al. 2015, 

Williams, Gillaspy et al. 2015, Jung, Ried et al. 2018, Dong, Ma et al. 2019, Laha, Parvin et al. 

2019, Zhu, Lau et al. 2019, Freed, Adepoju et al. 2020), and in animals (Saiardi, Nagata et al. 

2001, Otto and York 2010, Gokhale, Zaremba et al. 2011, Nagata, Saiardi et al. 2011, Prasad, Jia 

et al. 2011, Ghosh, Shukla et al. 2013, Gu, Wilson et al. 2016, Yu, Ye et al. 2016, Wilson, Jessen 

et al. 2019, Lee, Kim et al. 2020).  

Siw14 is in the subfamily Plant and Fungi Atypical Dual Specificity Phosphatase (PFA-

DSP) of the Protein Tyrosine Phosphatase (PTPase) family. Protein structure and catalytic activity 

by the 5PP-InsP5 phosphatase Siw14 were examined in several studies (Steidle, Chong et al. 2016, 

Wang, Gu et al. 2018, Florio, Lokareddy et al. 2019).  These studies revealed that Siw14 

specifically cleaves the 5-position β-phosphate from 5PP-InsP5 and 1,5PP2-InsP4 with limited 
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affinity for 5PP-InsP4.  Catalysis depends on the core catalytic residues HCxxGxxR, in which the 

Cys acts as the nucleophile, the adjacent His stabilizes the thiolate anion during catalysis, and the 

Arg stabilizes the substrate intermediate (Wang, Gu et al. 2018, Florio, Lokareddy et al. 2019).  

However, Siw14 differs from other PTPases in that it lacks the conserved WPD loop containing 

an aspartic acid residue that acts as a general acid during catalysis (Wang, Gu et al. 2018).  The 

specificity for this substrate and the interesting enzymology have made this phosphatase and its 

associated phenotypes of interest.   

The siw14Δ mutant in yeast is resistant to thermal, osmotic, oxidative, and nutrient 

deprivation stresses. Several studies have shown that the siw14Δ mutant is sensitive to caffeine 

and rapamycin (Alic, Higgins et al. 2003, Parsons, Brost et al. 2004, Dudley, Janse et al. 2005, 

Hirasaki, Kaneko et al. 2007, Romá-Mateo, Sacristán-Reviriego et al. 2011, Numamoto, Sasano 

et al. 2015). Under normal growth conditions, the siw14Δ mutant shows increased nuclear 

localization of the general stress transcription factor Msn2 (Steidle, Morrissette et al. 2020), and 

the nitrogen response transcription factor Gln3 (Numamoto, Sasano et al. 2015). Together these 

studies demonstrate an important role for both Siw14 and inositol pyrophosphates in stress 

responses. 

In S. cerevisiae, Oca1 and Oca2 are paralogs of Siw14 that exhibit physical interactions 

with each other and with Siw14, as shown by many yeast two-hybrid and pull-down/mass 

spectrometry experiments (Uetz, Giot et al. 2000, Ito, Chilba et al. 2001, Ho, Gruhler et al. 2002, 

Krogan, Cagney et al. 2006, Yu, Braun et al. 2008, Breitkreutz, Choi et al. 2010).  Oca1 is a 238 

amino acid protein that shares 32% identical residues and 50% similar residues with the 281-amino 

acid Siw14, and Oca2 is a 197 amino acid protein sharing 37% identical residues and 57% similar 
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residues with Siw14.    Interestingly, Oca1 and Oca2 have different mutations within the conserved 

HCxxGxxR catalytic core (Figure 3.1A): Oca1 has a Ser in place of the Cys and Oca2 has a Cys 

in place of the His.  These observations suggest that the proteins may be catalytically inactive 

(Wishart and Dixon 1998).  While the Oca2 protein was not examined, recombinant Oca1 lacked 

activity using the generic phosphatase substrates OMFP and p-nitrophenyl phosphate (pNPP); 

however, 5PP-InsP5 was not tested as a substrate (Romá-Mateo, Ríos et al. 2007, Romá-Mateo, 

Sacristán-Reviriego et al. 2011).   

In addition, oca1Δ and oca2Δ mutants share some but not all phenotypes with the siw14Δ 

mutant, indicating that Oca1 and Oca2 are expressed and therefore not pseudogenes. All three fail 

to arrest at G1 in response to linoleic acid hydroperoxide (LoaOOH) treatment (Alic, Higgins et al. 

2001, Alic, Higgins et al. 2003) and are sensitive to caffeine (Alic, Higgins et al. 2003). Sensitivity 

to caffeine and rapamycin was further explored in a 2011 study, which showed that overexpression 

of SIW14 suppressed the caffeine and rapamycin sensitivities of both the oca1Δ and oca2Δ mutants 

(Romá-Mateo, Sacristán-Reviriego et al. 2011). These observations suggest that the physical 

interactions may be important for at least some of the mutant phenotypes.   

These data raise the intriguing possibility that Oca1 and Oca2 are pseudoenzymes.  

Pseudoenzymes are catalytically inactive proteins that regulate the activity of a homologous, active 

enzyme. There are examples of pseudokinases, pseudophosphatases, and other pseudoenzymes in 

eukaryotes, but few have been described in Saccharomyces cerevisiae (Reiterer, Eyers et al. 2014, 

Murphy, Farhan et al. 2017, Reiterer, Pawłowski et al. 2017, Jeffery 2019, Ribeiro, Das et al. 2019, 

Adrain 2020, Jeffery 2020, Reiterer, Pawłowski et al. 2020, Shrestha, Byrne et al. 2020). 

Pseudophosphatases alter the catalytic activity of canonical phosphatases by enhancing or 
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inhibiting enzyme function, altering subcellular localization, acting as scaffolds, or blocking 

substrate binding (Alonso and Pulido 2016).    

Here we expand the understanding of inositol pyrophosphate metabolism through Siw14 

by showing that Oca1 and Oca2 function as novel pseudophosphatases. Recombinant Oca1 and 

Oca2 are each catalytically inactive against phosphatase substrates pNPP and 5-InsP7, whereas 

recombinant Siw14 is catalytically active. Incubation of recombinant Siw14 with recombinant 

Oca1 or Oca2 increased the phosphatase activity of Siw14 using both generic and specific 

substrates. We tested the hypothesis that Oca1 and Oca2 affect the subcellular localization of 

Siw14-GFP, and found only modest differences in subcellular localization.  These data are 

consistent with the hypothesis that Oca1 and Oca2 are pseudophosphatases that enhance the 

activity of Siw14.  This is the first description of regulation of the inositol polyphosphate pathway 

by pseudoenzymes.   

 

3.2 Results 

 

Oca1 and Oca2 are Catalytically Inactive in vitro and in vivo  

To examine phosphatase activity, we purified recombinant GST-tagged Oca1 and Oca2 

and MBP-tagged and GST-tagged Siw14, and subjected cells containing empty vector controls to 

the same steps in the purification scheme. (Figure 3.1B). Using the general phosphatase substrate 

pNPP, we found that MBP-Siw14 had an activity of 50 nmol min-1 mg-1 protein, approximately 5-

fold higher than the background levels from purified empty vector. The GST-Oca1 and GST-Oca2 

proteins had activity at the level of empty vector (Figure 3.1C), which likely contain nonspecific 

contaminating phosphatases. We examined the ability of these proteins to use the preferred 
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substrate of Siw14, 5PP-InsP5 as the substrate in in vitro assays, and found that Oca1 and Oca2 

are catalytically inactive with 5PP-InsP5 (Figure 3.2).  

We asked if Oca1 and Oca2 proteins were able to modulate inositol pyrophosphate levels 

in vivo, following the approach used previously (Steidle, Chong et al. 2016), by transiently 

introducing genes that encode Myc-tagged Siw14, Oca1 and Oca2 into mammalian cells. To do 

these experiments, we radiolabeled cells with [3H] myo-inositol, extracted the soluble inositol 

polyphosphates, and separated them by HPLC.  As seen in Figure 3.3, neither Myc-Oca1 nor Myc-

Oca2 were able to deplete the endogenous pools of InsP7, whereas Myc-Siw14 decreased the pools 

to nearly undetectable levels.  These in vivo data are consistent with the lack of activity seen in the 

in vitro assays described above.   

Together these data show Oca1 and Oca2 are catalytically inactive phosphatases both in 

vitro using recombinant protein and in vivo in a heterologous expression system in cell culture.  

The lack of enzymatic activity is consistent with the prediction based on substitutions of critical 

amino acids in the catalytic core active site.  These observations are consistent with the notion that 

Oca1 and Oca2 are pseudoenzymes, although it is still formally possible that the enzymes were 

not tested under the conditions necessary to see the phosphatase activity.  To test the 

pseudoenzyme hypothesis, we examined (1) physical interactions between these proteins and (2) 

effects that Oca1 and Oca2 have on the enzymatic activity of Siw14 in vitro and on inositol 

pyrophosphate levels in vivo.  
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Oca1 and Oca2 Form Two Distinct Complexes with Siw14 

Previous reports using pull-down mass spectrometry and yeast-two-hybrid techniques have 

shown pairwise interactions between Siw14, Oca1, and Oca2 (Uetz, Giot et al. 2000, Ito, Chilba 

et al. 2001, Ho, Gruhler et al. 2002, Krogan, Cagney et al. 2006, Yu, Braun et al. 2008, Breitkreutz, 

Choi et al. 2010). We sought to determine what types of complexes are formed between Siw14, 

Oca1, and Oca2. We cleaved the GST tag from purified recombinant Oca1 and Oca2 and used gel 

filtration to examine the mass.  As shown in Figure 3.4A, Oca1 and Oca2 likely form multimers 

in solution. Since GST forms dimers, the approximate band intensity of free GST and either Oca1 

and Oca2 indicate that Oca1 and Oca2 are likely forming trimers. This observation is different 

than what is seen with Siw14 which forms monomers (Wang, Gu et al. 2018). Using gel filtration 

(Figure 3.4B) and isothermal calorimetry (ITC) techniques (Figure 3.4C-D), preliminary data 

indicate that monomeric Siw14 likely interacts with the Oca1 or Oca2 trimers.  Titration of Siw14 

into Oca2 by ITC indicates tight binding between Siw14 and Oca2 with a KD of ~22 nM and a 

stoichiometric ratio of 1:3 (Siw14:Oca2) (Figure 3.4C-D). Similar experiments with Oca1 are 

predicted to yield similar results to that of Oca2 in terms of ratio and binding affinity but remain 

to be tested.  
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Figure 3.1.  Oca1 and Oca2 are catalytically inactive phosphatases (A). Partial protein 

alignment of Oca1, Oca2, and Siw14 with mutations indicated in blue with red asterisks. Oca1 has 

a substitution that corresponds to Siw14-C214 and Oca2 has a substitution that corresponds to 

Siw14-H213. (B) Coomassie Blue Stain indicates protein purification aliquots from supernatant, 

washes, and elution. (C) Recombinant GST-Oca1 and GST-Oca2 were batch purified using 

glutathione resin and recombinant His6-MBP-Siw14 protein was batch purified using Ni-NTA 

Sepharose beads. Protein activity is reported as Units (nmol/min/mg) using the pNPP assay. The 

** 

HCxxGxxR 
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activity of His6-MBP-Siw14 is statistically different from Oca1, and Oca2, p <0.007. Experiment 

performed by VAM.    
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Figure 3.2.  Oca1 and Oca2 are inactive against 5-InsP7. (A) Data collected using HPLC 

analysis of samples containing 1.2-9.4 ng of Oca1, Oca2, or Siw14 incubated with 10 µM 5-[H3]-

InsP7 for 15 minutes. (B) Average activity reported for Oca1, Oca2, and Siw14.  Experiment was 

performed by HW.   

 

 

 

 

 

 

Protein Oca1 Oca2 Siw14 

Average Activity (nmol min-1 mg-1) 1.08 1.48 777.62 
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Figure 3.3.  Oca1 and Oca2 are not active in mammalian cells. (A) Genes encoding Myc-

tagged Siw14, Oca1 and Oca2 were expressed in mammalian cells.  Representative profile of PP-

InsPs.  (B) Western showing expression of all proteins (α-Myc). (C) Quantified levels of InsP7. 

All fold changes were normalized to wild-type levels. Bars represent the average of 3 experiments 

and error bars represent standard deviation.  Experiment performed by EAS and LC. 
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Figure 3.4. Siw14 forms two complexes with Oca1 and Oca2. (A). Representative SDS-Page of 

GST cleaved from purified proteins and separated using a size exclusion column. (B) SDS-Page 

of Siw14, GST-Oca1, Siw14 mixed with and GST-Oca1, and Siw14 mixed with GST-Oca1 

filtered through size exclusion column selecting for complex elution peaks. (C/D) Siw14 was 

titrated into Oca2 using ITC and measurements were taken every 2.5 minutes. Experiments 

performed by HW.    

Siw14 

GST-Oca1 

Size-Exclusion Column Elution Peaks  Protein mixtures 

Siw14 and 
GST-Oca1 

Siw14 and GST-Oca1 
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Endogenous Levels of Inositol Pyrophosphates Are Not Significantly Altered in oca1Δoca2Δ 

Double Mutant 

Given the physical interactions and catalytic inactivity of Oca1 and Oca2, we next asked if 

Oca1 and Oca2 affected inositol pyrophosphate levels. We compared the inositol pyrophosphate 

pools in wild-type, siw14Δ, oca1Δ, and oca2Δ mutants of S. cerevisiae (Figure 3.5).  Consistent 

with our previous report, the siw14Δ mutant showed a 6.5-fold increase of InsP7 and a 1.6-fold 

increase in InsP8 (Steidle, Chong et al. 2016).  The oca1Δ and oca2Δ mutants had a small increase 

of 1.8 to 1.9-fold in the InsP7 pool; this was statistically significant relative to the wild-type levels   

However, the increase in the InsP7 was not as large as in the siw14Δ mutant. The oca1Δ oca2Δ 

double mutant was not different than either of the single mutants in the accumulation of InsP7. The 

impact on the InsP8 pools were somewhat unexpected. There was no increase in the InsP8 in the 

oca1Δ mutant (same as in the wild-type) whereas InsP8 accumulated in the oca2Δ mutant to the 

same level as in the siw14Δ mutant. The effects on the inositol pyrophosphate pools in yeast cells 

were more complicated than in mammalian cells, likely because the native SIW14 gene was present 

in the oca1Δ and oca2Δ mutant strains.   
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Figure 3.5. The oca1Δ and oca2Δ mutants do not alter InsP7 levels as significantly as the 

siw14Δ mutant. (A, B) Representative inositol phosphate profiles for wild-type, siw14Δ, oca1Δ, 

and oca2Δ and for oca1Δsiw14Δ, oca2Δsiw14Δ, and oca1Δoca2Δ mutants, as indicated in the 

key. (C/D) Quantified levels of InsP7 and InsP8. All fold changes were normalized to wild-type 

levels. Bars represent the average of 5 experiments and error bars represent standard deviation.  

Experiments were performed by EAS and LC.   
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Oca1 and Oca2 Enhance the Catalytic Activity of Siw14 in vitro 

We next sought to determine if the physical interactions between Oca1, Oca2, and Siw14 

resulted in altered Siw14 catalytic activity. To determine the effect of Oca1 and Oca2 on Siw14, 

we performed enzyme assays using purified recombinant protein and pNPP as the phosphatase 

substrate. A panel of Oca1 and Oca2 concentrations were first titrated into an enzyme reaction 

containing 10 µg of Siw14. We saw an effect on Siw14 phosphatase activity up to 30 µg, the most 

concentrated protein sample tested (Figure 3.6A-C). Using 30 µg Oca1 or Oca2 we found a 2.5-

fold increase in Siw14 phosphatase activity in vitro. Interestingly, incubation with all three proteins 

(Oca1, Oca2, and Siw14) did not increase the activity beyond 2.5-fold. Co-incubation of Oca1 

with Oca2 did not result in catalytic activity, rather they displayed the same lack of activity shown 

by Oca1 or Oca2 individually. The addition of either BSA or GST (from the empty vector 

purification) did not enhance activity of Siw14 (Figure S1), and cleavage of the GST tag from the 

Siw14 and Oca1 proteins does not impact the 2.5-fold enhancement. We then determined the 

enzyme kinetic values using substrate saturation assays.  Consistent with our previous results, we 

found a 2.5-fold increase in Siw14 activity when incubated with either Oca1 or Oca2 compared to 

Siw14 alone (Figure 3.6D).  
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Figure 3.6. Oca1 and Oca2 enhance Siw14 phosphatase activity ~2.5 fold in vitro. 

Recombinant purified protein activity was determined using the pNPP assay. (A) Siw14 (10 μg) 

was titrated with Oca1 (0 µg – 30 µg) and enzyme activity was performed as described in Figure 

3.1. (B) Siw14 was titrated with Oca2 (0 µg – 30 µg) and enzyme activity was performed as 

described in Figure 3.1. (C) Summary data ((Oca1 + Siw14) and (Oca2 +Siw14)) Lanes 1-3 were 

shown in Fig 1. Siw14 was incubated with 30 µg of either Oca1 or Oca2.  (D) Substrate saturation 

curves for Siw14 (circle), Siw14 and Oca1 (square) and Siw14 and Oca2 (triangle) incubated with 

pNPP.  Experiments performed by VAM.   

  

-500

500

1500

2500

3500

4500

5500

6500

7500

8500

0 20 40 60 80 100 120

V
el

o
ci

ty
 (

p
m

o
l/

m
in

)

Concentration pNPP (mM) [S]

Siw14 Siw14 + Oca1 Siw14 + Oca2

D 



85 

 

Oca1 Enhances Siw14 Activity with the Preferred Substrate 5-InsP7 in vitro 

We next asked if Oca1 and Oca2 were able to enhance the activity of Siw14 using the 

preferred substrate, 5-InsP7. To test this, we mixed recombinant protein with 5PP-InsP5 and used 

HPLC to separate the 5-[H3]-InsP7 substrate from the [H3]-InsP6 product.  The enzymatic activity 

of Siw14 alone and when combined with Oca1 or Oca2 was measured (Figure 3.7). We found that 

both Oca1 and Oca2 enhanced Siw14 activity with the preferred substrate 5-InsP7: Oca1 enhanced 

Siw14 activity at least ~4.22-fold and Oca2 enhanced Siw14 activity 3.13-fold.  

 

Siw14 Localization Is Not Affected by the Absence of Oca1 and Oca2 

After finding Oca1 and Oca2 enhance Siw14 activity, we next asked if Oca1 and Oca2 also 

affected subcellular localization of Siw14 localization. We used fluorescence microscopy to test 

whether Siw14-GFP localization patterns were altered in the oca1Δoca2Δ double mutant 

compared to wild type cells. We noted an interesting pattern of Siw14-GFP localization in WT 

cells grown to mid-log phase where discrete puncta formed within the cytoplasm. Curiously, we 

saw a modest decrease in puncta found in the mutants in 3D- projected z-stacks, but not in slices 

or z-projections (Figure 3.8).  This finding indicates that loss of Oca1 and Oca2 do not significantly 

impact Siw14 subcellular localization.  
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Figure 3.7. Oca1 and Oca2 enhance the activity of Siw14 with the preferred substrate 5PP-

InsP5. (A/B). Siw14 (1.2-9.4 ng) was titrated with Oca1 or Oca2 and enzyme activity was 

measured using HPLC analysis following a 15-minute incubation with 5-[H3]-InsP7. Experiment 

was performed HW.  



87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Siw14-GFP localization patterns are not significantly altered in the oca1Δ oca2Δ 

double mutant compared to wild-type. Wild-type and the oca1Δ oca2Δ mutant cells were grown 

in SC at 30°C to mid-log phase and >200 cells were imaged. Experiment performed by VAM. 
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Single Point Mutations in Oca1 and Oca2 Were Not Sufficient to Restore Phosphatase Activity 

We next sought to determine if single point mutations within the catalytic cores of Oca1 

and Oca2 were enough to restore catalytic activity. Previous studies showed that single point 

mutations in the Siw14 catalytic core at His-213 or Cys214 reduced or eliminated catalytic activity 

(Care, Vousden et al. 2004, Steidle, Chong et al. 2016, Wang, Gu et al. 2018, Florio, Lokareddy 

et al. 2019). Conversely, we hypothesized that mutations within the catalytic core might be 

sufficient to restore phosphatase activity. Point mutations were introduced into Oca1 and Oca2 

using PCR-mediated site-directed mutagenesis: the catalytic histidine was restored in Oca1 

(C167H) and the cysteine was restored in Oca2 (S102C). We purified recombinant GST-fusion 

proteins and assayed for activity using pNPP assay as previously described. As shown in Figure 

3.9, these mutations were not able to restore catalytic activity, thus indicating additional mutations, 

possibly outside of the catalytic core, are critical to catalytic function.  
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Figure 3.9.  Point mutations within the catalytic cores of Oca1 and Oca2 do not restore 

catalytic activity. Recombinant GST-Oca1-C167H and GST-Oca2-S102C were batch purified 

using glutathione. Protein activity is reported as Units (nmol/min/mg) using the pNPP assay. 

Experiment performed by VAM. 
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Rapamycin Sensitivity of the siw14Δ, oca1Δ, and oca2Δ Single Mutants Is Lost in the 

oca1Δoca2Δ Double Mutant. 

Previous reports show that the siw14Δ, oca1Δ, and oca2Δ mutants are sensitive to 

rapamycin (Romá-Mateo, Sacristán-Reviriego et al. 2011). We hypothesized that the 

siw14Δoca1Δ, siw14Δoca2Δ, and oca1Δoca2Δ double mutants would be as sensitive to rapamycin 

as each single mutant. We used spot assays to assess cell survival on rapamycin. We validated 

previously reported data for the single mutants and found that double siw14Δoca1Δ and 

siw14Δoca2Δ mutants are sensitive to rapamycin, similar to the single mutants. Surprisingly, we 

found that the oca1Δoca2Δ double mutant was not sensitive to rapamycin treatment, rather it 

exhibited WT-like survival (Figure 3.10).   

 

 

  



91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Loss of Oca1 and Oca2 restores WT-like rapamycin survival. Wild-type, siw14∆, 

oca1Δ, oca2Δ, siw14Δoca1Δ, siw14Δoca2Δ, oca1Δoca2Δ mutant strains were grown to log phase 

and plated on SC or SC supplemented with 5 ng/mL of Rapamycin. Plates were incubated at 30°C 

for 2 days. Experiment performed by JR.  
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3.3 Discussion  

 

This paper describes two novel pseudophosphatases in yeast and the first examples of 

pseudoenzyme regulation in the inositol polyphosphate biosynthetic pathway in any eukaryote. 

Using in vitro and in vivo approaches, we established that Oca1 and Oca2 are pseudoenzymes that 

modulate Siw14 activity and do not appear to affect localization of Siw14 in any large way. Using 

recombinant protein, we showed that Oca1 and Oca2, which lack critical catalytic residues, are 

catalytically dead. This finding was further demonstrated by introducing Myc-Oca1 and Myc-

Oca2 into mammalian cells where they did not affect endogenous InsP7 pools, unlike Siw14 which 

depleted the InsP7 pools. Defining a protein as a pseudoenzyme can be difficult and therefore some 

criteria have been established for characterization: first, the protein of interest must share 

homology with an active enzyme, with critical mutations in the primary amino acid sequence or 

the structure of the catalytic core.    Second, the mutation(s) leads to loss of enzymatic catalysis. 

Finally, the pseudoenzyme affects the canonical enzyme through at least one of the mechanisms 

of actions described below. Here we show that both Oca1 and Oca2 fit those criteria and can 

therefore have been experimentally determined to be pseudophosphatases.  

Using sequence alignment, we showed that Oca1 and Oca2 lack critical catalytic residues 

that are found in the Siw14 core. Although these proteins belong to the protein tyrosine 

phosphatase (PTP) family, Oca2 was first described as Y-STYX, a PTP-like protein, in a 1998 

review predicting lack of catalytic activity due to critical mutations within the PTP active site. 

Interestingly, in this review Oca1 (YNL099C) and Siw14 (YNL032W) were both predicted to be 

active PTPs (Wishart and Dixon 1998). Our assays showed that Oca1 and Oca2 are catalytically 

dead in vitro and do not significantly change endogenous PP-InsPs in vivo in yeast or when 
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exogenously expressed in mammalian cells. Back mutations of Oca1-C167H and Oca2-S102C did 

not restore catalytic phosphatase activity. This suggests that additional changes found in Oca1 and 

Oca2 contribute to the loss of enzymatic function. In fact, the inability of substitutions within the 

catalytic core to restore activity are consistent with the importance of C-terminal residues 

necessary for catalytic activity of Siw14 (Wang, Gu et al. 2018), residues that are not conserved 

in Oca1 and Oca2.   

Pseudoenzyme mechanisms to alter the associated enzyme activity have been defined in 

multiple ways.  Here we are using the classification or system established by Reiterer and 

colleagues  (Reiterer, Eyers et al. 2014), which identified four main mechanisms: (1) modulation 

to allosterically inhibit or enhance enzyme activity, (2) competition to prevent access to substrate 

pools, (3) spatial anchor/scaffold to restrict enzyme activity to particular subcellular locations, and 

(4) signal integration by affecting signaling pathways.  

Using recombinant protein and in vitro enzyme assays, we showed that Oca1 and Oca2 

enhance Siw14 phosphatase activity. Although Oca1 and Oca2 enhance Siw14 activity with the 

general phosphatase substrate pNPP, the enhancement is much more biologically relevant with the 

actual substrate, 5-InsP7. Oca1 enhanced the activity of Siw14 by at least 4.2-fold and Oca2 

enhanced it by 3.1-fold. Further studies should determine if Oca1 or Oca2 also enhance Siw14 

activity with InsP8 and if they do so at a different enhancement rate than with 5-InsP7. These data 

show that Oca1 and Oca2 act as pseudophosphatase modulators that enhance Siw14 activity. We 

also investigated whether the loss of Oca1 and Oca2 together affects the subcellular localization 

of Siw14-GFP; although we found some small effects on formation of puncta in the cytoplasm, 

additional experiments would be necessary to determine the significance of the effect. We also 
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examined the rapamycin sensitivity of the oca1Δ oca2Δ double mutant; interestingly, the increased 

rapamycin sensitivity of the single mutants was suppressed in the double mutant.  This result 

suggests that Oca1 and Oca2 might be important for rapamycin signal integration.  

We showed that Oca2 physically interacts with Siw14 to form a distinct hetero-multimer 

complexes, with a stoichiometry of 1 subunit of Siw14 to 3 subunits of Oca2. Previous global 

studies showed that Siw14, Oca1, and Oca2 physically interact in yeast. Using isothermal 

calorimetry and size exclusion techniques, we found that a Siw14 monomer interacts with an Oca2 

trimer forming a heterotetramer. Based on data collected, we predict Oca1 will form a similar 

complex, although additional experimentation is required to confirm this. The consequence of 

these interactions presents a novel mechanism of inositol polyphosphate biosynthetic enzyme 

regulation.  

The siw14Δ, oca1Δ, and oca2Δ single mutants have distinct, but overlapping phenotypes 

in yeast. Importantly, all single mutants are sensitive to caffeine and rapamycin treatment which 

can be suppressed by overexpressing SIW14 (Romá-Mateo, Sacristán-Reviriego et al. 2011). We 

found that while the siw14Δoca1Δ and siw14Δoca2Δ double mutants were sensitive to rapamycin, 

the oca1Δoca2Δ mutant had WT-like survival. This finding suggests that both Oca1 and Oca2 are 

important for survival in the presence of the mTOR inhibitor, rapamycin. Future studies should 

determine if Oca1 and Oca2 are important for integrating other signals to Siw14 by examining 

other phenotypes associated with the siw14Δ mutant. This early finding supports an intriguing 

model in which Oca1 and Oca2 are important for Siw14 regulation by modulating Siw14 activity. 
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3.4 Experimental Procedures 

Strains and Plasmids 

The following yeast strains were purchased from Open Biosystems and Invitrogen: BY4741 

(MATa his3Δ leu2Δ met15Δ ura3Δ), siw14Δ (siw14::KanMx), oca1Δ (oca1::KanMx), oca2Δ 

(oca2::KanMx), siw14Δoca1Δ (siw14::URA3 oca1::KanMx), siw14Δoca2Δ (siw14::URA3 

oca2::KanMx), oca1Δoca2Δ (oca1::LEU2 oca2::KanMx). For protein expression in E. coli BL21 

DE3, vectors were kindly gifted from C. Romá-Mateo.  

 

GST- tagged Recombinant Protein Purification 

Methods were previously published in Steidle and Morrissette 2020 with minor modifications. E. 

coli cells containing pGEX-4T plasmids were grown overnight in LB at 37°C and back diluted 

into fresh LB the following day. Cultures were grown for three h at 37°C (to early log phase) IPTG 

(100 µM) was added to each sample before being moved to room temperature and shaken 5 h to 

induce protein production. Cells were pelleted by centrifugation for 30 min at 10,000 × g at 4°C, 

and cell pellets were placed at -80°C until cell lysis. Cell pellets were suspended in lysis buffer 

(1mM Tris-HCl pH 8.0, 0.01% TritonX-100, 5 mM DTT, 1X protease inhibitors 

(ThermoScientific 100X protease inhibitor single use cocktail)) and cell lysis was accomplished 

using a microfluidizer. After lysis, cellular debris was pelleted at 10,000 × g for 30 min at 4°C. 

The supernatant was immediately placed on glutathione resin (GE Healthcare) for batch 

purification. The protein-bound resin was washed three times using equilibrium wash buffer and 

protein was eluted using 10 mM glutathione in wash buffer. Protein samples were concentrated 

using Amicon Ultra-15- 30K concentrators. Protein concentration was determined by A280. 
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His6-MBP- tagged Recombinant Protein Purification  

Methods were performed as previously described in (Steidle, Morrissette et al. 2020) with minor 

modifications. Briefly, strains were grown overnight in 2xYT, reinoculated 1:100 into fresh 2xYT 

(pH 7.5) medium containing 0;07% L-arabinose and allowed to grow to mid-log phase.  Isopropyl-

D-thiogalactopyranoside (IPTG; 100 µM) was added and cultures were grown overnight at 4 °C 

or at room temperature for 5 h. Cells were pelleted by centrifugation and lysed by sonication. 

Protein was purified in batch using nickel-nitrilotriacetic acid-Sepharose beads (GE Healthcare); 

beads were washed twice with Buffer 1 (20 mM Tris-HCl, pH 7.5, 20 mM imidazole, 300 mM 

NaCl) and once with Buffer 2 (20 mM Tris-HCl, pH 7.5, 20 mM imidazole, 50 mM NaCl). Protein 

was eluted in Buffer 3 (20 mM Tris-HCl, pH 7.5, 400 mM imidazole, 50 mM NaCl). Buffer was 

exchanged using centrifugal filter units (Amicon Ultra-15, Ultracel-30K) to a buffer containing 20 

mM Tris-HCl, pH 7.5, and 50 mM NaCl. Purification was assessed by SDS-PAGE and staining 

with Coomassie Brilliant Blue. 

 

General Phosphatase pNPP Assay  

Methods were performed as described (Steidle, Morrissette et al. 2020). Briefly, enzyme reactions 

containing 10 mM pNPP in reaction buffer (25 mM HEPES, pH 6.0, 50 mM NaCl, 10 mM MgSO4 

and 1 mM DTT) were incubated for 15 min at 37°C. Reactions were stopped using 1M NaCO3.  

pNP was detected by measuring absorbance at 405 nm.  
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5-[H3]-InsP7 Enzyme Assays and HPLC Analysis  

Methods were performed as described (Wang, Gu et al. 2018). Briefly, enzyme assays were 

performed for 15 min at 30°C using 10 µM 5-[H3]-InsP7 in buffer containing 20 mM HEPES, pH 

7.2, 100 mM KCl, 0.6 mM MgCl2, 20 µM EDTA and quenched using 100 µL TiO2 beads. Inositol 

polyphosphates were separated using carboPACTM HPLC column. Analysis was performed using 

Prism (Graphpad). 

 

Fluorescence Microscopy  

Microscopy was performed as described in (Steidle, Morrissette et al. 2020). Cells were grown 

overnight in SC medium at 30°C. Cells were then normalized to an OD600 = 0.1 and allowed to 

grow in fresh SC to mid-log phase OD600 ~ 0.4-0.6. Cells were washed in PBS and resuspended in 

PBS for imaging. Images were acquired using a deconvolution microscopy system (DeltaVision; 

Applied Precision, LLC) equipped with an inverted microscope (TE200; Nikon) and a 100× 

objective with numerical aperture of 1.4. Image analyses were performed using Precision 

softWoRx and ImageJ. For each strain, at least 200 cells from five biological replicates were 

counted. 
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CHAPTER 4 

Conclusions and Future Directionsc 

 

4.1 Introduction 

The work in this dissertation has explored the role and regulation of inositol 

pyrophosphates in Saccharomyces cerevisiae by studying Siw14 and pseudophosphatase 

regulators. Chapter 1 served as an introduction and literature review of publications related to 

inositol pyrophosphates. Parts of Chapter 1 were published in Current Genetics in a review entitled 

The Intersection Between Stress Responses and Inositol Pyrophosphates in Saccharomyces 

cerevisiae (Morrissette and Rolfes 2020), but were expanded for the thesis. Chapter 2 described 

an important link between inositol pyrophosphates and the general stress transcription factor Msn2 

wherein the high levels of inositol pyrophosphates found in the siw14Δ mutant resulted in 

increased nuclear localization of Msn2 under non-stress conditions. Furthermore, the increased 

Msn2 nuclear localization was associated with increased expression of select Msn2 target genes 

as demonstrated by RT-qPCR. These findings indicated that the stress resistance phenotypes found 

in the siw14Δ mutant are at least partially due to increased expression of Msn2 stress response 

genes. Chapter 2 was published as The InsP7 Phosphatase Siw14 Regulates Inositol Pyrophosphate 

Levels to Control Localization of the General Stress Transcription Factor Msn2 in the Journal of 

Biological Chemistry and I was a co-first author (Steidle, Morrissette et al. 2020). These 

observations led us to consider that the TORC1 pathway is regulated by inositol pyrophosphates, 

ideas developed further in this chapter.  Chapter 3 presented the results describing a novel set of 

 
c Contributing Authors: Kristin Krumenacker, Ursula Machi, and Ronda Rolfes 
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pseudoenzymes, Oca1 and Oca2, that enhanced the activity of Siw14.  These results mark the first 

pseudoenzymes found to regulate inositol pyrophosphates in any eukaryote. Oca1 and Oca2 

increase Siw14 activity with both general phosphatase substrate p-NPP and with the natural 

substrate 5-InsP7 by 2.5- to 4-fold. My research demonstrated that Oca1 and Oca2 act as Siw14 

modulators, a specific mechanism of action for some pseudoenzymes. Chapter 3 is in preparation 

for submission to the Journal of Biological Chemistry as Oca1 and Oca2 Are Pseudoenzymes That 

Enhance the Activity of InsP7 Phosphatase Siw14. This last chapter will explore major findings, 

future directions, and conclusions. Parts of Chapter 4 were published in the review (Morrissette 

and Rolfes 2020), and are expanded upon here.  

 

 4.2 Inositol pyrophosphates, the ESR, and TORC1 

This section will discuss major findings, consider implications, and explore future 

directions for data shown in Chapter 2, with a particular focus on a potential role for inositol 

pyrophosphates as negative regulators of TORC1 signaling in yeast. 

 

Chapter 2 – Major Findings 

Chapter 2 examined the link between inositol pyrophosphates and the environmental stress 

response. The siw14Δ mutant is resistant to stressors including heat stress, oxidative stress, osmotic 

stress, and nutrient deprivation; Siw14 complementation restores WT phenotypes. Upon oxidative 

stress, the levels of PP-InsPs increase, however PP-InsPs levels remain constant under osmotic 

stress. In vitro data show that recombinant Siw14 activity is inhibited by hydrogen peroxide and 

is reversibly oxidized to restore activity. A previous report (Worley, Luo et al. 2013) demonstrated 
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that cells unable to produce PP-InsPs were unable to mount an ESR in response to stress. We saw 

the opposite phenotype: under non-stress conditions, the siw14Δ mutant has increased expression 

of ESR genes including a subset of genes which are regulated by the general stress transcription 

factor Msn2. GFP-Msn2 localization was significantly increased in the siw14Δ mutant under non-

stress conditions such that 51% of cells displayed nuclear Msn2 compared to 0.3% of WT cells.  

 

Through What Mechanism Do PP-InsPs Levels Change in Response to Stress? 

Studies have shown that PP-InsPs levels change in response to multiple stresses including 

oxidative stress, nitrogen deprivation, and phosphate-limiting conditions, although the 

mechanisms by which these changes occur is not well understood. Oxidative stress may be sensed 

directly by inositol pyrophosphate metabolizing enzymes.  Two studies have shown that the 

enzymes Kcs1 and Siw14 are reversibly oxidized by hydrogen peroxide in vitro (Onnebo and 

Saiardi 2009, Steidle, Morrissette et al. 2020). Further studies are required to determine if this is 

physiologically relevant within cells as a possible mechanism of action to alter PP-InsPs in 

response to hydrogen peroxide.  

Phosphorylation of enzymes is another possible mechanism to alter inositol 

pyrophosphates levels. InsP7 levels increase under phosphate- and nitrogen-limiting conditions 

(Lee, Mulugu et al. 2007, Norman, Shively et al. 2018), and these conditions are signaled by the 

Pho80/Pho85 and TORC1 kinases, respectively. Pseudohyphal growth depends upon kinases in 

several signaling pathways, including the mitogen-activated protein kinase (MAPK) Kss1, the 

AMP-activated kinase Snf1, and the Ras/Protein Kinase A (PKA) pathway kinase Tpk1/2 (Celenza 

and Carlson 1984, Cook, Bardwell et al. 1996, Robertson and Fink 1998, Pan and Heitman 1999, 
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Erdman and Snyder 2001, Vyas, Kuchin et al. 2003, Cullen and Sprague 2012). Both Kcs1 and 

Vip1are phosphorylated under pseudohyphal-inducing conditions by the Kss1 and Snf1 kinases 

(Shively, Kweon et al. 2015). Importantly, the ratio of 5-InsP7 to 1-InsP7 increased under 

pseudohyphal-inducing conditions (Norman, Shively et al. 2018), suggesting that phosphorylation 

of Kcs1 increases its catalytic activity and/or that phosphorylation of Vip1 either decreases its 

kinase activity or increases its phosphatase activity. Siw14 is phosphorylated on Tyr-92 and Ser-

94, under stress-inducing conditions but the implications of this have not been explored (Shively, 

Kweon et al. 2015).  These results suggest that phosphorylation could be a cellular mechanism to 

regulate inositol pyrophosphate levels; however, direct demonstration of altered enzymatic activity 

is lacking. Further research will be necessary to determine if there are additional mechanisms to 

modulate inositol pyrophosphate levels.  

 

Do Inositol Pyrophosphates Increase, Decrease, or Both Increase and Decrease in Response to 

Hydrogen Peroxide?  

 Under oxidative stress, two studies show conflicting results; one showed that InsP7 levels 

decrease upon oxidative stress and the other showed an increase in InsP7 (Onnebo and Saiardi 

2009, Steidle, Morrissette et al. 2020). One possibility is that both studies captured important 

fluctuations in inositol pyrophosphate levels that have specific cellular affects. More specifically, 

inositol pyrophosphate levels may dramatically oscillate to higher and lower concentrations 

relative to normal levels in order to have specific cellular impacts. Given increased levels of PP-

InsPs found in the siw14Δ mutant led to increased nuclear localization of Msn2, one hypothesis is 

that PP-InsPs first increase to cause Msn2 to move from the cytoplasm to the nucleus to induce 
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ESR genes. Keeping the ESR turned on for too long is unfavorable and prolonged induction can 

lead to cell death; therefore, cells may dramatically lower the levels of PP-InsPs, which was 

captured in the Onnebo study, in order to rapidly shut of the Msn2 regulated iESR, perhaps through 

Msn2 localization regulation. This model would support the phenotypes described in both 

oxidative stress assays. 

 An alternative model is that the captured PP-InsPs levels varied due to different strain 

backgrounds or reaction conditions; the Saiardi lab group used strain W303 whereas we used the 

BY4741 strain in the S288C background. There are multiple studies that show distinct phenotypes 

between these strain backgrounds; therefore, this notion is not unfounded. Both reports suggested 

that direct oxidation of the enzymes could occur within cells to alter inositol pyrophosphate levels. 

Indeed, I showed that recombinant Siw14 is reversibly oxidized in vitro and recombinant Kcs1 

activity is inhibited by oxidation providing direct evidence to support this hypothesis (Onnebo and 

Saiardi 2009, Steidle, Morrissette et al. 2020).  

 

Are PP-InsPs Levels Important for the Response to Hydrogen Peroxide?  

Confoundingly, the kcs1Δ mutant and siw14Δ mutant are both resistant to hydrogen 

peroxide treatment, although they have opposite effects on the formation of 5-InsP7 (Figure 4.1).  

These phenotypes are particularly confusing given high levels of PP-InsPs found in the siw14Δ 

mutant confer stress resistance to numerous additional stressors. Separately, the vip1Δ mutant 

(which also has increased PP-InsPs) is resistant to hydrogen peroxide stress (Onnebo and Saiardi 

2009). Importantly, the kcs1Δ mutant is only resistant to oxidative stress and is sensitive to other 

stressors including heat stress, caffeine stress, and osmotic stress. This observation suggests that 
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the oxidative stress resistance phenotype may be specific to kcs1Δ strain differences, and perhaps 

not the absence of PP-InsPs. The kcs1Δ mutant is described as having mitochondria defects and 

abnormal ATP:ADP/AMP ratios (Szijgyarto, Garedew et al. 2011).  Furthermore, the Onnebo 

study, which reported the resistance to hydrogen peroxide, also showed that the kcs1Δ mutant had 

increased activity of the Rad53 DNA damage repair pathway; they postulated that this increase 

activity could allow for increased survival to ROS stress (Szijgyarto, Garedew et al. 2011).  

 Alternatively, maintaining a normal inositol pyrophosphate profile is important for normal 

cell behavior in response to oxidative stress. In other words, the perturbations in PP-InsPs pools, 

either an abundance or absence, might increase cell survival in response to hydrogen peroxide. 

Further exploration into the oxidative stress response, rather than the general stress response, is 

critical to understanding if the resistance phenotype found in the kcs1Δ is due to inositol 

pyrophosphates or other factors. One such opportunity would be to determine Msn2 localization 

patterns in the kcs1Δ mutant in both strain backgrounds to determine if Msn2 nuclear frequency is 

increased as seen in the siw14Δ.  Although Msn2/4 are involved in the response to hydrogen 

peroxide, they are not the primary transcription factors for this response; additional mechanisms 

exist that are specialized signaling programs for oxidative stress responses.  Given the resistance 

phenotype is specific to hydrogen peroxide in the kcs1Δ mutant, it is important to look beyond the 

general ESR transcription factors Msn2/4. 

Yap1 is considered the primary transcription factor involved in the oxidative stress specific 

response (Harshman, Moye-Rowley et al. 1988).  In the presence of ROS, Yap1 is oxidized and 

activated to induce the expression of many antioxidant genes and is later reduced by thioredoxins 

to turn off the system after the ROS are eliminated (Delaunay, Isnard et al. 2000).  Measuring 
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Yap1-regulated gene expression differences in the siw14Δ and kcs1Δ mutant could indicate if this 

system is functioning differently than in WT cells. I hypothesize that upon hydrogen peroxide 

stress, the siw14Δ mutant will show increased activation of Yap1-regulated (induced) genes. Given 

the siw14Δ mutant has a stronger ESR than WT, this result would not be unexpected. Alternatively, 

the Yap1 regulon may have WT-like levels of expression and the hyperactivation of other ESR 

genes allows for increased survival in the siw14Δ mutant. The Capaldi lab showed that the kcs1Δ 

mutant was unable to turn on the ESR in response to hydrogen peroxide suggesting that Yap1 

targets will likely remain turned off (Worley, Luo et al. 2013). This result would indicate that other 

pathways, potentially hyperactivation of Rad53 causes the kcs1Δ to be resistant to hydrogen 

peroxide. Further investigation into the mechanism through which the kcs1Δ and siw14Δ mutants 

are resistant will be particularly important for understanding the role of PP-InsPs in the oxidative 

stress response.  

 

Through What Pathway do Inositol Pyrophosphates Alter the Nuclear Localization of Msn2?  

Multiple studies have shown that Msn2 is shuttled in and out of the nucleus in an oscillatory 

manner in response to different stresses. Furthermore, this oscillatory pattern is dependent on the 

specific type of stress. For example, Msn2 quickly oscillates between the nucleus and cytoplasm 

in response to glucose limitation and osmotic stress ; however, Msn2 primarily remains within the 

nucleus upon oxidative stress  (reviewed in (Gasch 2003, Morano, Grant et al. 2012). Chapter 2 

included Msn2-GFP localization data that found 51% of unstressed siw14Δ mutant cells have 

nuclear Msn2-GFP compared to 0.3% of WT cells. In addition, epistasis data showed that Siw14 
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likely acts at or above the level of Msn2, therefore next steps should be to determine how PP-InsPs 

regulate Msn2 localization.  

Msn2 localization is regulated, in part, through phosphorylation and dephosphorylation of 

multiple residues by several kinases and phosphatases: PKA, Snf1, Psr1/2-Whi2, Bmh2 and 

TORC1. More specifically, PKA phosphorylates Msn2 such that Msn2 remains in the cytoplasm; 

however, PKA itself is inhibited upon Snf1 activation caused by stress conditions like glucose 

starvation and hydrogen peroxide treatment (Nicastro, Tripodi et al. 2015). Upon PKA inhibition, 

Msn2 is rapidly dephosphorylated and shuttled into the nucleus (Görner, Durchschlag et al. 1998, 

Reiter, Klopf et al. 2013). Psr1/2-Whi2 form a complex to positively regulate Msn2 activity via 

dephosphorylation; SIW14 was first described as suppressing a whi2 mutation (Care, Vousden et 

al. 2004). Bmh2, a TORC1 regulated target, acts as a spatial anchor to sequester Msn2 in the 

cytoplasm. Separately, TORC1 and Tap42 inhibition activates PP2A leading to dephosphorylation 

of multiple Msn2 residues promoting translocation from the cytoplasm to the nucleus (Santhanam, 

Hartley et al. 2004). Given that Msn2 is regulated by multiple pathways, determining the specific 

mechanism by which PP-InsPs affects Msn2 localization patterns will be important for 

understanding PP-InsPs signaling. I will explore the hypothesis that PP-InsPs influence cell 

signaling through TORC1 in the remaining sections of Chapter 4 Part 1, although alternative 

hypotheses, including PKA signaling, will also be discussed. 

 

Do Inositol Pyrophosphates Affect Cell Signaling through TORC1?  

I hypothesize that inositol pyrophosphates inhibit the TORC1 signaling at the level of 

TORC1 or at the level of direct TORC1 targets Tap42/Sch9. I based this hypothesis on the 
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following reasons, expanded upon below: gene expression of TORC1-regulated genes, altered 

nuclear localization of TORC1-regulated transcription factors, and caffeine-sensitivity.    

Gene expression of TORC1-regulated genes. In our analysis of microarray data obtained 

for an siw14Δ strain that overproduces 5-InsP7 and InsP8 (Steidle, Morrissette et al. 2020), we 

noted that approximately 75% of genes misregulated in the absence of stress in the siw14Δ mutant 

are regulated by transcription factors that are regulated by TORC1 (Figure 4.3).  In addition to 

Msn2/4, which was discussed in Chapter 2, the target genes for the transcription factors Gln3/Gat1, 

Rap1, Gcn4, Gis1, and Sfp1 also showed increased expression by DNA microarray analysis that 

was not seen in wild-type cells (Table 4.1). Indeed, RT-qPCR analysis verified these findings to 

show increased expression in the siw14Δ mutant under non-TORC1 inhibiting conditions (Figure 

4.4). Thus, if PP-InsPs affect TORC1 activity, then one would expect to see changes to gene 

expression for multiple transcription factors that are downstream of it.   

Capaldi and colleagues examined the consequences of the absence of inositol 

pyrophosphates on the TOR pathway (Worley, Luo et al. 2013). They focused on the 

phosphorylation of the repressors Dot6 and Tod6, as well as expression of RiBi genes in the kcs1Δ 

vip1Δ double mutant. They found that phosphorylation of Dot6/Tod6 in the kcs1Δ vip1Δ double 

mutant was the same as in the wild-type strain (Worley, Luo et al. 2013), indicating that signaling 

through the Sch9 branch was unaffected by the loss of inositol pyrophosphates. This finding is not 

unexpected if the signal for stress is increased PP-InsPs, and this interpretation is consistent with 

the wild-type expression of RiBi genes in the siw14Δ mutant (Steidle, Morrissette et al. 2020). 

Together, the results from both reports (Worley, Luo et al. 2013, Steidle, Morrissette et al. 2020) 

suggest that inositol pyrophosphates do not affect the Sch9 branch, but instead may affect the 
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Tap42 branch of TORC1 signaling (Figure 2.3). Further research is necessary to determine the 

mechanism(s) by which inositol pyrophosphates may affect TORC1 signaling.  

Altered nuclear localization of transcription factors. Chapter 2 included fluorescence 

microscopy data showing increased nuclear localization of GFP-Msn2 in the siw14Δ mutant.  

Increased nuclear localization of Gln3 in the siw14Δ mutant was previously reported (Hirasaki, 

Nakamura et al. 2010),  and our data showing altered expression of Gln3 target genes is consistent 

with this report. The transcriptional regulator Gln3 is inhibited by TORC1 (Beck and Hall 1999) 

through the Npr1 kinase (Tate, Rai et al. 2006) as well as through direct binding to TORC1.  The 

siw14Δ and npr1Δ mutants have opposing effects on Gln3 localization that correspond to increased 

or decreased activation of Gln3 target genes, respectively (Hirasaki, Kaneko et al. 2007). 

Therefore, the high levels of PP-InsPs present in the siw14Δ strain could partially inhibit TORC1, 

leading to increased nuclear localization of downstream transcription factors (e.g., Msn2, Gln3) 

and increased transcription of some of their target genes. 

Caffeine sensitivity.  Multiple studies have found that the siw14Δ mutant is sensitive to 

caffeine (Sakumoto, Matsuoka et al. 2002, Alic, Higgins et al. 2003, Care, Vousden et al. 2004, 

Brown, Sherlock et al. 2006, Hirasaki, Kaneko et al. 2007, Romá-Mateo, Sacristán-Reviriego et 

al. 2011).  Caffeine imposes a cell wall stress through the inhibition of the cell wall integrity 

pathway as it intersects with TORC1 (Yan, Lai et al. 2012). The oca1Δ and oca2Δ strains are also 

sensitive to caffeine, and overexpression of SIW14 suppresses the caffeine phenotype exhibited by 

these strains (Romá-Mateo, Sacristán-Reviriego et al. 2011).  Overexpression of SIW14 also 

suppressed the caffeine sensitivity of an slt2-siw9 allele but exacerbated the sensitivity of the slt2Δ 

allele (Care, Vousden et al. 2004).  This latter finding required that Siw14 be catalytically active.  
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Thus, modulation of PP-InsPs connects caffeine-sensitivity to the MAP kinase and TORC1 

pathways.   

High levels of PP-InsPs are linked to rapamycin sensitivity. The siw14Δ mutant and ddp1Δ 

mutant, which both have increased levels of PP-InsPs, are sensitive and resistant to rapamycin 

respectively. Ddp1 is a promiscuous phosphatase and has additional substrates outside of PP-InsPs. 

Notably, the siw14Δ ddp1Δ double mutant has a strong synthetic sensitivity to rapamycin (Figure 

4.2) and extremely high levels of InsP7 (Steidle, Chong et al. 2016).   

 

Through What Mechanism Might PP-InsPs Negatively Regulate TORC1 Signaling? 

  In Chapter 1 I discussed the three main mechanisms of action through which PP-InsPs 

affect cellular processes; those included structural binding, allosteric binding, and 

pyrophosphorylation. Inositol pyrophosphates are not likely required for structural formation of 

TORC1 since Dot6/Tod6 signaling is unaffected in the kcs1Δvip1Δ double mutant, which indicates 

that TORC1 is active and positively regulating Sch9 activity in the absence of PP-InsPs (Worley, 

Luo et al. 2013).  

  Expression of Msn2-regulated genes requires the HDAC Rpd3L complex in addition to 

Msn2/4.  Rpd3L is inactive in the absence of PP-InsPs, as judged by gene expression (Worley, 

Luo et al. 2013).  We tested whether the inositol pyrophosphate in the Rpd3L complex would be 

regulatory (i.e., exchangeable), and found that they were not (Steidle, Morrissette et al. 2020). This 

finding is consistent with the observation that inositol polyphosphates found within structures do 

not typically contribute to regulating signaling pathways through either activation or inhibition, 

rather they are required for structural integrity and formation (Macbeth, Schubert et al. 2005, 
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Watson, Fairall et al. 2012, Millard, Watson et al. 2013, Ouyang, Zheng et al. 2016, Watson, 

Millard et al. 2016, Dick, Zadrozny et al. 2018). The two alternative mechanisms, allosteric 

binding or pyrophosphorylation, are much more likely.  

  As described in Chapter 1, there are a few known PP-InsPs binding motifs including PH 

domains, SPX domains, and uncharacterized domains in proteins like CK2, Vtc4, and Syt1. 

Studies have shown that motifs that bind PP-InsPs are sometimes also able to bind InsP6 although 

each molecule has a different KD (Luo, Huang et al. 2003, Gokhale, Zaremba et al. 2013).  Because 

of this interchangeability of substrates, one can postulate that InsP6 binding motifs/domains are 

also suitable binding sites for higher level PP-InsPs. A 2016 study showed that InsP6 is required 

for structural formation of Pds5 where InsP6 specifically binds to HEAT repeat domains carrying 

additional lysine and arginine residues (Ouyang, Zheng et al. 2016). The basic residues could be 

important for interacting with such a strongly acidic molecule as inositol pyrophosphates.  

Interestingly, Tor1 contains eleven HEAT repeat domains, seven within proximity to each other, 

and two of these (the 4th and 5th) flank the additional lysine and arginine residues shown to be 

important for inositol polyphosphate binding (Figure 4.5).  I hypothesize that 5-InsP7 binds to one 

or both of these HEAT repeats to inhibit activity of TORC1.  Further studies should investigate 

the possibility that PP-InsPs are able to bind directly to Tor1 via HEAT repeat domain 

interaction(s) to inhibit/negatively regulate TORC1 signaling.  

  Alternatively, PP-InsPs may serve as phosphate donors to pyrophosphorylate one or more 

phosphoserine residues on TORC1. A global screen identifying phosphorylated proteins identified 

one such potential residue on Tor1: serine-44 and therefore there is one such candidate for 
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pyrophosphorylation (Swaney, Beltrao et al. 2013). Given the scope of the study, additional 

phosphoserines may exist, although they have not yet been determined.   

  PP-InsPs appear to affect downstream TORC1 targets, although it is possible that PP-InsPs 

do not directly alter TORC1 activity and rather affect downstream TORC1 branches. If results 

from experiments suggested above indicate PP-InsPs are acting below the level of TOR, the Tap42 

branch should be further investigated.  

 

Determining if PP-InsPs Negatively Regulate TORC1 

  Gln3 is a downstream TORC1 transcription factor that is not affected by PKA. A previous 

study showed that Gln3 localized in the nucleus more in the siw14Δ mutant than in WT (Hirasaki, 

Kaneko et al. 2007). Coupled to the data discussed in previous sections, this suggests that PP-InsPs 

likely influence TORC1 signaling. In addition to localization, Gln3 is regulated via 

phosphorylation. When TORC1 is active, Gln3 is phosphorylated, however under TORC1 

inhibiting conditions, Gln3 is dephosphorylated by PP2A and shuttled into the nucleus (Beck and 

Hall 1999).  

  Measuring Gln3 phosphorylation would determine if TORC1 is active or inactive in the 

siw14Δ mutant and serve as a better target than Msn2 since multiple pathways including PKA 

converge on Msn2, but not Gln3. This will also shed insight into where PP-InsPs influence TORC1 

activity. For example, if Gln3 remains phosphorylated in the siw14Δ mutant, that would suggest 

that PP-InsPs regulate Gln3 independent of TORC1. It would also indicate altered Msn2 

localization in the siw14Δ is independent of TORC1.  If, however, Gln3 is dephosphorylated it 

would suggest that TORC1 has been inhibited and PP2A has been activated leading to Gln3 
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dephosphorylation. Next steps would include determining if PP-InsPs specifically inhibit TORC1 

or activate PP2A. 

  In addition to evaluating Gln3 phosphorylation, additional experiments should investigate 

the role of PP-InsPs in the Sch9 branch of TORC1 signaling. Sch9 is a kinase that primarily 

regulates ribosomal biogenesis genes. The siw14Δ mutant showed normal ribosomal biogenesis 

gene expression under normal growth conditions, which suggests PP-InsPs are not involved in 

Sch9 regulation. To determine if PP-InsPs influence Sch9 activity, experiments can determine 

phosphorylation state of Sch9 targets Dot6/Tod6, (Worley, Luo et al. 2013). Additionally, Maf1 

is a transcription factor regulated by Sch9; when Sch9 is active, Maf1 is phosphorylated and 

localizes in the nucleus. Measuring nuclear or cytoplasmic Maf1 localization will provide 

additional evidence to determine the role of PP-InsPs in Sch9 signaling, if any. I hypothesize, there 

will be no detectable Sch9 activity changes as determined by Dot6/Tod6 phosphorylation and 

Maf1 subcellular localization in the siw14Δ mutant.  

  Importantly, the downstream TORC1 regulated branches, Tap42/PP2A and Sch9, are not 

simply turned on or off in response to stimuli, rather branch activity is tailored to specific 

environmental conditions (Hughes Hallett, Luo et al. 2014). This provides evidence to support a 

model in which PP-InsPs affect the Tap42/PP2A branch but not the Sch9 branch. Importantly, 

investigating Gln3 phosphorylation and Sch9 activation state will not distinguish between PKA 

and TORC1 and will only further explore the model that PP-InsPs inhibit TORC1 at the level or 

below the level of TORC1, perhaps at PP2A.  
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Do Inositol Pyrophosphates Affect Cell Signaling through PKA?  

  PKA is important for responding to glucose availability/limitation, stress responses, entry 

into stationary phase, cell cycle and growth (Santangelo 2006, Tamaki 2007, Cebollero and 

Reggiori 2009, Longo and Fabrizio 2012, Portela and Rossi 2020). PKA is made up of four 

subunits including two catalytic subunits comprised of the functionally redundant genes TPK1, 

TPK2, and TPK3 and two Bcy1 regulatory units (Tudisca, Recouvreux et al. 2010, Pautasso and 

Rossi 2014, Baccarini, Martínez-Montañés et al. 2015, Pautasso, Reca et al. 2016). PKA is 

regulated, in part, by the availability of cAMP. For example, in high glucose (or other fermentable 

carbon sources), cAMP levels are elevated and PKA is active, however depletion of fermentable 

carbon sources leads to a decrease in cAMP levels, in turn inactivating PKA (Bermejo, Haerizadeh 

et al. 2013, Kim, Roy et al. 2013, Colombo, Broggi et al. 2017, Kunkel, Luo et al. 2019). One PKA 

subunit, Tpk1, is transcriptionally upregulated in heat and osmotic stress conditions.  Increasing 

expression of Tpk1 is confounding since inhibition of PKA activity promotes cell survival; this 

paradox has not yet been resolved. Notably, this upregulation is dependent on general stress 

transcription factors Msn2/4, which are regulated in part by TORC1 and PKA.  

  The kcs1Δ mutant has decreased transcription of Tpk1 and the vip1Δ mutant has increased 

transcription of Tpk1 (Pautasso, Reca et al. 2016). Our data show that the siw14Δ mutant has 

increased transcription of both Tpk1 and Tpk2, suggesting PP-InsPs likely play a role in 

transcriptional regulation of PKA, possibly through Msn2/4 (Steidle, Morrissette et al. 2020).  If 

PP-InsPs also directly affect PKA signaling, the most plausible mechanism of action would be 

through pyrophosphorylation as none of the PKA subunits contain known inositol polyphosphate 

binding motifs. Tpk3 contains two phosphoserine residues and Bcy1, a negative regulator of PKA 
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in the absence of cAMP, contains 14 indicating there are many potential pyrophosphorylation sites 

within PKA.  

 

Determining if PP-InsPs Negatively Regulate TORC1, PKA, or Both – An Investigation using 

Autophagy 

  There is much crosstalk between the TORC1 and PKA pathways, therefore determining if 

PP-InsPs influence TORC1 signaling, PKA signaling, or both will be challenging. There is one 

main approach that I suggest to distinguish between PKA and TORC1 – investigating the role of 

PP-InsPs in autophagy. Autophagy is a degradation program that eukaryotes use to recycle cellular 

materials like proteins, lipids, and organelles under nitrogen and nutrient-limiting conditions. 

Much like Msn2, autophagy is a process regulated by both PKA and TORC1, as well as a 

downstream TORC1 branches, Sch9 and PP2A (Kamada, Funakoshi et al. 2000, Yorimitsu, Zaman 

et al. 2007, Cebollero and Reggiori 2009, Stephan, Yeh et al. 2009, Yorimitsu, He et al. 2009, 

Glick, Barth et al. 2010, Stephan, Yeh et al. 2010, Filteau, Diss et al. 2015).  However, the 

regulation of autophagy through PKA and TORC1 has been more extensively characterized.  

  We have unpublished data showing that the siw14Δ has increased autophagic flux as 

indicated by the GFP-Atg8 assay under nitrogen starvation conditions (Figure 4.6). Perhaps more 

notably, autophagy is already slightly induced in the siw14Δ mutant without additional autophagy-

inducing conditions (Figure 4.6).  The goal of this approach would be to determine if inositol 

pyrophosphates influence autophagy through TORC1, PKA, both, or possibly neither.  Formation 

of the autophagosome depends upon interactions between Atg1, Atg17 and Atg13. When TORC1 

is active, Atg1 is hyperphosphorylated at five residues and autophagy is inhibited; however, 
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following TORC1 inhibition, Atg1 is dephosphorylated promoting the Atg1 interaction with Atg13 

and Atg17 allowing autophagy to proceed. PKA selectively phosphorylates two different residues 

of Atg1 to inhibit autophagy. These unique phosphorylation sites provide an interesting 

opportunity to evaluate the activity of TORC1 and PKA signaling in the siw14Δ mutant. Much 

like Atg1, Atg13 is also phosphorylated by TORC1 and PKA at site specific residues providing an 

additional target for analysis (Stephan, Yeh et al. 2009).  I favor the hypothesis that TORC1-Atg1 

residues will be dephosphorylated; however, if the PKA sites are affected, this result would be 

particularly interesting and would require further exploration into the mechanism through which 

PP-InsPs inhibit PKA activity.    

  These approaches use autophagy to determine how inositol pyrophosphates may affect 

PKA and TORC1 signaling, however additional experiments should explore autophagy specific 

phenotypes associated with increased levels on PP-InsPs. This includes measuring autophagic 

body formation and quantifying autophagic flux. Together this exploration will build a 

comprehensive model for the role of inositol pyrophosphates in autophagy, TORC1, and possibly 

PKA (Figure 4.7).  

 

4.3 Oca1, Oca2, and Siw14  

This section will discuss major findings, consider implications, and explore future 

directions for data shown in Chapter 3, with a particular focus on further exploring the relationship 

and cellular function of Oca1, Oca2, and Siw14 in yeast. 
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Chapter 3 – Major Findings 

  The characterization of Oca1 and Oca2 as pseudoenzymes in Chapter 3 is the first report 

of pseudoenzyme regulation in inositol polyphosphate signaling. Enzyme assays with the general 

phosphatase substrate and 5-InsP7 showed that recombinant Oca1 and Oca2 are catalytically 

inactive, and that both Oca1 and Oca2 independently enhanced the activity of recombinant Siw14 

in vitro. The introduction of either Oca1 or Oca2 into mammalian cells showed Oca1 and Oca2 

are unable to catabolize PP-InsPs. Importantly, the levels of PP-InsPs were not statistically 

different between the siw14Δ and siw14Δoca1Δ or siw14Δoca2Δ. PP-InsPs slightly increase in the 

oca1Δ and oca2Δ single mutants, consistent with each serving to enhance activity of Siw14. These 

data support a model in which Oca1 and Oca2 are pseudoenzymes classified as modulators to 

affect Siw14 activity and in turn PP-InsPs levels. Fluorescence microscopy showed that in 

oca1Δoca2Δ mutant, Siw14-GFP forms fewer puncta suggesting that Oca1 and Oca2 may also 

play a role in regulating Siw14 localization, but additional experiments are required to determine 

specific effects. In summary, Chapter 3 explored classifying Oca1 and Oca2 as novel 

pseudoenzymes. 

 

Do Oca1 and/or Oca2 Act as Siw14 Signal Integrators in Yeast? 

Chapter 3 explored two pseudoenzyme mechanisms of action – spatial anchor and 

modulator. Another important mechanism of action to consider is that Oca1 and/or Oca2 may also 

act as signal integrators in order to regulate Siw14 activity in specific conditions. For example, we 

know that PP-InsPs increase upon hydrogen peroxide treatment and that Siw14 is reversibly 

oxidized in vitro. Perhaps Oca1 and Oca2 are also oxidized such that the enhancement is lost which 
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leads to a rapid increase of PP-InsPs levels. The siw14Δ mutant is resistant to many stresses 

including heat stress, osmotic stress, oxidative stress and nutrient deprivation. Since these 

responses are regulated by distinct but overlapping pathways, Oca1 and Oca2 may be important 

for regulating Siw14 activity to regulate PP-InsPs levels in a condition specific manner. Cell 

survival spot assays show that the oca1Δ mutant is sensitive to hydrogen peroxide, rapamycin, 

caffeine (Alic, Higgins et al. 2001, Alic, Higgins et al. 2003), and heat shock (unpublished). The 

oca2Δ mutant is resistant to hydrogen peroxide and heat stress but sensitive to caffeine, and 

rapamycin (Alic, Higgins et al. 2001, Alic, Higgins et al. 2003) . Focusing on rapamycin treatment, 

which inhibits TORC1 signaling, the oca1Δoca2Δ double mutant is unaffected by rapamycin, 

however each single mutant is sensitive. Since the siw14Δ, siw14Δoca1Δ and siw14Δoca2Δ are 

all sensitive, this suggests that both Oca1 and Oca2 may be important for the siw14Δ dependent 

rapamycin sensitivity (Figure 3.10). Further studies are required to determine how Oca1 and Oca2 

are important for rapamycin resistance and perhaps TORC1 signaling integration.  

  Given the phenotypic differences found in response to different stresses in the siw14Δ 

mutant, oca1Δ mutant, and oca2Δ mutant, an interesting experiment would evaluate global 

transcriptional differences among these single mutants as well as the double and triple under 

different environmental stress conditions will provide evidence to support or refute the possibility 

that Oca1 and Oca2 act as modulators of Siw14, and in turn, inositol pyrophosphate effects. If 

Oca1 and Oca2 enhance Siw14 activity, then one may expect the oca1Δsiw14Δ and siw14Δoca2Δ 

double mutants, which have similar PP-InsPs profiles, to have similar transcriptional profiles to 

the single siw14Δ mutant. The most interesting strains to test, that would provide critical insight 

into the signal integration mechanism of action, would be the oca1Δoca2Δ double mutant and the 
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siw14Δoca1Δoca2Δ triple mutant - specifically upon rapamycin treatment. The spot assays from 

the rapamycin tests are the most profoundly distinct, therefore evaluating the signal integration 

mechanism of action should be performed using this condition. If Oca1 and Oca2 are required for 

Siw14 inhibition upon rapamycin treatment, then the loss of Oca1 and Oca2 would be similar to a 

WT rapamycin response.  

 

How are Oca1, Oca2, and Siw14 Regulated? 

  Here we show that Oca1 and Oca2 enhance Siw14 activity, however given Siw14 is 

reversibly oxidized, an interesting question to address is how are Oca1, Oca2, and Siw14 regulated. 

Since PP-InsPs increase in response to oxidative stress, inhibition or degradation of Siw14 would 

be two mechanisms to alter Siw14 such that PP-InsPs increase. Determining protein levels and 

protein modifications on Siw14, Oca1, and Oca2 upon hydrogen peroxide stress would be an 

interesting approach to determine if any post-translational regulation, perhaps phosphorylation, 

occurs. Unpublished qRT-PCR data show that Siw14, Oca1, and Oca2 expression decrease 2-fold 

upon hydrogen peroxide treatment indicating they are regulated, in part, at the transcriptional level 

(Figure 4.8).  

 

Do Oca1 and/or Oca2 Enhance Siw14 Activity in vivo? 

 An interesting and important question to address is if Oca1 and Oca2 also enhance Siw14 

activity in yeast cells in addition to their in vitro effects. This experiment is particularly difficult 

to directly address. Although we have enzyme assay data to support the model that Oca1 and Oca2 

enhance Siw14 activity in vitro, we have not yet directly shown that this enhancement occurs in 
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cells, beyond the small change in the inositol pyrophosphate pools. One possible approach would 

be to overexpress Siw14, Siw14 and Oca1, and Siw14 and Oca2 and measure PP-InsPs profiles 

using the previously described in vivo radiolabeling methods. In order to detect changes, the levels 

of PP-InsPs would need to be elevated (so that they can be depleted by Siw14, Oca1, and Oca2), 

which could be induced by hydrogen peroxide or deletion of Ddp1. An alternative approach would 

be to introduce Siw14, Oca1, and Oca2 into a mammalian system that is overexpressing one of the 

IP6Ks. Previous data has shown that the introduction of Siw14 into mammalian cells depletes 

inositol pyrophosphate levels. Since there are no known orthologs of Siw14, Oca1, or Oca2 in 

mammalian cells, this would be a feasible approach.  

 

Do Siw14, Oca1, and Oca2 Have a Role(s) in Other Eukaryotic Systems? 

  Interestingly, there was an expansion of paralogs of Siw14 in plants (Romá-Mateo, 

Sacristán-Reviriego et al. 2011).  However, there are no known orthologs of Siw14 in animals.  

This interesting observation is in contrast to the observation that most of the inositol polyphosphate 

enzymes are conserved across eukaryotes (Shears 2018). One possibility is that Siw14 is a yeast 

specific 5-InsP7 phosphatase and a currently unidentified 5-InsP7 phosphatase exists in other 

higher-level eukaryotes. Alternatively, a protein with a structure, but not necessarily sequence, 

similar to Siw14 or Siw14-Oca1/ Siw14-Oca2 is required in mammalian cells. 

  Notably, Siw14, Oca1, and/or Oca2 are found across many fungal species including, but 

not limited to: Candida glabrata, Candida albicans, Schizosaccharomyces pombe, Kluveryomyces 

lactis, and Trichomonascus cifferrii. Thus far, research has been limited to the budding yeast S. 

cerevisiae, however this conservation presents an interesting opportunity to explore the role of 
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Siw14 and its regulation in human fungal pathogens. Research in C. neoformans and C. albicans 

has shown that inositol pyrophosphates are required or play a role in virulence of both fungal 

pathogens, however the mechanisms have not yet been explored.  

 

 

4.4 Concluding Remarks 

 

Inositol pyrophosphates are important molecules that affect numerous cellular pathways in 

eukaryotes. Altered levels of PP-InsPs are implicated in many human processes and diseases 

including obesity, diabetes, blood clotting, brain development, metabolism, the immune response, 

tumorigenesis, and more (Mukherjee, Haubner et al. 2020). Additionally, inositol pyrophosphates 

are required for pathogenicity in human fungal pathogen C. neoformans (Lev, Li et al. 2015, Li, 

Lev et al. 2016, Kang 2018).  Because PP-InsPs are involved in so many processes, understanding 

how they affect such diverse pathways is critical to understanding their role in cells. The work in 

this dissertation has significantly improved the understanding of the roles and regulation of inositol 

pyrophosphates in yeast particularly in understanding how PP-InsPs affect the yeast environmental 

stress response. This research has provided foundational evidence to support the model in which 

PP-InsPs negatively regulate TORC1 signaling in yeast. In summary, this dissertation: 1) showed 

increased inositol pyrophosphates confer stress resistance through general stress transcription 

factor, Msn2 providing evidence to support an even more significant impact through TORC1 

signaling and 2) defined two novel pseudoenzymes in yeast contributing to the emerging field of 

pseudoenzyme research. My dissertation research contributes important work that improves our 

understanding of inositol pyrophosphate signaling.  
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Figure 4.1. The siw14Δ mutant and kcs1Δ mutant are resistant to hydrogen peroxide. 

Wild-type, siw14∆, kcs1Δ strains were grown to mid-log phase and treated with 2 mM H2O2 for 3 

h, as described in Figure 1.1. Cells were plated and incubated at 30°C for two days.   
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Figure 4.2. The siw14Δddp1Δ double mutant is synthetically sensitive to rapamycin. 

Wild-type, siw14∆, tor1Δ, ddp1Δ, and siw14Δddp1Δ strains were grown to mid-log phase and 

plated on SC and SC supplemented with 100 µM rapamycin. Plates were incubated at 30°C for 

two days and images were taken.   
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Figure 4.3. Heat map showing differential gene expression. Differentially expressed 

genes with lower expression (blue) or higher expression (yellow) on a Log2 scale. There are 444 

genes mis-regulated in the siw14∆ mutant (top bar), aligned with the corresponding genes in the 

wild-type strain stressed with either 1 mM H2O2 (middle) or 1.3 M KCl (bottom) described in 

Chapter 2. Genes with increased expression are regulated by Msn2/4 (left portion in the 

siw14Δ/WT comparison) or by multiple transcription factors—Gln3/Gat1, Rap1, Yap1, Gcn4, 

Gis1, and Sfp1—that are regulated by TORC1 (under the label “TFs, Table 1”). There are other 

genes regulated by TORC1, but the factors are not annotated. Finally, some differentially 

expressed genes are affected by PP-InsPs and are not regulated by TORC1.   
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Table 4.1. Transcription factors that regulate the genes showing altered expression in the 

siw14Δ mutant. The genes listed show a twofold or greater increase in gene expression when 

comparing the siw14Δ mutant with wild-type cells; microarray data were previously reported 

(Steidle and Morrissette et al. 2020) and are accessible through GEO Series number GSE135546 
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Figure 4.4. Downstream TORC1 transcription factor targets have increased expression in 

the siw14Δ mutant. Expression of GPP2, FET4, HSP26, SOL4, and TFS2 measured by RT-

qPCR. Cells were grown as described in Figure 2.3. Values were normalized to UBC6 and to the 

wild-type grown in YPD. Experiment performed by UM.  
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Figure 4.5. Schematic representation of TORC1 HEAT repeat domains and residues 

associated with a published HEAT repeat domain InsP6 binding site. Heat Repeat Domains 

and InsP6 KR residues were annotated using SnapGene.    
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Figure 4.6. The siw14∆ mutant has increased autophagic flux compared to wild type. (A) 

Representative Western Blot showing GFP-Atg8 and free GFP accumulation 0 hours and 6 hours 

after nitrogen starvation in WT and siw14Δ. Loading control Pgk1 indicates relatively equal 

protein amounts. Experiment performed by KK.  
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Figure 4.7. Inositol pyrophosphates negatively regulate TORC1 signaling at or below the 

level of TORC1 in order to affect downstream transcription factors and autophagy. 

Schematic representation of model proposed in dissertation.  



128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Siw14, Oca1, and Oca2 expression decreases 2-fold after hydrogen peroxide 

treatment. Cells were grown in SC to log phase and treated with 1 mM hydrogen peroxide for 15 

minutes. RNA was harvested using RNAeasy kit and RT-qPCR was performed on three biological 

replicates.  



129 

 

REFERENCES 

Abudukelimu, A., T. Mondeel, M. Barberis and H. V. Westerhoff (2017). "Learning to read and 

write in evolution: from static pseudoenzymes and pseudosignalers to dynamic gear shifters." 

Biochem Soc Trans 45(3): 635-652. 

Adrain, C. (2020). "Pseudoenzymes: dead enzymes with a lively role in biology." Febs j 287(19): 

4102-4105. 

Adrain, C. and M. Freeman (2012). "New lives for old: evolution of pseudoenzyme function 

illustrated by iRhoms." Nat Rev Mol Cell Biol 13(8): 489-498. 

Aggarwal-Howarth, S. and J. D. Scott (2017). "Pseudoscaffolds and anchoring proteins: the 

difference is in the details." Biochem Soc Trans 45(2): 371-379. 

AkhavanAghdam, Z., J. Sinha, O. P. Tabbaa and N. Hao (2016). "Dynamic control of gene 

regulatory logic by seemingly redundant transcription factors." Elife 5: e18458. 

Alcázar-Román, A. R. and S. R. Wente (2008). "Inositol polyphosphates: a new frontier for 

regulating gene expression." Chromosoma 117(1): 1-13. 

Alejandro-Osorio, A. L., D. J. Huebert, D. T. Porcaro, M. E. Sonntag, S. Nillasithanukroh, J. L. 

Will and A. P. Gasch (2009). "The histone deacetylatse Rpd3p is required for transient changes 

in genomic expression in response to stress." Genome Biol. 10(5): R57. 

Ali, N., R. Duden, M. E. Bembenek and S. B. Shears (1995). "The interaction of coatomer with 

inositol polyphosphates is conserved in Saccharomyces cerevisiae." Biochem. J. 310: 279-284. 

Alic, N., V. J. Higgins and I. W. Dawes (2001). "Identification of a Saccharomyces cerevisiae 

gene that is required for G1 arrest in response to the lipid oxidation product linoleic acid 

hydroperoxide." Mol. Cell. Biol. 12(6): 1801-1810. 

Alic, N., V. J. Higgins, A. Pichova, M. Breitenbach and I. W. Dawes (2003). "Lipid 

hydroperoxides activate the mitogen-activated protein kinase Mpk1p in Saccharomyces 

cerevisiae." J Bio Chem 278(43): 41849-41855. 

Alonso, A. and R. Pulido (2016). "The extended human PTPome: a growing tyrosine 

phosphatase family." Febs j 283(8): 1404-1429. 



130 

 

Altintaş, A., J. Martinin, U. H. Mortensen and C. T. Workman (2016). "Quantification of 

oxidative stress phenotypes based on high-throughput growth profiling of protein kinase and 

phosphatase knockouts." FEMS Yeast Res. 16(1): fov101. 

Auesukaree, C., A. Damnernsawad, M. Kruatrachue, P. Pokethitiyook, C. Boonchird, Y. Kaneko 

and S. Harashima (2009). "Genome-wide identification of genes involved in tolerance to various 

enrionmental stresses in Saccharomyces cerevisiae." J Appl Genet 50(3): 301-310. 

Auesukaree, C., H. Tochio, M. Shirakawa, Y. Kaneko and S. Harashima (2005). "Plc1p, Arg82p, 

and Kcs1p, enzymes involved in inositol pyrophosphate synthesis, are essential for phosphate 

regulation and polyphosphate accumulation in Saccharomyces cerevisiae." J Biol Chem 280(26): 

25127-25133. 

Austin, S. and A. Mayer (2020). "Phosphate Homeostasis - A Vital Metabolic Equilibrium 

Maintained Through the INPHORS Signaling Pathway." Front Microbiol 11: 1367. 

Azevedo, C., A. Burton, E. Ruiz-Mateos, M. Marsh and A. Saiardi (2009). "Inositol 

pyrophosphate mediated pyrophosphorylation of AP3B1 regulates HIV-1 Gag release." Proc 

Natl Acad Sci U S A 106(50): 21161-21166. 

Azevedo, C., A. Burton, E. Ruiz-Mateos, M. Marsh and A. Saiardi (2009). "Inositol 

pyrophosphate mediated pyrophosphorylation of AP3B1 regulates HIV-1 Gag release." Proc 

Natl Acad Sci U S A 106(50): 21161-21166. 

Azevedo, C. and A. Saiardi (2016). "The new world of inorganic polyphosphates." Biochem Soc 

Trans 44(1): 13-17. 

Azevedo, C. and A. Saiardi (2017). "Eukaryotic phosphate homeostasis: the inositol 

pyrophosphate perspective." Trends Biochem. Sci. 42(3): 219-231. 

Azevedo, C. and A. Saiardi (2017). "Eukaryotic Phosphate Homeostasis: The Inositol 

Pyrophosphate Perspective." Trends Biochem Sci 42(3): 219-231. 

Azevedo, C., Z. Szijgyarto and A. Saiardi (2011). "The signaling role of inositol 

hexakisphosphate kinases (IP6Ks)." Adv Enzyme Regul 51(1): 74-82. 



131 

 

Baccarini, L., F. Martínez-Montañés, S. Rossi, M. Proft and P. Portela (2015). "PKA-chromatin 

association at stress responsive target genes from Saccharomyces cerevisiae." Biochim Biophys 

Acta 1849(11): 1329-1339. 

Banfic, H., A. Bedalov, J. D. York and D. Visnjic (2013). "Inositol pyrophosphates modulate S 

phase progression after pheromone-induced arrest in Saccharomyces cerevisiae." J Biol Chem 

288(3): 1717-1725. 

Banfic, H., V. Crljen, V. Lukinovic-Skudar, V. Dembitz, H. Lalic, A. Bedalov and D. Visnjic 

(2016). "Inositol pyrophosphates modulate cell cycle independently of alteration in telomere 

length." Adv Biol Regul 60: 22-28. 

Barker, C. J., C. Illies, G. C. Gaboardi and P. O. Berggren (2009). "Inositol pyrophosphates: 

structure, enzymology and function." Cell Mol Life Sci 66(24): 3851-3871. 

Barker, C. J., J. Wright, P. J. Hughes, C. J. Kirk and R. H. Michell (2004). "Complex changes in 

cellular inositol phosphate complement accompany transit through the cell cycle." Biochem J 

380(Pt 2): 465-473. 

Barrett, T., S. E. Wilhite, P. Ledoux, C. Evangelista, I. F. Kim, M. Tomashevsky, K. A. 

Marshall, K. H. Phillippy, P. M. Sherman, M. Holko, A. Yefanov, H. Lee, N. Zhang, C. L. 

Robertson, N. Serova, S. Davis and A. Soboleva (2013). "NCBI GEO: archive for functional 

genomics data sets--pdate." Nucleic Acids Res 41: D991-995. 

Basilico, F., S. Maffini, J. R. Weir, D. Prumbaum, A. M. Rojas, T. Zimniak, A. De Antoni, S. 

Jeganathan, B. Voss, S. van Gerwen, V. Krenn, L. Massimiliano, A. Valencia, I. R. Vetter, F. 

Herzog, S. Raunser, S. Pasqualato and A. Musacchio (2014). "The pseudo GTPase CENP-M 

drives human kinetochore assembly." Elife 3: e02978. 

Beck, T. and M. N. Hall (1999). "The TOR signalling pathway controls nuclear localization of 

nutrient-regulated transcription factors." Nature 402: 689-692. 

Bennett, M., S. M. Onnebo, C. Azevedo and A. Saiardi (2006). "Inositol pyrophosphates: 

metabolism and signaling." Cell Mol Life Sci 63(5): 552-564. 

Bennetzen, J. L. and B. D. Hall (1982). "The primary structure of the Saccharomyces cerevisiae 

gene for alcohol dehydrogenase." J Biol Chem 257: 3018-3025. 



132 

 

Bermejo, C., F. Haerizadeh, M. S. Sadoine, D. Chermak and W. B. Frommer (2013). 

"Differential regulation of glucose transport activity in yeast by specific cAMP signatures." 

Biochem J 452(3): 489-497. 

Bhandari, R., A. Saiardi, Y. Ahmadibeni, A. M. Snowman, A. C. Resnick, T. Z. Kristiansen, H. 

Molina, A. Pandey, J. K. Werner, Jr., K. R. Juluri, Y. Xu, G. D. Prestwich, K. Parang and S. H. 

Snyder (2007). "Protein pyrophosphorylation by inositol pyrophosphates is a posttranslational 

event." Proc Natl Acad Sci U S A 104(39): 15305-15310. 

Bhandari, R., A. Saiardi, Y. Ahmadibeni, A. M. Snowman, A. C. Resnick, T. Z. Kristiansen, M. 

Molina, A. Pandey, J. K. J. Werner, K. R. Juluri, Y. Xu, G. D. Prestwich, K. Parang and S. H. 

Synder (2007). "Protein pyrophosphorylation by inositol pyrophosphates is a post-translational 

event." Proc Natl Acad Sci U S A 104(39): 15305-15320. 

Boudeau, J., D. Miranda-Saavedra, G. J. Barton and D. R. Alessi (2006). "Emerging roles of 

pseudokinases." Trends Cell Biol 16(9): 443-452. 

Boy-Marcotte, E., M. Perrot, F. Bussereau, H. Boucherie and M. Jacquet (1998). "Msn2p and 

Msn4p control a large number of genes induced at the diauxic transition which are repressed by 

cyclic AMP in Saccharomyces cerevisiae." J. Bacteriol. 180: 1044-1052. 

Brachmann, C. B., A. Davies, G. J. Cost, E. Caputo, J. Li, P. Hieter and J. D. Boeke (1998). 

"Designer deletion strains derived from Saccharomyces cerevisiae S288C: a useful set of strains 

and plasmids for PCR-mediated gene disruption and other applications." Yeast 14(2): 115-132. 

Breitkreutz, A., H. Choi, J. R. Sharom, L. Boucher, V. Neduva, B. Larsen, Z. Y. Lin, B. J. 

Breitkreutz, C. Stark, G. Liu, J. Ahn, D. Dewar-Darch, T. Reguly, X. Tang, R. Almeida, Z. S. 

Qin, T. Pawson, A. C. Gingras, A. I. Nesvizhskii and M. Tyers (2010). "A global protein kinase 

and phosphatase interaction network in yeast." Science 328(5981): 1043-1046. 

Brennan, D. F., A. C. Dar, N. T. Hertz, W. C. Chao, A. L. Burlingame, K. M. Shokat and D. 

Barford (2011). "A Raf-induced allosteric transition of KSR stimulates phosphorylation of 

MEK." Nature 472(7343): 366-369. 

Brown, J. A., G. Sherlock, C. L. Myers, N. M. Burrows, C. Deng, H. I. Wu, K. E. McCann, O. 

G. Troyanskaya and J. M. Brown (2006). "Global analysis of gene function in yeast by 

quantitative phenotypic profiling." Mol. Syst. Biol. 2(1): 2006.0001. 



133 

 

Brzovic, P. S., P. Rajagopal, D. W. Hoyt, M. C. King and R. E. Klevit (2001). "Structure of a 

BRCA1-BARD1 heterodimeric RING-RING complex." Nat Struct Biol 8(10): 833-837. 

Burton, A., X. Hu and A. Saiardi (2009). "Are inositol pyrophosphates signalling molecules?" J 

Cell Physiol 220(1): 8-15. 

Cai, L., C. K. Dalal and M. B. Elowitz (2008). "Frequency-modulated nuclear localization bursts 

coordinate gene regulation." Nature 455(7212): 485-490. 

Capaldi, A. P., T. Kaplan, Y. Liu, N. Habib, A. Regev, N. Friedman and E. K. O'Shea (2008). 

"Structure and function of a transcriptional network activated by the MAPK Hog1." Nat Genet 

40: 1300-1306. 

Care, A., K. Vousden, K. Binley, P. Radcliffe, J. Trevethick, I. Mannazzu and P. Sudbery 

(2004). "A synthetic lethal screen identifies a role for the cortical actin patch/endocytosis 

complex in the response to nutrient deprivation in Saccharomyces cerevisiae." Genetics 166: 

707-719. 

Cebollero, E. and F. Reggiori (2009). "Regulation of autophagy in yeast Saccharomyces 

cerevisiae." Biochim Biophys Acta 1793(9): 1413-1421. 

Celenza, J. and M. Carlson (1984). "Cloning and genetic mapping of SNF1, a gene required for 

expression of glucose-repressible genes in Saccharomyces cerevisiae." Mol Cell Biol 4(1): 49-

53. 

Chakraborty, A. (2018). "The inositol pyrophosphate pathway in health and diseases." Biol Rev 

Camb Philos Soc 93(2): 1203-1227. 

Chakraborty, A., S. Kim and S. H. Snyder (2011). "Inositol pyrophosphates as mammalian cell 

signals." Sci Signal 4(188): re1. 

Chakraborty, A., M. A. Koldobskiy, N. T. Bello, M. Maxwell, J. J. Potter, K. R. Juluri, D. Maag, 

S. Kim, A. S. Huang, M. J. Dailey, M. Saleh, A. M. Snowman, T. H. Moran, E. Mezey and S. H. 

Snyder (2010). "Inositol pyrophosphates inhibit Akt signaling, thereby regulating insulin 

sensitivity and weight gain." Cell 143(6): 897-910. 



134 

 

Chakraborty, A., M. A. Koldobskiy, K. M. Sixt, K. R. Juluri, A. K. Mustafa, A. M. Snowman, D. 

B. van Rossum, R. L. Patterson and S. H. Snyder (2008). "HSP90 regulates cell survival via 

inositol hexakisphosphate kinase-2." Proc Natl Acad Sci U S A 105(4): 1134-1139. 

Chande, S. and C. Bergwitz (2018). "Role of phosphate sensing in bone and mineral 

metabolism." Nat Rev Endocrinol 14(11): 637-655. 

Chanduri, M. and R. Bhandari (2020). "Back-Pyrophosphorylation Assay to Detect In Vivo 

InsP(7)-Dependent Protein Pyrophosphorylation in Mammalian Cells." Methods Mol Biol 2091: 

93-105. 

Chanduri, M., A. Rai, A. B. Malla, M. Wu, D. Fiedler, R. Mallik and R. Bhandari (2016). 

"Inositol hexakisphosphate kinase 1 (IP6K1) activity is required for cytoplasmic dynein-driven 

transport." Biochem J 473(19): 3031-3047. 

Chanduri, M., A. Rai, A. B. Malla, M. Wu, D. Fiedler, R. Mallik and R. Bhandari (2016). 

"Inositol hexakisphosphate kinase 1 (IP6K1) activity is required for cytoplasmic dynein-driven 

transport." Biochem. J. 473(19): 3031-3047. 

Chang, D. W., Z. Xing, Y. Pan, A. Algeciras-Schimnich, B. C. Barnhart, S. Yaish-Ohad, M. E. 

Peter and X. Yang (2002). "c-FLIP(L) is a dual function regulator for caspase-8 activation and 

CD95-mediated apoptosis." Embo j 21(14): 3704-3714. 

Chatree, S., N. Thongmaen, K. Tantivejkul, C. Sitticharoon and I. Vucenik (2020). "Role of 

Inositols and Inositol Phosphates in Energy Metabolism." Molecules 25(21). 

Cherry, J. M., E. L. Hong, C. Amundsen, R. Balakrishnan, G. Binkley, E. T. Chan, K. R. 

Christie, M. C. Costanzo, S. S. Swight, E. S.R., D. G. Fisk, J. E. Hirschman, B. C. Hitz, K. 

Karra, C. J. Krieger, S. R. Miyasato, R. S. Nash, J. Park, M. S. Skrzypek, M. Simison, S. Weng 

and E. D. Wong (2012). "Saccharomyces Genome Database: the genomics resource of budding 

yeast." Nucleic Acids Res 40(Database issue): D700-D705. 

Choi, J., A. Rajagopal, Y. F. Xu, J. D. Rabinowitz and E. K. O'Shea (2017). "A systematic 

genetic screen for genes involved in sensing inorganic phosphate availability in Saccharomyces 

cerevisiae." PLoS One 12(5): e0176085. 

Choi, K., E. Mollapour and S. B. Shears (2005). "Signal transduction during environmental 

stress: InsP8 operates within highly restricted contexts." Cell Signal. 17(12): 1533-1541. 



135 

 

Colombo, S., S. Broggi, M. Collini, L. D'Alfonso, G. Chirico and E. Martegani (2017). 

"Detection of cAMP and of PKA activity in Saccharomyces cerevisiae single cells using 

Fluorescence Resonance Energy Transfer (FRET) probes." Biochem Biophys Res Commun 

487(3): 594-599. 

Cook, J. G., L. Bardwell, S. J. Kron and J. Thorner (1996). "Two novel targets of the MAP 

kinase Kss1 are negative regulators of invasive growth in the yeast Saccharomyces cerevisiae." 

Genes Dev. 10(22): 2831-2848. 

Cridland, C. and G. Gillaspy (2020). "Inositol Pyrophosphate Pathways and Mechanisms: What 

Can We Learn from Plants?" Molecules 25(12). 

Cui, J., Q. Zhu, H. Zhang, M. A. Cianfrocco, A. E. Leschziner, J. E. Dixon and J. Xiao (2017). 

"Structure of Fam20A reveals a pseudokinase featuring a unique disulfide pattern and inverted 

ATP-binding." Elife 6. 

Cullen, P. J. and G. F. J. Sprague (2012). "The regulation of filamentous growth in yeast." 

Genetics 190(1): 23-49. 

Delaunay, A., A. D. Isnard and M. B. Toledano (2000). "H2O2 sensing through oxidation of the 

Yap1 transcription factor." Embo j 19(19): 5157-5166. 

Deng, J., C. Yang, Y. Wang, M. Yang, H. Chen, H. Ning, C. Wang, Y. Liu, Z. Zhang and T. Hu 

(2019). "Inositol pyrophosphates mediated the apoptosis induced by hypoxic injury in bone 

marrow-derived mesenchymal stem cells by autophagy." Stem Cell Res Ther 10(1): 159. 

Denu, J. M. and K. G. Tanner (1998). "Specific and reversible inactivation of protein tyrosine 

phosphatases by hudrogen peroxide: Evidence for a sulfenic acid intermediate and implications 

for redox regulation." Biochem. 37(16): 5633-5642. 

Deprez, M.-A., E. Eskes, J. Winderickx and T. Wilms (2018). "The TORC1-Sch9 pathway as a 

crucial mediator of chronological lifespan in the yeast Saccharomcyes cerevisiae." FEMS Yeast 

Res. 18(5): foy048. 

Desmarini, D., S. Lev, D. Furkert, B. Crossett, A. Saiardi, K. Kaufman-Francis, C. Li, T. C. 

Sorrell, L. Wilkinson-White, J. Matthews, D. Fiedler and J. T. Djordjevic (2020). "IP(7)-SPX 

Domain Interaction Controls Fungal Virulence by Stabilizing Phosphate Signaling Machinery." 

mBio 11(5). 



136 

 

Di Como, C. J. and K. T. Arndt (1996). "Nutrients, via the Tor proteins, stimulate the associate 

of Tap42 with type 2A phosphatases." Genes Dev. 10(15): 1904-1916. 

Dick, R. A., K. K. Zadrozny, C. Xu, F. K. M. Schur, T. D. Lyddon, C. L. Ricana, J. M. Wagner, 

J. R. Perilla, B. K. Ganser-Pornillos, M. C. Johnson, O. Pornillos and V. M. Vogt (2018). 

"Inositol phosphates are assembly co-factors for HIV-1." Nature 560(7719): 509-512. 

Dong, J., G. Ma, L. Sui, M. Wei, V. Satheesh, R. Zhang, S. Ge, J. Li, T. E. Zhang, C. Wittwer, 

H. J. Jessen, H. Zhang, G. Y. An, D. Y. Chao, D. Liu and M. Lei (2019). "Inositol 

Pyrophosphate InsP(8) Acts as an Intracellular Phosphate Signal in Arabidopsis." Mol Plant 

12(11): 1463-1473. 

Dubois, E., B. Scherens, F. Vierendeels, M. M. Ho, F. Messenguy and S. B. Shears (2002). "In 

Saccharomyces cerevisiae, the inositol polyphosphate kinase activity of Kcs1p is required for 

resistance to salt stress, cell wall integrity, and vacuolar morphogenesis." J Biol Chem 277(26): 

23755-23763. 

Dudley, A. M., D. M. Janse, A. Tanay, R. Shamir and G. M. Church (2005). "A global view of 

pleiotropy and phenotypically derived gene function in yeast." Mol Syst Biol 1: 2005.0001. 

Edgar, R., M. Domrachev and A. E. Lash (2002). "Gene Expression Omnibus: NCBI gene 

expression and hybridization array data repository." Nucleic Acids Res 30: 207-210. 

Enyenihi, A. H. and W. S. Saunders (2003). "Large-scale functional genomic analysis of 

sporulaiton and meiosis in Saccharomyces cerevisie." Genetics 163(1): 47-54. 

Erdman, S. and M. Snyder (2001). "A filamentous growth response mediated by the yeast mating 

pathway." Genetics 159(3): 919-928. 

Erneux, C. and W. Elong Edimo (2013). "When worlds collide: inositol pyrophosphates and 

phosphoinositides intersect at the plasma membrane." Biochem J 453(3): e3-4. 

Eskes, E., M. A. Deprez, T. Wilms and J. Winderickx (2018). "pH homeostasis in yeast; the 

phosphate perspective." Curr Genet 64(1): 155-161. 

Eyers, P. A. and J. M. Murphy (2016). "The evolving world of pseudoenzymes: proteins, 

prejudice and zombies." BMC Biol 14(1): 98. 



137 

 

Filteau, M., G. Diss, F. Torres-Quiroz, A. K. Dubé, A. Schraffl, V. A. Bachmann, I. Gagnon-

Arsenault, A. Chrétien, A. L. Steunou, U. Dionne, J. Côté, N. Bisson, E. Stefan and C. R. Landry 

(2015). "Systematic identification of signal integration by protein kinase A." Proc Natl Acad Sci 

U S A 112(14): 4501-4506. 

Fleischer, B., J. Xie, M. Mayrleitner, S. B. Shears, D. J. Palmer and S. Fleischer (1994). "Golgi 

coatomer binds, and forms K(+)-selective channels gated by, inositol polyphosphates." J. Biol. 

Chem. 269(27): 17826-17832. 

Florio, T. J., R. K. Lokareddy, R. E. Gillilan and G. Cingolani (2019). "Molecular Architecture 

of the Inositol Phosphatase Siw14." Biochemistry 58(6): 534-545. 

Foster, R., K. Q. Hu, Y. Lu, K. M. Nolan, J. Thissen and J. Settleman (1996). "Identification of a 

novel human Rho protein with unusual properties: GTPase deficiency and in vivo farnesylation." 

Mol Cell Biol 16(6): 2689-2699. 

Freed, C., O. Adepoju and G. Gillaspy (2020). "Can Inositol Pyrophosphates Inform Strategies 

for Developing Low Phytate Crops?" Plants (Basel) 9(1). 

Fu, C., J. Xu, R. J. Li, J. A. Crawford, A. B. Khan, T. M. Ma, J. Y. Cha, A. M. Snowman, M. V. 

Pletnikov and S. H. Snyder (2015). "Inositol Hexakisphosphate Kinase-3 Regulates the 

Morphology and Synapse Formation of Cerebellar Purkinje Cells via Spectrin/Adducin." J 

Neurosci 35(31): 11056-11067. 

Ganguli, S., A. Shah, A. Hamid, A. Singh, R. Palakurti and R. Bhandari (2020). "A high energy 

phosphate jump - From pyrophospho-inositol to pyrophospho-serine." Adv Biol Regul 75: 

100662. 

Garay, E., S. E. Campos, J. González de la Cruz, A. P. Gaspar, A. Jinich and A. Deluna (2014). 

"High-resolution profiling of stationary-phase survival reveals yeast longevity factors and their 

genetic interactions." PLoS Genet. 10(2): e100468. 

Gasch, A. P. (2003). The environmental stress response: a common yeast response to diverse 

environmental stresses. Yeast Stress Responses: Topics in Current Genetics. M. W. H. Hohmann 

S. Springer, Berlin, Heidelberg. 1: 11-70. 

Gasch, A. P. (2007). "Comparative genomics of the environmental stress response in ascomycete 

fungi." Yeast 24(11): 961-976. 



138 

 

Gasch, A. P., P. T. Spellman, C. M. Kao, O. Carmel-Harel, M. B. Eisen, G. Storz, D. Botstein 

and P. O. Brown (2000). "Genomic expression programs in the response of yeast cells to 

environmental changes." Mol Biol Cell 11(12): 4241-4257. 

Gerasimaite, R., I. Pavlovic, S. Capolicchio, A. Hofer, A. Schmidt, H. J. Jessen and A. Mayer 

(2017). "Inositol Pyrophosphate Specificity of the SPX-Dependent Polyphosphate Polymerase 

VTC." ACS Chem Biol 12(3): 648-653. 

Ghosh, A. K., T. Wangsanut, W. A. Fonzi and R. J. Rolfes (2015). "The GRF10 homeobox gene 

regulates filamentous growth in the human fungal pathogen Candida albicans." FEMS Yeast 

Res. 15(8): fov093. 

Ghosh, S., D. Shukla, K. Suman, B. J. Lakshmi, R. Manorama, S. Kumar and R. Bhandari 

(2013). "Inositol hexakisphosphate kinase 1 maintains hemostasis in mice by regulating platelet 

polyphosphate levels." Blood 122(8): 1478-1486. 

Gibney, P. A., C. Lu, A. A. Caudy, D. C. Hess and D. Botstein (2013). "Yeast metabolic and 

signaling genes are required for heat-shock survival and have little overlap with the heat-induced 

genes." Proc Natl Acad Sci U S A 110(46): E4393-E4402. 

Glick, D., S. Barth and K. F. Macleod (2010). "Autophagy: cellular and molecular mechanisms." 

J Pathol 221(1): 3-12. 

Gokhale, N. A., A. Zaremba, A. K. Janoshazi, J. D. Weaver and S. B. Shears (2013). "PPIP5K1 

modulates ligand competition between diphosphoinositol polyphosphates and PtdIns(3,4,5)P3 for 

polyphosphoinositide-binding domains." Biochem. J. 453(3): 413-426. 

Gokhale, N. A., A. Zaremba and S. B. Shears (2011). "Receptor-dependent 

compartmentalization of PPIP5K1, a kinase with a cryptic polyphosphoinositide binding 

domain." Biochem J 434(3): 415-426. 

Gonze, D., M. Jacquet and A. Goldbeter (2008). "Stochastic modelling of nucleocytoplasmic 

oscillations of the transcription factor Msn2 in yeast." J R Soc Interface 5(Suppl 1): S95-S109. 

Görner, W., E. Durchschlag, M. T. Martinez-Pastor, F. Estruch, G. Ammerer, B. Hamilton, H. 

Ruis and C. Schüller (1998). "Nuclear localization of the C2H2 zinc finger protein Msn2p is 

regulated by stress and protien kinase A activity." Genes Dev. 12(4): 586-597. 



139 

 

Grant, C. M., G. Perrone and I. W. Dawes (1998). "Glutathione and catalase provide overlapping 

defenses for protection against hydrogen peroide in the yeast Saccharomyces cerevisiae." 

Biochem. Biophys. Res. Commun. 253: 893-898. 

Gu, C., M. S. Wilson, H. J. Jessen, A. Saiardi and S. B. Shears (2016). "Inositol Pyrophosphate 

Profiling of Two HCT116 Cell Lines Uncovers Variation in InsP8 Levels." PLoS One 11(10): 

e0165286. 

Harshman, K. D., W. S. Moye-Rowley and C. S. Parker (1988). "Transcriptional activation by 

the SV40 AP-1 recognition element in yeast is mediated by a factor similar to AP-1 that is 

distinct from GCN4." Cell 53: 321-330. 

Hasan, R., C. Leroy, A. D. Isnard, J. Larbarre, E. Boy-Marcotte and M. B. Toledano (2002). 

"The control of the yeast H2O2 response by the Msn2/4 transcription factors." Mol Microbiol 

45(1): 233-241. 

Hildebrand, J. M., M. C. Tanzer, I. S. Lucet, S. N. Young, S. K. Spall, P. Sharma, C. Pierotti, J. 

M. Garnier, R. C. Dobson, A. I. Webb, A. Tripaydonis, J. J. Babon, M. D. Mulcair, M. J. 

Scanlon, W. S. Alexander, A. F. Wilks, P. E. Czabotar, G. Lessene, J. M. Murphy and J. Silke 

(2014). "Activation of the pseudokinase MLKL unleashes the four-helix bundle domain to 

induce membrane localization and necroptotic cell death." Proc Natl Acad Sci U S A 111(42): 

15072-15077. 

Hinton, S. D. (2019). "The role of pseudophosphatases as signaling regulators." Biochim 

Biophys Acta Mol Cell Res 1866(1): 167-174. 

Hirasaki, M., Y. Kaneko and S. Harashima (2007). "Protein phosphatase Siw14 controls 

intracellular localization of Gln3 in cooperation with Npr1 kinase in Saccharomyces cerevisiae." 

Gene 409: 34-43. 

Hirasaki, M., F. Nakamura, K. Yamagishi, M. Numamoto, Y. Shimada, K. Uehashi, S. Muta, M. 

Sugiyama, Y. Kaneko, S. Kuhara and S. Harashima (2010). "Deciphering cellular functions of 

protein phosphatases by comparison of gene expression profiles in Saccharomyces cerevisiae." J. 

Biosci. Bioeng. 109: 433-441. 

Ho, Y., A. Gruhler, A. Heilbut, G. D. Bader, L. Moore, S. L. Adams, A. Millar, P. Taylor, K. 

Bennett, K. Boutilier, L. Yang, C. Wolting, I. Donaldson, S. Schandorff, J. Shewnarane, M. Vo, 

J. Taggart, M. Goudreault, B. Muskat, C. Alfarano, D. Dewar, Z. Lin, K. Michalickova, A. R. 

Willems, H. Sassi, P. A. Nielsen, K. J. Rasmussen, J. R. Andersen, L. E. Johansen, L. H. Hansen, 



140 

 

H. Jespersen, A. Podtelejnikov, E. Nielsen, J. Crawford, V. Poulsen, B. D. Sørensen, J. 

Matthiesen, R. C. Hendrickson, F. Gleeson, T. Pawson, M. F. Moran, D. Durocher, M. Mann, C. 

W. Hogue, D. Figeys and M. Tyers (2002). "Systematic identification of protein complexes in 

Saccharomyces cerevisiae by mass spectrometry." Nature 415(6868): 180-183. 

Horigome, C., R. Ikeda, T. Okada, K. Takenami and K. Mizuta (2009). "Genetic interaction 

between ribosome biogenesis and inositol polyphophate metabolism in Saccharomyces 

cerevisiae." Biosci Biotech and Biochem 73(2): 443-446. 

Huang, K., I. Ferrin-O'Connell, W. Zhang, G. A. Leonard, E. K. O'Shea and F. A. Quiocho 

(2007). "Structure of the Pho85-Pho80 CDK-cyclin complex of the phosphate-responsive signal 

transduction pathway." Mol Cell 28(4): 614-623. 

Huber, A., S. L. French, H. Tekotte, S. Yerlikaya, M. Stahl, M. P. Perepelkina, M. Tyers, J. 

Rougemont, A. L. Beyer and R. Loewith (2011). "Sch9 regulates ribosome biogenesis via Stb3, 

Dot6 and Tod6 and the histone deacetylase complex RPD3L." EMBO J. 30(15): 3052-3064. 

Hughes Hallett, J. E., X. Luo and A. P. Capaldi (2014). "State transitions in the TORC1 

signaling pathway and information processing in Saccharomyces cerevisiae." Genetics 198(2): 

773-786. 

Huh, W.-K., J. Falvo, L. Gerke, A. Carroll, R. Howson, J. Weissman and E. O'Shea (2003). 

"Global analysis of protein localization in budding yeast." Nature 425: 686-691. 

Inoki, I., H. Ouyang, Y. Li and K. L. Guan (2005). "Signaling by target of rapamycin proteins in 

cell growth control." Microbiol Mol Biol Rev 69(1): 79-100. 

Ito, T., T. Chilba, R. Ozawa, M. Yoshida, M. Hattori and Y. Sakaki (2001). "A comprehensive 

two-hybrid analysis to explore the yeast protein interactome." Proc Natl Acad Sci U S A 98: 

4569-4574. 

Jacobsen, A. V. and J. M. Murphy (2017). "The secret life of kinases: insights into non-catalytic 

signalling functions from pseudokinases." Biochem Soc Trans 45(3): 665-681. 

Jacquet, M., G. Renault, S. Lallet, J. De Mey and A. Goldbeter (2003). "Oscillatory 

nucleocytoplasmic shuttling of the general stress response transcriptional activators Msn2 and 

Msn4 in Saccharomyces cerevisiae." J Cell Biol 161(3): 497-505. 



141 

 

Jadav, R. S., M. V. Chanduri, S. Sengupta and R. Bhandari (2013). "Inositol pyrophosphate 

synthesis by inositol hexakisphosphate kinase 1 is required for homologous recombination 

repair." J Biol Chem 288(5): 3312-3321. 

Jarolim, S., A. Ayer, B. Pillay, A. C. Gee, A. Phrakaysone, G. G. Perrone, M. Breitenbach and I. 

W. Dawes (2013). "Saccharomyces cerevisiae genes involved in survival of heat shock." G3 

3(12): 2321-2333. 

Jean, S., S. Cox, E. J. Schmidt, F. L. Robinson and A. Kiger (2012). "Sbf/MTMR13 coordinates 

PI(3)P and Rab21 regulation in endocytic control of cellular remodeling." Mol Biol Cell 23(14): 

2723-2740. 

Jeffery, C. J. (2019). "The demise of catalysis, but new functions arise: pseudoenzymes as the 

phoenixes of the protein world." Biochem Soc Trans 47(1): 371-379. 

Jeffery, C. J. (2020). "Enzymes, pseudoenzymes, and moonlighting proteins: diversity of 

function in protein superfamilies." Febs j 287(19): 4141-4149. 

Jung, J. Y., M. K. Ried, M. Hothorn and Y. Poirier (2018). "Control of plant phosphate 

homeostasis by inositol pyrophosphates and the SPX domain." Curr Opin Biotechnol 49: 156-

162. 

Jura, N., Y. Shan, X. Cao, D. E. Shaw and J. Kuriyan (2009). "Structural analysis of the 

catalytically inactive kinase domain of the human EGF receptor 3." Proc Natl Acad Sci U S A 

106(51): 21608-21613. 

Kaffman, A., I. Herskowitz, R. Tijan and E. K. O'Shea (1994). "Phosphorylation of the 

transcription factor PHO4 by a cyclin-CDK complex, PHO80-PHO85." Science 263: 1153-1156. 

Kaffman, A., N. Rank and E. O'Shea (1998). "Phosphorylation regulates association of the 

transcription factor Pho4 with its import receptor Pse1/Kap121." Genes Dev. 12: 2673-2683. 

Kaida, D., H. Yashiroda, A. Toh-e and Y. Kikuchi (2002). "Yeast Whi2 and Psr1-phosphatase 

form a complex and regulate STRE-mediated gene expression." Genes Cells 7: 543-552. 



142 

 

Kallstrom, G., J. Hedges and A. Johnson (2003). "The putative GTPases Nog1p and Lsg1p are 

required for 60S ribosomal subunit biogenesis and are localized to the nucleus and cytoplasm, 

respectively." Mol Biol Cell 23(12): 4344-4355. 

Kamada, Y., T. Funakoshi, T. Shintani, K. Nagano, M. Ohsumi and Y. Ohsumi (2000). "Tor-

mediated induction of autophagy via an Apg1 protein kinase complex." J Cell Biol 150(6): 1507-

1513. 

Kang, H. A. (2018). "Emerging roles of inositol pyrophosphates as key modulators of fungal 

pathogenicity." Virulence 9(1): 563-565. 

Kang, H. A. (2018). "Emerging roles of inositol pyrophosphates as key modulators of fungal 

pathogenicity." Virulence 9(1): 563-565. 

Kharitidi, D., S. Manteghi and A. Pause (2014). "Pseudophosphatases: methods of analysis and 

physiological functions." Methods 65(2): 207-218. 

Kilari, R. S., J. D. Weaver, S. B. Shears and S. T. Safrany (2013). "Understanding inositol 

pyrophosphate metabolism and function: kinetic characterization of the DIPPs." FEBS Letters 

587(21): 3464-3470. 

Kim, J. H., A. Roy, D. Jouandot, 2nd and K. H. Cho (2013). "The glucose signaling network in 

yeast." Biochim Biophys Acta 1830(11): 5204-5210. 

Kloimwieder, A. and F. Winston (2011). "A screen for germination mutants in Saccharomyces 

cerevisiae." G3 1(2): 143-149. 

Koldobskiy, M. A., A. Chakraborty, J. K. Werner, Jr., A. M. Snowman, K. R. Juluri, M. S. 

Vandiver, S. Kim, S. Heletz and S. H. Snyder (2010). "p53-mediated apoptosis requires inositol 

hexakisphosphate kinase-2." Proc Natl Acad Sci U S A 107(49): 20947-20951. 

Koldobskiy, M. A. and S. H. Snyder (2011). "Inositol pyrophosphates in cell death and life." Cell 

Cycle 10(4): 568-570. 

Krogan, N., G. Cagney, H. Yu, G. Zhong, X. Guo, A. Ignatchenko, J. Li, S. Pu, 44 authors and J. 

Greenblatt (2006). "Global landscape of protein complexes in the yeast Saccharomyces 

cerevisiae." Nature 440: 637-643. 



143 

 

Kültz, D. (2003). "Evolution of the cellular stress proteome: from monophyletic origin to 

ubiquitous function." J Exp Biol 206: 3119-3124. 

Kunkel, J., X. Luo and A. P. Capaldi (2019). "Integrated TORC1 and PKA signaling control the 

temporal activation of glucose-induced gene expression in yeast." Nat Commun 10(1): 3558. 

Laha, D., P. Johnen, C. Azevedo, M. Dynowski, M. Weiß, S. Capolicchio, H. Mao, T. Iven, M. 

Steenbergen, M. Freyer, P. Gaugler, M. K. de Campos, N. Zheng, I. Feussner, H. J. Jessen, S. C. 

Van Wees, A. Saiardi and G. Schaaf (2015). "VIH2 Regulates the Synthesis of Inositol 

Pyrophosphate InsP8 and Jasmonate-Dependent Defenses in Arabidopsis." Plant Cell 27(4): 

1082-1097. 

Laha, D., P. Johnen, C. Azevedo, M. Dynowski, M. Weiss, S. Capolicchio, H. Mao, T. Iven, M. 

Steenbergen, M. Freyer, P. Gaugler, M. K. de Campos, N. Zheng, I. Feussner, H. J. Jessen, S. C. 

Van Wees, A. Saiardi and G. Schaaf (2015). "VIH2 regulates the synthesis of inositol 

pyrophosphate InsP8 and jasmonate-dependent defenses in Arabidopsis." Plant Cell 27(4): 1082-

1097. 

Laha, D., N. Parvin, A. Hofer, R. F. H. Giehl, N. Fernandez-Rebollo, N. von Wirén, A. Saiardi, 

H. J. Jessen and G. Schaaf (2019). "Arabidopsis ITPK1 and ITPK2 Have an Evolutionarily 

Conserved Phytic Acid Kinase Activity." ACS Chem Biol 14(10): 2127-2133. 

Lee, P., M. S. Kim, S.-M. Paik, S.-H. Choi, B.-R. Cho and J.-S. Hahn (2013). "Rim15-dependent 

activation of Hsf1 and Msn2/4 transcription factors by direct phosphorylation in Saccharomyces 

cerevisiae." FEBS Lett. 587(22): 3648-3655. 

Lee, S., M. G. Kim, H. Ahn and S. Kim (2020). "Inositol Pyrophosphates: Signaling Molecules 

with Pleiotropic Actions in Mammals." Molecules 25(9). 

Lee, T. S., J. Y. Lee, J. W. Kyung, Y. Yang, S. J. Park, S. Lee, I. Pavlovic, B. Kong, Y. S. Jho, 

H. J. Jessen, D. H. Kweon, Y. K. Shin, S. H. Kim, T. Y. Yoon and S. Kim (2016). "Inositol 

pyrophosphates inhibit synaptotagmin-dependent exocytosis." Proc Natl Acad Sci U S A 

113(29): 8314-8319. 

Lee, Y. S., K. Huang, F. A. Quiocho and E. K. O'Shea (2008). "Molecular basis of cyclin-CDK-

CKI regulation by reversible binding of an inositol pyrophosphate." Nat Chem Biol 4(1): 25-32. 



144 

 

Lee, Y. S., S. Mulugu, J. D. York and E. K. O'Shea (2007). "Regulation of a cyclin-CDK-CDK 

inhibitor complex by inositol pyrophosphates." Science 316(5821): 109-112. 

Lev, S., C. Li, D. Desmarini, A. Saiardi, N. L. Fewings, S. D. Schibeci, R. Sharma, T. C. Sorrell 

and J. T. Djordjevic (2015). "Fungal Inositol Pyrophosphate IP7 Is Crucial for Metabolic 

Adaptation to the Host Environment and Pathogenicity." mBio 6(3): e00531-00515. 

Lev, S., C. Li, D. Desmarini, A. Saiardi, N. L. Fewings, S. D. Schibeci, R. Sharma, T. C. Sorrell 

and J. T. Djordjevic (2015). "Fungal inositol pyrophosphate IP7 is crucial for metabolic 

adaptation to the host environment and pathogenicity." MBio 6(3): e00531-00515. 

Li, C., S. Lev, A. Saiardi, D. Desmarini, T. C. Sorrell and J. T. Djordjevic (2016). "Identification 

of a major IP5 kinase in Cryptococcus neoformans confirms that PP-IP5/IP7, not IP6, is essential 

for virulence." Sci. Rep. 6: 23927. 

Li, C., S. Lev, A. Saiardi, D. Desmarini, T. C. Sorrell and J. T. Djordjevic (2016). "Inositol 

polyphosphate kinaes, fungal virulence and drug discovery." J Fungi 2(3): pii: E24. 

Li, C., S. Lev, A. Saiardi, D. Desmarini, T. C. Sorrell and J. T. Djordjevic (2016). "Inositol 

Polyphosphate Kinases, Fungal Virulence and Drug Discovery." J Fungi (Basel) 2(3). 

Liao, G., Y. Wang, T.-B. Liu, G. Kohli, W. Qian, E. Shor, S. Subbian and C. Xue (2018). "Role 

of the inositol pyrophsohate multikinase Kcs1 in Cryptococcus inositol metabolism." Fungal 

Genet. Biol. 113: 42-51. 

Liao, G., Y. Wang, T. B. Liu, G. Kohli, W. Qian, E. Shor, S. Subbian and C. Xue (2018). "Role 

of the inositol pyrophosphate multikinase Kcs1 in Cryptococcus inositol metabolism." Fungal 

Genet Biol 113: 42-51. 

Lichko, L. P., T. V. Kulakovskaya and I. S. Kulaev (2006). "Inorganic polyphosphates and 

exopolyphosphatases indifferent cell compartment of Saccharomyces cerevisiae." Biochem. 

(Mosc.) 71: 1171-1175. 

Lin, H., P. C. Fridy, A. A. Ribeiro, J. H. Choi, D. K. Barma, G. Vogel, J. R. Falck, S. B. Shears, 

J. D. York and G. W. Mayr (2009). "Structural analysis and detection of biological inositol 

pyrophosphates reveal that the family of VIP/diphosphoinositol pentakisphosphate kinases are 

1/3-kinases." J Biol Chem 284(3): 1863-1872. 



145 

 

Linke, K., P. D. Mace, C. A. Smith, D. L. Vaux, J. Silke and C. L. Day (2008). "Structure of the 

MDM2/MDMX RING domain heterodimer reveals dimerization is required for their 

ubiquitylation in trans." Cell Death Differ 15(5): 841-848. 

Lonetti, A., Z. Szijgyarto, D. Bosch, O. Loss, C. Azevedo and A. Saiardi (2011). "Identification 

of an evolutionarily conserved family of inorganic polyphosphate endopolyphosphatases." J. 

Biol. Chem. 286(37): 31966-31974. 

Longo, V. D. and P. Fabrizio (2012). "Chronological aging in Saccharomyces cerevisiae." 

Subcell Biochem 57: 101-121. 

Luo, H. R., Y. E. Huang, J. C. Chen, A. Saiardi, M. Iijima, K. Ye, Y. Huang, E. Nagata, P. 

Devreotes and S. H. Snyder (2003). "Inositol pyrophosphates mediate chemotaxis in 

Dictyostelium via pleckstrin homology domain-PtdIns(3,4,5)P3 interactions." Cell 114(5): 559-

572. 

Luo, H. R., A. Saiardi, H. Yu, E. Nagata, K. Ye and S. H. Snyder (2002). "Inositol 

pyrophosphates are required for DNA hyperrecombination in protein kinase c1 mutant yeast." 

Biochemistry 41(8): 2509-2515. 

Lupardus, P. J., M. Ultsch, H. Wallweber, P. Bir Kohli, A. R. Johnson and C. Eigenbrot (2014). 

"Structure of the pseudokinase-kinase domains from protein kinase TYK2 reveals a mechanism 

for Janus kinase (JAK) autoinhibition." Proc Natl Acad Sci U S A 111(22): 8025-8030. 

Ma, T., Q. Yu, C. Ma, X. Mao, Y. Liu, X. Peng and M. Li (2020). "Role of the inositol 

polyphosphate kinase Vip1 in autophagy and pathogenesis in Candida albicans." Future 

Microbiology 15(14): 1363-1377. 

Macbeth, M. R., H. L. Schubert, A. P. Vandemark, A. T. Lingam, C. P. Hill and B. L. Bass 

(2005). "Inositol hexakisphosphate is bound in the ADAR2 core and required for RNA editing." 

Science 309: 1534-1539. 

Martinez-Pastor, M. T., G. Marchler, C. Schüller, A. Marchler-Bauer, H. Ruiz and F. Estruch 

(1996). "The Saccharomyces cerevisiae zinc finger proteins Msn2p and Msn4p are required for 

transcriptional induction through the stress response element (STRE)." EMBO J. 15: 2227-2235. 

Martins, D. and A. M. English (2014). "Catalase activity is stimulated by H2O2 in rich culture 

medium and is required for H2O2 resistance and adaptation in yeast." Redox Biol 2: 308-313. 



146 

 

Micallef, L. and P. Rodgers (2014). "eulerAPE: Drawing area-proportional 3-Venn Diagrams 

using ellipses." PLoS One 9(7): e101717. 

Miles, S., L. Li, J. Davison and L. L. Breeden (2013). "Xbp1 directs global repression of budding 

yeast transcription during the transition to quiescence and is important for the longevity and 

reversibility of the quiescent state." PLos Genet. 9(10): e1003854. 

Millard, C. J., P. J. Watson, I. Celardo, Y. Gordiyenko, S. M. Cowley, C. V. Robinson, L. Fairall 

and J. W. Schwabe (2013). "Class I HDACs share a common mechanism of regulation by 

inositol phosphates." Mol. Cell 51(1): 57-67. 

Morano, K. A., C. M. Grant and W. S. Moye-Rowley (2012). "The response to heat shock and 

oxidative stress in Saccharomyces cerevisiae." Genetics 190(4): 1157-1195. 

Moritoh, Y., M. Oka, Y. Yasuhara, H. Hozumi, K. Iwachidow, H. Fuse and R. Tozawa (2016). 

"Inositol Hexakisphosphate Kinase 3 Regulates Metabolism and Lifespan in Mice." Sci Rep 6: 

32072. 

Moritoh, Y., M. Oka, Y. Yasuhara, H. Hozumi, K. Iwachidow, H. Fuse and R. Tozawa (2016). 

"Inositol hexakisphosphate kinase 3 regulates metabolism and lifespan in mice." Sci Rep 6: 

32072. 

Morpheus. (2019). "On-line Heat Map Generator." from 

https://software.broadinstitute.org/morpheus. 

Morrison, B. H., R. Haney, E. Lamarre, J. Drazba, G. D. Prestwich and D. J. Lindner (2009). 

"Gene deletion of inositol hexakisphosphate kinase 2 predisposes to aerodigestive tract 

carcinoma." Oncogene 28(25): 2383-2392. 

Morrissette, V. A. and R. J. Rolfes (2020). "The intersection between stress responses and 

inositol pyrophosphates in Saccharomyces cerevisiae." Curr Genet 66(5): 901-910. 

Mukherjee, S., J. Haubner and A. Chakraborty (2020). "Targeting the Inositol Pyrophosphate 

Biosynthetic Enzymes in Metabolic Diseases." Molecules 25(6). 

https://software.broadinstitute.org/morpheus


147 

 

Mulugu, S., W. Bai, P. C. Fridy, R. J. Bastidas, J. C. Otto, D. E. Dollins, T. A. Haystead, A. A. 

Ribeiro and J. D. York (2007). "A conserved family of enzymes that phosphorylate inositol 

hexakisphosphate." Science 316(5821): 106-109. 

Murphy, J. M., H. Farhan and P. A. Eyers (2017). "Bio-Zombie: the rise of pseudoenzymes in 

biology." Biochem Soc Trans 45(2): 537-544. 

Murphy, J. M., P. D. Mace and P. A. Eyers (2017). "Live and let die: insights into pseudoenzyme 

mechanisms from structure." Curr Opin Struct Biol 47: 95-104. 

Murphy, J. M., Q. Zhang, S. N. Young, M. L. Reese, F. P. Bailey, P. A. Eyers, D. Ungureanu, H. 

Hammaren, O. Silvennoinen, L. N. Varghese, K. Chen, A. Tripaydonis, N. Jura, K. Fukuda, J. 

Qin, Z. Nimchuk, M. B. Mudgett, S. Elowe, C. L. Gee, L. Liu, R. J. Daly, G. Manning, J. J. 

Babon and I. S. Lucet (2014). "A robust methodology to subclassify pseudokinases based on 

their nucleotide-binding properties." Biochem J 457(2): 323-334. 

Nagata, E., H. R. Luo, A. Saiardi, B. I. Bae, N. Suzuki and S. H. Snyder (2005). "Inositol 

hexakisphosphate kinase-2, a physiologic mediator of cell death." J Biol Chem 280(2): 1634-

1640. 

Nagata, E., A. Saiardi, H. Tsukamoto, Y. Okada, Y. Itoh, T. Satoh, J. Itoh, R. L. Margolis, S. 

Takizawa, A. Sawa and S. Takagi (2011). "Inositol hexakisphosphate kinases induce cell death 

in Huntington disease." J Biol Chem 286(30): 26680-26686. 

Nagata, E., A. Saiardi, H. Tsukamoto, T. Satoh, Y. Itoh, J. Itoh, M. Shibata, S. Takizawa and S. 

Takagi (2010). "Inositol hexakisphosphate kinases promote autophagy." Int J Biochem Cell Biol 

42(12): 2065-2071. 

Nair, V. S., C. Gu, A. K. Janoshazi, H. J. Jessen, H. Wang and S. B. Shears (2018). "Inositol 

Pyrophosphate Synthesis by Diphosphoinositol Pentakisphosphate Kinase-1 is Regulated by 

Phosphatidylinositol(4,5)bisphosphate." Biosci Rep 38(2). 

Nicastro, R., F. Tripodi, M. Gaggini, A. Castoldi, V. Reghellin, S. Nonnis, G. Tedeschi and P. 

Coccetti (2015). "Snf1 Phosphorylates Adenylate Cyclase and Negatively Regulates Protein 

Kinase A-dependent Transcription in Saccharomyces cerevisiae." J Biol Chem 290(41): 24715-

24726. 



148 

 

Norman, K. L., C. A. Shively, A. J. De La Rocha, N. Mutlu, S. Basu, P. J. Cullen and A. Kumar 

(2018). "Inositol polyphosphates regulate and predict yeast pseudohyphal growth phenotypes." 

PLoS Genet 14(6): e1007493. 

Norman, K. L., C. A. Shively, A. J. De La Rocha, N. Mutlu, S. Basu, P. J. Cullen and A. Kumar 

(2018). "Inositol polyphosphates regulate and predict yeast pseudohyphal growth phenotypes." 

PLoS Genet. 14(6): e1007493. 

Numamoto, M., Y. Sasano, M. Hirasaki, M. Sugiyama, H. Maekawa and S. Harashima (2015). 

"The protein phosphatase Siw14 control caffeine-induced nuclear localization and 

phosphorylation of Gln3 via the type 2A protein phosphatases Pph21 and Pph22 in 

Saccharomyces cerevisiae." J Biochem 157(1): 53-64. 

O'Neill, E. M., A. Kaffman, E. R. Jolly and E. K. O'Shea (1996). "Regulation of PHO4 nuclear 

localization by the PHO80-PHO85 cyclin-CDK complex." Science 271: 209-212. 

Onnebo, S. M. and A. Saiardi (2009). "Inositol pyrophosphates modulate hydrogen peroxide 

signalling." Biochem J 423(1): 109-118. 

Onnebo, S. M. and A. Saiardi (2009). "Inositol pyrophosphates modulate hydrogen peroxide 

signalling." Biochem. J. 423: 109-118. 

Östman, A., J. Frijhoff, Å. Sandin and F.-D. Böhmer (2011). "Regulation of protein tyrosine 

phosphatases by reversible oxidation." J. Biochem. 150(4): 345-356. 

Otto, J. C. and J. D. York (2010). "Molecular manipulation and analysis of inositol phosphate 

and pyrophosphate levels in Mammalian cells." Methods Mol Biol 645: 47-60. 

Ouyang, A., G. Zheng, D. R. Tomchick, X. Luo and H. Yu (2016). "Structural basis and IP6 

requirement for Pds5-dependent cohesin dynamics." Mol Cell 62(2): 248-259. 

Pan, X. and J. Heitman (1999). "Cyclic AMP-dependent protein kinase regulates pseudohyphal 

differentiation in Saccharomyces cerevisiae." Mol Cell Biol 19(7): 4874-4887. 

Parsons, A. B., R. L. Brost, H. Ding, Z. Li, C. Zhang, B. Sheikh, G. W. Brown, P. M. Kane, T. 

R. Hughes and C. Boone (2004). "Integration of chemical-genetic and genetic interaction data 

links bioactive compounds to cellular target pathways." Nat Biotechnol 22(1): 62-69. 



149 

 

Parzych, K. R. and D. J. Klionsky (2019). "Vacuolar hydrolysis and efflux: current knowledge 

and unanswered questions." Autophagy 15(2): 212-227. 

Pautasso, C., S. Reca, K. Chatfield-Reed, G. Chua, F. Galello, P. Portela, V. Zaremberg and S. 

Rossi (2016). "Identification of novel transcriptional regulators of PKA subunits in 

Saccharomyces cerevisiae by quantitative promoter-reporter screening." FEMS Yeast Res 16(5). 

Pautasso, C. and S. Rossi (2014). "Transcriptional regulation of the protein kinase A subunits in 

Saccharomyces cerevisiae: autoregulatory role of the kinase A activity." Biochim Biophys Acta 

1839(4): 275-287. 

Pereira, C. and L. Saraiva (2013). "Interference of aging media on the assessment of yeast 

chronological life span by propidium iodide staining." Folia Microbiol (Praha) 58(1): 81-84. 

Pesesse, X., K. Choi, T. Zhang and S. B. Shears (2004). "Signaling by higher inositol 

polyphosphates.  Synthesis of bisdiphophoinositol tetrakisphosphate ("InsP8") is selectively 

activated by hyperosmotic stress." J Biol Chem 279(42): 43378-43381. 

Petrenko, N., R. V. Chereji, M. N. McClean, A. V. Morozov and J. R. Broach (2013). "Noise and 

interlocking signaling pahtways promote distinct transcription factor dynamics in response to 

different stresses." Mol Biol Cell 24(12): 2045-2057. 

Pils, B. and J. Schultz (2004). "Inactive enzyme-homologues find new function in regulatory 

processes." J Mol Biol 340(3): 399-404. 

Planta, R. J. and W. H. Mager (1998). "The list of cytoplasmic ribosomal proteins of 

Saccharomyces cerevisiae." Yeast 14(5): 471-477. 

Pöhlmann, J. and U. Fleig (2010). "Asp1, a conserved 1/3 inositol polyphosphate kinase, regulate 

the dimorphic switch in Schizosaccharomyces pombe." Mol Cell Biol 30(8): 4535-4547. 

Pöhlmann, J. and U. Fleig (2010). "Asp1, a conserved 1/3 inositol polyphosphate kinase, 

regulates the dimorphic switch in Schizosaccharomyces pombe." Mol Cell Biol 30(18): 4535-

4547. 

Pöhlmann, J., C. Risse, C. Seidel, T. Pohlmann, V. Jakopec, E. Walla, P. Ramrath, N. Takeshita, 

S. Baumann, M. Feldbrügge, R. Fischer and U. Fleig (2014). "The Vip1 inositol polyphosphate 



150 

 

kinase family regulates polarized growth and modulates the microtubule cytoskeleton in fungi." 

PLoS Genet 10(9): e1004586. 

Pöhlmann, J., C. Risse, C. Seidel, T. Pohlmann, V. Jakopec, E. Walla, P. Ramrath, N. Takeshita, 

S. Baumann, M. Feldbrügge, R. Fischer and U. Fleig (2014). "The Vip1 inositol polyphosphate 

kinase family regulates polarized growth and modulates the microtubule cytoskeleton in fungi." 

PLoS Genet. 10(9): e1004586. 

Ponnusamy, S., N. L. Alderson, H. Hama, J. Bielawski, J. C. Jiang, R. Bhandari, S. H. Snyder, S. 

M. Jazwinski and B. Ogretmen (2008). "Regulation of telomere length by fatty acid elongase 3 

in yeast. Involvement of inositol phosphate metabolism and Ku70/80 function." J Biol Chem 

283(41): 27514-27524. 

Portela, P. and S. Rossi (2020). "cAMP-PKA signal transduction specificity in Saccharomyces 

cerevisiae." Curr Genet 66(6): 1093-1099. 

Praekelt, U. M. and P. Meacock (1990). "HSP12, a new small heat schock gene of 

Saccharomyces cerevisiae: analysis of structure, regulation and function." Mol. Gen. Genet. 

223: 97-106. 

Prasad, A., Y. Jia, A. Chakraborty, Y. Li, S. K. Jain, J. Zhong, S. G. Roy, F. Loison, S. Mondal, 

J. Sakai, C. Blanchard, S. H. Snyder and H. R. Luo (2011). "Inositol hexakisphosphate kinase 1 

regulates neutrophil function in innate immunity by inhibiting phosphatidylinositol-(3,4,5)-

trisphosphate signaling." Nat Immunol 12(8): 752-760. 

Pulloor, N. K., S. Nair, K. McCaffrey, A. D. Kostic, P. Bist, J. D. Weaver, A. M. Riley, R. 

Tyagi, P. D. Uchil, J. D. York, S. H. Snyder, A. Garcia-Sastre, B. V. L. Potter, R. Lin, S. B. 

Shears, R. J. Xavier and M. N. Krishnan (2014). "Human genome-wide RNAi screen identifies 

an essential role for inositol pyrophosphates in Type-I interferon response." PLoS Pathog 10(2): 

e1003981. 

Ranok, A., J. Wongsantichon, R. C. Robinson and W. Suginta (2015). "Structural and 

thermodynamic insights into chitooligosaccharide binding to human cartilage chitinase 3-like 

protein 2 (CHI3L2 or YKL-39)." J Biol Chem 290(5): 2617-2629. 

Rao, F., J. Cha, J. Xu, R. Xu, M. S. Vandiver, R. Tyagi, R. Tokhunts, M. A. Koldobskiy, C. Fu, 

R. Barrow, M. Wu, D. Fiedler, J. C. Barrow and S. H. Snyder (2014). "Inositol pyrophosphates 

mediate the DNA-PK/ATM-p53 cell death pathway by regulating CK2 phosphorylation of 

Tti1/Tel2." Mol Cell 54(1): 119-132. 



151 

 

Rao, F., J. Cha, J. Xu, R. Xu, M. S. Vandiver, R. Tyagi, R. Tokhunts, M. A. Koldobskiy, C. Fu, 

R. Barrow, M. Wu, D. Fiedler, J. C. Barrow and S. H. Snyder (2020). "Inositol Pyrophosphates 

Mediate the DNA-PK/ATM-p53 Cell Death Pathway by Regulating CK2 Phosphorylation of 

Tti1/Tel2." Mol Cell 79(4): 702. 

Rao, F., J. Xu, A. B. Khan, M. M. Gadalla, J. Y. Cha, R. Xu, R. Tyagi, Y. Dang, A. Chakraborty 

and S. H. Snyder (2014). "Inositol hexakisphosphate kinase-1 mediates assembly/disassembly of 

the CRL4-signalosome complex to regulate DNA repair and cell death." Proc Natl Acad Sci U S 

A 111(45): 16005-16010. 

Ravi, C., R. Gowsalya and V. Nachiappan (2019). "Impaired GCR1 transcription resulted in 

defective inositol levels, vacuolar structure and autophagy in Saccharomyces cerevisiae." Curr 

Genetics 65: 995-1014. 

Reiter, W., E. Klopf, V. De Wever, D. Anrather, A. Petryshyn, A. Roetzer, G. Niederacher, E. 

Roitinger, I. Dohnal, W. Görner, K. Mechtler, C. Brocard, C. Schüller and G. Ammerer (2013). 

"Yeast protein phosphatase 2A-Cdc55 regulates the transcriptional response to hyperosmolarity 

stress by regulating Msn2 and Msn4 chromatin recruitment." Mol Cell Biol 33(5): 1057-1072. 

Reiterer, V., P. A. Eyers and H. Farhan (2014). "Day of the dead: peeudokinases and 

pseudophophatases in physiology and disease." Trends Cell Biol 24(9): 489-505. 

Reiterer, V., P. A. Eyers and H. Farhan (2014). "Day of the dead: pseudokinases and 

pseudophosphatases in physiology and disease." Trends Cell Biol 24(9): 489-505. 

Reiterer, V., D. Fey, W. Kolch, B. N. Kholodenko and H. Farhan (2013). "Pseudophosphatase 

STYX modulates cell-fate decisions and cell migration by spatiotemporal regulation of 

ERK1/2." Proc Natl Acad Sci U S A 110(31): E2934-2943. 

Reiterer, V., C. Figueras-Puig, F. Le Guerroue, S. Confalonieri, M. Vecchi, D. Jalapothu, S. M. 

Kanse, R. J. Deshaies, P. P. Di Fiore, C. Behrends and H. Farhan (2018). "The 

pseudophosphatase STYX targets the F-box of FBXW7 and inhibits SCF(FBXW)(7) function." 

Embo j 37(6). 

Reiterer, V., K. Pawłowski, G. Desrochers, A. Pause, H. J. Sharpe and H. Farhan (2020). "The 

dead phosphatases society: a review of the emerging roles of pseudophosphatases." Febs j 

287(19): 4198-4220. 



152 

 

Reiterer, V., K. Pawłowski and H. Farhan (2017). "STYX: a versatile pseudophosphatase." 

Biochem Soc Trans 45(2): 449-456. 

Ribeiro, A. J. M., S. Das, N. Dawson, R. Zaru, S. Orchard, J. M. Thornton, C. Orengo, E. 

Zeqiraj, J. M. Murphy and P. A. Eyers (2019). "Emerging concepts in pseudoenzyme 

classification, evolution, and signaling." Sci Signal 12(594). 

Ribeiro, A. J. M., J. D. Tyzack, N. Borkakoti and J. M. Thornton (2020). "Identifying 

pseudoenzymes using functional annotation: pitfalls of common practice." Febs j 287(19): 4128-

4140. 

Robertson, L. S. and G. R. Fink (1998). "The three yeast A kinases have specific signaling 

functions in pseudohyphal growth." Proc Natl Acad Sci U S A 95(23): 13783-13787. 

Romá-Mateo, C., P. Ríos, L. Tabernero, T. K. Attwood and R. Pulido (2007). "A novel 

phosphatase family, structurally related to dual-specificity phosphatases, that displays unique 

amino acid sequence and substrate specificity." J. Mol. Biol. 374(4): 899-909. 

Romá-Mateo, C., A. Sacristán-Reviriego, N. J. Beresford, J. A. Caparrós-Martín, F. A. Culiáñez-

Macià, H. Martín, M. Molina, L. Tabernero and R. Pulido (2011). "Phylogenetic and genetic 

linkage between novel atypical dual-specificity phosphatases from non-metazoan organisms." 

Mol. Genet. Genomics 285(4): 341-354. 

Ruiz-Roig, C., C. Viéitez, F. Posas and E. de Nadal (2010). "The Rpd3L HDAC complex is 

essential for the heat stress response in yeast." Mol. Microbiol. 76(4): 1049-1062. 

Sadeh, A., N. Movshovich, M. Volokh, L. Ghever and A. Aharoni (2011). "Fine tuning of the 

Msn2/4-mediated yeast stress response as revealed by systematic deletion of Msn2/4 partners." 

Mol Biol Cell 22(17): 3127-3138. 

Safrany, S. T., S. W. Ingram, J. L. Cartwright, J. R. Falck, A. G. McLennan, L. D. Barnes and S. 

B. Shears (1999). "The diadenosine hexaphosphate hydrolases from Schizosaccharomyces 

pombe and Saccharomyces cerevisiae are homologues of the human diphosphoinositol 

polyphosphate phosphohydrolase. Overlapping substrate specificities in a MutT-type protein." J. 

Biol. Chem. 274(31): 21735-21740. 

Sahu, S., Z. Wang, X. Jiao, C. Gu, N. Jork, C. Wittwer, X. Li, S. Hostachy, D. Fiedler, H. Wang, 

H. J. Jessen, M. Kiledjian and S. B. Shears (2020). "InsP(7) is a small-molecule regulator of 



153 

 

NUDT3-mediated mRNA decapping and processing-body dynamics." Proc Natl Acad Sci U S A 

117(32): 19245-19253. 

Saiardi, A. (2012). "Cell signalling by inositol pyrophosphates." Subcell Biochem 59: 413-443. 

Saiardi, A. (2012). "How inositol pyrophosphates control cellular phosphate homeostasis?" Adv 

Biol Regul 52(2): 351-359. 

Saiardi, A. (2016). "Protein pyrophosphorylation: moving forward." Biochem J 473(21): 3765-

3768. 

Saiardi, A., C. Azevedo, Y. Desfougères, P. Portela-Torres and M. S. C. Wilson (2018). 

"Microbial inositol polyphophate metabolic pathway as drug development target." Adv. Biol. 

Regul. 67: 74-83. 

Saiardi, A., J. J. Caffrey, S. H. Snyder and S. B. Shears (2000). "The inositol hexakisphosphate 

kinase family.  Catalytic flexibility and function in yeast vacuole biogenesis." J Bio Chem 

275(32): 24686-24692. 

Saiardi, A., H. Erdjument-Bromage, A. M. Snowman, P. Tempst and S. H. Snyder (1999). 

"Synthesis of diphophoinositol pentakisphosphate by a newly identified family of higher inositol 

pholyphosphate kinases." Curr. Biol. 9: 1323-1326. 

Saiardi, A., E. Nagata, H. R. Luo, A. Sawa, X. Luo, A. M. Snowman and S. H. Snyder (2001). 

"Mammalian inositol polyphosphate multikinase synthesizes inositol 1,4,5-trisphosphate and an 

inositol pyrophosphate." Proc Natl Acad Sci U S A 98(5): 2306-2311. 

Saiardi, A., A. C. Resnick, A. M. Snowman, B. Wendland and S. H. Snyder (2005). "Inositol 

pyrophosphates regulate cell death and telomere length through phosphoinositide 3-kinase-

related protein kinases." Proc Natl Acad Sci U S A 102(6): 1911-1914. 

Saiardi, A., A. C. Resnick, A. M. Snowman, B. Wendland and S. H. Snyder (2005). "Inositol 

pyrophosphates regulate cell death and telomere length through phosphoinositide 3-kinase-

related protein kinases." Proc Natl Acad Sci U S A 102: 1911-1914. 

Saiardi, A., C. Sciambi, J. M. McCaffery, B. Wendland and S. H. Snyder (2002). "Inositol 

pyrophosphates regulate endocytic trafficking." Proc Natl Acad Sci U S A 99(22): 14206-14211. 



154 

 

Sakumoto, N., I. Matsuoka, Y. Mukai, N. Ogawa, Y. Kaneko and S. Harashima (2002). "A series 

of double disruptants for protein phosphatase genes in Saccharomyces cerevisiae and their 

phenotypic analysis." Yeast 19: 587-599. 

Sanchez, A. M., A. Garg, S. Shuman and B. Schwer (2019). "Inositol pyrophosphates impact 

phosphate homeostasis via modulation of RNA 3' processing and transcription termination." 

Nucleic Acids Res 47(16): 8452-8469. 

Santangelo, G. M. (2006). "Glucose signaling in Saccharomyces cerevisiae." Microbiol Mol Biol 

Rev 70(1): 253-282. 

Santhanam, A., A. Hartley, K. Duvel, J. R. Broach and S. Garrett (2004). "PP2A phosphatase 

activity is required for stress and Tor kinase regulation of yeast stress response factor Msn2p." 

Eukaryot. Cell 3(5): 1261-1271. 

Schimpl, M., C. L. Rush, M. Betou, I. M. Eggleston, A. D. Recklies and D. M. van Aalten 

(2012). "Human YKL-39 is a pseudo-chitinase with retained chitooligosaccharide-binding 

properties." Biochem J 446(1): 149-157. 

Schmitt, A. P. and K. McEntee (1996). "Msn2p, a zinc finger DNA-binding protein, is the 

transcriptional activator of the multistress response in Saccharomyces cerevisiae." Proc Natl 

Acad Sci U S A 93: 5777-5782. 

Shah, A., S. Ganguli, J. Sen and R. Bhandari (2017). "Inositol Pyrophosphates: Energetic, 

Omnipresent and Versatile Signalling Molecules." J Indian Inst Sci 97(1): 23-40. 

Sharir-Ivry, A. and Y. Xia (2018). "Nature of Long-Range Evolutionary Constraint in Enzymes: 

Insights from Comparison to Pseudoenzymes with Similar Structures." Mol Biol Evol 35(11): 

2597-2606. 

Sharir-Ivry, A. and Y. Xia (2019). "Using Pseudoenzymes to Probe Evolutionary Design 

Principles of Enzymes." Evol Bioinform Online 15: 1176934319855937. 

Shears, S. B. (2007). "Understanding the biological significance of diphosphoinositol 

polyphosphates ('inositol pyrophosphates')." Biochem Soc Symp(74): 211-221. 



155 

 

Shears, S. B. (2015). "Inositol pyrophosphates: Why so many phosphates?" Adv. Biol. Regul. 

57: 203-216. 

Shears, S. B. (2015). "Inositol pyrophosphates: why so many phosphates?" Adv Biol Regul 57: 

203-216. 

Shears, S. B. (2017). "Intimate connections: Inositol pyrophosphates at the interface of metabolic 

regulation and cell signaling." J Cell Physiol 233(3): 1897-1912. 

Shears, S. B. (2018). "Intimate connections: Inositol pyrophosphates at the interface of metabolic 

regulation and cell signaling." J Cell Physiol 233(3): 1897-1912. 

Shively, C. A., H. K. Kweon, K. L. Norman, D. Mellacheruvu, T. Xu, D. T. Sheidy, C. J. Dobry, 

I. Sabath, E. E. Cosky, E. J. Tran, A. Nesvizhskii and P. C. Andrews (2015). "Large-scale 

analysis of kinase signaling in yeast pseudohyphal development identifies regulation of 

ribonucleoprotein granules." PLoS Genet. 11(10): e1005564. 

Shrestha, S., D. P. Byrne, J. A. Harris, N. Kannan and P. A. Eyers (2020). "Cataloguing the 

dead: breathing new life into pseudokinase research." Febs j 287(19): 4150-4169. 

Sinha, H., L. David, R. C. Pascon, S. Clauder-Münster, S. Krishnakumar, M. Nguyen, G. Shi, J. 

Dean, R. W. Davis, P. J. Oefner, J. H. McCusker and L. M. Steinmetz (2008). "Sequential 

elimination of major-effect contributors identifies additional quantitative trait loci conditioning 

high-temperature growth in yeast." Genetics 180(3): 1661-1670. 

Smith, A., M. P. Ward and S. Garrett (1998). "Yeast PKA represses Msn2p/Msn4p-dependent 

gene expression to regulate growth, stress response and glycogen accumulation." EMBO J. 

17(13): 3556-3564. 

Steidle, E. A., L. S. Chong, M. Wu, E. Crooke, D. Fiedler, A. C. Resnick and R. J. Rolfes 

(2016). "A novel inositol pyrophosphate phosphatase in Saccharomyces cerevisiae: Siw14 

protein selectively cleaves the −phosphate from 5-diphosphoinositol pentakisphosphate (5PP-

IP5)." J Biol Chem 291(13): 6772-6783. 

Steidle, E. A., V. A. Morrissette, K. Fujimaki, L. Chong, A. C. Resnick, A. P. Capaldi and R. J. 

Rolfes (2020). "The InsP7 phosphatase Siw14 regulates inositol pyrophosphate levels to control 

localization of the general stress response transcription factor Msn2." J Biol Chem 295(7): 2043-

2056. 



156 

 

Steidle, E. A., V. A. Morrissette, K. Fujimaki, L. Chong, A. C. Resnick, A. P. Capaldi and R. J. 

Rolfes (2020). "The InsP(7) phosphatase Siw14 regulates inositol pyrophosphate levels to 

control localization of the general stress response transcription factor Msn2." J Biol Chem 

295(7): 2043-2056. 

Stephan, J. S., Y. Y. Yeh, V. Ramachandran, S. J. Deminoff and P. K. Herman (2009). "The Tor 

and PKA signaling pathways independently target the Atg1/Atg13 protein kinase complex to 

control autophagy." Proc Natl Acad Sci U S A 106(40): 17049-17054. 

Stephan, J. S., Y. Y. Yeh, V. Ramachandran, S. J. Deminoff and P. K. Herman (2010). "The Tor 

and cAMP-dependent protein kinase signaling pathways coordinately control autophagy in 

Saccharomyces cerevisiae." Autophagy 6(2): 294-295. 

Stephens, L., T. Radenberg, U. Thiel, G. Vogel, K. H. Khoo, A. Dell, T. R. Jackson, P. T. 

Hawkins and G. W. Mayr (1993). "The detection, purification, structural characterization, and 

metabolism of diphosphoinositol pentakisphosphate(s) and bisdiphosphoinositol 

tetrakisphosphate(s)." J Biol Chem 268(6): 4009-4015. 

Swaney, D. L., P. Beltrao, L. Starita, A. Guo, J. Rush, S. Fields, N. J. Krogan and J. Villén 

(2013). "Global analysis of phosphorylation and ubiquitylation cross-talk in protein 

degradation." Nat Methods 10(7): 676-682. 

Szijgyarto, Z., A. Garedew, C. Azevedo and A. Saiardi (2011). "Influence of inositol 

pyrophosphates on cellular energy dynamics." Science 334(6057): 802-805. 

Szijgyarto, Z., A. Garedew, C. Azevedo and A. Saiardi (2011). "Influence of inositol 

pyrophosphates on cellular energy dynamics." Science 334(6057): 802-805. 

Taherbhoy, A. M., O. W. Huang and A. G. Cochran (2015). "BMI1-RING1B is an autoinhibited 

RING E3 ubiquitin ligase." Nat Commun 6: 7621. 

Tamaki, H. (2007). "Glucose-stimulated cAMP-protein kinase A pathway in yeast 

Saccharomyces cerevisiae." J Biosci Bioeng 104(4): 245-250. 

Tate, J. J., R. Rai and T. G. Cooper (2006). "Ammonia-specific regulation of Gln3 localization in 

Saccharomyces cerevisiae by protein kinase Npr1." J Bio Chem 281(38): 28460-28469. 



157 

 

Taylor, R. J., P. H. Chen, C. C. Chou, J. Patel and S. V. Jin (2012). "KCS1 deletion in 

Saccharomyces cerevisiae leads to a defect in translocation of autophagic proteins and reduces 

autophagosome formation." Autophagy 8(9): 1300-1311. 

Teste, M. A., M. Duquenne, J. M. François and J. L. Parrou (2009). "Validation of reference 

genes for quantitative expression analysis by real-time RT-PCR in Saccharomyces cerevisiae." 

BMC Mol. Biol. 10: 99. 

Thota, S. G. and R. Bhandari (2015). "The emerging roles of inositol pyrophoshates in 

eukaryotic cell physiology." J. Biosci. 40(3): 593-605. 

Thota, S. G. and R. Bhandari (2015). "The emerging roles of inositol pyrophosphates in 

eukaryotic cell physiology." J Biosci 40(3): 593-605. 

Thota, S. G., C. P. Unnikannan, S. R. Thampatty, R. Manorama and R. Bhandari (2015). 

"Inositol pyrophosphates regulate RNA polymerase I-mediated rRNA transcription in 

Saccharomyces cerevisiae." Biochem J 466(1): 105-114. 

Thota, S. G., C. P. Unnikannan, S. R. Thampatty, R. Manorama and R. Bhandari (2015). 

"Inositol pyrophosphates regulate RNA polymerase I-mediated rRNA transcription in 

Saccharomyces cerevisiae." Biochem. J. 466(1): 105-114. 

Tremblay, A., B. Lamontagne, M. Catala, Y. Yam, S. Larose, L. Good and S. A. Elela (2002). 

"A physical interaction between Gar1p and Rntp is required for the nuclear import of H/ACA 

small nucleolar RNA-associated proteins." Mol. Cell Biol. 22(13): 4792-4802. 

Tsui, M. M. and J. D. York (2010). "Roles of inositol phosphates and inositol pyrophosphates in 

development, cell signaling and nuclear processes." Adv. Enzyme Regul. 50(1): 324-337. 

Tsui, M. M. and J. D. York (2010). "Roles of inositol phosphates and inositol pyrophosphates in 

development, cell signaling and nuclear processes." Adv Enzyme Regul 50(1): 324-337. 

Tudisca, V., V. Recouvreux, S. Moreno, E. Boy-Marcotte, M. Jacquet and P. Portela (2010). 

"Differential localization to cytoplasm, nucleus or P-bodies of yeast PKA subunits under 

different growth conditions." Eur J Cell Biol 89(4): 339-348. 



158 

 

Uetz, P., L. Giot, G. Cagney, T. Mansfield, R. Judson, J. Knight, D. Lockshon, V. Narayan, M. 

Srinivasan, P. Pochart, A. Qureshi-Emili, Y. Li, B. Godwin, D. Conover, T. Kalbfleisch, G. 

Vijayadamodar, M. Yang, M. Johnston, S. Fields and J. Rothberg (2000). "A comprehensive 

analysis of protein-protein interactions in Saccharomyces cerevisiae." Nature 403: 623-627. 

Urban, J., A. Soulard, A. Huber, S. Lippman, D. Mukhopadhyay, O. Deloche, V. Wanke, D. 

Anrather, G. Ammerer, H. Riezman, J. R. Broach, C. De Virgilio, B. D. Hall and R. Loewith 

(2007). "Sch9 is a major target of TORC1 in Saccharomyces cerevisiae." Mol Cell 26(5): 663-

674. 

Voglmaier, S. M., M. E. Bembenek, A. I. Kaplin, G. Dormán, J. D. Olszewski, G. D. Prestwich 

and S. H. Snyder (1996). "Purified inositol hexakisphosphate kinase is an ATP synthase: 

diphosphoinositol pentakisphosphate as a high-energy phosphate donor." Proc Natl Acad Sci U S 

A 93(9): 4305-4310. 

Vyas, V. K., S. Kuchin, C. D. Berkey and M. Carlson (2003). "Snf1 kinases with different beta-

subunit isoforms play distinct roles in regulating haploid invasive growth." Mol Cell Biol 23(4): 

1342-1348. 

Wang, H., C. Gu, R. J. Rolfes, H. J. Jessen and S. B. Shears (2018). "Structural and biochemical 

characterization of Siw14: A protein-tyrosine phosphatase fold that metabolizes inositol 

pyrophosphates." J Biol Chem 293(18): 6905-6914. 

Wang, H. and Y. Jiang (2003). "The Tap42-protein phosphatase type 2A catalytic subunit 

complex is required for cell cycle-dependent distribution of actin in yeast." Mol Cell Biol 23(9): 

3116-3125. 

Watson, P. J., L. Fairall, G. M. Santos and J. W. Schwabe (2012). "Structure of HDAC3 bound 

to co-repressor and inositol tetraphosphate." Nature 481(7381): 335-340. 

Watson, P. J., C. J. Millard, A. M. Riley, N. S. Robertson, L. C. Wright, H. Y. Godage, S. M. 

Cowley, A. G. Jamieson, B. V. Potter and J. W. Schwabe (2016). "Insights into the activation 

mechanism of Class I HDAC complexes by inositol phosphates." Nat. Commun. 7: 11262. 

Weissgerber, T. L., M. Savic, S. J. Winham, D. Stanisavljevic, V. D. Garovic and N. M. Milic 

(2017). "Data visualization, bar naked: A free tool for creating interactive graphics." J Bio Chem 

292: 20592-20598. 



159 

 

Welker, S., B. Rudolph, E. Frenzel, F. Hagn, G. Liebisch, G. Schmitz, J. Scheuring, A. Kerth, A. 

Blume, S. Weinkauf, M. Haslbeck, H. Kessler and J. Buchner (2010). "Hsp12 is an intrinsically 

unstructured stress protein that folds upon membrane association and modulates membrane 

function." Mol. Cell 39(4): 507-520. 

Werner-Washburne, M., E. Braun, G. C. Johnston and R. A. Singer (1993). "Stationary phase in 

the yeast Saccharomyces cerevisiae." Microbiol. Rev. 57: 383-401. 

Werner, J. K., Jr., T. Speed and R. Bhandari (2010). "Protein pyrophosphorylation by 

diphosphoinositol pentakisphosphate (InsP7)." Methods Mol Biol 645: 87-102. 

Wickner, R. B., A. C. Kelly, E. E. Bezsonov and H. K. Edskes (2017). "[PSI+] prion propagation 

is controlled by inositol polyphosphates." Proc Natl Acad Sci U S A 114(40): E8402-e8410. 

Wild, R., R. Gerasimaite, J. Y. Jung, V. Truffault, I. Pavlovic, A. Schmidt, A. Saiardi, H. J. 

Jessen, Y. Poirier, M. Hothorn and A. Mayer (2016). "Control of eukaryotic phosphate 

homeostasis by inositol polyphosphate sensor domains." Science 352(6288): 986-990. 

Williams, S. P., G. E. Gillaspy and I. Y. Perera (2015). "Biosynthesis and possible functions of 

inositol pyrophosphates in plants." Front Plant Sci 6: 67. 

Wilson, M. S., H. J. Jessen and A. Saiardi (2019). "The inositol hexakisphosphate kinases IP6K1 

and -2 regulate human cellular phosphate homeostasis, including XPR1-mediated phosphate 

export." J Biol Chem 294(30): 11597-11608. 

Wilson, M. S., T. M. Livermore and A. Saiardi (2013). "Inositol pyrophosphates: between 

signaling and metabolism." Biochem. J. 452: 369-379. 

Wishart, M. and J. Dixon (1998). "Gathering STYX: phosphatase-like form predicts functions 

for unique protein-interaction domains." Trends Biochem. Sci. 23: 301-306. 

Worley, J., X. Luo and A. P. Capaldi (2013). "Inositol pyrophosphates regulate cell growth and 

the environmental stress response by activating the HDAC Rpd3L." Cell Rep 3(5): 1476-1482. 

Worley, J., X. Luo and A. P. Capaldi (2013). "Inositol pyrophosphates regulate cell growth and 

the environmental stress response by activating the HDAC Rpd3L." Cell. Rep. 3(5): 1476-1482. 



160 

 

Yan, G., Y. Lai and Y. Jiang (2012). "The TOR complex 1 is a direct target of Rho1 GTPase." 

Mol Cell 45(6): 743-753. 

Yang, J., J. Wu and S. Ao (1997). "Analysis of Activation Activity of Yeast PHO2, PHO4 

Protein and Their Interaction." Sheng Wu Hua Xue Yu Sheng Wu Wu Li Xue Bao (Shanghai) 

29(2): 122-128. 

Yang, X., S. T. Safrany and S. B. Shears (1999). "Site-directed mutagenesis of diphosphoinositol 

polyphosphate phosphohydrolase, a dual specificity NUDT enzyme that attacks diadenosine 

polyphosphates and diphosphoinositol polyphosphates." J Biol Chem 274(50): 35434-35440. 

Yorimitsu, T., C. He, K. Wang and D. J. Klionsky (2009). "Tap42-associated protein 

phosphatase thype 2A negatively regulates induction of autophagy." Autophagy 5(5): 616-624. 

Yorimitsu, T., S. Zaman, J. R. Broach and D. J. Klionsky (2007). "Protein kinase A and Sch9 

cooperatively regulate induction of autophagy in Saccharomyces cerevisiae." Mol Biol Cell 

18(10): 4180-4189. 

York, S. J., B. N. Armbruster, P. Greenwell, T. Petes and J. York (2005). "Inositol diphosphate 

signaling regulates telomere length." J. Biol. Chem. 280(4264-4269). 

York, S. J., B. N. Armbruster, P. Greenwell, T. D. Petes and J. D. York (2005). "Inositol 

diphosphate signaling regulates telomere length." J Biol Chem 280(6): 4264-4269. 

Yu, H., P. Braun, M. A. Yildirim, I. Lemmens, K. Venkatesan, J. Sahalie, T. Hirozane-

Kishikawa, F. Gefreab, N. Li, N. Simonis, T. Hao, J.-F. Rual, A. Dricot, L. Vazquez, R. R. 

Murray, C. Simon, L. Tardivo, S. Tam, N. Svrzikapa, C. Fan, A.-S. de Smet, A. Motyl, M. E. 

Hudson, J. Park, X. Xin, M. E. Cusick, T. Moore, C. Boone, M. Snyder, F. P. Roth, A.-L. 

Barabási, J. Tavernier, D. E. Hill and M. Vidal (2008). "High-quality binary protein interaction 

map of the yeast interactome network." Science 322(5898): 104-110. 

Yu, W., C. Ye and M. L. Greenberg (2016). "Inositol Hexakisphosphate Kinase 1 (IP6K1) 

Regulates Inositol Synthesis in Mammalian Cells." J Biol Chem 291(20): 10437-10444. 

Zaman, S., S. I. Lippman, X. Zhao and J. R. Broach (2008). "How Saccharomyces responds to 

nutrients." Annu. Rev. Genet.  42: 27-81. 



161 

 

Zeqiraj, E., B. M. Filippi, M. Deak, D. R. Alessi and D. M. van Aalten (2009). "Structure of the 

LKB1-STRAD-MO25 complex reveals an allosteric mechanism of kinase activation." Science 

326(5960): 1707-1711. 

Zhang, Z., C. Zhao, B. Liu, D. Liang, X. Qin, X. Li, R. Zhang, C. Li, H. Wang, D. Sun and F. 

Cao (2014). "Inositol pyrophosphates mediate the effects of aging on bone marrow mesenchymal 

stem cells by inhibiting Akt signaling." Stem Cell Res Ther 5(2): 33. 

Zhu, J., K. Lau, R. Puschmann, R. K. Harmel, Y. Zhang, V. Pries, P. Gaugler, L. Broger, A. K. 

Dutta, H. J. Jessen, G. Schaaf, A. R. Fernie, L. A. Hothorn, D. Fiedler and M. Hothorn (2019). 

"Two bifunctional inositol pyrophosphate kinases/phosphatases control plant phosphate 

homeostasis." Elife 8. 


