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SOMMARIO 

Il lavoro di tesi qui presentato è stato realizzato in collaborazione con il Dr. Adolfo Saiardi 

che attualmente lavora al Medical Research Council Laboratory for Molecular Cell Biology 

(LMCB), all'interno del campus della University College London (UCL), a Londra. Da diversi 

anni il Dr. Saiardi si occupa dello studio degli inositoli polifosfati, importanti molecole di 

segnale che svolgono un ruolo sostanziale in diverse patologie umane come il cancro, il 

diabete e l'obesità. Il più descritto tra queste molecole è il fattore di rilascio del calcio 

I(1,4,5)P3 o (IP3) che rappresenta un classico esempio di secondo messaggero utilizzato nella 

trasduzione del segnale cellulare. Negli ultimi anni il ruolo fisiologico degli inositoli 

polifosfati ha suscitato un forte interesse da parte della comunità scientifica in quanto sarebbe 

interessante capire quali funzioni svolgono gli inositoli che contengono nel loro interno 

legami pirofosforici ovvero legami ad alta energia. I più caratterizzati e descritti tra gli 

inositoli pirofosfati sono l’IP7 o PP-IP5 e l’IP8 o [PP]2-IP4. I legami ad alta energia presenti in 

queste molecole costituiscono un importante potenziale energetico per diverse reazioni 

molecolari e la loro particolare struttura suggerisce come queste molecole possano 

rappresentare una nuova classe di secondi messaggeri con funzioni importanti ma ancora non 

completamente note. Inoltre, la recente scoperta che il gruppo fosfato, presente nella frazione 

pirofosforica della molecola, possa essere donato direttamente alle proteine prefosforilate ha 

permesso di ipotizzare l’esistenza di un nuovo tipo di modificazione post-traduzionale e 

potrebbe aprire un altro campo in quello che è il già così vasto settore di ricerca della 

trasduzione del segnale.  

Considerato che l’inositolo è stato utilizzato nel corso dell'evoluzione per produrre diverse 

molecole di segnale metabolicamente interconnesse, l'obiettivo principale della ricerca è stato 

quello di comprendere come molecole antichissime quali gli inositoli polifosfati, con funzioni 

limitate, si possano essere evolute fino a generare il sofisticato sistema di molecole di segnale 

presente nelle nostre cellule. Utilizzando un’ameba unicellulare, Dictyostelium discoideum, 

che condivide molti percorsi metabolici con gli organismi superiori e possiede caratteristiche 

peculiari che lo rendono un buon organismo modello, abbiamo cercato di sviluppare un 

sistema in cui analizzare il metabolismo degli inositoli pirofosfati e le vie di segnalazione in 

cui queste molecole sono implicate. Nel complesso, i risultati ottenuti ci permettono di 

affermare che Dictyostelium non solo possiede IP6 ma anche gli inositoli pirofosfati che da 

esso derivano; la sintesi di IP7 e IP8 non è però indotta dall’cAMP come precedentemente 

riportato.  
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Per di più, i livelli di IP8 riscontrati nella fase vegetativa del ciclo vitale di Dictyostelium sono 

molto più alti rispetto a quanto pubblicato in precedenza. Siamo anche riusciti ad identificare 

altre due importanti molecole di segnale: IP5 (Dictyostelium ne possiede tre diverse isoforme) 

e IP9. Questi risultati sono riportati in un articolo scientifico ‘Analysis of Dictyostelium 

discoideum inositol pyrophosphate metabolism by gel electrophoresis’ (PlosOne – In corso di 

stampa).  

Nella prima parte del mio programma di Dottorato ho inoltre collaborato ad uno studio rivolto 

a valutare il ruolo svolto dalla variabilità dei geni che codificano per le ossido nitrico sintasi 

(NOS) nell’invecchiamento umano. I risultati di tale studio hanno portato ad una 

pubblicazione scientifica, ‘Common polymorphisms in nitric oxide synthase (NOS) genes 

influence quality of aging and longevity in humans’ (Biogerentology), riportata in appendice.  
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SUMMARY 

This thesis has been  realized  in collaboration with Dr. Adolfo Saiardi who currently works at 

the Medical Research Council Laboratory for Molecular Cell Biology (LMCB), University 

College London (UCL), in London. For many years, Dr. Saiardi has studied the inositol 

polyphosphates, important signaling molecules playing a substantial role in several human 

diseases such as cancer, diabetes and obesity. Among the inositol polyphosphates the best 

characterized is the calcium releasing factor I(1,4,5)P3 (IP3), which represents a classical 

example of a secondary messenger molecule used in cellular signal transduction. In recent 

years, the physiological role played by inositol polyphosphates has fascinated the scientific 

community because it would be interesting to understand which functions are carried out by 

inositols that contain high-energy pyrophosphate bonds. The best characterized inositol 

pyrophosphates are diphosphoinositol pentakisphosphate (IP7 or PP-IP5) and bis-

diphosphoinositol tetrakisphosphate (IP8 or [PP]2-IP4). The high-energy bonds present in 

these molecules have the potential energy for many molecular reactions and their distinctive 

structure suggests that inositol pyrophosphates could represent a new class of second 

messengers with basic and not yet completely characterized functions. Moreover, the 

discovery that the high-energy phosphate of the pyrophosphate moiety can be directly donated 

to pre-phosphorylated proteins provided a novel type of post-translational modification 

(protein pyro-phosphorylation) and could possibly open a new field in signal transduction.  

Considering that evolution used the inositol module to create different signaling entities that 

are metabolically interconnected, the current research was focused on understanding how 

ancient inositol polyphosphates with restricted functions have evolved into the sophisticated 

system of signaling molecules present in our cells. Using an unicellular amoeba, 

Dictyostelium discoideum, which shares many metabolic pathways with higher organisms and 

possesses characteristics that make it a good model organism, we attempted to develop a 

system in which to analyse inositol pyrophosphate metabolism and the signaling pathways 

involving these molecules. On the whole, these results allowed us to assert that Dictyostelium 

possesses IP6 and its derivative inositol pyrophosphates IP7 and IP8. We also demonstrated 

that cAMP does not induce inositol pyrophosphates synthesis as previously reported. 

Furthermore, our study revealed much higher levels of IP8 in the vegetative state of D. 

discoideum than previously detected. In addition, we also identified two other important 

signaling molecules namely IP5 (three different isoforms are present in Dictyostelium) and 
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IP9. In detail the work is reported in a scientific paper entitled 'Analysis of Dictyostelium 

discoideum inositol pyrophosphate metabolism by gel electrophoresis' (PlosOne – In Press).  

In the first part of my PhD program, I participated in a study conducted to evaluate the role of 

the genetic variability of nitric oxide synthase (NOS) genes in the human aging. The results of 

this study are summarized in the published paper ‘Common polymorphisms in nitric oxide 

synthase (NOS) genes influence quality of aging and longevity in humans’ (Biogerontology) 

that is presented in the appendix. 
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1. Inositol Poly- and Pyro-phosphates 

The inositol polyphosphates are molecules that have a well-known place in the field of cell 

signaling and in many other important areas of cell biology. Recently, the di-phosphoinositol 

phosphates or inositol pyrophosphates have been added to the inositide family.  

The name inositol derives from the Greek ‘ino’ that means ‘sinew’, indicating its role as a 

vitamin. Using myo-inositol as a starting point, the creation of an enormous range of 

molecules with different cellular functions is enabled.  

Myo-inositol (1,2,3,4,5,6-cyclohexanol), the most copious inositol in nature, was discovered 

by a German medical scientist, Johann Joseph Scherer. It represents just one of the nine 

possible inositol isomeric isoforms; the other isoforms are: cis-, epi-, allo-, muco-, neo-, D-

chiro(+)-, L-chiro(-)-, and scyllo-inositol (Scherer, 1850). All isomers are mesomeric forms 

aside from the enantiomeric chiro-inositol.   

The special chair conformation of myo-inositol contains one single axial (assigned to position 

2) and five equatorial hydroxyl moieties. The inner mirror symmetry of the molecule is due to 

the presence of this isomerism. The mirror plane contains the 2- and the 5-hydroxyl C-O 

bonds and normally stands perpendicular to the ring with a chair conformation (Figure 1). A 

large set of mesomeric and enantiomeric derivates is produced when carrying substituents of 

the ring hydroxyls in this particular structure.  

 

 

Figure 1. Nomenclature of inositol phosphates (Wundenberg and Mayr, 2012).  

 

The success of this vast family is founded on the stereochemistry of myo-inositol itself. The 

orientation of the hydroxyls around the myo-inositol permits the phosphorylation of the  
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cyclohexane ring in a series of combinations which can give up to 63 stereo-chemically 

distinctive forms (Table 1). A great part of them has been shown to be of biological 

significance.  

 

 

Table 1. Number of all mathematically possible myo-inositol phosphate isomers (Wundenberg and 

Mayr, 2012).  

 

Agranoff was the first to suggest the use, for the relaxed rule for numbering of substituted 

inositols, of a ‘turtle with head up’ concept to symbolize the inositol ring, where the right 

forelimb is assigned to 1-, the head to 2-position, and, by moving counterclock-wise around 

the turtle’s limbs, the tail is at the 5-position (Agranoff, 1978)  (Figure 2). 

Until that time, the standard IUPAC system for carbohydrates was used with the D/L-notation 

for pairs of enantiomers following the ‘lowest number rule’ (NC-IUB, 1989).  

 

 

Figure 2. Agranoff’s turtle. (a) Shows myo-inositol as a Haworth projection and (b) shows a more 

accurate representation of the ‘chair’ structure that Agranoff noted is similar to a turtle (c) (Irvine 

and Schell, 2001). 
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The history of inositol phosphates starts at the beginning of the 20
th

 century, however, this 

research area almost disappeared in the successive decades. A noticeable breakthrough came 

in the 1980s. Inositol-1,4,5-trisphosphate, Ins(1,4,5)P3 or IP3, was established as a 

phosphoinositide-derived second messenger that regulates the release of Ca
²+

 from 

intracellular stores (Streb et al., 1983).  

This discovery was the first to demonstrate the importance of inositol phosphates. 

Subsequently, other inositol phosphate isomers were identified whose functions have been 

partially characterized. The variety of soluble inositols varies from unphosphorylated myo-

inositol to the fully phosphorylated inositol hexakisphosphate (also named IP6 or phytic acid) 

and beyond (Irvine and Schell, 2001).  

The signaling roles for inositol polyphosphates are very complex in all eukaryotic organisms; 

in fact IP3 represents the predecessor of a large range of inositol polyphosphates (Irvine and 

Schell, 2001) (Resnick and Saiardi, 2008). A characteristic of these molecules is their duality 

of function, acting as transient metabolites in the synthetic pathways of further or less 

phosphorylated inositol species and in addition as signaling molecules themselves (Resnick 

and Saiardi, 2008) (Saiardi and Cockcroft, 2008).  

Although the inositol polyphosphates are implicated in different aspects of cell biology, from 

plasma membrane ion channel regulation to nuclear mRNA export, it has been hard to 

identify detailed signaling pathways for these molecules (Bennett et al., 2006).  

Just 10 years after the discovery of the function of IP3, the field was ignited again by the 

discovery that more than six phosphates can be bound to the six-carbon inositol ring, 

demonstrating the existence of pyrophosphate groups. This finding has been attributed to two 

papers, from two different research groups, both published in the Journal of Biological 

Chemistry in early 1993 (Menniti et al., 1993) (Stephens et al., 1993). In the years since their 

discovery, these molecules have been found in every eukaryote, from yeast to mammalian 

neurons (Bennett et al., 2006).  

IP6 is the precursor of the best characterized inositol pyrophosphates IP7 (or PP-IP5; 5-

diphosphoinositol pentakisphosphate) and IP8 (or (PP)2-IP4; bisdiphosphoinositol 

tetrakisphosphate). Respectively, these molecules have seven or eight phosphate groups 

attached to the six-carbon inositol ring and as a result have one and two pyrophosphate 

moieties (Figure 3). 
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Figure 3. The figure shows the chemical structure of IP6 with its pyrophosphate derivates IP7 and IP8, 

as well as IP5, with its derived pyrophosphates PP-IP4 and [PP]2-IP3 (Bennett et al., 2006). 

 

At the moment, even if the pyro-nomenclature is generally used, it is important to note that 

the correct IUPAC definition for this moiety is diphospho-, so the correct chemical name of 

IP7 is diphosphoinositol pentakiphosphate (PP-IP5). The different nomenclatures that indicate 

the scientific name and the common name of these molecules are shown below (Table 2).  
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Common 

name 

IUPAC 

Nomenclature 

Alternative 

name 
Isomeric forms 

IP6 
Inositol hexakisphosphate 

InsP6 
phytic acid  

IP7 

PP-IP5 

Diphosphoinositol pentakisphosphate  

PP-InsP5 
InsP7 

1PP-IP5 

5PP-IP5 

IP8 

(PP)2-IP4 

Bis-diphosphoinositol tetrakisphosphate  

(PP)2-InsP4 
InsP8 

1,5PP-IP4 Mammal 

5,6PP-IP4 D. discoideum 

IP5 
Inositol pentakisphosphate 

Ins(1,3,4,5,6)P5 
InsP5  

PP-IP4 Diphosphoinositol tetrakisphosphate PP-InsP4 
(1/3)PP-IP4 

5PP-IP4 

(PP)2-IP3 Bis-diphosphoinositol trisphosphate (PP)2-InsP3  

 

Table 2. This table summarizes the nomenclature of the inositol pyrophosphates, with the correct 

IUPAC nomenclature, the alternative names infrequently present in the literature, and the identified 

biological isomers (Wilson et al., 2013).  

 

In eukaryotic cells, IP6 is the most abundant inositol polyphosphate with a concentration in 

mammalian cells in the range of 10-60µM (Pittet et al., 1989) (Szwergold et al., 1987) and up 

to 0.7mM in slime moulds such as Dictyostelium discoideum (D. discoideum) (Martin et al., 

1987) (Laussmann et al., 2000). In general, IP6 has housekeeping functions as a phosphate 

storage molecule and as an antioxidant (Raboy, 2003) (Shears, 2001), and in addition is a 

signaling molecule that is involved in the regulation of vesicular trafficking (Shears, 2001) as 

well as quite in a lot of nuclear events (York et al., 1999) (Shears, 2001).  

IP7 and IP8 are present in all eukaryotic cells. In mammalian cells, these molecules are present 

in sub-micromolar amounts, representing less than 5% of their precursor IP6 (Bennett et al., 

2006). Though the inositol pyrophosphate species levels are low and constant, this 

concentration hides an extraordinary turnover that has been calculated (using fluoride 

inhibition of phosphatases in mammalian cells) to convert up to 50% of the IP6 pool every 

hour to its pyrophosphorylated derivatives (Menniti et al., 1993). This most probably reveals 

an important signaling function in the cell.  

In contrast to mammalian cells, D. discoideum has IP7 and IP8 levels in the 100–200mM 

range (Laussmann et al., 2000), and the structures of these molecules has been elucidated by 

1
H-

31
P 2D NMR spectroscopy (Laussmann et al., 1996) and isomeric analysis using stereo-

specific inositol phosphatases (Laussmann et al., 1997). 
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The results revealed a single IP8 isomer present as 5,6-[PP]2-IP4, and two IP7 isomers, 5-PP-

IP5 and 6-PP-IP5 (Albert et al., 1997), with a relatively higher abundance in vivo of the 6-

pyrophosphorylated species. The IP8 species from another amoeba, Polysphondylium 

pallidum, has been identified as 1,5-[PP]2-IP4 (Laussmann et al., 1998), while an IP7 species 

from Entamoeba histolyticaas was found to be 5-PP-IP5 (Martin et al., 2000).  

Consequently, the results from structural analyses have shown that the inositol 

pyrophosphates are structurally different and may also suggest that organisms possess various 

inositol pyrophosphate species with diverse functions. 
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2. Synthesis: kinases and phosphatases 

In Saccharomyces cerevisiae (S. cerevisiae), the yeast experimental model, the synthesis of 

inositol phosphates begins with the well-known second messenger IP3 (Figure 4) that is the 

product of cleavage of the lipid PI(4,5)P2 by phospholipase C (Mikoshiba et al., 1993). 

Subsequent to liberation from its diacyl glycerol (DAG) tail, this molecule can be 

dephosphorylated to myo-inositol, or it can be additionally phosphorylated to the completely 

phosphorylated IP6 ring and further, to form the inositol pyrophosphates IP7 and IP8 (Figure 

4) (Laussmann et al., 1998).  

While S. cerevisiae synthesizes inositol phosphates by this lipid path (Stephens and Irvine, 

1990), D. discoideum synthesizes IP6 by the cytosolic path. In this amoeba phospholipase C 

activity is not necessary to synthesize the higher phosphorylated inositols, because the 

synthesis happens directly from myo-inositol to IP6 (Figure 4) (Stephens and Irvine, 1990). 

 

 

Figure 4. This linear pathway shows the production of inositol pyrophosphates starting from myo-

inositol. In S. cerevisiae this occurs via the lipid route, whereas in D. discoideum they are produced 

by the cytosolic route (Wilson et al., 2013). 
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Two different classes of enzymes are able to synthesize inositol pyrophosphates: the IP6 

kinases (IP6K) and the PP-IP5 kinases (PPIP5K), Kcs1 and Vip1 respectively in S. cerevisiae. 

The difference between these enzymes consist of a difference in catalytic activity against 

different positions on the ring, IP6Ks place a phosphate group at the β position of carbon 5 on 

the fully phosphorylated IP6 ring (Draskovic et al., 2008), whereas the PPIP5Ks 

phosphorylate position 1 (Lin et al., 2009) (Figure 4).  

In mammalian cells, the isomeric form of IP8 that is present has been identified as 1,5-PP-IP4 

(Chakraborty et al., 2011) whereas in D. discoideum the 5,6-PP-IP4 isomer of IP8 is present 

(Chakraborty et al., 2011), probably because the two metabolisms are different (Figure 4).  

In vitro, PPIP5Ks do not act on the main inositol pentakisphosphate isomer, I(1,3,4,5,6)P5, 

while the IP6K enzymes are capable of phosphorylating this isomer, mostly but not 

completely at the enantiomeric positions (1,3), producing (1/3)PP-IP4. Further 

phosphorylation by IP6K or PPIP5K can generate (PP)2-IP3 (Wang et al., 2011).  

However, in vivo, it has been shown that yeast Kcs1 generates inositol pyrophosphate even 

using IP3 and IP4 (Seeds et al., 2005). Meanwhile, in vitro the IP6Ks are also able to generate 

a tri-phosphate PPP-IP5 form of ‘IP8’ (Draskovic et al., 2008).  

The high conservation of IP6Ks has facilitated not only the identification of these enzymes 

from different organisms, but also helped to identify another family of inositol polyphosphate 

kinases, known as inositol polyphosphate multi-kinases (IPMKs). These enzymes are able to 

phosphorylate IP3 and IP4 isoforms as well as phosphorylating the phosphoinositide lipid 

PtdIns(4,5)P2 to PtdIns(3,4,5)P3.  

Consequently, the IP6Ks, IMPKs and IP3-3Ks belong to an inositol polyphosphate kinase 

family, the IPKs that generated from a common ancestor. The most important characteristic of 

this family is the presence of the conserved PxxxDxKxG motif in the inositol-binding region 

(Bennett et al., 2006). Phylogenetic analysis of their sequences indicates that in fact IP6Ks are 

the most ancient members of this family (Figure 5). 
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Figure 5. Phylogenetic tree of IPK proteins family members (Bennett et al., 2006). 

 

In addition to the consensus PxxxDxKxG motif, all three family members share a common 

carboxy-terminal catalytic domain containing the conserved SSLL and IDF motifs (El 

Bakkoury et al., 2000) (Irvine and Schell, 2001). There is an extra 30 amino acid residue 

insertion in the inositol binding domain of IP3-3Ks over IPMK and IP6Ks, while IPMK has a 

more open binding domain which corresponds to its greater substrate versatility (Holmes and 

Jogl, 2006). There is also a large 129 amino acid insert in the N-terminal region of the IP6 

kinases that may be involved in the specific regulation of this enzyme (Figure 6). 
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Figure 6. Schematic diagram of common IPK catalytic domain structural elements. The three major 

subdomains of the IPKs are indicated with different colors. Hatched lines signify non-conserved insert 

regions, and the numbers over these regions indicate the range in the number of residues observed 

among all identifiable IPKs. Flagged regions show conserved motifs present in most IPK members 

(Gonzáles et al., 2004). 

 

The IP6Ks were first purified in Solomon Snyder’s laboratory (Voglmaier et al., 1996). Three 

mammalian genes IP6K1, 2 and 3 were identified, one of which, IP6K2, had previously been 

identified as PiUS (inorganic phosphate uptake stimulator) (Voglmaier et al., 1996) (Saiardi et 

al., 2001). In vitro, all three mammalian IP6Ks as well as the yeast Kcs1 are capable of 

phosphorylating IP6 to IP7, as well as IP5 to PP-IP4 (Saiardi et al., 1999).  

IP6K1 possesses high amino acid similarity in a number of different species, for example 

99% between mouse and rat and 95% between rat-human and mouse-human. The human gene 

is found on chromosome 3 (3p21.3) and codes for a 50-kDa protein. Studies have shown 

strong levels of expression in different mouse tissues such as brain and testis in addition to 

pancreatic β-cells (Illies et al., 2007), with a weak expression in heart, kidney, liver, lung and 

spleen (Saiardi et al., 1999).  

IP6K2 has also been mapped to chromosome 3 (3p21.31) and this gene encodes for a protein 

of ~49-kDa. By alternative splicing two different variants have been identified that lack most 

of the C-terminal part of the whole protein. Northern blot analysis has shown a tissue 

distribution which is highest in brain and lung and lower in liver, kidney, and testis (Saiardi et 

al., 1999).  

IP6K3 is located on chromosome 6 (6p21.31), has a smaller mass (46-kDa) and is most 

enriched in the brain where its levels resemble that of IP6K1 and IP6K2 (Saiardi et al., 2001). 
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IP6K3 shows 50 and 45% sequence identity to IP6K1 and IP6K2, respectively and possess a 

less acidic character than the other two enzymes. It has been shown by over-expression 

studies that IP6K2 is exclusively nuclear, IP6K3 is predominant in the cytoplasm, and IP6K1 

displays comparable nuclear and cytosolic densities (Saiardi et al., 2001). 

All these proteins possess a similar structure nevertheless showing some differences (Figure 

6). In fact, it is not clear how protein-protein interactions occur and/or the regions where these 

connections happen. These proteins possess diverse binding partners such as GRAB (Luo et 

al., 2001), heat-shock protein 90 (HSP90) (Chakraborty et al., 2008) and tumor necrosis factor 

receptor-associated factor 2 (TRAF2) (Figure 7).   

 

 

 

Figure 7. IP6Ks showing basic structure of proteins. In blue the similarities between the proteins are 

shown, while purple shows the differences (Barker et al., 2009).   

 

In 2007 the York laboratory identified the second class of kinases: the yeast enzyme Vip1 

(Fridy et al., 2007). It is able to phosphorylate at the 1/3 enantiomeric positions generating 

1/3PP-InsP5 or 1/3,5(PP2)-InsP4 from IP6 and 5PP-InsP5 respectively (Lin et al., 2009). Two 

mammalian homologues, PPIP5K1 and PPIP5K2, were also identified (Shears et al., 2013). 

These proteins do not belong to the inositol phosphate kinase family; they possess two 

different domains: kinase domain and histidine acid phosphatase-like domain in the C 

terminal portion of the protein.  
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It has been supposed that the phosphatase domain is responsible for the allosteric regulation 

of PPIP5K by IP6 (Shears et al., 2013) but it is catalytically inactive. However, truncated 

PPIP5K constructs lacking the phosphatase domain show increased activity when over-

expressed, indicating that this domain is active. It may antagonize the kinase domain, 

specifically dephosphorylating 1PP-IP5, the IP7 isomer produced by the kinase domain. 

Although in vitro, PPIP5K can phosphorylate IP6 to 1PP-IP5 (Shears et al., 2013), while in 

vivo, this activity is masked by phosphatase activity and cannot be easily detected, suggesting 

that the major physiological target of the PPIP5Ks is IP7. This is further supported by the 

increase in levels of IP7 in vip1Δ mutants, whilst levels of IP6 remain unchanged (Shears et 

al., 2013). 

Phosphatases are enzymes that show the reverse capability of kinases; in fact they are able to 

hydrolyze pyrophosphate groups. Two different proteins have been discovered: MIPP 

(multiple inositol polyphosphate phosphatase) and DIPP (diphosphoinositol phosphate 

phosphohydrolase). DIPPs were first cloned (Safrany et al., 1998) before the IP6Ks but there 

is at the moment no more than modest information on their physiological role.  

MIPP is located in the endoplasmic reticulum (Ali et al., 1993)  and is able to hydrolyze the 

5β-phosphates in vitro, however it does not play a role in inositol pyrophosphate degradation 

in vivo (Shears et al., 1995).  

In human and mouse, there are five different DIPP isoforms (1, 2α, 2β, 3α, 3β) while there is 

only one DIPP in S. cerevisae (Ddp1p/Yor163w) (Safrany et al., 1999) and one in S. pombe 

(Aps1) (Ingram et al., 2003). 

DIPP1 is the product of the NUDT3 gene. DIPP2α and DIPP2β, only differing by one amino 

acid (glutamine Q86), are the products of the NUDT4 gene (Caffrey et al., 2001). DIPP3α and 

DIPP3β are the products of the NUDT10 and NUDT11 genes, respectively (Leslie et al., 

2002) (Hidaka et al., 2002).   

DIPP3α is also called hAsp2 whilst DIPP3β is called hAsp1. These two proteins are identical 

in mouse while in humans differ through one amino acid (Hua et al., 2003). 

DIPP1 and DIPP2 are expressed in a large range of tissues (Chu et al., 2004) (Hua et al., 

2001) whereas DIPP3 shown a more restricted expression in fact has been found in testis, 

liver, kidney and brain (Hua et al., 2003). 



Introduction 

 

14 
 

DIPPs have a common catalytic site used to hydrolyze inositol pyrophosphates and 

diadenosine polyphosphates, as well as PRPP (5-phosphoribosyl 1-pyrophosphate 

pyrophosphatase) (Fisher et al., 2002) that is not a substrate for these enzyme in vivo (Hidaka 

et al., 2002) (Figure 8).  

Between these enzymes, DIPP1 is the most catalytically active (Hua et al., 2003), DIPP2α is 

more active than DIPP2β, probably because they differ by one amino acid that has a strong 

influence on catalytic function (Caffrey et al., 2000), whereas DIPP3α and DIPP3β are the 

least active against inositol pyrophosphates (Leslie et al., 2002). 

 

 

Figure 8. Metabolic interrelationships between inositol pyrophosphates and enzymes responsible for 

their synthesis and degradation (Barker et al., 2009). 

 

The DIPPs hydrolyze their substrate in a site-specific order, indeed in 1,5PP2-IP4 they 

hydrolyze first position 1 and then position 5 (Caffrey et al., 2000). For complete activity, 

DIPPs require a free Mg
2+

 of 1.5-2mM (Safrany et al., 1999), on the contrary fluoride inhibits 

their activity with a Ki around 10μM (Leslie et al., 2002). 
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3. Functions of inositol pyrophosphates 

Inositol pyrophosphates are recognized to control a variety of cellular activities such as 

apoptosis (Morrison et al., 2005), telomere maintenance (Saiardi et al., 2005) (York et al., 

2005) and vesicular trafficking (Saiardi et al., 2002). This variety of activities underlines the 

biological significance of these molecules though until recently it was not clear how these 

molecules controlled all these cellular functions.  

It was published that inositol pyrophosphates play a role as metabolic messengers (Shears, 

2009), regulators of cell homoeostasis (Wunderberg and Mayr, 2012) and regulators of 

cellular energetic metabolism (Szijgyarto et al., 2011). These functions are summarized in the 

following figure (Figure 9) in which is shown the link between inositol pyrophosphates and 

the metabolism at molecular, cellular and organismal levels. 

 

 

Figure 9. Diverse controls that inositol pyrophosphates (IP7) perform on the metabolism at different 

levels (Wilson et al., 2013). 

 

The synthesis of inositol pyrophosphates is linked to ATP levels for the reason that the IP6K 

enzymes show high affinity for ATP. Startlingly, it has been demonstrated that in cells that do 

not possess or cells that have low levels of inositol pyrophosphates that they have an 

increased cellular ATP concentration while ADP and AMP levels are reduced, producing an 

increase in the adenylate pool and to an increase in adenylate energy charge (AEC) 

(Szijgyarto et al., 2011). 
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On the contrary, in the wild-type yeast cells that shown increased levels of IP7 since there is 

an over-expression of mammalian IP6K1, the concentration of ATP is decreased. In the yeast 

system it was revealed that protein pyrophosphorylation was influencing the interactions of 

the crucial yeast glycolytic transcription factors Gcr1, Gcr2 and Rap1 (Barbara et al., 2007). 

Pyrophosphorylation of Gcr1 decreases its capability to bind Gcr2, thus inhibiting the 

transcription of genes encoding glycolytic enzymes. Thus, the kcs1Δ yeast consumed glucose 

more rapidly than wild-type yeast (Szijgyarto et al., 2011).  

Unexpectedly, in the kcs1Δ yeast given the increase in cellular ATP concentration, the 

mitochondria were malfunctioning. Generally, yeast produce energy and intermediates by 

fermentation, however it is possible to achieve mitochondrial metabolism/oxidative 

phosphorylation by providing just a non-fermentable carbon source. The kcs1Δ yeast are 

unable to grow in these conditions.  

Instead, the high ATP level and the reduced oxygen consumption of IP6K1
-/-

 MEFs compared 

with wild-type MEFs evidence that the regulation of cellular metabolism by inositol 

pyrophosphate is evolutionarily conserved. ATP availability is underpins virtually all other 

cellular activity.  

In D. discoideum it has been shown that inositol pyrophosphates furthermore control 

chemotaxis (Luo et al., 2003). In wild-type cells, starvation and successive cAMP signaling 

and chemotaxis induces formation of a multicellular fruiting body. The ip6k knockout was 

more responsive to cAMP and aggregated more rapidly than wild-type cells responding to 

starvation (Luo et al., 2003).  

These results suggest that in wild-type cells there is an antagonism between IP7 and PIP3 in 

binding the PH domain of Crac, a protein related to cAMP-dependent chemotaxis. During D. 

discoideum aggregation PIP3 is not able to be the principal regulatory molecule, as deletion of 

every PI3K capable of producing PIP3 did not inhibit chemotaxis to cAMP (Hoeller and Kay, 

2007). Furthermore, as IP7 influences energetic metabolism in addition to the adenine 

nucleotide level, the high level of ATP could lead to an increased cAMP concentration and 

then the more rapidly chemotaxic response observed in D. discoideum ip6k knockout.  

In addition, it has been shown that inositol pyrophosphates are molecules involved also in the 

regulation of organismal metabolism. In pancreatic β-cells, the overexpression of IP6K1 or 

the addition of IP7 generate induction of exocytosis (Illies et al., 2007). This result is 

confirmed by IP6K1
-/-

 mouse characterization: it possesses weak levels of plasma insulin, 
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hypersensitivity to insulin and decrease in fatty tissue levels (defective mitochondria cannot 

synthesize the intermediates for fatty acid synthesis) (Hiltunen et al., 2010).  

However, it has been shown that the interaction between the inositol pyrophosphates levels 

and AEC generates a link that regulates the connections between insulin and plasma glucose 

concentration.  

Additionally, the IP6K2
-/-

 mouse characterization has shown that IP6K2 could be the most 

important isoform in cell death regulation by inositol pyrophosphates. Particularly, seems that 

IP6K2 interacts with two different proteins, HSP90 and p53, by a via unknown and 

independent of inositol pyrophosphates synthesis (Koldobskiy et al., 2010).  

Another important link is established between metabolism and aging (Passarino et al., 2010). 

It has been shown that high levels of IP6 and IP7 are present in hepatocytes from old wild-type 

mice but not in younger mice. Also, one probable link between metabolism and aging has 

been found in the telomere length; indeed shorter telomeres are associated with aging in 

mammals (Mather et al., 2011).  

The kcs1Δ yeast has longer telomeres than wild-type whilst ipk1Δ yeast has shorter telomeres; 

(Saiardi et al., 2005) perhaps these results are due to Tel1 which is a telomere regulator 

inhibited by inositol pyrophosphates. Furthermore it has been supposed that inositol 

pyrophosphates can also influence other important proteins involved in DNA damage 

signaling/DNA repair (Lovejoy and Cortez, 2009) such as Ku protein (Ma and Lieber, 2002).  

In recent years, it has been shown that inositol pyrophosphates are also able to regulate the 

process of DNA repair. In yeast, ROS signaling is generally studied using the exposure to 

exogenous agents for example H2O2, which causes DNA base modification, single- and 

double-strand breaks, and the formation of apurinic/apyrimidinic lesions (Letavayova et al., 

2006). To generate DNA-damage, it is usually appropriate to use sub-lethal concentrations of 

H2O2 (Leroy et al., 2001).  

Yeast mutants which are deficient in inositol pyrophosphates have a higher threshold of 

resistance to the lethal effects of H2O2, but not to other DNA-damaging agents. This specific 

resistance to H2O2 connects with a constant activation of Rad53 and as a result promotion of 

DNA repair mechanisms. Further it has been reported that H2O2 regulates higher inositide 

metabolism, producing a decrease in cellular levels of inositol pyrophosphates (Onnebo and 

Saiardi, 2009). 
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Inositol pyrophosphates also possess the ability to regulate phosphate metabolism (Saiardi, 

2012). Inositol pyrophosphates regulate the access of phosphate into the cells (Norbis et al., 

1997), suggesting that they could affect phosphate uptake either directly, for example 

stimulating a transporter, or indirectly by helping ‘fixing’ free phosphates in organic 

molecules.  

Additionally, many hypotheses have been formulated to elucidate the biological link between 

phosphate, inositol pyrophosphates and polyP that is a linear polymer of phosphodiester 

bound. Indeed, the synthesis of polyP may be related to phosphate ingress into the cell. 

Inositol pyrophosphate control of energy metabolism (Szijgyarto et al., 2011) influences not 

only ATP levels but it can also change the total cellular balance of adenine nucleotides. The 

phosphate transfer reactions generally use ATP as a means of transport for the phosphate 

groups, so inositol pyrophosphate could influence phosphate metabolism by regulating the 

adenylate cellular pool. Moreover, the existence of a feedback mechanism that coordinates the 

metabolic balance between ATP, phosphate and inositol pyrophosphates has been suggested.  

Inositol pyrophosphates could either contribute to the regulation of polyP synthesis, play a 

role in polyP degradation, or both. The analysis of yeast mutant that are not able to synthesize 

inositol pyrophosphates has shown a striking correlation between the lack of inositol 

pyrophosphates and the absence of polyP (Auesukaree et al., 2005) (Lonetti et al., 2011).   

It has even been reported that increasing cellular IP7 levels augments cell sensitivity to cell 

death. The phosphorylation of mammalian target of rapamycin (mTOR) was also depressed in 

cells that over-express IP6Ks, suggesting that the mTOR pathway regulates autophagosomes 

generated by IP6Ks. These results suppose that IP6Ks support autophagy and provoke 

caspase-independent cell death (Nagata et al., 2011).  

Different experiments have been conducted to demonstrate the existence of a link between 

inositol pyrophosphates and autophagy in yeast. These results indicate that inositol 

phosphates are implicated in the regulation of autophagy, however the precise role of each 

inositol phosphate species in this process is not clear (Taylor et al., 2012).  

 

 

 

 



Introduction 

 

19 
 

4. Mechanism of action 

To transduce signals, the inositol pyrophosphates may use two different mechanisms of 

action: binding (Lemmon, 2008) and pyro-phosphorylation (Bhandari et al., 2007). In cells, 

these two mechanisms are not exclusive but coexist. Usually, the first mechanism happens 

through the binding of small molecules to specific protein targets, such as cAMP to protein 

kinase A otherwise lipid hormone to specific receptors.  

Inositol polyphosphates bind to several proteins containing specific domains such as PH 

(pleckstrin homology), PX (phagocyte oxidase homology) or FYVE (for Fab1, YOTB, Vac1 

and EEA1) domains (Alcázar-Román and Wente, 2008). The best characterized mechanism of 

action in this area is the binding of IP3 to its receptor (IP3-receptor) that leads to an alteration 

of the tridimensional structure of the channel, which in turn allows Ca
2+

 efflux (Mikoshiba et 

al., 1993) (Irvine, 2003).  

The similar mechanism of action has been theorized for inositol pyrophosphates that may also 

signal through allosteric interactions with proteins indeed, in vitro, IP7 is able to bind several 

proteins such as AP3/AP180 (Saiardi et al., 2002), the Golgi coatomer (Ali et al., 1995) and 

the clathrin-assembly adaptors AP2 (Voglmaier et al., 1992). Further, IP7 competes for 

binding to the D. discoideum chemotaxis protein Crac (cytosolic regulator of adenylate 

cyclase) and mammalian Akt (Luo et al., 2003).  

The proteins that bind to IP7 also bind to IP6, though to a more modest extent, and IP6 has 

been proposed to be the more essential ligand in vivo (Cremona and De Camilli, 2001). As the 

concentration of inositol pyrophosphates is low, a severe specificity of binding for IP7 over 

IP6 is required. To solve this problem it is possible to induce the IP6 kinase activity inducing 

increase in the IP7/IP6 ratio.  

However, the importance of binding as a mechanism of action has been confirmed by IP7-

mediated competition for the binding of PI(3,4,5)P3 to the PH domain-containing CRAC that 

is consequently inhibitory to chemotaxis (Luo et al., 2003).  

It was also revealed that IP6 is only 1–2% as potent as IP7, and then IP7 is more likely to be 

the physiological binding partner during aggregation (Laussmann et al., 2000). IP7 was found 

to bind to a variety of other PH-domain containing proteins, including, in vitro, mammalian 

Akt (Luo et al., 2003).  
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In addition, a further recent study demonstrated the inability of the PH-domain of 

phosphoinositide-dependent protein kinase 1 (PDK1) to bind IP7 (Komander et al., 2004).  

Allosteric interaction has been also suggested like a mechanism for controlling the 

Pho85/Pho80/Pho81 cyclin dependent kinase/cyclin/cyclin-dependent kinase inhibitor 

complex of the yeast S. cerevisiae (Lee et al., 2008). The binding of 1/3PP-IP5, the IP7 isomer 

generated by Vip1, to the Pho85/Pho80/Pho81 complex inhibits its action: the transcription 

factor Pho4 is now not hyper-phosphorylated by Pho85 so is able to go into the nucleus to 

activate the PHO pathway (Lee et al., 2007).  

The second mechanism of action is the pyro-phosphorylation that occur by donation of the β-

phosphate from the pyrophosphate group to proteins (Saiardi et al., 2004). The process of 

pyro-phosphorylation is due to the presence of a functional group: the pyro-phosphate group. 

Furthermore the mechanism of action is shown in the following figure (Figure 10) (Saiardi et 

al., 2004).   

 

 

Figure 10. The proposed mechanisms of action for inositol pyrophosphates: the direct binding 

mechanism when a protein target has a particular pocket able to distinguish IP7 (upper panel) and the 

pyro-phosphorylation modification of a protein carried out by IP7 (lower panel) (Wilson et al., 2013).   

 

In recent years, the pyrophosphate constituent of IP7 has been shown to act as a phosphate 

donor to proteins, in a non-enzymatic and temperature-dependent reaction (Saiardi et al., 

2004).  

In yeast, have been identified three different potential IP7 substrates: NSR1 (a nuclear protein 

implicated in ribosome assembly and export), YGR130c (protein with unknown function), 
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SRP40 (protein that acts as a ribosomal chaperone). All these proteins have regions of similar 

sequence, as everyone contains regions of serine residues surrounded by acidic residues.  

Generally, proteins that are phosphorylated by IP7 in eukaryotic cells are no longer 

phosphorylated if expressed in bacteria, indicating that substrate priming, across a post-

translation modification, is an necessary requisite for IP7-driven phosphorylation (York and 

Hunter, 2004). 

Pyro-phosphorylation mediated by IP7 may cause functional alterations in protein 

conformation and then may give rise to variations in the protein’s interactions, activity or 

localization (Azevedo et al., 2009) (Szijgyarto et al., 2011). Further investigation into the 

mechanism of action of IP7 will confidently provide insight into its regulation in the cell and 

coordination with further signaling pathways. 
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5. Physiological role 

To study the physiological role of inositol pyrophosphates yeast cells that don’t have IP6K 

enzymes (kcsI∆) and consequently don’t possess inositol pyrophosphates are generally used 

(Saiardi et al., 2002). Morphologically, these mutants are abnormal, suggestive of important 

functions for inositol pyrophosphates. The kcsI∆ mutants are bigger and grow slower than 

wild-type cells, and appear to be hypersensitive to salt stress however appear unaffected by 

osmotic challenge with sorbitol (Dubois et al., 2002).  

Problems in cell wall integrity have also been observed as well as a disjointed vacuolar 

morphology (Saiardi et al., 2002). These findings suggest that inositol pyrophosphates play 

important functions in central cellular processes such as growth, endocytosis and response to 

stress. 

In mammalian cells, where three different isoforms of IP6K and two different isoforms of PP-

IP5K are present, it is more complicated to establish the effects of a lack of inositol 

pyrophosphates. 

Therefore to elucidate which phenotypic abnormalities are related to the deficiency of inositol 

pyrophosphates further studies are needed to comprehend if these molecules are truly 

involved also in complex signaling functions in mammalian cells. 
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6. D. discoideum as a model to study inositol pyrophosphates 

D. discoideum is a small soil-living amoeba that possesses a haploid genome having six 

completely sequenced chromosomes (Eichinger et al., 2005). Commonly referred to as slime 

mold, is a eukaryote that shifts from a collection of unicellular amoebae into a multicellular 

slug and then into a fruiting body within its lifetime. This organism also contains many 

proteins and molecular processes that were previously thought to be present only in metazoa. 

For example, the D. discoideum genome possesses 24 classes of protein kinase that are not 

present in the yeast S. cerevisiae (Annesley and Fisher, 2009), so the presence of these 

proteins in this amoeba proposes that they are derived from ancestral pathways abandoned in 

the yeast heredity. D. discoideum has an exclusively asexual lifecycle including four different 

stages: vegetative, aggregation, migration, and culmination (Figure 11). 

 

 

Figure 11. The life cycle of D. discoideum begins as a vegetative amoeba and ends with the formation 

of the  mature fruiting body (Fey et al., 2007). 

 

Developmental morphogenesis starts from single and vegetative amoebae and ends with the 

formation of the mature fruiting body, which contains diverse spores on top of a stalk. 

Myxamoebae hatch from the spores under warm and moist conditions. Throughout the 

vegetative stage, the myxamoebae divide by mitosis as they feed on bacteria. The bacteria 

secrete folic acid, attracting the myxamoebae. When the supply of bacteria is depleted, the 

myxamoebae go into the aggregation stage. 
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During aggregation, starvation starts the formation of a biochemical process involving 

glycoproteins and adenylyl cyclase (Gilbert, 2006). The glycoproteins permit cell-cell 

adhesion, and adenylyl cyclase produces cAMP that is secreted by the amoebas to attract 

adjacent cells to an inner location. Moving towards the signal, they impact into each other and 

stick together by the use of glycoprotein adhesion molecules. 

The migration phase starts once the amoebas have produced a tight aggregate; the amoebas 

work together as a motile pseudo-plasmodium also known as a slug. The slug is about 2–4 

mm long, composed of up to 100,000 cells (Cooper and Geoffrey, 2000), and is capable of 

movement by producing a cellulose scabbard in its anterior cells through which the slug shifts 

(Tyler, 2000).  

The formation of different cell types is helped by cAMP and DIF (differentiation-inducing 

factor) (Tyler, 2000). The slug gets differentiated into pre-stalk and pre-spore cells that go to 

the anterior and posterior ends, respectively. Once established in an appropriate environment, 

the anterior end of the slug will create the stalk of the fruiting body and the posterior end will 

produce the spores of the fruiting body (Tyler, 2000). The culmination stage begins when the 

slug settles into one spot, the posterior end spreads out with the anterior end raised in the air, 

forming a structure looking like a ‘hat’.  

The anterior end of the ‘hat’ forms a cellulose tube, which allows the cells to move (Tyler, 

2000). To obtain the mature fruiting body takes 8–10 hours (Tyler, 2000). The fruiting body is 

then capable of starting the entire cycle over again by releasing the mature spores that can be 

converted into myxamoebae. 

Usually D. discoideum are capable of reproducing asexually but are still able to reproduce 

sexually if there are certain conditions. During aggregation, if two amoebae of different 

mating types are present in a dark and wet environment, they can combine to create an 

enormous cell that will phagocytizes the other cells in the aggregate furthermore collect the 

entire aggregate in a cellulose wall to defend it. This is also known as a macro-cyst where 

inside the enormous cell divides first through meiosis, then through mitosis to produce many 

haploid amoebae.  

D. discoideum is commonly used as a model organism not just because has a simple life cycle 

but also because it possesses a restricted number of cell types and the growth is typically very 

rapid (Tyler, 2000).  
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It is used to study different cellular processes such as cell differentiation, chemotaxis and 

programmed cell death or other aspects of development including phagocytosis and signal 

transduction. These processes and aspects of development are not present or too complex to 

view easily in other model organisms, so these features make D. discoideum a good candidate 

model organism (Nag and Tikhonenko, 2008).  

Furthermore, D. discoideum is often used as a model to study inositol polyphosphate 

signaling for the reason that it has high levels of IP7 and IP8, important in the initial 

identification of their structures and functions (Stephens et al., 1993). The inositol 

pyrophosphate levels are not high during the vegetative state but they increase dramatically in 

the aggregation state and chemotaxis, which depend on cAMP signaling (Luo et al., 2003), 

reaching the equivalent levels of IP6 (Laussmann et al., 2000).  

In D. discoideum 7 genes belonging to the IPK family are present. One of these genes, namely 

I6KA was identified as an IP6K (Luo et al., 2003). The activity of this enzyme has not been 

tested in vitro, however destroying I6KA by homologous recombination produced a 

dramatically decrease in the inositol pyrophosphate levels. Regarding the phenotype, mutant 

cells possess similar shape and size; in addition they show equal growth rate comparate to 

wild-type cells. However during starvation, aggregation occurs that is faster in the mutants 

than in wild-type cells. Mutants exhibit high sensitivity to chemotactants, responding rapidly 

to low concentrations of cAMP. These results suggest that in the mutants there is an alteration 

of chemotactic pathways (Luo et al., 2003).  

The translocation of CRAC to the membrane, mediated by the PH domain, is an indispensable 

step for directional sensing, since either decreasing the amount of PI(3,4,5)P3, by disrupting 

PI3K genes, or abnormally increasing PI(3,4,5)P3 levels by disruption of PTEN decreases the 

ability of cells to orientate and to move in response to chemotactic gradients (Iijima and 

Devreotes, 2002). The lack of IP7 in the null mutant would free the CRAC-PH domain to bind 

to PI(3,4,5)P3, and its translocation to the membrane would consequently increase.  

In addition to being an excellent experimental model, during D. discoideum development the 

most dramatic modulation of the levels of inositol pyrophosphates has been seen (Stephens et 

al., 1993).  

In mammalian cells, it has been possible to use fluoride to dramatically modulate the levels of 

inositol pyrophosphates, and in addition to discover that 50% of IP6 is converted, every hour, 

to IP7. Because IP7 levels only represent 2-8% of IP6 concentration, IP7 itself is turning over 
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many times each hour (Glennon and Shears, 1993) (Menniti et al., 1993). These results 

suggest that inositol pyrophosphates are signaling molecules with ‘molecular switch activity’ 

though their physiological significance remains unknown. Fluoride inhibits the DIPP 

phosphohydrolases and is a common phosphatase inhibitor with many effects on cell 

signaling (Bollen and Stalmans, 1988); the specific effect on inositol metabolism is unclear. 

Overall these results suggest that in mammalian cells inositol pyrophosphates are dynamic 

molecules that turnover very rapidly, and that cells spend a lot of energy to keep their levels 

constant. 

However, the best example of modulation of inositol pyrophosphate levels has been observed 

in D. discoideum, where during starvation-induced aggregation it is possible to observe a 

considerable increase in the levels of IP7 and IP8 (Laussmann et al., 2000). During starvation 

cAMP is secreted that induces elevation in the IP7 and IP8 levels (Luo et al., 2003).  

In fact, a decrease in extracellular inorganic phosphate concentration led to a dramatic rise in 

the intracellular levels of inositol pyrophosphates, in particular IP7 (Mulugu et al., 2007).  

More studies are needed to elucidate this result that is controversial as usually reduction of 

phosphate causes a reduction of ATP, which is fundamental for the synthesis of inositol 

pyrophosphates (Boer et al., 2010).  
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7. Plan of the thesis 

Chapter II reports one manuscript (PlosOne – In Press) aimed at investigating the inositol 

pyrophosphate metabolism in D. discoideum. In particular, in the manuscript ‘Analysis of 

Dictyostelium discoideum inositol pyrophosphate metabolism by gel electrophoresis’ we 

report results obtained using polyacrylamide gel electrophoresis (PAGE) to resolve and detect 

inositol pyrophosphate species in this amoeba. We have achieved three major findings:  

 D. discoideum possesses three bands correspond to IP6 and its derivative inositol 

pyrophosphates, IP7 and IP8; 

  there is another band that correspond to IP9; 

 this amoeba possesses three different IP5 isomers; 

 during development there is a three times increase of inositol pyrophosphates and not 

the 25 times previous reported;   

 cAMP does not induce inositol pyrophosphates synthesis.   

In the thesis is also included an appendix which reports the integral version of the published 

paper (Montesanto et al., 2013), ‘Common polymorphisms in nitric oxide synthase (NOS) 

genes influence quality of aging and longevity in humans’ Biogerontology 14(2):177-86.  
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Abstract 

The social amoeba Dictyostelium discoideum was instrumental in the discovery and early 

characterization of inositol pyrophosphates, a class of molecules possessing highly-energetic 

pyrophosphate bonds. Inositol pyrophosphates regulate diverse biological processes and are 

attracting attention due to their ability to control energy metabolism and insulin signaling. 

However, inositol pyrophosphate research has been hampered by the lack of simple 

experimental procedures to study them. The recent development of polyacrylamide gel 

electrophoresis (PAGE) and simple staining to resolve and detect inositol pyrophosphate 

species has opened new investigative possibilities. This technology is now commonly applied 

to study in vitro enzymatic reactions. Here we employ PAGE technology to characterize the 

D. discoideum inositol pyrophosphate metabolism. Surprisingly, only three major bands are 

detectable after resolving acidic extract on PAGE. We have demonstrated that these three 

bands correspond to inositol hexakisphosphate (IP6 or Phytic acid) and its derivative inositol 

pyrophosphates, IP7 and IP8. Biochemical analyses and genetic evidence were used to 

establish the genuine inositol phosphate nature of these bands. We also identified IP9 in D. 

discoideum cells, a molecule so far detected only from in vitro biochemical reactions. 

Furthermore, we discovered that this amoeba possesses three different inositol 

pentakisphosphates (IP5) isomers, which are largely metabolised to inositol pyrophosphates. 

Comparison of PAGE with traditional Sax-HPLC revealed an underestimation of the cellular 

abundance of inositol pyrophosphates by traditional methods. In fact our study revealed much 

higher levels of inositol pyrophosphates in D. discoideum in the vegetative state than 

previously detected. A three-fold increase in IP8 was observed during development of D. 

discoideum a value lower that previously reported. Analysis of inositol pyrophosphate 

metabolism using ip6k null amoeba revealed the absence of developmentally-induced 

synthesis of inositol pyrophosphates, suggesting that the alternative class of enzyme 

responsible for pyrophosphate synthesis, PP-IP5K, doesn’t’ play a major role in the IP8 

developmental increase. 
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Introduction 

The model organism Dictyostelium discoideum, originally developed to study the transition to 

multicellularity, has subsequently been utilised in several areas of biology from chemotaxis 

[1] to transcriptional control [2]. Upon exhaustion of nutrients, the Dictyosteliidae slime 

moulds are able to aggregate into multicellular forms, a process regulated by cAMP signaling 

[3]. The aggregated slugs develop into fruiting bodies (or sporocarp) compromised of two 

main cell types; stalk cells and thousands of spore cells. Much of the early work with this 

amoeba focused on this fascinating behavior. However, in the late 1980s this model organism 

began to offer insight into the metabolism of inositol phosphates [4]. In fact, it was in D. 

discoideum that the synthesis of inositol hexakisphosphates (IP6) through direct 

phosphorylation of inositol was discovered [5]. D. discoideum has also been instrumental in 

the discovery of inositol pyrophosphates (also known as diphosphoinositol phosphates) (For 

reviews see [6,7]) molecules containing highly energetic pyrophosphate moiety(ies) recently 

implicated into the regulation of cellular homeostasis [8,9,10]. Inositol pyrophosphates were 

identified in 1993 in D. discoideum [11] and in mammalian cell [12]. During the 1990s the 

synthesis of the inositol pyrophosphate IP7 (diphosphoinositol pentakisphosphate or PP-IP5) 

and, in particular, IP8 (bisdiphosphoinositoltetrakisphosphate or (PP)2-IP4) was linked to the 

D. discoideum developmental program [13]. Furthermore, thanks to the high concentration of 

these molecules in this amoeba, NMR could be used to resolve the isomeric nature of IP7 and 

IP8 extracted from D. discoideum cells. The structure of these isoforms - the 5PP-IP5 isomer 

of IP7 and the 5,6(PP)2-IP4 isomer of IP8 [14] are, to date, the only resolved structures of 

inositol pyrophosphates extracted from cells.  

Despite the influence of this organism, D. discoideum has faded from the attentions of inositol 

phosphate scientists over time. The last study demonstrating the importance of inositol 

pyrophosphate in regulating Dictyostelium chemotaxis was published over 10 years ago [15]. 

This disengagement is in part due to the emergence of another experimental model, the yeast 

Saccharomyces cerevisiae [16,17] but also to the difficulty in promptly labelling the amoeba 

with tritium inositol (
3
H-inositol) [18]. Therefore the use of routine Sax-HPLC (Strong anion 

exchange chromatography) to resolve the different radiolabeled inositol phosphates becomes 

cumbersome and expensive to apply to amoeba cells. Thus, chromatographic separation of 

inositol phosphates in Dictyostelium is normally performed using metal dye detector post-

colum derivatization (MDD-HPLC) [11,19] requiring a dedicated three pump HPLC 

apparatus and therefore is not a widespread technology. Two different classes of enzymes are 
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able to synthesize inositol pyrophosphates: the inositol hexakisphosphate kinases IP6Ks (Kcs1 

in yeast) [20] and the PP-IP5Kinases (Vip1 in yeast) [21,22]. These enzyme are mainly 

characterised from mammalian sources and possess the ability to pyro-phosphorylate position 

5 of the inositol ring (IP6K) [23] and position 1 (PPIP5K) [24] in vitro. Thus, it is believed 

that mammalian cells possess a different isomer of IP8, namely the 1,5(PP)2-IP4 species [25]. 

The recent discovery that higher inositol phosphates can be resolved by polyacrylamide gel 

electrophoresis (PAGE) [26] and visualised by simple staining, bypassing the need to use 

radio labelled material, has enormously improved in vitro studies of inositol pyrophosphates 

[27]. In particular, this has facilitated characterisation of the inositol pyrophosphate 

synthesizing kinases; the inositol hexakisphosphate kinases (IP6Ks in mammals, Kcs1 in 

yeast) and the diphosphoinositol pentakisphosphate kinases (PP-IP5Ks in mammals, Vip1 in 

yeast) [26]. In the current work we applied this PAGE technology to samples obtained from 

live cells, allowing us to analyse the in vivo inositol phosphate metabolism by PAGE for the 

first time. We demonstrated the existence of different inositol pyrophosphate species by both 

DAPI and Toluidine Blue staining, and reveal a complex metabolism comprising inositol 

pyrophosphates derived from both IP6 and inositol pentakisphosphates (IP5). Furthermore, the 

analysis of inositol pyrophosphate metabolism during D. discoideum development revealed a 

far less dramatic increase in levels of IP8 than has been previously described. 
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Results 

Resolving D. discoideum cell extract by PAGE revealed the presence of IP6, IP7 and IP8. 

Inositol polyphosphates are routinely extracted using strong acid solutions, usually Perchloric 

Acid. If appropriately labelled with 
3
H-inositol this cell extract can be neutralized and 

analysed by Strong anion exchange chromatography (Sax-HPLC) [28]. The high levels of 

inositol pyrophosphates in D. discoideum prompted us to analyse a fraction (1/20 by volume) 

of the neutralised unlabeled cells extract, equivalent to 1-2 10
6
 cells, by PAGE [26]. Sample 

migration during PAGE is normal when just 20-40 microlitres of cell extract is loaded (Fig. 

1). To our surprise, extract from vegetative Wild Type AX2 (WT) D. discoideum cells reveals 

the presence of three major bands by Toluidine staining. The fastest migrating band co-

migrates with the commercially available IP6 standard (Fig. 1). Staining with DAPI also 

reveals the same three major bands (Fig. 1). Interestingly, DAPI is heavily photobleached 

(resulting in negative staining) by the two slower migrating bands and not by that which co-

migrates with IP6. This method of staining reveals a further weaker band, which migrates still 

slower and is not always detectable by Toluidine. It was previously demonstrated that the 

ability to photobleach DAPI is a typical characteristic of the pyrophosphate moiety [26], 

however the large amount of IP6 present in D. discoideum extract is able to induce some 

DAPI photo-bleaching, though at a much lower efficiency. Thus, besides IP6 the other bands 

are expected to be IP7, IP8 and, newly detected, endogenous IP9, previously identified only in 

vitro [23]. To confirm the nature of these bands we use several approaches. First genetic; the 

analysis of acidic extract of Inositol Hexakisphosphate Kinase (IP6K) null amoeba (gene 

I6KA, DDB_G0278739) [15] reveals only the presence of a band co-migrating with IP6 and a 

weaker band, detectable only by DAPI, co-migrating with IP7 (Fig.1). The virtual absence of 

IP7, and the total deficiency of the respective IP8 and IP9 bands phenocopies the yeast ip6k 

mutant (kcs1∆) that lack any detectable inositol pyrophosphates [16,29]. Using traditional 
3
H-

inositol labelling and Sax-HPLC analysis, the absence of any inositol pyrophosphates in ip6k 

null amoeba has been previously verified [15]. Interestingly, DAPI analysis reveals the 

presence of a new, retarded band in ip6k null amoeba (labelled nd in Fig.1B). This band is of 

undetermined nature although DAPI photo-bleaching ability suggests the presence of 

pyrophosphate moieties. The analysis of phospholipase C (PLC) mutant cells reveals a pattern 

of bands similar to WT cells in striking contrast of the yeast plc1∆ strain that lacks the 

synthesis of any highly phosphorylated forms of inositol phosphates [17]. However, our result 

is coherent with previous reports that demonstrate normal levels of inositol pyrophosphates in 

D. discoideum plc null cells (gene pipA, DDB_G0292736) [18,30] and with the ability of the 
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amoeba to synthesize IP6 directly from inositol independently from lipid cleavage [5]. 

Secondly, we use enzymology to confirm the nature of these bands as genuine inositol 

phosphates. The treatment of WT extract with phytase, an enzyme capable of fully 

dephosphorylating IP6 (also call Phytic Acid), resulted in the complete disappearance of the 

three major bands (Fig. 2A). The treatment of WT extract with DDP1 (Fig. 2B), a 

phosphatases that specifically degrades the pyrophosphate moiety, resulted in an almost 

complete degradation of IP7 and IP8 with the corresponding formation of IP6. 

Phosphoanhydride bonds (the pyrophosphate moiety) are rapidly hydrolysed in acid at higher 

temperatures. Consequently, we also incubated the acidic extract at 90
o
C for 10 minutes 

before neutralization. This treatment (Fig. 2C) revealed the complete degradation of the IP7 

and IP8 bands and the resultant formation of IP6 as well as three further fast migrating bands. 

These three extra bands migrate as expected of IP5, which is almost undetectable in untreated 

cell extract (Fig. 1, 2, 3). This suggests the existence of an elaborate inositol pyrophosphate 

metabolism (see below). Finally we use mass spectrometry to determine the mass of the 

purified bands (Fig. 3A). The analysis of the putative IP7 band reveals, in the m/z range 500-

1000, two major peaks at 738.822 and 760.793 m/z. These m/z values are well in accordance 

with the theoretical mass of deprotonated IP7 and its sodium adduct respectively (Fig.3B). 

The detection of an intense peak at +22 m/z with respect to the deprotonated molecule is an 

additional confirmation of the presence of phosphate moieties on the analyte. Similarly, the 

analysis of the putative IP8 band reveals a major peak at 840.590 m/z, and a minor peak at 

818.627 m/z (Fig. 3C). These values correspond to the theoretical mass of, respectively, the 

sodium adduct of deprotonated IP8 and deprotonated IP8. The increased relative intensity of 

the sodium adduct is an additional confirmation of the increased number of phosphate 

moieties attached to the analyte in the putative IP8 band compared to the putative IP7 band. 

Unfortunately, we observed a decrease in mass spectrometry ionization efficiency with 

increasing number of phosphate groups, as can be appreciated by comparing absolute 

intensities of IP7 and IP8 MALDI-TOF spectra in (Fig. 3B and C). Therefore, we were unable 

to determine the mass of the IP9 band. Nevertheless, taken together these genetic and 

biochemical studies prove that the bands observable in D. discoideum extract are bona fide 

inositol pyrophosphates. 
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Presence of a complex IP5 derived inositol pyrophosphates metabolism.  

The appearance of bands migrating faster that IP6 after acidic hydrolysis prompted us to 

perform further analysis with the aim to determine their exact nature. We split a cell extract 

(from 5ml culture growth at a density of 2-4×10
6
 cells/ ml) into two halves and subjected one 

half to acidic hydrolysis. After neutralisation this half as well as the untreated half were 

analysed by PAGE. We employed IP6 as a standard as well the six IP5 isomers (Fig. 4A). 

Loading a larger amount of cell extract allowed us to detect fast migrating three weak bands 

in the untreated sample lane. These bands co-migrate with distinct IP5 standards. The acidic 

treated samples reveals a robust increase of both IP6, due to the conversion of IP7 and IP8 to 

IP6, and the three IP5 isomers. This indicates presence of inositol pyrophosphate generated 

from IP5, such as PP-IP4 and likely also (PP)2-IP3, which are converted back to IP5 by acidic 

treatment. The inositol pyrophosphates PP-IP4 and (PP)2-IP3 possessing six and seven 

phosphates groups migrate very closely (or co-migrate) with the more abundant IP6 and IP7 

species and thus cannot be directly detected in untreated WT cell extract. Densitometry 

analysis of treated IP6 and IP5s versus untreated counterpart reveals that ~60% of the IP6 pool 

is converted to IP7 and IP8 while >90% of IP5 pool is converted to inositol pyrophosphate 

species (Fig. 4B). This indicates that pyrophosphates derived from IP5 and IP6 have differing 

metabolism and turnover. The extraordinary ability of PAGE to resolve different IP5 isomer 

and the densitometry analysis of the three IP5 bands reveal that the IP5 pool of D. discoideum 

cell is distributed as follows, ~10% I(1,2,3,4,6)P5; ~30% I(2,3,4,5,6,)P5 and/or I(1,2,4,5,6)P5; 

~60% I(1,3,4,5,6)P5 and/or I(1,2,3,5,6)P5 and/or I(1,2,3,4,5)P5. The presence of at least three 

IP5 isomers is confirmed by an early report [5,31]. However these earlier studies, which relied 

on HPLC revealed differing relative distributions of the IP5 isomeric species[31]. It is 

important to note that strong acidic conditions (such as those used in HPLC analysis) can 

induce phosphate groups to move to adjacent hydroxyl positions, altering the isomeric nature 

of inositol phosphates, a well-known phenomena during phosphoinositide (inositol lipid) 

purification [32]. High temperature and acidity are also able to induce movement of 

phosphate groups around the hydroxyl groups of the inositol ring in IP5 (Figure S1). However, 

the presence of the three IP5 species in untreated samples (Fig. 4A) is supportive of the 

genuine existence of at least three different IP5 isomers in D. discoideum. The fact that all of 

these IP5 species are enriched after pyrophosphate hydrolysis indicates that multiple IP5 

isomers are precursors of inositol pyrophosphate species indicating a complex isomeric 

mixture of pyrophosphates derived from IP5. 
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PAGE analysis revealed high levels of inositol pyrophosphates. 

Previous studies aiming to analyse the level of inositol pyrophosphate during D. discoideum 

development have estimated the levels of IP7 and IP8 in vegetative stage cells to be 3-6% of 

the levels of IP6, a ratio comparable to that observable in mammalian cells. This data, 

obtained using MDD-HPLC [13], was subsequently confirmed by traditional metabolic 
3
H-

inositol labelling and Sax-HPLC technology [15]. Strikingly, however, our extraction and 

PAGE analysis reveals substantially higher levels of inositol pyrophosphates during 

vegetative state growth (Fig. 1, 2, 3, 4). DAPI analysis reveals a markedly darker stain of the 

IP8 band over IP6 (Fig. 1B). This can be attributed to the favorable ability of the 

pyrophosphates moiety to photobleach DAPI [26]. The monoaminic Toluidine, however, 

stains the single phosphates groups with similar efficiency. Therefore a molecule of IP8 

possessing 8 phosphate groups, compared to just 6 on a molecule of IP6 groups should stain 

more intensely than IP6. Experimentally this value has been calculated to be 1.27+/-0.08 (see 

material and methods for details and Figure S2). However, even taking into account this 

correction factor, densitometry measurement of PAGE analysis revealed the ratio of IP8 to IP6 

in the vegetative state to be in the range 30-40% (Fig. 1, 2, 3, 4). Therefore, traditional HPLC 

technology substantially underestimates the level of cellular inositol pyrophosphates. It is 

likely that this effect is due to the fact that pyrophosphate (phosphoanhydride) bonds are acid 

labile and prone to degradation during acidic HPLC running conditions. To further confirm 

this observation we ran cultures in parallel; one labelled with 
3
H-inositol and analysed by 

HPLC, while the second was run by PAGE and analysed by Toluidine staining. We rapidly 

extracted the inositol phosphates at 4°C to minimise the duration and effect of the acidic 

conditions. This parallel analysis, reveals that the IP8 level as ratio over IP6 was 27.5%+/-6.9 

(n=4) and 36.3%+/-4.7 (n=4) analysed by Sax-HPLC or PAGE respectively. Therefore 

traditional HPLC analysis results in a substantial 1/4 underestimation of IP8 cellular levels. 

Application of PAGE to this in vivo system for the first time allows us to determine the 

intracellular concentration of highly phosphorylated inositol phosphates by simple 

densitometry (using IP6 concentration standards to simply calculate a linear regression curve). 

Our study reveals that in vegetative state, estimating a cell volume of 0.20pL, the 

concentration of IP6, IP7 and IP8 are ~520, 60 and 180µM respectively. Interestingly, the IP6 

value is in accordance with previous estimates [5,33]. 
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Inositol pyrophosphates cellular levels increase during development. 

Dictyostelium development occurs upon exhaustion of food supply. This starvation response 

can be induced by shifting vegetative D. discoideum cells to agar plates made with a simple 

phosphate buffer (see material and methods). The regulation of inositol pyrophosphate 

metabolism during the slime mould’s developmental program has been previously 

investigated [13]. This study revealed the most dramatic cellular concentration change in IP7 

and IP8 so far reported, with a 25-fold increase of IP8 level [13]. However, our observations 

that IP7 and IP8 are present at high levels in vegetative cells (Fig. 1 to 4) led us to question the 

scale of this dramatic increase. Therefore we subjected WT and ip6k null cells to starvation, 

inducing the developmental program. Cells were grown to a density of 2×10
6
 cells/ml, 

washed in phosphate buffer and then plated onto 20mM phosphate buffer agar plates. Cells 

were collected at 5 time points; time zero, whilst still in the vegetative state; after one hour of 

starvation; upon first visual signs of aggregation (6-9hrs depending on strain); during the 

“slug” stage 15-17hrs after induction of starvation and finally after 24hrs as mature fruiting 

bodies. Analysis of acidic cell extract shows a clear increase of IP8 (in comparison to IP6) of 

2,6 fold during the developmental time course. Therefore, although we observe a clear and 

substantial increase in IP8 levels (Fig. 5A), it is in the region of three fold, well below the 25-

fold seen previously by HPLC analysis [13]. We also performed developmental study of ip6k 

null stain (fig. 1) [15]. This analysis revealed the lack of induction of any inositol 

pyrophosphate forms (Fig. 5B). This data indicates that the D. discoideum PP-IP5K 

homologous gene (DDB_G0284617) does not play any major role in the developmental 

increase of inositol pyrophosphates. The D. discoideum development program is elicited by 

cAMP signal and it was reported that cAMP stimulation induced a rapid (within minutes) 

threefold increase in inositol pyrophosphate levels [15]. We repeated these studies and failed 

to see any significant change in IP7 and IP8 levels in response to cAMP when analysed by 

PAGE (Fig. 6). 
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Discussion 

The recently developed PAGE technology to resolve and visualise inositol phosphates has 

been previously employed to characterise in vitro enzymatic reaction [26,27]. Here we show 

the huge potential of this technology to study inositol pyrophosphate metabolism in D. 

discoideum. The high abundance of this class of molecules in D. discoideum, coupled with the 

ease of analysis by PAGE has allowed us to re-evaluate the regulation of inositol 

pyrophosphate metabolism during the amoeba development. This re-evaluation has revealed a 

3-fold increase in IP8 levels reached in mature fruiting bodies a value far below the 25-fold 

increase that was previously determined by MDD-HPLC [13]. MDD-HPLC technology 

requires the extracted samples to be resolved using an elution buffer containing 0.1M 

Hydrochloric Acid [13]. This condition is likely to result in the hydrolysis of pyrophosphate 

bonds and thus increased variability between samples. Therefore, the difference of IP8 

induction during Dictyostelium development between our PAGE analysis and the previous 

study [13] is most likely due to the acidic sensitivity of the pyrophosphate moiety and its 

degradation during the strong acidic conditions associated with MDD-HPLC. In agreement 

with this, analysis of 
3
H-inositol labelled inositol pyrophosphates by Sax-HPLC, a technology 

that requires less acidic conditions (Ammonium Phosphate buffer at pH3.8) reveals that the 

IP8 ratio over IP6 is ~27% higher than previous studies suggested [13]. However, 

pyrophosphate hydrolysis still occurs in the mildly acidic Sax-HPLC running conditions. In 

fact, when the IP8 ratio over IP6 ratio was measured by PAGE and densitometry (sample 

resolved in 1XTBE, buffer pH8.0) this value was still higher at ~36%. Therefore both in vitro 

study [26] and also the current in vivo PAGE analysis suggest that HPLC analysis 

underestimates the cellular levels of inositol pyrophosphates. Unfortunately, technical 

problems still preclude the application of PAGE analysis to mammalian cells. As such, HPLC 

analysis remains, at least for now, the only viable method for this system. We have also 

demonstrated that PAGE can resolve several of the different IP5 isomeric species (Fig. 4A). 

This has allowed us to observe at least three different IP5 isomers in vegetative D. discoideum 

consistent with early reports [5,31]. This is not a surprise as mammalian cells also possess 

multiple IP5 species [34,35]. Unexpectedly, all the IP5s species are precursors of inositol 

pyrophosphates. Therefore, the inositol pyrophosphates derived from IP5 are quite complex in 

compositions, with multiple isomeric forms of PP-IP4 and (PP)2-IP3 existing in vivo. The 

same enzymes that generate IP7 from IP6, the IP6Ks, also generate these inositol 

pyrophosphates species in vitro [16,29]. Thus the relative cellular abundance between IP7/IP8 

and PP-IP4/(PP)2-IP3 might depend on the levels of IP5 versus IP6. While in D. discoideum IP6 
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is far more abundant of IP5 this is not the case the majority of mammalian cell lines where the 

cellular concentration of these two inositol polyphosphates are similar and regulated in neuron 

by neurotrofine signal [36]. Consequently inositol pyrophosphate derived from both IP5 and 

IP6 precursors are likely to have similar cellular abundance and physiological importance. 

More attention needs to be invested to study the functions of the IP5 derived inositol 

pyrophosphates. The fact that PP-IP4 is often undetected on Sax-HPLC (due to co-migration 

with IP6), is neither an indicator of its absence nor of a lack of physiological roles. The 

simple, inexpensive and reliable PAGE analysis leads to clear qualitative and quantitative 

information by using simple densitometry. Classical 
3
H-inositol labelling and Sax-HPLC 

analysis of highly phosphorylated inositol perhaps retains the advantage of a higher dynamic 

range to calculate the relative abundance of the inositol polyphosphates. However, the use of 

radioactive material and HPLC apparatus has limited the implementation of inositol 

phosphate research to the large majority of cell biology laboratories. Here we have 

demonstrated the huge potential of PAGE technology to study D. discoideum inositol 

phosphate metabolism. PAGE analysis coupled with the generation of the knockout mutant 

strains for the several inositol phosphate kinases present in the amoeba genome will create a 

genetic system that will easily surpass the S. cerevisiae model, due to the higher complexity 

and greater similarity to the mammalian system . The obvious future objective is to apply this 

PAGE technology to analyse inositol pyrophosphate metabolism in mammalian experimental 

models. However, because of the low abundance of inositol polyphosphate in mammalian 

cells, the direct application of PAGE technology to this system is not yet possible (Saiardi lab 

unpublished result). On the other hand, the effortless nature of PAGE technology should 

encourage further effort towards this goal, thereby opening new avenues for investigation. 
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Materials and methods 

Strains, Media and Reagents. 

We used the axenic D. discoideum strain AX2, ip6k null (axeA2,axeB2,axeC2,I6KA 

[KOvector], bsR) and plc null (axeA1, axeB1, axeC1, plc-[pNeoPLCko], neoR) background 

have been previously described [15,18] and were obtained from dictyBase 

(http://dictybase.org). D. discoideum was generally grown in HL/5 or SIH acquired from 

Foremedium in presence of penicillin and streptomycin (Gibco). Polyacrylamides, TEMED, 

ammonium persulfate, were acquired from National Diagnostic. Inositol phosphates were 

acquired from Calbiochem (IP6) and Sichem (IP5s). All others reagents were purchased from 

the Sigma-Aldrich. Recombinant His-DDP1 was expressed and purified as previously 

described [8]. 

 

Culture condition and cAMP treatment. 

Amoeba cells were inoculated at a density of 1×10
5
 cells/ml in HL5 in a glass flask, and 

incubated with shaking at 22°C, 120 RPM. To keep the cells in the vegetative state, stock 

cultures were diluted every 2-3 days such that cell density didn’t surpass 5-6×10
6
 cells/ml. 

Every 2-3 weeks new D. discoideum were started from DMSO stock. Treatment with cAMP 

was performed on active growing vegetative stage cell. cAMP was added to a final 

concentration of 50µM to100µl of cells and the treatments were terminate by adding 100µl of 

Perchloric Acid 2M to initiate inositol phosphate extraction.  

 

Inositol phosphates Extraction. 

The inositol polyphosphate extraction procedure is an adaptation of the yeast protocol 

previously described [28]. D. discoideum cells were collected during the exponential growth 

phase (1-3×10
6
 cells/ml) washed twice with KPO4H buffer 20mM pH6.0 and centrifuged at 

1500 RPM on a Sorval RC-3C centrifuge for 3min. The cell pellets were transferred to 

eppendorf tubes, resuspended in 1M Perchloric acid, vortexed for 5min at 4°C and 

centrifuged at 14000 RPM at 4°C for 5min. The supernatants were transferred to a new tube 

and neutralised using 1M Potassium Carbonate containing 3mM EDTA. The samples were 

placed on ice for 2-3 hours and subsequently spun for 10min. The supernatants were 

transferred to new tubes and stored at 4
o
C. If required, the supernatants volume was reduced 

using a speed vacuum. 

 

http://dictybase.org/
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PAGE analysis and band intensity analysis.  

To resolve inositol phosphates we used 24×16×0.1 cm glass plates, using 35% 

polyacrylamide in 1XTBE. Samples were mixed with 6×Dye (0.01% Orange G or 

Bromophenol Blue; 30% glycerol; 10mM TrisHCl pH7.4; 1mM EDTA). Gels were pre-run 

for 30min at 300V and run at 600V 6mA overnight at 4°C until the Orange G had run through 

2/3 of the gel. Gels were stained with DAPI or Toluidine Blue as described previously [26]. 

After scanning, the Tiff format file, band densitometry was performed using ImageJ software 

(http://rsbweb.nih.gov/ij/). To determine the differential Toluidine Blue staining efficiency 

pure IP8 and IP7 were converted to IP6 by acid hydrolysis and resolved by PAGE. The 

different densitometry intensity of IP7 and IP8 untreated samples versus the generated IP6 was 

then calculated (Supporting Fig. 2). IP8 is 1.27+/-0.08 (average +/- standard deviation, n=5) 

times more strongly labelled that than corresponded generated IP6, in good accordance with 

the theoretical value of 1.33. To determine the amount of inositol phosphates present in D. 

discoideum, cell extracts were run together with IP6 concentration standards from 1nM to 

8nM. By determining the densitometry value of the IP6 standard a linear regression curve was 

calculated. The densitometry value of the IP6 present in the cell extract was calculated from 

the linear regression curve to determine its molar amount. The values for IP7 and IP8 were 

calculated determining the densitometry of the respective bands normalized for the Toluidine 

staining efficiency (1.27 for IP8 and 1.15 for IP7). The cellular concentration of inositol 

phosphate was then calculated estimating a cell volume of 0.20pL.  

 

Enzymatic Reactions and Acid Hydrolysis. 

Neutralised D. discoideum cell extract, or purified inositol phosphate, were incubated in 30μl 

enzymatic reactions containing 5XBuffer (100mM Hepes pH6.8; 250mM NaCl; 30mM 

MgSO4; 5mM DTT; 5mM NaF), 2μl of recombinant purified Ddp1 (10-2-ng) or Phytase 

(Sigma). Reactions were incubated at 37°C for 2hrs or overnight and stopped by the addition 

of 2μl EDTA (100mM). Acidic pyrophosphate hydrolysis was performed by incubating the 

cell extract at 90°C for 20min prior to neutralisation. After this treatment the samples were 

neutralised using Potassium Carbonate as described above. 

 

Mass spectrometry. 

Inositol phosphates from D. discoideum cell extract were purified as described above and 

previously [28] and directly subjected to mass spectrometry [37]. Matrix-assisted laser 

desorption ionization (MALDI) mass spectrometry was performed on a Voyager DE-STR 

http://rsbweb.nih.gov/ij/
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(Applied Biosystems, Framingham, MA), equipped with a MALDI ion source and a time-of-

flight mass analyzer (MALDI-TOF). 9-aminoacridine (9-AA, Sigma-Aldrich) was used as 

matrix, due to its superior performance in revealing acidic analytes in negative ion mode [37]. 

A double deposition sample preparation procedure was adopted. Typically, 0.5μL of matrix 

solution, consisting of 7 mg/mL 9-AA in a 1:1 mixture (v/v) of acetonitrile and water was 

spotted on the stainless steel MALDI sample stage and air-dried. Then, 0.5μL of the analyte 

solution, either pure or diluted 1:5 (v/v) in water, was spotted on to the matrix crystals and 

allowed to dry. Mass spectra were acquired in delayed extraction, reflectron negative ion 

mode using the following settings: accelerating voltage 20,000V, grid voltage 73%, extraction 

delay time 300nsec, acquisition mass range 300-1,500 m/z. Each spectrum was the average of 

400-500 individual laser shots acquired in series of 100 consecutive shots. 

 

Sax-HPLC analysis. 

D. discoideum were cultured in inositol free SIH media containing 50μCi/ml [
3
H]-inositol. 

Cell culture (6ml) were seeded at 1×10
5
 cells/ml and grown at 22°C for 3-4 days to get a cell 

density of 2-3×10
6
/ml. Cells were collected and washed once with KPO4H buffer 20mM 

pH6.0. Inositol phosphates were extracted as described above and resolved by HPLC as 

previously described [28]. 

 

D. discoideum development. 

D. discoideum were cultured in HL/5 media to a density of 2.0×10
6
 cells/ml The cells were 

washed twice with KPO4H buffer 20mM pH6.0 and resuspended at 1×10
7
 cells/ml in the 

same buffer. Cells were then transferred in solution to 35mm, 20mM phosphate agar plates 

such that each plate contained 1×10
7
 cells. The cells were allowed to settle before aspirating 

the phosphate buffer. The cells were then allowed to develop in a humidity chamber at 22
o
C. 

10 plates (equivalent to a 1×10
8
 cells at the start of the time course) were harvested from 

plates at 5 time points; 0hr during vegetative state; after 1hr starvation; upon first signs of 

aggregation (6-9hrs); during the “slug” stage (15hrs); and finally as mature fruiting bodies 

(24-25hrs). Cells pellets were frozen at -80°C. Inositol polyphosphates were extracted as 

described above, normalised by protein concentration and analysed by PAGE. 
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Figure 1. PAGE analysis of D. discoideum cell extract reveal the presence of three major 

bands.  

Inositol phosphates were extracted from 10ml culture growth of wild type (WT) D. 

discoideum (AX2 strain) and the IP6-Kinase (ip6k null) and phospholipase C mutant (plc null) 

grown at a density of 2-4×10
6
. About 30-40 microliters of neutralised cell extract (equivalent 

to 1/20 of the total volume) was resolved on 35.5% PAGE [26] and visualized with Toluidine 

blue (A) and DAPI staining (B). The figure shows the result of a representative experiment 

that was repeated three times. 

 

Figure 2. Treatment by Phytase, Ddp1 and acidic degradation define IP6, IP7, and IP8, in 

D. discoideum cell extract.  

Wild type D. discoideum cell extract (-) was incubated with phytase (Phy) (A), recombinant 

diphosphoinositol polyphosphate phosphohydrolase (DDP1) (B) or treated with acid at high 

temperature (C). The inositol phosphate nature of the three major bands detectable by 

Toluidine stain is demonstrated by the Phytase treatment (A), an enzyme able to remove the 

phosphate group from any position of the inositol rings. The pyrophosphate nature of the two 

slower migrating bands is demonstrated by their disappearance after DDP1 treatment (B) and 

by the well-known acidic sensitivity of the phosphoanhydride bond (C). The figure shows the 

result of a representative experiments repeated three to four times.  

 

Figure 3. Mass spectrometry analysis of inositol pyrophosphates purified from D. 

discoideum cell extract.  

Gel purified inositol pyrophosphates (A) were subjected to mass spectrometry (B,C). The 

comparison of the m/z spectrum of IP7 (B) and IP8 (C) is shown. The peaks in the spectra 

describing inositol pyrophosphates purified from D. discoideum are in agreement with the 

theoretical values for molecular weight that are deduced to be 738.82 Da and 818.78 Da 

respectively. 

 

Figure 4. Characterization of D. discoideum IP5 species.  

Half of the acidic cell extract (from 5ml culture) of WT D. discoideum was incubated on ice (-

) while the second half was incubated at 90
o
C for 20min (Acid). Both samples were 

thenneutralised and resolved on 35.5% PAGE together with the six possible IP5 isomers. 

Inositol phosphates were visualised by Toluidine staining. Densitometry analysis of treated 

versus untreated sample was performed and IP6 and IP5s bands intensity compared. (A) 
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Acidic treatment reveals the distinct presence of three IP5 species, which are otherwise barely 

detectable, indicating that D. discoideum possesses a complex IP5-derived inositol 

pyrophosphate metabolism. (B) Schematic representation of inositol pyrophosphate 

metabolism in D. discoideum. The gray arrow to (PP)2-IP3 indicates a likely potentially step. 

The dashed arrow from inositol to IP3 indicates uncharacterized enzymatic steps. The figure 

shows the result of a representative experiment that was repeated three times. 

 

Figure 5. PAGE analysis of inositol pyrophosphate during D. discoideum development. 

Amoeba development program was induced as described in material and methods. The 

inositol phosphates extracted at the indicated time points were resolved on 35% PAGE and 

visualised with Toluidine. (A) The analysis of wild type (WT) D. discoideum developmental 

program reveal a 2.6 fold increase in the IP8/IP6 ratio at the late stage of development, as 

quantified by densitometry quantified (Bottom), average +/- SD of four independent 

experiments. (B) To the contrary inositol pyrophosphates are not induced during IP6-Kinase 

(ip6k null) developmental program. The figure shows the result of a representative experiment 

that was repeated four times for the WT and two times for ip6k1 null. 

 

Figure 6. No alteration of IP7 and IP8 metabolism after cAMP treatment. 

Vegetative growing D. discoideum were incubated for the indicated time with 50µM cAMP. 

The incubation was terminated with equal volume of 2M Perchloric acid to extract the inositol 

phosphates. These were resolved on 35% PAGE and stained with Toluidine blue. Two 

independent experiments are shown with short (left) and long (right) cAMP incubation time. 

The figure shows the result of a representative experiment that was repeated three times. 

 

Figure S1. IP5 isomerisation by acid treatment. 

To verify that acid treatment of IP5 can induce movement of phosphate groups around the 

inositol ring we incubated  2nmol of IP6 and 2nmol of I(1,3,4,5,6)P5 with1M Perchloric acid 

for 30 min in ice as well as for 5 and 30 minutes at 90°C. IP6 is totally unaffected by these 

treatments. Untreated I(1,3,4,5,6)P5 (lane 2) is 95% pure as demonstrated by its migration as a 

major single band. Low temperature acid treatment has no effect on I(1,3,4,5,6)P5, whilst high 

temperature induces rapid isomerisation. Just five minute at high temperature are sufficient to 

substantially convert I(1,3,4,5,6)P5 into other IP5 isomeric forms. Densitometry analysis 

confirmed that the total IP5 Toluidine staining did not change upon acid treatment, indicating 

the absence of acid induced IP5 degradation to lower inositol phosphates. 
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Figure S2. Differential Toluidine Blue staining capability of IP8 and IP6. 

To ascertain the relative efficiency of staining of IP8 and IP6 by Toluidine blue serial amounts 

of IP8 from 1nmol (A) to 16nmol (E) were incubated in the presence of 1M Percloric acid in 

20μl (sample from A’ to E’) for 30 min at 90°C. Untreated (from A to E) and acid treated 

(from A’ to E’) samples were resolved on 35% PAGE. To avoid loss of material during the 

neutralization step, acid treated samples were directly loaded on the gel causing a slight 

retardation in migration in these lanes (as shown by the different migration of Bromophenol 

blue (BBF) between treated and untreated samples). Once stained with Toluidine blue, the gel 

was analyzed with Image J software. Densitometry analysis enabled each pair of samples 

(treated and untreated) to be plotted on a graph. The areas of the peaks in these graphs 

correspond to the relative staining of the IP6 and IP8 bands on the gel. Depicted are the 

analyses of samples D_D’ and E_E’. Dividing the densitometry derived values for untreated 

IP8 by those for the acid generated IP6 indicates the difference in staining efficiency of the 

two molecules by Toluidine blue. On average IP8 is stained 1.27+/-0.08 (+/- SD) better than 

IP6. A virtually identical result was obtained from a second, independent experiment also run 

in quintuplicate. The experimentally calculated value of 1.27 is in good accordance with the 

theoretical value of 1.33 reflecting the presence of eight phosphates groups in IP8 rather than 

the six in IP6 (8/6 =1.33). 
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In my thesis I reported the investigation of inositol pyrophosphates by PAGE in Dictyostelium 

discoideum (D. discoideum). We found that this amoeba possesses three bands corresponding 

to IP6 and its derivative inositol pyrophosphates, IP7 and IP8. We also demonstrated that 

cAMP does not induce inositol pyrophosphates synthesis as previously reported.   

Our study also revealed much higher levels of inositol pyrophosphates in the vegetative state 

and a three-fold increase in IP8 during development of D. discoideum than previously 

detected. We used biochemical analysis and genetic evidences to confirm the nature of these 

bands. We also used mass spectrometry to determine the mass of the purified bands. 

Additionally, we discovered that this amoeba possesses three different inositol 

pentakisphosphates (IP5) isomers. Furthermore, by analyzing the existence of an elaborated 

IP5 derived inositol pyrophosphates metabolism, we evidenced the presence of inositol 

pyrophosphate generated from IP5, such PP-IP4 and likely also (PP)2-IP3. The inositol 

pyrophosphates PP-IP4 and (PP)2-IP3 possessing six and seven phosphates groups migrate 

very closely (or co-migrate) with the more abundant IP6 and IP7 species.   

We also identified in D. discoideum a ‘new molecule’, IP9, so far detected only from in vitro 

biochemical reactions; however we were unable to determine the mass of the IP9 band. 

On the whole, these results have allowed us to re-evaluate the regulation of inositol 

pyrophosphate metabolism during the amoeba development. It has been possible to obtain 

these results, firstly because D. discoideum possesses high levels of this class of molecules 

and consequently because the PAGE technology has showed huge potential to study inositol 

pyrophosphate metabolism in this amoeba.   
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Abstract Nitric oxide (NO) triggers multiple signal

transduction pathways and contributes to the control

of numerous cellular functions. Previous studies have

shown in model organisms that the alteration of NO

production has important effects on aging and life-

span. We studied in a large sample (763 subjects, age

range 19–107 years) the variability of the three human

genes (NOS1, -2, -3) coding for the three isoforms of

the NADPH-dependent enzymes named NO synthases

(NOS) which are responsible of NO synthesis. We

have then verified if the variability of these genes is

associated with longevity, and with a number of

geriatric parameters. We found that gene variation of

NOS1 and NOS2 was associated with longevity. In

addition NOS1 rs1879417 was also found to be

associated with a lower cognitive performance, while

NOS2 rs2297518 polymorphism showed to be associ-

ated with physical performance. Moreover, SNPs in

the NOS1 and NOS3 genes were respectively associ-

ated with the presence of depression symptoms and

disability, two of the main factors affecting quality of

life in older individuals. On the whole, our study

shows that genetic variability of NOS genes has an

effect on common age related phenotypes and lon-

gevity in humans as well as previously reported for

model organisms.

Keywords NOS � Longevity � Aging � Nitric oxide �
Polymorphisms

Introduction

Nitric oxide (NO) is one of the most widespread

signaling molecules in nature. By interacting with

different intracellular targets, NO triggers multiple

signal transduction pathways thus contributing to the

control of almost every cellular function (Liaudet et al.

2000). NO is produced during the oxidation of

L-arginine to L-citrulline by a family of NADPH-

dependent enzymes named NO synthases (NOS), with

three isoforms in mammals encoded by three distinct

NOS genes, named neuronal (nNOS or NOS1), induc-

ible (iNOS or NOS2), and endothelial (eNOS or

NOS3). Although all isoforms share a similar
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structure, the mechanisms that control their activity

are quite different. NOS1 and NOS3 are constitutively

expressed and Ca2?/calmodulin-dependent, while the

inducible form (NOS2) is induced by inflammatory

stimuli and is Ca2?/calmodulin-independent (Förster-

mann and Sessa 2012). The activity of each of these

isoforms is fine-tuned by a variety of transcriptional

and post-translational modifications, which may also

influence the specific targeting of NOS to subcellular

compartments (Oess et al. 2006). Although all three

isoforms can be found in numerous tissues, the specific

cell type where NOS enzymes are located is of critical

importance in determining the specific outcomes of

the NO signalling pathways (Villanueva and Giulivi

2010). In neuronal cells NO, which is produced

principally by NOS1, functions as regulator of neuro-

nal transmission, cerebral blood flow and synaptic

plasticity thus acting as a neuromodulator and neuro-

protective agent (Calabrese et al. 2007; Feil and

Kleppisch 2008; Garthwaite 2008). In endothelial

cells NO, mainly produced by NOS3, acts as a

regulator of vascular homeostasis being involved in

the regulation of smooth muscle relaxation, and in the

inhibition of platelet aggregation (Kader et al. 2000;

Moncada and Higgs 2006). NO produced by NOS2

particularly in macrophages, is mainly involved in the

maintenance of the immune-inflammatory response

(Moilanen et al. 1997; Wink et al. 2011). The

biological effects of NO, however, largely depend on

the amount of NO produced. High amounts of NO or

its derivative reactive nitrogen species (RNS), such as

peroxynitrite (ONOO–), a highly reactive radical

produced by the reaction between NO and superoxide

anion (O2
-), can trigger nitrosative modifications of

proteins, lipids and nucleic acids, which in turn may

impinge on cellular signaling pathways leading to

cytotoxicity, neurodegeneration, and apoptotic cell

death (Beckman and Koppenol 1996; Pacher et al.

2007; Calcerrada et al. 2011).

Oxidative stress is a well established hallmark of the

aging process and there is strong evidence for a causal

role of NO and RNS therein (McCann et al. 1998; Drew

and Leeuwenburgh 2002; Torregrossa et al. 2011).

Markers of nitrosative stress injury, such as nitrosyla-

tion and nitration of proteins, have been shown to

increase as a function of age (Toprakci et al. 2000;

Kanski et al. 2005; Kim et al. 2006). Moreover, a

growing number of studies indicate that the availability

and biological activity of NO is impaired during aging,

and that this is a key contributing factor to the onset of

age related phenotypes such as vascular and brain

aging (van der Loo et al. 2000; Taddei et al. 2001;

Napoli and Ignarro 2009; Brown 2010; Kawamoto

et al. 2012). Although the enhanced production of O2
-

that accompanies the aging process, as well as the age-

related depletion of some essential NOS substrates and

cofactors, may affect the amount of bioavailable NO,

an impaired activity and expression of NOSs has been

reported to occur with age which contributes to

alterations in NO signaling, and to the subsequent

failure of many of the body’s physiological processes

(Yang et al. 2004; Strosznajder et al. 2004; Yoon et al.

2010; Cau et al. 2012; Jung et al. 2012).

Supportive evidence for a role of NOSs in healthy

aging and lifespan extension has come from studies

with knockout models. It has been shown, for instance,

that in mice lacking all three NOS isoforms the

survival rate is reduced by 80 % (Tsutsui et al. 2009).

Moreover, a reduction in survival rate of about 50 %,

and an attenuation of caloric restriction-induced life

extension has been observed in nos3 knockout mice

(Dere et al. 2002; Nisoli et al. 2005).

Given this background, the present paper addresses

the hypothesis that NOS genetic variants affect human

aging and longevity. We analyzed common and

potentially functional NOS SNPs in a sample group

of 763 individuals from the south of Italy ranging from

19 to 107 years of age. Moreover, since the increase

with age in ROS/RNS-mediated stress is accompanied

by the deterioration of cognitive and physical abilities,

which is one of the most important components of the

quality of life in the elderly that adversely affects

successful aging and longevity, we also explored the

impact of NOSs variability on cognitive and physical

performances. In this case, subjects aged 65–91 years,

that is the age range where a significant increase of

overall impairments occur, were analyzed.

Materials and methods

Sample

The sample analyzed in the present study included 763

(417 females and 346 males) 19–107 years old

subjects (median age 81 years). All subjects were

born in Calabria (southern Italy) and their parents and

grandparents were native of the same area.
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The sample was collected during several campaigns

of recruitment (De Rango et al. 2011). Subjects older

than 65 years went through a multidimensional geri-

atric assessment carried out by a geriatrician. In

addition, each of these subjects was submitted to a

home based interview by a trained operator, with the

administration of a structured questionnaire for the

collection of socio-demographic information, evalua-

tion of physical, cognitive, depressive status, sensory

deficits, medications, and self-reported health status.

Subjects with dementia and/or neurologic disorders

were not included. White blood cells (WBC) from

blood buffy coats were used as source of DNA.

The analyses were carried out by dividing the

sample into two sex- and age-specific classes obtained

according to the survival functions of the Italian

population from 1890 onward (Passarino et al. 2006).

In particular, the graphs of the second derivative of

these survival functions indicated that at 88 years for

males and 91 for females a significant change in the

slope of these functions occurs. We used these two age

and sex-specific cut-offs to categorize the sample into

rationally defined ‘‘thresholds of longevity’’. For this

reason in the present study men younger than 88 and

women younger than 91 years will be defined as

controls (N = 442), while men older than 88 and

women older than 91 years will be defined as cases

(N = 321).

Ethics statement

All the subjects gave their written informed consent to

use their anonymous genetic and phenotypic data for

genetic studies on aging and longevity. The recruit-

ment campaigns received the approval of the Ethical

committee of the University of Calabria.

SNPs selection

Polymorphisms within the NOS genes were selected

from literature data, and using information from public

databases (http://www.ncbi.nih.gov/, http://www.hap

map.org/). The a priori selection was based on the

following criteria: minor allele frequency (MAF)

[10 % in Caucasians, putative functional significance

(non-synonymous SNPs, SNPs located in the 50- and

30-UTR regions), SNPs previously investigated in

association studies. For each gene the selected SNPs

are reported in Table 1.

Geriatric assessment

The variability of genes that we tested for association

with longevity was also investigated in relation to

accepted biomarkers of the aging process that evaluate

physical, cognitive, and psychological status in the

elderly population. To this purpose a subgroup of the

control sample whose subjects underwent a geriatric

assessment (subjects 65–91 years of age) was further

analyzed (N = 317).

Functional activity

The management of activities of daily living (bathing,

dressing, toileting, transfer from bed to chair and

feeding) was assessed using a modification of the Katz’

Index of ADL (Katz et al. 1970). The assessment was

based on what the subject was able to do at the time of

the visit. The score is given counting the number of

activities in which the participant is dependent or

independent at the time of the visit. In our analyses ADL

scores were dichotomized as one if the subject was not

independent in all five items and zero otherwise.

Physical performance

Hand grip (HG) strength was measured by using a

handheld dynamometer (SMEDLEY’s dynamometer

TTM) while the subject was sitting with the arm close

to his/her body. The test was repeated three times with

the stronger hand. The maximum of these values was

used in the analyses. Since HG strength is affected by

age, sex and height, the scores were corrected for these

factors. When a test was not carried out, it was

specified if it was due to physical disabilities or

because the subject refused to participate.

Table 1 Polymorphisms within the NOS genes analysed in the

present study

Gene

symbol

dbSNP ID Allele

(major/

minor)

Physical

location

Function

annotation

NOS1 rs1879417 T/C Promoter

rs2682826 C/T 30UTR

NOS2 rs10459953 G/C 50UTR

rs2297518 G/A Exon 16 Ser608Leu

NOS3 rs10277237 G/A Promoter

rs1799983 G/T Exon 7 Asp298Glu
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Depression

The Geriatric Depression Scale (GDS) is an instru-

ment designed to measure depression in the elderly

consisting of a series of yes/no questions in reference

to how they felt on the day of administration (Sheikh

and Yesavage 1986). A score above five is suggestive

of moderate depression, while a score above ten is

suggestive of severe depression. In our analyses GDS

scores were dichotomized as one if the subject showed

depression symptoms (GDS [ 5) and zero otherwise.

Cognitive performance

Mini mental state examination (MMSE) test was used

to evaluate the cognitive performance in the analysed

sample. It is a 30-item questionnaire that assesses

orientation, episodic memory, attention, language, and

construction functions (Folstein et al. 1975). Since the

test is affected by age and educational status, the

MMSE scores were normalized for these variables

according to a standardized procedure (Grigoletto

et al. 1999). In our analyses MMSE scores were

dichotomized as 1 if the subject showed a normal

cognitive function (MMSE C 23) and zero otherwise.

Statistical analyses

For each polymorphism of the NOS genes, allele

frequencies were estimated by counting genes from

the observed genotypes. The Hardy–Weinberg equi-

librium (HWE) was tested using the exact test

proposed by Wigginton et al. (2005). Standard errors

for alleles were computed according to the hypothesis

of the multinomial distribution. Pairwise measures of

linkage disequilibrium (LD) between the analyzed loci

were calculated with the Haploview 4.2 (Barrett et al.

2005). The amount of LD was quantified by Lewon-

tin’s coefficient (D0).

Single-locus analysis

In order to test the association between the analysed

phenotypes and the variability of the NOS genes the

RobustSNP algorithm (a robust association test suit-

able for both quantitative and binary traits which also

takes into account covariates) recently proposed by So

and Sham (2011) was adopted. This test was based on

the score test and has been implemented in the R

package RobustSNP.

In the present study the RobustSNP algorithm will be

applied to estimate how the variability of genes analyzed

in the present study influences (i) the predisposition to

human longevity (ii) the variability of functional

parameters including cognitive function, functional

performance and depression status. In particular, in the

regression models used to test the association between

the variability of analyzed genes and the human

longevity, the variable sex was used as covariate In the

association analyses involving the functional parame-

ters, covariate adjustment included sex, age and height

when HG scores were analyzed, only age and sex when

disability and depression status were investigated. As

mentioned before MMSE scores were normalized for

age and educational status according to a standardized

procedure reported in Grigoletto et al. (1999).

Interaction analysis

In order to explore the interaction effects between the

analyzed polymorphisms on the analyzed phenotypes

(longevity and functional parameters), the recently

developed Model-based multifactor dimensionality

reduction (MB-MDR) algorithm will be applied (Calle

et al. 2010).

Results

Genetic analyses

Table 2 summarizes the main characteristics of the

analyzed sample stratified by age-group as previously

defined. The age distributions in males and females are

reported in supplementary Fig. 1.

Supplementary Table 1 shows the genotype fre-

quencies in cases and controls. All SNPs followed the

HWE in the control group (p [ 0.05). No linkage

disequilibrium was detected at any of the loci.

NOS gene polymorphisms and longevity

Different genetic models (dominant, additive and

recessive) were used to test association, using for each

SNP the minor allele as reference. Table 3 shows
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results obtained using the RobustSNP algorithm. After

adjusting for sex, we found that NOS1 rs1879417 and

NOS2 rs2297518 were significantly associated with

the longevity phenotype. The additive model for

rs1879417 and the recessive one for rs2297518

resulted to be the most likely genetic models, in

which the presence of the relevant alleles (allele C

for rs1879417 and allele A for rs2297518 varia-

tion) decreases the probability to attain longevity

(pModel = 0.008 and pModel = 0.031, respectively).

After adjusting for multiple testing (due to the three

different tested genetic models), the NOS1 rs1879417

remained statistically significant (pAdj = 0.018),

while NOS2 rs2297518 remained only marginally

associated with longevity (pAdj = 0.066).

NOS gene polymorphisms and functional

parameters

Subjects 65–91 years of age (N = 317) were further

analyzed for examining the association between the

variability of NOS genes and physical (HG and ADL)

and cognitive (MMSE and GDS) abilities. Table 4

reports the results of the association tests for the three

genetic models using the minor allele for each SNP as

reference, and after adjusting for the appropriate

parameters (see ‘‘Materials and Methods’’).

The NOS1 rs1879417 was found significantly

associated with cognitive performance in an additive

manner (pModel = 0.045) with subjects carrying the

less frequent C allele showing lowest MMSE scores.

However, after adjustment for multiple comparisons

this association failed to reach statistical significance

(pAdj = 0.093). In addition, we found that NOS1

rs2682826 variation significantly influenced the GDS

performance (pModel = 0.015). Subjects with at least

one T allele (less frequent allele) showed a significant

higher probability to have depression symptoms than

subjects homozygous for the allele G (dominant

model). After adjustment for multiple comparisons

this association remained statistically significant

(pAdj = 0.033).

A borderline association was observed between

NOS2 rs2297518 and HG scores (pModel = 0.049),

with subjects homozygous for the less frequent allele

A showing higher HG scores than those carrying at

least one copy of the wild type G allele.

Finally, a significant association was found

between NOS3 rs10277237 and ADL performance

(pModel = 0.002) with subjects homozygous for the

minor allele A (recessive model) showing significantly

lower probability to be disable than those carrying at

least one G allele. After adjustment for multiple

comparisons this association remained statistically

significant (pAdj = 0.004).

Interaction analysis

By using the MB-MDR approach, we did not find any

significant interaction effect among the NOS gene

polymorphisms and the analysed phenotypes.

Table 2 Socio-demographic characteristics and functional

parameters (ADL, HG, GDS and MMSE) in the total sample

and stratified for group membership

Controls

(N = 442)a
Cases

(N = 321)a
Total

(N = 763)

Age

Mean (SD) 64.9 (18.1) 96.2 (3.3) 78.2 (20.8)

Range 19–91 89–107 19–107

Body mass index (BMI)

Mean (SD) 27.1 (4.3) 23.3 (4.1) 25.1 (4.6)

Range 15.01–45.35 12.98–40.55 12.98–45.35

Hand grip strengthb

Mean (SD) 22.24 (9.40) 12.67 (6.47) 16.99 (9.24)

Range 4.00–55.00 0.00–42.0 0.00–55.00

Activities of daily living (ADL)b [n (%)]

Disable (\5) 55 (17.4) 220 (68.5) 275 (43.1)

Non disable (=5) 262 (82.6) 101 (31.5) 363 (56.9)

Geriatric Depression Scale (GDS)b [n (%)]

Depressed (C5) 107 (33.8) 74 (23.1) 181 (28.4)

Non depressed (\5) 210 (66.2) 247 (76.9) 457 (71.6)

Mini mental state examination (MMSE)c [n (%)]

Normal (C23) 202 (66.66) –

Impaired (\23) 101 (33.33)

ADL scores were dichotomized as one if the subject was not

independent in all 5 items and 0 otherwise. GDS scores were

dichotomized as 1 if the subject showed depression symptoms

(GDS [ 5) and 0 otherwise (see ‘‘Materials and Methods’’)
a Men younger than 88 and women younger than 91 years will be

defined as controls. Men older than 88 and women older than

91 years will be defined as cases
b Data available only for subjects older than 65 years
c Data available only for subjects belonging to the control group

older than 65 years
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Discussion

Nitrosative stress is now widely recognized as a

significant causal factor in the physiological decline

that characterizes the aging process in many tissues.

Age-related alterations in nitric oxide synthase activ-

ity and/or expression and the consequent alterations in

NO production and bioactivity are likely to contribute

to this decline.

In the present study, we provide evidence that the

variability of NOS genes affects common age related

phenotypes and longevity. We found an association

between NOS1-rs1879417 (pModel = 0.008; pAdj =

0.018) and NOS2-rs2297518 (pModel = 0.031; pAdj =

0.066) and longevity, indicating that variation in these

genes may influence human aging and lifespan.

The analysis of a subgroup of subjects in the age

range 65–91 years showed that the same variants were

also weakly associated with geriatric parameters that

are predictors of the age related physiological decline.

In particular, the NOS1 rs1879417-C allele, that we

found associated with a lower probability of survival to

very old age, was also associated with lower cognitive

performance (MMSE score \ 23). This association is

in line with several evidences. First, it is well

established that the glutamate–NO–cGMP pathway

plays a role in learning and memory processes and

cognitive performance during aging (Domek-

Łopacińska and Strosznajder 2010; Paul and Ekamba-

ram 2011). Second, recent studies indicate that nos1

knockout mice have impaired cognitive functions

(Kirchner et al. 2004; Weitzdoerfer et al. 2004;

Zoubovsky et al. 2011). Third, changes in the expres-

sion and/or activity of NOS1 have been observed in

different cognitive brain areas of aged rats and

senescence accelerated mice (SAM), a murine model

of age-related cognitive impairment and deterioration

of learning and memory (Law et al. 2002; Colas et al.

2006; Han et al. 2010). It is also of interest that the

rs1879417 is located in the promoter region of NOS1,

upstream of a fairly complex transcriptional regulatory

region (Bros et al. 2006). Polymorphisms in this

region, which affect gene expression and neuronal

transcriptome, have been associated with neurological

disorders such as schizophrenia and Alzheimer’s

disease (Reif et al. 2011a, b). Based on this, it is

conceivable that the association observed might reflect

the linkage disequilibrium between the rs1879417 and

these functional variants.

As for NOS2 gene, we also found that the

rs2297518 has a modest impact on HG strength, one

of the most effective death predictor in the elderly.

This finding is consistent with researches reporting

that the NOS2/NO/ONOO– overproduction induced

by TNFa via NF-jB may be one of the underlying

causes of sarcopenia (Hall et al. 2011). Our finding

that the rs2297518-A allele, which reduces the chance

of survival to very old age, is associated with higher

HG scores seems somehow in contrast with the idea

that higher HG strength is predictive of increased

survival in the elderly population. This result is just

weakly significant, and certainly needs to be verified.

On the other hand it may reflect pleiotropic contrasting

effects and functions of the iNOS NO in different cell

types In this view, it can be hypothesized that the

possible harmful effect exerted by the rs2297518-A

allele in some cell-types (for instance a low NO

production in macrophages) is more relevant for

Table 3 Results of the RobustSNP association test with the longevity phenotype in the analyzed sample

SNP Gene MAF z-score pModel Model pAdj

rs1879417 NOS1 49.0 -2.659 0.008 Additive 0.018

rs2682826 37.0 0.919 0.358 Recessive 0.589

rs10459953 NOS2 29.5 -1.022 0.307 Additive 0.522

rs2297518 25.3 -2.163 0.031 Recessive 0.066

rs10277237 NOS3 29.0 -0.574 0.566 Dominant 0.805

rs1799983 32.5 0.743 0.457 Dominant 0.703

Model refers to the most likely genetic model among the dominant (DOM), recessive (REC) and additive (ADD) ones. pmodel refers to

the p value for the most likely genetic model. pAdj refers to the p value adjusted for multiple comparisons (due to the three different

tested genetic models). z-score represents the z-statistics for the regression analyses

MAF minor allele frequency
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survival than its beneficial effect in other cell-types

(i.e. low production of RNS in muscle cells).

For two of the six variants analyzed we found

association with geriatric conditions but not with

longevity. Specifically the SNP rs2682826 in

the NOS1 gene and the SNP rs10277237 in the NOS3

gene were respectively associated with GDS

(pModel = 0.015; pAdj = 0.033) and Activity of Daily

Living (pModel = 0.002; pAdj = 0.004), two of the main

factors affecting quality of life in older individuals.

Depression is a complex disorder where, inflammation,

oxidative/nitrosative stress, and reduced hippocampal

neurogenesis make a substantial contribution (Maes

et al. 2009). It has been found that NOS1-derived NO

negatively affects neurogenesis and that the over-

expression of NOS1 in the hippocampus following

chronic mild stress exposure suppresses hippocampal

neurogenesis and induces depression (Zhou et al. 2007).

We found that carriers of the minor rs2682826-T allele

have a higher probability to be depressed. In line with

our observation, the rs2682826-T allele has been found

to be a susceptibility factor for recurrent depressive

disorder, and for traits where depression is a co-

morbidity factor such as Parkinson disease (Gałecki

et al. 2011; Hancock et al. 2008). The rs2682826 is

located in the 30UTR of exon 29, downstream from the

translation termination site of the NOS1 (C276T).

Differences in protein production elicited by this

variation, that lies close to several miRNAs binding

sites (Ibarrola-Villava et al. 2011) could be at the basis

of the observed association.

Another interesting finding of our study was the

association between the NOS3 rs10277237 and ADL

scores. Subjects homozygous for the rs10277237-A

allele had significantly better ADL performance

compared with subjects with the other two genotypes.

The inability of older adults to perform basic self care

independently is a consequence of a decline in

physiological functions of multiple tissues. A contrib-

utor to this general decay is likely to be the reduction

in endothelial cell function caused by the age-related

impairment in the release of NO by NOS3. Indeed, this

has the effect of reducing blood flow to all tissues in

the body and thus the availability of nutrients for

energy needs. Age-related changes in energy pro-

duction and fuel utilization via mitochondrial dys-

function may also contribute to the decline in physical

performance and disability among older adults. To

this regard, evidence in literature indicate that NOT
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generation by NOS3 is required for mitochondrial

biogenesis and function. In fact, nos3-/- mice have

fewer mitochondria, and lower b-oxidative activity

and energy expenditure than wild-type controls (Nisoli

et al. 2003; Le Gouill et al. 2007). In this context, it is

also worth noting that recent studies have reported the

existence of a mitochondrial NOS (mtNOS) isoform

that seems to be both constitutive, mainly a post-

translational isoform of NOS1, and inducible (Elfering

et al. 2000; Lòpez et al. 2006; Finocchietto et al.

2009). Because of its action on complex I and IV, NO

in mitochondria may have important effects on

oxidative phosphorylation and ROS/RNS production

(Finocchietto et al. 2009). These effects may be

amplified in a pro-oxidant environment like in the case

of aged individuals, with consequences particularly in

tissues such as brain and skeletal muscle which are

highly dependent on mitochondrial function.

In conclusion, it is worth mentioning that the

causative genetic variations in LD with the studied

SNPs remain to be identified and that the associations

between NOS alleles and aging phenotypes we

observed, in most cases would not hold after Bonfer-

roni correction for multiple comparisons, indicating

that it will be useful to replicate this study. On the other

hand, this study availed of a population (Calabria,

Southern Italy) which is characterized by high genetic

homogeneity and a scarce level of immigration due to

geographical, historical and social reasons. Conse-

quently it is likely we avoided false positive results due

to population stratification. On the other hand, it is also

important to underline that all the results were in line

with previous data and in particular with data from

model organisms. This allows us to consider NOS

genes to have an important role on the age related

homeostatic and physiological decline which is

at the basis of most of the age related phenotypes

and longevity (Fried et al. 2001; Montesanto et al.

2010).
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