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Abstract The stereochemistry of the inositol backbone

provides a platform on which to generate a vast array of

distinct molecular motifs that are used to convey infor-

mation both in signal transduction and many other critical

areas of cell biology. Diphosphoinositol phosphates, or

inositol pyrophosphates, are the most recently character-

ized members of the inositide family. They represent a new

frontier with both novel targets within the cell and novel

modes of action. This includes the proposed pyrophosph-

orylation of a unique subset of proteins. We review recent

insights into the structures of these molecules and the

properties of the enzymes which regulate their concentra-

tion. These enzymes also act independently of their

catalytic activity via protein–protein interactions. This

unique combination of enzymes and products has an

important role in diverse cellular processes including

vesicle trafficking, endo- and exocytosis, apoptosis, telo-

mere length regulation, chromatin hyperrecombination, the

response to osmotic stress, and elements of nucleolar

function.

Keywords Inositol pyrophosphate � Diphosphoinositol

phosphate � Inositol phosphate � Inositol hexakisphosphate

kinase � Diphosphoinositol pentakisphosphate kinase �
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Introduction

The cyclitol myo-inositol has served as an extraordinary

building block on which the substitution of simple mono-

ester phosphate groups has enabled the creation of a vast

repertoire of unique molecules with diverse cellular

functions including signal transduction, vesicle trafficking,

gene regulation, cell division, apoptosis, and metal ion

chelation [1–9]. The possibility of this enormous family is

grounded in the stereochemistry of myo-inositol itself. The

orientation of the hydroxyls around the specifically myo

version of inositol allows for the phosphorylation of the

simple cyclohexane ring in a series of combinations which

can theoretically yield up to 63 stereochemically unique

forms. Of course, the phosphate head group has also found

its way into an impressive subset of phospholipids too [7–

9]. The growing recognition that cells had exploited many

of these possible combinations, and the fact that few had

recognised functions, poorly prepared those in the field for

a jump beyond the fully occupied inositol ring, repre-

sented by inositol hexakisphosphate (InsP6). However,

many of us had noted peaks more polar than InsP6 on our

HPLC runs and had speculated that there maybe inositol

pyrophosphate derivatives present in cells [10–13]. The

existence of such forms should come as no surprise, as

sugars with di- and triester phosphate groups are part of

the common molecular currency of the cell, e.g., ADP,

ATP. The final characterization of the observed ‘extra’

peaks came from three separate laboratories, two working

together. A collaboration between Stephens’ and Mayr’s

groups studying Dictyostelium inositol phosphates [14, 15]

and Shears’ group studying mammalian cells [16] revealed

that inositol pyrophosphates did indeed exist. Moreover,

the inclusion of fluoride, which acted as a phosphatase

inhibitor, led to a dramatic accumulation of the low
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abundance inositol pyrophosphates [16]. This observation

revealed that the pyrophosphates underwent rapid meta-

bolic cycles with the parent inositol phosphates. For

example, a substantial proportion of the InsP6 pool fluxes

through the pyrophosphate pool in an hour or so [16]. This

discovery in turn served as a corrective against the view

that InsP6 itself was metabolically inert cellular ‘‘wall-

paper’’, an indignity which it had suffered for several

years. An initial and critical misapprehension that has

often dogged the inositide field is to earmark a newly

discovered inositol phosphate as an intracellular signal

like inositol 1,4,5-trisphosphate, Ins(1,4,5)P3) [1], rather

than some other kind of regulator. However, an early idea

expressed by several groups was that inositol pyrophos-

phates could be a new high-energy compound similar to

ATP or creatine phosphate, e.g., [14, 17]. Whether this is

the case or not is still disputed—due to the relative cellular

concentrations of ATP compared to inositol pyrophos-

phates in cells. Nonetheless, an intriguing variant of this

idea, the pyrophosphorylation of proteins, is gaining

ground and will be considered later. However, this is only

one of the areas that inositol pyrophosphates have

impacted. In this review, we will start with the latest

information on the inositol pyrophosphate structures

themselves and then move on to the enzymes that regulate

them. Finally, we will examine more recent studies in

which functional information regarding these pyrophos-

phates has emerged.

Inositol pyrophosphates: structure

In order to fully appreciate the structures of the inositol

pyrophosphates a more detailed understanding of the

potential substitution of the inositol ring is required.

Figure 1 acts as an important guide for the following

discussion on structures. The most abundant inositol

(1,2,3,4,5,6-cyclohexanol) is myo-inositol, which has 5

equatorial hydroxyl groups and one axial (the 2-hydroxyl).

If one looks at the myo-inositol ring with the 2-hydroxyl

pointing at the viewer, the numbering of the hydroxyl

groups is counterclockwise [18]. To help memorization,

this structure is often compared to a turtle [19]: The axial

2-hydroxyl corresponds to the head sticking up, 1- and

3-hydroxyls correspond to the front right and left flipper,

respectively, 6- and 4-hydroxyls to the back right and left

flipper, respectively, and the tail to the 5-position. This

configuration has a plane of symmetry through the 2- and

the 5-position and makes substitutions on the 1- or

3-position and on the 4/6-position enantiomers. These

enantiomers cannot be distinguished with chemical methods

such as NMR or HPLC, but only enzymatically, if appro-

priate and well-characterised enzymes are available.

The chemical structures of several inositol pyrophosphates

are shown in Fig. 1.

In mammalians and yeast, inositol pyrophosphates result

from pyrophosphorylation of the 5-hydroxyl [20] and the

1/3-hydroxyl [21, 22] of inositol hexakisphosphate (InsP6)

by the inositol hexakisphosphate kinases (IP6Ks) and Vip1/

PPIP5Ks, respectively (Fig. 2). Originally, the pyropho-

sphorylation sites on inositol by Vip1 were provisionally

assigned to the 4/6-positions [21], but it was recently cor-

rectly determined to be at the 1/3-position [22]. In addition

IP6Ks can phosphorylate 1,3,4,5,6-pentakisphosphate

(Ins(1,3,4,5,6)P5/InsP5) in both the 5- and the (1/3) posi-

tions [23]. Inositol pyrophosphates originating from InsP4

and other InsP5 isomers have been described in yeast

defective for Ins(1,3,4,5,6)P5 and InsP6 synthesis [24, 25].

This both demonstrates the range of substrates that can be

pyrophosphorylated when the more abundant physiological

substrates InsP5 and InsP6 are missing and that the pyro-

phosphate derivatives of these other substrates are unlikely

to have a physiological role unless concentrations of InsP5

and InsP6 are significantly depleted (see Fig. 2).

All naturally occurring inositol pyrophosphates are

diphospho- and bisdiphosphoinositol polyphosphates, no

trisdiphosphoinositol polyphosphate has been seen so far.

However, tri- and possibly tetraphosphoinositol polyphos-

phates have been observed in yeast after overexpression of

IP6Ks and can also be produced in vitro after longer

incubation with mammalian IP6Ks [23]. The PP-InsP5

isomer in mammalian and yeast is mostly 5-PP-InsP5 [20],

with minor 1/3-PP-InsP5 [21, 22], and the structure of the

bisdiphosphoinositol tetrakisphosphate is (1/3,5)-(PP)2-

InsP4 [22] (Fig. 1a). This differs from Dictyostelium dis-

coideum, which has 6-PP-InsP5 as its major PP-InsP5, but

also minor amounts of 5-PP-InsP5 [20] and (5,6)-(PP)2-

InsP4 with two vicinal pyrophosphate groups [26]

(Fig. 1b). The assignment of one pyrophosphate group to

the 6-position and not to the 4-position was done enzy-

matically, by two different approaches, one using a kinase

and one using a phosphatase. In the first case, purified

6-PP-InsP5 5-kinase from D. discoideum phosphorylates

only 6-PP-InsP5 (either chemically synthesized or purified

from D. discoideum) but not 4-PP-InsP5 on the 5-position

[26]. Secondly, multiple inositol polyphosphate phospha-

tase (MIPP) (see also section ‘‘Diphosphoinositol-

polyphosphate phosphatases’’) is inhibited by different

PP-InsP5 isomers with distinct potencies and the potency

of PP-InsP5 purified from D. discoideum is more consistant

with 6-PP-InsP5 than with 4-PP-InsP5 [20]. Other Dicty-

ostelids such as Polysphondylium species have more 5-PP-

InsP5 than 6-PP-InsP5 and apart from (5,6)-(PP)2-InsP4

also (1/3,5)-(PP)2-InsP4 [27]. In Entamoeba histolytica and

Phreatamoeba balamuthi, inositol pyrophosphates based

on neo-inositol, not myo-inositol, have been described and
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identified as 2-PP-neo-InsP5 and (2,5)-PP2-neo-InsP4 [28]

(Fig. 1c).

The fact that the Dictyostelium (PP)2-InsP4 has the 4/6

pyrophosphate moiety rather than the 1/3 one may have

important functional consequences. This is because the

steric hinderance generated by the close proximity of the

4/6 to the 5-position will mean that the pyrophosphate will

have a greater free-energy of hydroysis than that found in

yeasts and mammalian cells, eluding, perhaps, to a differ-

ent functional role.

Enzymes responsible for formation and degradation

of inositol pyrophosphates

Inositol hexakisphosphate kinases

The first inositol hexakisphosphate kinase (IP6K) to be

isolated was originally termed PiUS (phosphate uptake

stimulator) highlighting a connection between pyrophos-

phate metabolism with phosphate homeostasis. However,

its IP6K activity was not originally recognized [29].

Fig. 1 Structures of inositol pyrophosphates in different organisms.

Phosphates are symbolised as a circled P. a Mammalians and yeast

and some dictyostelids. The underlying structure is myo-inositol with

the one axial hydroxyl, at the 2-position (stereochemical numbering

according to NC-IUB). The phosphate at the 2-position is dashed to

indicate that both InsP6 and Ins(1,3,4,5,6)P5 are common substrates

for pyrophosphorylation. Pyrophosphorylations are on the 5- and 1/3-

positions. b-Phosphates on the 1/3-position are on white background
to indicate that it has not been resolved which enantiomer is present.

5-PP-InsP5 is the more abundant PP-InsP5. b Inositol pyrophosphates

in dictyostelids. Based on myo-inositol. Pyrophosphorylation are on

the 5- and 6-position. 6-PP-InsP5 is the most abundant PP-InsP5.

c Entamoeba histolytica and Phreatamoeba balamuthi. These are

based on neo-inositol with two opposite axial hydroxyls, at the 2- and

5-position (numbering analogous to myo-inositol for comparison), on

which the pyrophosphorylations occur. Because of the symmetry of

neo-inositol only one PP-InsP5 exists, 2-PP-InsP5

Fig. 2 Metabolic

interrelationships of inositol

pyrophosphates. Inositol

pyrophosphates are involved in

complex metabolic

interrelationships both with

their precursors and each other.

Inositol pyrophosphates in

parentheses denote structures

that are known products of the

kinase in vitro but await

convincing demonstration in

intact, unmodified cells

Inositol pyrophosphates 3853



Snyder’s group showed that PiUS was an InsP6 kinase [30]

as did Irvine’s group working with the original discoverers

of PiUS [31]. Snyder’s group renamed it IP6K2 [30] as

they had also discovered an additional IP6K which they

named IP6K1. In mammalian cells, three isoforms now

exist whereas in yeast only one is found [30–32]. We will

discuss the most recent information on these kinases, fur-

ther details can be found in older reviews [33, 34]. At the

outset, it is important to say that ‘‘InsP6 kinase’’ is a mis-

nomer because the major cellular InsP5, Ins(1,3,4,5,6)P5, is

also a physiological substrate [23, 30]. Furthermore, in

addition to the IP6Ks, the inositol phosphate multikinase

(IPMK/ipk2) [30] can convert Ins(1,3,4,5,6)P5 to its

pyrophosphate derivative, at least in vitro [35, 36]. The

slow conversation rate indicates a lack of physiological

importance and its presence cannot rescue defective phe-

notypes (e.g., telomere length regulation) in which the

conventional means of generating PP-InsP4 (via kcs1) is

removed [37, 38]. Although all isoforms studied can use

both Ins(1,3,4,5,6)P5 and InsP6 as substrates (Fig. 2), the

relative affinities for these two polyphosphates differs

between the IP6Ks. These are reported in Table 1 and

discussed in the context of the individual isoforms. The

inositol pyrophosphate pattern derived from the existing

mammalian IP6Ks is identical, e.g., [23], explained by the

high amino acid similarity among them (*60%) which

becomes much higher (*80%) at the catalytic site (simi-

larities determined by EMBOSS Pairwise Alignment

Algorithms, from EMBL-EBI website).

IP6K1

IP6K1, originally cloned by Snyder’s group [30], has high

amino acid similarity in a number of different species (99%

between mouse and rat; 95% between rat–human and

mouse–human; using EMBOSS algorithm above). The

human gene is located on chromosome 3 (3p21.3) and it

codes a 50-kDa protein. Northern blot analysis of mouse

tissue reveals a 5-Kb transcript which has the highest level

of expression in brain and testis, with weak expression in

heart, kidney, liver, lung, and spleen [30]. Interestingly,

there is a smaller 2-Kb transcript highly expressed in testis

alone. Subsequent studies have revealed robust levels of

expression in pancreatic b-cells [39], a neuroendocrine cell

sharing several common phenotypic characteristics with

neuronal cells. The testis result, together with a mass

screen for novel alternative splicings [40], in which the

IP6K1 data is found at the authors’ website, suggests that

alternative splicing is possible in the mouse IP6K1. Also, at

least one alternative splice variant of human IP6K1 has

been described [41] in which a region of the N-terminal

part of the protein is spliced out, giving a protein with a

lower predicted MW of around 31 kDa. An important

question is whether there is evidence for proteins associ-

ated with such transcripts? Our experience in pancreatic

b-cells is that using western blotting lower molecular

weight bands with IP6K immunoreactivity (the antibody

does not select between IP6K1 and IP6K2) exist in cell

homogenates of b-cells. At least one of these is, however,

likely to be a proteolysis product, as withdrawal of protease

inhibitors increases its amount (R. Fiume, C.J Barker and

P–O. Berggren, unpublished observations). Indeed, b-cells

as well as neuronal cells possess active proprotein con-

vertases [42, 43], proteases involved in the processing of

peptide hormones. In IP6K1, for example, there is con-

sensus site for such a protease which is in a region of low

order, making this putative cleavage site more likely, and

so IP6Ks with lower molecular weights must be viewed

with care. One function of the alternatively spliced variants

could be to spacially segregate the kinase in different

cellular compartments.

Screening the expressed protein sequence using, for

example, ELM databases suggests many potential post-

translation modifications, but there is little current infor-

mation about which are relevant, with two exceptions. A

screen of phosphorylated proteins in mitosis reported

phosphorylation of a peptide derived from human IP6K1

on serine 151 [44]. This sits in a group IV WW motif. The

phosphorylation of this type of WW motif regulates

subsequent protein–protein interactions; for example,

phosphorylation of this motif in the mitotic protein Pin1

regulates its cellular localization and substrate preferences

[45]. The fact this phosphorylation of IP6K1 occurred in a

mitotic-dependent screen is interesting, as PP-InsP5’s

concentration changes during cell cycle progression [46].

Both reports are consistent with inositol pyrophosphates

having cell cycle-dependent roles. There are also many

potential CK2 phosphorylation sites, and we have noted

that the protein can be phosphorylated in vitro by CK2,

although this apparently does not change enzyme activity

(C. Illies, P-O. Berggren, C.J. Barker, unpublished data).

Close association of IP6Ks with CK2 could be important

Table 1 Kinetic properties of IP6K’s

Enzyme Substrate Km Vmax (lmol/mg

per min)

References

IP6K1 Ins(1,3,4,5,6)P5 6.7 0.26 [30, 48]

InsP6 1.2 0.31 [30, 48]

IP6K2 Ins(1,3,4,5,6)P5 8.4 0.07 [30, 48]

InsP6 0.43 0.07 [30, 48]

IP6K3 Ins(1,3,4,5,6)P5 5.5 0.8 [32]

InsP6 0.9 0.6 [32]

Kcs1 Ins(1,3,4,5,6)P5 1.2 2.0 [30, 48]

InsP6 3.3 2.0 [30, 48]
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for other reasons, as CK2 prephosphorylation is a pre-

requisite of the protein pyrophosphorylation carried out by

inositol pyrophosphates [47].

In the case of IP6K1 (and IP6K3), the enzyme phos-

phorylates both InsP6 and InsP5 with only a fivefold

preference for InsP6 [30, 48]. IP6K2, however, has a sig-

nificantly higher affinity for InsP6 over InsP5 [30] (see

Table 1). However, in yeast and several mammalian cell

types [49, 50], InsP6 is the dominant inositol phosphate of

the two, making the generation of InsP5 pyrophosphates

less favorable.

Besides a difference in substrate preference, one other

major difference between IP6K1 and IP6K2 is the ability to

associate with different binding partners. In the case of

IP6K1, it associates with a guanine nucleotide exchange

factor (GEF) protein called GRAB [51]. GRAB’s GEF

activity is directed towards Rab3A, but it can also associate

with other Rab3 proteins; however, the functional conse-

quences of these other interactions was not explored [51].

One possible role for the interaction of GRAB and Rab3A

is the promotion of exocytosis in neuronal cells (see later).

Despite many sequence similarities between IP6K1 and

IP6K2, IP6K2 does not associate with GRAB [51]. This

difference probably correlates with an as yet undefined part

of the N-terminal end of IP6K1 (see Fig. 3). Therefore, it is

worth repeating that this N-terminus is deleted in the splice

variant of IP6K1, described above, suggesting at least one

functional difference that alternative splicing could confer

on IP6K1, the loss of GRAB interaction. Although GRAB

mRNA was found outside the CNS [51], antibodies against

the protein localized it fairly exclusively to neuronal

tissues. We wondered whether the coiled-coil domain of

the GRAB was similar to others in the databases, thus

identifying GRAB structural homologues and therefore

other possible interaction partners for IP6K1, and of course

Rab3A. In collaboration with a structural biologist, we

used threading protocols to search for similar coiled-coil

domains in other proteins. We only found one significant

match and that was to the APC protein critical in mito-

genesis and predisposition to bowel cancer [52] (B.M.

Hallberg, personal communication). Whether this protein

can actually interact with IP6K1 remains to be determined

experimentally.

The GRAB/IP6K1 interaction highlights an important

aspect of IP6K function, namely that the protein also

mediates important cellular effects that are not dependent

on catalytic activity. The same bifunctionality is also found

in IP6K2. Are there other proteins that could potentially

interact with IP6K1? Examination of the human interac-

tome reveals a possible interaction with EXOSC7/RRP42

(exosome component 7 or ribosomal RNA-processing

protein 42). The exosome is an RNA-processing complex

thought to be involved in RNA quality control [53], and

whilst present in both cytosol and nucleus, it has a key role

in the nucleolus [53]. The evidence for IP6K1 association

is based on a high-throughput yeast two-hybrid screen [54].

The possibility of this interaction is worth seriously con-

sidering on two counts. Firstly, several of the proteins that

have the specific pyrophosphorylation modification are

nucleolar proteins, e.g., Nucleolin, Srp40p, Nopp140 and

TCOF1 [55]. Secondly, our own unpublished data from

pancreatic b-cells detects an undefined IP6K in the nucle-

olar region of the nucleus (Fiume et al., unpublished data).

IP6K1 was the first gene involved in inositol pyro-

phosphate metabolism to be knocked out in a mouse. The

global knockout of IP6K1 has been described both in an

NIH-funded mouse knockout database [56] and in a pub-

lished report [57], although only the latter reported the

phenotype in detail. However, a common phenotype

between the two knockouts, which were accomplished

using different strategies, is a reduction in plasma insulin

Fig. 3 IP6Ks showing basic organization of proteins. The figure

illustrates the three human IP6Ks (IP6K1, IP6K2, and IP6K3)

highlighting their similarities (Blue) and differences (Red) and

location of important protein–protein interactions. IP6K1 It is not

clear where GRAB binds. However, it is most likely towards the

N-terminal as this is a unique region. Rab3A and IP6K1 are both

binding partners of GRAB and their hydrophobicity plots bear a

passing similarity in this region, too. Proteomic studies have

described serine phosphorylation in a WW motif which could

indicate interactions with ubiquitin ligase and/or a mitotic protein,

and there is a hint of an interaction with the protein RRP42 (see main

text). IP6K2 The two distinct regions of IP6K2 serve as unique

binding domains for HSP90 and TRAF2. In the case of HSP90

association mutation of either serine 133 or 136 is sufficient to disrupt

the association. In contrast, mutations of both serines 347 and 349 are

required to prevent TRAF2 association. IP6K3 Apart from its

catalytic site there is nothing known about functional motifs in this

protein or of any potential interacting partners. Interesting, proteomic

studies have revealed phosphorylation of succession of a serine-242,

threonine-243 and serine-244. This is in no recognized protein

phosphorylation motif, so its function is unclear. However, it is in the

region of the catalytic site so may act to regulate enzyme activity

Inositol pyrophosphates 3855



levels. This supports but does not directly prove the idea

that the gene is important in insulin secretion (see func-

tional discussions later).

IP6K2

As we have already noted, IP6K2 (or IHPK2) is also

known as inorganic phosphate uptake stimulator (PiUS),

which was identified in 1997 from a rabbit duodenal cDNA

library [29]. After cRNA-transcription and oocyte injec-

tion, its cDNA stimulated Na?-dependent and -independent

inorganic phosphate uptake. It was identified as an IP6K in

1999 [30, 31]. Human IP6K2 has been mapped to chro-

mosome 3 (3p21.31). Northern blot analysis has shown a

tissue distribution which is highest in brain and lung and

lower in liver, kidney, and testis [30]. It has also been

found in intestine, heart [29], and islets of Langerhans or

pancreatic b-cells [39]. Its gene encodes for a protein of

around 49 kD which has been assumed as the canonical

sequence or isoform 1. In fact, alternative splicing has been

found through database analysis (UniProtKB/Swiss-Prot

Q9UHH9), which results in two more transcript variants

encoding for shorter isoforms (97 and 70 amino acids) that

lack most of the C-terminal part of the whole protein. So

far, there is no experimental evidence for these transcript

variants.

IP6K2, as is also true for the other IP6Ks, is both an

Ins(1,3,4,5,6)P5 and a InsP6 kinase; it has also been

implicated to have in vitro activities towards the

Ins(1,3,4,5,6)P5 pyrophosphates, diphosphoinositol tetra-

kisphosphate (PP-InsP4) and bis-diphosphoinositol

trisphosphate [(PP)2-InsP3] [23, 48]. In contrast to IP6K1

and IP6K3, IP6K2 has been shown to have a 20-fold lower

affinity for Ins(1,3,4,5,6)P5 compared with InsP6 and a

7-fold lower activity for PP-InsP4 compared to IP6K1.

These catalytic differences [48] could bias IP6K2 towards

generating InsP6-based pyrophosphates which may be

important in its unique physiological role in apoptosis (see

later section). However, so far, there is no direct experi-

mental evidence to support this notion. No enzymatic

activity has been shown with Ins(1,2)P2, Ins(1,4,5)P3, or

Ins(1,3,4,5)P4; however, there is a low activity towards

Ins(3,4,5,6)P4 [30, 48].

Recently, Podobnik’s group has structurally character-

ized an expanded number of pyrophosphates that can be

derived in vitro by IP6K2 using Ins(1,3,4,5,6)P5 and InsP6

as substrates [23]. They suggest that these products may

also occur in intact yeast, but this only convincingly occurs

after intervention, either by overexpression or gene dele-

tion [23]. This is the most informative study so far about

the catalytic site of the IP6Ks and IP6K2 in particular, and

so at this point we will examine the information in greater

depth for IP6K2 than for the other kinases. The study

suggests that IP6K2 may also synthesize an ‘‘InsP8’’ from

InsP6, which has been established to be an inositol penta-

kisphosphate with a triphosphate group in the 5 position

(5-PPP-InsP5). This ‘‘InsP8’’ produced from InsP6 is a

minor species compared to PP-InsP5. Further enzyme

incubation shows a later eluting compound with higher

polarity, suggested to be an ‘‘InsP9’’, but which has not

been characterized due to its low abundance. Because

‘‘InsP8’’ and ‘‘InsP9’’ occur after a significant decrease of

InsP6, it seems that substrate specificity is a rate-limiting

step for these reactions. Polarity, steric factors, and the

speculated lower solubility of the higher inositol pyro-

phosphate may play an important role for the substrate

preference at the catalytic active site [23]. The employment

of Ins(1,3,4,5,6)P5 as a substrate indicates the importance

of the 2-axial phosphate group in directing the pyro-

phosphorylation position. This is because amongst the

products of Ins(1,3,4,5,6)P5 pyrophosphorylation mediated

by IP6K2 are structures that contain pyrophosphate groups

at both the 5- and the 1/3 positions, rather than just the

5-position observed when using InsP6 as a substrate.

It may be asked, what is the physiological relevance of

the studies above describing the unusual products of IP6K

activity? Whilst the jury is out on whether triphospho-

inositol phosphates and other exotic pyrophosphate

derivatives are generated under normal conditions, similar

materials are produced when the IP6K’s are overexpressed

in yeast, e.g., [23]. This has also been our experience with

some pancreatic b-cell lines in which overexpression of

IP6Ks lead to a large accumulation of pyrophosphates with

the polarity of ‘‘InsP8’’, ‘‘InsP9’’ and beyond (C. Illies,

P-O. Berggren, C.J. Barker, unpublished observations).

Since these products are likely to be tri-, tetra- and even

penta-ester phosphates, and not the conventional pyro-

phosphates found in cells, two possible difficulties in

interpretation may arise. Firstly, the exotic products could

mask real changes in bona fide inositol pyrophosphates

when measuring by HPLC. Secondly, in a cell system,

these products may interfere with normal cell function. One

further practical note in regard to overexpression studies is

that the catalytic activity of the kinases is not only influ-

enced by the buffer environment [23] but also by the kind

of tag attached [58]. The GST-IP6K1 fusion protein has

different catalytic properties compared to the HIS-tagged

protein [58]. Because of these complexities, overexpression

studies should always be supported by silencing or other

gene-deletion approaches.

Besides its substrate specificity, the physiological role

of IP6K2 may also be explained by its unique primary and

tertiary protein structure which can lead to either different

localization or a different pattern of protein–protein

interactions. Among IP6Ks, the difference in the amino

acid sequence is mostly confined to the N-terminal and to
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a section of 40 residues in the C-terminal (see Fig. 3).

Through GFP-tagged protein, localization of IP6K2 by

confocal microscope has been described to be mostly in

the nuclear compartment [32], the other IP6Ks are also

distributed in the cytoplasm. A bipartite nuclear localiza-

tion signal (NLS) has been found in IP6K2’s sequence

(298-YLRRELLGPVLKKLTEL-314) which is not com-

pletely shared with other IP6Ks. In NIH-OVCAR-3 cells,

IP6K2 resides mainly in the cytoplasm and perinuclear

region [59]. Interferon-b (IFN-b) treatment induces

translocation of IP6K2 to the nucleus. Replacement of

bipartite NLS with alanine inhibits the capability of IP6K2

to translocate into the nucleus after IFN-b treatment [59].

Translocation from the nucleus to mitochondria has also

been described following cytotoxic stimulation [60]. The

C-terminal region of IP6K2 has been shown to contain

two functional SXXE motifs (346-DSDAEDLEDL-

SEESADES-363), putative binding sites for tumor

necrosis factor receptor-associated factor 2 (TRAF2),

which drives a physiological role for IP6K2 that is inde-

pendent of its catalytic activity. Combinations of single

point mutation at serines 347 and 359 to alanine reduce

TRAF2 binding activity [61]. Once again, these consensus

sequences are unique to IP6K2. A more recent study

employing tandem mass spectrometric analysis revealed

that IP6K2 may bind heat-shock protein 90 (HPS90) [62].

Deletion mapping of both HSP90 and IP6K2 has identified

the binding site for IP6K2 at the N-terminal between 132

and 143 amino acids (132-VRQHRKEEKMKS-143),

while the HSP90 region involved occurs at the C-terminal.

Single point mutation of arginine to alanine either 133 or

136 abolishes IP6K2–HSP90 binding. Binding to HSP90

inhibits IP6K2 catalytic activity leading to marked

reduction in PP-InsP5 levels. This mechanism has been

suggested to occur through the ability of HSP90 to mask

the catalytic active site of IP6K2 [62]. Overall, all these

specific interactions along with the kinase ability to syn-

thesize inositol pyrophosphates has committed IP6K2 as a

key player in the process of apoptosis, which we will

consider in depth later. Therefore, the role of IP6K2, like

IP6K1, does not completely depend on its enzyme activity

but also on specific protein–protein interactions within the

cellular environment (Fig. 3).

Note. During the revision of this manuscript a report

describing a mouse knockout model of IP6K2 was pub-

lished online [63]. The phenotype was significantly

different from that of the IP6K1 knockout mouse [57]. In

particular, there was no effect on growth or fertility and

notably no decrease in plasma insulin concentrations: fea-

tures of the IP6K1 knockout mouse. This report highlights

the significance of context for the production of PP-InsP5

and possibly the importance of the unique protein:protein

interations and/or localization displayed by the different

IP6K isoforms. The data also underscore that the effect on

insulin secretion is specific to IP6K1 [39, 57].

IP6K3

IP6K3 was isolated from brain [32] and is largely restricted

to neuronal tissues, with some expression in the kidney and

considerably less in other tissues. Certainly, it is not even

found in neuroendocrine cells like pancreatic b-cells [39].

In the human genome, in contrast to IP6K1 and IP6K2,

which are found on chromosome 3, IP6K3 is found on

chromosome 6 (6p21.31). There is some evidence for

alternatively spliced variants in both human and mouse.

The original northern blots reveal strong bands of 6 and

2 Kb, with 2 other fainter bands, consistent with this [32].

The strongest expression is found in the 6-Kb band in the

cerebellum, interestingly the 2-Kb band is dominant in the

hippocampus, suggesting that the alternative splicing links

to different brain regions. Its molecular weight (46 kDa) is

lower than both IP6K1 and IP6K2, and a lower theoretical

pI makes it significantly more acidic than the other two

proteins. The pI of a protein can have important implica-

tions in the protein–protein, protein–substrate, and protein–

membrane interactions [64]. It has no clear distinguishing

function, though its dominant distribution in the CNS does

suggest it may have a neuronal-specific one. Although

IP6K3 and IP6K1 have similar kinetic properties and

substrate preferences which are distinct from IP6K2, there

are differences too, for example, the Vmax of the IP6K3 is

double that of the IP6K1 (Table 1). GFP-tagged IP6K3

seems to preferentially localize in the cytosol, in contrast to

GFP-tagged versions of both IP6K1 and 2 which show

different levels of nuclear association [32].

Kcs1 and dInsP6K/I6KA

In yeast and Dictyostelium, there is only one isoform of

IP6K, Kcs1 [30] and dInsP6K/I6KA [65], respectively.

This immediately highlights the fact that in mammalian

cells there is a likely specialization of IP6Ks which may be,

in part, due to the different protein–protein interactions

they can engage in, as described above. The yeast enzyme

also has an additional functional module distinct from its

catalytic activity [24, 30, 66]. It possesses two leucine

heptad repeat domains not obvious in its mammalian

counterparts. This suggests it, too, has a specialized func-

tion in yeast not replicated in mammalian cells, and indeed

this protein domain is apparently important for some

aspects of cell wall and vacuolar regulation [24]. Evidence

that Kcs1, like IP6K1 and IP6K2, is engaged in protein–

protein interactions comes from yeast two-hybrid studies in

which Bmh2 [67] was found as a putative partner. This

yeast protein is a homologue of the mammalian 14-3-3
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family with diverse roles in cell signaling [68]. Interaction

of Kcs1 with 14-3-3 proteins may not be unique to yeast,

however, as both IP6K1 and 2 have consensus motifs for

the binding of 14-3-3 proteins. The Dictyostelium kinase is

an important player linking pyrophosphates to the regula-

tion of a Dictyostelium specific PtdIns(3,4,5)P3 binding

domain which we will discuss later [65].

One oddity, which results from the silencing of Kcs1

[48] and both IP6K1 and IP6K2 (C. Illies, C.J. Barker, P-O.

Berggren, unpublished data), is that the concentration of

Ins(1,3,4,5,6)P5 is decreased. The explanation for this

observation is unclear, as it is counter-intuitive. It implies

more complex metabolic relationships between pyro-

phosphorylated and the non-pyrophosphorylated inositol

phosphates than is currently understood. It also may mean

that the phenotype of the IP6K knockouts at both the cel-

lular and whole animal level could be due to the reduced

levels of Ins(1,3,4,5,6)P5 as well as those of the pyro-

phosphates. One simple explanation is that an InsP4

pyrophosphate (PP-InsP3) could be hidden under the

Ins(1,3,4,5,6)P5 peak. In mammalian cells, this could be a

pyrophosphate derivative of Ins(3,4,5,6)P4 [48]. The issue

may be more important in yeast as reduction in the

Ins(1,3,4,5,6)P5 is much greater than mammalian cells.

InsP6/PP-InsP5 kinases: VIP/PPIP5K

There had been independent indirect [69] and direct [70]

evidence for an enzyme distinct from the IP6K family that

would phosphorylate PP-InsP5 to ‘‘an InsP8’’ (PP)2-InsP4.

An enzyme activity had even been purified from mam-

malian cells that was able to carry out this phosphorylation

step [71]. However, the final molecular identity of this

enzyme emerged from studies in yeast [21] and mamma-

lian cells [72, 73]. In yeast, an additional, genetically

distinct IP6K activity (and not IPMK) was observed in

cells in which kcs1, the yeast homologue to mammalian

IP6Ks, had been deleted [21]. The enzyme was identical to

Vip1 and Asp1 from S. cervicea and S. pombe, respec-

tively. The mammalian ortholog was also characterized,

cloned and sequenced and called either VIP1 [72] or,

PPIP5K [73]. Two forms exist, PPIP5K1/VIP1, a 160-kDa

protein, and the shorter PPIP5K2/VIP2 (138 kDa) [21, 72,

73]. The biggest differences between the two isoforms lie

in the C-terminal of the protein. These kinases are widely

expressed with a high concentration in skeletal muscle,

heart, and brain [72]. The PPIP5K/VIP1/2 proteins had two

domains which were of immediate interest to those in the

inositide field. These were an ATP-grasp domain similar

to that found in some other inositide kinases [74], and a

histidine acid phosphatase-like domain found in many

histidine acid phosphatases and phytases, including MIPP,

the main enzyme responsible for the dephosphorylation of

InsP5 and InsP6 [75]. Interestingly, so far there is no

evidence that this PPIP5K/VIP phosphatase domain is

catalytically active [21, 72, 73] (at least against inositol

polyphosphates), perhaps reflecting a different amino acid

composition at a critical domain in the active site [21, 72,

73]. The mammalian enzyme was discovered to be inhib-

ited by InsP6, a fact that emerged during its purification

[73]. This might suggest, given the substrate preferences of

other histidine acid phosphatases (e.g., MIPP [75]), that the

second domain of the protein may serve as a regulatory

domain with InsP6 acting as a negative allosteric regulator.

Indeed, a truncated form of this protein without the acid

phosphatase domain is apparently more active [21] or at

least makes a bigger impact on the (PP)2-InsP4 levels when

overexpressed in cells [21]. However, this may also reflect

differences in expression levels. One clear function that

was confirmed by the Shears group [73] is a role in osmotic

stress and this will be discussed later. The phenotypes for

the deletion of VIP1 and asp1 are different. The growth of

asp1 deletion mutant is temperature sensitive, but the

equivalent mutant in VIP1 only exhibits temperature sen-

sitivity when combined with a deletion of Las17 (the yeast

WASP protein), perhaps reflecting differences in the

N-terminal sequence [21].

Both InsP6 and PP-InsP5 are substrates for this enzyme

producing a new form of PP-InsP5 and (PP)2-InsP4 [21,

72, 73], but neither Ins(1,3,4,5,6)P5 nor its pyrophosphate

derivatives (PP-InsP4 or (PP)2-InsP3) [73] are good sub-

strates. As discussed above, the original provisional

structural assignment for these molecules was revealed to

be incorrect when a more discriminatory 2D-NMR tech-

nique was applied [22]. The enzyme phosphorylates the

mono-ester phosphate group on the 1/3- not the 4/6-posi-

tion of the inositol ring. An important question is whether,

like the IP6Ks, the PPIP5K/VIPs have a role independent

of their catalytic activity. So far, there are no conclusively

identified partners for these enzymes; however, inspection

of a yeast interactome reveals many potential binding

partners. These assignments must be regarded with a great

deal of caution until further confirmatory work can be

carried out. However, like IP6K1, human proteomic

approaches found phosphorylation of serines 475 [76] and

1152 [77], which are a putative CK2 phosphorylation site

and a WW domain, respectively. Interestingly, similar

phosphorylations are also found on IP6K1 (see above).

Diphosphoinositol-polyphosphate phosphatases

Even though the diphosphoinositol-polyphosphate phos-

phohydrolases (DIPPs) were first cloned [78] before the

IP6Ks [30, 31], and their identification has connected

highly phosphorylated inositol phosphates to the similarly

highly phosphorylated diadenosine polyphosphates [79],
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there is today only little information on their physiological

role.

DIPPs belong to the Nudix hydrolase family, charac-

terised by the nudix motif, or, as it was formerly called, the

MutT motif [80]. This protein motif was first described on

the Escherichia coli protein MutT, which protects from

DNA mutations by degrading dGTP to dGMP and PPi, thus

being a pyrophosphohydrolase. Later, it was discovered

that many proteins containing the MutT motif hydrolyse a

wide variety of substrates consisting of a nucleoside

diphosphate linked to some other moiety X, and the MutT

family was renamed to Nudix [80]. With the realization

that inositol pyrophosphates, which do not contain a

nucleoside, are also substrates for Nudix hydrolases, the

designation Nudt for Nudix-type was chosen, including the

adoption of NUDT as the gene symbol by HUGO Gene

Nomenclature Committee [81].

In human and mouse, there are 4 DIPP genes, encoding

5 proteins. DIPP1 is the product of the NUDT3 gene.

DIPP2a and DIPP2b, which only differ by one amino acid,

the glutamine Q86, which is inserted in DIPP2b, are both

products of the NUDT4 by alternative usage of an intron

boundary [82]. NUDT10 and NUDT11 are arranged in

tandem on the X chromosome and give rise to DIPP3a
(also called hAps2) and DIPP3b (hAps1), respectively [83,

84]. In humans, DIPP3a differs from DIPP3b by just one

amino acid [83], whereas in mouse they are identical [85].

While DIPP1 [78, 86] and DIPP2 [87, 88] are expressed in

a broad range of tissues, the expression of DIPP3 is more

restricted [84], with DIPP3a expressed in testis, liver, and

kidney, and DIPP3b in brain [85]. In yeasts, there is only

one DIPP, Ddp1p/Yor163w in Saccharomyces cerevisiae

and Aps1 in Schizosaccharomyces pombe [89–91].

DIPPs are proteins with a molecular weight of about

20 kDa. They have a common catalytic site [81] for

hydrolysing inositol pyrophosphates such as PP-InsP4,

PP-InsP5, and (PP)2-InsP4 [87] (see Fig. 2), diadenosine

polyphosphates, especially the higher Ap5A and Ap6A [89,

90] and (5-phosphoribosyl 1-pyrophosphate pyrophospha-

tase) PRPP [92], although PRPP is probably not a substrate

for DIPPs in vivo [84]. DIPPs are inhibited by fluoride with

a Ki around 10 lM [78, 83]. Despite their range of different

substrates, they show catalytic specificity in that they

hydrolyze the 5-b-phosphate from PP-InsP5, whereas on

(1/3,5)-(PP)2-InsP4 the 1/3-b-phosphate is hydrolysed [70].

DIPP1 is the most catalytically active of the three DIPPs

[85, 87]. It has a much lower Km for inositol pyrophos-

phates than for ApnAs and PRPP [78, 85, 92], making

inositol pyrophosphates their preferred substrates. In fact,

its specificity constant for these compounds is remarkably

high, close to the diffusion limit [93]. DIPP2a and DIPP2b
differ by a single amino acid (Q86), but this glutamine has

a strong influence on catalytic function [87], DIPP2a is

catalytically more active than DIPP2b towards PP-InsP5

and (PP)2-InsP4, but does not seem to metabolize Ap5A

and Ap6A at all [87]. DIPP3a and b are the least active

among DIPPs towards inositol pyrophosphates [83–85].

They depend on millimolar manganese concentrations [83]

for efficient hydrolysis of diadenosine polyphosphates,

which makes these compounds unlikely substrates because

total cellular Mn2? is around 30 lM with free

Mn2? \ 1 lM [94].

Another enzyme that can degrade inositol pyrophos-

phates, but is unrelated to the nudix-type family, is the

multiple inositol polyphosphate phosphatase (MIPP). It

also degrades, among other inositol phosphates, PP-InsP5

and PP2-InsP4 [70, 75]. It differs from the DIPPs in that

it specifically removes the 5-b-phosphate from both

PP-InsP5 and (PP)2-InsP4. MIPP is located in the endo-

plasmic reticulum [95] and does not seem to play a role in

inositol pyrophosphate degradation in vivo [70].

As mentioned above, there are only a few functional

studies on DIPPs and their role in signaling. Because their

putative functions are diverse, we will tackle them here in

this section rather than the section dealing with functional

aspects of diphosphoinositol phosphates. DIPPs are highly

active enzymes, especially DIPP1 and DIPP2a, which have

high specificity constants, and their reactions with inositol

pyrophosphates are close to the diffusion limit. With this in

mind, one can wonder why we have such high inositol

pyrophosphate levels at all [34]. The high activity of DIPPs

is underscored by the rapid increase of inositol pyrophos-

phates after fluoride inhibition of DIPPs [96]. Of course,

the rapid cycling between PP-InsP5 and InsP6 is the result

of active phosphatases and kinases, and, so far, only evi-

dence for the regulation of kinases [62] but not DIPPs has

been found.

DIPP2 mRNA is increased in rat brain after prolonged

lithium therapy [88]. Lithium is used to treat bipolar mood

disorder and interferes with inositol metabolism [97]. This

finding suggests that DIPPs might be a relevant target of

lithium therapy.

One viral protein (g5RP/D250) of the African swine

fever virus (ASFV) was found to encode a nudix-type

hydrolase with activity towards PP-InsP5 and (PP)2-InsP4

[98]. Infection with ASFV leads to a reduction of inositol

pyrophosphates, but also to reduced GTP. In contrast to

other DIPPs, g5Rp removes the 5-b-phosphate from both

PP-InsP5 and PP-InsP4.

Another attempt to determine DIPP substrates in vivo

and its function was done in S. pombe [99]. Disruption of

aps1, the only DIPP in S. pombe, raised intracellular PP-

InsP5, but did not affect Ap5A. This indicates that the

inositol pyrophosphates and not diadenosine polyphos-

phates are the natural substrates for aps1. Overexpression

of aps1 on the other hand did not change inositol
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pyrophosphate levels and even counter-intuitively

increased Ap5A. This paradoxical increase of Ap5A could

be secondary to the strongly swollen phenotype that

overexpression of aps1 caused.

Ectopic expression of murine DIPP1 results in inhibition

of signaling through the ERK1/2 pathway [86], and leads to

reduced ERK1/2 phosphorylation and inhibition of EGF

receptor signalling. This effect seems to be independent of

DIPP1’s catalytic activity, as a kinase-inactivated mutant

of DIPP has the same effect. The exact site of DIPP1 action

was not identified, but the authors suggest it to be at or

downstream of MEK1 activation. This last observation

leads to a growing conviction that most of the enzymes that

modulate inositol pyrophosphates exert their effect in both

a catalytical-dependent and -independent manner.

Functions of inositol pyrophosphates

(see Figure 4.)

Protein pyrophosphorylation

The idea that diphosphoinositol polyphosphates, in analogy

to other high-energy-phosphate containing molecules such

as ATP, could donate their b-phosphate to other molecules

in a phosphorylation reaction came up soon after the first

description of these molecules. Indeed, the IP6K reaction is

fully reversible and PP-InsP5 can donate its b-phosphate

back to ADP [17]. More recently, it was shown that PP-

InsP5 can also donate its b-phosphate to proteins [55], at

least in vitro.

The phosphorylation of proteins by PP-InsP5 has many

notable features. It is in fact a pyrophosphorylation because

the b-phosphate from PP-InsP5 is transferred to a phospho-

serine that was previously phosphorylated by CK2 [47].

This transfer does not require an additional enzyme, but

depends in the intact structure of the target protein, as

denatured proteins are not subject to this modification [55].

The required secondary structure cannot be large, as a

small peptide of 25 amino acids, derived from Nopp140

Fig. 4 Cellular functions of inositol pyrophosphates. The stylized

figure of the cell illustrates the areas in which inositol pyrophosphates

and/or the enzymes that metabolise them play a role. The asterix
denotes areas of cell function that may be dependent on the ability of

the inositol pyrophosphates to ‘‘pyrophosphorylate’’ proteins. The

nucleous is highlighted, not because any specific functions have been

elucidated, but because several pyrophosphorylated proteins are

thought to be resident there. In addition to the areas highlighted,

inositol pyrophosphates regulate phosphate homeostasis and cyclin-

complexes in yeast
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(see below), undergoes phosphorylation. This process is

not specific to the position of the b-phosphate, as not only

5-PP-InsP5 but also 1/3-PP-InsP5 and (1/3,5)(PP)2-InsP4

can donate their b-phosphates [47].

The proteins known to be pyrophosphorylated by PP-

InsP5 are the yeast proteins Nsr1p (the yeast homologue of

nucleolin), Srp40p, and Ygr130cp, and the mammalian

proteins Nopp140 (homologue of Srp40p), TCOF1, and

adaptor complex AP-3b1/2 [55]. They share a character-

istic sequence rich in serines and acidic amino acids

forming phosphorylation sites for CK2 [100] close to a

stretch of basic amino acids. Nucleolin, Srp40p, Nopp140,

and TCOF1 are nucleolar proteins and known substrates for

CK2 [101–104]. Nucleolin and Nopp140 can be highly

phosphorylated, and the phosphorylation process of

Nopp140 by CK2 occurs in a cooperative manner with

phospho-serines produced by CK2, creating new CK2

phosphorylation sites [103]. Interestingly, Nopp140 has

been associated with another higher inositol polyphos-

phate, InsP6, in an independent interaction with CK2.

Nopp140 binds to and inhibits CK2, and this binding can

be released by InsP6 [105, 106]. Since InsP6 is also in a

dynamic exchange with PP-InsP5, this suggests a tight

regulatory integration between InsP6, PP-InsP5, and CK2.

Furthermore, the pyrophosphorylated proteins Nopp140/

Srp40p, nucleolin/Nsr1p, and TCOF1 all play a role in

ribosome biogenesis [102, 107–109], and a recent study in

yeast demonstrates a function of Kcs1p in ribosome bio-

genesis as well [110].

The process of PP-InsP5-mediated protein pyro-

phosphorylation has so far only been demonstrated to occur

in vitro. However, cells contain 20–50 times more InsP6

than PP-InsP5. Inclusion of 50-fold excess of InsP6 over

PP-InsP5 strongly inhibits protein pyrophosphorylation in

vitro, but does not completely abolish it [55]. The evidence

that protein pyrophosphorylation may occur in intact cells

comes from two experiments. Firstly, in vitro phosphory-

lation of overexpressed NSR1 was enhanced in yeast

lacking IP6K compared to wild-type yeast [55]. An inter-

pretation of this observation is that the lack of IP6K1

reduces the pyrophosphorylation of the NSR1. Therefore,

when the NSR1 is extracted and pyrophosphorylation

studied in vitro, it is more amenable to receive the pyro-

phosphorylation compared to the wild-type which is

already pyrophosphorylated. Secondly, enhanced PP-InsP5

and (PP)2-InsP4 concentrations occur in yeast strains

lacking NSR1. [55]. However, an indirect effect of NSR1

deletion might be possible. Also, yeast strains lacking

SRP40, another pyrophosphorylated protein, did not show

altered PP-InsP5 or PP-InsP4 levels.

A demonstration that pyrophosphorylation of target

proteins has a functional consequence is still missing. So

far, there is only one negative study, which investigated the

connection between osmotically induced rise in (PP)2-

InsP4 and translocation of nucleolin [111]. Nucleolin is the

mammalian homologue of the yeast protein NSR1, which

is known to be pyrophosphorylated by PP-InsP5 in vitro

[55]. No correlation between (PP)2-InsP4 levels and

osmotically induced translocation of nucleolin could be

found in intact cells [111].

Vesicle trafficking

Vesicle trafficking was the first cellular function that ino-

sitol pyrophosphates were associated with. The evidence

came from in vitro binding to vesicle coat proteins, fol-

lowing up studies that showed binding of InsP6 to the

clathrin assembly protein AP-2 [112, 113]. PP-InsP5,

together with InsP6, was shown to bind to coatomer in

mammals [114] and yeast [115], and to block its ion

channel activity [114]. The clathrin assembly protein

AP180 (also called AP-3, but not to be confused with the

clathrin assembly complex AP-3) was also shown to bind

InsP6 [116] and PP-InsP5 [117, 118]. Binding of InsP6 and

PP-InsP5 to AP180 inhibited clathrin assembly. The work

on PP-InsP5 binding to coatomer, AP-2 and AP180 was

not followed up after it became clear that phosphatidyl-

inositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3/PIP3) is a

natural ligand for AP-2 [119], AP180 [120], and coatomer

[121]. But further exploration of these issues was hampered

due to the limited availability of inositol pyrophosphates

for binding studies.

The cloning of IP6Ks and the ensuing availability of

molecular-biological tools led to new evidence on inositol

pyrophosphate involvement in vesicle trafficking. The first

identified role was in exocytosis via an interaction with

GRAB (see section ‘‘IP6K1’’) [51]. This binding is specific

to IP6K isoform 1 and does not occur with IP6K2. How-

ever, the production of inositol pyrophosphates is not

necessary for this effect, as a kinase-inactivated IP6K1

mutant (IP6K1-K/A) still binds GRAB. Overexpression of

IP6K1-wt or IP6K1-K/A and antisense RNA against

GRAB enhance exocytosis for PC12 cells and bovine

adrenal chromaffin cells, whereas overexpression of

Rab3A or GRAB has a negative effect on stimulated

secretion [51]. These findings are in accordance with a

limiting function on exocytosis by Rab3A and an inhibitory

function on Rab3A by the IP6K1 protein.

In kcs1D yeast, which lacks their only IP6K, Kcs1, a

fragmented vacuole was noticed [48]. Further investigation

showed that interfering with inositol pyrophosphate pro-

duction by either deleting Kcs1p (yeast IP6K) or Arg82p

(yeast IPMK) impaired trafficking from endosomes to the

vacuole [24, 118]. There was a suggestion of an endocy-

tosis defect [118] which may also represent a disruption of

the TGN. However, the effect seen on vesicle trafficking
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was not specific to PP-InsP5 and (PP)2-InsP4 (the inositol

pyrophosphates based on InsP6), since PP-InsP4 and

(PP)2-InsP3 [the pyrophosphates based on Ins(1,3,4,5,6)P5]

are equally as active [24, 118].

Evidence for direct role of inositol pyrophosphates on

exocytosis comes from studies on pancreatic b cells [39].

These cells have rather high 5-PP-InsP5 concentrations, in

the range of 5 lM, corresponding to 5–10% of InsP6.

Secretion from the readily releasable pool (RRP) could be

increased by overexpression of all three isoforms of IP6K,

but kinase-inactivated mutants were without effect. This

suggested that production of inositol pyrophosphates was

responsible for the enhanced secretion in this system, and

indeed, direct application with a patch pipette of 5-PP-

InsP5 to the cells increased secretion with a half maximal

concentration of about 1 lM, within the estimated physi-

ological concentration range of 5-PP-InsP5 of 0.1–2 lM

[34]. Other PP-InsP5 isomers were also able to enhance

secretion, but dose–response curves were not established.

Neither (PP)2-InsP4 or PP-InsP4 were tested.

These findings are reminiscent of the above mentioned

result [24, 118], where different inositol pyrophosphates

were able to substitute for each other. In contrast to over-

expression of IP6Ks, siRNA of IP6Ks showed isoform

specificity. Only siRNA for IP6K1, but not IP6K2, resulted

in a reduction of secretion from the RRP [39]. This effect

was not caused by the absence of IP6K1 protein, because

exogenously added 5-PP-InsP5 completely reversed the

effect of the silencing. It seems, thus, that IP6K1 and IP6K2

produce separately functioning pools of inositol pyrophos-

phates. We have subsequently confirmed this result in a beta

cell line where silencing of IP6K2 reduced PP-InsP5 con-

centrations but did not significantly affect secretion (G.C.

Gaboardi, C. Illies, C.J. Barker, P-O. Berggren, unpublished

observations). A similar result showing an isoform selective

effect with silencing, but not overexpression, of IP6Ks was

obtained when studying apoptosis [60], only that here it was

the siRNA of IP6K2 that was effective (see also section

‘‘Inositol pyrophosphates and apoptosis’’).

A study in IP6K1 -/- mice showed reduced blood insulin

levels in these animals, supporting the importance of ino-

sitol pyrophosphate for insulin secretion [57]. Furthermore,

a recent study using a specific IP6K inhibitor confirmed

that IP6K activity is required for glucose-stimulated insulin

secretion in MIN6 insulin secreting cells [122].

In contrast to the clearly defined role of IP6K1 for

Rab3A activity leading to exocytosis [51], which is inde-

pendent of catalytic activity, the mechanism of inositol

pyrophosphate action on exocytosis [39, 122] is still

unclear. The ability of different inositol pyrophosphate

isomers to substitute for each other might hint towards

protein pyrophosphorylation [47, 55], but evidence for this

is still lacking.

Osmotic stress

One cellular response that offers a distinct role for (PP)2-

InsP4, compared to both PP-InsP5 isoforms and the

Ins(1,3,4,5,6)P5 pyrophosphates, is that (1/3,5)-(PP)2-

InsP4 dramatically increases in response to hyperosmotic

stress [73, 111, 123, 124]. The cloning and sequencing of

the enzyme that forms it (VIP/PPIP5K) has confirmed that

this previously observed phenomenon [73] results from the

direct activation of PPIP5K/VIP. Two important questions

arise when considering these studies. Firstly, the specific

role the increase of (PP)2-InsP4 plays in the stress-

response, and secondly, the physiological relevance of

such a response in a mammal. Is the generation of (PP)2-

InsP4 in the osmotic response simply a phenotypic change

evoked by the significant cellular stress, or does it have a

more profound signaling role? The fact that substantial

energy expenditure is required to form it and the rise in its

concentration is not simply an inhibition of its degrada-

tion, but an activation of its formation, suggests its

generation is not artifactual, but a deliberate strategy of

the cell. One could postulate that this may lead either to

prevention of the stress itself or to deal with the damaging

after effects of such an environmental insult. Both osmotic

and heat stress seem to activate the kinase activity. There

is an interesting coincidence here as it has long been

documented that highly phosphorylated diadenosine

polyphosphates are increased under similar stress condi-

tions [79, 125], and both these families of molecules are

degraded by the DIPPs (see section ‘‘Diphosphoinositol-

polyphosphate phosphatases’’) [81–92]. It is conceivable

that increases in (PP)2-InsP4 could lead to parallel

increases in diadenosine polyphosphates by direct com-

petition, or vice versa. How might the production of

(PP)2-InsP4 be involved in the cell stress reaction? Work

from the S. pombe version of the kinase (Asp1) indicates

its catalytic activity, and hence the production of inositol

pyrophosphates is required for phenotypic changes which

may involve the actin-related protein (Arp) complexes

[21] important in the control of the actin cytoskeleton.

Furthermore, Arp2/3 are known to be involved in the

cytoskeleton’s response to osmotic stress [126], indicating

that these players could integrate (PP)2-InsP4 production

into a protective response for the cell at the level of the

cytoskeleton. Clearly, direct evidence linking all these

players together in mammalian cells is an important future

goal of pyrophosphate research.

Cell studies whilst being important in defining bio-

chemical mechanisms need to be considered alongside the

effect on the whole organism. So the second important

question is whether the osmotic and temperature stresses

are relevant in a mammal and of course in human beings?

At first sight, the osmotic stresses required to elevate
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inositol pyrophosphates may seem to be the most difficult

to marry to the experiences of the intact organism. How-

ever, it has recently been appreciated that hyperosmotic

stress of the magnitude that could influence (PP)2-InsP4

levels is encountered by mammalian cells in vivo at various

stages of normal physiology, including during lymphocyte

development and bone formation, as well as several other

scenarios [111]. Of course, hyperosmolarity is also asso-

ciated with pathology, e.g. diabetes in its extreme form

leads to the hyperglycemic hyperosmolar state [127].

(PP)2-InsP4 concentrations are elevated 3–4 fold in

response to the comparatively more modest lowered or

raised temperatures. In humans, the effect of heat and cold,

especially at the level of the dermis or during high fever

[128], may be an important arena in which changes in

inositol pyrophosphates play a physiological role.

Inositol pyrophosphates and apoptosis

Inositol pyrophosphates influence the process of apoptosis

through the IP6K2. Apoptosis is a form of programmed cell

death which involves a series of biochemical events lead-

ing disposal of cellular debris without resulting in damage

to the organism. Apoptosis itself is implicated in a variety

of diseases such as cancer and ischemic damage. Two

groups have been instrumental in elucidating the role of

IP6K2 in apoptosis. Because the types of stimuli, signaling

pathways, cell types, and mode of operation of IP6K2 are

different in the studies carried out between the two labo-

ratories, we will examine them separately.

In initial studies using an antisense knockout approach,

Lindner and co-workers first characterized IP6K2 as reg-

ulator of interferon-induced death [129]. Their studies

mainly focused on NIH-OVCAR-3 human ovarian carci-

noma cells (which lack a functional p53 gene) and the

response of these cells to interferon and cytokines. Fol-

lowing IFN-b treatment, both IP6K2 protein level and

overall IP6K activity increased without any change in

mRNA content. These early findings demonstrated that

overexpression of IP6K2 enhances IFN-b-induced apop-

tosis, while the expression of antisense IP6K2 mRNA led

the carcinoma cells to be highly resistant to IFN-b. A

catalytic inactive form of IP6K2 also impaired the IFN-b
apoptotic effect showing that the kinase dead may act as

dominant negative [129]. Further studies suggested that

IP6K2 could be also be involved in IFN-a2-mediated cell

death, although this pathway is a much less effective

apoptotic signal than IFN-b. However, in cells stably

transfected with IP6K2, the apoptotic effect of IFN-a2 was

enhanced to the same extent of IFN-b. Shese results have

been correlated with the induction of Apo2 ligand/tumor

necrosis factor-related apoptosis-inducing ligand (Apo2L/

TRAIL). A similar IP6K2 pro-apoptotic effect has been

described for c-radiation-induced cell death. Both IFN-b
and c-radiation treatment lead to increase caspase 8, either

mRNA or activity, which becomes even higher after

overexpression of IP6K2 [59, 130].

A change in IP6K’s cellular localization has also been

observed following IFN-b treatment, showing that endo-

genous IP6K2 may translocate to the nucleus. However,

this movement does not occur with IFN-a2 stimulation,

unless the kinase is overexpressed. An NLS mutant of

IP6K2, which is unable to enter the nucleus, acts as a

dominant negative creating a greater resistance to apoptosis

and suggesting that nuclear IP6K2 localization is also

required for it to exert its pro-apoptotic effect in interferon-

induced death [59].

Snyder and co-workers [60] have extended the role of

IP6K2 as mediator of cell death to different types of cell

lines in response to different apoptotic agents. They also

showed that overexpression of both IP6K1 and IP6K3 was

as effective at producing cell death as IP6K2. This

underscores that PP-InsP5 (or other upstream products of

the IP6K2) are important mediators of death. On the other

hand, only silencing endogenous IP6K2 and not IP6K1 or 3

curtails apoptosis, establishing a physiological role of

IP6K2 in cell viability [60].

In contrast to the nuclear translocation described for

IP6K2 by the Lindner group, Snyder’s group suggests a

re-distribution of IP6K2 after apoptotic stimulus from the

nucleus to mitochondria which are positive for Bax [60].

Bax is a known apoptotic protein that translocates to the

mitochondria during apoptosis. The different translocation

seen by the Lindner and Snyder groups could be explained

either by different cell death agents being employed or the

different time courses of apoptotic onset considered in the

experiments.

Mechanistically, inositol pyrophosphates might act

either as high-energy phosphate donors which may occur in

protein pyrophosphorylation [47, 55] or through binding to

specific target involved in cell survival like PKB, in which

PP-InsP5 might compete with PtdIns (3,4,5)P3 for its PH

domain which is required for the activation of PKB [65]

(see section ‘‘Regulation of PH domains’’ for detailed

discussions of the controversy surrounding this).

IP6Ks appear to have a duality in function in which

involves both catalytic activity and protein–protein inter-

actions (see the role of IP6K1 in exocytosis above). In the

case of IP6K2, both cytokine-mediated apoptosis [61] and

the more general cytotoxic stresses [60, 62] are mediated

by IP6K2 associating with other proteins rather than just by

the production of inositol pyrophosphates. Co-immuno-

precipitation studies have shown that IP6K2 may associate

with TRAF2 which is an adapter protein for the tumor

necrosis factor receptor (TNF-R) and interleukin-1 receptor

superfamily [131]. Their association increases after IFN-b
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treatment, and this association is largely blocked by a

combined mutation of serine 347 and 359 on IP6K2. Cells

stably transfected with IP6K2 mutated in the binding site

for TRAF2 are no longer able to enhance apoptosis induced

by TNF-a. Binding to TRAF2 has also been shown to

attenuate the phosphorylation of the TRAF2 downstream

transforming growth factor b-activated kinase 1 (TAK1)

and the protein kinase B (PKB) which leads to NF-jB

inhibition [61]. Because PP-InsP5 has been described to

compete with PtdIns(3,4,5)P3 for the PH domain of PKB/

Akt [65], IP6K2 might be able to increase local PP-InsP5

concentration through binding to TRAF2. This high local

PP-InsP5 then may displace PKB from PtdIns(3,4,5)P3

preventing the recruitment of PKB to the plasma mem-

brane and its activation by PDKs (see section ‘‘Regulation

of PH domains’’).

More recently, an association between IP6K2 and

HSP90 in the mediation of apoptosis has been described

[62]. HSP90 is a chaperone protein that has the ability to

control stability, conformation, activation, and distribution

of numerous proteins involved in cell growth, differentia-

tion, and survival [132]. Some anticancer drugs are already

known to target HSP90 leading to inhibition of its chap-

erone activity [133, 134]. The interaction between the two

proteins has been elucidated through mutating the arginine

133 and 136 of IP6K2 and the C-terminal of HSP90. It has

been shown that HSP90 binding decreases IP6K2 catalytic

activity. It is proposed that HSP90 masks a region of IP6K2

important for InsP6 binding, since the IP6K2 binding

region for HSP90 seems also to be important for the kinase

activity [62]. Pro-apoptotic drugs like the DNA-binding

cisplatin that target the C-terminal region of HSP90 inhibit

the binding to IP6K2 and increase the IP6K activity.

According to these studies, the depletion of HSP90 and

overexpression of IP6K2-mutant binding site for HSP90

decrease cell survival, the latter mutant more than the wild-

type isoform [62]. Finally, there is evidence that PKB may

be stabilized by HSP90 [135]. Therefore, HSP90, along

with its ability to inhibit IP6K2 catalytic activity, may lead

to a stronger concerted PKB pathway activation, important

for cell survival [135] and for integrating both cell death

and growth promotion.

There is one further documented protein–protein inter-

action of IP6K2 which is relevant for a role in apoptosis. In

a high-throughput yeast two-hybrid system [54], IP6K2 has

been shown to interact with phospholipid scramblase 1

(PLSCR1), which is well known to be involved in

destroying plasma membrane phospholipid asymmetry at

critical cellular events like cell activation, injury, and

apoptosis. Particularly in the latter context, after interferon

treatment, PLSCR1 increases and translocates to the

nucleus mimicking the observed movement of IP6K2

[59, 136].

In contrast to the pro-apoptotic role of IP6K2, in primary

chicken embryo fibroblasts, a correlation between trans-

forming activity of b-catenin mutants and the upregulation

of IP6K2 mRNA has been shown [137], although this does

not directly prove that IP6K2 drives the oncogenic activity.

However, in general, IP6K2 is an important mediator of

apoptosis, both by its production of diphosphoinositol

polyphosphates and protein–protein interactions with other

proteins.

What insights does the newly characterized IP6K2

knockout mouse [63] bring to the role of IP6K2 apoptosis?

In practical terms, the knockout mice become more sus-

ceptible to chemically-induced aerodigestive tract

carcinomas and more resistant to death from ionizing

radiation. Both these observations are consistent with the

data garnered from cell studies and support a physiological

role for IP6K2 in apoptosis.

Telomere length and hyperrecombination in yeast

The regulation of telomere length has attracted a lot of

attention, principally due to the link between length and

longevity [138]. Two groups initially reported the

involvement of inositol pyrophosphates in telomere length

regulation in yeast [37, 38]; an equivalent study in mam-

malian cells is still lacking. Such a study would be

attractive as there are mammalian homologues to the yeast

players. The overexpression of the yeast IP6K, kcs1, or its

deletion, promoted telomere shortening or lengthening,

respectively. One of the groups [38] also showed that the

catalytic activity and hence the pyrophosphate product was

critical. This is important because, as we indicated in the

section on kcs1, this enzyme also has functional roles

independent of its kinase activity. Kcs1 in common with

IP6K1 and IP6K3 is equally happy phosphorylating either

InsP6 or InsP5, generating two distinct families of inositol

pyrophosphates, with or without a phosphate group in the

2-position of the ring, respectively. The elimination of

Ipk1, the kinase which converts InsP5 to InsP6, and thus

preventing InsP6 pyrophosphate formation, led to increased

levels of the InsP5 pyrophosphate PP-InsP4 and the con-

comitant decrease in telomere length [37, 38]. This

indicates a distinct role for the InsP5 pyrophosphates.

Unfortunately, no physiological mechanism regulating the

concentration of these pyrophosphates has been reported

and, as suggested by others, [139] the modulation by gene

deletion or overexpression can hardly be considered

physiological. It is conceivable that, due to the rapid

turnover of the pyrophosphates, changes in cellular energy

metabolism might impinge on at least the turnover, if not

the mass, of the InsP5 pyrophosphates. A family of PI3-

kinase-related enzymes are suggested to be involved in this

process [37], although this may be more contentious [139].
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The yeast IP6K is known as Kcs1, and the gene KCS1

(kinase C supressor-1) was identified by the observation

that mutations in yeast PKCs led to hyper-recombination of

chromosomes [66]. This dramatic increase in homologous

recombination was reversed by a mutation in Kcs1 [140].

The stimulation of recombination in yeast is attributed to a

number of events: DNA-damage, enhanced transcription,

or mutations in cyclins which lead to prolongation of

S-phase. The catalytic activity of Kcs1 was deemed

essential for the effect [140], but since both PP-InsP5 and

(PP)2-InsP4 are generated it is difficult to say which

pyrophosphate may be responsible, or indeed whether

allosteric regulation or pyrophosphoryation is the mode of

action. With the advent of VIP1 and its homologues, the

PP-InsP5/VIP kinases [21, 72, 73], it is now possible to

examine the relative importance of these pyrophosphates,

but these experiments have yet to be carried out.

Phosphate metabolism and regulation of yeast cyclin

complexes

The first discovered IP6K, PiUS (IP6K2) linked cellular

phosphate metabolism to inositol pyrophosphates, [29–31].

An additional study has established that the intestinal

mRNA level of IP6K2/PiUS is increased in parallel to an

increase in Na?-dependent inorganic phosphate co-trans-

port activity when rats are fed with low inorganic

phosphate diet [141]. Furthermore, kcs1, the yeast IP6K,

has also been linked to phosphate metabolism [34].

Nonetheless, a recent study in yeast (cerevisiae) directly

ties diphosphoinositol metabolism to phosphate metabo-

lism, and this relates to the IP6K-like activity of

Vip1(PPIP5K) [142]. In this study, a cyclin/cyclin-depen-

dent kinase (cdk) and cyclin-dependent kinase inhibitor

(cdki) known as Pho 80, Pho 85, and Pho81, respectively,

are regulated by the inositol pyrophosphate now under-

stood to be 1/3-PP-InsP5 [22] (but described as the 4/6-

isoform in the original paper) [142]. Under high phosphate

conditions, the Pho80–Pho85 complex regulates the tran-

scription factor, Pho4, which is exported from nucleus to

cytoplasm. Phosphate limitation leads to the association

of the cdk inhibitor, Pho81, which inhibits the complex.

1/3-PP-InsP5 generated by Vip1 in yeast was found to be a

factor which inhibited the kinase activity in a Pho81-

dependent manner. Interestingly, only the 1/3-PP-InsP5

produced by Vip1, and not the 5-PP-InsP5 produced by

Kcs1, was able to exert an inhibitory effect. This suggests a

stereospecific role and thus points to a mechanism of

allosteric regulation rather than pyrophosphorylation. Fur-

ther studies confirmed this conclusion in greater detail

[143]. One area of contention is the link between the level

of phosphate and PP-InsP5. In the original work, phosphate

starvation was linked with increased PP-InsP5, thus fitting

the model. However, another group in an admittedly dif-

ferent yeast strain with slightly different conditions have

found that phosphate starvation leads to a decreased rather

than increased level of PP-InsP5 [144].

An important question is whether such interactions have

any role in mammalian cell systems. Although, changes in

inositol pyrophosphates are associated with cell cycle

progression [46], the particular yeast cyclin system, which

regulates phosphate homeostasis whilst integrated into cell

growth regulation [145], is not part of the classic cyclin/

cdk components of the cell cycle machinery. The homo-

logous system in mammalian cells would be Cdk5 and its

regulators [146]. This is interesting as Cdk5 has several

important roles in mammalian cells [146], not least in the

regulation of insulin secretion [147], a process regulated by

inositol pyrophosphates in pancreatic b-cells [39, 122].

Therefore, it would be interesting to see whether the novel

(1/3)-PP-InsP5 has a role in the regulation of the mam-

malian cdks.

Regulation of PH domains

A study on Dictyostelium has opened a potentially exciting

new vista on inositol pyrophosphate function: that is, the

allosteric regulation of signal transduction pathways by

binding of inositol pyrophosphates to plextrin homology

(PH) domains [65]. PH domains confer on proteins the

ability to associate with other proteins or more commonly

phosphorylated lipids like the phosphoinositides [148]. A

classic example is the recruitment of PH-domain proteins

like Akt/PKB to membranes where they are subsequently

activated and carry out important downstream signal

transduction events [149]. In mammalian cells, inositol

pentakisphosphates, Ins(1,3,4,5,6)P5 and Ins(1,2,3,5,6)P5,

may complex to PH domains from PKB/Akt and Plextrin,

respectively [150, 151]. In Dictyostelium, an organism in

which the inositol pyrophosphate concentrations are sub-

stantially higher than in mammalian cells, PP-InsP5 binds

to the PH domain of a protein (Crac) involved in cAMP-

driven chemotaxis [65]. The pyrophosphate binding to the

PH domain disrupts the binding of the PtdIns(3,4,5)P3,

the normal ligand for the domain, and thus prevents the

recruitment of the protein and the subsequent chemotactic

response. Deletion of the Dictyostelium IP6K leads to both

increased aggregation and cAMP sensitivity. In addition,

stimulation of Dictyostelium by cAMP leads to substantial

elevation of both PP-InsP5 and (PP)2-InsP4, indicating a

dynamic regulation of Crac by inositol pyrophosphates is

possible [65].

An important question is whether such a mechanism

exists in mammalian cells? In the published study, Sny-

der’s group showed that the PH domain from PKB/Akt, as

well as other proteins, can also bind PP-InsP5 [65].
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Furthermore, as we have hinted at in the section ‘‘Inositol

pyrophosphates and apoptosis’’, such a mechanism may be

implied in studies of the interaction of TRAF2 and IP6K2.

However, two contrary factors need to be borne in mind.

Firstly, the PP-InsP5 binding to PKB/Akt is disputed by

another group [152], and secondly, the relative concen-

trations of the inositol lipids known to bind the PKB/Akt

PH domain versus the cellular PP-InsP5 concentration

require a careful examination. The main biological caveat

is that in mammalian cells the concentration of PP-InsP5

is considerably lower than in Dictyostelium (low vs high

micromolar); thus at first sight it is rather unlikely that this

low concentration of PP-InsP5 can compete with the

recognized inositol lipid ligands of PKB/Akt [e.g.,

PtdIns(3,4)P2/PtdIns(3,4,5)P3]. Nonetheless, recent work

from the Snyder laboratory (Chakraborty and Snyder,

personal communication) now establishes a possible link

between PKB/Akt and inositol pyrophosphates. They have

discovered that the IP6K1 knockout mouse described

previously [57] has a generalized upregulation of the

downstream effectors of PKB/Akt, suggesting that reduced

levels of pyrophosphates lead to a reciprocal increase in

PKB/Akt activity. The mouse data are at least consistent

with the idea that PP-InsP5 could bind to PKB/Akt. Fur-

thermore, their unpublished observations suggest that this

interference in PKB/Akt signaling might be happening at

the level of activation of PKB/Akt by PDKs. Mechanis-

tically, they suggest that 5-PP-InsP5 very potently inhibits

PDK1 activity towards Akt T308 without affecting PDK1

activity in general; that is, 5-PP-InsP5 does not directly

inhibit PDK1 actions on artificial substrates. This is con-

sistent with an earlier report suggesting only a very weak

binding of 5-PP-InsP5 to PDK1 [153]. 5-PP-InsP5 also

efficiently inhibits PtdIns(3,4,5)P3-dependent activation of

Akt T308 phosphorylation in vitro when preincubated with

Akt. 5-PP-InsP5’s inhibitory effect is lost if DPH-Akt

is used as PDK1 substrate, further indicating that

5-PP-InsP5’s inhibitory action on PKB/Akt is via its

PH-domain. The inhibition of PDK1-dependent phos-

phorylation occurs with 10–100 nM 5-PP-InsP5 but not

with the 1/3-PP-InsP5 isomer made by VIP1. This sug-

gests specificity at a concentration that is compatible with

a physiological role in mammalian cells. The combination

of the two PP-InsP5 effects, i.e. (1) inhibition of

PtdIns(3,4,5)P3’s stimulatory effect on Akt, and (2) direct

inhibition of PDK1 phosphorylation of T308 in the

absence of PtdIns(3,4,5)P3, might lead to a stronger con-

certed inactivation of the PKB/Akt signaling. Another

important finding in the study reveals that PP-InsP5’s

inhibitory effect on PtdIns(3,4,5)P3-dependent stimulation

of Akt phosphorylation is largely abolished when PKB/

Akt is pre-exposed to the phospholipid. This observation

might clarify the physiological scenario by indicating that

PKB/Akt-bound to PP-InsP5 is no longer available to

PtdIns(3,4,5)P3 at the plasma membrane. On the other

hand, PKB/Akt already translocated to plasma membrane

is resistant to PP-InsP5-mediated inactivation. In sum-

mary, the authors focused on the inhibition of Akt

phosphorylation by PP-InsP5 both in vitro and under in

vivo conditions using IP6K1 knockout mice, data which

strongly suggest an impact of PP-InsP5 on Akt/PKB

signaling.

What about the conflicting information that the PKB/

Akt PH domain does not bind PP-InsP5 [152]? One con-

cern is that this latter study was also unable to detect

significant binding of Ins(1,3,4,5)P4 at concentrations up to

100 lM. Ins(1,3,4,5)P4 has been previously found to bind

the PH domain of PKB/Akt [65, 154, 155]. We believe a

closer examination of how these binding assays are carried

out is helpful. Many of the binding assays rely on

displacement of a previously bound PtdIns(3,4,5)P3,.
including the study which reveals no binding of PP-InsP5

to the PH domain of PKB/Akt [152]. These data are thus

actually consistent with the data from the Snyder labora-

tory as they noted (see previous section) that bound

PtdIns(3,4,5)P3 prevented PP-InsP5 inhibition. However,

as discussed above, this is only one of the possible physi-

ological scenarios, as PP-InsP5 is likely to be already

bound to the PKB/Akt PH domain before it ever sees

PtdIns(3,4,5)P3 at the plasma membrane. So PP-InsP5 may

not be able to displace PtdIns(3,4,5)P3 once it has bound

but rather interferes with the complex choreography

between PKB/Akt and PDK before lipid binding. One

reason why PtdIns(3,4,5)P3 binding may prevent further

interaction is that the polar head group of PtdIns(3,4,5)P3

has been shown either to induce a large conformational

change in the PH domain of PKB/Akt or to modulate its

kinase activity [155, 156].

These data indicate the possibility that the insights

gained from the studies in Dictyostelium may have a direct

bearing on the role of inositol pyrophosphates in mam-

malian signal transduction, thus forming an important

dynamic cross-talk between the lipid products of PI3K and

the water soluble inositol pyrophosphates.

The above exploration of the function of inositol pyro-

phosphates in cellular regulation highlights two important

dimensions. Firstly, the fact that both the pyrophosphates

themselves, and the kinases that make them, have impor-

tant roles, and secondly, that both pyrophosphorylation

and non-covalent binding are mechanisms by which the

pyrophosphates themselves exert their influence. The

generation of detailed mechanistic information relating to

pyrophosphate-mediated allosteric regulation and the

functional outcome of the pyrophosphorylation process are

immediate and obvious next steps in the development of

this exciting field.

3866 C. J. Barker et al.



Acknowledgments We thank S.H. Snyder and A. Chakraborty for

providing unpublished work and B.M. Hallberg, for structural

insights. The 3-D figure was constructed in trueSpace 7.6, Caligari

Inc. This work was supported by grants from Karolinska Institutet,

Novo Nordisk Foundation, the Swedish Research Council, the

Swedish Diabetes Association, EFSD, The Family Erling-Persson

Foundation, Berth von Kantzow’s Foundation and EuroDia (LSHM-

CT-2006-518153).

References

1. Berridge MJ (2007) Inositol trisphosphate and calcium oscilla-

tions. Biochem Soc Symp 7:1–7

2. Michell RH (2008) Inositol derivatives: evolution and functions.

Nat Rev Mol Cell Biol 9:151–161

3. Irvine RF (2005) Inositide evolution—towards turtle domina-

tion? J Physiol 566:295–300

4. Seeds AM, Frederick JP, Tsui MM, York JD (2007) Roles for

inositol polyphosphate kinases in the regulation of nuclear

processes and developmental biology. Adv Enzym Regul 47:10–

25

5. Shears SB (2004) How versatile are inositol phosphate kinases?

Biochem J 377:265–280
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