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Abstract
The diphosphoinositol polyphosphates (“inositol pyrophosphates”; PP-InsPs) regulate many
cellular processes in eukaryotes, including stress responses, apoptosis, vesicle trafficking,
cytoskeletal dynamics, exocytosis, telomere maintenance, insulin signaling and neutrophil
activation. Thus, the enzymes that control the metabolism of the PP-InsPs serve important cell
signaling roles. In order to fully characterize how these enzymes are regulated, we need to
determine the atomic-level architecture of their active sites. Only then can we fully appreciate
reaction mechanisms and their modes of regulation. In this review, we summarize published
information obtained from the structural analysis of a human diphosphoinositol polyphosphate
phosphohydrolase (DIPP), and a human diphosphoinositol polyphosphate kinase (PPIP5K). This
work includes the analysis of crystal complexes with substrates, products, transition state
analogues, and a novel phosphonoacetate substrate analogue.
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Introduction
The phosphate group is a ubiquitous signaling device that establishes specificity in ligand-
protein and protein-protein interactions. The phosphate’s bulk imposes geometric constraints
upon these interactions. The phosphate’s negative charge also bestows specificity through
ionic and hydrogen bonds with certain amino acid residues at physiological pH. The
negative charges on the phosphate group also make soluble, phosphorylated molecules lipid-
impermeant, so that they can be retained inside cells.

An extreme example of these applications for the phosphate group is provided by the
diphosphoinositol polyphosphates (PP-InsPs), also known as “inositol pyrophosphates”.
These molecules possess the most crowded three-dimensional array of phosphate groups that
are found throughout Nature. The most studied of the PP-InsPs are those that are formed
from InsP6, namely, 1-InsP7, 5-InsP7 and InsP8 (Figure 1). Two groups of enzymes
participate in these reactions. The 5-kinase activities of IP6K1/2/3 (E.C.2.7.4.21) (Draskovic
et al., 2008; Saiardi et al., 2001) convert InsP6 and 1-InsP7 to 5-InsP7 and 1,5-InsP8
respectively (Figure 1). Second, the 1-kinase activities of PPIP5K1/2 (E.C.2.7.4.24) (Choi et
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al., 2007; Fridy et al., 2007; Wang et al., 2012) phosphorylate InsP6 and 5-InsP7 to 1-InsP7
and InsP8 respectively (Figure 1). These PP-InsPs regulate many cellular processes in
eukaryotes, including stress responses, apoptosis, vesicle trafficking, cytoskeletal dynamics,
exocytosis, insulin signaling and neutrophil activation (for reviews see (Barker et al., 2009;
Burton et al., 2009; Chakraborty et al., 2011; Shears 2009)). In addition, the IP6Ks can also
phosphorylate Ins(1,3,4,5,6)P5 (Figure 1) to a compound that is usually annotated as PP-
InsP4 (Saiardi et al., 2000). The latter appears to modulate telomere maintenance
(Ponnusamy et al., 2008; Saiardi et al., 2005; Seeds et al., 2004; York et al., 2005). Thus, the
IP6Ks and PPIP5Ks are extremely important enzymes in cell signaling.

The diphosphoinositol polyphosphate phosphohydrolases (DIPP; E.C. 3.6.1.52) that
dephosphorylate PP-InsPs (Figure 1) are just as critical to cell function as are the kinases.
The high activity of these DIPPs ensures that PP-InsPs turnover rapidly inside cells (Menniti
et al., 1993). These activities also appear to be a major reason why mammalian cells contain
such low steady-state concentrations of diphosphoinositol polyphosphates in most
circumstances. Levels of total InsP7 usually lie in the 1 to 5 μM range (Barker et al., 2004;
Bennett et al., 2006; Fisher et al., 2002; Illies et al., 2007; Ingram et al., 2003), most of
which appears to be the 5-isomer in mammalian cells (Albert et al., 1997). The
concentrations of PP-InsP4 and InsP8 in yeast and mammalian cells are each about 10–20%
of those of InsP7 (Choi et al., 2005; Choi et al., 2008; Glennon et al., 1993). This places the
levels of individual PP-InsPs in roughly the same range as those of Ins(1,4,5)P3, the Ca2+-
mobilizing second messenger (Streb et al., 1983). Five mammalian DIPPs are known: type 1
(Chu et al., 2004; Safrany et al., 1998), types 2α/2β (Caffrey et al., 2000; Hua et al., 2001)
and types 3α/3β (Hidaka et al., 2002; Hua et al., 2003; Leslie et al., 2002).

The PP-InsPs have been shown to non-enzymatically diphosphorylate certain proteins (see
below and (Bhandari et al., 2007; Saiardi et al., 2004)). As discussed elsewhere (Shears et
al., 2011), it has not yet been shown that protein diphosphorylation occurs in vivo.
Furthermore, there is as yet no evidence for the existence of an “off-switch” for this putative
signaling process, namely, phosphatase-directed cleavage of the diphosphorylated protein
(Bhandari et al., 2008; Burton et al., 2009). So it is uncertain what the contributions of these
process to PP-InsPs turnover might be in vivo.

Central to the characterization of PP-InsPs turnover is to determine the atomic-level
architecture of the active sites of the participating enzymes. Only then can we fully
appreciate reaction mechanisms and their modes of regulation. Recent developments in this
area represent the focus of this review.

The biological importance of the diphosphate groups in the PP-InsPs
Despite the presence of multiple phosphate groups in the PP-InsPs, it is their diphosphates
that are their key, functionally significant feature. For example, it is the diphosphate group
which facilitate the ability of 5-InsP7 to compete with phosphatidylinositol-3,4,5-
trisphosphate for binding to PH domains (Chakraborty et al., 2010; Prasad et al., 2011).
PtdIns(3,4,5)P3-binding proteins that are captured at the plasma membrane following
stimulus-dependent PI3K activation promote assembly of multiprotein complexes and
priming of kinase cascades; there are multiple biological consequences to these signaling
events. Thus, the potential that 5-InsP7 has for inhibiting these signaling pathways is far
reaching. For example, this phenomenon has been proposed to explain how changes in
expression or activity of IP6K can modulate signaling by insulin (Chakraborty et al., 2010),
and also regulate neutrophil activity (Prasad et al., 2011).

A separate study provided an example of a more classical InsP7 “receptor”, the Pho80/
Pho85/Pho81 cyclin-dependent kinase complex (Lee et al., 2008). By binding to this
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complex, 1-InsP7 augments the ability of Pho81 to inhibit kinase activity, and the ligand’s
diphosphate group contributes to the specificity of the interaction (Lee et al., 2008). (To
avoid confusion, we should note that in the latter report the structure of the active isomer
was erroneously described as 4/6-InsP7, based on an earlier, tentative suggestion (Mulugu et
al., 2007)).

A third, but more provocative mechanism of action of the PP-InsPs has also been put
forward by Snyder and colleagues (Azevedo et al., 2009; Bhandari et al., 2007; Saiardi et al.,
2004; Szijgyarto et al., 2011). In vitro, at least, the diphosphate groups may also be utilized
for the non-enzymatic phosphorylation of a range of different proteins. It is the β-phosphate
of the diphosphate groups on the PP-InsPs that are donated. They are added to a pre-existing
Ser-phosphate that is initially provided by a casein kinase II dependent phosphorylation
event. That is, a diphosphate group is formed on the target protein. Since CK2
phosphorylates so many proteins (Ruzzene et al., 2010), this particular mechanism of action
of PP-InsPs offers a potential explanation for their multifunctionality (Saiardi et al., 2004).
However, a number of questions remain concerning the viability of this as a physiologically-
relevant process in vivo (Shears et al., 2011).

Each of these proposed mechanisms of action of the PP-InsPs relies upon the operation of a
fundamental principle in signal transduction: the cellular levels of a cellular mediator – in
this case PP-InsP4, InsP7 or InsP8 (Figure 1) must be altered in a predictable manner in
response to a specific intracellular or extracellular stimulus. A few notable descriptions of
such phenomena have been published. For example, levels of InsP7 are elevated during
nutrient stress in Saccharomyces cerevisiae (Lee et al., 2007b) and slime-molds (Luo et al.,
2003). Total InsP7 levels also increase substantially following the addition of growth factors
to cells that have been serum-starved overnight (Chakraborty et al., 2010). As for InsP8, its
levels are elevated when cells are subjected to either hyperosmotic stress or a thermal
challenge (Choi et al., 2005; Pesesse et al., 2004). On the contrary, oxidative stress reduces
both InsP7 and InsP8 levels (Onnebo et al., 2009). Finally, InsP8 concentration decreases
during bioenergetic stress (Choi et al., 2008). It is because of all of these signaling activities
that there is a need to understand how the turnover of PP-InsPs is regulated in intact cells.
Central to such studies is the characterization of the atomic-level architecture of the active
sites of the responsible enzymes.

The structure of a DIPP
All five isoforms of the mammalian DIPPs (see above) are relatively small proteins of just
under 20 kDa (Caffrey et al., 2000; Hidaka et al., 2002; Hua et al., 2001; Hua et al., 2003;
Leslie et al., 2002; Safrany et al., 1998). The active site of each is based on the so-called
Nudix motif, which is typically, although not exclusively, Gx5Ex5[UA]xREx2EExGU (U
represents an aliphatic, hydrophobic residue) (McLennan 2006). The DIPPs represent an
unusual context in which to find this motif; it is more usually reserved for proteins whose
functions are limited to the hydrolysis of nucleoside di- and triphosphates, nucleotide sugars
and dinucleoside polyphosphates (McLennan 2007). A detailed mutagenic study has
revealed that the specificity of human DIPP1 towards diphosphoinositol polyphosphates is
entrusted to several amino acid residues that lie outside the Nudix motif (Yang et al., 1999).
The structures of several Nudix proteins have been solved, but to date only one DIPP
structure has been published (human DIPP1; (Thorsell et al., 2009)).

Thorsell et al (Thorsell et al., 2009) reported that human DIPP1 adopts a canonical fold: two
β-sheets flanked by short helices. The Nudix motif (see above) that normally adopts a loop-
helix-loop fold is configured slightly differently in DIPP1 as a strand-loop-helix. This
variation in part reflects the presence of six residues instead of five between the N-terminal
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Gly and the first Glu (i.e. Gx6E instead of Gx5E). There are also structurally-stabilizing
interactions between the first three residues of the Nudix motif with a neighboring β-strand
(Thorsell et al., 2009). Although DIPP1 was not co-crystallized with any of its substrates,
Thorsell et al (Thorsell et al., 2009) did obtain crystals that contained the InsP6 product.
However, there was a complication that InsP6 bound in two different conformations; their
study uses just one of these to derive a putative reaction mechanism and so it remains
unclear how valid are their predictions.

When Thorsell et al (Thorsell et al., 2009) published their work, the characterization of
InsP8 was incomplete (see below and (Lin et al., 2009)); at that time, it was unknown if the
molecule had a 1,5- or a 3,5-diphosphate grouping. Thorsell et al (Thorsell et al., 2009) were
able to model both alternative InsP8 structures into their structure, and this led them to
speculate that 3,5-InsP8 was the more likely of the two (Thorsell et al., 2009). However, it
later turned out that it was actually 1,5-InsP8 (see below and (Wang et al., 2012)).

A 2010 review from the Prestwich group (Best et al., 2010) cites unpublished
crystallographic data from York’s laboratory indicating that they have co-crystallized DIPP1
with 1-InsP7. We await the publication of these data with interest, as they promise to
provide more direct information concerning the molecular basis for DIPP specificity, and the
reaction mechanism.

The structure of a PPIP5K
The enzymatic synthesis of inositol pyrophosphates requires the formation of high-energy
phosphoanhydride bonds (Hand et al., 2007), in a class of molecules that are already
unrivaled throughout Nature in their degree of phosphate congestion. Thus, the active site of
an inositol pyrophosphate kinase must accommodate considerable steric bulk and intense
electronegativity, and yet retain selective substrate specificity (Choi et al., 2007; Gokhale et
al., 2011). Moreover, this group of kinases must also overcome a substantial energy barrier
to the transition state. We (Wang et al., 2012) recently determined how these catalytic
challenges have been overcome by PPIP5K2.

Being less than 20 kDa in size, the expression and purification of recombinant DIPPs for
structural work (see above) has been a relatively straightforward exercise (Safrany et al.,
1998). In contrast, the mammalian type 1 and type 2 PPIP5Ks are 120 and 160 kDa,
respectively (Choi et al., 2007; Fridy et al., 2007). It is extremely difficult to express and
purify such a large enzyme with the sufficient degree of both the yield and the degree of
purity needed to determine its crystal structure. Fortunately, however, the PPIP5Ks have
been found to be modular in nature (Figure 2A). For example, the kinase domain is self
contained within the N-terminal one third of these proteins (Mulugu et al., 2007). A series of
different crystal structures of the kinase domain of human PPIP5K2 (PPIP5K2KD) were
recently obtained (Wang et al., 2012). These included co-crystal complexes with nucleotide
cofactor plus either substrates, product, or a MgF3− transition-state mimic (Graham et al.,
2002). The latter was especially significant as no previous structural work with any inositol
phosphate kinase has captured the transition state.

Our structures (Figure 2B) reveal that nucleotide nestles between two sets of anti-parallel β-
sheets, confirming the predictions of homology modeling servers (Choi et al., 2007; Mulugu
et al., 2007) that hPPIP5K2KD utilizes an ATP-grasp fold. The ATP is deeply buried. Only
9% of the nucleotide was predicted to be solvent accessible. The remainder of the
hPPIP5K2KD structure, mainly at its N-terminus, forms an αβα domain (Figure 2B). We
propose that the structure of hPPIP5K1KD is likely very similar to hPPIP5K2KD, due to their
84% sequence identity (Choi et al., 2007). It is very possible that nucleotide binding
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stabilizes protein conformation, as we could not crystallize the apo-enzyme (Wang et al.,
2012).

At the time of writing, it is another ATP-grasp inositol phosphate kinase, human ITPK1
(E.C. 2.7.1.134) (Chamberlain et al., 2007) that is structurally the most similar to the
PPIP5Ks (Wang et al., 2012). Nevertheless, the ATP-grasp superfamily is noted for its
considerable functional and structural divergence at the active site (Lee et al., 2007a). Even
the amino-acid composition and architecture of the active site of ITPK1 (Chamberlain et al.,
2007; Miller et al., 2005) differs considerably from that of hPPIP5K2KD. For example,
hPPIP5K2KD utilizes only Arg and Lys residues to bind substrate, with the exception of
S326 (Figure 2C). The human ITPK1, which phosphorylates a wider range of substrates than
do the PPIP5Ks (Chamberlain et al., 2007), possesses a binding pocket that is somewhat
larger, and more loosely-defined. Moreover, ITPK1 and another inositol phosphate kinase,
IPMK (E.C. 2.7.1.151), phosphorylate multiple positions around the inositol ring (Shears
2004). That promiscuity in part reflects the relatively non-specific active sites (Holmes et
al., 2006; Miller et al., 2005; Riley et al., 2006; Shears 2004). But there is another factor:
there is a functionally significant plane of symmetry across the 2/5-axis of the inositol ring.
That symmetry permits one inositol phosphate to imitate another’s three-dimensional
phosphate recognition pattern, when the orientation of the inositol ring changes in relation to
the protein’s ligand-binding site (Wilcox et al., 1994). This flexibility in substrate binding is
not permitted by PPIP5K; it shows negligible activities towards 1-InsP7, Ins(1,3,4,5,6)P5 or
PP-InsP4 (Wang et al., 2012) which, among the naturally-occurring inositol phosphates, are
those that are the most similar to 5-InsP7 and InsP6. Our structural data provide an
explanation for this rigid specificity of the PPIP5Ks. Its binding pocket, two near-parallel
grooves that form a staggered “H”-shape (Figure 2D), makes a perfectly-tailored aperture
for accommodating just one orientation of multiple phosphates placed around an inositol
ring.

The three-dimensional geometry of the active site of an enzyme is not the only factor that
defines substrate specificity. The induced fit motion of key amino acid residues also
contributes to specificity (Herschlag 1988). A comparison of the AMP-PNP/hPPIP5K2KD

crystal complex with and without 5-InsP7 indicated substrate binding is accompanied by
induced fit motion of side-chains of three active-site residues - R262, R281 and K329
(Wang et al., 2012). These intricate conformational dynamics within the active-site of
PPIP5K help limit the degree of free-energy of activation more than would be the case if
backbone re-arrangement was involved (Herschlag 1988).

Recently, we obtained an additional crystal complex of hPPIP5K2KD which contained a
chemically synthesized analogue of 5-InsP7 in which the diphosphate group was replaced by
an -phosphonoacetic acid (phosphonoacetate; PA) ester (Riley et al., 2012). This has
significance to research into PP-InsPs; the C-P bond of the phosphonoacetate is chemically
stable, and also resistant to the phosphatases that occur in higher eukaryotes (Quinn et al.,
2007). Moreover, because of the much higher activation energy for cleavage of a C-P bond
versus an O-P bond (Quinn et al., 2007), it is not plausible that PA-InsPs (in contrast to PP-
InsPs) could act as phosphoryl donors in non-enzymatic diphosphorylation of proteins. Such
a stabilized mimic should be useful in excluding protein diphosphorylation as a potential
mechanism of action. For example, recent electrophysiological experiments found that PP-
InsPs enhanced insulin secretion from pancreatic β-cells (Berggren et al., 2008). It would
now be informative to investigate if these observations could be reproduced by the non-
hydrolyzable phosphonoacetate analogue of 5-InsP7.

The synthesis of this analogue was also driven by the anticipation (Riley et al., 2012) that its
terminal phosphoryl group would adequately mimic the β-phosphoryl in PP-InsPs. Such
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interactions could be important at the binding site of a putative receptor capable of
distinguishing InsP7 from InsP6. Proof of principle for this prediction was obtained from our
structural data which showed the analogue to occupy a very similar orientation to that of 5-
InsP7 in the active site of PPIP5K2KD (Riley et al., 2012). Moreover, the phosphonoacetate
analogue was even phosphorylated by the kinase (Riley et al., 2012), although limitations in
assay sensitivity did not permit us to determine the reaction rate relative to the enzyme’s
natural substrates. Nevertheless, this finding offers an opportunity to enzymatically
synthesize a phosphonoacetate analogue of InsP8.

Our structural data revealed that it was the 1-phosphate of both 5-InsP7 and InsP6 that is
closest to the γ-phosphate of ATP. Moreover, when human PPIP5K2KD crystals were
soaked with ATP and 5-InsP7 substrate, we obtained complexes that contained ADP and
1,5-InsP8 as the products (Wang et al., 2012). These were the first published data to define
the 1-kinase specificity of the PPIP5Ks. Previous work had successfully narrowed down the
specificity of this reaction to either the 1- or 3-positions (Lin et al., 2009), but those two
alternatives would yield products that are enantiomers, which had previously been difficult
to distinguish between.

Interest in phosphoryl transfer crosses many disciplines because it is a universal mechanism
for energy storage and utilization, as well as cellular communication and signaling. Yet this
process operates in a variety of molecular scenarios, and there are substantial gaps in our
understanding of the structural and mechanistic adaptations of key families of phosphoryl-
transferases to these different situations. We gained direct insight into the reaction
mechanism for PPIP5K2KD, by obtaining crystal complexes that contained both ADP and
MgF3

− (Wang et al., 2012). The latter matches the charge and geometry of the transition
state of a phosphoryl transfer reaction (Graham et al., 2002). Indeed, in the active site, we
detected MgF3

− with the near planar geometry that mimics a trigonal bipyramidal
phosphoryl transition state (Graham et al., 2002). The Mg atom separated the donor oxygen
of ADP and the acceptor oxygen of the 1-phosphate of 5-InsP7 by a total distance of 4.2 Å
(Wang et al., 2012). With a total co-ordination distance of less than 4.9 Å, a partly
associative reaction mechanism is possible. That is, the new P-O bond can be formed by
nucleophilic attack of the acceptor oxygen before the original P-O bond with the donor
oxygen is broken (Mildvan 1997). Moreover, our structural data (Wang et al., 2012)
revealed that the three negative charges of the pentacoordinate (phosphorane) transition state
appear to be balanced by electrostatic interactions with two Mg2+ ions, a water molecule,
and the positively charged side chains of K248 and R213. This snapshot of charge
neutralization in the transition state helps explain how hPPIP5K2KD overcomes the energy
barrier to efficient catalysis.

Finally, in the active site of the kinase the inositol ring of InsP6 and 5-InsP7 is presented
perpendicular to the plane of the nucleotide’s β-phosphates, which avoids steric and
electrostatic clashing between the nucleotide and the non-reacting oxygens on the 1-
phosphate of the substrate (Wang et al., 2012). This innovative topology distinguishes
PPIP5K2KD from all of the other inositol phosphate kinases that phosphorylate hydroxyl
groups (Wang et al., 2012).

The IP6Ks face the same catalytic challenges that are overcome by the PPIP5Ks. To date, no
structures of the IP6Ks have been published. Their amino acid sequences differ so
substantially from the PPIP5Ks that alternative strategies may have evolved to overcome the
energy barrier to PP-InsP synthesis. It will be interesting to determine what these differences
are.
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Fig. 1. Synthesis and metabolism of the PP-InsPs
The figure describes the metabolic reactions that account for the turnover of the P-InsPs in
both yeasts and mammalian cells. The positions of the diphosphate groups were determined
in the following publications: (Albert et al., 1997; Draskovic et al., 2008; Wang et al., 2012).
DIPP (E.C. 3.6.1.52; Ddp1 in yeast), diphosphoinositol polyphosphate phosphohydrolase;
IP5K (E.C. 2.7.1.158; Ipk1 in yeast), inositol pentakisphosphate kinase; IP6K (E.C.2.7.4.21;
Kcs1 in yeast), inositol hexakisphosphate kinase, PPIP5K (E.C.2.7.4.24; Vip1 in yeast),
diphosphoinositol pentakisphophate kinase.
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Fig. 2. Structure of the kinase domain of human PPIP5K2
A is a graphical depiction of the modular format of PPIP5K2; the numbering of the amino
acid residues depicts where the domains are considered to begin and finish. B, Ribbon
diagram of residues 37-366 of PPIP5K2KD. The αβα domain (residues 42–124 and 330–
366) is shown in yellow. The two antiparallel β-sheet clusters of the ATP-grasp domain are
colored green (residues 125–148 and 244–329) and blue (residues 149–243). Shown in stick
models are 5-InsP7 and AMP-PNP. C, Active site of PPIP5K2 KD. Shown in green are
residues that make polar contacts with substrates. 5-InsP7 is shown with grey carbon and
orange and red phosphate groups, while InsP6 is slate-colored. Carbon atoms on the inositol
ring are numbered. The interactions of Lys214 with 5-InsP7 are highlighted by dashed
yellow lines. The sky blue and purple spheres represent the magnesium atoms; The purple
magnesium atomss (Mg1 and Mg2) were catalytically relevant. Mg5 was not present in the
PPIP5K2KD–InsP6 complex. See (Wang et al., 2012) for full details. D, Electrostatic surface
representation of the inositol phosphate substrate binding pocket of PPIP5K2KD.
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