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Abstract

Ins(1,4,5)P5 is a classical intracellular messenger: stimulus-dependent changes in its levels elicits
biological effects through its release of intracellular Ca?* stores. The Ins(1,4,5)P3 response is
“switched off” by its metabolism to a range of additional inositol phosphates. These metabolites
have themselves come to be collectively described as a signaling “family”. The validity of that
latter definition is critically examined in this review. That is, we assess the strength of the
hypothesis that Ins(1,4,5)P3 metabolites are themselves “classical” signals. Put another way, what
is the evidence that the biological function of a particular inositol phosphate depends upon
stimulus dependent changes in its levels? In this assessment, examples of an inositol phosphate
acting as a cofactor (i.e. its function is not stimulus-dependent) do not satisfy our signaling
criteria. We conclude that Ins(3,4,5,6)P, is, to date, the only Ins(1,4,5)P3 metabolite that has been
validated to act as a second messenger.
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13.1 Introduction

The receptor-dependent, Ins(1,4,5)P3-mediated mobilization of intracellular Ca2* stores
(Streb et al. 1983) is now a textbook signal transduction pathway (see Taylor’s 2011
chapter). When this signaling activity was discovered, it was certainly a paradigm-altering
concept. That novel idea was also highly contagious. After it emerged that Ins(1,4,5)P3 is
further phosphorylated to isomers of InsP,4, InsPg and InsPg (Fig. 13.1), we (Shears 1989)
and others (Irvine and Schell 2001; York et al. 2001) proposed that some of these “higher”
inositol phosphates might also have important signaling roles. This notion of “orphan
signals” (Menniti et al. 1990) certainly captured the imagination (see Ismailov et al. 1996;
York et al. 2001). Furthermore, the dramatic digital analogy that paints the inositol ring as a
“six-bit signaling scaffold” (York et al. 2001; York 2006) implies that there are signaling
roles for many members of the inositol phosphate family. However, the thesis of this review
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is that, except for one notable exception, we are still a long way from confirming that these
“orphan” inositol phosphates truly function as classic second messengers.

In anticipation that our colleagues might raise their eyebrows in reaction to that last
sentence, we will quickly provide some clarification. The second messenger concept
(Robison et al. 1968) owes its existence to the discovery of cyclic AMP (Rall and
Sutherland 1958; Sutherland and Rall 1958), a diffusible molecule that, in response to an
extracellular stimulus, is generated at (or released from) a particular subcellular site. In this
example, a change in the concentration of cAMP leads to the modification of a protein
kinase activity. If a soluble inositol phosphate is to act as an intracellular signal it must also
exhibit a stimulus-dependent change in its concentration. Additionally, the “information”
encoded by the inositol phosphate should be converted—transduced—ifrom one chemical
form to another. These are significant criteria in the current context.

Take InsPg for example. This polyphosphate is an essential co-factor for adenosine
deaminase, an MRNA editing enzyme; without InsPg at its core, the protein does not fold
correctly and is devoid of catalytic activity (Macbeth et al. 2005). This is unarguably an
important function, but there is no evidence that InsPg serves as a stimulus-dependent
regulator of this enzyme. In fact, in add-back experiments, a maximal effect of InsPg upon
deaminase activity was attained at a polyphosphate concentration of 1 M (Macbeth et al.
2005), which is 10-50-fold less than the concentration that is always present in cells (Pittet
et al. 1989; Oliver et al. 1992; Barker et al. 2004; Bunce et al. 1993). That is, the deaminase
should always be fully InsPg-activated by default. A similar argument can be made of the
requirement that S. cerevisiae has for InsPg, in order that MRNA can be exported out of the
nucleus (Alcazar-Roman et al. 2006; York et al. 1999). Here, InsPg acts by stimulating the
ATPase activity of Dbp5, which is envisaged to be a molecular ratchet that pulls mRNA out
of the nucleus (Yu et al. 2004). This function is fulfilled by only 0.1 pM InsPg, a small
fraction of the total cellular concentration. Again, the role of InsPg in this process is almost
certainly as a cofactor rather than as the “regulator” or “signal” that it was originally
proposed to be (York et al. 1999). Once more, let’s acknowledge that these are important
discoveries. They are just not examples of cell signaling activities.

Thus, in the current review it is our intention to assess the evidence that a biological
response can be attributed to a stimulus-dependent alteration in the levels of a particular
inositol phosphate. While Ins(1,4,5)P3 clearly fulfils that criterion, it will not be discussed
here as it is the dedicated subject of another chapter (Taylor 2011). The inositol
“pyrophosphates” are also reserved for the attention of a separate chapter (Saiardi 2011).
Finally, the emphasis in this review is on the inositol phosphates themselves.

13.2 Ins(1,3,4,5)P,

Receptor dependent Ca?* mobilization arises not just by Ca2* release from intracellular
stores, but also through Ca2* entry across the plasma membrane; the fact that the two
processes are tightly linked lies at the heart of the “capacitative calcium entry” hypothesis
(Putney 1986), which was subsequently refined and repackaged as “store-operated calcium
entry” (Hoth and Penner 1992; Parekh and Penner 1997). In the immediate aftermath of
Ins(1,4,5)P3 being discovered to release Ca2* from intracellular stores (Streb et al. 1983), a
3-kinase was discovered that phosphorylated Ins(1,4,5)P3 (Irvine et al. 1986). At that time, it
was not known how Ca2* release was coupled to Ca2* entry. Thus, Ins(1,3,4,5)P, became a
prime suspect for signaling Ca2* entry (Irvine 1986). The initial evidence seemed highly
incriminating: stimulus-dependent increases in cellular levels of Ins(1,4,5)P3 are followed
shortly afterwards by several-fold increases in levels of Ins(1,3,4,5)P,4 (Batty et al. 1985).
That is a valuable credential if Ins(1,3,4,5)P4 is to be a cellular signal. Furthermore, Irvine’s
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group (Irvine and Moor 1986) reported that micro-injection of Ins(1,3,4,5)P, into sea urchin
eggs raised the fertilization envelope in a manner that was dependent upon extracellular
[CaZ*]. To explain how Ins(1,3,4,5)P, might mediate a physiological activity that was
dependent upon the Ca%* outside the cell, it was proposed that this inositol phosphate
somehow stimulates Ca2* entry (Irvine and Moor 1986).

However, as (Schell 2010) noted in a recent review, we are still searching to identify an
Ins(1,3,4,5)P4-based signaling cascade, now more than 20 years after Irvine’s initial
experiments. Not in the least because Ins(1,3,4,5)P4 has been a discordant beast, producing
conflicting data in the hands of different groups. For example, the early results obtained
from the sea urchin eggs proved impossible to reproduce in subsequent studies (Irvine and
Moor 1987; Crossley et al. 1988). Irvine and colleagues were unable to account for this
difficulty (Irvine and Moor 1987), and so they turned to other model systems in which they
could test their hypothesis (Changya et al. 1989; Morris et al. 1987; Loomis-Husselbee et al.
1996). For example, they used Ca%*-activated K* channels in mouse lacrimal acinar cells as
a readout of the degree of Ca2* mobilization, and they reported that Ins(1,3,4,5)P4
augmented the Ins(1,4,5)Ps-induced Ca2* response (Morris et al. 1987). Initially, a
stimulation of Ca2* entry by Ins(1,3,4,5)P, was put forward as the explanation (Morris et al.
1987), although subsequently (Changya et al. 1989) it was suggested to be more likely that
Ins(1,3,4,5)P4 somehow augmented intracellular Ca2* mobilization. That idea was also
consistent with a separate series of experiments performed with permeabilized L-1210 cells
(Loomis-Husselbee et al. 1996). In contrast, Bird et al. (Bird et al. 1991; Bird and Putney
1996), who also worked with mouse lacrimal cells, reported that Ins(1,4,5)P3 by itself
maximally activates Ca2*-activated K* channels; Ins(1,3,4,5)P, was not required. After
some debate of this topic in the literature (see (Putney 1992; Irvine 1992)), Irvine and
colleagues (Smith et al. 2000) later described how the two group’s use of slightly different
cell preparations might largely explain the contrary data. (Bird et al. 1991) had studied cells
that had been in primary culture for up to 24 h. In contrast, Irvine’s group had used freshly
isolated cells. So, which laboratory used the most appropriate cell preparation? Irvine and
colleagues (Smith et al. 2000) accepted that the continuous morphology of the endoplasmic
reticulum that is observed in cultured cells reflects a more physiologically-relevant model;
this organelle is somewhat fragmented in freshly isolated lacrimal cells. Thus, Irvine et al.
(Smith et al. 2000) accept that their model might be less biologically relevant. Nevertheless,
they (Smith et al. 2000) argued, the effects of Ins(1,3,4,5)P, that they observed had to be an
exaggeration of a physiological event, rather than an artifact. Perhaps, they suggested,
Ins(1,3,4,5)P4 acted by influencing the continuity of endoplasmic reticulum. However, later
studies (Brough et al. 2005) did not support that hypothesis.

In their later studies Irvine and colleagues (Changya et al. 1989; Smith et al. 2000)
somewhat de-emphasized a possible role for Ins(1,3,4,5)P, in regulating Ca2* entry into
cells. Others (Hermosura et al. 2000) have also shown that store-operated Ca2* entry is not
activated by Ins(1,3,4,5)P,. Yet, there continue to be occasional electrophysiological
demonstrations of plasma membrane Ca2* currents being stimulated by Ins(1,3,4,5)Pa,
although such data have not been placed in a physiologically-adequate context. In one
example of this genre, (Luckhoff and Clapham 1992), 30 pM Ins(1,3,4,5)P4 was reported to
enhance Ca?*-activated Ca?* current in excised inside-out patches. However, such high
levels of Ins(1,3,4,5)P, are not biologically relevant. In most cases, cellular Ins(1,3,4,5)P4
levels after receptor activation would not be expected to exceed 3-4 M (Guse et al. 1993;
Barker et al. 1992; Huang et al. 2007), and initial work with optical sensors do not reveal
any compartmentalization of Ins(1,3,4,5)P4 synthesis (Sakaguchi et al. 2010). (Luckhoff and
Clapham 1992) were able to get lower concentrations of Ins(1,3,4,5)P,4 to activate a plasma
membrane current when Mn?* was used as a Ca2* surrogate, but neither the ion selectivity
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of this current, nor its biophysical characteristics, match those of store-operated calcium
entry (Parekh and Penner 1997).

During their work with lacrimal cells, Irvine and colleagues (Changya et al. 1989; Smith et
al. 2000) went to great lengths to prove that their effects of Ins(1,3,4,5)P4 upon Ca2*
mobilization could not be explained by inhibition of Ins(1,4,5)P3 metabolism (Changya et
al. 1989; Smith et al. 2000). It is therefore somewhat ironic that Penner and colleagues
(Hermosura et al. 2000) concluded that in certain circumstances inhibition of Ins(1,4,5)P3
metabolism by Ins(1,3,4,5)P, was indeed a genuine mechanism by which CaZ* mobilization
can be enhanced. More precisely, it was argued that Ins(1,3,4,5)P4 set “a discriminatory time
window for coincidence detection that enables selective facilitation of Ca2* influx by
appropriately timed low-level receptor stimulation”. However, to achieve these effects in
vitro, 5-20 pM concentrations of Ins(1,3,4,5)P, were required (Hermosura et al. 2000),
which, as mentioned above, are well above those that prevail inside cells.

Ins(1,3,4,5)P,4 has also been reported to inhibit Ca2* signaling. For example, in vitro
Ins(1,3,4,5)P4 can inhibit Ins(1,4,5)P3 from binding to its receptor (Hermosura et al. 2000);
Putney’s group (Bird and Putney 1996) had discovered this phenomenon some years earlier,
but they had expressed concern that the levels of Ins(1,3,4,5)P, that were required were too
high to be physiologically relevant. In yet another twist in this tale, Ins(1,3,4,5)P4 was
reported to promote Ca?* re-uptake into the endoplasmic reticulum of permeabilized T51B
liver cells (Hill et al. 1988; Boynton et al. 1990). That particular observation has never been
reproduced in another cell type, and neither has a mechanistic rationale been developed.

Genetic perturbation of Ins(1,3,4,5)P,4 production has also failed to yield a consistent picture
of the polyphosphate’s putative role in Ca2* mobilization. For example, Ca2* signals in
thymocytes were unaffected when Ins(1,3,4,5)P,4 synthesis was compromised upon knock-
out of the type B Ins(1,4,5)P3 3-kinase gene (ITPKB) (Pouillon et al. 2003). Yet, in B-
lymphocytes from Itpkb™~ mice it was reported (Marechal et al. 2007) that there is a
reduction in receptor-mediated Ca2* signaling. Adding further to the confusion, Miller and
colleagues (2007, 2009) observed the opposite effect; B-lymphocytes from their knock-out
mice showed enhanced Ca2* mobilization. The latter phenotype does have a quite facile
explanation. Ca2* mobilization might well be expected to be enhanced when the half-life of
Ins(1,4,5)P3 is prolonged following loss of a significant route of Ins(1,4,5)P3 metabolism,
i.e., an Ins(1,4,5)P3 kinase. Moreover, cells that have more robust Ins(1,4,5)P3 signals might
be expected to have more depleted Ca2* stores, and hence higher rates of store-dependent
Ca?* entry (Jia et al. 2008). However, Miller et al. (2007, 2009) interpreted their data quite
differently. They argued that Itpkb™~ lymphocytes have lost an inhibitor of store-operated
Ca?* entry—Ins(1,3,4,5)P,—and that, they concluded, is why Ca%* mobilization is
enhanced in those cells.

To more directly pursue their hypothesis, Miller et al. (2007, 2009) used a cell-permeant
analogue of Ins(1,3,4,5)P,4. The addition of this analogue attenuated both receptor-dependent
(anti-lgM) and receptor-independent (thapsigargin-mediated) increases in cytosolic [Ca%*]
(Miller et al. 2007, 2009). In many of their experiments, Miller et al. reported that cellular
Ca?* levels were reduced immediately upon the addition of cell-permeant Ins(1,3,4,5)P,.
The speed of those responses is, perhaps, unexpected, in view of a report (Li et al. 1997) that
a delay of at least a minute should be expected, which, apparently, cannot be eliminated by
increasing the concentration of the cell permeant analogue. One of the reasons for this lag is
the time it takes time for the analogue to diffuse across the membrane. Additionally, each
phosphate group is “protected” by two butyryloxymethyl groups (Li et al. 1997), all eight of
which must be removed by intracellular esterases before the Ins(1,3,4,5)P4 can be liberated.
These technical considerations raise a concern that the immediate effect of the cell permeant
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Ins(1,3,4,5)P4 might be non-physiological. Yet, it does seems that the response is specific:
Miller et al. (2007) added cell-permeant Ins(1,4,5,6)P, in control experiments. That had no
effect upon the cell’s Ca2* responses. Nevertheless, a more direct demonstration of
Ins(1,3,4,5)P, inhibiting a physiologically-relevant pathway for Ca2* entry, for example in
an electrophysiological assay, would be helpful.

Is it possible to rationalize all of these different reported effects of Ins(1,3,4,5)P, upon CaZ*
mobilization? And what are we to make of experimental observations where even the order
of addition of Ins(1,4,5)P3 and Ins(1,3,4,5)P, determines whether or not an effect upon Ca2*
fluxes is observed (Loomis-Husselbee et al. 1996)? One group (Hermosura et al. 2000) has
argued that the somewhat confused and inconsistent literature reflects the actions of
Ins(1,3,4,5)P4 being complex and multifaceted. Perhaps, they say, the precise molecular
actions of Ins(1,3,4,5)P4 are cell-specific, varying with the strength of receptor activation, or
subcellular localization of Ins(1,4,5)P3-metabolic enzymes, or heterogeneity of intracellular
Ca?* stores, or differences in Ins(1,4,5)P3 receptor subtypes, or other regulatory factors.
However, we put it to the jury that the case for Ins(1,3,4,5)P4 being a cellular signal for Ca*
mobilization is unproven. Judgement should be reserved until a specific signaling activity
can be reproducibly demonstrated using physiologically-relevant concentrations of
Ins(1,3,4,5)P,4 and, moreover, an Ins(1,3,4,5)P,4-sensitive signaling entity with a defined role
in Ca2* signaling would need to be identified.

Of course, Ins(1,3,4,5)P, could have other signaling roles that do not involve Ca2*. Indeed,
Itpkb™~ mice are immunologically compromised (Pouillon et al. 2003). For example,
thymocytes in Itpkb™~ mice synthesize almost no Ins(1,3,4,5)P, and their developmental
program fails (Pouillon et al. 2003). Itpkb™~ mice also exhibit defective B-lymphocyte
development (Miller et al. 2007; Marechal et al. 2007) and neutrophil migration is
compromised (Jia et al. 2007). We will briefly discuss three recent developments that
suggest there may be Ins(1,3,4,5)P, “receptors” that can help explain the nature of these
Itpkb™/~ phenotypes.

One intriguing protein to which Ins(1,3,4,5)P4 binds tightly and specifically is the Ras-Gap
that was originally named GAP1'P4BP (Cullen et al. 1995). An exhaustive study in which the
levels of GAP1!P4BP \were genetically manipulated (Walker et al. 2002) led to the conclusion
that this protein did not exert any influence upon Ca?* mobilization. Nevertheless, there has
recently been renewed interest in GAP1!P4BP \which has been re-christened as RASA3. The
Ins(1,3,4,5)P4-binding region of RASA3 is now known to be a PH domain, which also binds
to Ptdins(4,5)P, (Cozier et al. 2000). Could competition between Ins(1,3,4,5)P4 and
PtdIns(4,5)P, have some signaling significance? In CHO cells, receptor-dependent PLC
activation (and hence Ins(1,3,4,5)P4 accumulation) did not affect the membrane-association
of GAP1!P4BP/RASA3 (Cozier et al. 2000). However, in a subsequent study with COS cells
(Marechal et al. 2007), in which ITPKB was over-expressed, RASA3 was dislodged from
the plasma membrane upon PLC activation. Furthermore, 30 min pre-incubation of cells
with cell-permeant Ins(1,3,4,5)P4 also caused RASAS3 to translocate from the plasma
membrane to the cytosol (Marechal et al. 2007). This may represent a new signaling
function for Ins(1,3,4,5)P4 in B-lymphocytes (Marechal et al. 2007). It was proposed that
Ins(1,3,4,5)P4 regulates the intracellular location and hence the activity of a RASA3-ERK
signaling pathway that controls pro-apoptotic BIM gene expression (Marechal et al. 2007).
As noted elsewhere (Sauer and Cooke 2010), the further development of this hypothesis
would be helped by a demonstration that Ins(1,3,4,5)P4 acts in this manner in lymphocytes.

Ins(1,3,4,5)P4 has also been reported to be an inhibitory signal for neutrophil function, by
competing with Ptdins(3,4,5)P3 for binding to the PH domain of AKT (Jia et al. 2007). A
cell-permeant Ins(1,3,4,5)P, analogue was shown to diminish receptor-dependent
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recruitment of AKT-PH domain to the plasma membrane (Jia et al. 2007). Moreover,
neutrophils from Itpkb™~ mice exhibit up-regulated AKT activity because, it was argued,
more of that kinase can translocate to the plasma membrane in the absence of Ins(1,3,4,5)P4
(Jia et al. 2007).

Another proposed “receptor” for Ins(1,3,4,5)P, is the interleukin-2 tyrosine kinase ITK,
which phosphorylates and activates PLC-vy. For ITK to regulate PLC-y, the kinase must first
translocate to the plasma membrane, courtesy of the affinity for PtdIns(3,4,5)P3 of the
protein’s pleckstrin homology domain. Interestingly, this receptor-dependent translocation
process is inhibited in thymocytes prepared from Itpkb™~ mice (Huang et al. 2007). In that
latter study it was further reported that, in vitro, Ins(1,3,4,5)P4 promotes the association of
the PH-domain of ITK with an immobilized, short acyl-chain analogue of PtdIns(3,4,5)Ps.
An attractive feature of this phenomenon is that it was observed when using concentrations
of Ins(1,3,4,5)P,4 (1 nM) that are physiologically relevant. However, it is not clear exactly
how Ins(1,3,4,5)P4 has this effect. In fact, as discussed above, it would normally be expected
that Ins(1,3,4,5)P4 would compete with PtdIns(3,4,5)P3 for the same ligand-binding domain.
To resolve this apparent paradox, Huang et al. (2007) have proposed that, if ITK were to
oligomerize, then the binding of Ins(1,3,4,5)P,4 to one subunit might allosterically enhance
the affinity of another subunit for PtdIns(3,4,5)P3. However, that idea is not consistent with
FRET analysis that has revealed cytoplasmic ITK to be monomeric in vivo (Qi et al. 2006;
Qi and August 2009). Oligomerization of ITK only occurs after the kinase has already
translocated to the plasma membrane (Qi et al. 2006). The folded state of monomeric ITK
(Qi and August 2009) suggests that it alters its conformation upon its transfer to the plasma
membrane. Thus, the alternative “induced-fit” hypothesis that Huang et al. (2007) have
proposed is arguably a more likely explanation for their in vitro data. Here, initial binding of
Ins(1,3,4,5)P, is suggested to alter the conformation of ITK so that it gains an increased
ligand affinity, but particularly for PtdIns(3,4,5)P3. The viability of the latter proposal is
critically dependent upon accurate determinations of the relative affinities of PtdIns(3,4,5)P3
and Ins(1,3,4,5)P,4. It would therefore be useful to determine these binding parameters using
an in vitro technique that is closer to a physiological context than is the use of a soluble
PtdiIns(3,4,5)P3 analogue immobilized to beads. The preferred method (Narayan and
Lemmon 2006) is to incorporate “natural” PtdIns(3,4,5)P3 into phospholipid vesicles, and
then determine the affinities of the lipid (and the competing headgroup) by using surface
plasmon resonance. Additionally, rather than characterizing just the PH domain fragment of
ITK (Huang et al. 2007), it would be more physiological to use full-length protein.

In all three of the examples described above—RASA3, AKT and ITK—it will be important
to address the concern (Irvine et al. 2006) that an Itpkb™~ phenotype could be an
unpredictable consequence of a loss of non-catalytic (scaffolding?) activities of the type B
Ins(1,4,5)P3 3-kinase, rather than a reduction in Ins(1,3,4,5)P4 levels. This question could be
pursued by studying if the phenotype of the Itpkb™~ cells can be rescued by expression of
ITPKB, and not by a kinase-dead Itpkb mutant. That being said, it also needs to be
established that the biological effects that have been attributed to Ins(1,3,4,5)P4 are not
actually performed by one or more of its metabolites (Fig. 13.1). For example, the
elimination from cells of Ins(1,4,5)P3 3-kinase activity can lead to a reduction in levels of
Ins(1,3,4,5,6)P5 and InsPg (Leyman et al. 2007). Ins(1,3,4)P3 is another important
metabolite of Ins(1,3,4,5)P,. Loss of the latter in Itpkb™~ cells (Pouillon et al. 2003) will
uncouple the link between PLC activity and the Ins(3,4,5,6)P4-signaling cascade (see
below). That is, cells that have reduced ITPK activity will also be encumbered by an
inability to synthesize the Ins(3,4,5,6)P4 signal. That could modify cell function in a number
of ways (see below). To take one pertinent example, the CIC3 CI~ channel that
Ins(3,4,5,6)P4 regulates (Mitchell et al. 2008) plays an important role in neutrophil
migration (Volk et al. 2008) which, as mentioned above, is defective in Itpkb™~ cells.
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13.3 Ins(1,4,5,6)P,

In yeast (Odom et al. 2000; Saiardi et al. 2000) and in flies (Seeds et al. 2004),
Ins(1,4,5,6)P4 is formed from Ins(1,4,5)P3 by the kinase activity of Ipk2. In a 2000 study
(Odom et al. 2000) evidence was presented that this synthesis of Ins(1,4,5,6)P4 was
necessary for the function of an ArgR-Mcm1 transcriptional complex that regulated the
expression of ornithine transaminase. The authors of that study assayed transcriptional
control in wild-type and ipk2A cells using “growth on ornithine as a sole nitrogen source”.
However, this interpretation of the data has been disputed by others (Dubois et al. 2000),
who reported that the slower growth of ipk2A cells was a general phenotype rather than
being specific to the nutrient source. This is an important point; if slowed cell growth were
to be a general phenotype, then it would no longer provide a specific readout of the
expression of ornithine transaminase. Unfortunately, it has never been resolved why these
two groups came to different conclusions. Yet, despite the controversy, the idea that the
catalytic activity of Ipk2 might regulate transcription was taken up in subsequent studies:
O’Shea and colleagues found that this kinase activity regulated Pho5 transcription (Steger et
al. 2003). Additional genetic experiments indicated it was chromatin remodeling that was
regulated by either Ins(1,4,5,6)P4 and/or Ins(1,3,4,5,6)Ps (another product of Ipk2 activity).
These authors reported an increased accessibility of a Cla | restriction site in the Pho5
promoter in nuclei that were isolated from cells shifted to Pho5 inducing conditions (Steger
et al. 2003). This increased Cla I accessibility was impaired in the ipk2A cells (Steger et al.
2003).

But are these phenotypes the direct consequence of altering the expression of the kinase
activity of Ipk2? There are far-reaching effects upon many mRNA species in yeast strains in
which the catalytic activity of 1pk2 is compromised (El Alami et al. 2003), and so it is
important to separate primary regulatory events from secondary consequences. Additionally,
metabolic homeostasis utilizes regulatory processes that control the expression of genes
encoding metabolic enzymes. Thus, there are many links between gene regulation and
metabolic status (McKnight 2003). It might be considered inevitable that control over
phosphate supply to yeast, and the regulation of Pho5 expression, must be intertwined with
regulation of inositol phosphate synthesis, which of course is a phosphate-consuming
process. The big question, therefore, is whether this apparent effect of Ipk2 upon chromatin
remodeling reflects a global metabolic control process, or instead is this really a more
specific utilization of inositol phosphate turnover to control gene expression? This query
could be resolved if we had a molecular justification for the intriguing genetic effects that
were described by O’Shea and colleagues (Steger et al. 2003).

A molecular mechanism by which Ipk2 might control Pho5 expression has been put
forward; it was proposed that Ins(1,4,5,6)P4 and Ins(1,3,4,5,6)P5 directly stimulate
“nucleosome sliding” (Shen et al. 2003; Steger et al. 2003). Nucleosomes are the basic
repetitive unit of chromatin: histone octomers around which are wrapped about 150 bp of
DNA (Becker and Horz 2002). Regulatory elements can be exposed when nucleosomes are
nudged along the DNA helix by ATP-consuming, nucleosome remodeling factors. Wu and
colleagues (Shen et al. 2003) studied nucleosome movement along a Drosophila hsp70
DNA fragment driven by the yeast SWI/SNF chromatin remodeling complex. It was
reported that 500 M of either Ins(1,4,5,6)P4 or Ins(1,3,4,5,6)Ps stimulated this nucleosome
sliding (Shen et al. 2003). Unfortunately, as discussed elsewhere (Shears 2004), Wu and
colleagues (Shen et al. 2003) studied the effects of inositol phosphates at concentrations that
are 500-1700 times higher than estimated cellular levels. In such circumstances, it is
difficult for us to accept that those effects are physiologically relevant.
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It is even more difficult to imagine Ins(1,4,5,6)P4 being a signal that controls transcription in
higher organisms. The mammalian homologue of Ipk2—often called IPMK—
phosphorylates Ins(1,4,5)P3 to Ins(1,3,4,5)P4 (Fig. 13.1) rather than to Ins(1,4,5,6)P4
(Saiardi et al. 2001; Nalaskowski et al. 2002). So mammalian cells do not use IPK2/IPMK
to regulate levels of Ins(1,4,5,6)P,. It is possible for Ins(1,4,5,6)P4 to be synthesized by
dephosphorylation of Ins(1,3,4,5,6)Ps, probably by the cytoplasmic and nuclear pools of
PTEN that, in these particular locations, cannot access the alternative and better-known
substrate, PtdIns(3,4,5)P3 (Caffrey et al. 2001; Otto et al. 2007). In any case, there is no
evidence that cellular levels of Ins(1,4,5,6)P4 are receptor regulated (Menniti et al. 1990). (It
has been published that Ins(1,4,5,6)P, levels are elevated in src-transformed fibroblasts
(Mattingly et al. 1991), but that result has not been studied further).

There is an environmental pathogen that can perturb Ins(1,4,5,6)P4 metabolism: Some years
ago it was noted that the invasion of epithelial cells by Salmonella strongly activated the
dephosphorylation of Ins(1,3,4,5,6)Ps to Ins(1,4,5,6)P4 (Eckmann et al. 1997). The evidence
indicated that Ins(1,4,5,6)P4 might augment the secretion of salt and fluid that accompanies
Salmonella infection (Eckmann et al. 1997). Whether or not this phenomenon might have
physiological rather than just pathological relevance has not been established. Subsequently,
it was demonstrated that one of the proteins that is required for the pathogen’s virulence,
SopB, was responsible for dephosphorylating Ins(1,3,4,5,6)Ps (Norris et al. 1998). A later
study (Zhou et al. 2001) established that the main product was Ins(1,4,5,6)P4. However,
there was no evidence that virulence itself depends upon Ins(1,3,4,5,6)Ps dephosphorylation
(Zhou et al. 2001). Instead, cell invasion by Salmonella appeared to require inositol lipid
dephosphorylation by SopB (Hernandez et al. 2004). Indeed, it now seems possible that
Ins(1,3,4,5,6)Ps is little more than an off-target substrate for SopB. In any case, the groups
that work with SopB now focus on its role in metabolizing inositol lipids rather than the
inositol phosphates (Hernandez et al. 2004). Taking all these data into account, we conclude
that Ins(1,4,5,6)P4 is not qualified to be described as a cellular signal.

13.4Ins(1,3,4,5,6)Ps and InsPg

Most nucleated cells synthesize 15-50 M of both Ins(1,3,4,5,6)P5 and InsPg (Pittet et al.
1989; Oliver et al. 1992; Barker et al. 2004; Bunce et al. 1993). Undoubtably, the initial
proposals that Ins(1,3,4,5,6)Ps and InsPg might be cellular signals (Heslop et al. 1985;
Vallejo et al. 1987; Michell et al. 1988) were strongly influenced by the manner in which
these polyphosphates were first discovered in animal cells, that is, as a consequence of
studying metabolism of Ins(1,4,5)P3. However, intracellular signals typically are expected to
exhibit significant stimulus-dependent changes in their concentrations. In contrast, cellular
levels of Ins(1,3,4,5,6)P5 and InsPg do not respond acutely to most extracellular stimuli, and
even when they do, 25-35% changes in their concentrations seem to be an upper limit
(Larsson et al. 1997; Pittet et al. 1989).

One dramatic exception emerged in a study (Gao and Wang 2007) of certain signaling
events that lie downstream of the so-called Frizzled receptors. Activation of Frizzleds by the
Whnt ligands regulates many aspects of embryonic development and adult tissue
homeostasis. Wnt ligands can activate PLC and stimulate inositol phosphate accumulation
(Slusarski et al. 1997), but Ins(1,3,4,5,6)Ps would normally be expected to be well-insulated
from that response (Menniti et al. 1990). It was therefore unexpected when Gao and Wang
(Gao and Wang 2007) demonstrated that Ins(1,3,4,5,6)Ps levels increased up to 2.5-fold in
the few minutes following activation of the (over-expressed) rat Fz1 receptor by Wnt3a. In
vitro data indicated that the biological consequence of this increase in Ins(1,3,4,5,6)P5 was
activation of casein kinase Il (CK2) and inhibition of GSK3p. The maximally effective
concentration of Ins(1,3,4,5,6)Ps in each case was approximately 50 pM, which is
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approximately what is normally estimated to be present inside mammalian cells (Oliver et
al. 1992; Pittet et al. 1989). Both of those effects of Ins(1,3,4,5,6)Ps, if they occurred in vivo,
would be expected to stabilize B-catenin, enhancing its transcriptional response to Wnt
signaling (Gao and Wang 2007).

Let’s first discuss the proposed regulation of CK2. It has been known for some years that
Ins(1,3,4,5,6)P5 can activate CK2 in vitro, although it was originally reported by Solyakov
et al. (2004) that InsPg is more efficacious. However, neither Ins(1,3,4,5,6)P5 nor InsPg
affects the activity of purified, native CK2 (Solyakov et al. 2004; Gao and Wang 2007).
Instead, it was reported that the inositol phosphates act by reversing the effect of an
uncharacterized, heat-stable inhibitor of CK2 that is present in cell lysates (Solyakov et al.
2004). The lack of insight into either the nature of the inhibitor, or the mechanism of action
of the polyphosphates, has prevented this hypothesis from developing further. Moreover, it
is a popular viewpoint in the CK2 field that this kinase is normally constitutively active and
therefore has no requirement to be stimulated (Ruzzene and Pinna 2010). Even if that
prevailing opinion were to be incorrect, it is hard to see how a stimulus-dependent increase
in Ins(1,3,4,5,6)Ps levels would have any effect upon CK2 that should already be
constitutively activated by endogenous InsPg.

The inhibitory effect of Ins(1,3,4,5,6)Ps upon GSK3p is more encouraging because of its
specificity: neither Ins(1,4,5)P3, Ins(1,3,4,5)P4 nor InsPg had any effect (Gao and Wang
2007). The treatment of intact cells with inhibitors of Ins(1,3,4,5,6)P5 synthesis also
prevented Wnt3a from inhibiting GSK3p (Gao and Wang 2007). Since Ins(1,3,4,5,6)Ps
levels do not typically change in response to short-term receptor activation, it is possible that
the response that Gao and Wang (Gao and Wang 2007) observed is specific to signaling
through Frizzled receptors. As for possible mechanisms, Ins(1,3,4,5,6)Ps did not inhibit
purified GSK3p, so an intermediary seems to be required (Gao and Wang 2007). Further
work on this topic would seem to be appropriate.

Aside from that isolated response of Ins(1,3,4,5,6)Ps to activation of the Fz1 receptor, its
steady-state levels—and also those of InsPg—do not respond acutely to receptor activation
(see above). Thus, when there are reports that Ins(1,3,4,5,6)Ps and InsPg have biological
activity, it has been difficult to place these data in a signaling context. One illustrative
example is a report that both Ins(1,3,4,5,6)Ps and InsPg inhibit protein phosphatases
(Larsson et al. 1997). How can this be of regulatory significance if the levels of these
polyphosphates do not change acutely? (In this particular case, one might also ask how any
signaling specificity could result from two inositol polyphosphates both being broad
spectrum inhibitors of PP1, PP2A and PP5). Similarly, it is also difficult to place in a
signaling context a report that Ins(1,3,4,5,6)P5 and InsPg inhibit L-type CaZ* channels
(Quignard et al. 2003); a similar criticism can be made of proposals that InsPg is a
“regulatory factor” in mRNA export and gene translation (Monserrate and York 2010; York
et al. 1999). To be fair, we do note that others interpret these data rather differently. For
example, it has been proposed that one role for InsPg is to “set” (Berggren and Barker 2008)
the basal state of a number of signaling entities. In particular, there are a number of studies
that argue InsPg establishes the default activities of various beta-cell signaling complexes
(Berggren and Barker 2008). Barker and colleagues (2004) have also proposed that this
putative global effector role for InsPg may be of regulatory significance as cells transit
through the cell cycle, during which time they estimate that the level of InsPg may fluctuate
by as much as threefold. Nevertheless, those cell-cycle dependent metabolic changes have
not been tied to a specific signaling event.

Of course, the situation would be different if, as has been suggested (Larsson et al. 1997;
Barker et al. 2002; Otto et al. 2007), the high total cellular levels of Ins(1,3,4,5,6)Ps and
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InsPg mask stimulus-dependent alterations in smaller, discrete “signaling” pools of these
compounds. That is, significant changes in “local” concentrations of Ins(1,3,4,5,6)P5 and
InsPg could be missed during the analysis of inositol phosphates in entire cell populations.
Not so long ago, such a concept would have been labeled as heretical: how could a small
and apparently freely-diffusible molecule not be uniformly distributed throughout the cell?
However, it is now recognized that a concentration gradient of CAMP across a cell can be
maintained by the spatial separation of the adenylyl cyclases from cAMP
phosphodiesterases (Zaccolo et al. 2006). Is there any evidence for spatial heterogeneity of
enzymes of inositol phosphate metabolism? Indeed there are. Arguably the most dramatic
example is the receptor-dependent relocalization of the Ins(1,4,5)P3 3-kinase in hippocampal
neurones (Schell and Irvine 2006). In stimulated cells, the kinase moves away from the post-
synaptic region of the neuronal spines and into the dendritic shaft. This translocation
undoubtably influences Ins(1,4,5)P3-dependent Ca2* mobilization (Schell and Irvine 2006).
But what about the enzymes that metabolize higher inositol phosphates? IPK2/IPMK
(Nalaskowski et al. 2002; Odom et al. 2000) and IP5K (York et al. 1999; Brehm et al. 2007)
are both concentrated in the nucleus. Moreover, the only known mammalian InsPg
phosphatase—MIPP—is restricted to the lumen of the endoplasmic reticulum (Craxton et al.
1997; Ali et al. 1993). So it is also of interest that plants at least can utilize an ABC-
transporter like protein to move InsPg across membranes (Nagy et al. 2009; Shi et al. 2007).
It would be a significant breakthrough in this field if a mammalian homologue could be
identified that transported InsPg across the endoplasmic reticulum so that it could be
metabolized by MIPP. However, embryonic fibroblasts made from Mipp~~ mice showed
only 30% higher levels of InsPg than wild-type animals; more discouragingly, the animals
exhibited no obvious phenotype (Chi et al. 2000). Is it possible that mammals express
another InsPg phosphatase that we’ve all missed? Certainly we are missing something: we
(YYang et al. 2008) have reported that a 20-25% decrease in cell volume following
hyperosmatic stress is accompanied by a proportionate decrease in the amount of cellular
InsPg, so that its concentration is not altered. This observation indicates that, when the cell
deems it necessary, the metabolism of InsPg can be quite rapid. We really ought to find out
how, and why.

Some time ago, Michell’s group (Stuart et al. 1994) also considered this question of whether
or not some inositol phosphates might be present inside cellular organelles. They ascertained
that 80-90% of the cells’s inositol phosphates, including Ins(1,3,4,5,6)Ps and InsPg, were
immediately released into the surrounding medium when the plasma membrane was
permeabilized. That observation argues strongly against inositol phosphates being inside
membrane-delimited cellular organelles. It can also be argued that no more than about half
of the InsPg pool in intact cells can be “hidden” from the cytoplasm, since the other half is
readily accessible to soluble kinases that synthesize the inositol pyrophosphates (Menniti et
al. 1993).

On the other hand, InsPg can bind to membranes, at least in vitro (Cooke et al. 1991). InsPg
is also a structural component of certain cellular proteins (Macbeth et al. 2005); that
particular pool of InsPg would not be expected to be freely exchangeable with the bulk
phase. There are other cellular proteins that can bind InsPg, which could also reduce its free
concentration in the cytosol (Barker et al. 2002). The punctate intracellular distribution of
endogenous IP5K, particularly in nucleoli and so-called stress granules (Brehm et al. 2007),
also suggests that, to a degree at least, the synthesis of InsPg might be compartmentalized.
Uncertainty over compartmentalization is unlikely to be resolved until appropriate sensors of
the intracellular location of these polyphosphates can be developed. It is our opinion that the
status of Ins(1,3,4,5,6)Ps and InsPg as cellular signals depends upon this question being
answered.
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There is no doubt that Ins(1,3,4,5,6)P5 and InsPg still fulfill important biological functions
that do not depend upon dynamic changes in their concentrations. For example, both
Ins(1,3,4,5,6)Ps and InsPg are precursors for the inositol pyrophosphates, which are
currently the recipients of considerable interest from the signaling community (Saiardi
2011). Another possible function for Ins(1,3,4,5,6)Ps and InsPg (in vitro at least) is to
compete with inositol lipids for binding to certain proteins (Komander et al. 2004; Kavran et
al. 1998). It has been speculated that this phenomenon increases the signal-to-noise ratio for
PtdlIns(3,4,5)P3-dependent functions (Irvine and Schell 2001; Komander et al. 2004). The
idea is that binding of soluble inositol phosphates to a protein target helps keep it away from
membranes until PtdIns 3-kinase activity is elevated by an appropriate stimulus (this concept
is arguably analogous to the proposal (Berggren and Barker 2008) that Ins(1,3,4,5,6)Ps and
InsPg “set” the basal activities of certain signaling entities). Likewise, the binding of
Ins(1,3,4,5,6)P5 to PTEN may inhibit that enzyme’s low protein phosphatase activity and
possibly contribute to PTEN’s cytoplasmic and nuclear localization in the absence of PtdIns
3-kinase signaling (Caffrey et al. 2001).

Also, as noted in the introduction, InsPg is an essential cofactor for adenosine deaminase
(Macbeth et al. 2005), and, in yeast at least, InsPg stimulates mMRNA export from the nucleus
(Alcazar-Roman et al. 2006; York et al. 1999). Additionally, by enhancing the interaction of
Ku with other proteins, InsPg stimulates DNA repair through non-homologous end-joining
(Cheung et al. 2008). However, since all of these functions for InsPg can be satisfied by just
a small percentage of total cellular InsPg levels, it is our contention that in these cases this
inositol polyphosphate more likely functions as a cofactor rather than as a dynamic
“regulator”.

In view of all of these activities of Ins(1,3,4,5,6)P5 and InsPg, it is not surprising that, in
mammals, embryonic lethality results from the knock-out of IPK2/IPMK (Frederick et al.
2005) or IP5K (Verbsky et al. 2005a). The knock-down of Ip5K in zebrafish embryos is also
phenotypically dramatic: there is disturbance of asymmetric Ca2* signaling that is important
for embryonic patterning (Sarmah et al. 2005). However, those genetic experiments in
themselves do not speak to any specific signaling role of Ins(1,3,4,5,6)Ps or InsPg. It is
possible that these phenotypes are, in part, consequences of the loss of non-catalytic
activities of inositolphosphate kinases (Odom et al. 2000) and/or the absence of more highly
phosphorylated metabolites, such as the inositol pyrophosphates, which also function in
development (Sarmah and Wente 2010).

13.51ns(3,4,5,6)P,

Cellular levels of Ins(3,4,5,6)P4 are around 1 pM in resting cells, and they increase to the 5-
10 pM range whenever PLC is activated (Ho and Shears 2002). Ins(3,4,5,6)P4 is a
concentration-dependent inhibitor of a CaMKIlI-activated CI~ conductance that is located in
the plasma membrane (Xie et al. 1996, 1998; Ho et al. 2001; Mitchell et al. 2008). At least
in mammalian cells, the inhibition of CI~ channel conductance by Ins(3,4,5,6)P4 is an
exquisitely specific regulatory process; it is not imitated by any of the many other inositol
phosphates that exist inside cells (Ho and Shears 2002; Ho et al. 2000; Xie et al. 1996). In
other words, it has been demonstrated that Ins(3,4,5,6)P, is a receptor-regulated signal, its
biological target is known, and Ins(3,4,5,6)P4 acts specifically. This inositol phosphate is
undoubtedly an intracellular signal.

Ins(3,4,5,6)P4 can only be formed in animal cells by receptor-dependent dephosphorylation
of Ins(1,3,4,5,6)P5 by an enzyme that is—unfortunately—known as ITPK1 (for Inositol
Trisphosphate Kinase). This baptism by the Human Genome Nomenclature Committee
seems to have been prompted by the fact that the protein was initially characterized as a 6-
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kinase activity that phosphorylates Ins(1,3,4)P3 to Ins(1,3,4,6)P4 (Shears et al. 1987; Balla et
al. 1987). It is only recently that it has been determined that the trisphosphate kinase activity
reflects a more complex, ADP-dependent phosphotransferase activity (Chamberlain et al.
2007; Ho et al. 2002). This is a unique phenomenon in the inositol phosphate field, that
explains the molecular mechanism by which Ins(3,4,5,6)P4 levels are coupled to receptor-
regulated PLC activity (Fig. 13.2). In its ADP-bound form, ITPK1 dephosphorylates
Ins(1,3,4,5,6)Ps to Ins(3,4,5,6)P4. The Ins(3,4,5,6)P, is released to the bulk phase in
exchange for Ins(1,3,4)P3, but the nucleotide—now ATP—remains bound. The tenacity of
this binding of adenine nucleotide has been verified by crystallographic data showing that
less than 10% of the nucleotide is solvent exposed (Miller et al. 2005; Chamberlain et al.
2007). Thus, the inorganic phosphate that is removed from Ins(1,3,4,5,6)Ps is not released.
Instead, it is passed on to the newly-bound Ins(1,3,4)P3, thereby phosphorylating it to
Ins(1,3,4,6)P4, which the active-site then exchanges for a new molecule of Ins(1,3,4,5,6)Ps,
and the entire phosphotransferase cycle is repeated (Fig. 13.2). Importantly, the rate at which
Ins(1,3,4,5,6)Ps is dephosphorylated to Ins(3,4,5,6)P,4 is stimulated as the rate-limiting
concentration of phosphate acceptor—Ins(1,3,4)P3—is increased (Ho et al. 2002). In turn,
the cellular levels of Ins(1,3,4)P3—a metabolite of Ins(1,4,5)P3 (Fig. 13.1)—mirrors both
the intensity and the duration of receptor-activated PLC activity (Batty et al. 1998; Batty and
Downes 1994). In other words, the degree of PLC activity sets Ins(1,3,4)P3 levels, which
controls Ins(3,4,5,6)P,4 synthesis. This is the molecular basis for the integration of inositol
phosphate signaling pathways via human ITPK1.

The Ins(1,3,4)P3 6-kinase activity of ITPK1 also plays a metabolic role (Fig. 13.1) in
maintaining the size of the cell’s Ins(1,3,4,5,6)Ps5 pool (Shears et al. 1987; Balla et al. 1987;
Verbsky et al. 2005b). It is unclear if it is this metabolic function, or the signaling activities
of ITPK1, which explain why mice which are hypomorphic for the Itpkl allele are
susceptible to neural tube defects (Wilson et al. 2009). A complete knock-down of ITPK1
expression is apparently lethal (Verbsky et al. 2005b).

The best characterized biological end-point for Ins(3,4,5,6)P4 action upon CI™ transport is to
regulate epithelial salt and fluid secretion (Vajanaphanich et al. 1994; Carew et al. 2000).
However, the recent identification of CIC3 as the target of Ins(3,4,5,6)P4, at least in
mammalian cells (Mitchell et al. 2008), has greatly expanded the biological repertoire of this
inositol phosphate. For example, CIC3 is responsible for the Ins(3,4,5,6)P4-regulated CI~
conductance in hippocampal neurones (Mitchell et al. 2008), which is thought to contribute
to the overall regulation of the synaptic efficacy in generating action potentials (Wang et al.
2006). Long-term changes in synaptic efficacy comprise a cellular basis for information
storage and memory formation (Bliss and Collingridge 1993). Thus, Ins(3,4,5,6)P,4 is a
molecule that has the potential to affect neuronal development. It therefore seems pertinent
that Ins(3,4,5,6)P4 has also previously been suggested to have the characteristics of a
“memory molecule”, because its relatively slow rate of metabolism permit its physiological
effects to long outlast the duration of the stimulus that initially prompts intracellular
Ins(3,4,5,6)P,4 to accumulate (Ho and Shears 2002).

CIC3 that is in the plasma membrane may have other roles, such as tumor cell migration
(Mao et al. 2008; Cuddapah and Sontheimer 2010) and the regulation of apoptosis (Claud et
al. 2008). We can therefore anticipate that Ins(3,4,5,6)P4 might also regulate these
processes. It should be noted, however, that some of the workers in this field (Jentsch 2008;
Jentsch et al. 2002) propose that CIC3 is not a plasmalemmal CI~ channel per se, but instead
a regulator of other CI~ channels. That argument, if correct, does not devalue the role of
Ins(3,4,5,6)P4 in regulating CIC3 function. For example, in one cell type in which our own
data are consistent with the CIC3 regulating other CI~ channels, we have shown that CIC3
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still mediates the effect of Ins(3,4,5,6)P4 upon plasma membrane CI~ fluxes (unpublished
data).

While there is disagreement as to whether or not CIC3 is an independent plasma membrane
CI™ channel, it is well recognized that CIC3 also resides in intracellular vesicles such as
insulin granules (Barg et al. 2001) and the early endosomal compartment (Zhao et al. 2007;
Gentzsch et al. 2003; Stobrawa et al. 2001; Hara-Chikuma et al. 2005; Mitchell et al. 2008).
Here, CIC3 contributes to endosomal acidification (Jentsch 2008), although there is
uncertainty concerning the exact mechanism. Nevertheless, when a cell-permeant analogue
of Ins(3,4,5,6)P,4 was added to cells so as to inhibit CIC3, the pH of certain vesicular sub-
compartments became more alkaline (Renstrom et al. 2002; Mitchell et al. 2008). What is
the biological significance of this regulation of intravesicular pH? With regard to insulin
granules, it has been proposed that their intraluminal acidification is a priming process,
without which they become less competent to fuse with the plasma membrane and release
their cargo (Barg et al. 2001). In support of this idea, we have shown that alkalinization of
insulin granules by Ins(3,4,5,6)P4 has the effect of reducing insulin secretion from
pancreatic B-cells (Renstrém et al. 2002). In many other cell types, the acidification of
endosomes and secretory vesicles serves other important functions, including modulation of
certain ligand-protein interactions during endocytosis, enzyme targeting, and H*-coupled
uptake of small molecules (such as neurotransmitters) (Nishi and Forgac 2002; von and
Sorkin 2007). It appears that we have only scratched the surface of our understanding of the
biological importance of Ins(3,4,5,6)P4.

It is unfortunate that we do not yet understand the mechanism by which Ins(3,4,5,6)P4
prevents CaMKII from activating CIC3. Data obtained to date indicate that Ins(3,4,5,6)P4
does not inhibit CaMKI|I activity per se (Xie et al. 1996; Ho et al. 2001; Ho and Shears
2002). Furthermore, in single channel analysis of CaMKII-activated CI~ channels,
Ins(3,4,5,6)P4 was not inhibitory, so it is unlikely to act as a direct channel blocker (Ho et al.
2001). Presumably an intermediary protein mediates the action of Ins(3,4,5,6)P4. However,
our efforts to identify an Ins(3,4,5,6)P,4 “receptor” have so far been disappointingly fruitless
(unpublished data). Our work on this important problem is ongoing.

13.6 Conclusions

The metabolic intermediates that accumulate during the dephosphorylation of Ins(1,4,5)P3
and Ins(1,3,4)P5 to inositol are not generally considered to be signaling molecules. The same
could be true of at least some of the intermediates in the pathways of phosphorylation of
Ins(1,4,5)P3 to InsPg. The concept that inositol is a combinatorial signaling scaffold (York
2006) is intellectually appealing, but it is still not obligatory that all of these inositol
phosphates be cellular signals; only at least one of the end products might act in a signaling
pathway.

We have argued here that there is no strong evidence that Ins(1,4,5,6)P4 is a cellular signal.
As for Ins(1,3,4,5)P4, we have highlighted the confusing and often conflicting observations
in the literature concerning proposed actions of this inositol phosphate. Under such
circumstances, it is difficult to formulate a general signaling role. Ins(1,3,4,5,6)P5 and
InsPg—particularly the latter—clearly have important roles as cofactors, but our conclusion
is that we need more concrete evidence before we can claim that these molecules are truly
cellular signals. As we have discussed, it may be that further information of cellular
compartmentalization may be the savior of these molecule’s signaling credentials. So, other
than Ins(1,4,5)P3, that leaves, in our opinion, Ins(3,4,5,6)P, as the only validated “classical”
cellular signal from within this group of molecules.
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Fig. 13.1.

Inositol phosphate metabolism. The figure shows the pathway of Ins(1,4,5)P3 metabolism.
The numbers in circles indicate the different enzymes that are involved: 1, IPK2/IPMK; 2,
Ins(1,4,5)P3 3-kinases; 3, Ins(1,4,5)P3/ Ins(1,3,4,5)P4 5-phopshatase; 4, ITPK1; 5, PTEN; 6,
IP5K. There is a candidate for the question mark—MIPP—nbut it is uncertain how that
enzyme can access its substrate (see text for details). The inositol pyrophosphates are not
shown in this figure (they are the subject of a separate chapter (Saiardi 2011)). The enzymes
that dephosphorylate Ins(1,4,5)P3 and Ins(1,3,4)P3 to inositol are not shown, as this review
is only concerned with metabolites that have received attention as being cellular signals.
Note that the positional specificity of IPK2/IPMK shows phylogenetic variation. In yeasts,
Ins(1,4,5)P3 is phosphorylated primarily to Ins(1,4,5,6)P,4, in mammals the product is
predominantly Ins(1,3,4,5)P,4, and the enzyme in flies produces roughly equal quantities of
both InsP4 isomers
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Fig. 13.2.

The phosphotransferase activity of ITPK1. The figure shows the phosphotransferase activity
that is catalyzed by ITPK1. The phosphate group that is transferred between from
Ins(1,3,4,5,6)Ps to Ins(1,3,4)Ps is highlighted in by the grey circle
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