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Introduction

Recent studies have provided many new insights into the regulation and biology of inositide
signaling thereby fueling interest in the cellular roles of water-soluble inositol
polyphosphate (IP) pathways (Berridge, 1993; Hokin, 1985; Irvine and Schell, 2001;
Kapeller and Cantley, 1994; Majerus, 1992; Mikoshiba, 1997; Nishizuka, 1986; Shears,
1998; York, 2006; York et al., 2001). The landmark studies demonstrating that cellular
stimuli activate phosphoinositide specific phospholipase C (PLC) resulting in the production
of intracellular messengers inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol provided
the rationale for understanding signaling pathways dependent on water soluble IP molecules
(see reviews (Berridge, 1993; Nishizuka, 1986)). Over twenty such IP codes have been
identified in cells, most of which are conserved through eukaryotes (see reviews (Irvine and
Schell, 2001; Majerus, 1992; Shears, 1998). Progress in understanding the cellular roles of
these putative regulatory molecules has come from the cloning and cellular manipulation of
inositol polyphosphate kinase (IPKs) and inositol pyrophosphate synthase (IPS) gene
products. IPK and IPS activities are required to produce many of these codes through
conversion of IP3 to a variety of species including: inositol tetrakisphosphate (IP,4), inositol
pentakisphosphate (IPs), inositol hexakisphosphate (IPg) and inositol pyrophosphates (PP-
IPs) (York, 2006).

This article will discuss the biochemistry and biology of IPK and IPS gene products and the
processes influenced by these newly defined regulators of cellular communication pathways.
Of interest, several labs have discovered that the IP and PP-IP products are required for
proper regulation of nuclear processes and organism development. These new studies have
invigorated the field and have been helpful in deciphering the inositide chemical codes.

Cloning of IPK and IPS gene products

The metabolic pathways for conversion of IP3 to 1Py, IPs, IPg and PP-IP molecules have
been studied for decades (See Figure 1) (Irvine and Schell, 2001;Majerus, 1992;Shears,
1998). In the past ten years, the genes involved in their synthesis have been identified.
Metabolomic studies in the budding yeast, Saccharomyces cerevisiae, identified two
kinases, designated Ipk1 and Ipk2, that convert 1(1,4,5)P3 to IPg (Odom et al., 2000;Saiardi
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et al., 2000b;York et al., 1999). This pathway is dependent on yeast PI-specific
phospholipase, Plcl, a dual-specificity 1P3/IP4 6-/3-kinase (Ipk2) and an IPg 2-kinase (Ipk1).
The cloning of 1pk2 and Ipk1 provided the gene products that accounted for activities
initially identified by the Downes and Michell laboratories, who first reported a pathway of
IP3 conversion to IPg via 6-, 3- and 2-kinase activities, respectively (Estevez et al.,
1994;0ngusaha et al., 1998;0ngusaha et al., 1997). Production of these molecules is lipid-
dependent as deletion of Plc1 resulted in a failure to produce IPg, and other IPs, and over-
expression of Plcl induced 1Pg synthesis over 20-fold (York et al., 1999). Metabolic analysis
of ipk2 mutant yeast revealed a marked build-up of IP3 and a failure to produce IP4, IP5 and
IPg (Odom et al., 2000;Saiardi et al., 2000b;York et al., 1999). Analysis of ipk1 mutant cells
showed an accumulation of IP5 and a failure to synthesize IPg (York et al., 1999).

In addition to the IPKs, budding yeast have two distinct inositol pyrophosphate synthase
(IPS) activities that generate PP-1P4 and PP-1Pg branches from the core IP3 to IPg pathway
(see Figure 1) (Saiardi et al., 2000a;Saiardi et al., 1999;Seeds et al., 2005;York et al., 2005).
These activities have been designated IPg kinases (IP6K); however, since some utilize I1P,4
and IPg as substrates it is suggested that IPS may be a more general nomenclature. The
predominant IPg kinase activity in yeast extracts capable of generating PP-1Pg was identified
as Kcsl, a gene product originally found as a second-site suppressor of protein kinase C
mutants (Huang and Symington, 1995;Saiardi et al., 1999). Kcs1 is related by sequence
similarity to Ipk2 and IP3 3-kinases (see Figure 2). Additionally, Kcs1 has been found to
utilize other IP substrates enabling the production of several high-energy pyrophosphates
including PP-1Pg4, PP-1P5, PP,-1P3, and PP,-1P4 (Luo et al., 2002;Saiardi et al., 2000a,
2002;Seeds et al., 2005;York et al., 2005). Furthermore, Kcsl appears to also function as an
1(1,4,5)P3 3-kinase activity, or regulator thereof, in vivo (Seeds et al., 2005) that initiates a
novel second minor metabolic pathway in yeast (Dubois et al., 2002;Seeds et al., 2005).

A second IPS activity, designated Ips1 (also referred to as Ids1 for inositol diphosphate
synthase), was identified by metabolomic studies in yeast cells deficient for kcs1 and dpp1l,
an inositol pyrophosphate phosphatase (York et al., 2005). Ips1 is capable of producing
several unique PP-IP4, PP-1P5 and PP,-1P,4 species (Seeds et al., 2005; York et al., 2005);
however its molecular identity has not yet been reported. Metabolic characterization of
inositides in Dictyostelium have revealed multiple pyrophosphate species, although currently
it is unclear if these are produced through the actions of Kcs1 and/or 1ps1 orthologues
(Albert et al., 1997; Laussmann et al., 1996, 1998, 2000, 1997).

The evolutionary conservation of the IPK and IPS gene products extends from yeast to man
(Figure 2). Studies in plants, fruit flies, and mammals demonstrate that 1pk2, also known as
inositol polyphosphate multi-kinase (IPMK), and Ipk1 are required for IPg synthesis (Chang
et al., 2002;Frederick, 2005;Fujii and York, 2005;Nalaskowski et al., 2002;Saiardi,
2001;Seeds et al., 2004;Stevenson-Paulik et al., 2005;Stevenson-Paulik et al., 2002;Verbsky
et al., 2005a,2005b,2002;Xia et al., 2003). However, plants and mammals have been found
to harbor alternate and/or redundant pathways for the synthesis of 1Pg that involve two
additional IPKs: 1) an 1(1,4,5)P3 3-kinase and 2) an 1(1,3,4)P3 5/6-kinase (Choi et al.,
1990;Majerus, 1992;Shears, 1989,1998;Shi et al., 2005,2003; Takazawa et al., 1990;Wilson
and Majerus, 1996,1997). It has also been reported that some organisms produce IPg through
lipid-independent routes (Brearley and Hanke, 1996;Shi et al., 2005;Stephens and Irvine,
1990). These additional gene products do not appear to be present in the S. cerevisiae
genome, and plants have a 5/6-K, but not an IP3K, gene product. Mice have three IP3K
isoforms and single and double deletions alter 1(1,3,4,5)P4 production but do not alter IP5
synthesis (Pouillon et al., 2003). In drosophila neither of the IP3K isoforms appear to be
required to produce IPg (Seeds et al., 2004). Disruption of 5/6-K decreased IPg synthesis in
maize (Ipa mutants) and human cells (Shi et al., 2003;Verbsky and Majerus, 2005;Wilson
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and Majerus, 1997). Thus, even though plants and metazoans have may have more complex
routes to synthesize inositides, it is clear that 1pk2/IPMK and Ipk1 appear to be required for
IP5 and 1Pg production in all eukaryotic species analyzed to date.

Nuclear localization of IPK and IPS proteins

A common theme in signaling biology relates to the spatial restriction of pathways to
selective compartments, such as the nucleus. Nuclear specific inositol lipid pathways were
among the first descriptions and have added to the complexities of inositide signaling —
reviewed elsewhere (Cocco et al., 2002; D’Santos et al., 2000, 1998; Faenza et al., 2005;
Manzoli et al., 2004; Martelli et al., 2004; Yagisawa, 2006). Of particular relevance to the
IPK pathways presented in this article are the findings that some PLC isozymes undergo
nucleo-cytoplasmic shuttling providing a direct mechanism for nuclear PIP, hydrolysis and
initiation of nuclear 1(1,4,5)P3 and 1,2-diacylglycerol (DAG) signaling pathways (Faenza et
al., 2005; Topham and Prescott, 2002; Yagisawa, 2006) (Jeremy Thorner, UC Berkeley,
unpublished). The study of how nuclear kinases, lipases and phosphatases are locally
activated — especially in the context of extracellular agonists — remains an active and
exciting field. Are nuclear inositides, such as IP3, locally produced? This question has been
difficult to answer as methods to spatially image IP molecules do not exist. Studies
suggesting that IP3 receptors localize to the inner nuclear membrane and mediate nuclear
calcium release provide indirect evidence that nuclear 1Pz pathways are present
(Gerasimenko and Gerasimenko, 2004). Interpretation of these types of studies is
confounded by the rapid diffusion rates of IP molecules throughout the cell. Nonetheless, it
has been suggested that rapid bursts of IP production within the nucleus may locally signal.

Subcellular localization studies of IPK and IPS proteins indicate that, in part, they function
in the nucleus. Ipk2/IPMK has been shown to be primarily nuclear in a number of different
cell types and species (Bercy et al., 1987; Fujii and York, 2005; Nalaskowski et al., 2002;
Odom et al., 2000; Seeds et al., 2004; Xia et al., 2003). Yeast Ipk1 was shown to localize to
the nuclear envelope (York et al., 1999). Kcs1 and mammalian IP6K have been found to be
both nuclear and cytoplasmic (Luo et al., 2002; Saiardi et al., 2001).

Is the nuclear localization of the IPK and IPS proteins a requirement for production of IP
and PP-1P molecules? The conservation of nuclear localization across species and their roles
in regulating nuclear processes (see below section) indicates the answer to this question
would be intuitively “yes”! However, based on cellular studies the answer is still unclear and
there is evidence supporting both “no” and “yes” answers. Studies in which Ipk1 was
artificially targeted to the plasma membrane still synthesize 1Pg and appear to complement
Glel-mediated mMRNA export (Miller et al., 2004). Heterologous expression of Arabidopsis
thaliana, Drosophila melanogaster and Rattus norvegicus IPK2/IPMK gene products in ipk2
deficient yeast restore 1P4/IP5 synthesis activity (Fujii and York, 2005; Seeds et al., 2005,
2004; Stevenson-Paulik et al., 2005, 2002; Xia et al., 2003). Studies in which yeast and rat
GFP-Ipk2 were individually overexpressed in Rat-1 cells demonstrated that both resulted in
a 4-fold elevation in cellular IP5 levels despite the fact they differentially localized to
cytoplasmic and nuclear compartments, respectively (Fujii and York, 2005). These data
indicate that localization does not appear to be required for metabolic function. In contrast,
overexpression of a nuclear exclusive Plcl that has a mutation in the nuclear export
sequence, results in similar induction of 1P, IP5 and IPg synthesis as compared to a wild-
type Plcl (J. Thorner and J. York laboratories, unpublished data). The Thorner lab has
shown that Pik1 has both distinct essential nuclear and cytoplasmic functions of both nuclear
and cytoplasmic pathways (Strahl et al., 2005); whereas studies of the Emr lab indicate that
the PIP 5-kinase, Mss4p, appears to require cytoplasmic localization for its essential
functions (Audhya and Emr, 2003). Thus there seems to be evidence supporting both
arguments. We are cautious in interpreting these results as heterologous proteins were
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overexpressed and quantitative functional assays have not been adequately performed.
Furthermore, the small size and rapid diffusion rates of soluble IPs make it difficult to
reconcile exactly where the substrates for the IPK and IPS activities are generated. This
emphasizes the need to generate tools capable of spatio-temporal imaging of these
messengers in living cells.

Inositide signaling to the nucleus

Genetic and biochemical studies of a phospholipase C-dependent pathway in the budding
yeast have provided compelling functional evidence for regulation of three distinct nuclear
processes by higher IP and PP-IP molecules including: 1) transcriptional regulation/
chromatin remodeling; 2) efficient mMRNA export from the nucleus and 3) telomere length
maintenance (Figure 3). The IPK and IPS gene products play a critical role in regulating
these processes, although at this point the mechanisms as to how remain an active area of
study.

Gene expression—The regulation of gene expression by inositides has emerged from
research performed within the past two decades. Among the initial links between inositol
signaling and transcriptional control, were those made by the Henry lab through studies of
the yeast INO1 gene product (Bailis et al., 1992; Carman and Henry, 1999; Hirsch and
Henry, 1986; Lopes et al., 1991). They showed that regulation of Inol expression required
cis-acting elements that link to sensing lipid and small molecules within the cell. Work of
others has shown that in response to signals the physical location of the INO1 promoter with
respect to the nuclear envelop is altered and that this movement changes the transcriptional
rates (Brickner and Walter, 2004). Additionally, Crabtree and colleagues observed that PIP,
increases recruitment of the mammalian BAF chromatin remodeling complex to the nuclear
matrix (Zhao et al., 1998). Subsequently, they also found that PIP, binds directly to the BAF
complex and increases its association with stable polymerized actin (Rando et al., 2003,
2002).

A direct link between gene expression and IP4/IPs production has come from studies that
found the yeast transcriptional regulator Arg82 is identical to the IP3 kinase — which
prompted its renaming to inositol polyphosphate kinase 2, Ipk2 (Odom et al., 2000). As
outlined above, yeast Ipk2/Arg82 functions as a 6-/3-kinase capable of converting IP3 to IPs5
(Odom et al., 2000; Saiardi et al., 2000b). 1pk2/Arg82 was found to be conditionally
essential for survival of yeast when grown on arginine or ornithine, but not glutamate, as the
sole nitrogen source (Bechet et al., 1970; Dubois et al., 1987; Odom et al., 2000). Ipk2/
Arg82 is one of four components (Mcm1, Arg80, Arg81, and Arg82) of the ArgR-Mcm1
complex required for arginine-specific transcriptional responses (Messenguy and Dubois,
2003). Ipk2/Arg82 also was found to directly associate with Mcm1, a MADS box DNA
binding protein (EI Bakkoury, 2000) and in response to arginine signals Ipk2/Arg82 is
recruited to active regions of transcription as measured by chromatin immunoprecipitation
(ChlIP) assays (Yoon et al., 2004). Thus it appears that ArgR-Mcm1 controls the
transcriptional activation of arginine catabolic gene products and repression of arginine
anabolic pathway members, thereby allowing cells to reprogram nitrogen production under
certain nutritional limitations. The role of Ipk2/Arg82 in transcriptional control extends
beyond that of amino acid metabolism as subsequent studies have shown it is involved in
controlling gene expression of other pathways including the chromatin remodeling within
the PHOS5 promoter (Steger et al., 2003) and of nitrogen responsive gene regulation
pathways (EI Alami et al., 2003).

Mechanistically, 1pk2/Arg82 may regulate gene expression through both kinase “dependent”
and “independent” pathways. Prior to finding that Arg82 harbored IP3 kinase activity, it was

Adv Enzyme Regul. Author manuscript; available in PMC 2012 January 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seeds et al.

Page 5

shown that assembly of ArgR-Mcm1 protein complexes on “arginine box” site-specific
DNA promoter elements in vitro requires Ipk2 protein (Dubois and Messenguy, 1994). Later
it was shown that kinase activity is not required for assembly on DNA elements (Odom et
al., 2000). Kinase activity of Ipk2/Arg82 and production of IPs through phospholipase C
were found to be required for proper activation of ArgR-Mcm1 transcription complexes as
determined through a phenotypic assay looking for cell growth on minimal medium
supplemented with arginine or ornithine as the sole nitrogen source (Odom et al., 2000).
Dubois and colleagues have reported that Ipk2 kinase activity and IP production were
required for some, but not all, transcriptional regulation by Ipk2/Arg82 (Dubois et al., 2000;
El Alami et al., 2003). It has been suggested that a poly aspartate region of Ipk2 (residues
286-301) accounts for a kinase-independent stabilization determinant for Mcm1 and/or
ArgR-Mcm1 complexes (EI Alami et al., 2003; EI Bakkoury, 2000). Recent studies have
shown that this model cannot fully account for regulation as it was shown that expression of
Drosophila melanogaster or Arabidopsis Ipk2, both which lack the poly aspartate sequence,
fully restore the growth of ipk2 null yeast in media containing arginine or ornithine as the
sole nitrogen source (Odom, 2002; Seeds et al., 2005; Xia et al., 2003). Interestingly, the
plant and fly Ipk2 sequences are less than 17% identical to yeast Ipk2 (over 300 mutations in
355 total residues), yet both retain dual-specific 1P3/IP4 6-/3-kinase activity. Thus, the
ability of the heterologous Ipk2 molecules to complement function provides a “genetic” add-
back strategy. These data demonstrate that the kinase dependent function of Ipk2 is required
for transcriptional control (as judged by a phenotypic assay) and that restoration of 1P4/IPs
production is sufficient to bypass “kinase-independent” transcriptional roles for Ipk2.

A number of studies indicate a general role for Ipk2/Arg82 and its kinase activity in the
transcriptional regulation of several pathways. For instance, 1pk2 is required for
transcriptional responses other than through the ArgR-Mcm1 complex (Auesukaree et al.,
2005; El Alami et al., 2003; Odom, 2002, 2000; Romero et al., 2006; Shen et al., 2003;
Steger et al., 2003). It is also possible that some of the pleiotropic defects observed occur as
a result of metabolic changes downstream of Ipk2, such as altered PP-1P4 and/or PP-IPs.
Support for this hypothesis come from studies of kcs1 mutant yeast, which have altered gene
expression profiles based on micro-array analysis (EI Alami et al., 2003). The Snyder lab
has also proposed that Ipk2/IPMK has “robust” PIP, 3-kinase activity and that this lipid
kinase function is important for transcriptional control of some but not all genes (Resnick et
al., 2005).

Possible mechanisms by which Ipk2 and its products, such as IP4 and IPs, regulate gene
expression have been suggested by recent studies. Chromatin structures are precisely
regulated to control access of nuclear machinery to DNA. De-repression of gene expression
can occur when chromatin remodeling complexes mobilize nucleosomes from promoter
regions and allow access of regulatory factors and general transcriptional machinery. The
O’shea lab found that transcriptional regulation by IPs might occur through alteration of
chromatin remodeling complexes. In their studies, Ipk2 was identified through a genetic
screen looking for factors involved in the regulation of transcription at the PHO5 promoter
(Steger et al., 2003). Pho5 expression was also repressed in strains containing plcl or ipk2
mutations. Using ChIP methods, Ino80 and SWI/SNF chromatin remodeling complexes
were identified as the mediators of nucleosome mobilization at the PHO5 promoter. Further,
recruitment of these factors to promoters was impaired in strains that lacked IP4 and IP5
synthesis. Transcription factors were unable to access the promoter and transcription of the
Pho5 was blocked. These results indicate that IP4 and 1P5 may directly play a role in
recruiting Ino80 and SWI/SNF complexes to specific promoters.

Shen and coworkers proposed a molecular basis for the action of the IPs on the chromatin
remodeling complexes through the use of an in vitro nucleosome mobilization assay (Shen
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et al., 2003). Several classes of complexes are either stimulated or inhibited in their ability to
mobilize nucleosomes. High concentrations of IPg inhibited nucleosome mobilization by the
NURF, INO80, and ISW2 complexes, potentially through inhibition of their ATPase
activities. IPg did not inhibit nucleosome mobilization by the SWI/SNF complex and it was
shown that IP4 and IP5 were stimulatory. This study also demonstrated that transcription of
the INO1 gene was significantly repressed in plcl and ipk2 mutants and, partially repressed
in ipkl mutants. Together, these data indicate that IP4, IP5, and IPg are required for proper
transcriptional regulation of the Inol expression, possibly by directly targeting the
chromatin remodeling complexes themselves.

Another possible nuclear receptor for IP or PIP products has come from a recently
discovered family of PHD finger-containing proteins (Gozani et al., 2003). The PHD finger
protein and tumor suppressor, inhibitor of growth protein-2 (ING2), was found to bind I1P4-
affinity resin and phosphoinositides, including PI5P (Gozani et al., 2003). Subsequent
studies have furthered this work and have shown that nuclear PI5P alteration in cells lead to
ING2 dependent changes in chromatin (Jones et al., 2006). Other links of inositide signaling
to PHD proteins have come from studies of a Drosophila melanogaster PHD-containing
protein, ASH2, which by two-hybrid analysis was found to associate with a putative PIP
kinase called skittles (SKTL) (Cheng and Shearn, 2004). This may be the “tip of the
iceberg” since PHD fingers are part of a large family of nuclear proteins (over 100 in
metazoans and 16 in budding yeast) implicated in transcriptional regulation by interacting
with or modifying chromatin, in part, through the regulation of histone acetylation (Feng et
al., 2002).

This story has become even more exciting based on studies showing that PHD fingers bind
to trimethyl-lysine residues of histones (H3K4me3) thereby playing a role in interpreting the
histone-code hypothesis. Crystallographic studies defined a molecular basis for how PHD
fingers of ING2 and NURF bind to H3K4me3 (Li et al., 2006; Pena et al., 2006; Shi et al.,
2006; Wysocka et al., 2006). Yeast ING1 (Ynglp) also has been reported to bind to
H3K4me3 (Martin et al., 2006). Mechanistically it is not clear whether or not IP/PIP and
H3K4me3 binding to PHD fingers occur through the same pocket, overlapping or
completely distinct sites. If the PHD fingers are bone fide receptors for both inositides and
trimethyl-lysine residues on histone tails, then one can imagine a number of new scenarios
regarding how inositide signaling may regulate the histone code and chromatin remodeling.

IP regulators of mMRNA export—Another role for IP molecules in the regulation of
nuclear function have emerged from the discovery that IPg production is required for
efficient mRNA export from the nucleus (York et al., 1999). A genetic screen was designed
to gain insight into the function of GLE1, a factor thought to function as a mediator between
splicing and nuclear export of poly(A)* RNA. Plc1, Ipk2, and Ipkl were identified as factors
that are synthetically lethal with GLEL. Mutations in all three genes resulted in a common
failure to both generate IPg and export mRNA from the nucleus. Based on these data, IPg
was proposed as a mediator of mMRNA export. Miller et al identified genes that were
synthetic lethal with an ipk1 null strain including a subset of genes at the nuclear pore that
had been previously tied to GLE1 function (Miller et al., 2004). Several of these
nucleoporins reside on the cytoplasmic face of the nuclear pore and the author’s speculated
that the 1Pg site of action might reside there. Recent work by two different groups reveals
that this hypothesis was correct as GLEL, a resident protein on the cytoplasmic face of the
nuclear pore was found to interact directly with IPg (Alcazar-Roman et al., 2006; Weirich et
al., 2006). The GLE1/IPg complex was found to recruit and activate the activity of the
DEXE/H-box ATPase Dbp5, a component that is required for mRNA export. When Ipk1 was
expressed with a STE2 tag that localizes it to the plasma membrane it was able to rescue the
growth defect of a glel/ipkl double mutant. Taken together these results suggest that that
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cytoplasmic production of IPg is sufficient to stimulate mMRNA export from the nucleus by
binding GLEL1 and activating the ATPase activity of DBP5.

Support for I1Pg regulated mRNA export in mammalian cells comes from work of Majerus
and coworkers (Feng et al., 2001). The Salmonella dublin virulence factor SopB is an
inositol phosphatase that hydrolyzes a wide range of IP and Pl species (Norris et al., 1998).
When SopB was expressed in human cells, IP levels, including IPg, were greatly reduced
and mRNA was found to accumulate in the nucleus (Feng et al., 2001).

IP regulators of DNA metabolism—Inositides have also been found to function as
regulators of DNA metabolism through, homologous recombination, nonhomologous end
joining (NHEJ), regulation of telomere length, and DNA repair. Yeast Kcs1 was originally
cloned as a suppressor of a hyper-recombination phenotype conferred by a mutant pkcl
allele (Huang and Symington, 1995). The suppression was later attributed to PP-IP
production through Kcsl because a kinase dead mutant could not suppress the pkcl allele
(Luo et al., 2002). The mechanism through which the PP-IPs mediate recombination may be
general because Kcsl appeared to regulate all of the possible mechanisms tested. Another
connection of IPs to DNA repair comes from identification of Ipk2 as a dosage suppressor of
rad53 null and mecl mutant yeast (Desany et al., 1998). Both Rad53 and Mec1 function to
monitor genome integrity checkpoints suggesting a new link of IP production and these
pathways.

A role for IPg was proposed as a positive regulator of NHEJ in mammalian cells. The
components that are required for NHEJ include the Ku70/80 heterodimer that binds to DNA
ends and a DNA-dependent protein kinase catalytic subunit (DNA-PK) that shares
significant homology to the P13-kinase family. Ku recruits DNA-PK to the DNA and the
break is repaired by a DNA ligase V. An in vitro assay reveals that IPg could activate the
DNA-PKs/Ku holoenzyme (Hanakahi et al., 2000). The IPg interaction appeared to be
mediated through its direct binding Ku (Hanakahi and West, 2002; Ma and Lieber, 2002). A
possible link between cellular IP production and Ku was made using photobleaching
experiments (Byrum et al., 2004). Cells with partially depleted IPs had correlative reduced
mobility of GFP-Ku. The authors speculated IPg induces a conformational change in Ku
which caused dissociated from its binding partners and diffusion through the nucleus.
Studies in yeast found that IPg was unable to bind to yeast Ku and end joining is not
defective in vivo when IP synthesis is disrupted (Hanakahi and West, 2002; York et al.,
2005).

An additional role for inositides regulated DNA metabolism has been proposed in the
modulation of telomere length in yeast (Saiardi et al., 2005; York et al., 2005). It was shown
that plcl, ipk2, and kcs1 mutants have longer telomeres as compared with wild type cells,
implicating PP-IP, as a negative regulator of telomere length (York et al., 2005).
Conversely, mutant cells with increased levels of PP-1P, were shown to have shorter
telomeres (York et al., 2005). Further, the author’s demonstrated that PP-1P4 production was
epistatic with the P1 3-kinase related protein kinase Tell in mediating these effects of
telomere length. Saiardi and coworkers also reported a role for PP-1Ps in the regulation of
telomere length through TEL1 (Saiardi et al., 2005). The mechanistic basis for inositol
pyrophosphate regulation to telomere length remains an important area of study.

Roles for IPK proteins in organism development

Recent studies of IPK2 and IPK1 knockout animals and plants point to a more general role
for IPs and PP-IPs in cellular signaling responses (Frederick, 2005; Sarmah et al., 2005;
Stevenson-Paulik et al., 2005; Verbsky et al., 2005a). Deletion of Ipk2/IPMK in mice results
in early embryonic lethality at E8.5 (Frederick, 2005). Ipk2/IPMK deficient mice exhibit
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multiple morphological defects, including: 1) abnormal folding of the neural tube, 2) failure
of the allantois and chorion fusion, 3) failure of embryo turning, 4) abnormal elongation of
the anterior-posterior axis, and 5) marked reduction/delay in somite formation (Frederick,
2005). Ipk2/IPMK expression increases significantly in neuronal specific tissues around day
E8.5 and our data indicate that several tissue-patterning events require a functional 1pk2/
IPMK protein. Of interest, our data indicate that calcium signaling is normal, and therefore
the lethality and developmental defects are likely due to loss of 1P5 and/or IPg production.

Homozygous disruption of Ipk1 in mice through a gene-trap strategy developed by Bay
Genomics (San Francisco, CA), which placed the gene trap in the first intron of IPg 2-
kinase, resulted in early embryonic lethality and no homozygous embryos could be found
even at day E8.5 (Verbsky et al., 2005a). Using the fact that heterozygous animals expressed
b-galactosidase under control of the IPg 2-kinase promoter, it was shown that the enzyme
was prominently expressed in embryonic neural tube, the myotome of the somites and in the
yolk sac. In adult animals the enzyme was expressed in the hippocampus, the cortex, the
Purkinje layer, cardiomyocytes, and the testes.

Disruption of Ipk2 and Ipk1 in Arabidopsis results in plants that lack the ability to generate
phytate (IPg) in seeds, which has significant ramifications in the agricultural and signaling
communities (Stevenson-Paulik et al., 2005). Phytate is a regulator of intracellular signaling,
an anti-nutrient in animal feed, and a phosphate store in plant seeds. It was shown that
AtIPK1 and AtIPK24 double mutant plants produced normal seed yield, strongly indicating
that the disruption of ipk2 and ipkZl in cereal grains would represent a viable strategy for
generating nutritionally improved crops. This study also provided indications that loss of
AtIPK1 and IPg production disrupted phosphate signaling and sensing (Stevenson-Paulik et
al., 2005).

Furthermore, the work of the Wente laboratory has shown that reduction of zebrafish Ipk1
results in abnormal development (Sarmah et al., 2005). Strikingly, these mutants exhibited
defects in heart left-right asymmetry and provide evidence that IPg production is required for
proper asymmetric calcium flux during left-right heart specification.

Our laboratory studies the biology and enzyme regulation of inositol signal transduction
pathways, which are activated in response to a wide range of stimuli. As a six-carbon
cyclitol, inositol and its numerous phosphorylated derivatives efficiently generate
combinatorial ensembles of signaling molecules. Through the cloning and characterization
of inositol polyphosphate kinases (IPK), novel roles for inositol tetrakisphosphate (IP4),
inositol pentakisphosphate (IPs), and inositol hexakisphosphate (IPg) and inositol
pyrophosphates (PP-1Ps), have been identified. Studies have linked the IPKs and their
inositide products to the regulation of nuclear processes including gene expression,
chromatin remodeling, mMRNA export, DNA repair and telomere maintenance. Analysis of
IPK knockout animals has revealed a role for production of IPs in regulation of
embryogenesis and organism development.

The discoveries of the IPK proteins and their connection to nuclear signaling have generated
significant interest in the field. Furthermore, they have provided interesting clues into the
evolution of inositide signaling pathways. Ipk2/IPMK and IPS/IP6K family members are
conserved from yeast to man. In contrast, the IP3 3-kinase (ITPK) branch is observed in
selected metazoans and not in plant or fungi. This may imply that Ipk2 and IPS activities
evolved first among the group. The promiscuity of the Ipk2 protein further supports this
notion and may provide the cell with a means to generate many IP species in a genetically
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economical fashion. Studies of yeast inositide signaling reveal that these simple eukaryotes
do not have an IP3 receptor in their genome and do not utilize diacylglycerol to activate
protein kinase C. Thus, it appears that the canonical “text book™ aspects of inositide
signaling pathways are not conserved throughout eukaryotic evolution. In light of the
conservation of 1pk2/IPMK, Ipk1 and IPS/IP6K pathways from yeast to man it is interesting
to speculate that a primordial role of phospholipase C-induced, IPK-dependent inositide
signaling was to regulate nuclear processes. As calcium and PKC signaling evolved in
metazoans, these may have greatly enhanced signaling capabilities. Recent studies
demonstrating an essential role for IPs, IPg and possibly PP-IP production in metazoan
development highlight the importance of IPK signaling in cellular responses in metazoans.
With these thoughts in mind, we eagerly await future studies aimed at further elucidating
how these signaling codes participate in developmental processes and the control of gene
expression, mMRNA export, and DNA metabolism.
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Fig. 1.

IPK and IPS metabolic pathways. Activation of phospholipase C triggers the conversion of
phosphatidyinositol 4,5-bisphosphate, P1(4,5)P,, to the second messenger 1(1,4,5)Ps.
Originally discovered in Saccharomyces cerevisiae, pathway | has been shown to exist in
Arabidopsis thaliana, Drosophila melanogaster, and Rattus norvegicus. This pathway is
initiated by the 6-/3-/5-kinase (Ipk2) that sequentially phosphorylates 1(1,4,5)P3 to generate
1(1,3,4,5,6)Ps. Evidence supports the existence pathway Il in Homo sapiens and Zea mays
and occurs through a four step conversion of 1(1,4,5)P3 to 1(1,3,4,5,6)Ps through the
activities of and IP3 3-kinase (IP3K), IP4 5-phosphatase, a 1(1,3,4)P3 5-/6-kinase, 5-kinase
of Ipk2 respectively. In either pathway, a 2-kinase (Ipk1) converts 1(1,3,4,5,6)Ps to IPg
while also performing additional “branch” reactions. Inositol pyrophosphate synthase
activities (IPS) generate high-energy pyrophosphate species PP-1P4 and PP-IPs.
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Fig. 2.

IPK family members. Sequence comparison of soluble inositol polyphosphate kinases
indicate that there are at least three distinct classes, which do not show detectable similarity
to each other or inositol lipid kinases. Ipk1l members act as selective 2-kinases and add a D-2
phosphate to IP4 and 1(1,3,4,5,6)P5 substrates and harbor a EXKxK...MTRL...DbDbK
motif. Ipk1 gene products have been found in all eukaryotes. The second class is comprised
of related gene products that contain a signature PxxxDxKxG motif and include the 6-/3-/5-
kinases (Ipk2/IPMK), IP3 3-kinases (IP3K), and inositol pyrophosphate synthases (IPS).
Both Ipk2 and IPS gene products are found in all eukaryotes. IP3K is found in metazoans
but not S. cerevisiae or Arabidopsis. The third class is the 1(134)P35/6K/ITPK1 has a
PxVxQxFxNH...IDINXFP motif and which originally was shown to designates inositol
1,3,4-trisphosphate 5/6-kinase, orthologs of which are present in plants and most metazoans
(except Drosophila).
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IPK signaling to the nucleus. Phospholipase C activation results in the cleavage of P1(4,5)P,
(PIP,) to generate 1(1,4,5)P3 (IP3) Conversion of 1P3 to 1Py, IPs, IPg and PP-1P4 occurs
through the actions of Ipk2, Ipk1 and the inositol pyrophosphate synthase, Kcsl. Ipk2 and its
IP4 and IP5 products have been shown to be required for proper regulation of gene
expression/chromatin remodeling. Ipk1 and its IPg product have been found to modulate
mMRNA export, non-homologous end joining (NHEJ), and RNA editing. Kcs1 and its PP-1P,4
product have been shown to regulated telomere maintenance and DNA repair. Selected

citations are listed for each process.

Adv Enzyme Regul. Author manuscript; available in PMC 2012 January 13.



