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Abstract

Inositol phosphates (IPs) are signaling molecules implicated in a variety of
cellular processes, notably, cell survival signaling and vesicular trafficking, which
underlie diseases such as cancer and diabetes. The specific roles of many IPs in
disease states have yet to be determined. Inositol phosphate kinases (IPKs)
phosphorylate inositol 1,4,5-trisphosphate (IP;) on different positions of its inositol
ring to yield an array of unique IPs. Control of IP production at different stages of
the IP metabolic pathway could be used as an approach to determine the functional
roles of each IP. In this thesis, we focus on inositol 1,3,4,5,6-pentakisphosphate 2-
kinase (IPK1), which phosphorylates IPs to IPs. These two IPs regulate apoptosis
in vitro and in vivo, revealing a role for IPK1 in cell death, but their precise
mechanisms of action remain unresolved. Our overall goal was to structurally and
biochemically characterize IPK1 to identify how it selects its substrates, how it is
regulated, and how it may be targeted with small molecules to be used as tools to
study IPK1 function. We determined the IP-free crystal structure of IPK1, which
revealed that the N-lobe of IPK1 is unstable in the absence of substrate. Based on
this observation, we hypothesized that IPK1 uses a mechanism of IP-induced
stabilization to select IPs as its substrate: IPs is initially recognized by IPK1
through the 4-, 5-, and 6-phosphates, and then, the 1- and 3-phosphates induce N-
lobe stabilization, thereby allowing IPK1 activation only when the appropriate IP
is bound. The key interaction between R130 and the 1-phosphate of the IP
stabilizes the N-lobe for subsequent kinase activation. To validate our hypothesis,
we evaluated the role of each IP phosphate for IP binding and kinase activation.
We determined that the 5- and 6-phosphates were more important for IP binding,
while the 1- and 3-phosphates were more important for IPK1 activation. Moreover,
we demonstrated that IPs lacking the 1- or 3-phosphates were unable to stabilize
IPK1 to the same extent as IPs, and that artificial stabilization of the N-lobe by
engineered disulfide bonds altered [PK1 substrate specificity, by reducing the need
for N-lobe interactions with substrate. We also characterized PKRnc and Catechin
Gallate as leads for the development of small molecule inhibitors of IPK1. Taken
together, our studies provide a basis for the development of selective inhibitors for
IPK1 to investigate the roles of IPs that modulate apoptotic signaling pathways.

Moreover, IP-induced stabilization distinguishes IPK1 from other IPKs and



provides important considerations for the selective inhibition of each IPK.
Uncovering the role of IPs in different cellular processes may ultimately lead to

novel treatments for diseases whose underlying mechanisms are mediated by IP

signaling.



Résumé

Inositol phosphates (IPs) représentent une classe de molécules de
signalisation qui sont impliqués dans différents processus cellulaires, en particulier
dans la signalisation de la survie cellulaire et le trafic vésiculaire, qui sont la base
des maladies telles que le cancer et le diabete. Les roles spécifiques de plusieurs
IPs dans des états pathologiques n’ont pas encore été déterminés. Inositol
phosphates kinases (IPKs) catalysent la phosphorylation de inositol 1,4,5-
trisphosphate (IP;) sur différentes positions de son cycle d’inositol pour créer de
nouveaux IPs qui sont uniques. Le control de la production des IPs a différentes
¢tapes de la voie métabolique des IPs pourrait €tre utilisé pour découvrir les roles
fonctionnels de chaque IP. Dans cette thése, nous nous concentrons sur inositol
1,3,4,5,6-pentakisphosphate 2-kinase (IPK1), qui catalyse la formation de IP¢ a
partir de IPs. Ces deux IPs régulent I’apoptose in vitro et in vivo et dévoilent un
role pour IPK1 dans la mort cellulaire, mais leurs mécanismes d’actions précises
ne fut résolus. Notre objectif était de caractériser IPK1, en démontrant sa structure
et sa biochimie, pour déterminer comment celle-ci choisit ses substrats, de quel
facon il est réglementé, et comment il peut étre ciblé pour étudier sa fonction
cellulaire. Nous avons obtenu la structure cristallographique de IPK1 sans que IP
soit présent, qui révéla que le N-lobe de IPK1 est deséquilibré dans 1’absence de
IP. D’aprés cette observation, nous avons supposé que IPK1 utilise un mécanisme
de ‘stabilisation induit par IP’ pour sélectionner IPs comme son substrat natif:
Initialement, le 4-, 5-, et 6-phosphate de IP5 sont reconnus par IPK1, et par ensuite,
le 1- et 3-phosphate de IPs induisent la stabilisation du N-lobe, qui permit
I’activation de IPK1 seulement quand le IP correspondant est attaché. L’interaction
entre R130 et le 1-phosphate du IP stabilise le N-lobe pour ’activation de la
kinase. Pour valider notre hypothése, nous avons évalué¢ le rdle de chaque
phosphate du IP pour I’engagement de IPK1 et l’activation de IPKI1. Nous
démontrdmes que le 5- et 6-phosphate sont plus importants pour engager [PK1
tandis que le 1- et 3-phosphate sont plus importants pour I’activation de IPK1. De
plus, nous avons démontré que les IPs qui manquent le 1- et 3-phosphate ont été
incapable de stabiliser IPK1 dans la méme mesure que IPs, et que la stabilisation
artificielle du N-lobe a modifi¢ la spécificité de substrat de IPK1, en réduisant la

nécessité pour les interactions entre le N-lobe et le substrat. Nous avons également



caractéris¢é PKRnc et Catechin Gallate comme des pistes pour le développement
d’inhibiteurs pour IPK1. Nos études fournissent une base importante pour le
développement d’inhibiteurs sélectifs pour IPK1 pour enquéter sur les réles des IPs
qui modulent les voies de signalisation apoptotiques. Pour ajouter, la ‘stabilisation
induit par IP’ distingue IPK1 d’autres IPKs et fournit des considérations
importantes pour I’inhibition sélective de chaque IPK. En découvrant les roles des
IPs dans différents processus cellulaires, on peut finalement conduire de nouveaux
traitements pour les maladies dont les mécanismes sous-jacents sont médiés par la

signalisation IP.
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1.1 Statement of the purpose of the investigation

Cellular signaling is a complex system comprised of receptors, enzymes,
scaffolding machinery, and small molecules that coordinate the basic functions of
the cell. This field grows in complexity with our understanding of different
signaling systems and their regulation. The interest in this field is driven by the
underlying principal that disruptions in cellular signaling contribute to diseases
such as cancer and diabetes and the discovery of a new receptor, ligand, signaling
event, signaling pathway, or its regulation leads us one step closer to effective
treatments for these diseases.

During the 1980s, the inositol phosphate, inositol 1,4,5-trisphosphate (IP;),
was recognized as a second messenger for calcium release. Over the next 30 years,
it was discovered that IP; is metabolized into many other inositol phosphates (IPs),
together, comprising a new class of signaling molecules. Since the early 1990s, the
enzymes that carry out these metabolic reactions have been identified and their
actions studied.

Despite the wealth of knowledge on cellular signaling, how IP signaling
affects cellular events remains poorly understood. There has been much success in
measuring changes in IP levels during a variety of cellular processes; however, the
specific roles of many of the IPs in those processes remain unclear: With what do
they interact? How do they modulate the activity of cellular receptors? More
importantly, can we identify new IP targets and approaches to regulate disruptions
in cellular signaling in disease states? The answers to these questions are plagued
by the lack of tools to attenuate production of specific IPs to discover their
functional importance.

In this thesis, we open up a new avenue to explore the functional roles of
higher IPs that are implicated in cell death. We focus on the enzyme, inositol
1,3,4,5,6-pentakisphosphate 2-kinase (IPK1), which is uniquely positioned at a
bottleneck in the pathways for the production of higher IPs. In our first three aims,
we structurally and biochemically characterize IPK1 to distinguish it from related
enzymes. In our last aim, we identify novel small molecule inhibitors of IPKI.
Taken together, these aims provide a basis for the selective targeting of IPK1,

which could be used for the future study of higher IPs.
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1.2 Inositol

Inositol is a carbohydrate that consists of a cyclohexane core with one
hydroxyl group positioned on each carbon of the ring. Inositol was first isolated
from muscle extracts by Scherer in 1850 and was named for the Greek word for
‘muscle’ (Posternak, 1965). Although the chemical structure of inositol appears
very simple, inositol possesses complex stereochemistry that ultimately serves as
the basis for the production of a myriad of derivatives. In theory, each of the six
hydroxyl groups on the cyclohexane ring can be oriented with axial or equatorial
stereochemistry resulting in nine different stereoisomers of inositol (Murthy,
2006). For example, the six hydroxyl groups are positioned equatorially in scyllo-
inositol, while myo-inositol possesses five equatorial hydroxyl groups and one
axial hydroxyl group. The allo-, cis-, and muco-isomers each have three axial
hydroxyl groups, while the epi- and neo-isomers each have two axial hydroxyl
groups. The chiro-isomer also has two axial hydroxyl groups as well, but are
positioned such that two chiral enantiomers exist, the D-chiro-inositol and L-chiro
inositol forms. To date, six of these isomers have been discovered in nature: myo-,
muco-, neo-, D-chiro-, L-chiro-, and scyllo-isomers (Murthy, 2006). More
importantly, myo-inositol is the most abundant stereoisomer in nature and occupies
a central role in cellular metabolism and signal transduction (Loewus and Murthy,
2000; Murthy, 2006). myo-Inositol serves as the basis for the biosynthesis of
inositol phosphates (IPs), phosphatidylinositides (PIs), and
glycosylphosphatidylinositols (GPIs) (Murthy, 2006).

1.3 Nomenclature of inositol

In 1976, the International Union of Pure and Applied Chemistry (IUPAC)
issued recommendations for the assignment of the stereochemistry (D or L) and
carbon numbering to be used for the nomenclature for inositol and its derivatives
(IUPAC, 1976). When myo-inositol is drawn as a horizontal projection, there are
two sets of hydroxyl groups: one set positioned above the ring (C1, C2, C3, and
C5); and one set positioned below the ring (C4 and C6). IUPAC rules state that C1
should be assigned to an enantiotopic carbon in the set that contains the most

number of substituents. Numbering then proceeds towards the next carbon in that

24



set. If carbon numbering proceeds counterclockwise, then the D-stereochemical
assignment is used in the nomenclature of the IP. If numbering proceeds
clockwise, then the L-stereochemical assignment is used. myo-inositol possesses
internal symmetry, in which two enantiotopic carbons may be assigned C1, so it is
possible to use either numbering scheme. In this thesis, the D-numbering scheme
will be used for all nomenclature of IPs, as it is most widely used in modern
literature (Shears, 2004) (Figure 1.1). In the D-stereochemical configuration, the
axial hydroxyl of myo-inositol is on the second carbon (C2) of the inositol ring. A
frequently used metaphor for this numbering derives from the similarity of the
thermodynamically stable chair configuration of D-myo-inositol to a turtle
(Agranoff, 1978) (Figure 1.1). The head represents the axial hydroxyl on the
second carbon, and the four limbs and tail represent the five equatorial hydroxyl
groups. The right hand limb is the 1-position, the left hand limb is the 3-position,

and carbon numbering proceeds counterclockwise.
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Figure 1.1. Stereochemistry of D-myo-inositol.
Adapted from Shears, 2004, in accordance with The Biochemical Society.
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1.4 Inositol phosphates

One of the aforementioned derivatives of inositol are IPs, which are
obtained by the addition of a phosphate moiety to any of the hydroxyl groups of
the inositol ring (Murthy, 2006). Unlike their inositol-containing lipid
counterparts, IPs are water-soluble compounds. The further addition of a phosphate
moiety to an already phosphorylated position of the inositol ring yields derivatives
known as diphosphoinositol phosphates (PP-IPs). Linkage of a diacylglycerol
(DAG) moiety on the 1-hydroxyl of an IP creates other derivatives known as
phosphatidylinositols (PIs), which are not water-soluble. IPs were initially
discovered in 1919 in plants and were thought to be part of a phosphate storage
mechanism (Posternak, 1919). In 1983, IP; was identified as a second messenger
that mobilized Ca’ release and the notion of IPs as signaling molecules was
established (Streb et al., 1983). Over the next 30 years, the role of IPs in cellular
signaling was reinforced as the identification and study of IP;s, IP,s, IPss, IP¢, and
PP-IPs was conducted in mammals, plants, and other species (Irvine and Schell,
2001). However, key questions remain unanswered: What are the physiological
roles of each of these identified [Ps? What are their mechanisms of action? How
are these IPs produced and metabolized? What roles, if any, do these IPs play in
known human diseases? The answers to these questions are further complicated by
the fact that over 30 IPs have been identified within the cell, multiple metabolic
pathways can regulate the levels of IPs, and individual IPs can regulate multiple

cellular processes (Shi et al., 2006).

1.5 IP metabolic pathways

In all eukaryotes, the most abundant IPs are created by the phosphorylation
of IP; at different positions of the inositol ring to yield an array of IPs (Figure 1.2).
These phosphorylation reactions are carried out by a family of enzymes known as
inositol phosphate kinases (IPKs) (Shears, 2004). Dephosphorylation of IPs may
also occur by a series of phosphatases (Irvine and Schell, 2001). In all eukaryotes,
IP; and DAG are obtained by cleavage of phosphatidylinositol 4,5-bisphosphate
(PIP,) by phospholipase C (PLC). Those IP metabolic pathways in yeast, plants,

and mammals that are currently understood to be the most important will be
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outlined, however, there exists many more IP interconversions that will not be

mentioned here (Irvine and Schell, 2001).

1.5.1 IP metabolism in yeast and plants

In yeast and in plants, IP; is first phosphorylated on the 6-position of the
inositol ring to yield inositol 1,4,5,6-tetrakisphosphate (1,4,5,6-1P,), and
subsequently on the 3-position to yield inositol 1,3,4,5,6-pentakisphosphate (IPs).
Both phosphorylation reactions are carried out separately by inositol phosphate
multikinase (IPMK) (Odom et al., 2000; Stevenson-Paulik et al., 2002; Saiardi et
al., 2000a). IPs is then phosphorylated on the 2-position by inositol 1,3,4,5,6-
pentakisphosphate 2-kinase (IPK1) to yield inositol 1,2,3,4,5,6-hexakisphosphate
(IP¢), also known as phytic acid (York et al., 1999; Ives et al., 2000). IP¢ is further
phosphorylated by IP¢ kinase (IP¢K) on the 5-position resulting in the formation of
S-diphosphoinositol 1,2,3,4,6-pentakisphosphate (5-PP-IPs) (Saiardi et al., 1999).
IP¢K can also phosphorylate IPs on the 5-position to yield 5-diphosphoinositol
3.,4,5,6-tetrakisphosphate (5-PP-IP,) in yeast, but not plants (Saiardi et al., 2000b).
5-PP-IPs can be further phosphorylated on the 1-position by PP-IPs kinase
(PPIPsK) to yield 1,5-diphosphoinositol 2,3,4,6-tetrakisphosphate (1,5-PP,-IP,)
(Mulugu et al., 2007; Lin et al., 2009). PP-IPs can be converted back to IP¢ by the
cleavage of the pyrophosphate moicties by diphosphoinositol-polyphosphate
diphosphatases (DIPPs) (Barker et al., 2009).

1.5.2 1P metabolism in mammals

In mammals, several intermediates exist between IP; and IPs, but the
conversion of IPs to IPs and higher IPs remains identical to yeast and plants. In
mammals, IP; is first phosphorylated on the 3-position by inositol 1,4,5-
trisphosphate 3-kinase (IP;K) to yield inositol 1,3,4,5-tetrakisphosphate (1,3,4,5-
IP,) (Batty et al., 1985; Irvine et al., 1986). Then, a 5-phosphatase
dephosphorylates 1,3,4,5-1P, to inositol 1,3,4-trisphosphate (1,3,4-1P;) (Connolly
et al., 1987). 1,3,4-IP; is then phosphorylated on the 6-position by inositol 1,3,4-
trisphosphate 5/6-kinase (ITPK1) to yield inositol 1,3,4,6-tetrakisphosphate
(1,3,4,6-IP4) (Shears et al., 1987; Balla et al., 1987; Stephens et al., 1988). Finally,
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a homolog of IPMK phosphorylates the 5-position of 1,3,4,6-IP, to obtain IPs
(Nalaskowski et al., 2002; Chang et al., 2002). In a branch of this pathway, 1,4,5,6-
IP, can be phosphorylated by IPMK on the 3-position to yield IPs (Chang et al.,
2002). Dephosphorylation of IPs on the 3-position can occur by the phosphatase
PTEN to obtain 1,4,5,6-1P, (Caffrey et al., 2001). In a deadend branch of this
pathway, dephosphorylation of IPs on the 1-position by ITPK1 yields inositol
3.,4,5,6-tetrakisphosphate (3,4,5,6-1P,) (Chamberlain et al., 2007), which undergoes
cycles of phosphate addition and removal to create and eliminate a signaling
molecule. Further phosphorylation of IPs is achieved using the same set of
enzymes in mammals as in yeast and plants (Saiardi et al., 1999; Saiardi et al.,
2001b; Schell et al., 1999). Thus, IPK1 acts as a gatekeeper for [P and higher IPs
in all three species and IPs serves as a metabolic ‘hub’ for higher IPs (Irvine and

Schell, 2001).
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Figure 1.2. IP metabolic pathways in (A) yeast and plants and (B) mammals. Black
arrows indicate phosphorylation reactions by IPKs, as labeled. Grey arrows

indicate dephosphorylation reactions by phosphatases (labels omitted for clarity).
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1.6 IP cellular roles

The diversity of IPs in different species and the energy required to create
and maintain these phosphorylated molecules suggests there are important cellular
roles for many IPs in the IP synthetics pathways; however, the complexity of IP
metabolism continues to hinder the ability to ascertain the functional roles of some

IPs that are pivotal in the IP metabolic pathway, such as IPs.

1.6.1 IP;roles

The most studied IP is IP;. In eukaryotic cells, IP; signaling is an
important regulator of Ca*" homeostasis (Michell et al., 1981). External ligands
bind to G-protein coupled receptors that are linked to a Gq heterotrimeric G
protein. The a-subunit of Gq activates the isozyme PLC-3, which cleaves insoluble
PIP, to produce soluble IP; and DAG. The isozyme PLC-y can also cleave PIP,,
but is activated by receptor tyrosine kinase pathways that are activated by external
growth factors (Berridge, 1993). The second messenger IP; diffuses away from the
membrane and into the cytoplasm where it encounters and binds to the 1P
receptor, a ligand gated Ca®" ion channel, on the endoplasmic reticulum (ER), or
sarcoplasmic reticulum in muscle cells, which triggers the release of intracellular
Ca®" (Berridge, 1993).

There is currently no role known for 1,3,4-IP; other than a metabolic
intermediate, however, the conversion of 1,3,4-IP; to 1,3,4,6-1P, by ITPK1 is the
rate-limiting step in the IP metabolic pathway (Verbsky et al., 2005a).

The IP; receptor is highly concentrated in the cerebellum (Worley et al.,
1989) and defects in IP; signaling are linked with two neurological diseases. In
Huntington’s disease, a genetic mutation in Huntingtin-1 results in the production
of a modified Huntingtin-1 with an extra 35 glutamate residues on its N-terminus,
which sensitizes the IP; receptor to IP;. Thus, there is an over release of Ca’" from
the ER that leads to degeneration of the medium spiny neurons in the striata
(Bezprozvanny and Hayden, 2004). Disruptions in Ca®" signaling caused by
mutations in presenilin and amyloid precursor protein genes can lead to
Alzheimer’s disease. Increased IP;-mediated Ca’' release from the ER has been

caused by mutations in presenilin-1 in several animal models (Stutzmann, 2005).
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Ca’" channel blockers have also been somewhat effective in the treatment of

Alzheimer’s disease (Goodison et al., 2012).

1.6.2 1P, roles

1.6.2.1 1,3,4,5-1P,

There is much debate about the role of 1,3,4,5-IP, in cellular signaling
(Shears et al., 2012). Initial reports suggested that 1,3,4,5-IP, is involved with Ca*
entry (Irvine, 1986) as stimulus-dependent increases in IP; also resulted in
increased levels of 1,3,4,5-1P, (Batty et al., 1985). Subsequent studies for the last
20 years have produced conflicting data to validate the role of 1,3,4,5-IP, in Ca*
mobilization (Schell, 2010) attributed to irreproducible results (Irvine and Moor,
1987; Crossley et al., 1988; Hill et al., 1988; Boynton et al., 1990), varying model
systems used (Putney, 1992; Irvine, 1992; Smith et al., 2000; Brough et al., 2005),
and physiologically irrelevant concentrations during experimentation (Luckhoff
and Clapham, 1992; Hermosura et al., 2000; Bird and Putney, 1996). It has been
proposed that the molecular actions of 1,3,4,5-IP4 may be cell-specific, dependent
on the strength of receptor activation, localization of IPKs which metabolize
1,3,4,5-IP,, or other unknown regulatory factors (Shears et al., 2012).

More recently, studies have implicated 1,3,4,5-IP, in immune cell
development (Sauer and Cooke, 2010). IP;K null mice, which cannot generate
1,3,4,5-IP,, exhibited a complete block in T cell development in the thymus
(Pouillon et al., 2003), and T-cell receptor signaling was severely compromised as
a result (Huang and Sauer, 2010). Furthermore, splenic B cell development and B
cell function was also defective (Pouillon et al., 2003). 1,3,4,5-1P, was identified to
bind with high affinity to GAP1"™*", also known as RASA3 (Cozier et al., 2000), a
Ras-GTPase that shares homology with GAP1™, which binds to PIP;, an inositol
lipid with a head group very similar to 1,3,4,5-IP4 (Cullen et al., 1995). RASA3
also regulates the ERK signaling pathway, through which T-cell receptor and B-
cell receptor signaling occurs, which may explain the lack of immune cell
development in IP;K null mice (Pouillon et al., 2003). Binding of 1,3,4,5-1P, to
RASA3 occurs through the pleckstrin homology (PH) domain of RASA3 (Fukuda
and Mikoshiba, 1996). COS-7 cells overexpressing IP;K or treated with 1,3,4,5-IP,
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resulted in translocation of RASA3 away from the plasma membrane to the
cytosol, indicating the role of 1,3,4,5-IP, in controlling RASA3 membrane
localization (Marechal et al., 2007). 1,3,4,5-IP, has also been shown to be an
inhibitory signal for neutrophil function by binding to the PH domain of Akt

thereby preventing plasma membrane recruitment of Akt (Jia et al., 2007).

1.6.2.2 1,3,4,6-1P,

There is currently no specific physiological role known for 1,3,4,6-IP, in
mammalian cells. Early studies indicated that 1,3,4,6-IP, may be involved with
Ca’" homeostasis in Xenopus because treatment of oocytes with 1,3,4,6-1P, evoked
Ca’"-dependent membrane currents through liberation of intracellular Ca** (Ivorra
et al., 1991). It was proposed that 1,3,4,6-1P, acts through IP; receptors, however,
the exact mechanism of action has not been elucidated. Thus, 1,3,4,6-1P, is mainly
considered a metabolic intermediate between 1,3,4-IP; and IPs, and is
preferentially phosphorylated by IPMK on the 5-position (Chang et al., 2002).
However, 1,3,4,6-IP, may also be generated by ITPK1 through a complex, ADP-
dependent phosphotransferase mechanism involving both 1,3,4-1P; and 3,4,5,6-1P,
(Chamberlain et al., 2007) (see section 1.7.2).

1.6.2.3 3,4,5,6-1P,

There is substantial evidence to indicate that 3,4,5,6-IP, is a secondary
messenger, like IP; (Shears et al., 2012). Upon PLC activation, the cellular level of
1,3,4-1P; increases, which in turn controls 3,4,5,6-1P, synthesis through ITPK1
activation (Batty et al.,, 1998; Batty and Downes, 1994). The concentration of
3,4,5,6-IP, increases from 1 uM in resting cells to 5-10 pM upon stimulus-
dependent PLC activation, which requires action of numerous enzymes in the
biosynthetic pathway (Ho and Shears, 2002). 3,4,5,6-1P, inhibits CaMKII-
activated Cl channels in a concentration-dependent manner and this effect does
not occur with any other IPs (Xie et al., 1996; Xie et al., 1998; Ismailov et al.,
1996; Ho et al., 2001). These CI" channels regulate salt and fluid secretion in the
lungs, GI tract, and exocrine glands (Petersen, 1992). Thus, the physiological role
of 3.,4,5,6-1P, is regulation of epithelial salt and fluid secretion by action upon CI’
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transport (Vajanaphanich et al., 1994; Carew et al., 2000). It was recently
identified that the CI1C-3 receptor is specifically modulated by 3.,4,5,6-IP, (Mitchell
et al., 2008), however, 3,4,5,6-IP, does not act as a direct channel blocker (Ho et
al., 2001), nor does it directly inhibit CaMKII activity (Ho and Shears, 2002). It is
presumed that an intermediary protein is mediating the action of 3,4,5,6-1P, on CI'
channels (Shears et al., 2012).

The role of 3,4,5,6-1P, in the regulation of salt and fluid secretion has
important implications for patients with cystic fibrosis (CF) (Ismailov et al., 1996).
The majority of patients with CF have a mutation in the cyclic AMP-regulated
chloride channel CFTR, which impairs CI transport (Modiano et al., 2005); CIC-3
is likely the most active channel remaining (Rudolf et al., 2003) and its activity
was found to be enhanced in CF patients (Leung et al., 1995). Blocking the
inhibitory effect of 3,4,5,6-1P, on CIC-3 could restore trans-epithelial Cl” secretion
(Rudolf et al., 2003), which is compromised in CF patients.

1.6.2.4 1,4,5,6-1P,

In yeast and plants, 1,4,5,6-IP, is obtained by phosphorylation of IP; by
IPMK (known as IPK2 in yeast) (Odom et al., 2000; Saiardi et al., 2001a). As
such, 1,4,5,6-1P, is an important metabolite along the main axis of IP metabolism
in yeast and plants. However, in mammals, 1,4,5,6-IP, is primarily produced
through dephosphorylation of IPs and is not part of the main axis of IP metabolism
from IP;. Consequently, most investigations of 1,4,5,6-IP; roles have been
conducted in yeast and implicate 1,4,5,6-IP, in transcriptional regulation. Using
ipk2A yeast cells, it was shown that the synthesis of 1,4,5,6-IP, was necessary for
the function of the ArgR-Mcml transcriptional complex that regulates ornithine
transaminase gene expression (Odom et al., 2000). Furthermore, IPK2 kinase
activity regulates transcription of Pho5, the main acid phosphatase responsible for
phosphate metabolism in yeast, via chromatin remodeling (He et al., 2012; Steger
et al., 2003). It has been proposed that 1,4,5,6-IP, stimulates nucleosome sliding,
which exposes regulatory elements for transcription (Shen et al., 2003). Very
recently, the crystal structure of the complex between human HDAC3 and a co-
repressor, human NCOR2 was solved (Watson et al., 2012). The structure revealed

that 1,4,5,6-1P, acted as a scaffold between the two proteins and complex
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formation, stabilization and activation of HDAC3, were all dependent on 1,4,5,6-
IP,. A second structure of the complex between HDAC1 and MTAT1 co-repressor
was also solved and revealed a binding pocket for 1,4,5,6-1P, (Millard et al., 2013).
Functional assays indicated that both HDAC1 and HDAC3 complex assembly and
activity were regulated by 1,4,5,6-1P,, further implicating 1,4,5,6-IP, as a
transcriptional regulator (Millard et al., 2013).

The role of 1,4,5,6-1P, as an HDAC regulator may have implications for
the underlying mechanisms that lead to cancer. One of the most commonly
mutated proteins in human cancers is the tumor suppressor gene PTEN, which is
most often considered an antagonist of PI3K signaling, so its mutation and
inactivation allows PI3K-directed survival signaling to run unregulated (Di
Cristofano and Pandolfi, 2000). However, PTEN also possesses 3-phosphatase
activity and can dephosphorylate IPs to produce 1,4,5,6-IP, (Caffrey et al., 2001).
PTEN is also highly active in the nucleus and contributes to chromosome stability
(Di Cristofano and Pandolfi, 2000). Thus, PTEN mutations may contribute to
oncogenesis by disrupting HDAC complex formation (Watson et al., 2012).

Lastly, elevated levels of 1,4,5,6-IP, were observed during Salmonella
dublin invasion of epithelial cells (Eckmann et al., 1997). This leads to an
inhibition of EGFR-stimulated PI3K signaling and increased salt and fluid
secretion. It was later determined that the Salmonella virulence factor, SopB,
required for the pathogen’s virulence, is a phosphatase that can convert IPs to
1,4,5,6-1P, (Norris et al., 1998; Zhou et al., 2001). Ectopic expression of SopB in
mammalian cells stimulates CI” influx (Feng et al., 2001), but SopB also shows
specificity for Pls in vitro (Norris et al., 1998), so it still unclear whether CI” influx
is mediated by 1,4,5,6-IP, or an inositol lipid mediator. Taken together, it is
unknown if there are physiological roles for 1,4,5,6-IP, in fluid secretion or it is

simply a pathological consequence of Salmonella invasion (Eckmann et al., 1997).

1.6.3 IPsroles

IPs  (1,3,4,5,6-1Ps) is the predominant isomer of inositol
pentakisphosphates in many types of mammalian cells where it is often measured
to be at concentrations exceeding 30 uM (Stephens et al., 1991; Oliver et al., 1992;

Pittet et al., 1989). Other isomers are also found at high concentrations, but with
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cell-type specificity. Jurkat T cells and T5-1B cells have considerable amounts of
1,2,4,5,6-1Ps and 2,3,4,5,6-1Ps, respectively, but how the synthesis of these isomers
fit into the biosynthetic IP pathways has not been explored (Guse and Emmrich,
1991; McConnell et al., 1991).

In nucleated erythrocytes from several animal species, it was observed that
IPs decreases the affinity of hemoglobin (Hb) for O, (Coates, 1975; Riera et al.,
1991). This role for IPs may be species specific or characteristic of developmental
isoforms of Hb, such as embryonic Hb (Isaacks et al., 1978; Isaacks et al., 1987).
Interestingly, the South American arapaima, a fully aquatic fish that ultimately
requires surface air to breathe later in life, shows a 7-fold increase in IP;s
concentration and a 50% reduction in ATP and GTP concentration in erythrocytes
during this time (Val et al., 1992). IPs is a more potent effector of Hb-O, affinity
than ATP and GTP, so low levels of IPs, early in life, may ensure that Hb-O,
affinity is high to extract O, from water, while high levels of IPs, later in life,
lowers Hb-O, affinity since air is O,-rich (Val et al., 1992).

More recent studies have linked IPs to downstream signaling of Frizzled
(Fz) receptors in the Wnt/B-catenin pathway, which regulates embryonic
development and adult tissue homeostasis (Kim et al., 2013). Activation of Fz
receptors by Wnt ligands activates casein kinase 2 (CK2) and inhibits glycogen
synthase kinase 33 (GSK3p), positive and negative modulators, of Wnt/B-catenin
signaling (Gao and Wang, 2006; Song et al., 2003; MacDonald et al., 2009);
however, it is unclear how CK2 and GSK3p are regulated downstream by Fz
receptor activation. Wnt ligands also induce PLC activation and IP accumulation
(Slusarski et al., 1997), so it was suggested that IPs may play a role in regulating
CK2 and GSK3p activity. When Fz receptors were stimulated by Wnt3a, levels of
IPs increased 2.5-fold, resulting in the activation of CK2 and inhibition of GSK3p3,
which were dependent on IPs accumulation (Gao and Wang, 2007). These
experiments were performed in vitro, but the effective concentrations of IPs for
CK2 activation and GSK3p inhibition were within normal cellular concentrations
of IP5 (Oliver et al., 1992; Pittet et al., 1989). Interestingly, IPs can activate liver-
purified CK2 in vitro, but not bacterially purified, recombinant CK2; thus, it was
hypothesized that IPs acts by antagonizing an uncharacterized, heat-stable inhibitor
of CK2 (Solyakov et al., 2004). However, it is generally accepted that CK2 is

constitutively active with no requirement to be stimulated, which raises the
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concern that this may not be a physiologically relevant observation (Ruzzene et al.,
2010). Further study will be required to ascertain the mechanism of action of IP;
on CK2 activation.

Likewise, Wnt3a-mediated accumulation of IPs and inhibition of GSK3f
is poorly understood. GSK3[ inhibition requires IPs; treatment of cells with IPs,
1,3,4,5-IP,, or IP¢ had no effect on GSK3f activity (Gao and Wang, 2007), and
RNA interference (RNAi) of IP;K and IPMK, which substantially reduces IP;s
synthesis, also prevented Wnt3a-mediated inhibition of GSK3 (Gao and Wang,
2007). Purified GSK3f was not inhibited by IPs, therefore, an intermediary must
be required (Gao and Wang, 2007). Interestingly, the link between IPs and the
Wnt/B-catenin pathway, which regulates embryonic development, may explain the
embryonic lethality of [PK1 null mice (Verbsky et al., 2005b). Further studies will
be needed to characterize the role of IPs in the Wnt/B-catenin pathway.

IPs has also been reported to play a role in the PI3K/Akt pathway. Akt
regulates a myriad of cellular processes, including cell survival, growth, and
proliferation (Manning and Cantley, 2007). Treatment of ovarian, lung, and breast
cancer cells with IPs in vitro prevented phosphorylation and activation of Akt
(Piccolo et al., 2004), while treatment of IPs inhibited tumor growth in SKOV-3
xenografted nude mice that express a high level of constitutively activated Akt in
vivo (Maffucci et al., 2005; Sain et al., 2006). It is still unclear how IPs regulates
the PI3K/Akt pathway. IPs can bind to the PH domain of phosphoinositide-
dependent kinase-1 (PDK1) (Komander et al., 2004), which is normally recruited
to the plasma membrane via PIP; binding to its PH domain (Stokoe et al., 1997).
Co-localization of PDK1 and Akt enables Akt phosphorylation and activation by
PDK1 (Stephens et al., 1998; Currie et al., 1999). Thus, PDK1 may bind IPs in the
cytosol, thereby preventing Akt activation.

IP-PH domain interactions have been observed for IP; (Kavran et al.,
1998), 1,3,4,5-IP, (Cozier et al., 2000; Fukuda and Mikoshiba, 1996; Jia et al.,
2007; Anraku et al., 2011), IPs (Komander et al., 2004; Jackson et al., 2011) and
have been postulated for PP-IPs (see section 1.6.5). Given that IPs are structurally
similar to the headgroup of PIs, IP-PH domain interactions likely represent a
common mechanism of action for how individual IPs can elicit their functional
roles. Although PH domains are one of the most common domains in the

proteome, only 10% of PH domains bind to PIs with high affinity and specificity;
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the remaining 90% have poor affinity for PIs and are hypothesized to function as
protein binding domains (Lemmon, 2007). PH domains that have poor affinity for
PIs can still form high affinity IP-PH interactions (Rosen et al., 2012), and can
discriminate between specific IPs (Jackson et al., 2011), suggesting that IPs can

differentially regulate PH domain interactions to modulate protein function.

1.6.4 1IPgroles

Since its early discovery in plants, [P has been considered a phosphate
store for seeds (Posternak, 1919). It is now known that IP¢ is ubiquitously present
in all mammalian cells (Heslop et al., 1985) and is likely the most abundant IP (Shi
et al., 2006). The intracellular concentration of IPs in mammalian cells is 10-60
uM, although the local concentration available to interact with its partners is
unmeasured (Pittet et al., 1989; Szwergold et al., 1987). Early proposed functions
of IP¢ in mammals included inhibition of protein phosphatases (Larsson et al.,
1997), activation of PKC (Efanov et al., 1997), or as an antioxidant (Hawkins et
al., 1993; Spiers et al., 1996).

A series of studies have also linked IP¢ to vesicle trafficking in pancreatic
B-cells (Barker et al., 2009), binding to clathrin assembly proteins AP2 and AP180
(Theibert et al., 1991; Chadwick et al., 1992), and inhibition of clathrin cage
assembly (Norris et al., 1995; Ye et al., 1995). As supporting evidence for this,
IP¢K1 knockout mice exhibited decreased insulin release from pancreatic -cells
(Bhandari et al., 2008), which might be related to the complex role of IP¢ in
regulating endocytotic and exocytotic function in B-cells (Hoy et al., 2002).
Moreover, a putative disruption of the IP¢K1 gene has also been detected in a
family with Type II diabetes (Kamimura et al., 2004), which may contribute to
their reduced insulin exocytosis.

The discovery that IPs (York et al., 1999) and later, IPK1 (Brehm et al.,
2007) are concentrated at the nucleus focused attention on nuclear roles of IPg
(Monserrate and York, 2010). Subsequent studies revealed the requirement of IPg
for nuclear mRNA export (York et al., 1999; Feng et al., 2001; Alcazar-Roman et
al., 2006), DNA repair by non-homologous end-joining (Hanakahi et al., 2000;
Cheung et al., 2008) and chromatin remodeling (Shen et al., 2003). IP; is also a co-

factor for ADAR?2, an adenosine deaminase involved in RNA editing and localized
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within the nucleolus, by binding within the protein core and promoting correct
protein folding (Macbeth et al., 2005).

Among the most compelling roles that have emerged for IP; is its role in
controlling apoptosis. Induction of apoptosis was observed in cultured prostate
carcinoma cells line, PC-3 (Shamsuddin and Yang, 1995), TRAMP-C1 (Sharma et
al., 2003), and DU145 (Agarwal et al., 2003), when treated with IP¢. Since these
early reports, many cancer cell lines including breast, colon, liver, lung, skin, and
other cells lines have been shown to exhibit inhibited growth when treated with
pharmacological (1-2 mM) or physiological concentrations (50-100 uM) of 1P
(Vucenik and Shamsuddin, 2003; Shi et al., 2006). In some cases, IPg
administration in combination with chemotherapeutic agents such as tamoxifen,
has enhanced their anti-proliferative effects (Tantivejkul et al., 2003), indicating
that IP¢ mediates cell death signaling pathways. Furthermore, rat and mice models
for colon, liver, lung, breast, prostate, and skin cancers have been treated with 1P,
either through diet or injection, and have exhibited reduced tumor growth (Vucenik
and Shamsuddin, 2006). IP¢K2 knockout mice have also displayed increased
incidence of aerodigestive tract carcinoma when exposed to the carcinogen 4-
nitroquinoline 1-oxide compared to wild-type mice, further revealing the role of
IP¢ in promoting cell death (Morrison et al., 2009).

The underlying molecular mechanisms of the anticancer effect of 1Py are
poorly understood. Studies in different cell lines reveal that IP¢ can reduce the
phosphorylation of PI3K, PDK1, Akt, and GSK3[ (Jagadeesh and Banerjee, 20006;
Gu et al., 2010), but whether or not these actions explain the anticancer activities
of IP¢ requires further study.

It is possible that IPs may not elicit all of its anti-cancer effects directly,
and 1Py may be metabolized to other signaling molecules that control cell
proliferation and apoptosis. IP¢K2, which phosphorylates IP¢ to higher IPs,
mediates growth suppressive and apoptotic effects of interferon-p (IFN-B) in
ovarian carcinoma cells (Morrison et al., 2001), which indicates more highly
phophorylated forms of IPs other than IP¢ are the active agents in this pathway.
Furthermore, increased activity of IP¢K2 also enhanced the cytotoxic effects of
cisplatin, staurosporine, hydrogen peroxide, and hypoxia (Nagata et al., 2005),
while knockdown of IP¢K2 using RNAi protected cells from apoptotic-inducing
IFN-B, y-irradiation, cisplatin, and etoposide (Morrison et al., 2002).
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There is conflicting evidence for the roles of IPs, IPs, and the enzymes that
regulate their levels in controlling cell proliferation and survival signaling. On one
hand, either IPK1 overexpression or RNAi of IP¢K2 are both protective, which
suggests that cellular accumulation of IP¢ protects cells from cell death, while
RNAI of IPK1 or overexpression of [P¢K2 sensitize cells to apoptosis, indicating
depletion of IP¢ is pro-apoptotic. On the other hand, treatments of cells with either
IPs and IP4 are pro-apoptotic. In the IP metabolic pathway, IPK1 is positioned
between IPs and IP¢ and thus plays a significant role in regulating the levels of
these IPs. An inhibitor of IPK1 would prove valuable to differentiate the roles of
both these IPs.

1.6.5 PP-IP roles

Diphosphoinositol phosphates (PP-IPs) were discovered by two separate
groups in 1993 and represent the most recently defined class of IPs (Menniti et al.,
1993; Stephens et al., 1993). PP-IPs are found ubiquitously in all eukaryotic cells,
from fungi to humans (Bennett et al., 2006). They are characterized by their
pyrophosphate moieties, located on either one (5-PP-IPs) or two (1,5-PP,-IP,)
positions of the inositol ring. These moieties contain a high-energy phosphate
bond, whose free-energy of hydrolysis is similar to that found in ATP, which led to
the suggestion that PP-IPs might be regulators of cellular energy metabolism
(Laussmann et al., 1996; Szijgyarto et al., 2011); however, the abundance of ATP
(mM) compared to PP-IPs (uM range) suggests otherwise. This hypothesis has
evolved, and it has been proposed that PP-IPs are energy sensors, rather than
regulators (Wilson et al., 2013).

PP-IPs are thought to elicit their effects through two mechanisms. First,
PP-IPs may bind to proteins such as those containing PH domains, which has been
previously demonstrated for other IPs, and second, by protein
pyrophosphorylation, whereby PP-IPs, non-enzymatically donate the 3-phosphate
of the pyrophosphate moiety to pre-phosphorylated serine residue (Shears, 2001;
Saiardi et al., 2004; Bhandari et al., 2007). So far, strong and direct experimental
evidence to support these mechanisms of action has been lacking. For example, the
concentration of 5-PP-IPs required to displace PIP; in the PH domain of Akt in
vitro implies 5-PP-IPs is constitutively bound to Akt in vivo (Wilson et al., 2013).
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The protein pyrophosphorylation signaling model is further challenged by the
absence of conservation between human, yeast, and slime mold proteins that can
be pyrophosphorylated in vitro, which is unexpected considering that PP-IPs are
found in all three groups. Furthermore, there is no direct biophysical evidence that
supports the hypothesis that this type of protein modification occurs in vivo
(Azevedo et al., 2009; Shears, 2010; Wilson et al., 2013). Thus, the mechanisms of
action of PP-IPs require further study.

PP-IPs have been implicated in a diverse range of cellular processes
(Barker et al., 2009). These include exocytosis, endocytosis, apoptosis, telomere
maintenance, and vesicle trafficking (Barker et al., 2009; Saiardi et al., 2002;
Nagata et al., 2005; Saiardi et al., 2005). Many of these studies that suggest roles
for PP-IPs have identified both IPs and PP-IPs as signals in these processes, which
have confounded the roles of IPs and higher IPs (Barker et al., 2009). PP-IP
concentrations are significantly lower than IPs in mammalian cells, ranging from
0.5-1.3 uM (Albert et al., 1997), which would indicate that 1P is the likely signal
if both IPs and PP-IP interact with their targets with similar affinities. Although
their concentrations remain constant, PP-IP turnover is very rapid, with 20% of the
pool of IPs and 50% of the pool of IP¢ being metabolized to PP-IPs every hour
(Menniti et al., 1993; Glennon and Shears, 1993). Thus, an inhibitor of IPK1
would substantially compromise PP-IP production from IPs and could offer a new
tool to probe for the specific functions of PP-IPs. An inhibitor for IP¢K has been
identified, but lacks specificity for IPK over other IPKs (Padmanabhan et al.,
2009; Wilson et al., 2013).

1.7 IPK1 biology

There have been very few studies of IPK1 function in animals. Most
studies have employed over-expression or RNAi knockdown in cultured
mammalian cells in an effort to understand the role of IPK1; however, these
approaches do not discriminate between the impact of the catalytic functions of
IPK1 — production of IPs, and higher IPs — and non-catalytic functions of IPKI.
Moreover, some specific roles for IPK1 have emerged in yeast and in plants, but
whether these functions are conserved in mammalian cells remains to be

determined.
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1.7.1  Saccharomyces cerevisiae IPK1

A series of studies have revealed that S. cerevisiae IPK1 mediates nuclear
mRNA export. The essential nuclear pore complex (NPC)- associated factor Glel,
uses IPg as a co-factor, and together, Gle1-IP4 stimulates Dbp5 ATPase activity at
the NPC, which is required for efficient nuclear mRNA export (Miller et al., 2004;
Alcazar-Roman et al., 2006). The localization of IPK1 at the nucleus with the NPC
likely facilitates production of IP¢ where it is needed for Glel function (Odom et
al., 2000). Accordingly, ipkiA Schizosaccharomyces pombe (fission yeast) also
exhibited defects in mRNA export, as well as defects in polarized growth, cell
morphology, endocytosis, and cell separation (Sarmah and Wente, 2009). These
studies were performed using ipklA yeast strains and have yet to be replicated
using IPK1 knockouts of mammalian cells to show that the role of IPK1 in mRNA

export is conserved among eukaryotes.

1.7.2 IPK1 in plants

IPK1 was characterized in the plant Arabidopsis thaliana (Sweetman et al.,
2006) to show strong tissue-specific expression in the male and female organs of
the flower bus, but the significance of the tissue-specific expression of IPK1 is
unknown. Specific accumulation of IPK1 in various tissues in maize has also been
reported (Sun et al., 2007).

Recently, a role for IPK1 in plant immunity has emerged. Plants with
kinase dead IPK1 were hyper-susceptible to infection from several viruses,
bacterial pathogens, and fungi (Murphy et al., 2008). IP¢ is known to be a co-factor
for some plant F-box proteins, which are involved in wound healing upon plant
injury (Tan et al., 2007); however, it was recently determined that IPs, not IPg, is
the modulator of the F-box protein COIl (Mosblech et al., 2011). Interaction
between COIl and its target, jasmonic acid, was increased in ipklA yeast that
exhibit elevated levels of IPs (Mosblech et al., 2011), suggesting that competition
between IPs and P4 as co-factors could be a regulatory mechanism employed by F-

box proteins.
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1.7.3 IPKI1 in animals

The IPK1 gene was identified to be located on human chromosome 9 and
the gene has been isolated for biochemical characterization (Verbsky et al., 2002).
IPK1 primarily uses IPs as its substrate with a Ky = 0.4 uM and Vyax = 31
nmol/min/mg. Expression of human IPK1 in an ipkiA yeast strain restored IPg
production and rescued a gle/ lethal phenotype, demonstrating functional
conservation of IPK1 across species (Verbsky et al., 2002).

Human IPK1 expression is predominantly in brain, heart, placenta and
testes (Verbsky et al., 2002), but there is a spatial micro-heterogeneity in its
intracellular localization (Brehm et al., 2007). In the cytoplasm, IPK1 is
concentrated in stress granules. In the nucleus, IPK1 is concentrated with
euchromatin, mRNA, and in the nucleoli. It has been hypothesized that the
localization of IPKs can contribute to different IP metabolic profiles within
different compartments of the cell (Brehm et al., 2007); however, artificial
localization of IPK1 to the plasma membrane allowed nuclear export of mRNA,
which is lost when IPK1 is inactivated, suggesting that IPK1 products diffuse
through the cell to their sites of action (Miller et al., 2004). Very recently, a non-
catalytic role was identified for IPK1 in the nucleolus. IPK1 acts as a scaffold for
three proteins that regulate rRNA synthesis: CK2, TCOF1, and UBF (Brehm et al.,
2013). When rRNA synthesis was compromised under serum starved conditions,
IPK1 did not localize to the nucleolus (Brehm et al., 2013), suggesting that IPK1 is
critical for the regulation of rRNA synthesis, and consequently, ribosome
biogenesis.

IPK1 also plays an important role in development. RNAi knockdown of
IPK1 prevented the normal establishment of left-right asymmetry in zebrafish
embryos, resulting in randomized organ placement during development (Sarmah et
al., 2005). This is likely due to reduced Ca®" flux that was detected in the ciliated
Kupfter’s vesicle, the organ responsible for left-right asymmetry, thereby
inhibiting ciliary beating and length (Sarmah et al., 2005; Sarmah et al., 2007).
Moreover, IPK1 null mice are embryonic lethal by 8.5 days, but the underlying
molecular mechanisms are still unknown (Verbsky et al., 2005b).

IPK1 may also possess a role in early renal function decline (ERFD) as

increased expression of IPK 1 has been detected in renal biopsies of Type I diabetes
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patients with early nephropathy (Merchant et al., 2009). IPK1 also co-localized
with stress granules in the cytoplasm of isolated cells in vivo, consistent with
previous in vitro observations (Brehm et al., 2007). Although, the functional
significance of IPK1 in nephropathy is still unknown, IPK 1 peptides were detected
in the urinary peptidome of diabetic patients with ERFD, suggesting that IPK1
could be a candidate biomarker in the urinary peptidome for progressive renal
function decline (Merchant et al., 2009).

As mentioned previously, IPs and IP¢ promote apoptosis (see section 1.6.3
and 1.6.4), and likewise, alterations in IPK1 can alter cell death signaling
responses. Overexpression of IPK1 protected HEK293 cells from TNFa-mediated
and Fas-induced apoptosis, while RNAi knockdown of IPK1 sensitized cells to
TNFa-mediated apoptosis (Verbsky and Majerus, 2005). It is still unclear how
overexpression of IPK 1, which results in production of IPg, protects cells, but these
observations clearly indicate IPK1 is key for tuning cell responses via IPs and IPs

(Verbsky and Majerus, 2005).

44



1.8 Structural biology of IPKs

IPKs are currently organized into three subfamilies according to their
sequence similarity and structural homology: 1) the inositol polyphosphate kinase
subfamily (IPMK, IP;Ks and IP¢Ks); 2) the ATP-grasp fold subfamily (ITPK,
PPIP;:K); and 3) the IPK1 subfamily (IPK1) (Irvine and Schell, 2001; Wang et al.,
2012) (Figure 1.3). The crystal structures for the kinase domains of each IPK,
except IPgK, have been solved, however, the mechanisms of substrate selectivity

have not been described for all IPKs.
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Figure 1.3. Classification of IPKs.
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1.81 IP;K

IP;Ks are members of the inositol polyphosphate kinase subfamily.
Members of this subfamily possess a conserved catalytic C-terminal region and a
variable N-terminal region involved in targeting and regulation. In addition, there
are three characteristic sequence motifs that are shared among inositol
polyphosphate kinases, SSLL, IDFG, and PxxxDxKxG, that are collectively
involved in nucleotide binding, metal co-factor coordination, and catalysis. Inositol
polyphosphate kinases also possess structural features similar to those of protein
kinases (PKs) that will be described.

Animals express three isoforms of IP;Ks, which differ in intracellular
distribution, regulation, and sensitivity to Caz+, due to the CaM domains that are
uniquely present in IP;Ks amongst IPKs (Dewaste et al., 2003; Pattni and Banting,
2004; Communi et al., 1995).

The first crystal structures of an IPK were that of the conserved catalytic
core of IP;K-A from human (Gonzalez et al., 2004) and from rat (Miller and
Hurley, 2004). The catalytic core consists of an N-lobe and a C-lobe, connected by
a hinge, and an IP-lobe that is an independent structural lobe inserted into the C-
lobe sequence (Figure 1.4a). The N-lobe is formed by 4 anti-parallel B-strands and
an a-helix in an o+ fold. The C-lobe is formed by 5 anti-parallel B-strands and
three o-helices, also in an o+ fold. The IP-lobe consists of 4 a-helices in a coil
arrangement (Gonzalez et al., 2004). The three lobes fold such that the ATP
binding site is sandwiched between the N-lobe and the C-lobe, while the IP
binding site is contained between the IP-lobe and edge of the N- and C-lobe
sandwich. The ATP and IP are bound such that the y-phosphate of ATP is
positioned in close proximity to the 3-hydroxyl of IP;. The adenine and ribose
groups of the nucleotide are bound in a hydrophobic pocket formed by L251 and
L252 of the hinge region, F198 of the N-lobe, L401 of the SSLL motif and 1415 of
the IDFG motif. The ribose oxygens form hydrogen bonds with K336, and D262
of the PxxxDxKxG motif. D416, from the IDFG motif, coordinates the ATP
phosphates through the metal ion co-factor, which is, in turn, coordinated by S399
of the SSLL motif, through an ordered water molecule.

The IP; ligand is coordinated by seven residues from the IP-lobe and two

residues from the C-lobe (Gonzalez et al., 2004). The 3-hydroxyl of IP; is
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positioned near the y-phosphate of ATP, which facilitates a direct in-line transfer
of the y-phosphate of ATP to the IP while being coordinated by K264 of the
PxxxDxKxG motif. Moreover, many of the residues that coordinate IP; are basic,
forming a positively charged pocket that recognizes the acidic IP ligand (Miller
and Hurley, 2004; Gonzalez et al., 2004). To selectively phosphorylate IP;, IP;K
apparently uses a mechanism of substrate selectivity based on shape
complementarity. The IP binding site is restrictive, providing sufficient space for
the phosphate groups at the 1-, 4-, and 5-positions, but only hydroxyl groups at the
2-, 3-, and 6-positions. For example, phosphate groups cannot occupy the 2- and 6-
positions because steric clashes would occur with M316 and M288, respectively
(Gonzalez et al., 2004). Furthermore, a phosphate at the 3-position would clash
with the y-phosphate of ATP. Also, IP;K cannot phosphorylate PIP,, the insoluble
PI with a head group analagous to IP;, because the lipid moiety on the 1-position
would clash with residues of the IP-lobe (Bird et al., 1992). In effect, the IP-lobe
acts as a surrogate membrane, blocking access of membrane-bound PIs to the
active site (Miller and Hurley, 2004). Thus, the shape of the IP binding site confers
high specificity of IP;K towards a single substrate, IP; (Shears, 2004).

As the first IPK to be structurally characterized, IP;K has been rigorously
compared to PKs. Overall, their topology is very similar, as both possess an N-lobe
and a C-lobe connected by a hinge, but IP;K also possesses a separate IP-lobe.
Both N-lobes adopt a a+f fold and there is an intermolecular salt bridge within the
N-lobe (L209-E215 in IP;K equivalent to K72-E91 in PKA). In IP;Ks, this salt
bridge is broken by the IP upon substrate binding and the newly bound IP assumes
the role of this bridge. In PKA, this salt bridge stabilizes the active conformation of
PKA (Huse and Kuriyan, 2002). Both IP;K and PKA possess a glycine rich loop
(G-loop) that coordinates the nucleotide. This loop is highly mobile in both
enzymes (Gonzalez et al., 2004; Madhusudan et al., 1994). In the apo-form of
IP;K, the G-loop connects to an N-terminal a-helix that occupies the ATP binding
site. The reorientation of this a-helix by the CaM domain likely plays a role in the
regulation of IP;K (Gonzalez et al., 2004; Madhusudan et al., 1994). The C-lobes
of IP;K and PKA greatly differ in overall fold as the C-lobe of IP;K contains a
large pB-sheet and the C-lobe of PKA is a-helical. However, an alignment of IP;K
and PKA indicates that the IDFG motif is topologically equivalent to the DFG
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motif in PKA (Gonzalez et al., 2004) and both aspartate residues coordinate the y-
phosphate of the ATP. In PKA, there is a catalytic loop that contains a DXKxxNLL
motif, wherein the lysine residue neutralizes the negative charge developed during
phosphoryl transfer (Madhusudan et al., 2002). This catalytic loop is replaced by a
[-strand in IP;K that contains the PxxxDxKxG motif, which possesses a conserved
lysine residue that neutralizes charges during phosphoryl transfer. Thus, the IP;K
active site contains the equivalent of the most critical residues found in PKA,

which coordinate the adenine and phosphates of ATP (Miller and Hurley, 2004).

1.8.2 ITPKl1

ITPK1 is a 5/6-kinase that catalyzes the phosphorylation of 1,3,4-1P; to
either 1,3,4,5-IP4 or 1,3,4,6-IP,. ITPK1 plays a key role in the IP metabolic
pathway as it is the rate-limiting enzyme for the synthesis of highly
phosphorylated IPs (Verbsky et al., 2005a). ITPK1 also phosphorylates 3,4,5,6-1P,4
on the 1-position to IPs (Tan et al.,, 1997; Yang and Shears, 2000), and
dephosphorylates 1,3,4,5-1P4 and 1,3,4,6-1P, to 1,3,4-1P;, and IP;s to 3.,4,5,6-IP,, in
more complex mechanisms (Ho et al., 2002; Chamberlain et al., 2007; Saiardi and
Cockceroft, 2008). Thus, ITPK1 possesses catalytic pleiotrophy.

The crystal structures of ITPK1 from Entamoeba histolytica (Miller et al.,
2005) and human (Chamberlain et al., 2007) reveal a globular fold for ITPKI,
consisting of three domains surrounding the ATP binding cleft: an N-terminal
domain, C-terminal domain, and a central domain (Miller et al., 2005) (Figure
1.4c). Each domain possesses a -sheet core surrounded by a-helices. The B-sheets
of the C-terminal domain and the central domain envelope the nucleotide,
coordinated by numerous hydrophobic residues and polar contacts (Miller et al.,
2005). A structural comparison of ITPK1 to known structures indicated that ITPK1
is closely related to the ATP-grasp family based on domain topology, the ATP
binding cleft, and conserved residues that bind ATP and the metal co-factor
(Artymiuk et al., 1996; Miller et al., 2005).

The substrate-bound structure of ITPK1 reveals that numerous hydrogen
bonds and salt bridges are coordinating the 1-, 3-, and 4-phosphate groups of 1,3,4-
IP;, however, the 2-, 5-, and 6-hydroxyl groups have no direct contact with ITPK1
(Miller et al., 2005). Thus, the IP binding site is quite large and potentially able to
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accommodate a large number of IPs (Miller et al., 2005). The product-bound
structure containing 1,3,4,6-IP, revealed additional interactions with the 6-
phosphate (Miller et al., 2005). Thus, ITPK1 uses a mechanism of substrate
selectivity that is dictated by the phosphate groups of the IP (Miller et al., 2005).
This is a stark contrast to the interactions between the IP and IP;K (Gonzalez et al.,
2004). In ITPK1, the y-phosphate of ATP is equidistant from the 5- and 6-hydroxyl
of the IP and two different oxygen atoms of the y-phosphate are coordinated by
separate magnesium ions for phosphorylation of either the 5- or 6-position. Steric
hindrance in this region of the active site prevents phosphorylation of both 5- and
6-positions (Miller et al., 2005).

Occupancy of specific positions in the IP binding site reveals the structural
basis for ITPK1 catalytic pleiotrophy and how it can phosphorylate 3,4,5,6-1P, on
the 1-position (Yang et al., 2006). The large IP binding site and lack of contacts at
every position allows 3,4,5,6-1P, to be reoriented. If the key phosphate binding
sites are accommodated while a hydroxyl group is positioned at the active site,
then an IP can be recognized as a substrate. In the case of 3,4,5,6-IP,, its 3-, 4-, 5-,
and 6-phosphates occupy positions filled by the 4-phosphate, 3-phosphate, 2-
hydroxyl, and 1-phosphate of 1,3,4-1P;, respectively. In this orientation, both the 1-
and 2-hydroxyls of 3,4,5,6-IP, are positioned to be phosphorylated, however, the
equatorial 1-hydroxyl is preferred due to its stereochemistry (Miller et al., 2005).

1.8.3 IPMK

IPMK displays catalytic versatility, like ITPK1, catalyzing the formation
of multiple IPs from multiple substrates (Resnick and Saiardi, 2008). In humans
and plants, IPMK acts primarily as a 5-kinase, with some 3-kinase and 6-kinase
activity (Chang et al., 2002; Saiardi et al., 2001a; Nalaskowski et al., 2002; Chang
and Majerus, 2006). The yeast homolog acts as a 6- and 3-kinase with no 5-kinase
activity (Odom et al., 2000).

The structure of IPMK is very similar to IP;K, with an RMSD of 1.3 A,
even though IMPK and IP;K only share 17% sequence identity (Holmes and Jogl,
2006). IPMK consists of an N-lobe, C-lobe, and IP-lobe (Figure 1.4b). The N- and
C-lobes adopt an o+f fold like in IP;K, but the IP-lobe in IPMK comprises two a-
helices compared to four in IP;K. The ATP binding site in IPMK is located
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between the N- and C-lobes. ATP forms contacts with L260 of the SSLL motif and
1324 of the IDFG motif, among others, the ribose group forms a hydrogen bond
with D131 of the PxxxDxKxG motif, and phosphoryl transfer of the y-phosphate to
the 3-position is mediated by K133 of the PxxxDxKxG motif (Holmes and Jogl,
2006). Overall, the coordination of the nucleotide and metal ion co-factor through
an aspartate residue remains similar in both IMPK and IP;K.

IPMK has not yet been co-crystallized with IP (Holmes and Jogl, 2006;
Endo-Streeter et al., 2012), however, an alignment of IPMK and IP;K has enabled
modeling of IP; into the IP binding site of yeast IPMK (Holmes and Jogl, 2006).
The smaller IP-lobe of IPMK compared to IP;K provides a less restrictive pocket
for IPs to bind. When IP; is bound for 3-phosphorylation, IPMK side-chains
interact directly with the 1-, 4-, and 5-phosphates of IP;. A phosphate moiety
cannot occupy the axial 2-position because it would be sterically hindered by
M151, as seen with M316 in IP;K (Gonzalez et al., 2004), and 3-phosphate would
clash with the y-phosphate of ATP. However, IPMK possesses an R150, instead of
the M288 seen in IP;K, which does not preclude binding of a phosphate group at
the 6-position (Holmes and Jogl, 2006). 1,4,5,6-I1P, can also bind in the same
orientation as IP; and would be phosphorylated to IPs. Furthermore, the
unrestrictive [P binding pocket allows IP; to bind in alternate orientation (Holmes
and Jogl, 2006). A 180° flip of IP; allows the 6-hydroxyl to occupy the 3-hydroxyl
that is favorable for 6-phosphorylation of IP;. Although the 1-phosphate would
now occupy the 2-position, the 1-phosphate is equatorial and is not sterically
hindered by M 151, instead forming contacts with other side-chains. 1,3,4,5-1P, can
also bind in the alternate orientation of IP; and be phosphorylated to IPs.

More recently, the crystal structure of plant IPMK has revealed that an IP
phosphate motif may be recognized by IPMK, which may explain the 6/3/5-kinase
activities of IPMK (Endo-Streeter et al., 2012). Modeling of IPs into the active site
of the plant IPMK crystal structure suggests that the 5-kinase activity of human
and plant IPMK may be elicited via the reorientation of 1,3,4,6-IP, in the IP
binding site, such that the 5-hydroxyl of 1,3,4,6-IP, is occupying the same position
as the 3-hydroxyl of IP; or 1,4,5,6-IP,. Thus, in this new orientation, the 5-
hydroxyl of 1,3,4,6-IP4 is positioned for phosphorylation (Chang and Majerus,
2006; Endo-Streeter et al., 2012).
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Small inter-species residue changes likely contribute to changes in kinase
specificity observed between different subspecies of IMPK, however, all IPMKs
discriminate their substrates based on a combination of steric exclusions and
phosphate occupancies (Endo-Streeter et al., 2012). Thus, IPMK’s mechanism of
substrate selectivity retains features of both IP;K, which it shares structural

homology, and ITPK1, which also displays catalytic versatility.

1.84 PPIP;K

PPIPsK phosphorylates the 1-phosphate of [P or 5-PP-IPs to yield 1-PP-
IPs or 1,5-PP,-IP,, respectively (Draskovic et al., 2008; Lin et al., 2009), but shows
negligible activity toward 1-PP-IPs, IPs, or 5-PP-IP,, which indicates the dense
phosphate profile of the substrates is critical for recognition (Wang et al., 2012).
Thus, PPIP;K is a highly specific 1-kinase and must accommodate highly negative
pyrophosphate moieties.

Recently, the crystal structure of human PPIPsK was solved and revealed it
largely resembles ITPK1, even though they only share 11% sequence identity
(Wang et al., 2012) (Figure 1.4d). Two anti-parallel B-sheets surround the
nucleotide, representative of the ATP-grasp fold (Wang et al., 2012). Although the
ATP binding sites of PPIPsK and ITPK1 are similar, the IP binding site shows
considerable structural differences. In PPIPsK, arginine and lysine residues
strongly interact with every phosphate of IP¢ or 1-PP-IPs, whereas in ITPK1, non-
basic glycine and glutamine residues line the IP binding site, resulting in only three
phosphates and none of the hydroxyls of IP; being directly coordinated (Miller et
al., 2005). Mutations of most of the PPIPsK residues in the IP binding site reduced
enzymatic activity by 90% revealing their importance for IP recognition (Wang et
al., 2012), which is consistent with its highly specific substrate recognition.
Moreover, the IP binding site in PPIPsK is precisely shaped to accommodate the
stereochemistry of six or more phosphates, whereas the IP binding site in ITPK1 is
relatively wide for different substrate orientations, which confers catalytic
versatility (Miller et al., 2005). The crystal structures of PPIPsK reveal that IPs and
5-PP-IP;s bind in the same orientation (Wang et al., 2012). Finally, the inositol ring
of the IP is positioned perpendicular to the ATP phosphates, which avoids

electrostatic clashes with the non-reacting oxygen atoms of the 1-phosphate and
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steric clashes with the axial 2-phosphate that faces the opposite direction. Thus,
PPIPsK employs a hybrid shape-affinity mechanism of substrate selectivity. Steric
occlusion of the axial 2-phosphate prevents reorientation of 1-PP-IPs, such that the
pyrophosphate occupies the 5-position (180° flip across the 3°-6 axis), while the
heavily basic IP binding site promotes high affinity to highly phosphorylated IP
substrates, like P4 and 5-PP-1Ps, over IPs and PP-IP,, and presumably, IP;s and
monophosphorylated IP,s.
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Figure 1.4. Structure and fold of IPKs. (A) IP;K and (B) IPMK belong to the
inositol polyphosphate kinase subfamily. (C) ITPK1 and (D) PPIPsK belong to the
ATP-grasp fold subfamily.
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1.85 IPK1

IPK1 is the putative member of a third subfamily of IPKs. IPK1 has been
characterized from various sources including soybean (Phillippy et al., 1994), yeast
(Ives et al., 2000), human (Verbsky et al., 2002), plant (Sweetman et al., 2006),
and maize (Sun et al., 2007). Remarkably, there is very low sequence homology
for IPK1 from yeast to mammals (11%), yet every IPK1 phosphorylates the 2-
hydroxyl of IPs to yield IPs (Sweetman et al., 2006). Moreover, IPK1 shows kinase
specificity for the axial 2-hydroxyl, distinguishing IPK1 among all other IPKs,
which phosphorylate equatorially oriented hydroxyl groups of the inositol ring
(Stephens et al., 1991). Consequently, IPK1 is very different from other IPKs. The
sequence of IPK1 does not contain any signature motifs of the inositol
polyphosphate subfamily and secondary structure predictions do not detect any
conserved [3-sheets representative of the ATP grasp subfamily (Cheek et al., 2005).
Thus, the structure of IPK1 was expected to adopt a novel fold.

Concurrent to our studies, the crystal structure of plant IPK1 was solved
(Gonzalez et al., 2010), which revealed IPK1 possesses a bi-lobed structure with a
hinge that connects the N-lobe and C-lobe as they fold over the active site, which
contains both IP and nucleotide. In IP;K and IPMK, the N- and C-lobes fold over
the ATP binding cleft, but a separate IP-lobe contributes to inositide binding. In
contrast, the C-lobe of IPK1 possesses a defined region, termed the Cjp-lobe, which
is the major region involved in inositide binding and encompasses almost half of
the protein (Gonzalez et al., 2010). In ITPK1 and PPIPsK, two domains surround
the active site containing both IP and ATP. Thus, the overall structure of IPK1 has
some similarities and differences with previously crystallized IPKs.

Gonzalez et al. co-crystallized IPK1 in four complexes, with either IPs or
IPs (binary complexes), and AMPPNP+IPs or ADP+IPs (ternary complexes)
(Gonzalez et al., 2010). The ATP binding site is formed by numerous residues on
the N- and C-lobe, which create a hydrophobic environment for the adenine and
ribose of the nucleotide. A G-loop on the N-lobe coordinates the phosphates of
ATP, as seen with IP;K and PKA. Like all other IPKs, an aspartate residue, D368,
coordinates the metal ion, and a lysine residue, K168, neutralizes the negative

charge during phosphoryl transfer.
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These four structures also described the IP binding site. Electrostatic maps
of the surface of IPK1 show a very large, basic, and solvent exposed pocket where
the IP binds. Of the 13 interactions with the IPK1 and IP, 11 occur on the C-lobe,
while only 2 occur on the N-lobe. The 4-, 5-, and 6-phosphates are exclusively
coordinated by the C-lobe, while the 1- and 3-phosphates are coordinated by the N-
lobe. Many of these residues are highly basic lysine and arginine residues,
however, there are some acidic and polar residues as well. The plane of the IP is
perpendicular to ATP such that the y-phosphate is positioned for transfer to the
axial 2-hydroxyl of the IP. Both D368 and K168 coordinate the 2-hydroxyl and
mutations of these residues rendered [PK1 inactive (Gonzalez et al., 2010).

There were no apparent differences between the two IP-bound, substrate-
bound, and product-bound structures of IPK1. Superposition of these four
structures of IPK 1 yielded an RMSD of only 0.48 A (Gonzalez et al., 2010). These
structures depict how nucleotide and inositide bind in the active site, but they do
not describe the catalytic cycle of IPK1. Moreover, it is not clear how IPK1 shows
specificity for IPs over IP4s and IP;s. The IP binding site presents no steric
occlusions in each of the phosphate binding regions, as seen in ITPK1, and the IP
binding site is not specifically shaped for IPs over other IPs, as seen with IP; in
IP;K. Thus, the mechanism of substrate selectivity employed by IPK1 remains

undefined.
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1.9 Rationale of the Thesis

Given that a) IPs, IP4, and PP-IPs have all been implicated in cell death, b)
IPK1 plays a significant role in regulating the levels of higher IPs, and ¢) IPKs are
structurally diverse, the overall goal of this thesis work is to structurally and

biochemically characterize [PK1.

The specific objectives of this work are to:

1. identify conformational states of IPK1, which reveals the mechanism
of IP recognition for IPK1;

2. define the roles of phosphate recognition in IP binding and IPK1
activation, which validates the IP recognition mechanism of [PK1;

3. describe the conformational changes and kinase activation of IPKI1,
which distinguishes IPK1 activation from other kinases; and

4. identify novel small molecule inhibitors of IPK1, which provides a

basis for the structural determinants of IPK 1 inhibitor specificity.

Our work lays the foundation to develop selective inhibitors for IPK1 to be
used as a tool to i) further our understanding of the functional roles of higher IPs,
ii) validate the IP signaling axis as a target for inducing cell death, and iii) explore
new avenues to treat diseases associated with dysregulated cell death signaling. In
addition, characterization of IPK family members reveals similarities and
differences that can be exploited to target other IPKs and further our understanding

of diverse IP signaling pathways.
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Connecting Text

Substrate recognition is an important component for the catalytic
mechanism of any enzyme. Information on the IP recognition mechanisms for
some IPKs has been described, but remain elusive for others, such as IPK1
(Gonzalez et al., 2004; Holmes and Jogl, 2006; Miller et al., 2005; Wang et al.,
2012) . The initial crystal structures of [IPK1 showed how IPK1 phosphorylates 1P
to yield IPg, but did not reveal how IPK1 selectively recognizes IPs (Gonzalez et
al., 2010).

In Chapter 2, we describe experiments revealing that [IPK1 adopts multiple
conformational states in solution, which are not appreciated from previous static
crystal structures. These conformational states were identified by performing
limited proteolysis of IPK1 in the apo-, substrate-, and product-bound form.
Furthermore, we determined the crystal structure of IPK1 in complex with
nucleotide only, which reveals that a significant portion of the N-lobe is unstable in
the absence of IP.

The data from Chapter 2 allows us to propose a two-step model of IP
recognition for IPK1. In this model, IPs is initially recognized by the 4-, 5-, and 6-
phosphates. Then, the 1-phosphate stabilizes the N-lobe and engages IPK1 into the
active state. Our model of IP recognition for IPK1 is unique among IPKs and

provides further insight into the catalytic mechanisms for all kinases.
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Chapter 2. Inositol phosphate-induced stabilization of inositol 1,3,4,5,6-

pentakisphosphate 2-kinase and its role in substrate specificity

Varin Gosein, Ting-Fung Leung, Oren Krajden, Gregory J. Miller
Protein Science. 2012. 21(5):737-742.
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Abstract

Inositol phosphate kinases (IPKs) sequentially phosphorylate inositol
phosphates (IPs) on their inositol rings to yield an array of signaling molecules.
IPKs must possess the ability to recognize their physiological substrates from
among a pool of over 30 cellular IPs that differ in numbers and positions of
phosphates. Crystal structures from IPK subfamilies have revealed structural
determinants for IP discrimination, which vary considerably between IPKs.
However, recent structures of inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IPK1)
did not reveal how IPKI1 selectively recognizes its physiological substrate, IPs,
while excluding others. Here, we report that limited proteolysis has revealed the
presence of multiple conformational states in the IPK1 catalytic cycle, with notable
protection from protease only in the presence of IP. Further, a 3.1 A crystal
structure of IPK1 bound to ADP in the absence of IP revealed decreased order in
residues 110-140 within the N-lobe of the kinase compared with structures in
which IP is bound. Using this solution and crystallographic data, we propose a
model for recognition of IP substrate by IPK1 wherein phosphate groups at the 4-,
5-, and 6-positions are recognized initially by the C-lobe with subsequent
interaction of the 1-position phosphate by R130 that stabilizes this residue and the
N-lobe. This model explains how IPK1 can be highly specific for a single IP
substrate by linking its interactions with substrate phosphate groups to the

stabilization of the N- and C-lobes and kinase activation.

Keywords: inositol phosphate; kinase activation; substrate recognition; enzyme

specificity
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Introduction

Inositol phosphate kinases (IPKs) sequentially phosphorylate inositol
phosphates (IPs) on their inositol rings to yield an array of unique signaling
molecules with diverse cellular functions (Majerus, 1992; Shears, 1998). Among
these functions, IPs are implicated in a variety of diseases such as cancer and
diabetes (Piccolo et al., 2004; Irvine, 2005; Shi et al., 2006). IPKs must
discriminate between IPs with different numbers and positions of phosphates to
recognize specifically their physiological substrates. Crystal structures from each
of the IPK subfamilies have revealed structural determinants for IP discrimination,
which vary considerably between IPKs. Strict specificity of inositol 1,4,5-
trisphosphate 3-kinase (IP;K) relies upon shape complementarity with the sparsely
phosphorylated IP; substrate, and it binds to both precisely positioned phosphate
and hydroxyl groups (Gonzalez et al., 2004). In contrast, the active site of inositol
1,3,4-trisphosphate 5/6-kinase (ITPK1) exhibits little shape complementarity with
its varied substrates and its affinity for them is dictated by contacts with
phosphates alone, thereby permitting promiscuous substrate recognition (Miller et
al., 2005). Inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IPK1) is uniquely
specific for a single highly phosphorylated IP, inositol 1,3,4,5,6-pentakisphosphate
(IPs), which demands use of a mechanism distinct from those used by IP;K or
ITPK1 to achieve selectivity.

The recently determined crystal structures of IPK1 in its IP substrate- and
product-bound forms revealed extensive contacts with phosphate groups of IPs and
the mechanism through which the axial 2-hydroxyl of its substrate is selectively
phosphorylated (Gonzalez et al., 2010). These four structures are highly similar
with no significant differences (RMSD = 0.48 A) suggesting IPK1 adopts the same
conformation regardless of whether it is substrate- or product-bound (Figure 2.1a).
However, it was not clear from these similar structures how IPK1 recognizes IPs
while excluding other IPs with similar stereochemistry at the 2-hydroxyl and
phosphate groups. We hypothesized that this selectivity is defined by a previously
unrecognized conformational change triggered by binding of an IP with a specific

phosphate profile.
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Materials and Methods

Protein Expression and Purification

A. thaliana 1PK1 was previously cloned into a pET28a vector containing a
6xHis tag and expressed in BI-21 Al cells (Invitrogen). Cells were grown in
Terrific broth with kanamycin at 37 °C to an ODgy = 1.5 and protein over-
expression was induced with 0.5 mM IPTG and 0.1% L-arabinose at 18 °C for 20
h. Cells were harvested at 5000xg and were lysed for 1 h using a sonicator in 10
mM Tris-HCI (pH 8.0), 250 mM NaCl and 50% glycerol. Supernatant was
separated from lysate using centrifugation. The supernatant was then diluted 5-fold
using 20 mM Tris-HCI (pH 8.0) and 500 mM NaCl and then 25 mM imidazole
was added. IPK1 was purified by applying the diluted supernatant to a Ni-NTA
column followed by washing with 20-column volumes of 50 mM KPO, (pH 8.0),
800 mM NacCl, 1% Triton X-100, 1.7 mM B-mercaptoethanol. Protein was eluted
using 10-column volumes of 250 mM imidazole in 20 mM Tris-HCI (pH 8.0), 300
mM NaCl buffer and subsequently dialyzed into 50 mM Tris-HCI (pH 8.0), 50
mM NaCl, and 1 mM DTT. Next, the protein was applied to a 5 mL Heparin SP
FF column. The column was washed with 10-column volumes of dialysis buffer
and IPK1 was eluted over an increasing NaCl concentration gradient. Fractions
containing purified protein were analyzed by SDS-PAGE and pooled accordingly.
Finally, the pooled sample was applied to a S-300 Sephacryl gel filtration column
equilibrated in 50 mM Tris-HCI1 (pH 8.0), 150 mM NaCl, and 2.5 mM DTT.
Fractions containing IPK1 were analyzed by SDS-PAGE and pooled accordingly.
The protein was concentrated to 20 mg/mL and stored at 4 °C. A summary of the
purification of IPK1 is provided in Figure S2.1.

Protein Crystallization

All crystals grew at 20 °C within 6-72 h using the sitting-drop vapour-
diffusion method. All ligand solutions were pH 8.0 prior to incubating with protein
for 30 min at 4 °C. IPs was purchased from Sigma-Aldrich. IPs was purchased
from Cayman Chemical Company. IPK1 (5 mg/mL) crystallized with 5 mM
ADP/IP¢/MgCl, in 0.08 M MES (pH 6.5), 19.85% PEG 3000, 0.17 M NaCl, 2.35%
benzamidine HCI. For the substrate-bound state, IPK1 (5 mg/mL) crystallized with
2 mM ADP/IPs, 4 mM MgCl, in 0.09 M MES (pH 6.5), 18% PEG4000, 0.54 M
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NaCl, 0.01 M Trimethylamine HCl. For the ADP-only bound state, IPK1 (10
mg/mL) crystallized with S mM ADP/MgCl, in 0.18 M CaCl,, 0.1 M Tris-HCI (pH
8.0), 18.18% PEG6000, 0.01 M TCEP. Crystals of IPK1 in complex with different
ligands are shown in Figure S2.2.

Data collection

X-ray diffraction data for all complexes were collected on a Rigaku
MicroMax-007 HF microfocus X-ray generator fitted with Varimax X-ray optics
and a Saturn 944+ CCD detector. All data were measured under cryogenic
conditions, cryoprotected with reservoir solution including 5-10% PEG400, and

processed with HKL.2000 software (Otwinowski and Minor, 1997).

Structure Determination and Refinement

Diffraction data was analyzed and processed with HKL2000 software and
refined with Phenix (Adams et al., 2010) and Coot (Emsley and Cowtan, 2004).
Molecular replacement was performed with Protein Data Bank code: 2XAM. All

model images were created using PyMol (DeLano Scientific).

Limited Proteolysis

Limited proteolysis of IPK1 was performed in 50 mM Tris-HCI (pH 8.0),
150 mM NaCl, and 2.5 mM DTT buffer in separate 1.5 mL microfuge tubes. 80 pg
of IPK1 was incubated with 2 mM MgCl,, 2 mM of nucleotide (ATP, ADP,
AMPPNP) and/or 2 mM of IP (IPs or IPs) for 20 min at 4 °C. 0.08 pg of trypsin
was added resulting in a final volume of 200 pL. The reactions were incubated at
20 °C and 50 pL samples were taken at 1 h, 5 h, 9 h, 16 h. Samples were analyzed
by SDS-PAGE and stained with Coomassie blue. For N-terminal sequencing, a
duplicate gel was run and bands were transferred to a PVDF membrane. The blot
was submitted to the Sheldon Biotechnology Centre (McGill University, Montreal,

QC) for N-terminal sequencing of the fragments.

B-factor Analysis
B-factors were extracted from PDB files using the online tool NIH
StrucTools. Mainchain B-factors from the ADP+IPs structure were subtracted from

the ADP structure and ADP+IP4 structure to provide a baseline for B-factor
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comparison between ADP and ADP+IPs complexes. Calculated B-factor

differences were plotted using GraphPad Prism (GraphPad Software Inc.)
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Results and Discussion

To confirm the presence of different conformational states in the IPK1
catalytic cycle, we performed limited proteolysis of IPK1 in its free state, bound to
nucleotides or to a nucleotide analog (ATP, ADP, or AMPPNP), IP (IPs or IPy),
and in ternary complexes (AMPPNP+IPs or ADP+IPs) (Figure 2.1b). Trypsin
digests were performed at 20 °C for 9 hours and the resulting proteolytic patterns
were compared on SDS gels to detect distinct conformations. Differences in the
digestion patterns were evident, indicating that IPK1 adopts a series of
conformations in solution. In the apo state, IPK1 is extensively digested to small
fragments indicating that free IPK1 is protease labile and suggesting that it is
flexible in solution. Nucleotides alone exhibited modest protection of IPK1 from
proteolysis but the digestion pattern revealed no protection of stable domains. 1P
binding also provided little protection from protease. This is in contrast to IPs,
which protected a 37 kDa fragment not protected in the apo state, which is
indicative of IP-induced stabilization of IPK 1. N-terminal sequencing revealed that
this 37 kDa-protected fragment resulted from trypsin cleavage between R130 and
V131 while all residues C-terminal to RI130 remained intact, thereby
demonstrating stabilization of the C-lobe of the kinase but not the N-lobe. No
differences were reported between the IPs- and IPg-bound IPK1 crystal structures,
indicating that there are differences in conformational dynamics in different
ligand-bound states that may not be detectable in static crystal structures. Finally,
we observed synergistic protection in the ternary complexes. Here, when bound
also by nucleotides, both IPs and 1P protected IPK 1 from cleavage at R130, albeit
to different extents. The additional 46 kDa fragment stabilized in the ternary
complexes is cleaved by trypsin at K52 while the remainder of the protein remains
intact, including the site at R130. This synergistic protection of R130 revealed
stabilization of both the N- and the C-lobes of the kinase, which has been reported
to be a critical step in kinase activation (Knighton et al., 1991; Sicheri et al., 1997,
Ozkirimli and Post, 2006).

To further explore the conformational changes IPK1 undergoes during IP
binding, we determined the nucleotide-bound structure of IPK1 in the absence and
presence of its IP substrate and compared features of these structures to identify

the mechanism by which IPK1 transitions into its catalytically active state.
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Here, we present the 3.1 A crystal structure of IPK1 bound to ADP in the
absence of IP (Table S2.1). Overall, this structure is very similar to the previously
solved crystal structures of IP-bound IPK1 with and without nucleotides and our
own structure of IPK1 bound to ADP+IPs. There are no gross conformational
differences between the IP-bound and free structures in the C-lobe (RMSD = 0.40
A) of the kinase and no differences in positions or B-factors of the residues that
bind the 4-, 5-, and 6-phosphates of the IP. In this structure, IP-binding residues,
including K411, R415, Y419, K170, R192, H196, K200 and N238, are all
positioned as they are in the IP-bound states (Figure 2.2a). These residues are
likely held in place by water molecules that create a network of interactions in the
absence of IP, but this supposition is speculative as the resolution of the structure
(3.1 A) was too low to confirm positions of solvent molecules. Between the ADP-
bound state and all IP-bound structures, there is a notable difference in the
orientation of the residue that interacts with the 1-phosphate of the IP (Figure
2.2a,b). The sidechain for R130 cannot be modeled in the ADP-alone state,
suggesting that this residue becomes ordered only upon occupancy of the active
site by the correct substrate.

To identify regions of decreased order in the ADP-bound state, we
compared B-factors among ADP+IPs-bound-, ADP+IPs-bound-, and the ADP-
bound-IPK1 structures (Figure 2.2¢). Only modest differences were detectable
between the ADP+IPs- and ADP+IP4-bound states (blue line), but compared to
either of these structures, there were substantial localized increases in B-factors in
the ADP-bound state (red line). Specifically, marked differences in B-factors were
observed for residues 110 to 140 in the N-lobe of the kinase when the ADP+IPg
and the ADP-bound structures were compared. Consistent with the limited
proteolysis in solution where IPK1 is cleaved at R130 in the absence of IP, we see
a destabilization of the region surrounding R130 in the IP-free crystal structure,
which appears to be shared with much of the N-lobe of the kinase (Figure 2.2d).

Our limited proteolysis and IP-free crystal structure indicate that IPK1
adopts multiple conformational states not appreciated from previous crystal
structures. Here, the decreased order in the crystal structure is consistent with the
protease sensitivity in solution supporting our use of the crystal structure to
propose dynamics of the N-lobe of the kinase in the absence of IP substrate. The

different extents of protease protection in these states suggest that conformational
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dynamics may play a more significant role in the IPK1 catalytic cycle than
previously thought.

Consistent with these observations, we propose a model for recognition of
IP substrate by IPK1 wherein phosphate groups at the 4-, 5- and 6-positions are
required for initial recognition of IPs by the residues K411, R415, Y419, K170,
R192, H196, K200 and N238, which are poised for binding IPs in the [P-free state
(Figure 2.3a). Subsequently, interaction of a 1-position phosphate with R130
stabilizes this residue and the N-lobe. In this two-step model for substrate
recognition and activation, contacts at the 4-, 5-, and 6-positions are needed for
initial recognition and the 1-phosphate is required for IPK1 subsequently to adopt
an active conformation. In this model, the 4-, 5-, and 6-phosphates share the role
for mediating initial substrate contact with the enzyme, while the 1-phosphate
plays the subsequent, but critical role of stabilizing the N-lobe of the kinase, an
essential step for kinase activation (Figure 2.3b). This model — including the
critical role of the 1-phosphate — is consistent with the report that IPK1 exhibits
some activity toward 1,3,4,6-1P,, but no activity towards 3,4,5,6-1P,, which lacks
the 1-phosphate (Sweetman et al., 2006).

Conclusion

Knockout of the IPK1 gene in mice is embryonic lethal (Verbsky et al.,
2005b) and RNAIi of IPK1 in zebrafish exhibit developmental defects (Sarmah et
al., 2005) which suggest an important physiological role for IPK1. Characterizing
the mechanism IPK1 uses for substrate recognition opens up new avenues for
selectively targeting IPK1 as the similarity among IP substrates has previously

hindered the development of specific inhibitors for IPKs.
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Figure 2.1. Limited proteolysis of IPK1. (A) Cartoon representation of product-
bound IPK1 depicting overall topology: N-lobe (red), C-lobe (blue), hinge (cyan),
Cp-lobe (green) with ADP (purple) and IPs (orange); Protein Data Bank code:
3UDZ. Dashed lies indicate untraceable regions. (B) IPK1 (55 kDa) was incubated
with trypsin in numerous conditions with nucleotides and/or inositides. Two
fragments were protected in multiple conditions. N-terminal sequencing identified
one fragment to be cleaved after K52 (46 kDa) and the other to be cleaved after
R130 (37 kDa). Both residues are shown in yellow in (A) (R130, sticks; K52,

rectangle).
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Figure 2.2. IPK1 exhibits localized disorder of the N-lobe in the absence of
substrate. Electron density of substrate binding residues (2Fo-Fc (1.85)) is shown
for crystal structures of IPK1 bound to (A) ADP+IPs and (B) ADP. (C) B-factor
analysis of residues in ADP-bound state (red) and ADP+IP4-bound state (blue). (D)
Cartoon representation of ADP-bound crystal structure colored by B-factor
differences between ADP-bound state and ADP+IPs-bound states. Blue represents

no difference while red represents highest differences.
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Figure 2.3. Proposed model of IPK1 activation. (A) In the inactive state, IPK1
remains an open “clamshell” (1) which closes slightly upon binding of ATP (2).
IPs is then initially recognized at the 4-, 5- and 6-positions (3). Finally, with IP;
bound, interactions between R130 and 1-phosphate stabilize the N-lobe of the
kinase into the active state. (B) Two classes of interactions with IP substrate are
necessary for IPK1 activity. The 4-, 5- and 6-positions of IPs are required for initial
recognition, while the 1- and 3-positions are required for N-lobe stabilization. IP-
binding residues from an alignment of the ADP-bound structure of IPK1 (purple),
the ADP+IPs-bound structure of IPK1 (blue), and the ADP+IPs-bound structure of
IPK1 (teal) are shown.
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Figure S2.1. Purification of IPK1. (A) Samples of eluate after each purification
step: immobilized metal affinity chromatography (IMAC) using Ni-NTA column,
ion exchange (IEX) using Heparin SP FF column, gel filtration (GF) using S-300
Sephacryl column. The large band at 55 kDa is IPK1. (B) Chromatograph of
IMAC. (C) Chromatograph of IEX (blue) overlayed with increasing NaCl gradient
(green). (D) Chromatograph of GF (blue), overlayed with MW standards (red).
Comparison of eluate volume with MW standards indicates that IPK1 is a

monomer in solution and possesses a molecular weight of 55 kDa.
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Figure S2.2. IPK1 crystal complexes. (A) ADP+IPs. 5 mg/mL of IPKI1
crystallized with 5 mM ADP/IP¢/MgCl, in 0.08 M MES (pH 6.5), 19.85% PEG
3000, 0.17 M NaCl, 2.35% benzamidine HCl. (B) ADP+IPs. 5 mg/mL of IPK1
crystallized with 2 mM ADP/IPs in 4 mM MgCl,, 0.09 M MES (pH 6.5), 18%
PEG4000, 0.54 M NaCl, 0.01 M Trimethylamine HCI. (C) ATP. 5 mg/mL of IPK1
crystallized with 5 mM ATP/MgCl, in 0.18 M CaCl,, 0.1 M Tris-HCI (pH 8.0),
18.18% PEG6000, 0.01M sodium bromide. (D) ADP. 10 mg/mL of IPKI1
crystallized with 5 mM ADP/MgCl, in 0.18 M CaCl,, 0.1 M Tris-HCI (pH 8.0),
18.18% PEG6000, 0.01 M TCEP. All crystals were grown 20 °C and ranged from

0.1-0.5 mm in size.
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Table S2.1. Data collection and refinement statistics.

(molecular replacement with PDB ID: 2XAM)

ADP ADP+IP; ADP+IP,
(PDB ID: (PDB ID: (PDB ID:
3UDS) 3UDT) 3UDZ)
Data collection
Space group P1 P1 P1
Cell dimensions
a, b, c(A) 58.29, 59.88, 59.36, 59.91, 59.06, 59.39,
82.91 83.14 82.75
o, B,y (°) 83.40, 89.40, 90.02, 97.04, 89.84, 82.58,
65.30 116.81 63.36
Resolution (A) 50.00-3.10 50.00-3.10 50.00-2.50
(3.29-3.10)** (3.26-3.10) (2.58-2.50)
Rinerge 0.061 (0.134) 0.132 (0.218) 0.084 (0.152)
1/0ol 15.1 (7.7) 16.7 (7.0) 39.1 (15.8)
Completeness (%) 95.15 (90) 96.4 (95) 94.5 (91)
Redundancy (%) 3.9(3.9) 3.9 (4.0) 3.733.7)
Refinement
Resolution (A) 42.82-3.10 44.62-3.10 41.43-2.50
No. reflections 17,449 17,694 32,523
Ryork / Ree 0.2370/ 0.2098 / 0.1890/
0.3119 0.2762 0.2595
No. atoms 5,796 6,267 6,761
Protein 5,740 6,145 6,169
Ligand/ion 56 122 131
Water 0 0 461
B-factors (A%
Protein 64.31 26.26 35.28
Ligand/ion 65.12 36.02 27.81
Water 0 0 32.50
R.m.s. deviations
Bond lengths (A)  0.013 0.011 0.022
Bond angles (°) 1.319 1.287 1.229

*One single crystal used for each data collection.

**Values in parentheses are for highest-resolution shell.
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Connecting Text

In Chapter 2, we proposed a two-step model of IP recognition for IPK1
whereby IPs is initially recognized at the 4-, 5-, and 6-positions, and then the 1-
position phosphate stabilizes IPK 1 into the active conformational state.

In Chapter 3, we describe experiments to support our model by defining
the roles of the different phosphate groups of IPs. We systematically tested IPs and
a set of IP,s that lacked phosphate groups at different positions in a binding assay
and activity assay. With this strategy, we could elucidate the effect of each
phosphate on IP binding to IPK1 and IPK1 activation. Furthermore, we tested the
activity of a series of IPK1 mutants with point mutations for each residue that
interacts with the IP substrate. Comparison of the activities of each mutant IPK1 to
wild-type IPK1 highlights the role of each position phosphate for IPK1 activity.

The data from Chapter 3 show that the 5- and 6-phosphates are the most
important for IP binding, and the 1- and 3-phosphates are the most important for
IPK1 activation. These findings support in part our proposed IP recognition model
for IPK1, but the role of the 1-phosphate in stabilizing IPK1 remains to be
described.
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Chapter 3. Roles of phosphate recognition in inositol 1,3,4,5,6-

pentakisphosphate 2-kinase substrate binding and activation

Varin Gosein and Gregory J. Miller
Journal of Biological Chemistry. 2013. 288(37):26908-26913.
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Abstract

Inositol phosphate kinases (IPKs) sequentially phosphorylate inositol
phosphates (IPs) to yield a group of small signaling molecules involved in diverse
cellular processes. Inositol 1,3,4,5,6-pentakisphosphate  2-kinase (IPK1)
phosphorylates IPs to IPs; however, the mechanism of IP recognition employed by
IPK1 is currently unresolved. We previously demonstrated that IPK1 possesses an
unstable N-lobe in the absence of IP, which led us to propose that the phosphate
profile of the IP was linked to stabilization of IPK 1. Here, we describe a systematic
study to determine the roles of the 1, 3, 5, and 6 phosphate groups of IPs in IP
binding and IPK1 activation. The 5- and 6-phosphate groups were the most
important for IP binding to IPK1, and the 1- and 3-phosphate groups were more
important for IPK1 activation than others. Moreover, we demonstrate that there are
three critical residues (R130, K170, and K411) necessary for IPK1 activity. R130
is the only substrate-binding N-lobe residue that can render IPK1 inactive; its 1-
phosphate is critical for full IPK1 activity and for stabilization of the active
conformation of IPK1. Taken together, our results support the model for
recognition of the IP substrate by IPK1 in which (i) the 4-, 5-, and 6-phosphates
are initially recognized by the C-lobe and, subsequently, (ii) the interaction
between the 1-phosphate and R130 stabilizes the N-lobe and activates IPK1. This
model of IP recognition, believed to be unique among IPKs, could be exploited for

selective inhibition of IPK1 in future studies that investigate the role of higher IPs.

Keywords: IPK1; IPs; IPs; inositol phosphates; phosphorylation; substrate

recognition; kinase activation
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Introduction

Inositol phosphates (IPs) are a group of small molecules that play critical
roles in cellular signaling (Irvine and Schell, 2001). IP signaling regulates DNA
editing and repair (Hanakahi et al., 2000), vesicle transport (Hilton et al., 2001),
and ion channel regulation (Vajanaphanich et al., 1994) and has been implicated in
diseases such as cancer and diabetes (Shi et al., 2006). IPs are produced by
sequential phosphorylation of inositol 1,4,5-trisphosphate (IP;) by a family of
enzymes known as IP kinases (IPKs) (Irvine and Schell, 2001). Similarity between
IPs, which sometimes differ by only one phosphate group on the inositol ring,
demands that IPKs use mechanisms to recognize and phosphorylate specific
positions of their IP substrates while excluding highly similar molecules. Crystal
structures from each of the IPK subfamilies have revealed that the structural
determinants for IP discrimination vary between IPKs. Inositol 1,4,5-trisphosphate
3-kinase (IP;K) employs shape complementarity to recognize precisely positioned
phosphate and hydroxyl groups of IP; (Gonzalez et al., 2004). In contrast, inositol
1,3,4-trisphosphate 5/6-kinase (ITPK1) discriminates among IPs using phosphate
affinity and stereochemical features to establish contacts with phosphates that are
sufficient for substrate recognition (Miller et al., 2005). Crystal structures of
inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IPK1) in its IP substrate- and
product-bound forms reveal extensive contacts with all phosphate groups of the
bound IPs (Gonzalez et al., 2010). These structures reveal how inositol 1,3,4,5,6-
pentakisphosphate (IPs) is phosphorylated on its axial 2-hydroxyl, yielding inositol
1,2,3,4,5,6-hexakisphosphate (IP¢), but they do not suggest a mechanism through
which IPK1 selectively recognizes IPs as its substrate while excluding other highly
phosphorylated IPs with free axial 2-hydroxyl groups. We recently determined the
crystal structure of wild-type IPK1 in an IP-free state, which exhibited disorder
within its N-lobe of the kinase, centered at R130 (Chapter 2) (Gosein et al., 2012).
This IP-free structure suggests that binding of IP substrate plays a role in
stabilization of the N- and C-lobes of the kinase, which is an important step in the
activation of protein kinases (Knighton et al., 1991; Ozkirimli and Post, 2006;
Sicheri et al., 1997).

Our current objective was to define the contributions of the individual
phosphate groups of the IP to binding and to recognition of the bound IP as a
substrate. The results demonstrate that each phosphate group of the IP plays a
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different role in binding and activation of IPK1 and that there are three critical

contacts formed between IPK1 and the IP that mediate IPK 1 activation.
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Materials and Methods

Generation of alanine mutants

Residues with interactions to IPs, either directly or through solvent
molecules, were identified using previous crystal structures (Gosein et al., 2012).
Mutation of these residues to alanine was performed by site-directed mutagenesis
using the quick-change method (Stratagene) and the sets of oligonucleotides shown
in Table S3.1. A pET28a vector containing wild-type A. thaliana IPK1 and a
hexahistidine tag was used as a template (a kind gift from Dr. C. Brearley). All

mutations were verified by DNA sequencing.

Protein expression and purification

Wild-type IPK1 and alanine mutants were expressed in BL-21 Al cells
(Invitrogen) that were grown in Terrific Broth to an ODgy = 1.5 and induced with
0.5 mM IPTG and 0.1% L-arabinose at 18 °C for 20 h. Cells were lysed in 10
mM Tris-HCI (pH 8.0), 250 mM NaCl and 50% glycerol using a sonicator. The
supernatant was separated from lysate using centrifugation at 45000xg. The
supernatant was then diluted 5-fold using 20 mM Tris-HCl (pH 8.0) and 500
mM NaCl, and 25 mM imidazole was added. IPK1 was purified using NiNTA
beads (Thermo Scientific) in a gravity column using 4 mL dry beads per 250 mL
of culture. Beads were washed with 20-column volumes of 50 mM KPO, (pH 8.0),
800 mM NaCl, 1% Triton X-100, 1.7 mM B-mercaptoethanol. Protein was eluted
using 250 mM imidazole in 20 mM Tris-HCI (pH 8.0), 300 mM NaCl buffer and
then 2 mM DTT was added to the eluate. Protein concentration was determined by
Bradford assay (Thermo Scientific) using BSA as a standard. Protein was stored at

4 °C and used within 72 h.

Isothermal titration calorimetry (ITC)

Experiments were performed on a MicroCal iTC200 titration calorimeter
(GE Healthcare). Wild-type IPK 1 was purified and dialyzed into ITC buffer, which
contained 50 mM HEPES (pH 7.5), 6 mM MgCl,, 150 mM NaCl, 1 mM TCEP
(pH 7.0). After dialysis of protein was complete, dialysis buffer was used to
dissolve the ligands, IP and AMPPNP (Jena Bioscience). Titration experiments
were performed at 25 °C with 100 uM IPK1 and 1 mM AMPPNP in the cell and 1-
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2 mM of IP in the syringe to ensure a final IP:IPK1 molar ratio of at least 2:1.
Titration experiments were performed at least twice for each IP and one set was
chosen to represent data. Calorimetric data was analyzed using Origin 7.0
(MicroCal). Data was fitted using a one-site model using Equation (1):

2

(1

2
Q(i)zlnP,AHV 1+X’ + L _ 1+X’ + ! _4x,
2 nP. nKP nP. nKP nP
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where n is the number of IP binding sites on IPK1, P, is the total concentration of
IPK1, X, is the total concentration of IP, V is the cell volume, K is the binding
constant and AH corresponds to the enthalpy change due to IP-IPK1 binding. The
heat corresponding to the ith injection only, AQ(i), is equal to the difference
between Q(i) and Q(i—1) and is given by Equation (2), which is corrected by the
injection volume dV; for the displaced volume:
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v 2
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IPK1 activity assay

Inositol phosphates (1,3,4,5,6-1Ps; 1,3,4,5-1P4; 1,4,5,6-1P4; 1,3,4,6-1P;
3,4,5,6-IP;) were purchased from Cayman Chemical Company. A source for
1,3,5,6-IP, was not located. IPK1 kinase activity was assessed using the Kinase-
Glo Max Luminescent Kinase Assay (Promega) as per manufacturer instructions.
Kinase reactions were performed in 25 uL volumes in black 96-well plates at 25
°C. The reaction mixture contained 50 mM HEPES (pH 7.5), 6 mM MgCl,, 50 mM
NaCl, and 300 uM ATP. 25 uL of Kinase-Glo reagent was added to stop the
reaction, and luminescence was measured after 20 min on a Berthold Orion II
Microplate Luminometer. Initially, 80 pM of IP was used and the amount of
enzyme was varied to determine conditions in which product formation was linear
over 30 min. Subsequently, an array of reactions with varying concentrations of IP
(20 uM, 40 pM, 60 pM, 80 uM, 100 uM, 120 uM, 140 pM) stopped at various
time points (2 min, 5 min, 10 min, 20 min, 30 min) was performed in triplicate.
The rate of product formation versus IP concentration was plotted and fitted to the

Michaelis-Menten equation using non-linear regression to determine Ky; and Vyax
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(GraphPad). The k., values were calculated using the equation k.., = Vmax/[E],

where [E] is the concentration of enzyme in uM.

IPK1 alanine mutants activity assay

Initially, 150 ng of each mutant was tested for kinase activity with 80 uM
IP5 after 30 min. Mutants that exhibited little or no activity were retested using 750
ng of enzyme. Active mutants were further characterized for their kinetic

parameters with IPs as a substrate using the above-mentioned approach.
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Results

5- and 6-phosphates are critical for binding

To determine the role of phosphates at each position of the inositol ring,
we measured the effect on binding affinity when using IPs lacking a phosphate
group at the 1, 3, 5, or 6 positions. Using ITC, we obtained Ky, values for each 1P,
and IPs (Table 3.1, Figure S3.1). As expected, IPs, the native substrate for IPK1,
displayed the highest binding affinity with a Kp = 0.60 uM. IP,s exhibited a range
of binding affinities. The Kp values of 1,4,5,6-1P, and 3,4,5,6-1P, were 13-fold
higher than that of IPs, while the Kp values of 1,3,4,6-1P, and 1,3,4,5-IP, were at
least 30-fold higher. These results indicate that different phosphate groups have
varying contributions to the binding affinity of IPs for IPK1. Comparison of
Kp(IP,):Kp(IPs) ratios reveal that the 5- and 6-phosphates contribute the most to
the binding affinity of the IP, as the absence of either phosphate group dramatically
increases the Kp (Figure S3.2).

1- and 3-phosphates are important for substrate recognition

We tested the kinase activity of IPK1 for IPs and IP,s using a luminescent-
based assay to determine which phosphates identify an IP as a substrate for IPK 1
(Figure 3.1, Table 3.2). Kinase activity of IPK1 was maximal in the presence of
IPs, with a ke, = 44.02 = 3.19 nmol/min. With 1,3,4,6-IP,, an IP lacking the 5-
phosphate, there was a modest decrease in kinase activity with a ke, = 27.48 + 4.00
nmol/min. In contrast, IPs lacking 1- and 3-phosphate groups exhibited a
substantial 85% decrease in activity compared to IPs. No activity was detected
when 1,3,4,5-IP, was used as a substrate, suggesting that the 6-phosphate may also
be important for activation. These results indicate that the 1- and 3-phosphates are
important for the IP to be recognized as a substrate by IPK1. We also observe that
the Kps for IPs lacking phosphates vary considerably, while the Ky, for each IP
remains nearly constant (Table 3.2). This disconnect suggests that the kinetic
parameters of ligand binding or catalysis change along with the binding affinity,

but we cannot define with the current set of assays how they change.
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Alanine mutants identify active site residues critical for IPK1 activity

To identify the contacts between IPK1 and IP that are essential for activity,
we mutated to alanine those IPK 1 residues that interact with the IP and tested these
mutants for activity towards IPs (Table 3.3). To compare kinase activity between
mutants, we determined k., values for each mutant. For wild-type IPK1, k¢, =
44.02 £ 3.19 nmol/min. Mutation of R130, the only residue that interacts with the
I-phosphate of the IP, resulted in no detectable activity. Mutations of residues
K168 and D368, which mediate phosphoryl transfer from ATP to the 2-hydroxyl,
also exhibited no activity, as expected. The R45A mutant, which abolishes the
contact with the 3-phosphate, displayed a 40% decrease in kinase activity (ke, =
27.16 £ 1.79 nmol/min), while R415A and Y419A mutants, which abolish contacts
with the 4-phosphate, both displayed activity equivalent to wild-type IPK1. In
contrast, the K411A mutant, which abolishes contacts with both the 3- and 4-
phosphates, showed no activity. The R192A mutant displayed a modest decrease in
kinase activity (k.= 22.01 £ 2.05 nmol/min) and H196A had no effect on kinase
activity (K., =34.12 £+ 4.33 nmol/min), both of which demonstrate that interactions
with the 5-position have modest impact on catalytic activity. The K170A mutant,
which abolishes interactions with both the 5- and 6-phosphates, showed no
activity. Finally, mutations of residues K200A, N238A, and N239A, which
eliminate contacts with the 6-phosphate, displayed reduced activity compared to
wild-type IPK1. Figure 3.2 summarizes the effect of alanine mutations in the
inositide binding site on IPK1 activity. Here, we observe that the residues that
interact with more than one phosphate play important roles in substrate
recognition, while most residues that interact with a single phosphate play lesser

roles in this process.
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Discussion

Roles of different phosphate groups: binding vs. activation

Here, we present a systematic study to identify the relative contributions of
the 1-, 3-, 5-, and 6-phosphates to IPs binding affinity and recognition as an IPK1
substrate. Initially, we used ITC to determine the binding affinity of IPK1 to IPs
and to a set of IP,s, each lacking a single phosphate group. We observed a
spectrum of affinities for these differently phosphorylated IP, molecules,
indicating that phosphates contribute differently to binding. IPs lacking the 5- or
the 6-phosphate displayed the lowest binding affinity to [PK1, while IPs lacking
the 1- or the 3-phosphate displayed only moderately decreased binding affinity
(Table 3.1). The structure of nucleotide-bound IPK1 (Protein Data Bank code:
3UDS) revealed the N-lobe to be unstable compared to the IP-bound state, and in a
recent structure of IPK1 engineered to crystallize in the absence of IP (Protein
Data Bank code: 4AXC), the N-lobe was too far away from the C-lobe to form a
complete inositide binding pocket (Banos-Sanz et al., 2012; Gosein et al., 2012). In
both wild-type and mutant structures, the N-lobe fails to assemble into the active
conformation. Our ITC binding data, which indicate that the C-lobe binding 5- and
6-phosphates contribute substantially more to binding, are consistent with the C-
lobe playing a dominant role in substrate recruitment. This collection of structures
and the binding data support the model that substrate recruitment likely occurs
though the stable C-lobe, which comprises half of the IP binding site. To complete
assembly of the IP binding site, IP must bind to both the N- and C-lobes, thereby
coupling binding of the substrate to stabilization of the kinase.

We further investigated the contribution of each phosphate group of the IP
to its recognition as a substrate and to activation of IPK1. We determined the Ky,
and k., of IPK1 in the presence of IPs and our series of IP;s. These data indicate
that k., for IPK1 is substantially decreased for IPs lacking the 1- or the 3-
phosphate compared to IPs and 1,3,4,6-IP, (Table 3.2). Preliminary studies of IPK1
substrate specificity also revealed the use of 1,3,4,6-IP, as a substrate, but not
3,4,5,6-IP,; however, a kinetic analysis of IPK1 with each IP, was not performed
(Sweetman et al., 2006). Our observations are consistent with the 1- and 3-

phosphates stabilizing the bi-lobed structure of IPKI1, thereby promoting its
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activation though recruitment of the N-lobe, using a similar mechanism to that
reported for protein kinases (Sicheri et al., 1997).

IPK1 was unable to use 1,3,4,5-1P, as a substrate, which suggests that the
6-position may play a dual role in both IP binding and activation; abolishing both
functions decreased its use as a substrate to levels below the detection limit of our
assay. The Kps for 1,3,4,5-IP, and 1,3,4,6-1P, were similar; however, 1,3,4,6-IP,
could be used as a substrate while 1,3,4,5-IP, could not. This indicates that the
decreased binding affinity of 1,3,4,5-1P, for IPK1 was not by itself the underlying
factor for its inability to be used as a substrate (Table 3.1). The 6-phosphate
binding site plays a key role in IPK1 activation by preventing clasp formation — a
critical step in the IPK1 catalytic cycle — in the absence of IP substrate. Binding
of the 6-phosphate to K200 disrupts the interaction between K200 and E255, and
this newly freed E255 binds to W129 thereby promoting clasp formation between
the L3 loop and the a6 helix (Banos-Sanz et al., 2012). However, the K200A
mutant, as well as other mutants that disrupt interaction with the 6-phosphate,
K170A, N238A, and N239A, do not show any activity towards 1,3,4,5-IP,4, so
intramolecular changes in the 6-phosphate binding site are not essential for IPK1
activation (Figure S3.3). It is possible that 1,3,4,5-1P, adopts alternative binding
orientations, in which the 2-hydroxyl is not accessible for phosphorylation (Figure
S3.4) (Chamberlain et al., 2007; Miller et al., 2005). Further experimentation will

be required to ascertain why no activity is displayed towards 1,3,4,5-IP,.

The critical roles of R130 and 1-phosphate in IPK1 activation

Based on previous crystal structures, we mutated each substrate-binding
residue to alanine to determine the critical contacts between IPK1 and the IP. Each
mutation abolished an interaction with one or two phosphates (Table 3.3), and we
determined the Ky, and k., for each mutant in the presence of IPs. The impacts of
the mutations and the activities of the IP,s were largely symmetric; abolishing
single contacts with a phosphate group through mutation had a similar impact as
removing the phosphate from the substrate. A notable difference between the IPK1
mutant and IP, data was the asymmetric impact of abolishing the interaction with
the 1-phosphate. Given that R130, located on the N-lobe, is the only residue that
interacts with the 1-phosphate, we expected that an IP lacking the 1-phosphate

would correspond with the activity of this mutant. However, the R130A mutant
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displayed no detectable activity while 3,4,5,6-IP, could be used as a substrate,
albeit with low activity (Tables 3.2, 3.3). Structures of IPK1 in complex with IP
show that R130 forms a bond with G254, establishing an interaction between the
L3 loop and the a6 helix and promoting clasp formation (Figure S3.5) (Gosein et
al., 2012). This interaction, and therefore clasp formation, cannot occur in the
R130A mutant, rendering IPK1 inactive. Transient clasp formation can occur in
the wild-type IPK1, even in the absence of a 1-phosphate, which allows the use of
3,4,5,6-IP, as a substrate with low activity. The 1-phosphate interaction with R130
is conducive to clasp formation thereby rendering IPK1 fully active (Figure S3.5).

Thus, the 1-phosphate stabilizes the active conformation of IPK1.

One critical residue at each phosphate-binding site

There are 13 residues that interact with the IP in the IPK1 active site,
either directly or indirectly through ordered water molecules, and each of these
residues results in a bond to a phosphate group. For each phosphate of the IP, there
is a contact residue that plays a critical role, and mutation of that residue abolishes
activity. As discussed above, R130 interacts with the 1-phosphate of the substrate
and is a primary contact between the IP and the kinase N-lobe. R130 is essential
due to its structural role in stabilizing the active state and not exclusively for its
role in binding the 1-phosphate, as 3,4,5,6-IP, can bind and be recognized as a
substrate. An IP lacking the 3-phosphate also displayed low activity; however, the
R45A mutation, which disrupts the second contact between the IP and N-lobe,
moderately impaired activity (Table 3.3). Thus, it appears that N-lobe interaction
with IP is primarily mediated through R130 and the 1-phosphate. Mutation of
K411, which interacts with both the 3- and the 4-phosphates, was critical for
activity, yet mutations of R415 and Y419 that mediate other interactions with the
4-phosphate did not markedly affect IPK1 activity, nor did R45A, which is the
second contact with the 3-phosphate, as described above (Table 3.3). Both the 5-
and the 6-phosphates bind to K170, which is critical for activity; however, other 5-
phosphate interactions with R192 and H196 and other 6-phosphate interactions
with K200, N238, and N239 are dispensable for activity. Wild-type IPK1
displayed activity with IPs lacking the 3- or 5-phosphates, yet mutations of K170
and K411 rendered IPK1 inactive, likely due to the fact that these residues bind
more than one phosphate (Tables 3.2, 3.3). Sequence alignments of IPK1 reveal
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that R45, R415, and Y419 are the only inositide binding residues that are not
conserved among plant, human, rat, and yeast (Gonzalez et al., 2010).
Accordingly, R45A, R415A and Y419A mutations retained at least 60% of wild-
type activity. The conservation of R130, but not R45, suggests that N-lobe contact
with the IP is primarily mediated through the 1-phosphate. In summary, our data
indicate that each phosphate has a critical residue in the active site without which
the enzyme cannot function, notably R130, K170, and K411 (Table 3.3). Whether
K170 and K411 impact binding affinity to the extent that substrate recognition
cannot occur, or if these residues play structural roles in shaping the binding site

into an active conformation, as R130 does, remains to be determined.

Model of IP-induced stabilization as a mechanism of selectivity of IPs

Our previous crystal structures revealed that IPK1 possesses a stable C-
lobe and a destabilized N-lobe in the absence of IP, such that the inositide binding
pocket remains partially formed (Gosein et al., 2012). We proposed a model
wherein IPK1 links its interactions with IP substrate phosphate groups to
stabilization of the N- and C-lobes and kinase activation. The stability of the C-
lobe in the absence of IPs suggested that the roles of the 4-, 5-, and 6-phosphates
were to mediate initial contact of the IP to IPK1 (Gosein et al., 2012). Our current
study reveals that the 5- and 6-phosphates impact binding affinity more than the 1-
and 3-phosphates. Our model also proposed that the 1- and 3-phosphates were
required for N-lobe stabilization, as they act to bridge the N-lobe with the C-lobe.
In our current study, IPK1 displayed substantially lower k., with 3,4,5,6-IP, and
1,4,5,6-IP, than with IPs or an IP, lacking the 5-phosphate. IP-free crystal
structures of IPK 1 reveal that the destabilization of the N-lobe is centered at R130,
which directly binds to the 1-phosphate of the IP substrate (Gosein et al., 2012).
The mutation of R130A impaired IPK1 activity, suggesting that the N-lobe is
required to be stabilized for IPK1 activation, a key feature of kinase activation
(Sicheri et al., 1997). In short, our study reveals specific roles for each of the IP
phosphates linking IPK1 substrate specificity to IPK1 stability.
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Conclusion

In this report, we demonstrate that the phosphate profile of IPs is
mechanistically linked to IPK1 activation. We have identified phosphates at
positions 1, 3, and 6 as the most important for activation of IPK1, while
phosphates at positions 5 and 6 are more important for binding than those at
positions 1 and 3. Identification of the roles of the phosphates of the IP supports
our proposed model of IPK1 substrate specificity and may provide a basis for
selective targeting of IPK1, as similarity among IP substrates continues to hinder
development of specific inhibitors for IPKs. Inhibition of IPK1 would prove
valuable in the investigation of the roles of higher IPs whose production is
dependent on IPg, the product of IPK1, as well as functional roles of IPK1 in

mammals.
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Figure 3.1. Kinetic analysis of IPK1 toward IP5 and IP,s. IPK1 kinase activity
was assessed using a luminescence based assay. The rate of product formation
versus IP concentration was plotted and fitted to the Michaelis-Menten equation.
Each point represents the mean + S.D. of triplicate experiments. ®: 1,3,4,5,6-1P;
W 1,3,4,6-1P, ®:3,4,5,6-1P, A: 1,4,5,6-IP,.
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Figure 3.2. Structural representation of Kkinetic parameters of alanine
mutants. IPs is shown in yellow, stick form. Side chains of IP binding residues are
shown in stick form and colored according to alanine mutant k... Maroon indicates
no activity. Darker shades of green indicate reduced activity compared to wild-type
IPK1. Green indicates equivalent activity to wild-type IPK1. Side chains are
grouped according to bound phosphate, overlaid with colored arcs (red: N-lobe;

blue: C-lobe).
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Figure S3.1. Isotherms for IPs and IP,s. (A) 1,3,4,5,6-1Ps; (B) 1,3,4,5-1P4; (C)
1,4,5,6-1P,; (D) 1,3,4,6-1P,; (E) 1,3,4,5-1P,. ITC was performed using a MicroCal
1TC200 titration calorimeter. Titration experiments were performed at 25 °C with
100 uM IPK1 and 1 mM AMPPNP in the cell and 1-2 mM of IP in the syringe to
ensure a final IP:IPK1 molar ratio of at least 2:1. Titration experiments were
performed at least twice for each IP and one set was chosen to represent data here.
Calorimetric data was analyzed using Origin 7.0. Data was fitted using a one-site

model using Equation (1) in main text.
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Figure S3.2. Comparison of IPK1 binding affinity for IP5s and IP,s. The Kp of
each IP was divided by the Kp of IP5 and plotted. The larger the ratio, the weaker
the binding affinity for a given IP.
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Figure S3.3. 6-position mutants do not exhibit activity towards 1,3,4,5-1P,. 150
ng of each IPK1 6-position mutant was tested in the presence of 80 uM 1,3,4,5,6-
IP5 (black bars) or 80 uM 1,3,4,5-IP, (grey bars) and 300 uM ATP for 30 min at
25 °C. No activity was detected for any 6-position mutant with 1,3,4,5-IP,, but
K200A, N238A, and N239A, were active with IPs. Each bar represents the mean +

S.D. of triplicate experiments.
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Figure S3.4. Proposed binding orientations of 1,3,4,5-IP,. (A) Expected
orientation; (B) Flip around 2’-5’ axis of the IP; (C) Rotation of IP clockwise of
120°; (D) Flip around 2’-5” axis of the IP and a rotation of the IP counterclockwise
120°. 1,3,4,5-1P, is shown in cyan, stick form, and IPK1 active site residues that
interact with the IP are shown in light grey, stick form. ATP is not shown for
clarity. In (A), the 2-hydroxyl is positioned for phosphorylation. Assuming ATP is
bound, 1,3,4,5-IP, must adopt orientations (B), (C), and (D) to avoid steric
hinderance with the y-phosphate of the ATP, however, in these binding
orientations, the hydroxyl group is not optimally positioned for phosphoryl transfer

to occur.
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Figure S3.5. Clasp formation between 06 helix and L3 loop. Interactions
between R130 (magenta, stick form) and G254 (cyan, stick form) mediate clasp
formation between the L3 loop (cyan) and the a6 helix (magenta), of the C-lobe
(blue) and of the N-lobe (red), respectively. R130 also forms an interaction with
the 1-phosphate of the IP which is conducive to clasp formation. Image was
created using PyMol and a product-bound structure of IPK1 (Protein Data Bank
code: 3UDZ). ADP (green) and P4 (yellow) are shown in stick form. Dashed lines
indicate hydrogen bonds.
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Table 3.1. Binding data of IPK1 toward IP;s and IP,s.

P N K Kp AH AS
(sites) W) (pM) (cal/mol) (cal/mol/deg)
1,3,4,5,6-IPs  0.895 1.68E+06 0.60 -11900 -11.4
1,3,4,6-1P, 0.895 3.72E+04  26.88 -8720 -8.34
1,4,5,6-1P, 1.14 1.22E+05 8.20 -7551 -2.05
3,4,5,6-1P, 0.656 1.33E+05 7.52 -18300 -37.9
1,3,4,5-1P, 1.19 5.49E+04 18.21 -10140 -12.3
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Table 3.2. Kinetic parameters of IPK1 toward IPs and IP,s.

P K, (1M) k_ (min’)
1,3’4,5’6-11)5 63.05+10.77 44.02 +3.19
1,3,4,6-IP4 66.81 +£22.37 27.48 £4.00
1,4’5,6-11)4 55.99+ 13.95 6.60 = 0.66
3,4,5,6-IP4 47.54+13.94 6.30+0.68
1,3,4,5—IP4 nd nd

Data represents the mean + S.D. of triplicate experiments. nd: no activity detected.
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Table 3.3. Kinetic parameters of IPK1 alanine mutants toward IPs.

Mutant K, (M) kcat (min'l) PO4 interaction
R45A 54.28 +9.07 27.16 £ 1.79 3
RI130A nd nd 1
K168A nd nd 2
K170A nd nd 5,6
R192A 59.35+ 1341 22.01 +£2.05 5
H196A 4348 +£15.62 34.12+4.33 5
K200A 39.79 £ 19.52 16.74 +2.77 6
N238A 33.72+ 70918 14.74 £ 1.07 6
N239A 83.30+9.53 15.89 +0.87 6
D368A nd nd 2
K411A nd nd 3,4
R415A 62.27 +21.89 38.71+5.73 3,4
Y419A 76.86 + 16.94 41.62+4.25 4

Data represents the mean + S.D. of triplicate experiments. nd: no activity detected.

The last column indicates the IP phosphate that interacts with the mutant side

chain, either directly or indirectly, through ordered water molecules.

112



Table S3.1. List of oligonucleotides used for alanine mutant generation.

R45A Forward

Reverse

gattcgtatacagaaggctgcgaggaacgataaagcaatc

gattgctttatcgttcctcgecagecttctgtatacgaate

R130A Forward

Reverse

agcagcgtccgctatgggctgttaatgcagctaatg

cattagctgcattaacagcccatagcggacgetgct

K168A Forward

Reverse

geggtggtgattgcattagtgttgaaatagegectaaatgeggatt

aatccgcatttaggcgctatttcaacactaatgcaatcaccaccge

K170A Forward

Reverse

gcattagtgttgaaataaagectgecatgeggatttcttccaacctcaa

ttgaggttggaagaaatccgcatgcaggctttatttcaacactaatge

R192A Forward

Reverse

catactcaaaacaagcgtaagcgctttcaaaatgcatcaactccta

taggagttgatgcattttgaaagcgcttacgcttgttttgagtatg

H196A Forward

Reverse

caagcgtaagccgtttcaaaatggctcaactcctaaagttggaat

attccaactttaggagttgagccattttgaaacggcttacgcttg

K200A Forward

Reverse

ccgtttcaaaatgcatcaactcctagegttggaatatatcgagatatctgaa

ttcagatatctcgatatattccaacgctaggagttgatgcattttgaaacgg

N238A Forward

Reverse

aaagctttatattccactcctcaagccaatttccgegtattcttgaatgg

ccattcaagaatacgcggaaattggcttgaggagtggaatataaagcttt

N239A Forward

Reverse

ctataaaagctttatattccactcctcaaaacgctttccgegtattettgaat

attcaagaatacgcggaaagcgttitgaggagtggaatataaagcttttatag

D368A Forward

Reverse

gatagctgcaactgccaaagcectgtagtattatgatcagttt

aaactgatcataatactacaggctttggcagttgcagctatc

K411A Forward

Reverse

gtacatttcattgatctaagcctggcaccacttaagagaatggagtcata

tatgactccattctcttaagtggtgccaggcttagatcaatgaaatgtac

R415A Forward

Reverse

atctaagcctgaaaccacttaaggcaatggagtcatactacaaattgg

ccaatttgtagtatgactccattgccttaagtggtttcaggcttagat

Y419A Forward

Reverse

ctgaaaccacttaagagaatggagtcagcctacaaattggataagaagataattage

gctaattatcttcttatccaatttgtaggetgactccattctcttaagtggtttcag
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Connecting Text

In Chapter 3, we obtained evidence to support the first half of our two-step
model of IP recognition for IPK1. We determined that the phosphate profile of the
IP substrate is mechanistically linked to the activation of IPK 1, whereby the 5- and
6-phosphates are important for IP binding and the 1- and 3-phosphates are
important for activation. The second half of our model stated that the 1-phosphate
stabilizes the N-lobe in order to activate [PK1. In Chapter 3, we observed that an
alanine mutation of arginine-130, a residue that interacts with the 1-phosphate,
impairs IPK1 activity, further suggesting an importance of the interaction between
the 1-phosphate and IPK1.

In Chapter 4, we describe experiments to demonstrate a link between IP
substrate specificity, IPK1 stability, and subsequent activation. We used our set of
IP,s to infer the role of each phosphate group in two assays that detect IPK1
stability. With this approach, we could determine the role of each phosphate in
stabilizing IPK1. Furthermore, we suspected that we could alter the substrate
specificity of IPK1 by artificially stabilizing IPK1. We therefore created a series of
disulfide mutants and investigated their structure and kinetics using our established
assays for activity and stability.

The data from Chapter 4 show that the 1- and 3-phosphates, which engage
the N-lobe, contribute the most to IPK1 stability compared to the other phosphates.
In addition, our engineered IPK1 disulfide mutants show that N-lobe stability is
linked to substrate specificity and is a determinant for IPK1 activation. These
findings provide the remaining evidence to fully validate our model of IP-induced

stabilization for IPK1.
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Chapter 4. Conformational stability of inositol 1,3,4,5,6-pentakisphosphate 2-

kinase dictates its substrate selectivity

Varin Gosein and Gregory J. Miller
Journal of Biological Chemistry. 2013. doi: 10.1074/jbc.M113.512731.
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Abstract

Inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IPK1) converts IPs to IPg.
IPK1 shares structural similarity with protein kinases and is suspected to employ a
similar mechanism of activation. Previous studies revealed roles for the 1- and 3-
phosphates of IPs in IPK 1 activation and that the N-lobe of IPK1 is unstable in the
absence of IP. Here, we demonstrate the link between IPK1 substrate specificity
and the stability of its N-lobe. Limited proteolysis of IPK1 revealed N-lobe
stability is dependent on the presence of the 1-phosphate of the substrate, while
overall stability of IPK1 was increased in ternary complexes with nucleotide and
IPs possessing 1- and 3-phosphates that engage the N-lobe of IPK1. Thus, the 1-
and 3-phosphates possess dual roles in both IPK1 activation and stability. To test if
kinase stability directly contributed to substrate selectivity of the kinase, we
engineered IPK1 mutants with disulfide bonds that artificially stabilized the N-lobe
in an [P-independent manner thereby mimicking its substrate-bound state in the
absence of IP. IPK1 E82C/S142C exhibited a DTT-sensitive 5-fold increase in ky
for 3,4,5,6-IP, compared to wild-type IPK1. The crystal structure of the IPK1
E82C/S142C mutant confirmed the presence of the disulfide bond and revealed a
small shift in the N-lobe. Finally, we determined that IPK1 E82C/S142C is
substantially more stable than wild-type IPK1 under non-reducing conditions
revealing that increased stability of IPK1 E82C/S142C correlates with changes in
substrate specificity by allowing IPs lacking the stabilizing 1-phosphate to be used.
Taken together, our results show that IPK1 substrate selection is linked to the

ability of each potential substrate to stabilize IPK1.

Keywords: [PK1; IPs; inositol phosphates; differential scanning fluorimetry;

substrate recognition; kinase activation
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Introduction

Inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IPK1) is an inositol
phosphate kinase (IPK) that catalyzes the phosphorylation of inositol 1,3,4,5,6-
pentakisphosphate (IPs) to inositol hexakisphosphate (IPs) (Sweetman et al., 2006).
IP¢ is involved in diverse cellular processes such as mRNA export (Alcazar-
Roman et al., 2010), chromatin remodeling (Shen et al., 2003), apoptosis (Agarwal
et al., 2009), and development (Sarmah et al., 2005). IPK1 itself has been
demonstrated to affect apoptosis, and its expression is markedly elevated in renal
samples from patients suffering from diabetic nephropathy, indicating it may play
functional roles in disease states (Verbsky and Majerus, 2005; Merchant et al.,
2009). Recent crystal structures have revealed that some IPKs possess an N- and
C-lobed structure similar to that of protein kinases (PKs), in which both lobes
contribute to a conserved ATP binding pocket (Ten Eyck et al., 2008). Both PKs
and IPKs require mechanisms to recognize their physiological substrates from
among pools of similar molecules. While PKs recognize consensus sequences in
their targets, IPKs must recognize their substrates from among more than 30 IPs
based on differences in stereochemistry, and numbers and patterns of phosphate
groups (Ubersax and Ferrell, 2007; Irvine and Schell, 2001). This mechanism must
be able to differentiate physiological substrates from non-substrates that may differ
by the presence, absence, or position of a single phosphate. Structures of IP;K,
IPMK, ITPK1, and PPIPsK all reveal mechanisms that define substrate specificity
(Miller and Hurley, 2004; Holmes and Jogl, 2006; Miller et al., 2005; Wang et al.,
2012). The first crystal structures of IPK1 revealed how IPs is phosphorylated on
the 2-hydroxyl of the inositol ring to yield IPs, but the recognition of all five
phosphate groups and the axial hydroxyl group did not offer explanations for how
it excludes IPs with fewer than five phosphates from its pool of potential substrates
(Gonzalez et al., 2010; Sweetman et al., 2006). For PKs, the stability of the N- and
C-lobes is a critical precursor for kinase activation (Knighton et al., 1991; Sicheri
et al,, 1997; Ozkirimli and Post, 2006) and these IPK1 structures indicated a
similar mechanism might be employed for some IPKs. Comparison of IP-bound
and free crystal structures of IPK1 suggested stabilization of its N-lobe was
triggered by IP binding (Chapter 2) (Gosein et al., 2012); however, this mechanism
of IP recognition for IPKI1, termed “IP-induced stabilization” has yet to be

validated. Recently, we demonstrated the position of the phosphates on IPK1
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substrates play different roles in directing IP binding to IPK1 and the recognition
of IPs as substrates (Chapter 3) (Gosein and Miller, 2013).

The aim of our current work is to define the contributions of IP phosphates
on IPK1 stabilization and define how this relates to enzyme activation. The results
presented here demonstrate that the stable conformation of IPK1 is achieved when
IP-binding sites in the N-lobe are occupied by the 1- and 3-phosphates of the IP,
and that substrate specificity of IPK1 can be manipulated through artificial

stabilization of the N-lobe in an [P-independent manner.
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Materials and Methods

Ligands

Inositol phosphates (1,3,4,5,6-1Ps; 1,3,4,5-1P4; 1,4,5,6-1P4; 1,3,4,6-1Py;
3,4,5,6-IP,) were purchased from Cayman Chemical Company (Ann Arbor, MI).
Trypsin, ADP, and IPs were purchased from Sigma-Aldrich (St. Louis, MO).
AMPPNP were purchased from Jena Bioscience (Jena, Germany). ATP was
purchased from Fisher (Waltham, MA). All IPs were dissolved in Tris-HCI (pH
8.0) to a stock concentration of 20 mM and stored at -20 °C until use.

Limited Proteolysis

IPK1 was purified as described previously (Gosein et al., 2012). Limited
proteolysis of IPK1 was performed in 50 mM Tris-HCI (pH 8.0), 150 mM NacCl,
and 2.5 mM DTT. 9 uM of purified IPK1 was incubated with 2 mM MgCl, and 1
mM of IP (IP,, IPs or IPs) with and without nucleotides (AMPPNP, ADP) for 20
min at 4 °C. 0.08 pg of trypsin was then added to each reaction, except the
undigested control. The reactions were incubated at 20 °C and samples were taken
at 2 h, 4 h, 6 h, and 8 h. Samples were analyzed by SDS-PAGE and stained with
Coomassie blue and analyzed as described in Gosein et al. 2012 (Gosein et al.,

2012).

Densitometry

Densitometry of IPK1 digestion fragments was performed using Imagel
(Schneider et al., 2012). The Analyze Gel module was used as described in the
ImageJ manual. The area was measured for the uncut control fragment where no
digestion had occurred and for the full-length, and fragments comprising amino
acids 52-451, and 130-451 bands in digested conditions. The areas of the digested

fragments were plotted as a percentage of the area of the control band.

Differential scanning fluorimetry (DSF)

DSF was performed on a Corbett Life Science Rotor-Gene 6000. All
reactions were prepared individually in 0.2 mL PCR tubes at a final volume of 50
pL. The reactions consisted of 9 uM of purified IPK1 in 50 mM HEPES (pH 7.5),
5 mM MgCl,, 50 mM NacCl, and 2.5 mM DTT buffer, incubated with 1 mM of
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nucleotide (ADP, AMPPNP) and/or 1 mM IP (IP4, IPs or IPs) for 5 min on ice.
SYPRO Orange (Life Technologies) was then added to 5X under dark conditions.
The final DMSO concentration was 0.1%. A temperature melt was carried out
between 28-80 °C with 0.15 °C/sec increments and the gain was set to 2. The
HRM module was used with an excitation filter of 460 nm and emission filter of
510 nm. Each condition was performed in triplicate. Data was analyzed using the
Rotor-Gene software. The first derivative of the raw data was analyzed for peaks,
which corresponded to the melting temperature (T,,) of [IPK1. DSF was performed
similarly using IPK1 E82C/S142C mutant purified in the absence of reducing
agents, however, the reactions consisted of IPK1 E82C/S142C incubated with
nucleotide and/or IP in the absence or presence of 2.5 mM DTT prior to the DSF

run.

Generation of IPK1 disulfide mutants

The structure of IPK1 was processed using “Disulfide by Design” software
to identify pairs of residues that could be mutated to cysteines to form disulfide
bonds (Dombkowski, 2003). Cysteine mutants of these residues were generated by
site-directed mutagenesis using the quick-change method (Stratagene) in two
subsequent steps and pairs of oligonucleotides in Table S4.1. A pET28a vector
containing wild-type A. thaliana IPK1 and a hexahistidine tag was used a template
(a generous gift from Dr. C. A. Brearley). All mutations were verified by DNA

sequencing.

IPK1 disulfide mutant activity assay

IPK1 kinase activity was measured using the Kinase-Glo Max
Luminescent Kinase Assay (Promega) as per manufacturer instructions. Kinase
reactions were performed in 25 pL volumes in black 96-well plates at 25 °C and
contained 50 mM HEPES (pH 7.5), 6 mM MgCl,, 50 mM NacCl, and 300 uM
ATP. 0.1 uM of each IPK 1 mutant, purified in the absence of reducing agents, was
tested with 80 uM of IP in the presence or absence of 2.5 mM DTT. 25 uL of
Kinase-Glo reagent was added to stop the reaction. Luminescence was measured

after 20 min on a Berthold Orion II Microplate Luminometer.
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IPK1 E82C/S142C Kinetic analysis

Initially, 80 uM of IP was used and the amount of IPK1 E82C/S142C
enzyme was varied to determine conditions in which product formation was linear
over 30 min. Subsequently, an array of reactions with varying concentrations of IP
(20 uM, 40 pM, 60 uM, 80 uM, 100 puM, 120 uM, 140 uM) stopped at various
time-points (2 min, 5 min, 10 min, 20 min, 30 min) was performed in triplicate.
The process was performed for both IPs and 3,4,5,6-1P,, in the absence of reducing
agent. The rate of product formation versus IP concentration was plotted and fitted
to the Michaelis-Menten equation using non-linear regression to determine Ky, and
Vumax (GraphPad). Values were reported as mean + SD. The k., values were
calculated using the equation k., = Vuax/[E], where [E] is the concentration of

enzyme in pM.

Structure determination of IPK1 E82C/S142C mutant

IPK1 E82C/S142C was expressed and purified as described previously for
wild-type IPK1, however, DTT and B-mercaptoethanol were omitted in all buffers
(Gosein et al., 2012). IPK1 E82C/S142C at 5 mg/mL crystallized with 5 mM
ADP/MgCl,, 5 mM IP¢ in 0.08 M MES (pH 6.5), 19.85% PEG 3000, 0.17 M
NaCl, 2.35% benzamidine HCl at 20 °C within 6-72 h using the sitting-drop
vapour-diffusion method. X-ray diffraction data was collected on a Rigaku
MicroMax-007 HF microfocus X-ray generator fitted with Varimax X-ray optics
and a Saturn 944+ CCD detector. Crystals were cryoprotected with reservoir
solution that included 10% PEG400 and data was collected under cryogenic
conditions. Diffraction data was analyzed and processed with HKL2000 software
and refined with Phenix and Coot (Otwinowski and Minor, 1997; Adams et al.,
2010; Emsley and Cowtan, 2004). Molecular replacement was performed with
Protein Data Bank code: 2XAM. All model images were created using PyMol
(DeLano Scientific).
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Results

Positions of substrate phosphates determines extent of IPK1 stabilization

We used limited proteolysis as a probe for IPK1 stability (Gosein et al.,
2012). As reported previously, IPK1 can be cleaved by trypsin at R130 when the
N- and C-lobes are not stabilized, but not when the N- and C-lobes have stabilized
(Figure 4.1a). To identify phosphate groups of the IP substrate that promote IPK1
stabilization, we performed limited proteolysis of IPK1 in complex with IPs alone
or in ternary complexes (AMPPNP+IP,, AMPPNP+IP5, or ADP+IPs). The
resulting proteolytic patterns observed on SDS gels were compared (Figure 4.1b).
In contrast to IP alone, IPK1 in complex with both nucleotide and IP protected an
additional 46 kDa fragment with K52 at its N-terminus, indicating the R130 site
was protected under these conditions (Figure 4.1b). To assess the relative stability
of IPK1 in the complexes, we performed densitometry to compare the ratios of the
stabilized fragments to uncut IPK1 (Figure 4.1c). The amounts of full-length
fragment in each of the ternary complexes were similar, indicating that digestion
occurred to a similar extent in each of these complexes (Figure 4.1c, green bars).
There was little variability in the amount of the R130-S451 band between the
different complexes, indicating that C-lobe stability was identical in each of the
complexes (Figure 4.1c, blue bars). Finally, the amount of the K52-S451 band
varied between each of the ternary complexes, indicating that IPK1 was
differentially stabilized specifically at the N-lobe when IPK1 was bound to
different IPs (Figure 4.1c, red bars). Protection of the K52 cleavage site is
substantially decreased with IPK1 in complex with AMPPNP and 3,4,5,6-IP,,
which demonstrates that the 1-phosphate of the IP is singularly important for N-
lobe stabilization.

To further characterize the overall stability of IPK1, we used DSF to
measure the melting point of IPK1 in the ligand free state, bound to nucleotide
(AMPPNP or ADP), IP (IP,s, IPs, or IPy), or as ternary complexes bound to both
nucleotide and IP (Figure 4.2). In the free state, IPK1 exhibited a T,, of 35 °C.
When bound to either AMPPNP or ADP, the T,, of IPK1 increased to 38 °C,
indicating that nucleotide contributes to the overall stability of I[PK1. When bound
to IPs only, except 1,4,5,6-1P,, IPK1 exhibited T,s of 40 °C, revealing that the
stability of IPK1 is impacted more by the binding of IP than nucleotide. Finally, in
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the ternary complexes, IPK1 exhibited varying T,s that were dependent on the
phosphorylation pattern of the IP. When also bound to nucleotide, IPK1 displayed
markedly lower T,s in the 3,4,5,6-1P, and 1,4,5,6-1P, conditions, compared to the
1,3,4,6-1P,4, 1,3,4,5-1P,, IPs, and IP4 conditions. Our results indicate that the 1- and
3-phosphate groups contribute more to the overall stability of IPK1 than other
phosphates when IPK1 is in the nucleotide-bound state.

IPK1 disulfide mutants altered specificity

Observing that binding of different IPs led to differential stabilization of
IPK1, we hypothesized that IPK1 stabilized in an IP-independent manner would
exhibit altered specificity for IP substrates, diminishing the requirement for N-lobe
interacting 1- and 3-phosphates that stabilize IPK1. To test this role of IPK1
stabilization, we engineered and tested a series of disulfide bonds to artificially
stabilize the N-lobe of IPK1. We created double cysteine mutants of IPK1 at
different sites near residues 110-140, the region of the N-lobe that was previously
observed to be unstable in the absence of IP (Figure S4.1) (Gosein et al., 2012).
We tested the kinase activity of these mutants using its physiological substrate, IPs,
and 3,4,5,6-1P,, a poor IPK1 substrate (Gosein and Miller, 2013), in reducing and
non-reducing conditions (Figure 4.3). Wild-type IPK1 displayed very high activity
for IPs and very low activity for 3,4,5,6-IP, and both activities were unaffected by
DTT. Two IPK1 disulfide mutants, IPK1 E82C/S142C and IPK1 G105C/L146C,
each displayed activity for IPs and 3,4,5,6-1P,, albeit to different extents (Figure
4.3). The IPK1 E82C/S142C mutant showed moderate activity for IPs and greater
activity for 3,4,5,6-IP, than the wild-type enzyme under non-reducing conditions,
and wild-type activity is restored in the presence of DTT (Figure 4.3). IPK1
G105C/L146C also showed a similar pattern to IPK1 E82C/S142C, but the
difference between IPs activity and 3,4,5,6-IP4 activity was greater under reducing
and non-reducing conditions (Figure 4.3). This demonstrated the mutations
themselves, which are remote from the active site, are not responsible for the
altered activity and the changes were due primarily to the formation of the
disulfide bond.

To further examine the effect of the disulfide bond on IPK1 kinase
activity, we performed a kinetic analysis of IPK1 E82C/S142C with IPs or 3,4,5,6-
IP,, under non-reducing conditions (Figure 4.4). IPK1 E82C/S142C exhibited
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similar Ky and k., values to that of wild-type IPK1 with IPs as a substrate, both
possessing k., values of ~44 nmol/min (Table 4.1). In contrast, IPK1 E82C/S142C
displayed a 5-fold increase in kinase activity (K., = 32.93 nmol/min) with 3.,4,5,6-
IP, as a substrate, compared to wild-type IPK1 (ke = 6.30 nmol/min) (Table 4.1).
The ratio of k../Ky for the disulfide mutant and wild-type IPK1 for each IP
revealed changes in substrate selectivity due to the presence of the disulfide bond.
We observed that wild-type IPK1 had a 5.3:1 preference for IPs over 3,4,5,6-1P,
when comparing IP selectivity. In contrast, IPK1 E82C/S142C displayed a 2.5:1
preference for IPs over 3,4,5,6-1P, demonstrating that the disulfide bond altered
substrate specificity of [PK1.

IPK1 E82C/S142C increases overall stability of IPK1

To explore structural changes associated with the introduction of the
disulfide bond, we crystallized the disulfide mutant in presence of ADP and IPg
under non-reducing conditions to obtain a structure of IPK1 E82C/S142C (Figure
4.5, Table 4.2). Overall, the structure of IPK1 E82C/S142C was very similar to
wild-type IPK1 (RMSD = 0.5 A). The presence of the disulfide bond shifted the N-
lobe in the mutant structure when compared to the structure of wild-type IPK1
(Figure 4.5a). Inspection of the electron density indicated the presence of the
disulfide bond between C82 and C142 (Figure 4.5b). To confirm the presence of a
disulfide bond between these residues, we generated an omit map lacking the side
chains at these residues and observed a large unoccupied density in the Fo-Fc map
(o = 3.0) located between both residues, consistent with the presence of a disulfide
bond (Figure 4.5¢). We performed the same refinement using diffraction data from
a wild-type structure of IPK1 (Protein Data Bank code: 3UDZ) and did not observe
unoccupied density between the two residues in the Fo-Fc difference map (o =
3.0), confirming that the density observed is unique to the mutant structure (Figure
4.5d).

To investigate the effect of the disulfide bond on the overall stability of
IPK1, we employed DSF to measure the T, of wild-type IPK1 and IPKI
E82C/S142C. We compared the T,,s of wild-type IPK1 and IPK1 E82C/S142C in
the free state, bound to nucleotide (AMPPNP or ADP), IP (3,4,5,6-IP,, IPs, or IPy),
or ternary complexes bound to both nucleotide and IP (Figure 4.6). We performed

this experiment under reducing conditions (with DTT) and non-reducing
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conditions (without DTT) to detect the effect of the disulfide bond. In presence or
absence of DTT, wild-type IPK1 exhibited similar T,s as noted above, with the
lowest T, in the apo condition, a slight 2 °C increase in T, when bound to
nucleotide only, a moderate 5 °C increase in T, when bound to IP only, and a large
12 °C increase in the ternary complex with IPs and IP4 (Figure 4.6, first and second
sets). AMPPNP+3,4,5,6-1P, failed to stabilize IPK1 to same extent as
AMPPNP+IPs and ADP+IP¢ as shown by a 5 °C difference in T, between the
ternary complexes. DTT did not markedly affect any of the T,,s of wild-type IPK1
under any conditions, revealing that the overall stability of wild-type IPK1 is not
dependent on disulfide bonds. This is consistent with the structure of wild-type
IPK1 that does not have disulfide bonds. In contrast, IPK1 E82C/S142C exhibited
an average increase in T, of 5.6 °C under each condition compared to wild-type
IPK1 in absence of DTT, and this increase in T,, is reversible in the presence of
DTT, confirming that the disulfide bond is increasing the overall stability of IPK1
(Figure 4.6, third and fourth sets). In our kinetic studies, we observed that IPK1
E82C/S142C exhibited increased selectivity for 3,4,5,6-IP, (Table 4.1). Thus, the
engineered disulfide bond that was stabilizing the N-lobe of IPK1 in an IP-
independent manner conferred specificity to 3,4,5,6-1P,, a poor substrate that lacks
the 1-phosphate that is key for N-lobe stabilization, indicating that the stability of
the N-lobe is a determinant for substrate specificity of IPK1.
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Discussion

Dual roles of the 1- and 3- phosphates

Here, we investigated the role of the IP phosphates in stabilizing IPK1. We
determined that the 1-phosphate is important for localized stability of the N-lobe
(Figure 4.1), consistent with the IP-free crystal structure of IPK1 that revealed
localized destabilization of the region surrounding R130, which interacts with the
I-phosphate (Gosein et al., 2012). We recently investigated specific roles of
phosphate groups in binding and activation of IPK1 and we determined that the 5-
and 6-phosphates were important for binding of the IP, while the 1- and 3-
phosphates were important for activation of IPK1 (Gosein and Miller, 2013). In
our current study, we demonstrated that the overall stability of IPK1 is dependent
on the N-lobe binding 1- and 3-phosphates (Figure 4.2). Thus, the dual roles of the
N-lobe binding 1- and 3-phosphates in both IPK1 stabilization and IPK1 activation
indicates that the stabilization of the N-lobe is an important component of IPK1
activation. We have also demonstrated that the IP, and not the nucleotide,
contributes substantially to the stabilization of the N-lobe of the kinase. This is
consistent with our earlier observation that the N-lobe is destabilized in the
absence of IP and the structures of Gonzales et al., which demonstrated structures
bound to IP, but not to nucleotide adopt the stable state (Gosein et al., 2012;
Gonzalez et al., 2010).

Substrate specificity is linked to N-lobe stability

Changes in protease accessibility and increased protein stability upon
substrate binding suggested that activation of IPK1 may be linked to the ability of
the IP substrate to stabilize IPK1 so we hypothesized that artificial stabilization of
the N-lobe of IPK1 in an IP-independent manner would alter the substrate
specificity of IPK1. We engineered the IPK1 E82C/S142C disulfide mutant by
introducing a cysteine in the N-lobe of IPK1 at a site that is unstable in the IP-free
crystal structure and a second cysteine at a site that is well-ordered and apparently
stable in all IPK1 crystal structures (Figure 4.5) (Gosein et al., 2012; Gonzalez et
al., 2010). By covalently linking stable and unstable regions, we endeavored to
stabilize some or all of the N-lobe. This increase in stability was reflected in our

DSF data with IPK1 E82C/S142C, which shows increased T,,s under non-reducing
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conditions (Figure 4.6). This mutant also displays increased selectivity for 3,4,5,6-
IP, under non-reducing conditions compared to wild-type IPK1 (Table 4.1). Given
that 3,4,5,6-IP, lacks the ability to stabilize wild-type IPK1 as much as IPs in
ternary complexes (Figure 4.1), our data collectively shows that substrate

specificity is linked to N-lobe stability.

IP-induced stabilization as a model of IP recognition for IPK1

We recently proposed a model for IP recognition wherein interactions with
the IP substrate stabilizes the N-lobe and C-lobe to promote kinase activation
(Gosein et al., 2012). In this model, the stable C-lobe recognizes the 4-, 5-, and 6-
phosphates of the IP, and 1- and 3-phosphates of the IP induces N-lobe
stabilization. The key interaction between R130 and the 1-phosphate of the IP
stabilizes the N-lobe. Thus, our model possesses a triad of elements that are
interconnected for IPK1 activity: 1) substrate specificity, 2) stability, and 3)
activation. Our current study provides the necessary evidence for the first time to
reconcile all three elements and validate our proposed model. We have linked
substrate specificity to kinase stability by demonstrating that IPs possessing the 1-
phosphate markedly stabilize the N-lobe as compared to 3,4,5,6-1P,, which lacks a
1-phosphate, while artificial stabilization of the N-lobe of IPK1 alters substrate
specificity. We have also found that the 1- and 3-phosphates of the IP provides
increased stability to IPK1, while the 5- and 6-phosphates do not affect the overall
stability of IPK1, consistent with an unstable N-lobe and a stable C-lobe in absence
of IP. Moreover, previous kinetic studies of IPK1 link substrate specificity to
kinase activation (Gosein and Miller, 2013). We contend that IPK1 stability is
linked to IPK1 activation because IPK1 stability correlates with the active state in
previous crystal structures (Gosein et al., 2012), IPs that display low IPK1 kinase
activity (k) correlate with a decreased ability to stabilize IPK1 (Gosein and
Miller, 2013) and kinase stability has been validated to be a precursor for
activation of PKs, for which IPK1 shares similar features (Ubersax and Ferrell,
2007; Gonzalez et al., 2010). In short, our current data provides strong evidence to
support our model that IPK1 substrate specificity is coupled to IPK1 stability and

subsequent activation (Figure 4.7).
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Comparison to PK activation

Conformational changes that stabilize links between PK N- and C-lobes
that occur during activation have been well documented (Ubersax and Ferrell,
2007). Stabilization of the kinase structure is promoted by the assembly of a
hydrophobic spine spanning the two lobes, one of which consists of the
phenylalanine residue from the DFG motif, a hydrophobic residue from the aC
helix, and two residues buried in the cores of the N- and C-lobes. This structural
spine, called the R-spine assembles only when the DFG and aC helix regulatory
motifs sit in their active conformations (Ten Eyck et al., 2008). In IPK1, the aC
helix sits at a 46° angle compared to PKA that precludes the aC helix from
contributing a hydrophobic residue to the R-spine (Figure 4.8a). Further, the IPK1
DLS motif lacks the large hydrophobic phenylalanine residue, which likely impairs
its ability to assemble a stabilizing R-spine (Figure 4.8b,c). These structural
differences highlight that IPK1 activation occurs through a different mechanism
than found in many PKs. In the proposed model, it is the IP substrate that acts as
the bridge between the N-lobe and C-lobe to stabilize the active conformation of
the kinase rather than the intrinsic R-spine structure (Figure 4.7). The phosphate
profile of the IP dictates the ability of the substrate to stabilize the N-lobe of IPK1
and promote kinase activation. This is consistent with previous suggestions that
conformational dynamics may play a role in the catalytic cycle of IPK1 (Gosein et
al., 2012; Banos-Sanz et al., 2012). Thus, IPK1 retains important features of PK
activation such as N- and C-lobe stabilization, yet distinguishes itself from the

PKs. These distinct features could be exploited to selectively inhibit IPK1.

Conclusion

In this report, we demonstrate the missing link between IP substrate
specificity and the N-lobe stability of IPK1. Our results conclusively support IP-
induced stabilization of IPK1 as a proposed model of IP discrimination. IP
substrates are very similar and the elucidation of the unique substrate recognition
mechanism of IPK1 among IPKs may provide a basis for selective
pharmacological targeting of IPK1. Inhibitors of IPK1 would be useful for
ascertaining the functional roles of higher IPs and validation of this IP signaling

axis as a therapeutic target.
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Figure 4.1. Localized stability of N-lobe with 1-phosphate IPs. (A) Cartoon
representation of product-bound IPK1 depicting overall topology: N-lobe (red), C-
lobe (blue), hinge (cyan) with ADP (purple, stick form) and IPs (orange, stick
form), (Protein Data Bank code: 3UDZ). Dashed lies indicate untraceable regions.
(B) Limited proteolysis of IPK1. IPK1 (55 kDa) was incubated with trypsin in the
presence of nucleotides and/or inositides. Two fragments were protected in
multiple conditions: One fragment cleaved at K52 (46 kDa, red arrow) and the
other cleaved at R130 (37 kDa, blue arrow). Both residues are shown in yellow in
(A) (K52, rectangle; R130, stick form). (C) Densitometry of limited proteolysis
gel. The ratios of the stabilized fragments to control (uncut) IPK1 were plotted for
the full length band (green), the K52 band (red), and R130 band (blue) for each

ternary complex.
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Figure 4.2. N-lobe binding 1- and 3-phosphates increase the overall stability of
IPK1. The T,, of IPK1 was measured using DSF to determine the overall stability
of IPK1 in complex with different nucleotides and/or inositides as shown. Each

point represents the mean = S.D. of triplicate experiments.
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Figure 4.3. IPK1 E82C/S142C confers specificity to 3,4,5,6-IP,. Each
engineered IPK1 disulfide mutant was tested for its kinase activity with: 1,3,4,5,6-
IPs in the absence of DTT (black bars); 3,4,5,6-1P4 in the absence of DTT (dark
gray bars); 1,3,4,5,6-IPs in the presence of DTT (light gray bars); 3,4,5,6-1P, in the
presence of DTT (white bars). Each bar represents the mean + S.D. of triplicate

experiments.
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Figure 4.4. Kinetic analysis of IPK1 E82C/S142C. Kinase activity of IPK1
E82C/S142C towards 1,3,4,5,6-IPs or 3,4,5,6-1P, was assessed in the absence of
DTT by plotting the rate of product formation versus IP concentration fitted to the
Michaelis-Menten equation. Each point represents the mean = S.D. of triplicate
experiments.

®: [PK1 E82C/S142C with 1,3,4,5,6-1P5; B: [PK1 E82C/S142C with 3,4,5,6-1P,

136



120 140

100

Te) =) 0 = T:)
N

(9] - -

(zua BrijulwNT) ‘A3100|9A

80
(uM)

40 60

20

[IP]

Figure 4.4.

137



Figure 4.5. Structure of IPK1 E82C/S142C. (A) IPK1 E82C/S142C (Protein
Data Bank code: 4LV7) was aligned to wild-type IPK1 (Protein Data Bank code:
3UDZ) using Dali-Lite Server. A small shift of the N-lobe was observed in the
structure of IPK1 E82C/S142C (orange) compared to wild-type IPK1 (blue). Black
arrows indicate movement of the N-lobe. Alpha helices are displayed in cylindrical
form. The disulfide bond between C82 and C142 is displayed in stick form. ADP
and IP¢ are shown in orange, stick form. (B) Close-up of the disulfide bond
between C82 and C142 in structure of [IPK1 E82C/S142C. (C) Refinement of IPK1
E82C/S142C structure with residues E82 and S142 mutated to glycine. Fo-Fc
difference map (green) is shown at ¢ = 3.0. (D) Refinement of wild-type IPK1
structure with residues E82 and S142 mutated to glycine. Fo-Fc difference map

(green) is shown at ¢ = 3.0.
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Figure 4.6. C82-C142 disulfide bond increases overall stability of IPK1. DSF
was performed with wild-type IPK1 or the disulfide mutant IPK1 E82C/S142C in
the presence or absence of DTT in complex with different nucleotides and/or
inositides as shown. BM: Wild-type IPK1 in the presence of DTT (first set); A:
Wild-type IPK1 in the absence of DTT (second set); 4: IPK1 E82C/S142C in the
presence of DTT (third set); ®: IPK1 E82C/S142C in the absence of DTT (fourth
set). Each point represents the mean + S.D. of duplicate experiments. Error bars

are shown in grey for clarity.
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Figure 4.7. Model of IPK1 activation. 1) In the inactive state, the N-lobe and
R130 is labile and the C-lobe is stable. 2) Upon ATP binding to both the N-lobe
and C-lobe, the N-lobe is slightly stabilized. 3) The IP is initially recognized at the
4-, 5-, and 6-positions by the stable C-lobe. 4) The 1- and 3-position phosphates of
the IP induce N-lobe stabilization and the key interaction between R130 and the 1-
phosphate stabilizes the N-lobe resulting in IPK1 activation. 5) Phosphorylation of
the 2-hydroxyl of IPs occurs forming IPg.
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Figure 4.8. Structural differences between IPK1 and PKA. Overall alignment
between IPK1 (Protein Data Bank code: 3UDZ) and PKA (Protein Data Bank
code: 1ATP) was performed with DALI-Lite and yielded an RMSD of 4.4 A. IPK 1
is shown in pink. PKA is shown in green. Both are shown in cartoon form. ADP
and IP¢ are shown in pink, stick form. ATP is shown in green, stick form. The aC
helices of IPK1 and PKA are highlighted in magenta and yellow, respectively. (A)
The angle between the aC helices of IPK1 and PKA was calculated to be 46° using
PyMol. (B) In PKA, the aC helix contributes a hydrophobic residue, L106, to the
R-spine (shown in blue), a hydrophobic spine that consists of L95, L106, F185,
and Y164, and that stabilizes the N-lobe and C-lobe upon activation. (C) In IPK1,
the aC helix orientation precludes any contribution of the hydrophobic residues
located on the aC helix (all shown in stick form). In addition, a 1408 from the
DLS motif in IPK1 replaces the bulky F185 of the DFG motif of PKA. Thus, there
is no assembly of a hydrophobic spine in IPK1.
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Figure S4.1. Location of engineered disulfide bonds. Cartoon representation of
product-bound IPK 1 using Protein Data Bank code: 3UDZ. The C-lobe is shown in
blue and the N-lobe is shown in pink. The region of the N-lobe that is highly
unstable in the absence of IP is shown in red. Disulfide bonds were introduced to
artificially stabilize this region. Pairs of cysteine mutations were introduced at E7
and E113 (orange); K43 and A134 (yellow); L115 and T138 (cyan); E82 and S142
(green); G105 and L146 (magenta).
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Table 4.1. Kinetic parameters of IPK1 E82C/S142C.

IPK1 IP Ku (BM)  Key (min™) Kea/ Kt
Wild-type 3,456, 47.54+13.94 6.30+0.68 0.13
Wild-type 1,3,4,5,6-IPs  63.05+10.77 44.02+3.19 0.70

E82C/S142C 34,561,  79.17+851 32.93+1.66 0.41

E82C/S142C  13,4,56-IPs 44.53+13.43 44.18+4.76 0.99

Wild-type IPK1 data was previously obtained and provided for comparison

(Gosein and Miller, 2013). Data represents the mean + S.D. of triplicate

experiments.
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Table 4.2. Data collection and refinement statistics for IPK1 E82C/S142C

structure.

IPK1 E82C/S142C
(PDB ID: 4LV7)

Data collection®
Space group
Cell dimensions

P1

a, b, c (A) 59.76, 59.35, 82.23

a, B,y (°) 83.01, 89.91, 63.41
Wavelength (A) 1.54178
Resolution (A) 50.00-2.60 (2.69-2.60)
Rinerge 0.086 (0.254)
1/6l 15.4 (4.2)
Completeness (%) 94.9 (87.5)
Redundancy (%) 3.9(3.8)
Refinement
Resolution (A) 34.55-2.60
No. reflections 28,726
Ruyork / Ree 0.2244/0.2943
Ramchandran Plot (%)" 95/4.6/0.4
No. atoms 6,380

Protein 6,250

Ligand/ion 130

Water 0
B-factors (A?)

Protein 33.01

Ligand/ion 25.54

Water 0
R.m.s. deviations

Bond lengths (A) 0.022

Bond angles (°) 1.320

Molecular replacement with PDB ID: 2XAM.

*One single crystal used for data collection.

*Values in parentheses are for highest-resolution shell.

*Residues in the favored/allowed/disallowed regions, as determined by

MolProbity.
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Table S4.1. List of oligonucleotides used for disulfide mutant generation.

E7C Forward  ggatcctaatggagatgattttggagtgcaaagatgcatcagattggatttacag
Reverse ctgtaaatccaatctgatgcatctttgcactccaaaatcatctccattaggatce
E113C Forward ggagtacgtgtttctgtgtccaagtgctttcttgagtgtgattgataagaaa
Reverse tttcttatcaacacactcaagaaagcacttggacacagaaacacgtactce
K43C Forward tgtggggaaagtgattcgtatacagtgcgctcggaggaacgataa
Reverse  ttatcgttcctccgagegeactgtatacgaatcactttccccaca
A134C Forward cgctatggcgtgttaatgcatgtaatgttgataccagtcatg
Reverse catgactggtatcaacattacatgcattaacacgccatageg
E82C Forward caatgagctgatttcatcaccaaacaagtgcgttcttgaacaaagatatgttcagaatg
Reverse cattctgaacatatctttgttcaagaacgcacttgtttggtgatgaaatcagctcattg
S142C  Forward cagctaatgttgataccagtcatgattgecgctcttatattgaat
Reverse attcaatataagagcgcaatcatgactggtatcaacattagetg
G105C Forward gtcctaaacatgttgatgcatgegtacgtgtttctgtgtccaa
Reverse  ttggacacagaaacacgtacgcatgcatcaacatgtttaggac
L146C Forward accagtcatgattccgctcttatatgcaatgatcattcactattetcte
Reverse  gagagaatagtgaatgatcattgcatataagagcggaatcatgactggt
L115C Forward gtacgtgtttctgtgtccaaggagttttgtgagtgtgttgataagaaa
Reverse tttcttatcaacacactcacaaaactccttggacacagaaacacgtac
T138C Forward cgtgttaatgcagctaatgttgattgcagtcatgattccgete
Reverse  gagcggaatcatgactgcaatcaacattagctgcattaacacg
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Connecting Text

In previous chapters, we examined the mechanism of how IPKI1
discriminates between different IP substrates. We validated a two-step IP
recognition model for IPK1 where the IP is initially recognized by its 4-, 5-, and 6-
phosphates, and then the 1- and 3-phosphates induce N-lobe stabilization. The key
interaction between R130 and the 1-phosphate of the IP stabilizes the N-lobe. The
description of this mechanism, and its distinguishing features among IPKs, will
prove useful for the rational design of selective inhibitors for IPK1 in the future.

In Chapter 5, we describe experiments to identify novel inhibitors of IPK1.
Using our established activity assay for IPK1 kinase activity, we could identify
compounds that inhibit IPK1 and determine the nature of their inhibition. We
screened polyphenolic compounds that are known to inhibit IPKs, kinase inhibitors
that are known to inhibit PKs, and a set of structurally diverse compounds obtained
from the NIH.

The data from Chapter 5 show that two compounds, PKRnc and CG, are
mixed inhibitors for IPK1 and suggests a possible allosteric binding site on IPK1.
Furthermore, IPK1 shows very little sensitivity towards kinase inhibitors. Using
these compounds, the structural determinants of IPK1 inhibitor specificity could be
determined, which could aid in the development of a selective inhibitor for IPK1

for future studies.
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Abstract

Inositol  1,3,4,5,6-pentakisphosphate  2-kinase (IPK1) catalyses the
phosphorylation of IPs to IPs. The precise roles of IPK1 in vivo have been largely
unexplored, however, in vitro studies have revealed a role for IPK1 in apoptosis.
Other studies have also implicated IP¢ and higher inositol phosphates in apoptosis,
but the underlying mechanisms are unknown. A selective inhibitor of IPK1 that
attenuates production of IPs would therefore be a useful tool to explore the
apoptotic arm of IP signaling and to evaluate its potential as a therapeutic target.
To begin the search for an IPK1 inhibitor, we used a three-tiered approach. We
screened a library of protein kinase inhibitors to identify IPK1 inhibitors from
among those that are known to affect members of the protein kinase superfamily; a
set of polyphenolic compounds previously demonstrated to inhibit other IPKs; and
a structurally diverse compound set to identify previously unidentified compound
classes that may inhibit IPK1. During these initial tests, IPK1 exhibited >70%
inhibition to over 40 compounds, each tested at 400 uM. Initially, we identified
EGCG as an inhibitor from among the polyphenols (ICso = 303 uM); however,
further testing of 6 EGCG analogs identified Catechin Gallate (CG) as more potent
than the parent compound (ICso = 78 uM). IPK1 was also sensitive to the protein
kinase inhibitors PKRnc (ICs5o = 78 uM), K-252a (ICso = 1.7 uM), and STS (ICsy =
19.4 uM). From this inhibitor profile, IPK1 sensitivity to protein kinase inhibitors
appears to be distinct from 300 previously tested kinases. We also determined the
mechanism for the IPK1 inhibition by selected inhibitors. PKRnc and CG were
non-competitive with respect to IPs, and mixed-competitive with respect to ATP.
Our kinetic studies suggest that IPK1 may possess an allosteric binding site that

could be exploited for selective targeting of [PK1.

Keywords: IPK1; polyphenols; kinase inhibitor; PKRnc; structure activity

relationship; allosteric binding site
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Introduction

Inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IPK1) is an inositol
phosphate kinase (IPK) that synthesizes inositol 1,2,3,4,5,6-hexakisphosphate (IPs)
from inositol 1,3,4,5,6-pentakisphosphate (IPs5) (Sweetman et al., 2006). Previous
studies have shown that IPK1 null mice are embryonic lethal, revealing an
important developmental role for IPK1, but the lethal outcome of these mice
prevents further determination of the functional roles of IPK1 in vivo using this
approach (Verbsky et al., 2005b). In vitro studies reveal that knockdown of IPK1
sensitizes cells to TNFa-mediated apoptosis, whereas overexpression of IPK1
protects cells from apoptotic agents (Verbsky and Majerus, 2005; Piccolo et al.,
2004). IP¢, the product of IPK1, promotes apoptosis, in both in vitro (Morrison et
al., 2002; Morrison et al., 2001) and in vivo studies (Morrison et al., 2009; Bozsik
et al., 2007; Vucenik and Shamsuddin, 2006; Vucenik and Shamsuddin, 2003), but
the precise mechanisms underlying the role of IP¢ in apoptosis remain unresolved.
IPK1 also regulates the levels of inositol pyrophosphates (PP-IPs), the production
of which depends on IPs and IPs (Menniti et al., 1993; Glennon and Shears, 1993).
Production of PP-IPs also induces apoptosis (Agarwal et al., 2009; Nagata et al.,
2005), suggesting that there is apoptotic arm of IP signaling that is yet to be
explored. Selective chemical inhibition of IPK1 would be a valuable approach to
investigate the roles of IPK1 in mammals and the apoptotic arm of IP signaling.
Furthermore, an inhibitor for IPK1 could be used to validate higher IP production
as a therapeutic target for inducing cell death. The catalytic mechanism of IPK1
possesses similar features to that of protein kinases, which suggests that IPK1 may
be sensitive to kinase inhibitors (Banos-Sanz et al., 2012; Gosein et al., 2012).
Some IPKs are also sensitive to polyphenols, a natural set of compounds that may
have diverse health benefits, but IPK1 sensitivity to polyphenols has not yet been
explored (Mayr et al., 2005).

Our current objective was to identify novel inhibitors of IPK1 using a
screening approach. Initially, we tested 160 known kinase inhibitors, 6
polyphenolic compounds, and 1200 structurally diverse compounds. We identified
multiple compounds that inhibit IPK1 and determined the kinetic properties of a
select few. Two compounds, CG and PKRnc, are promising leads for the
development of specific inhibitors of IPK1 due to their chemical properties,

potential sites for chemical modification, and potency for IPK1 inhibition.
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Materials and Methods

Chemical libraries

All polyphenolic compounds, including EGCG analogs, were obtained in
powder form (Sigma). The InhibitorSelect 384-Well Protein Kinase Inhibitor
Library I, a set of 160 well-characterized ATP-competitive and allosteric protein
kinase inhibitors, was obtained from EMD Millipore. The NIH Structural Diversity
Set and the Natural Products Set was obtained from the National Cancer Institute.
Sulfa analogs were obtained in powder form (Sigma). All compounds were

obtained or dissolved at 10 mM in DMSO.

Ligands

IPs was purchased from Cayman Chemical Company (Ann Arbor, MI).
ATP was purchased from Fisher (Waltham, MA). All ligands were dissolved in
Tris-HCI (pH 8.0) to a stock concentration of 20 mM and stored at -20 °C.

IPK1 expression and purification

Purified A. thaliana IPK1 was obtained using a previously described
protocol in (Gosein et al., 2012). Protein concentration was determined by
Bradford Assay using BSA as a standard. Protein was stored at 4 °C and all

experiments were performed within 96 h.

Initial screening

IPK1 kinase activity was assessed using the Kinase-Glo Max Luminescent
Kinase Assay (Promega) as per manufacturer instructions. Kinase reactions were
performed in 25 pL. volumes in black 96-well plates at 25 °C. The final reaction
mixture consisted of 50 mM HEPES (pH 7.5), 6 mM MgCl,, 50 mM NacCl, 50 uM
IPs and 50 uM ATP. 1 pL of each inhibitor was added directly to each well,
resulting in a final concentration of 400 uM of inhibitor and 4% DMSO. 0.1 pM of
IPK1 was subsequently added directly to each well. IPK1 does not exhibit reduced
activity in DMSO under 10%. The plates were incubated for 5 min and then ATP
was added to initiate the reaction. After 30 min, 25 pL of Kinase-Glo reagent was
added to stop the reaction. Luminescence was measured after 20 min on a Berthold

Orion II Microplate Luminometer. Wells containing ATP, 4% DMSO, IPK1, but
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no IPs, were used as positive controls and the resulting values were considered to
be equivalent to the signal that would result from 100% IPK1 inhibition. Wells
containing ATP, 4% DMSO, IPK1, and IPs, were used as negative control and the
resulting values were considered to be 0% inhibition. All compounds that inhibited
IPK1 were retested for luminescence, by omitting ATP in the well. This protocol
was used to test the kinase inhibitor screen, the NIH inhibitor screen, and

polyphenolic screen as well as sets of sulfa analogs, and EGCG analogs.

ICs, determination

Kinase reactions, as described above, were performed in 25 pL containing
50 mM HEPES (pH 7.5), 6 mM MgCl,, 50 mM NaCl, 50 uM IPs and 50 uM ATP.
Inhibitor was added in concentrations ranging from 12.5 uM to 1000 uM for
EGCG analogs, 12.5 uM to 400 uM for PKRnc, 0.78 puM to 150 puM for
staurosporine (STS), and 0.19 uM to 25 uM for K-252a. The highest and lowest
values of ATP depletion were considered to be 0% and 100% inhibition,
respectively. The log(concentration of inhibitor) versus response was plotted and
fitted to a variable slope equation using non-linear regression to determine the ICs,
(GraphPad). Experiments were performed in triplicate and are reported as mean +

SD.

IPK1 Kkinase activity

Kinase activity was assessed using a previously described protocol in
(Gosein and Miller, 2013). Kinase reaction conditions were as described above. To
obtain kinetic parameters for IPK1 and its substrate, IPs, reaction mixtures
contained 50 mM HEPES (pH 7.5), 6 mM MgCl,, 50 mM NaCl, and 300 uM ATP
in the presence of DMSO or inhibitor ((EGCG] = 80 uM, [CG] =20 uM, [PKRnc]
=20 uM, or [K-252a] =1 uM). 25 pL of Kinase-Glo reagent was added to stop the
reaction, and luminescence was measured after 20 min. Initially, 80 pM of IPs was
used and the amount of enzyme was varied to determine conditions in which
product formation was linear over 30 min to accurately determine the initial
velocity of the reaction. Subsequently, reactions were performed using the enzyme
concentration determined and with varying concentrations of IPs (20 pM, 40 puM,
60 uM, 80 uM, 100 uM, 120 uM, 140 uM). These reactions were stopped at

various time points (0 min, 15 min, and 30 min) and were performed in triplicate.
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The rate of product formation was plotted against IPs concentration and the data
was fit using the Michaelis-Menten equation using non-linear regression to
determine Ky; and Vyax for IPs (GraphPad). Values are reported as mean + SD. To
obtain kinetic parameters for ATP, reaction mixtures contained 50 mM HEPES
(pH 7.5), 6 mM MgCl,, 50 mM NacCl, and 80 uM of IPs in the presence of DMSO
or inhibitor. Reactions were performed using the enzyme concentration determined
and with varying concentrations of ATP (25 uM, 50 uM, 75 uM, 100 uM, 200
uM, 300 uM, 400 uM) stopped at various time points (0 min, 15 min, and 30 min)
and were performed in triplicate. A plot of the rate of product formation versus
ATP concentration was used to determine Ky; and Vyax for ATP (GraphPad). The
type of enzyme inhibition for each inhibitor with respect to IPs and ATP was
determined by comparing the Ky; and Vyax for IPK1 in the presence or absence of

inhibitor.
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Results

Initial screening yields multiple hits

To identify an inhibitor for IPK1, we first screened known protein kinase
inhibitors (Figure 5.1). Only 3 compounds out of 160 were identified as potent
(>70%) inhibitors of IPK1: STS, K-252a, and PKRnc (Figure S5.1, Table S5.1).
Both STS and K-252a are well-established ATP competitive inhibitors for many
kinases; however, PKRnc is much more specific, and only inhibits a few kinases
(Anastassiadis et al., 2011). The identification of STS and K-252a as IPKI1
inhibitors is consistent with their known promiscuity. However, IPK1’s lack of
sensitivity to the 157 other potent inhibitors that target multiple families of kinases
indicates that the nucleotide binding site of IPK1 is indeed unusual among kinases.

Second, we screened a set of polyphenolic compounds, which are known
inhibitors of other IPKs, including IP;K and IPMK, to identify a possible inhibitor
of IPK1 (Mayr et al., 2005). These polyphenolic compounds consisted of
myricetin, quercetin, EGCG, curcumin, ellagic acid, and chlorogenic acid (Figure
5.2). In contrast to the reported sensitivity of other IPKs to these inhibitors, IPK1 is
only sensitive to EGCG (Mayr et al., 2005).

Third, we screened a set of 1200 structurally diverse compounds. The top
79 compounds, as determined by % inhibition of IPK1, were retested for their
ability to inhibit IPK1 (Figure 5.3). There were no obvious structural patterns for
those compounds that inhibited IPK1, however, the structure of 48 C6 resembled
that of sulfonamides, for which analogs are readily available (Figure S5.2). The

compound 48 C6 was not commercially available for further study.

EGCG analogs reveal structure-activity relationships (SARs)

The availability of analogs for EGCG and sulfa drugs enabled further
testing of these compounds to identify compounds with improved potency and to
establish SARs. We tested inhibition of IPK1 with C, EC, GC, CG, EGC, ECG,
and EGCG (Figure S5.3). The compounds C, EC, GC, and EGC, exhibited less
than 50% inhibition compared to DMSO, while ECG, CG, and EGCG provided
near 100% inhibition at 400 pM, revealing that the presence of a second gallate
group in the chemical structure of the inhibitor improves IPK1 inhibition (Figure

5.4a, Figure S5.3). We also tested our set of sulfonamides, but these analogs did
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not inhibit IPK1 (Figure 5.4b), which may be attributable to differences in the

structures of these sulfonamides and compound 48 C6.

CG, PKRnc, STS, and K-252a are potent inhibitors of IPK1

To accurately assess the potency of the EGCG analogs and kinase
inhibitors STS, K-252a, and PKRnc, we determined the ICs, values of each of
these compounds. Among the EGCG analogs, CG is the most potent, displaying an
ICso = 78 uM (Figure 5.5a), which compares favorably with EGCG (ICsy = 303
uM). ECG displayed an ICs, = 191 puM, suggesting that the stereochemistries of
the bonds between arm 1 and arm 2 and the core of the compound is a determinant
of inhibitor potency (Figure S5.3). Amongst the kinase inhibitors, K-252a
displayed the highest potency at ICs, = 1.7 uM, followed by STS at ICso = 19.4
uM, consistent with these two inhibitors being highly potent kinase inhibitors
(Figure 5.5b). The final inhibitor, PKRnc, exhibited a much lower potency with an
ICso = 78 uM, but was still comparable to the CG analog.

CG and PKRnc are mixed inhibitors

To identify the binding sites for CG and PKRnc, we determined the nature
of their inhibition with respect to ATP and IPs. We also tested K-252a, a known
ATP competitive inhibitor, which exhibited the highest potency towards IPK 1, and
EGCG, our initial polyphenolic hit. We first determined that IPK1 possesses a Ky
=88.71 £22.95 uM and Vyax = 26.51 £ 3.39 uM/min/pg for IPs, in the absence of
inhibitor, which is consistent with previously reported values for wild-type IPK1
(Gosein and Miller, 2013) (Figure 5.6a, Table S5.2). In the presence of each
inhibitor, the Ky for IPs remained unchanged, however, the Vyax for IP;s
decreased, indicating that each inhibitor is non-competitive towards IPs and none
of the inhibitors bound to the IPs binding site (Figure 5.6b,c). We then determined
that IPK1 possesses a Ky = 68.98 £ 7.95 uM and Vyax = 25.42 + 0.94 uM/min/pg
for ATP (Figure 5.7a, Table S5.2). As expected, K-252a is highly competitive for
ATP, increasing the K,; almost 3-fold while the Vyax was unaffected (Figure
5.7b,c). Thus, K-252a inhibits [PK1 by binding to the ATP binding site of IPKI.
There was also a slight increase in Ky for ATP with PKRnc, but the Vyax
decreased, revealing that PKRnc exhibits a mixed type of inhibition. This mode
indicates that PKRnc and ATP may be bound to IPK1 at the same time, but PKRnc
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is non-competitive for IPs, suggesting that there is an allosteric binding site on
IPK1. In the presence of PKRnc, there was a large decrease in Vyax compared to a
small increase in Ky, suggesting that PKRnc acts more like an allosteric inhibitor
rather than a competitive inhibitor to ATP. CG, like PKRnc, also displayed a
mixed type of inhibition with respect to ATP. In contrast, EGCG displayed a
decrease in both Ky and Vyax, indicative of uncompetitive inhibition towards
ATP, which also suggests that an alternative binding site may be present, such that

EGCG, ATP, and IPs may bind simultaneously.
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Discussion

PKRnc, CG, and K-252a as IPK1 inhibitors

Here, we screened kinase inhibitors, polyphenolic compounds, and
structurally diverse natural compounds to identify inhibitors for IPK1. We have
identified over 40 compounds that can inhibit the kinase activity of IPK1 by >70%
(Figures 5.1-5.3). These include the polyphenol EGCG and the kinase inhibitors
PKRnc, STS and K-252a. By testing EGCG analogs, CG and ECG were
determined to have increased potency compared to the parent compound (Figures
5.4, 5.5). Finally, we performed kinetic characterization of PKRnc, K-252a,
EGCQG, and CG to determine their types of inhibition with respect to ATP and IP;
(Figures 5.6, 5.7). In our study, we used plant IPK1, which shares 60% sequence
similiarity with human IPK1, and all secondary structural elements are conserved
(Gonzalez et al., 2010). Moreover, active site residues that bind ATP and IP are
95% identical between the plant and human form, suggesting that the identified

compounds would also affect the human form.

IPK1 is sensitive to the polyphenol EGCG

Previously, IPKs have been reported to be sensitive to polyphenolic
compounds, but our study is the first to characterize IPK1 sensitivity to these
compounds. We observed that IPK1 is sensitive only to EGCG from among the
IPK inhibitors (Figure 5.2). In contrast, [P;K and IPMK, showed varied sensitivity
to different polyphenols we and others have tested (Mayr et al., 2005). IP;K was
inhibited by EGCG, quercetin, myricetin, hypericin, and THF, while IPMK was
inhibited by ellagic acid, chlorogenic acid, ATA, and rose bengal (Mayr et al.,
2005). Inhibitor selectivity between IP;K and IPMK was reflected in differences
within structurally related regions of the C-lobe of each IPK (Mayr et al., 2005).
One residue in the ATP binding site on the C-lobe was critical for IP;K inhibition
by THF, while a basic region inserted on the C-lobe of IPMK mediated sensitivity
only towards acidic polyphenols (Mayr et al., 2005). We suspect that the
sensitivity of IPK1 to EGCG alone from among this set of compounds is
determined by its distinct C-lobe, which forms a large IP binding site, and a
portion of the nucleotide-binding site, which is a feature that is not shared with

other IPKs (Gonzalez et al., 2010). IPK1 also possesses a highly basic IP binding
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pocket to promote interaction with the five acidic phosphate groups of the IP,
however, ellagic acid and chlorogenic acid did not inhibit IPK1 (Figure 5.2). This
indicates that IPK1 inhibitor sensitivity towards polyphenols is not solely
dependent on electrostatic interactions, as observed with IPMK (Mayr et al., 2005).
In our study, we observed an increase in ICsy between EGCG, ECG, and CG,
likely determined by their stereochemistry and functional groups (Figure 5.5a).
EGCG is a potent inhibitor for human topoisomerase II and prolyl-endopeptidases
(Kim et al., 2001); however, no specific target of CG, our most potent polyphenol
inhibitor for IPK1, is known. Inhibition of IPK1 and other IPKs by numerous
polyphenols indicates that the antiproliferative effects of polyphenols in vitro and
in vivo may be elicited through an IP signaling axis that is mediating cell death

(Agarwal et al., 2009; Piccolo et al., 2004; Mayr et al., 2005).

IPK1 kinase inhibitor sensitivity is unique among 300 kinases

We screened a protein kinase inhibitor library, consisting of 160 potent,
reversible ATP-competitive and allosteric inhibitors, for their ability to inhibit
IPK1 (Figure 5.1). These inhibitors were previously tested for their activity against
300 kinases, representing 10 different kinome trees (Anastassiadis et al., 2011).
Previous reports have suggested that the mechanisms of IPK1 activation may be
similar to that of protein kinases (Banos-Sanz et al., 2012; Gosein et al., 2012).
IPK1 showed high sensitivity to only three inhibitors: STS, K-252a, and PKRnc.
Of these three inhibitors, STS and K-252a, well known promiscuous kinase
inhibitors, possess Gini scores of 0.20 and 0.29, the lowest two scores among all
kinase inhibitors in the set, while masitinib, a highly selective tyrosine kinase
inhibitor, has a Gini score of 0.81 (Anastassiadis et al., 2011). Our third hit,
PKRnc, is reported to have a Gini score of 0.60, which is moderately positioned
among all inhibitors in the set (Anastassiadis et al., 2011). PKR, known as Protein
Kinase RNA-activated, is activated by viral dsRNA and subsequently
phosphorylates the translation initiation factor EIF2A to inhibit cellular mRNA
translation and thus viral protein synthesis (Meurs et al., 1993). PKRnc was used
as a negative control for studies that employed the PKR inhibitor (Jammi et al.,
2003). Our results show that PKRnc inhibited IPK1, but the structurally related
analog, PKR inhibitor, did not (Table S5.1, L14). PKR inhibitor has an ICsy = 210
nM for PKR, while PKRnc has an ICsy>100 uM for PKR and an ICsy = 78 uM for
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IPK1. Thus, selectivity for IPK1 is opposite to that of PKR for these two
compounds, likely due to chemical group differences between these two analogs
(Figure S5.1c,d) (Anastassiadis et al., 2011).

We suspected that the kinase subfamily sensitive to PKRnc would reveal
the subfamily closest to IPK1. PKRnc inhibits 12 kinases from different kinase
subfamilies with >70% inhibition (Anastassiadis et al., 2011). Of those 12 kinases,
only 2 kinases, BRAF and RAFI, are sensitive to PKRnc, but resistant to PKR
inhibitor, like IPK1; however, both BRAF and RAF1 are resistant to STS and K-
252a, unlike IPK1, indicating that [PK1 displays a unique profile of sensitivity to
this set of kinase inhibitors (Anastassiadis et al., 2011).

Inhibitor competition to ATP and IP;

The similarity of the ATP binding site among IPKs suggests that the IP
binding site may be the best target to develop selective inhibitors for an IPK,
however, the similarity among IP substrates may limit the specificity of an
inhibitor for any specific IP binding site. Thus, an inhibitor that competes with
both ATP and the IP substrate, or that uses an allosteric mechanism, may provide
increased selectivity for a specific IPK. EGCG, CG, PKRnc, and K-252a were
non-competitive to IPs (Figure 5.6) but showed varied competition to ATP (Figure
5.7). Many other hits remain uncharacterized and may be competitive for IPs, but
many of these hits are commercially unavailable, or their chemical structures are
not amenable for crystallographic studies (Figure 5.3). Our competition data shows
that K-252a is a potent ATP competitive inhibitor of IPK1 (Figure 5.7). We
contend that this result validates our experimental approach for assessing the type
of competition for IPK1 inhibitors, as K-252a is well established as an ATP
competitive inhibitor for many kinases (Kase et al., 1987). Although K-252a, and
its analog, STS, displayed the lowest ICs, values among the compounds we tested,
their promiscuity among kinases precludes their use as a selective inhibitors for
IPK1 (Anastassiadis et al., 2011). Our competition data also shows that EGCG is
uncompetitive with ATP, however, EGCG competition with ATP varies
considerably among kinases (Ranjith-Kumar et al., 2010; Lewis et al., 2008; Kim
et al., 2001). Both CG and PKRnc exhibited mixed competition with respect to
ATP, and with the observed mechanisms for EGCG inhibition, suggests that there

is one or more alternative binding sites on IPK 1 that may be targeted to modulate
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IPK1 activity. This combination of non-competitive inhibition towards IP and
mixed inhibition towards ATP was previously reported for polyphenolic
compounds tested against IP;K (Mayr et al., 2005). IP;K possesses a CaM-binding
domain that controls its IPK activity and may be involved in inhibitor binding;
however, no allosteric site on IPK1 has been identified. A very recent study has
identified a tripeptide on the surface of human IPK1 that mediates interaction with
the nucleolar protein UBF, however, mutations of these residues or UBF binding
did not compromise IPK1 kinase activity, so it is unlikely this tripeptide forms part
of an allosteric site (Brehm et al., 2013). Further characterization will be required
to determine the structural basis of inhibition by CG or PKRnc. Ligands with an
uncompetitive or mixed type of inhibition towards ATP are considered to be
advantageous for the development of highly selective inhibitors whereas pure
competitors of ATP, an extensively used substrate within the cell, tend to act

against numerous targets (Karni et al., 2003).

Conclusion

In this report, we identify CG and PKRnc as novel inhibitors of IPKI.
Both inhibitors are non-competitive with IPs and show mixed competition with
ATP, which suggests a possible allosteric binding site on IPK 1. Furthermore, IPK1
is sensitive to very few kinase inhibitors, revealing dissimilarity between IPK1 and
protein kinases. Identification of compounds that inhibit IPK1 enables us to
explore the structural basis of inhibitor sensitivity of IPK1 for the development of

selective inhibitors of IPK1.
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Figure 5.1. Kinase inhibitor screen. 160 known kinase inhibitors were tested for
IPK1 inhibition. K-252a, PKRne, and staurosporine were identified as inhibitors of
IPK1, displaying >70% inhibition of IPK1 at 400 uM, compared to a positive

control without IPs substrate.
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Figure 5.2. Polyphenolic inhibition of IPK1. Myricetin, quercetin, EGCG,
curcumin, ellagic acid, and chlorogenic acid were tested for IPK1 inhibition.
EGCG was identified as a polyphenolic inhibitor of IPK1 compared to a positive
control without IPs substrate. Data represents the mean £+ S.D. of triplicate

experiments.
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Figure 5.3. NIH library rescreen. The top 79 compounds out of the 1200
compounds from the NIH library originally tested were rescreened for IPK1
inhibition and compared to a positive control without IPs substrate. 16 compounds

showed 100% inhibition at 400 uM.
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Figure 5.4. Structure-activity relationships of EGCG analogs. (A) EGCG
analogs were tested for their inhibition of IPK1. The analogs possessing a second
gallate group were more potent. (B) Sulfa analogs were tested for IPK 1 inhibition,
but no analog was potent. Data represents the mean + S.D. of triplicate

experiments.
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Figure 5.5. Potency of EGCG analogs and kinase inhibitors.

(A) EGCG analogs.

®: C (IC50 =308 uM)

H: EC (ICs5 = 288 pM)

A: GC (IC5 =284 uM)

®: CG (IG5 =78 uM)

*: EGC (ICs50 > 1000 uM)
V. ECG (IC50= 191 uM)
€: EGCG (ICs5 =303 uM).

(B) Kinase inhibitors.
®: PKRnc (ICso = 78.3 uM)
W STS (ICso = 19.4 uM)

A:K-252a (ICs) = 1.7 uM).

Each point represents the mean = S.D. of triplicate experiments.
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Figure 5.6. Inhibitor competition with IPs. (A) IPK1 kinase activity in the
presence of inhibitor was assessed by plotting the rate of product formation versus
IP5 concentration fitted to the Michaelis-Menten equation. Each point represents
the mean + S.D. of triplicate experiments. ®: DMSO B: EGCG A: CG ¥: PKRnc
€ : K-252a. (B) Comparison of Ky; values for each inhibitor compared to DMSO.

(C) Comparison of Vyax values for each inhibitor compared to DMSO.
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Figure 5.7. Inhibitor competition with ATP. (A) IPK1 kinase activity in the
presence of inhibitor was assessed by plotting the rate of product formation versus
ATP concentration fitted to the Michaelis-Menten equation. Each point represents
the mean + S.D. of triplicate experiments. ®: DMSO B: EGCG A: CG ¥: PKRnc
€ : K-252a. (B) Comparison of Ky values for each inhibitor compared to DMSO.

(C) Comparison of Vyax values for each inhibitor compared to DMSO.
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Figure S5.1. Structures of kinase inhibitors that inhibit IPK1. (A) STS; (B) K-
252a; (C) PKRnc. (D) The structure of PKR inhibitor is shown for structural

comparison with PKRnc.
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Figure S5.2. Structures of top 16 compounds from NIH screen that inhibit
IPK1. (A) 32_GS; (B) 45_GS5; (C) 45_BS8; (D) 48 _C6; (E) 51_BS5; (F) 51 _C9; (G)
51 Bl11; (H) 52_D7; (I) 54_Co6; (J) 54 H6; (K) 54_G8; (L) 54 F9; (M) 55 B3;
(N) 55_A5; (0) 55_E5; (P) 55_AO9.
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Figure S5.3. Structures of EGCG analogs. EGCG is composed of a core and two

arms.
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Table S5.1. Kinase inhibitor screen normalized data. Each value represents the
percentage of ATP remaining in the reaction compared to a positive control with
no IPs substrate. (J9) K-252a; (L15) PKRnc; and (N18) STS were identified as
inhibitors of [PK1.

B3 6.85 |D3 16.22|F3 11.71 | H3 18.50|J3 -12.34| L3 6.45 | N3 -13.71| P3 2549

B4 34.15/D4 -197|F4 -6.45 | H4 -0.74|J4 -3.39 | L4 -1499| N4 -12.42| P4 7.92

B5 1033 | D5 488 |F5 -1.25|HS5 17.13/J5 14.67 |L5 0.58 | N5 -13.62|P5 8.71

B6 -12.50/ D6 7.60 |F6 9.79 |H6 127 |J6 10.73 | L6 10.83| N6 -2.30|P6 -1.33

B7 24.68 | D7 9.77 |F7 11.41 | H7 6.66 |J7 1138 |L7 -3.11 | N7 9.04 |P7 -4.59

B8 21.03| D8 17.51|F8 9.50 |H8 8.07 |J8 825 |L8 5.04 | N8 13.35|P8 -14.38

B9 21.61 D9 13.59|F9 6.57 |H9 -2.31|J9 100.17| L9 23.54| N9 -4.53 | P9 -10.12

B10 15.64|D10 4.45 |[F10 17.06 H10 -4.09J10 15.96 |[L10 -8.55 |N10 -8.15 |P10 -15.71

B11 20.09 |D11 34.75 |F11 3.99 |HI1 -3.22|J11 19.30 |[L11 -7.83 [N11 -19.49 /P11 -16.73

B12 39.42|D12 17.09 |[F12 2.75 |HI12 5.68 |J12 8.61 |L12 11.47 |[N12 -7.26 P12 -20.72

B13 12.31|D13 3.08 |F13 14.28 |HI13 7.64 |J13 -3.07 |L13 -20.30|N13 16.89 |P13 -18.37

B14 3.73 |D14 -10.56/F14 0.05 |H14 -6.31|J14 -6.40 |\L14 -5.81 [N14 -8.59 P14 -24.75

B15 -6.90 |D15 -5.14 |[F15 5.24 \HI15 18.13|J15 -9.05 |L15 70.54 |N15 -13.01/P15 -20.09

Bl16 1.28 |D16 -1.62 |[F16 10.45 H16 -7.22|J16 -10.72|L16 -8.86 [N16 -13.27/P16 -1.82

B17 12.28 \D17 14.88 |F17 -3.65 H17 0.12 |J17 15.55|L17 6.12 |[N17 -5.96 |[P17 23.52

B18 35.63|D18 8.42 |F18 -3.56 HI18 16.77|J18 -3.73 |L18 16.26 |IN18 84.92 P18 -15.76

B19 30.54|D19 -1.68 |[F19 2.39 |HI9 -1.69|J19 -4.57 |\L19 10.64 [N19 -6.57 |P19 -15.97

B20 25.67|D20 20.37 |F20 -10.61{H20 11.17|J20 8.54 |L20 -3.45 [N20 -5.94 |P20 -11.46

B21 -0.80 |D21 2.27 |[F21 2.10 |H21 12.22J21 -4.03 |L21 9.94 |N21 -13.40/P21 -19.45

B22 5.41 |D22 0.96 |F22 -7.47 |H22 13.49|J22 1.23 |L22 -0.04 [N22 -19.95/P22 21.26
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Table S5.2. Kinetic parameters of IPK1 toward IPs and ATP in the presence

of inhibitors.
IP; ATP
MAX MAX
Inhibitor K, (M) (RM/min/pg K, (M) (RM/min/pg
enz) enz)
DMSO 88.71 £22.95 26.51+3.39 68.98 +7.95 25.42+0.95
EGCG 71.52 £32.45 5.88£1.20 32.39+7.18 7.61 £0.40
CG 85.97+21.20 15.40 +1.85 90.72 +8.12 18.26 £0.59
PKRnc 61.36 £ 14.62 18.76 £ 1.87 91.74 £ 13.54 12.43 £0.66
K-252a 48.33 +8.51 19.67 £1.29 219.70 + 21.41 2446+ 1.18

Data represents the mean + S.D. of triplicate experiments.

186



Chapter 6. General Discussion
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6.1 General Summary

IP signaling has attracted interest for its suspected roles in different
diseases, however, the precise mechanisms of action of IPs remain poorly
understood. Control of IP production at different stages of the IP metabolic
pathway could be used as an approach to determine the functional roles of each IP.
Inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IPK1) phosphorylates IP5 to IP¢ and
is a key enzyme in the production of higher IPs. IPs and IPs have been implicated
in cell death signaling pathways, both in vitro and in vivo, but their signaling roles

are not well-defined.

The overall goal of this thesis was the structural and biochemical

characterization of IPK1 with the aims of:

a) Identifying conformational states of IPK1,

b) Defining the roles of phosphate recognition in IP binding and IPKI
activation,

¢) Describing the conformational changes and kinase activation of IPK1, and

d) Identifying novel small molecule inhibitors of IPK1.

In Chapter 2, we described the IP-free crystal structure of IPK1, which
revealed that the N-lobe of IPK1 is unstable in the absence of IP. This result led us
to postulate a new mechanism for IP recognition by IPK1: the IP is initially
recognized by the C-lobe of IPK1 through the 4-, 5-, and 6-phosphates, and then
N-lobe stabilization is induced by the 1- and 3-phosphates. The interaction
between R130 and the 1-phosphate is critical to stabilize the N-lobe for subsequent
kinase activation. In Chapter 3, we tested the first half of our hypothesis by
investigating the roles of each IP phosphate in IPK1 binding and activation. We
showed that the 5- and 6-phosphates were more important than other phosphates
for binding, while the 1- and 3-phosphates were most important for IPK1
activation. In Chapter 4, we further validated our hypothesis by describing the link
between IPK1 substrate specificity and IPK1 activation. We demonstrated that IPs
lacking the 1- or 3-phosphates were unable to stabilize IPK1 to the same extent as

IPs, and that artificial stabilization of the N-lobe altered IPK 1 substrate specificity.
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In Chapter 5, we identified and characterized small molecule inhibitors of IPK1.
We demonstrated that IPK1 was especially sensitive to PKRnc and CG and our
evidence indicates IPK 1 may possess an allosteric binding site.

In this chapter, we will discuss the relevance of our approaches in the
study of the IPK family of kinases and the implications of our findings in context

of the field of IP signaling.

6.2 Experimental approaches for IPK characterization

6.2.1 Kinase activity

Assessing kinase activity has been instrumental in determining the
substrate specificity for each IPK and simple, rapid, and sensitive platforms for
measuring kinase activity are key for development of specific inhibitors for each
IPK. Previous characterization of IPK kinase activity has mainly been determined
using radiolabeled IPs to track the progression of the kinase reaction. This process
involves commercially acquiring IPs that are [*H]-labeled or [**P]-labeled or by
synthesizing radiolabeled IPs in vitro using purified enzymes (Wilson and
Majerus, 1996; Wilson et al., 2001; Choi et al., 2007; Gokhale et al., 2011; Otto et
al., 2007). [y**P]-ATP can also be used as a substrate in kinase reactions, which
allows the labeled phosphate to be tracked from ATP to IP (Chamberlain et al.,
2007; Gonzalez et al., 2010). The IP products can then be measured by reverse-
phase high performance liquid chromatography (HPLC) and the kinetic parameters
determined. Alternatively, production of [**P]-labeled IPs can be analyzed by thin-
layer chromatography (TLC) using polyethyleneimine-cellulose sheets combined
with phosphorimaging (Otto et al., 2007; Endo-Streeter et al., 2012). Both HPLC
and TLC approaches require expensive lab equipment, the use of radiation, or are
time consuming, thereby limiting their use for high-throughput screening of
inhibitors for IPKs. An optical assay coupling ADP formation to NADH
consumption via pyruvate kinase and lactate dehydrogenase reactions has also
been employed to measure kinase activity of IPKs (Mayr et al., 2005), but this
assay requires numerous components in the reaction mix, large reaction volumes,

and its accuracy is limited due to optical measurements.
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In our work, we used a luminescence-based ATP-depletion kinase assay
that quantifies the amount of ATP present in solution following a kinase reaction.
There are several advantages to our method to measure kinase activity over
previous methods: 1) there is no use of radiation, ii) it consists of only one reagent
aside from the enzyme and its substrates, which is added to stop the kinase reaction
and detect ATP, and iii) a plate reader is the only equipment required to measure
ATP. Our approach is reproducible as we obtained comparable Ky and k., values
for wild-type IPK1 by independent measurements in Chapters 3, 4, and 5. In
addition, the sensitivity of our assay is in the pM range, which is suitable for
measuring kinase activities of other IPKs, whose K, values also fall within the uM
range (Otto et al., 2007). This assay has revealed a clearer picture of the IP
selectivity of IPK1. Initial characterization of IPK1 using TLC indicated that IPK1
could not recognize 3,4,5,6-1P, as a substrate (Sweetman et al., 2006). In Chapter
3, we were able to detect very low, but measureable IPK 1 activity when 3,4,5,6-IP,
was used as a substrate using our luminescence-based assay, which demonstrates
the value of the sensitivity of our assay over other methods. Moreover, in Chapter
5, we used our assay to identify the type of competition for inhibitors of IPKI1.
Using the same reaction conditions with other IP substrates, other IPKs could
casily be screened to assess the specificity of these inhibitors for IPK1.

One shortfall of our assay is the inability to distinguish IP products formed
during a kinase reaction. For example, ITPK1 produces both 1,3,4,5-IP, and
1,3,4,6-IP, from 1,3,4-IP; (Balla et al., 1987; Shears et al., 1987; Stephens et al.,
1988); however, since only levels of ATP are measured, we can only assess the
overall activity of ITPKI, and not the individual activity of ITPK1 towards
1,3,4,5-IP, or 1,3,4,6-IP, production. This is not an issue with IPK1, however, as
IPK1 is able to phosphorylate only the unique axial 2-hydroxyl group, so the
identity of the product was not in question. Nevertheless, an inhibitor for any IPK

could be characterized using this assay if all kinase activity was inhibited.

6.2.2 Protein stability

In Chapter 4, we used differential scanning fluorimetry (DSF), a type of
thermal shift assay, to measure the stability of IPK1 bound to different nucleotides

and inositides. To our knowledge, DSF has not been previously used to
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characterize any IPK. This approach could be applied to other IPKs that undergo
conformational changes during kinase activation. For example, PPIPsK undergoes
substantial conformational changes to accommodate highly phosphorylated IPs as
shown by crystal structures of PPIPsK; however, it is unclear from these structures
why PPIPsK displays a preference for 5-PP-IPs over IPs (Wang et al., 2012). The
authors suspected that conformational dynamics may play a role in substrate
preference for PPIPsK, as we have shown with IPK1, in Chapter 4 (Wang et al.,
2012). DSF could also be used as an alternative to ITC to characterize the binding
affinity of ligands, such as IPs or inhibitors, by titrating the concentration of ligand
and measuring the T,, (Lea and Simeonov, 2012; Soon et al., 2012). For example,
the binding affinity for the inhibitors of IPK1 in Chapter 5 could be measured
using DSF. Moreover, the stability of IPK1 in the presence of newly synthesized
analogs of inhibitors could be used to develop SARs, since the activity of IPK1 is

linked to its overall stability, as we have shown in Chapter 4.

6.3 Roles of the 4- and 6-position phosphates

In Chapter 3, we determined that the 1- and 3-phosphates of the IP
substrate were more important for [PK1 activation and the 5- and 6-phosphates of
the IP substrate were more important for IP binding. We were unable to investigate
the role of the 4-phosphate in IP binding and IPK1 activation as we could not
locate a source for 1,3,5,6-IP4, which lacks the 4-phosphate. Kinase activity of
IPK1 alanine mutants revealed that K411A, was sufficient to render IPK1 inactive,
while mutations of other 4-phosphate interacting residues, R415 and Y419,
impaired kinase activity. We predict that the role of the 4-phosphate is similar to
the 5-phosphate, whereby a single mutation in one of the residues that interacts
with the 5-phosphate, K170A, also rendered IPK1 inactive. Whether K170 and
K411 impact binding affinity to an extent that substrate recognition cannot occur
remains to be determined. This would be resolved by performing ITC or DSF with
each of the alanine mutants K170A and K411A to determine Kp values with IPs.
Comparison of the Kps with wild-type IPK1 would confirm that the lack of
substrate recognition for these mutants is attributed to decreased binding affinity.

In Chapter 3, we also observed that 1,3,4,5-IP, was not recognized as a

substrate by IPK1, suggesting that the 6-phosphate is also important for IPK1
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activation. The binding affinity of both 1,3,4,5-1P, and 1,3,4,6-IP, were similar, but
only 1,3,4,6-IP, was used as a substrate, so decreased binding affinity did not
contribute to the lack of substrate recognition of 1,3,4,6-1P,. Furthermore, 6-
position alanine mutants indicated that intramolecular changes in the 6-phosphate
binding site were not essential for IPK1 activation. We postulated that 1,3,4,5-1P,4
may adopt alternative binding orientations, in which the 2-hydroxyl is not
accessible for phosphorylation. Alternative binding orientations for IP substrates
have been observed for other IPKs (Chamberlain et al., 2007; Miller et al., 2005);
however, we have not obtained conclusive evidence to support or refute alternative
binding orientations for 1,3,4,5-1P, from our studies. Binding isotherms of 1,3,4,5-
IP, fitted only to a one-site model, which is consistent with the crystal structure of
IPK1 that reveals a single IP binding site; however, this model cannot discern
between multiple binding orientations that possess varied or comparable binding
affinities. We hypothesized that 1,3,4,5-IP, may be adopting one or more of three
alternative orientations, in which the IP is flipped about the 2°-5° axis, such that the
axial 2-hydroxyl is pointing away from the y-phosphate. We suspected that a
quadruple  mutant for all  6-phosphate  binding residues, IPKI1
K170A/K200A/N238A/N239A, would cause the IP to flip back and reorient the 2-
hydroxyl towards the y-phosphate, but no kinase activity was detected with 1,3,4,5-
IP,. Thus, one or both of the two remaining alternative orientations may be
preferred. We also focused our efforts on co-crystallization of IPK1 with AMPPNP
and 1,3,4,5-IP,, but these efforts were not successful. We also attempted to soak
nucleotide-bound crystals of IPK1 with 1,3,4,5-IP,, which resulted in partially
damaged crystals that produced no diffraction, which was not entirely surprising
given the conformational changes we have demonstrated to occur during the
transition between IP-free and IP-bound states. Finally, we soaked 1,3,4,5-IP, into
IPK1 crystals that were grown in complex with ADP and IPs. Comparison of the
electron density between data sets obtained from soaked and unsoaked crystals
revealed a loss of density where the 2-phosphate of IP¢ is found, suggesting that
soaking of 1,3,4,5-IP, was successful; however, occupancies for the five other
phosphate binding sites were inconsistent with the predicted set of alternative
orientations. Further investigation will be required to ascertain why 1,3,4,5-1P, is

not recognized as a substrate, but can still bind IPK 1.
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6.4 Comparison of IP recognition mechanisms of IPKs

In Chapters 2, 3, and 4, we describe and test a hypothesis that IPK1
employs a mechanism of IP-induced stabilization whereby the phosphate profile of
IP; facilitates IP binding through the 4-, 5-, and 6-phosphates and promotes IPK1
stabilization through the 1- and 3-phosphates. The inositide binding site of IPK1
does not present any steric occlusions to IP phosphate groups or hydroxyl groups
as seen in the tightly shaped inositide binding site of IP;K (Gonzalez et al., 2004;
Miller and Hurley, 2004), or the less restrictive inositide binding pocket of IPMK
(Holmes and Jogl, 2006; Endo-Streeter et al., 2012). These steric occlusions confer
single substrate specificity for IP;K and enable 6/3/5-kinase activities of [IPMK for
different IP substrates (Shears, 2004; Endo-Streeter et al., 2012). Like IPKI,
ITPK1 does not discriminate between IP substrates based on steric exclusions of
phosphate groups or hydroxyl groups of IPs. In ITPK1, hydroxyl groups have no
direct contact with ITPK1 side chains, allowing phosphate groups to occupy these
positions, so substrate selectivity for ITPK1 is dictated by affinity of phosphate
groups, which allows ITPK1 to recognize multiple IP substrates (Miller et al.,
2005). However, IPK1 is highly specific for IPs, so if specificity were dictated
solely by phosphate affinity, the large, unhindered inositide-binding site of IPK1
would not be sufficient for discrimination of IPs. A hybrid shape-affinity
mechanism of IP recognition has been described for PPIPsK (Wang et al., 2012).
In PPIP;K, the inositide-binding site is precisely shaped to accommodate six or
more phosphates of the IP substrate and steric occlusion prevents reorientation of
the IP substrate. Moreover, each phosphate group is highly coordinated by multiple
PPIP:K side chains that when mutated, reduce PPIPsK activity by 90% (Wang et
al., 2012). In Chapter 3, we determined that only three side chains of IPK1, R130,
K170, and K411 are critical for IP substrate recognition, so the hybrid shape-
affinity model is not appropriate for IPK1.

The model of IP-induced stabilization for IP recognition for IPKI1
reconciles IPK1’s unshaped inositide binding site, capable of binding any
monophosphorylated [P and redundant interactions with IP phosphates. The
transition of IPK1 from an unstable, IP-free state to a stable, IP-bound state
provides a third element of IP discrimination based on enzyme stability. Thus, the

unique combination of shape, affinity, and stability, allows IPK1 to be highly
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selective for IPs, over IP4s and IP;s, which can undoubtedly fit into the active site
of IPK1. Figures 6.1 and 6.2 provide a diagrammatical summary of known IP
recognition mechanisms employed by IPKs, depicting i) the topology of each IPK,
i) the relative size and shape of the IP binding site, and iii) orientation of IP

substrates to achieve specific kinase activities.
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Figure 6.1. IP recognition mechanisms for IP;K and IPMK. Phosphate and
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described in the text.
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6.5 Considerations for IPK inhibition

The model of IP-induced stabilization of IPK1 adds to our overall
knowledge of the IP recognition mechanisms for IPKs and provides a basis for
selectively targeting each member of the IPK family. IP substrates of IPKs are very
similar, sometimes differing by only one phosphate group, so other features of
IPKs need to be considered for selectively targeting IPKs. IPK recognition
mechanisms reveal that there are a number of unique characteristics for each IPK
that can be exploited. These include the size and shape of the active site, the angle
between the nucleotide y-phosphate and the IP, IPK affinity for different phosphate
groups, and allosteric modulation (Table 6.1). For example, an inhibitor occupying
the tightly shaped inositide binding site of IP;K, could still occupy the inositide
binding sites of other IPKs, whose IP substrates possess more than three
phosphates, like IPMK or IPK1; however, an inhibitor designed for both the
nucleotide and inositide binding sites, and that mimics the angle between the
nucleotide and inositide, would increase selectivity for IP;K. In contrast, an
inhibitor designed to occupy the unrestricted 6-position in IPMK, would selectivity
target IPMK over IP;K (Endo-Streeter et al., 2012). ITPK1 recognizes its IP
substrates based on phosphate affinity, so an inhibitor that blocks high affinity
interactions with ITPK1 at the 1-, 3-, and 4-phosphate positions would be
favorable for ITPK1 inhibition. In PPIPsK, the active site is shaped to
accommodate highly phosphorylated IPs and the angle between ATP and 5-PP-IP;
is unique among IPKs, both features that could be exploited to selectively inhibit
PPIPsK (Wang et al., 2012). The crystal structure of IP¢K has not yet been solved,
but inhibition of [P¢K2 by HSP90 has been demonstrated, which could eventually
be used for the design of peptidomimetics to selectively inhibit IP¢K (Chakraborty
et al., 2008; Shames and Minna, 2008). In Chapters 3 and 4, we demonstrated that
IP substrates are recognized by IPK1, based on their ability to stabilize IPK1, and
that N-lobe stability is a precursor for IPK1 activation. Therefore, an inhibitor that
occupies the active site of [PK1, without forming interactions with N-lobe residues
R45 and R130, would prevent N-lobe stabilization and selectively inhibit IPK1.
Moreover, in Chapter 5, we showed that PKRnc and CG were non-competitive
with respect to IPs, and mixed-competitive with respect to ATP, indicating the

presence of an allosteric binding site on IPK1. Further characterization of this
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allosteric site, either through co-crystallization with PKRnc and CG or docking
studies, could also be useful to develop selective inhibitors of IPK1. Taken
together, features of IPKs can be used for the rational design of small molecule
inhibitors that are selective for a specific IPK.

The possibility that an IPK inhibitor can bind to other proteins that bind
the same IP substrates as the target IPK should be considered with inhibition of
any IPK. IPs can bind to different proteins, via PH domains or other sites, to
modulate their activity or promote protein-protein interactions (Cozier et al., 2000;
Millard et al., 2013; Komander et al., 2004; Theibert et al., 1991; Chadwick et al.,
1992; Jackson et al., 2011). Careful design of each IPK inhibitor should ensure that
other proteins that bind IP substrates are not sensitive to the inhibitor. This can be
accomplished by exploiting the IP recognition mechanisms of IPKs, as described
above. A pull-down experiment using beads coated with inhibitor and cellular
extracts, combined with mass spectrometry, could identify other proteins that may

interact with an IPK inhibitor.
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6.6 Inhibitor selectivity of IPK1

In Chapter 5, we identified CG and PKRnc, as leads for the development
of an inhibitor for IPK1; however, very little information is known about the
specificity of these compounds. To date, no specific targets have been identified
for CG, but its parent compound, EGCG, is an inhibitor of human topoisomerase II
and prolyl-endopeptidases (Kim et al., 2001), and IP;K also exhibits sensitivity
towards EGCG in the nM range (Mayr et al., 2005). As such, CG should be tested
with all other IPKs and PKs from different subfamilies to ensure selectivity for
IPK1. Moreover, PKRnc has been demonstrated to inhibit 300 different PKs to
varying extents; only 12 kinases, from varying subfamilies, exhibited >70%
inhibition with PKRnc (Anastassiadis et al., 2011), but IPKs have yet to be tested
for their sensitivity towards PKRnc.

In our studies, we showed that EGCG analogs composed of catechin and
gallate, which have two chemical “arms” were more potent than analogs composed
of only catechin with its one “arm;” however, we did not test any chemical
modifications of CG, or enhance specificity for [PK1. Analogs of PKRnc should
be tested as well. In our kinase inhibitor library, there are 10 other compounds that
possess a 2-oxindole scaffold like PKRnc, but only PKRnc inhibited IPKI,
indicating that the 3-position carbon could be modified to improve inhibitor
specificity for [IPK1.

Our competition studies in Chapter 5 suggested that alternative binding
sites for inhibitors may be present on IPK1. Characterizing the binding sites of
inhibitors could be used to improve inhibitor specificity by tailoring the inhibitor
for the binding site. Structures of four different proteins in complex with EGCG
have been deposited in the Protein Data Bank (2KDH, 3NGS, 300B, 4AWM),
which indicate that EGCG, and likely CG, binding occurs primarily on
hydrophobic regions, but these proteins do not possess any structural similarity to
IPK1 that could be used to predict the binding site of either EGCG or CG on IPK1.
Molecular docking studies could be used to identify alternative binding sites on
IPK1 and dock the structures of CG or PKRnc to IPK1. Introducing mutations in
combination with our activity assays or binding assays would then validate these
results. Alternatively, "N HSQC studies (NMR) could be performed to determine
the interactions between IPK1 and inhibitor. Ultimately, co-crystallization of IPK1
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with inhibitors would be most useful to determine the binding sites of CG and
PKRnc on IPK1. We showed that CG and PKRnc are non-competitive with respect
to IPs, and mixed-competitive with respect to ATP, therefore, crystallization trials
should be carried out with IPK1 in the presence of Mg*", IPs, AMPPNP, and

inhibitor.

6.7 Exploring the role of IPK1 and higher IPs

Previous studies have revealed a role for IPK1 in cell death. IPK1
overexpression protects cells from TNFo-mediated and Fas-induced apoptosis
(Verbsky and Majerus, 2005), while knockdown of IPK1 sensitizes cells to the
chemotherapeutic agents cisplatin and etoposide (Piccolo et al., 2004). Moreover,
both IPs and IP¢ promote cell death in vitro and in vivo, which seem to contradict
conclusions from IPK1 overexpression and knockdown studies (Piccolo et al.,
2004; Maffucci et al., 2005; Vucenik and Shamsuddin, 2003; Shi et al., 2006).
These inconsistencies into the role of IPK1 in cell death may arise due to
overexpression and knockdown studies of IPK1 that do not discriminate between
catalytic and non-catalytic roles of IPK1 (Brehm et al., 2013). Moreover, treatment
of cells with non-physiological concentrations of IPs or IP4 can disrupt IP levels in
different compartments within the cell due to IP diffusion through cellular
membranes (Miller et al., 2004). It is hypothesized that the intracellular
localization of IPK1 is necessary for maintenance of localized and specific IP
profiles which contributes to its cellular functions (Brehm et al., 2007). Therefore,
a chemical inhibitor of IPK1 would be useful to modulate local levels of IPs and
P4 and elucidate the specific roles of IPK1.

Current studies suggest that IP5 and IP¢ may be eliciting their pro-apoptotic
mechanism of action through the PI3K/PDK1/Akt pathway (Komander et al.,
2004; Gu et al.,, 2010) and/or the Fas death receptor pathway (Verbsky and
Majerus, 2005), both of which are extrinsic pathways for apoptotic signaling
(Taylor et al., 2008). Therefore, changes in these pathways during induction of
apoptosis could be determined in the presence or absence of IPK1 inhibitor to
further characterize the role of IPK1 in cell death. IPK1 may also possess a role in
the activation of the intrinsic apoptosis pathway that is activated upon DNA

damage (Taylor et al., 2008), since IPK1 is localized in the nucleus (Brehm et al.,
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2007) and chemotherapeutic agents used to induce apoptosis in previous studies
function in the nucleus (Piccolo et al., 2004).

IPK1 also possesses a developmental role as IPK1 null mice display
embryonic lethality (Verbsky et al., 2005b), but the underyling mechanisms are
unknown. Accumulation of IPs was also observed upon stimulation of the Wnt/j3-
catenin pathway, which regulates embryonic development (Gao and Wang, 2007;
Kim et al., 2013), suggesting a link between IPK1 and Wnt signaling. Inhibition of
IPK1 during embryonic development would help to clarify the role of IPK1 in this
process.

Finally, the diverse functions of PP-IPs could be further investigated
through inhibition of IPK1, since a substantial amount of the PP-IPs are produced
from IPs (Glennon and Shears, 1993; Menniti et al, 1993). Protein
pyrophosphorylation by PP-IPs is also a poorly characterized mechanism, which
could be better understood through attenuation of levels of PP-IPs (Saiardi et al.,

2004).

6.8 Proposed reclassification of IPKs

IPKs are currently organized into three subfamilies according to their
sequence similarity and structural homology (see section 1.8). Our structural and
biochemical studies of IPK1 now indicate that IPK1 is more similar to inositol
polyphosphate kinases than previously thought, and that IPK1 shares many
features with PKs. IPK1 possesses an N-lobe, with an a+f3 fold, and a C-lobe
connected by a hinge, and a glycine rich loop and aspartic acid residue
coordinating the nucleotide and its phosphates like PKs (Madhusudan et al., 1994).
Moreover, stabilization of the N- and C-lobes of IPK1 are a precursor to IPK1
activation, as observed with PKs (Ozkirimli and Post, 2006; Ubersax and Ferrell,
2007). Finally, IPK1 showed high sensitivity to both STS and K-252a, well known
promiscuous PK inhibitors (Anastassiadis et al., 2011). We therefore propose that
IPKs be classified into two subfamilies: the PK-like subfamily, consisting of IP;K,
IPMK, IP¢K, and IPK1 and the ATP-grasp fold subfamily, consisting of ITPK1
and PPIPsK (Figure 6.3) to accurately reflect the structural homology among IPKs.
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Inositol Phosphate
Kinases (IPKs)

PK-like ATP-grasp fold
subfamily subfamily
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Figure 6.3. Proposed reclassification of IPKs.
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Conclusions

The cellular events mediated by IP signaling are poorly understood,
largely due to the lack of tools to attenuate production of specific IPs to discover
their functional importance. The work presented in this thesis builds a foundation
for the study of individual IPKs and the IPs that they produce using selective
inhibition of IPKs as an approach. We focused on the structural and biochemical
characterization of IPK1, a critical enzyme involved in the production of higher
IPs that are implicated in cell death. In Chapter 2, we hypothesized that IPK1
employs a mechanism of [P-induced stabilization to select IPs as its substrate. In
Chapters 3 and 4, we validated our proposed mechanism by determining the role of
each phosphate of the IP substrate on binding affinity and IPK1 activation, and
describing the conformational dynamics of IPK 1 activation. These studies allowed
us to compare the mechanisms of IP recognition for members of the IPK family,
which provide considerations for the selective inhibition of each [PK. In Chapter 5,
we identified PKRnc and Catechin Gallate as novel small molecule inhibitors of
IPK1, which operate through an as yet undefined allosteric mechanism. Taken
together, our studies provide a basis for the development of selective inhibitors for
IPK1 to investigate the roles of higher IPs that modulate apoptotic signaling
pathways. Ultimately, uncovering the role of IPs in different cellular processes
may lead to novel treatments for diseases whose underlying mechanisms are

mediated by IP signaling.
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