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Inositol hexakisphosphate kinases (IP6Ks) phosphorylate
inositol hexakisphosphate (InsPg) to yield 5-diphosphoinosi-
tol pentakisphosphate (5-[PP]-InsP; or InsP.). In this study,
we report the characterization of a selective inhibitor, N*-(m-
(trifluoromethy)lbenzyl) N°-(p-nitrobenzyl)purine (TNP),
for these enzymes. TNP dose-dependently and selectively
inhibited the activity of IP6K in vitro and inhibited InsP, and
InsPg synthesis in vivo without affecting levels of other inosi-
tol phosphates. TNP did not inhibit either human or yeast
Vip/PPIP5K, a newly described InsP¢/InsP, 1/3-kinase.
Overexpression of IP6K1, -2, or -3 in cells rescued TNP inhi-
bition of InsP, synthesis. TNP had no effect on the activity of
a large number of protein kinases, suggesting that it is selec-
tive for IP6Ks. TNP reversibly reduced InsP,/InsPg levels.
TNP in combination with genetic studies was used to impli-
cate the involvement of two pathways for synthesis of InsPg in
yeast. TNP induced a fragmented vacuole phenotype in yeast,
consistent with inhibition of Kcsl, a Saccharomyces cerevi-
siae IP6K. In addition, it also inhibited insulin release from
Miné cells in a dose-dependent manner further implicating
InsP, in this process. TNP thus provides a means of selec-
tively and rapidly modulating cellular InsP, levels, providing
a new and versatile tool to study the biological function and
metabolic relationships of inositol pyrophosphates.

Inositol(1,4,5)trisphosphate (Ins(1,4,5)P5)* is the cytosolic
product of inositol phospholipid-specific phospholipase Cs and
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sure liquid chromatography; IP, inositol phosphate; IP3-3K, Ip3-3
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serves multiple biological functions. In higher eukaryotes, it
regulates Ca®" release from intracellular stores via binding to
Ins(1,4,5)P,-specific receptors located in the endoplasmic
reticulum. In addition, in Saccharomyces cerevisiae and all
other eukaryotes that have been studied, Ins(1,4,5)P; also
undergoes complex metabolism to generate a series of ino-
sitol polyphosphates with diverse functions (1, 2). Inositol
hexakisphosphate (InsPy) can be synthesized in inositol phos-
pholipid-specific phospholipase C/Ins(1,4,5)P5-mediated path-
ways in most, if not all, eukaryotes. InsP is further metabo-
lized by the inositol hexakisphosphate kinases (IHPKs or
IP6Ks), which add a pyrophosphate moiety at the 5-position
to generate 5-[PP]-InsP; or 5-InsP.. Dictyostelium discoi-
deum and S. cerevisiae, each possess one IP6K gene product
designated Kcsl in yeast (3, 4). In mammals, three IP6Ks
have been identified (5, 6). In addition, a second InsP./5-
InsP, kinase, designated Vip/PPIP5K, has been identified in
yeast (7) and mammalian cells (8, 9). This kinase is distinct
from IP6K/Kcs1 in that it phosphorylates the 1/3-position of
InsP4 and 5-[PP]-InsP, (10).

Insights into the biological functions of inositol pyrophos-
phates have come from genetic studies in yeast and by manip-
ulating expression of inositol polyphosphate kinases in mam-
malian cells. More recently, yeast mutants failing to
synthesize inositol pyro phosphate molecules have been
found to be impaired in several cellular functions, such as
DNA repair, chromatin remodeling, and telomere length
maintenance (11-14). Production of 1/3-InsP, is necessary
for regulating cellular phosphate starvation responses
through the inhibition of the cyclin/cyclin-dependent kinase
(7, 10, 15). In D. discoideum, InsP., has been reported to be
important in chemotaxis (3). In mammals, overexpression of
the IP6K1 increases insulin release from pancreatic 3 cells,
whereas overexpression of IP6K2 increases apoptosis in a
variety of cell lines (16, 17).

As a means to further study the roles of inositol pyrophos-
phate messengers, we set out to develop pharmacological tools
that permit acute inhibition of specific inositol polyphosphate
kinases. Here we report the characterization of an IP6K inhib-
itor, which appears to be selective in vitro and in vivo and its use
in furthering our understanding of the role of InsP,, synthesis in
yeast and in insulin secretion in mammalian cells.
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EXPERIMENTAL PROCEDURES
Materials

Ip3-3 kinase inhibitor (TNP; see “Results”) and thapsigargin
(TG) were from Calbiochem. [2-H]Inositol and [y-*?P]ATP
were from GE Healthcare. HeLa cells were from ATCC. PEI-
cellulose TLC sheets were from Merck. Reduced glutathione
was from Sigma. Oligonucleotides were from the University of
Dundee in-house DNA synthesis center.

Methods

Cloning—The human IP6K1 and the catalytic fragment of
IP3-3KA were cloned from IMAGE clones using the following
primers: IP6K1, 5'-GCATGAATTCATGTGTGTTTGTCA-
AAC-3" and 5'-GCATGTCGACctactggttctcgtcccgeate-3';
IP3-3KA, 5'-CatgGAATTCggcaacgtgcagctggaageg-3' and 5'-
CATGGTCGACTCATCTCTCAGCCAGGCTGGCC-3'.

The primers include the recognition sequences for EcoRI
and Sall, respectively. The genes were amplified using PCR
using the Hifidelity PCR enzyme (Roche Applied Science).
IP6K1 was cloned into the mammalian expression vector
enhanced green fluorescence protein (Clontech), whereas the
catalytic fragment of IP3-3KA was cloned into pGEX-6P-1 (for
bacterial expression) as EcoRI-Sall fragments. Clones were
sequenced in the in-house sequencing center.

Cell Culture—HeLa (human cervical cancer) cells were
maintained in Dulbecco’s modified Eagle’s medium (Invitro-
gen) supplemented with fetal bovine serum (10%, v/v) at 37 °C
in a humidified 5% CO,, 95% air environment. HeLa stable cell
lines were generated by transfecting cells grown on 3.5-cm
dishes with appropriate amounts of vector DNA of enhanced
green fluorescence protein or enhanced green fluorescence
protein-IP6K1 using the transfection reagent polyethylenei-
mine (10 pg/well) at ~70% confluence. We routinely achieved
about 90% transfection efficiency by this method. After 48 h,
the medium was replaced by similar medium as above but con-
taining 0.8 mg/ml G418 sulfate. Stably expressing clones were
selected after 3 weeks of growth in selection medium. Clones
were identified by observing GFP fluorescence microscopically
and by monitoring protein expression by Western blotting
using anti-GFP antibody (Abcam).

Min6 cells were maintained in Dulbecco’s modified Eagle’s
medium (high glucose) containing heat-inactivated serum
(15%, v/v) and 72 um B-mercaptoethanol at 37 °C in a humidi-
fied 5% CO,, 95% air environment. 40,000 cells were seeded
into each well of a 96-well plate. They were subsequently cul-
tured for 48 h in 200 ul of the above medium. Cells were trans-
fected 16 h postseeding with 0.2 ug of HA-IP6K1 plasmid DNA
and 0.5 ul of Lipofectamine 2000/well.

Expression and Assay of IP6K1 Activity—HA-tagged IP6K1
plasmid (10 ug) was transfected into 0.75 X 10° HeLa cells
plated on 10-cm? dishes. 48 h after transfection, cells were lysed
in lysis buffer (20 mm Tris-Cl, pH 7.5, 100 mm NaCl, 1% (v/v)
Triton X-100, 1 mm Na;VO,, 1 mm NaF, 1 mm sodium pyro-
phosphate, 5 mm sodium B-glycerophosphate, 1 mm 3-mercap-
toethanol, and 20% (v/v) glycerol). Lysates were clarified by
centrifugation at 10,000 X g at 4 °C for 30 min. 5 ug of mouse
monoclonal anti-HA antibody was incubated with 0.5 mg of the
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above lysate with 50 ul of protein G beads on a shaking nutator
for 3 h at 4 °C. The lysate was aspirated off, and the beads were
washed twice with 1 ml of lysis buffer and twice with 1 ml of
assay buffer (20 mm Tris-Cl, pH 7.5, 100 mm NaCl, 5 mm MgCl,,
1 mMmNa,OVO,, 1 mm sodium pyrophosphate, 1 mm NaF, 5 mm
sodium [B-glycerophosphate, and 1 mm (-mercaptoethanol)
before electrophoresis for Western blot or activity assays. For
activity assays, the beads were finally suspended in 200 ul of
lysis buffer containing 5 ul of [2->H]InsP, (specific activity =
21.4Ci/mmol, 5 wCi/0.5 ml) and appropriate concentrations of
TNP or DMSO. Final concentration of DMSO was 1% (v/v).
The reaction was started by the addition of ATP at a final con-
centration of 1 mm. Control reactions contained no ATP. Tubes
were incubated at 37 °C on a shaking nutator for 1 h. Reactions
were stopped by the addition of 300 ul of 1 mm EDTA. Reac-
tions were centrifuged briefly, and the supernatant was trans-
ferred to a fresh tube. [2->H]InsP, produced was separated
from the [2-°H]InsP, using HPLC (see below). [2-H]InsP,
produced was estimated using the ratio of the DPM in the cor-
responding peak to the total DPM in both peaks. [2-*H]InsP., was
plotted against the corresponding TNP concentration for curve
fitting (Sigma Plot software) and calculation of IC,, values.

Expression and Purification of the Catalytic Fragment of
IP3-3KA—The catalytic fragment of IP3-3KA was expressed as
a GST fusion protein in the BL21 Escherichia coli strain. 1 liter
of E. coli was grown to an OD of 1.0 at 37 °C. Protein expression
was induced by the addition of 0.5 mMm isopropyl 1-thio-B-p-
galactopyranoside and reduction of the bacterial growth
temperature to 26 °C. The bacteria were harvested 18 h after
induction with isopropyl 1-thio-B3-p-galactopyranoside by cen-
trifugation at 4000 rpm for 40 min at 4 °C. The pellet was resus-
pended in lysis buffer (50 mm Tris-HCI, pH 7.5, containing 100
mM NaCl, 1% (v/v) Triton X-100, 1 mMm benzamidine, 1 mm
phenylmethylsulfonyl fluoride, 1 mm B-mercaptoethanol, and
complete protease inhibitor tablet from Roche Applied Sci-
ence). Cells were ruptured by sonication (six 15-s bursts with
45 s of cooling between two bursts) on an Ultrasonic processor
(VCX-750W) sonicator at 65% power. Subsequently, the soni-
cate was centrifuged at 18,590 X g for 40 min at 4 °C on an
Avanti J-25 centrifuge. The supernatant was incubated with 1
ml of washed (with lysis buffer) glutathione-Sepharose 6B
beads (Amersham Biosciences) for 2 h at 4 °C. Following incu-
bation, the supernatant was aspirated off, and beads were
washed with 50 ml of wash buffer (lysis buffer with no Triton
X-100). Finally, the protein was eluted from beads with elution
buffer (wash buffer plus 2 mm reduced glutathione). Protein
was electrophoresed on a Novex 4-12% BisTris gel in 1X
MOPS running buffer (Invitrogen), and the gel was Coomassie-
stained for verifying the purity of the protein. The protein was
concentrated and stored at a final concentration of 2 mg/ml in
wash buffer plus 50% glycerol (v/v) at —20 °C.

IP3-3K Assays—30 nm IP3-3KA was incubated with 0.1 uCi
of [y-**P]ATP and 5 um Ins(1,4,5)P, in assay buffer (20 mm
Tris-HCI, pH 7.5, plus 100 mm NaCl, 1 mum dithiothreitol, 5 mm
MgCl,). 1 ul of the assay was spotted onto PEI-cellulose TLC
sheets. Samples were chromatographed in 2.5 M ammonium for-
mate plus 1.0 M formic acid to separate out [**P]Ins(1,3,4,5)P,,
[y->’P]ATP, and any inorganic phosphate ([**P]P,). The sheets
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were dried and then scanned using a Phosphorlmager. The
[3?P]Ins(1,3,4,5)P, formed was measured by calculating density
corresponding to [**P]Ins(1,3,4,5)P, as a percentage of the
total density of [y->*P]ATP plus [**P]Ins(1,3,4,5)P,. Percentage
of [**P]Ins(1,3,4,5)P, produced was plotted against TNP con-
centration. Curve fitting to the data was done using the Sigma
Plot software. K, /IC,, values were calculated from the equa-
tion provided by the software.

Calculation of K; Values—K, values were determined using
the equation,

K; = ICso/(1 + ([substrate]/K.,)) (Eq. 1)
where IC,, represents the value determined from curve fit anal-
ysis, K, is the value for ATP, and [substrate] is the concentra-
tion of ATP used in the IP3-3K or IP6K1 assay, respectively.

Vip/PPIP5K Assays—100 ng of purified Homo sapiens Vip2
fragment (amino acids 1-365) or S. cerevisiae Vipl was prein-
cubated with vehicle (DMSO) or 10 um TNP for 30 min on ice.
Following the pretreatment, [y->**P]JATP and 100 um InsP, was
added to the enzyme, and the assay was carried out at 37 °C for
60 min as per the protocol reported earlier by Fridy et al. (28).
[32P]P, [**P]ATP, [**P]InsP., and [**P]InsP, formed during the
assay were visualized after separation by PEI-cellulose thin
layer chromatography in a tank containing 1.09 M KH,PO,, 0.72
M K,HPO,, and 2.13 m HCI and subsequent phosphorimaging.

[2-3H]Inositol Labeling of Cells—HeLa cells were seeded at
1 X 10° cells on 60-mm plates in 3 ml of inositol-free medium
supplemented with dialyzed fetal calf serum (10% (v/v), molec-
ular weight cut-off = 10,000; Invitrogen) and 50 uCi of [2->H]-
inositol for 4 days. At the time of TNP treatment or sorbitol
stimulation, the plates were 90 —-95% confluent. TNP treatment
of cells was carried out as follows: 3 ul from a 1000X stock of
TNP (in DMSO) was added to cells labeled with [2-*H]inositol
as mentioned above and gently swirled. For controls, 3 ul of
DMSO was added to cells. The DMSO concentration was 0.1%
of the total volume of medium in all cases. Cell treatment with
TG was also carried out using a similar procedure. For stimu-
lation with sorbitol, appropriate aliquots from a 2 m stock solu-
tion of sorbitol was added to cells with or without TNP at var-
ious concentrations for 2 hat 37 °C. To check for reversibility of
TNP inhibition, after the labeled cells were treated with TNP,
medium was aspirated off, and cells were washed three times
with 2 ml of inositol-free medium supplemented with dialyzed
fetal calf serum. Cells were then allowed to recover for 2 h
before the inositol phosphates were extracted.

Extraction and Analysis of Inositol Polyphosphates by HPLC—
Stimulated or transfected cells were washed with ice-cold PBS and
then lysed with 0.5 M trichloroacetic acid. Subsequently, cells were
scraped, and the supernatant was separated from the debris by
centrifugation in a cold microcentrifuge for 10 min at full speed.
The supernatant was neutralized by the addition of 1 Mm K,CO,.
The neutralized solution was once again centrifuged, as men-
tioned above. Finally, the supernatant was loaded onto a Whatman
Partisphere SAX column. The inositol phosphates were eluted
from the column using 1 mm EDTA (buffer A) and 1 mm EDTA
plus 1.3 m (NH,),HPO,, pH 3.85 (buffer B). The gradient was as
follows: initial loading at 0% buffer B for 10 min, 0—35% buffer B in
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the next 15 min, followed by 35—100% buffer B in the next 65 min,
followed by a high salt wash of 100% buffer B for the next 5 min and
a wash with 100% buffer A for the final 10 min. The flow rate was 1
ml/min throughout the gradient, and 1-ml fractions were col-
lected. This gradient was standardized for optimal separation of
InsP, which typically elutes at fraction 61, InsP, ([PP]-InsP;) at
fraction 71, and InsPg ([PP],-InsP,) at fraction 81.

Radioactive Labeling of Yeast and Inositol Phosphate
Extraction—2 X 10% cells/ml WT, kesIA, viplA, keslvipIAA,
ddplA, and ddplkcsIAA were grown in synthetic minimal
medium supplemented with 50 uCi/ml [*Hlinositol. Inositol
phosphates were extracted, as explained above. TNP at a final con-
centration of 10 um was added to growth medium, and cells were
allowed to grow overnight at 30 °C. For controls, equal amounts of
DMSO were added to the culture, and the final concentration of
DMSO was 0.001% (v/v). The cells went through ~8-9 divisions
in labeling medium. Cells were pelleted by centrifugation at 5000
rpm for 10 min in a refrigerated microcentrifuge. They were
washed with YPD once and lysed by incubation with 0.5 M trichlo-
roacetic acid on ice for 30 min. The debris was pelleted by centrif-
ugation at full speed in a refrigerated microcentrifuge. The super-
natant was neutralized by the addition of 1 m K,CO,, and then the
inositol phosphates were separated by strong anion exchange
chromatography, as explained above.

Yeast Culture and Fluorescence Labeling of Vacuoles—Wild
type yeast, [pk2A, and Kcs1A (all isogenic to BY4741) were grown
in YPD (YP + 2% glucose (w/v)) medium at 30 °C. TNP at a final
concentration of 10 um was added to growth medium, and cells
were allowed to grow for 2 h. For controls, equal amounts of
DMSO were added to the culture, and the final concentration of
DMSO was 0.001% (v/v). For labeling vacuoles, the yeast vacuole
marker sampler kit from Molecular Probes was used. Briefly, 5 ml
of yeast in exponential growth phase (44, = 0.4—0.6) were pel-
leted by centrifugation and resuspended in 10 mm Hepes-NaOH
buffer, pH 7.4, containing 5% glucose (w/v). Vacuoles were stained
with Cell Tracker Blue CMAC and yeast vacuole membrane
marker MDY64 according to the manufacturer’s instructions. 1 ul
was mounted onto slides, and cells were visualized using a Delta
Vision microscope with appropriate filter sets.

Insulin Release Assay from Min6 Cells—Medium was re-
moved, and cells were washed 10 times with glucose-free
KREBS (10 mMm Hepes-NaOH, pH 7.4, 119 mm NacCl, 4.74 mm
KCl, 2.54 mm CaCl,, 1.19 mm MgCl,, 1.19 mm KH,PO,, 25 mm
NaHCO;, and 1 mm EGTA) to remove traces of culture
medium and serum. Cells were treated with various concentra-
tions of TNP for 2 h in 200 ul of glucose-free KREBS under the
same conditions of temperature and CO, as under culturing
conditions. Following treatment with TNP, the glucose-free
KREBS was replaced with KREBS containing 2.5 mm glucose
and TNP at the same concentrations. 5 min later, aliquots of cell
supernatants were taken out and used for measurement of insu-
lin release. Insulin released was measured using the rat/mouse
insulin enzyme-linked immunosorbent assay kit (Linco Laborato-
ries), as per the manufacturer’s instructions. For each assay, a
standard curve was generated using purified insulin provided in
the kit. Aliquots of cell supernatants withdrawn during the assay
were diluted 1:10 with glucose-free KREBS to give a final absorb-
ance value within the linear range of the standard curve. The
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hIP3-3KA G--SFKAAGT SGL LOrcs--EP3 Rfj LARBMA- --—----—-—- -DALRGCV[JA HG R (187-240)
hIP6K1 SMMRYDD--- -HT pf? sBl--3 orFffdsilPP- --——-——-—- -—-— EMKEFTJE HKGUAYSV (27-79)
hIP6K2 CVLRFEN---- ETT P)AYP)l- -1 HQF PA- --—-——————-- -- EMRKET|F0 MKGUAYSV (21-72)
hIP6K3 SVMKYDE--- -HT PAs)d--13 ORF PL- ---—--—-—=-- -- AMKRFT|F0 }4KG vV (20-71)
ScKesl AIFRFS---- KRA Njgl-—id NRWp4AN ELC —---——-—-——-— HKELLQFMIFR MIGY NV (330-385)
Scipk2 GTLTDGD--- GLL FidP --PQy LEFPKA QVR DVSRRKSSAD GDPLCSWMFT MLGJ{ NE (1-75)

hIP3-3KA LT (245-277)
hIP6K1 SA (207-238)
hIP6K2 SE (203-234)
hIP6K3 SE (197-229)

ScKcsl KR (759-790)
Scipk2 SL (113-145)

hIP3-3KA TAPRYMQW GSCSTDFKTT R | ViRrJF EEQVQGDE R (311-364)
hIP6K1 EAARQMR LDTGHYLCRN MG R[e] E G-)3RNE (239-298)
hIP6K2 E|AAANQIR AGSGQLMFMN HE:kidslo G- [JKEL (234-294)
hIP6K3 E)dKARHMR TDKKYFLCKD MGR|d =E G- 3ROk (230-289)

ScKesl AHOLSQRA KD--YYITRD FiddR KiYG WQIIAR R Y (791-860)
Scipk2 E|ARERMKRV NPSVLNQLSL EMNYEEE DSD YIJAIN GR SR (114-206)

hIP3-3KA ---------- EVSEFFRRHE IG (368-407)
hIP6K1 ~——-=—=-===== N AVLERQASHSY (298-341)
hIP6K2 -—----- QFFHN AVLERQES}¢3! (295-338)
hIP6K3 RQALYQFLHN SVIRSQSShe: (289-332)

ScKesl -—------- DGK TIESLIRQIP SEIFNLKGh43 GA| (861-910)
ScIpk2 ========= E LYFNNPH[#sD YNTMLEEEVE MISS (215-266)

hIP3-3KA CHRAG] PDGQILDHR- --RPWEEGNR D[}9 N GHLAS A (408-461)
hIP6K1 PKVD GFRD----—-- —--— DPTVHDGP BR[e}4 F N SIMEQ R (391-440)
hIP6K2 PIGASSVD LYGE====== == DTVVHEGQ AR F s TE 'S~ (371-426)
hIP6K3 TKVis GYWN--—---- —--— EHTTYDGP blPleh{ F N RILOD @ (361-410)

ScKesl A EDAMECMDKEF RIPPKSPNIE nJK[l3y KS WMRFYLLL W (911-962)
scipk2  MsS MMFVSEI- ---------- ---- TPGKGY NV E T DREFMK * (321-355)

FIGURE 1. ClustalW alignment of the IPK family members. The following proteins are aligned: hIP3-3KA, hIP6K1, hIP6K2, hIP6K3, Sckcs1, and Scipk2, where
the prefix “h” represents H. sapiens and “Sc” represents S. cerevisiae. Accession numbers are as follows: IP3-3KA, NP_002211; IP6K1, NP_695005; IP6K2,
NP_057375; IP6K3, NP_473452; Sckcs1, NP_010300; Scipk2p, NP_010458. Amino acids highlighted in black boxes indicate identical residues. Amino acids
highlighted in gray boxes indicate the conserved nature of the amino acids (such as hydrophobicity, charge, etc.). The numbers indicate the amino acids from

the corresponding protein shown in that line.

amount of insulin released was calculated from the standard curve
generated. Blanks were stimulated with glucose-free KREBS.

RESULTS

IP6Ks belong to the IPK superfamily of inositol polyphos-
phate kinases, also comprising IP3-3Ks and IPMKs by virtue of
significant homology in their sequences. A common structural
fold has been reported for IP3-3KA from mammals and Ipk2p
from S. cerevisiae, where the N and C termini of the proteins
coordinate ATP binding, and the middle of the protein forms
the inositol phosphate binding domain (18, 19). Since IP6Ks
share sequence homology in the ATP and inositol phosphate
binding regions with the other members of the IPK family, it is
possible that they share a similar structural fold. Alignment of
the ATP and inositol phosphate (IP) binding regions from
human IP3-3KA, IP6K1-3, Kcs1p, and Ipk2p are shown in Fig.
1. Although both IP3-3KA and Kcslp contain N-terminal
sequences (not shown) that do not exist in the IP6Ks or Ipk2p,
all of the members of the IPK family show high levels of conser-
vation in their ATP binding regions and IP binding regions but
little sequence conservation elsewhere (18, 20). For example,
each contains the conserved “GH” (residues 34 and 35 in IP6K1)
and the “SLL” motifs (residues 334—336) important for ATP
binding and the fully conserved “PXXXDXK” motif (residues
221-226) required for IP binding.

A family of molecules having a purine base with either a
nitrobenzyl (TNP; Fig. S1A), aminobenzyl (TAP; Fig. S1B), or

10574 JOURNAL OF BIOLOGICAL CHEMISTRY

benzyl (TBP; Fig. S1C) side chain attached at the N-6 position
and an (m-(trifluoromethyl)benzyl) attached at the N-2 group
were characterized as inhibitors for IP3-3K from a panel of
purine-based molecules. Of these, TNP was found to have the
lowest K; value (4.3 um) for IP3-3K (21). We have now charac-
terized this compound as a potential inhibitor for IP6Ks.

TNP Is a Selective Inhibitor of the IP6Ks in Vitro and in Vivo—
To determine if IP6Ks and IP3-3Ks are inhibited by TNP, we per-
formed in vitro activity assays with both enzymes in the presence
of increasing concentrations of TNP. For this purpose, HA-tagged
IP6K1 was expressed and immunoprecipitated from HeLa cells.
The Western blot of the immunoprecipitated enzyme is shown in
Fig. 2A. The immunoprecipitated enzyme was incubated with 1
mwm ATP and [®H]InsP,, and production of [*H]InsP., was moni-
tored using HPLC separation (Fig. 2B). The formation of InsP,, was
inhibited by the presence of TNP with an IC;, value of 0.47 um
determined from curve fitting (Fig. 2, B and C). Taking account of
the K, for ATP and the ATP concentration in the assay, this trans-
lates to a K; of 0.24 um (Table 1).

For in vitro studies with IP3-3KA, a fragment of the kinase
containing the catalytic domain was purified according to a
protocol published earlier (19). The Coomassie Blue-stained
gel shows that the major band consists of the recombinant frag-
ment of IP3-3KA (Fig. 2D). The purified fragment was incu-
bated with [y->*P]JATP and Ins(1,4,5)Ps, and production of
[**P]Ins(1,3,4,5)P, was monitored in the presence of increasing
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FIGURE 2. Inhibition of IP6K1 and the IP3-3KA activity by TNP in vitro. A, Western blot (WB) analyses of HA-tagged IP6K1 immunoprecipitated (/P) from HelLa
cell lysates transiently transfected with HA-tagged IP6K1, which was used for the activity assays shown in Fig. 3B. The protein was immunoprecipitated using
anti-HA antibody (5 uwg/mg lysate) and analyzed using the anti-Ip6 kinase panantibody. The molecular mass standards (Prescision Plus Protein dual colored
standards from Bio-Rad) are indicated. B, HPLC separation of input [2->H]InsP and [2->H]InsP, formed during the IP6K1 assay in the presence of DMSO (filled
squares) or TNP at 100 nm (open squares), 1 um (filled circles), or 10 um (open circles). During the assay, the immunoprecipitated enzyme was incubated with
[2-H]InsP, and 1 mm ATP in 200 wl of assay buffer for 1 h at 37 °C on a shaking nutator in the presence of DMSO or TNP (various concentrations). C, determi-
nation of IC;, of TNP for IP6K. The percentage InsP, formed is plotted against TNP concentration. InsP, formed is calculated as the fraction of the radioactivity
in the InsP, peak to the total radioactivity in InsP¢ + InsP, peaks and expressed as a percentage. The error bars show the range of data obtained from duplicates
shown in the chromatogram. Curve fitting to the data was done using the Sigma Plot software. D, purity of the IP3-3KA. 50 ng of purified recombinant fragment
of IP3-3KA containing the catalytic domain (~61 kDa) was electrophoresed on a 4-12% Novex BisTris gel in MOPS running buffer. The gel was stained with
Coomassie Blue. The molecular mass standards (same as in A) are indicated. E, dose-dependent inhibition of IP3-3KA activity by TNP. Purified IP3-3KA was
incubated with [y->?P] ATP and 5 um Ins(1,4,5)P; in assay buffer at 37 °C for 30 min in the presence of the indicated concentrations of TNP. [*?P]P;, [*2P]ATP, and
[*2P]Ins(1,3,4,5)P, formed during the IP3-3KA activity assay were visualized after separation by PEI-cellulose thin layer chromatography and phosphorimaging.
Positions of reactants and origin are marked on the right. The two leftmost lanes marked C are y-[>?PJATP controls in assay buffer lacking enzyme. F, determi-
nation of IC,, of TNP for IP3-3KA. Ins(1,3,4,5)P, formed was plotted against the corresponding TNP concentration, by quantifying chromatograms in E using the
AIDA software. Curve fitting to the data was done using the Sigma Plot software. The error bars show the range of data obtained from duplicates assayed
separately.

concentrations in the assay. The K of 18 um (Table 1) is some-
what higher than the values reported by other authors (21, 22).

doses of TNP by PEI-TLC separation of ATP and Ins(1,3,4,5)P,
and subsequent radioimaging (Fig. 2E). The formation of

Ins(1,3,4,5)P, decreased with increasing TNP, and the IC,,
value calculated from curve fitting was around 18 uMm from two
different batches of protein purified (Fig. 2, E and F). In this
case, the IC,, and K; value are equivalent due to the low ATP
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The in vitro data translate to an ~30-fold difference in the K;
values for TNP between IP6K1 and IP3-3KA (Table 1), whereas
the K, values for ATP were ~100-fold apart. From these data, the
following conclusions were drawn. 1) When the ATP concentra-
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tion is in the millimolar range (such as that within cells), the K,
values indicate that the IP3-3KA would be fully saturated at the
ATP binding site, whereas the IP6K1 would only be partially satu-
rated at the same site. 2) Since TNP is a purine analog (Fig. S14)
and is an ATP competitor, these observations lead to the predic-
tion that the in vivo selectivity of TNP should be ~1000-fold in

TABLE 1

Inhibition of different IPK family members by TNP
Name of enzyme IP3-3KA IPMK IP6K1
Substrate (um) 0.01 1000
K,, of ATP (um)* 10.8 17 1000
IC,, (uM)” 18.0 ND* 0.47
K, (um)? 17.9 0.24

“ Values for IP3-3KA were determined in our laboratory and in other laboratories
(22), and values for IPMK and IP6K1 have been reported elsewhere (5, 6, 23, 24).

b Values determined in this work.

¢ Not determined.

@ K, values were determined using the equation, K; = IC5,/(1 + ([substrate]/K,,,)).

InsP, InsPg

InsPy

DPM of [*H] per fraction >

favor of the IP6K1 over IP3-3KA. The above prediction was tested
by treating [*H]inositol-labeled HeLa cells with increasing doses of
TNP and quantifying changes in inositol phosphate levels. Fig. 34
shows the HPLC separation of the various inositol phosphates
from equilibrium-radiolabeled cells. Since InsP levels remained
fairly constant over the range of TNP concentrations used in this
experiment, we used the radioactivity in the InsP peak to normal-
ize the levels of the other inositol phosphates. The levels of InsP,
and InsP, (containing a mixture of isomers) were fairly constant
over the tested range of TNP concentrations (Fig. 3B). InsP;, levels
were also constant, whereas InsP., levels decreased in response to
the same range of TNP concentrations. Curve fitting yielded an
IC,, value of 0.55 um for the InsP,, response (Fig. 3C). Hence, the
predictions from the in vitro biochemical data appear to be ratified
by the in vivo data. The unchanging InsP; levels provide further
support for in vivo selectivity of TNP for IP6Ks, because InsPy is
the product of the multikinase, another member of the IPK family
that has a relatively low K, (micro-
molar order) for ATP (23-25).

We next tested if the decreases
in cellular InsP, caused by TNP
treatment could be rescued by
overexpression of IP6Ks. HelLa
cells transformed with IP6K1 were
labeled with [*H]inositol to equi-
librium, and InsP, levels were
evaluated as a function of TNP
concentration. Fig. 44 shows the
HPLC separation of InsP, and
InsP,, isolated from cells overex-
pressing IP6K1 and control cells,

45 50 55

treated with different concentra-
tions of TNP. IP6K1-overexpress-
ing cells had 2-fold more InsP,
than control cells (Fig. 4B). Fol-

lowing TNP treatment, InsP., lev-
els decreased in parallel in the two
™ cell systems. As expected, IC,, val-
ues were not significantly different
(2.0 and 1.2 uM), but at the IC,,
value, IP6K1-overexpressing cells
had InsP, levels comparable with
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noninhibited control cells, and at
10 uMm TNP, the residual InsP-, was
~50% of that in untreated con-
trols. Hence, IP6K1 overexpres-

102 10% 10

FIGURE 3. Inhibition of InsP, formation in TNP-treated HeLa cells. A, HPLC separation of inositol phosphates
extracted from Hela cells stimulated with DMSO (filled circles) or TNP at 100 nm (open circles), 1 um (filled
squares), or 10 um (open squares) for 2 h at 37 °C. The cells were grown in inositol-free medium supplemented
with 10% (v/v) dialyzed fetal calf serum and 50 uCi of [2-*HJinositol for 3 days, and inositol phosphates were
extracted (see “Experimental Procedures”). Since the InsP4 peak did not change by more than 10% between all
of the conditions (average in control cells = 564,651 dpm and average in cells treated to 10 um TNP = 599,011
dpm), the dpm in the InsP4 peak was used to normalize levels of other inositol phosphates. In control HelLa cells,
the percentages of InsP5, InsP,, InsP,, and InsPg with respect to InsP are 12,4, 6, and 0.7%, respectively. Similar
values for InsP, and InsPg have been reported in DDT,-MF2 cells and HEK cells (30). B, change in InsPs (filled
triangles), InsP; (filled squares), and InsP, (open squares) normalized to InsPg in the presence of increasing TNP.
In each case, the total radioactivity under the corresponding peak (base line-subtracted) was divided by the
total radioactivity under the InsPy peak (base line-subtracted) and expressed as a percentage. Data are
the mean of two different experiments, each an average of triplicate assays, and error bars represent the S.D. of
the data. C, TNP-induced dose-dependent decrease in InsP,. For each concentration of TNP, radioactivity in the
[PH]InsP, peak was normalized to that in the [*H]InsP peak. Data are the average of triplicate experiments, and
error bars represent the S.D. of the data. Sigma Plot software was used to carry out curvefitting to the InsP, data,
and the IC,, calculation was carried out from the equation used to fit the curve.
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sion rescues InsP7 synthesis in the
face of treatment with TNP. TNP
had a similar effect on InsP, levels
in cells overexpressing IP6K2 and
-3 as those overexpressing IP6K1
(Fig. S2). Since all three mamma-
lian IP6Ks share significant
homology with each other and all
of them have similar K, values for
ATP, the 90% reduction in InsP,
levels in cells overexpressing
IP6K1 (Fig. 4B) or IP6K2 or -3 (Fig.
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S2) strongly suggests that the effect of TNP on InsP., occurs
via direct inhibition of one or all three kinases.

Previous studies reported an increase in basal calcium levels
and a subsequent decrease in the amounts of ATP-stimulated
calcium release in cells treated with TNP (21). Such an increase
in intracellular calcium could conceivably lead to the observed
decrease in InsP, through indirect mechanisms. To investigate
this possibility, InsP,, levels in equilibrium-labeled cells treated
with TNP were compared with those in cells treated with TG,
which increases intracellular basal levels of calcium by inhibit-
ing the Ca®>" pumps on the ER (26). HPLC separation of the
various inositol phosphates isolated from cells treated with
TNP and TG are shown in Fig. 5A. Quantification of InsP,
InsP,, and InsP, as a percentage of InsP, shows that there are
significant differences in InsP., levels between TG- and TNP-
treated cells. TNP-treated cells showed a dramatic 90%
reduction in InsP,, whereas TG-treated cells showed only
minor changes in InsP, (20-30%) when compared with
InsP, levels in controls. There was no significant change in
InsP, levels in TG-treated cells (94% of control), and this
observation serves as a good negative control, since it has
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FIGURE 4. IP6K1 over-expression rescues TNP inhibition of InsP, synthe-
sis. A, HPLC of InsPg and InsP, from Hela cells overexpressing GFP-IP6K1
labeled with [H]inositol. Cells were stimulated with DMSO (filled circles) or
TNP at 100 nm (open circles); 1 um (open triangles), and 10 um (closed triangles)
for2hat37 °C. The soluble inositol phosphates were extracted and separated
as explained under “Experimental Procedures.” B, decrease in InsP, from Hela
cells overexpressing GFP (filled circles) or GFP-IP6K1 (open circles) as a function
of TNP concentration. Data are the average of triplicate experiments, and
error bars represent the S.D. of the data. Curve fitting to the InsP, data was
done using the Sigma Plot software, and ICs, calculations were carried out
from the equation used to fit the curve.

InsP, InsP, B 1600 -
sooc0 | InsP, ’ <],

DPM of [°H] per fraction J>

Inhibitor for IP6Ks

been comprehensively established that exposure to TG
increases intracellular calcium without any change in
Ins(1,4,5)P; levels. These data further support the hypothe-
sis that decreases in InsP., levels following TNP treatment
occur due to a specific inhibition of IP6Ks.

Additionally, we sought to determine the effects of TNP on
the Vip/PPIP5K class of kinases (7—9). In vitro assays were con-
ducted with an active fragment of H. sapiens Vip2 or S. cerevi-
siae Vipl, in the presence and absence of TNP. Vip2 produced
either [PP]-InsP; (InsP,) or [PP],-InsP, (InsPg) when InsP, was
used as the substrate for the reaction, and its activity was unaf-
fected by the presence of TNP (Fig. 6). The activity of S. cerevi-
siae Vipl was also unaffected when 5-[PP]-InsP; was used as a
substrate (data not shown). These data demonstrate that Vip/
PPIP5K enzymes are not targets of TNP.

Furthermore, we tested the effects of TNP on a panel of pro-
tein kinases. In vitro assays were performed in the presence of 1,
10, and 100 um TNP, using protocols described earlier (27-29).
None of the kinases in the panel were inhibited by TNP even at
100 um. Since all experiments in this study were carried out at
10 uM concentrations, this observation underlines the fact that
TNP is specific for the IPK family.

Since TNP is a purine analog and inhibits IP6Ks via binding
to the ATP binding site, the effect of TNP should be reversible.
The reversibility of TNP inhibition was monitored by treating
HelLa cells with TNP and allowing them to recover. Fig. 7 shows
the results of this experiment. Following treatment with TNP,
InsP,, levels fell, and when cells were allowed to recover for 2 h
after the removal of TNP, InsP, levels returned close to control
levels, showing that TNP inhibition of IP6Ks is reversible.

TNP Is a Useful Pharmacological Tool for Examining the Me-
tabolism and Biological Functions of Inositol Pyrophosphates—
Genetic and biochemical analyses demonstrate that InsPg is pro-
duced by the combined action of IP6K and Vip/PPIP5K activities.
Two pathways have been proposed. In pathway I, InsPy is first
pyrophosphorylated at the 5-position by IP6K and then at the 1/3-
position by Vip/PPIP5K, whereas pathway II is the reciprocal
order (Fig. 84). Given the selective effects of TNP on the IP6K
proteins, we postulated that the drug would be a useful probe for
acutely monitoring the relative contributions of each InsPq

biosynthetic pathway. TNP inhibi-
tion of pathway I would deplete
both InsP, and InsPg, whereas only
InsPg levels would change if TNP
were to act through pathway IL
Since basal levels of InsPg in many
cell types are near or below the
detection limits, we first enhanced
its production using hyperosmotic

stress, as previously reported (30).
To this end, HeLa cells labeled to

i3

g g equilibrium  with  [®*H]inositol

Ecaction Number DMSO  TNP TG were stressed by treatment with

FIGURE 5. Effect of TNP and thapsigargin on InsP, isolated from equilibrium-labeled cells. A, HPLC profiles

0.2 M sorbitol in the presence or

of inositol phosphates isolated from Hela cells equilibrium-labeled with [2-*H]inositol and stimulated with absence of TNP, and inositol
DMSO (filled circles) or TNP (10 u; filled triangles) or TG (open circles) for 2 h at 37 °C. B, bar chart showing InsP polyphosphates were separated

(white bars), InsP, (hatched bars), InsP, (checkered bars), and InsPg (black bars) as a percentage of InsPg in cells
treated with DMSO, TNP, or TG. Data are the average of duplicate experiments, and error bars show the range

of data.
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and analyzed by HPLC. Sorbitol
treatment caused a 5-fold increase
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FIGURE 6. Vip/PPIP5Ks are not inhibited by TNP. 100 ng of purified Vip2
fragment (amino acids 1-365 from the human Vip2) was preincubated with
vehicle (DMSO) or 10 um TNP for 30 min on ice. Following the pretreatment,
[y->2P]ATP and 100 um InsP, were added to the enzyme, and the assay was
carried out at 37 °C for 60 min as per the protocol reported earlier by Fridy et
al. (28). [*2P1P;,, [>?P]ATP, [>?PlinsP,, and [>?PlinsP, formed during the Vip/
PPIP5K activity assay were visualized after separation by PEl-cellulose thin
layer chromatography and phosphorimaging. Positions of ATP and products
are marked on the right. The leftmost lane marked C is the [y->?P]ATP conttrol
in assay buffer lacking enzyme.
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FIGURE 7. TNP inhibition of InsP, synthesis is reversible. A bar chart shows
InsP, as a percentage of InsPg in Hela cells treated with DMSO (Control),
treated with TNP, or treated with TNP and allowed to recover for 2 h after TNP
treatment (Washed). Data are the average of duplicate experiments, and error
bars show the range of data.

InsP, as a % of InsP,

o

in the peak corresponding to InsP, (Figs. 8, B and C). TNP
reduced the levels of both InsP, and InsPg in a dose-depend-
ent manner with IC,, values of ~3.0 and 1.0 um. The extent
of inhibition at the highest dose of TNP used was ~90%,
consistent with the notion that pathway I accounts for the
majority of InsPg synthesis under the equilibrium labeling
conditions tested.

However, because previous studies have shown that loss of
the inositol pyrophosphatase (Ddp1) unmasks or exposes path-
way II (12, 31), which is otherwise undetectable by equilibrium
radiolabeling methods, we tested TNP inhibition of InsP,
metabolism in a variety of budding yeast strains. In WT cells,
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the basal level of InsP,, is about 3% of that of InsP,. Upon treat-
ment of wild-type cells with TNP, we observed a loss of InsP,
(Fig. 94). Similarly, when Kcsl is deleted, this peak of InsP, is
lost, consistent with inhibition by TNP of pathway I. In fur-
ther support of pathway I, we observed an ~3-fold increase
in the level of InsP. in cells deficient for Vipl (vipIA) and
found that treatment with TNP or concomitantly deleting
Kcsl (viplkes1AA) ablated InsP, accumulation (Fig. 9B).

We confirmed that pathway II could be unmasked by analyz-
ing strains deficient for Ddpl (ddp1A) and observed a 3-fold
increase in InsP, levels upon loss of the phosphatase (Fig. 9C).
Treatment with TNP or co-deletion of Kcsl (ddplkcsAA) fur-
ther increased InsP, (presumably 3-InsP.) levels 5-7-fold (15—
21-fold as compared with wild-type cells) (Fig. 9C), consistent
with a major flux of metabolism through pathway II, which
could only be visualized by equilibrium labeling when Ddp1 was
inactivated. Together, our experiments offer support for the
presence of both pathway I and II in yeast.

In order to study the phenotypic effects of TNP on cellular
functions proposed for [PP]-InsP;, we utilized two biological
systems. In S. cerevisiae, loss of the IP6K, Kcsl, results in aber-
rant vacuole fragmentation and morphology (4, 32). Wild-type
yeast strains were therefore treated with TNP for 2 h, and vacu-
oles were analyzed using the fluorescent probe, Cell Tracker
CMAC (blue), which selectively stains the vacuolar lumen.
Treatment with TNP rapidly caused the development of multi-
fragmented vacuoles in wild type yeast (Fig. 9D (i)) compared
with DMSO-treated controls (Fig. 9D (7)), a result that is very
similar to that which is observed in ipk2A and kcsIA strains
(Figs. 9D, iii and iv). The fact that TNP mimics the vacuolar
phenotype observed in these KO strains confirms the utility of
TNP as a probe for the biological functions of inositol pyro-
phosphates and shows for the first time that a relatively acute
loss of InsP, rapidly affects vacuolar dynamics.

We next used a second biological system developed from
observations that alterations in InsP, influence the sensitivity of
pancreatic 3 cells and insulinoma cell lines to glucose-stimu-
lated insulin secretion (16). We therefore followed insulin
release from Min6 pancreatoma cells simulated with glucose.
These cells showed a robust response to glucose that increased
insulin release by about 5-fold compared with basal level, a
response that was dose-dependently inhibited by TNP. Over-
expression of IP6K1 significantly increased insulin secretion in
this model and substantially protected these cells from the
inhibitory effects of TNP, suggesting that TNP acts to inhibit
secretion via its inhibition of one or more IP6Ks (Figs. 10, A and
B). These results strongly support the conclusions of previous
work implicating InsP, in insulin secretion and show that these
effects are acute and not due to adaptive responses to sustained
alterations in the cellular level of this compound.

DISCUSSION

In the present study, we show that a purine analogue, TNP,
originally characterized as an IP3-3K inhibitor (21), is a rela-
tively selective and reversible inhibitor of IP6Ks. The selectivity
of TNP for Ip6Ks arises from two factors. K; values given in
Table 1 show that TNP has an absolute potency for IP6K1 ~70-
fold greater than that for IP3-3KA. K, values, however, show
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FIGURE 8. Determination of the predominant pathway to InsPg synthesis in mammalian cells using TNP.
A, metabolic pathways that lead to the synthesis of InsPg or [PP],-InsP, in mammalian cells. Pathway | consists
of InsP¢ being phosphorylated by IP6K to [PP]-InsPs or InsP, and further phosphorylation of InsP,, to InsPg by
Vip/PPIP5Ks. Pathway Il consists of the Vip/PPIP5Ks phosphorylating InsP¢ to InsP, and the IP6Ks subsequently
phosphorylating the InsP, to InsPg (7-9). Ddp represents the inositol pyrophosphate phosphatase (34, 35).
B, HPLC profiles of higher inositol polyphosphates isolated from [*Hlinositol-labeled Hela cells treated with
DMSO (“no sorbitol” controls; closed circles), sorbitol (0.2 m plus DMSO; open circles), and sorbitol (0.2 m) plus 10
um TNP (filled squares) for 2 h at 37 °C. C, the InsP4 peak from A plotted on a smaller scale. The different curves
are the same as that described in A. D and E, decrease in InsP, (filled circles) and InsP4 (open circles) normalized
to InsP4 as a function of TNP concentration. Data are the average of triplicate experiments, and error bars
represent the S.D. of the data. Curve fitting and calculation of IC, values for the InsP, and InsP4 data were done

as before.
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that the affinities of these two
enzymes for substrate, ATP, also
differ markedly but in the reverse
direction, with IP3-3Ks having a K,
that is 100-fold lower than that of
IP6Ks. Because TNP is an ATP site
competitive inhibitor of these
enzymes and, because cellular ATP
levels are in the mMm range, well
above the K, for IP3-3Ks, these data
predict in vivo selectivity of ~1000-
fold. This prediction appears to be
borne out by experiments analyzing
inositol phosphate levels in [*H]-
inositol-labeled HeLa cells where
TNP dose-dependently reduced
InsP, and InsPg levels by at least 90%
without significantly affecting any
other inositol phosphate analyzed.

Of the several purine-based mol-
ecules that were tested for IP3-3K
inhibition, in addition to TNP, two
other structurally related molecules
had IC,, values of around 13.5 um
(Fig. 2, Band C) (21). It seems quite
likely that these compounds would
be similarly effective as inhibitors of
IP6Ks. Apart from TNP and the
analogues shown in Fig. 2, adriamy-
cin, a topoisomerase inhibitor, was
reported to inhibit production of
Ins(1,3,4,5)P, (33). In our hands,
adriamycin did not show any inhibi-
tion of IP3-3KA in vitro (data not
shown), which may be compatible
with speculation that its mode of
inhibition was nonspecific. Several
plant polyphenols have also been
reported to be inhibitors of both
IP3-3Ks and IPMKs (24). Although
this inhibition might also extend to
IP6Ks, most plant polyphenols have
other cellular targets that would
render them unsuitable for intracel-
lular studies.

The mechanisms of InsP., genera-
tion in S. cerevisiae can help us eluci-
date similar pathways of InsP., gener-
ation in mammals. Yeast Kcslp
was initially presumed to be the only
IP6K phosphorylating the mono-
ester phosphate on the 5-position of
the inositol ring to generate 5-[PP]-
InsP.. However, kcsIA cells retained
low but detectable levels of an InsP.,.
This led to the identification and
cloning of Vip/PPIP5K, a novel
InsP, kinase contributing to a novel
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FIGURE 9. Inhibition of InsP, formation in WT yeast cells mimics the defect in vacuole morphology reported for ipk2 AIPK2 and kcs 1A strains. WT, kcs 1A, vip 1A,
and kcs1vip1AA cells were grown in yeast minimal medium supplemented with 50 uCi/ml [*Hinositol overnight at 30 °C. Inositol phosphates were extracted using a
protocol similar to that with mammalian cells. HPLC traces are shown in Fig. S3. For vacuole labeling experiments, WT, ipk2A, or kcs 1A strains of haploid yeast cells were
grown in YPD. WT cells were grown in the presence of vehicle (DMSO) or TNP. They were then stained with cell tracker CMAC (blue), which stains the vacuolar lumen
and membrane marker MDY-64 (green) according to the manufacturer’s instructions. Shown is a comparison of InsP,, levels in WT, WT plus TNP, and kcsTA cells (A);
vip1A, vip1A + TNP,and kcsTvipTAA cells (B); and ddp 1A, ddp1A+TNP and ddp TkesTAA cells (€). D (i), WT cells grown in the presence of vehicle (DMSO). D (ii), WT cells
grown in the presence of TNP (10 um). D (iii), ipk2A grown in the presence of vehicle (DMSO). D (iv), kcs1A grown in presence of vehicle (DMSO).
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FIGURE 10. Inhibition of insulin released from Miné cells. A, bar chart showing
insulin released by Min6 cells. Cells were pretreated with different concentrations
of TNP in glucose-free KREBS for 2 h prior to stimulation of insulin release by 2.5
mm glucose. 5 min after glucose stimulation, insulin contained in the buffer was
measured and quantitated using the rat/mouse insulin enzyme-linked immu-
nosorbent assay kit as per the manufacturer’s instructions. Data shown are the
average of duplicate readings in one experiment. Three such experiments were
carried out with similar results. B, bar chart showing insulin released by Miné cells
transfected with IP6K1 and treated with vehicle (DMSO) or TNP (10 um). Insulin
released was measured under similar conditions and at the same time as in A.

pool of cellular InsP, comprising two isomers that is masked in
WT strains during metabolic labeling experiments by the Ddp1
phosphatase (7). A clue that a similar mechanism of InsP./InsPg

10580 JOURNAL OF BIOLOGICAL CHEMISTRY

synthesis existed in mammalian cells was provided by Pesesse et
al. (30) and is seen in our data (Fig. 7), where sorbitol-induced
increase in the InsPg peak was at the cost of the InsP,, peak. This
suggested that the enzymes involved in InsP, and InsPg synthe-
sis were different. Two enzymes, Vipl/PPIP5K1 and Vip2/
PPIP5K2 (8, 9), which are the human homologues of the yeast
enzyme, have now been identified, which synthesize 1/3-[PP]-
InsP.. Hence, as shown in Fig. 84, both IP6Ks and Vips are
required to complete the bifurcating pathways from InsP, to
InsPg.

TNP treatment of radiolabeled HeLa cells brings the dual
pathways into focus. 10 um TNP is 40-fold greater than the K;
for IP6Ks and should be similar to the expected cellular IC;,
because of its high K, for ATP. Although this concentration of
TNP should be sufficient to wipe out all cellular InsP,, 10%
residual InsP. could be observed. This can be either due to
incomplete inhibition of the cellular IP6K or due to the produc-
tion of other InsP., isomers by the Vip/PPIP5K enzymes. Add-
ing credence to the latter alternative are the following observa-
tions. 1) Vip/PPIP5K proteins contain the ATP-“GRASP”
domains, which differ from the ATP binding regions of IPK
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family members in both sequence and in structure; it is very
unlikely that they will prove to be efficient targets of TNP, and
this was confirmed by a direct in vitro assay (Fig. 6). 2) The InsP,
isomers, which are the products of IP6Ks and Vip/PPIP5Ks (viz.
5-[PP]-InsP; and 1/3-[PP]InsP; (10) respectively), would be
likely to be indistinguishable by the gradients used in our HPLC
separation.

Under the sorbitol-stimulated conditions that were required
to visualize and accurately measure InsPg levels, pathway I
appears to be the dominant pathway (Fig. 84). However, path-
way II could be revealed in yeast strains deficient for Ddp1 in
which InsP, levels were greatly elevated. Under these circum-
stances, TNP actually further increased InsP, levels, establish-
ing the occurrence of pathway II, albeit as a quantitatively
minor component in wild type cells (Fig. 9). In mammalian
cells, it is most likely that if all of the Dipps (four genes of
which have been identified (34, 35)) are completely inhib-
ited, the pool of InsP, generated by Vip/PPIP5K will be
unmasked, in a manner analogous to that seen in ddp1A or
keslddpIAA cells in S. cerevisiae.

The concept of “pharmalogs,” which are enzymes having
similar affinities for inhibitors because they share structural
similarities in substrate binding domains irrespective of
whether they share sequence similarity, was introduced by
Knight et al. (36), who characterized numerous inhibitors of the
PIKK and PI 3-kinase family of enzymes. Our data suggest that
this concept can be extended to the IPK family of inositol
polyphosphate kinases. Although these concepts are valuable
when considering the development of potent kinase inhibitors,
for such compounds to prove useful as probes of biological
function and ultimately, in some cases, as drugs, they must have
a limited tendency toward off-target effects. Regarding kinases,
a key problem is the existence of large families of genes encod-
ing related enzymes. Protein kinases make up by far the largest
group of kinases with ~500 representatives in the human
genome. We therefore tested the selectivity of TNP against a
panel of 70 protein serine/threonine and tyrosine kinases
(Table S1). None were significantly inhibited at 10 um, the larg-
est dose used in the cell-based studies described here. This
strongly supports the value of TNP as a highly selective phar-
macological tool in future studies of the functions of inositol
polyphosphates. The vacuolar defect observed when wild type
yeast were treated with TNP closely phenocopies yeast strains
lacking either Kcslp or Ipk2p, confirming the utility of this
compound in studying the biological functions of inositol pyro-
phosphates in a range of cell types and organisms. The acute
effects of an inhibitor of IP6K clearly implicate a direct rather
than an adaptive effect of loss of InsP., and should allow further
studies of the dynamics of vacuole formation and turnover that
would not be possible using genetic approaches. Similarly, inhi-
bition of insulin release from Min6 cells confirms the broad
utility of TNP, suggests that the function of InsP., in this process
is likely to be direct, and offers the possibility to study the
dynamics of the insulin secretory machinery in more detail.

The last few years have seen major advances in our under-
standing of the cellular and organismal functions of inositol
polyphosphates fueled primarily by studies in genetically trac-
table organisms, especially yeast and most recently in mice.
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Overexpression and/or small interfering/short hairpin RNA-
based knockdown of key enzymes has also been used to infer
new functions, although the identification of the major molec-
ular targets that account for these proposed roles, especially of
the pyrophosphates, has not yet been realized. The availability
of a selective, cell-penetrant inhibitor of IP6Ks greatly aug-
ments the available approaches to studying the significance of
inositol pyrophosphate species and will complement genetic
studies. TNP rapidly reduces InsP, levels in mammalian cells,
allowing quantitative and dynamic manipulation of the path-
way, and will contribute to pinpointing the molecular mecha-
nisms it controls.
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