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Abstract: The diphosphoinositol polyphosphates (PP-IPs)
represent a novel class of high-energy phosphate-containing
messengers which control a wide variety of cellular processes. It
is thought that PP-1Ps exert their pleiotropic effects as allosteric
regulators and through pyrophosphorylation of protein sub-
strates. However, most details of PP-IP signaling have
remained elusive because of a paucity of suitable tools. We
describe the synthesis of PP-IP bisphosphonate analogues
(PCP-1Ps), which are resistant to chemical and biochemical
degradation. While the two regioisomers 1 PCP-IPs and 5SPCP-
IPs inhibited Akt phosphorylation with similar potencies,
1PCP-IPs was much more effective at inhibiting its cognate
phosphatase hDIPPI. Furthermore, the PCP analogues inhibit
protein pyrophosphorylation because of their inability to
transfer the [3-phosphoryl group, and thus enable the distinc-
tion between PP-IP signaling mechanisms. As such, the PCP
analogues will find widespread applications for the structural
and biochemical characterization of PP-IP signaling proper-
ties.

Second messengers are integral components of cellular
signaling pathways and are essential for maintaining cell
homeostasis. The chemical structure of small-molecule
second messengers varies widely and ranges from simple
ions or gases to more elaborate molecules such as cyclic
adenosine monophosphate and lipid phosphoinositides.
Within the phosphoinositide family, further complexity is
attained through the controlled generation of closely related
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compounds, which differ with respect to the number and
position of phosphate groups.'! Despite the structural sim-
ilarity among phosphoinositides, their interactions with
protein-binding partners, and thus their signaling properties,
can be very distinct.”!

Hydrolysis of the glycerophospholipid backbone of the
phosphoinositides provides access to a group of water-soluble
inositol polyphosphates, exemplified by the calcium ion
releasing factor inositol 1,4,5-trisphosphate (IP;). Consecu-
tive phosphorylation of IP; by cytosolic and nuclear inositol
kinases leads to the formation of fully phosphorylated inositol
hexakisphosphate (IPg). IP¢ can be converted further to form
the diphosphoinositol polyphosphate second messengers (PP-
IPs, Figure 1a), which contain one or two high-energy
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Figure 1. Abbreviated pathway for diphosphoinositol polyphosphate
(PP-IP) biosynthesis in mammalian cells. Phosphorylation of inositol-
1,4,5-trisphosphate (IP;) by inositol multikinase and inositol pentakis-
phosphate 2-kinase produces inositol hexakisphosphate (IPg). Inositol
hexakisphosphate kinase (IP6K) and PPIP5 kinase (PPIP5K) further
convert |Pg into the pyrophosphate-containing messengers 5PP-IPs,
1PP-IPs, and 1,5(PP),-IP,.
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diphosphate groups.”! Deletion of the PP-IP biosynthetic
genes in yeast points to regulatory functions of these
molecules in telomere maintenance, chromatin remodel-
ing?! energy homeostasis,® and nutrient signaling.”! In
mammals, the PP-IPs play a crucial role in insulin signaling'®
and body-weight regulation.”! Interestingly, PP-IPs have been
demonstrated to function through distinct modes of action,
either allosterically regulating protein activity or by post-
translational pyrophosphorylation of protein substrates.®”
However, in many cases the direct connection of a phenotype
to a specific isomeric form of the PP-IPs, or the identification
of the regulatory mechanism, have not been possible. This gap
in knowledge can be attributed to a lack of tools to inter-
rogate PP-IP signaling biochemically and in vivo.

Our research group previously reported the synthesis of
a nonhydrolyzable methylene-bisphosphonate analogue of
5PP-1P;, SPCP-IP; (Figure 1b), and showed that it closely
mimicked the physicochemical and biochemical properties of
its natural counterpart.'” We now describe the synthesis of
a nonhydrolyzable analogue of 1PP-IPs, a regioisomer of SPP-
IP; (Figure 1a). Evaluation of the PCP-IP analogues in
a range of biochemical assays showcases their utility for the
characterization of PP-IP—protein interactions, and for differ-
entiating between the two PP-IP signaling mechanisms.

The synthesis of the methylene-bisphosphonate analogue
of 1PP-IPs commenced with enantiomerically pure, commer-
cially available inositol derivative 1 (Scheme 1). The 1-butyryl
group was selectively removed by treatment with DIPEA in
methanol to yield 2."" The methylene-bisphosphonate moiety
was then coupled to the hydroxy group to provide 3a in good
yield. After cleavage of the 4-butyryl group, the ketals of 3b
were hydrolyzed in wet TEFA/MeOH/CH,Cl,. The resulting
pentol (4b) was phosphitylated and oxidized. Subsequent
hydrogenolysis of Sb in the presence of sodium bicarbonate
afforded 1PCP-IPs (7) as the sodium salt in high purity. The
only difference between 1PCP-1Ps and 1PP-IP; is the replace-
ment of the oxygen atom in the phosphoanhydride linkage by
a methylene group, as characterized by the apparent triplet at
27.0 ppm in the *C NMR spectrum of 7.

From intermediate 3a, a modified synthetic route was
used to synthesize 1PCP-IP, (8), in which the 4-butyryl group
was removed after phosphitylation, oxidation, and hydro-
genolysis. Although no biological relevance has been ascribed
to 1PP-IP,, compound 8 can be used to define the contribu-
tion of the 4-phosphate group in PP-IP—protein interactions.

With these compounds in hand, we wanted to determine
how well 1PCP-IP; resembled 1PP-IP; in a biochemical assay.
The pleckstrin homology (PH) domain of the protein kinase
Akt is one of the few protein binding partners characterized
for SPP-IPs. It was proposed that the binding of SPP-IP;
stabilizes Akt in an inactive conformation, which prevents
its phosphorylation at threonine 308 by PDK1 (3-phos-
phoinositide-dependent protein kinase, Figure 2a). Since we
formerly used this inhibitory effect to highlight the similarity
between SPP-IPs and SPCP-IP;,'"! we sought to compare the
ICs, values of 1PP-IPs and 1PCP-IPs; in Akt inhibition.
Furthermore, we wondered what the differential selectivity
of the Akt PH domain towards the isomeric analogues 1PCP-
IP5 and S5PCP-IPs would be.
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Scheme 1. Synthetic route to methylene-bisphosphonate analogues
1PCP-IP; and 1PCP-IP,. Reagents and conditions: i) DIPEA, MeOH,
36°C, 14 h; ii) (bisbenzyloxyphosphorylmethyl) phosphoryl chloride,
DBU, 1H-tetrazole, CH,Cl,, 0°C to RT, overnight; iiij) DIBAL, CH,Cl,,
—78°C, 6 min; iv) TFA/MeOH/CH,Cl,, 0°C, 3 h; v) N,N-diethyl-1,5-
dihydro-2,4,3-benzodioxaphosphepin-3-amine, 5Ph-1H-tetrazole,
CH,Cl,, 0°C to RT, 18 h, then mCPBA, —78°C to RT, 3 h; vi) H,, Pd
black, NaHCO;, tBuOH/H,O, RT, overnight; vii) Conc. ag NH;, RT,
4 days, then Dowex-H*. Bn=benzyl, DIPEA = N,N-diisopropylethyl-
amine, DBU =1,8-diazabicyclo[5.4.0]undec-7-ene, DIBAL =diisobutyl-
aluminum hydride, TFA=trifluoroacetic acid, mCPBA=meta-
chloroperbenzoic acid.

Inactive Akt and activated PDK1 were incubated in the
presence of various concentrations of PP-IPs or PCP-IPs, and
inhibition of Akt phosphorylation was monitored with
a phosphospecific antibody. Both 1PCP-IPs and 1PP-IP;
(prepared by chemical synthesis'?') were potent inhibitors
(Figure 2b), thus illustrating that replacing the pyrophos-
phate group at the 1-position with the methylene-bisphosph-
onate moiety did not significantly alter the biochemical
activity (Figure 2b; see also Figure S1 in the Supporting
Information). In addition, we tested 1PCP-IP, and 4Bt-1PCP-
IP,, which also inhibited PDK1-mediated phosphorylation,
albeit with slightly lowered potency (Figure 2b). Given our
previous results—in which we determined the 1Cy, values of
5PP-IPs and S5PCP-IPs to be 217 nm and 129 nMm, respec-
tively—we conclude that the PH domain of Akt is quite
promiscuous towards the PP-TP messengers.['*!

To further validate the lack of selectivity of the Akt PH
domain towards the PP-IP regioisomers, we tested their
inhibition in the presence of PIP; (phosphatidylinositol 3,4,5-
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Figure 2. Inhibitory effect of TPP-IP; and PCP-IPs on Akt phosphoryla-
tion. a) Binding of PP-IPs is proposed to stabilize Akt in a conformation
that is not phosphorylated by PDK1 (PH = pleckstrin homology
domain; KD =kinase domain). b) ICs, curves for in vitro inhibition of
Akt phosphorylation (at threonine 308) by PCP analogues. ICs, values
were determined in three independent experiments, and errors are
indicated. c) Western blots of Akt inhibition in the presence of PIP;.
Western blots for total Akt were used as a loading control.

trisphosphate), an endogenous stimulator of Akt activa-
tion.'*>) When Akt, PIP;, and PCP-IPs were incubated with
PDK1, PIPs;-induced Akt phosphorylation was inhibited by
both 1PCP-IP5; and S5PCP-IPs. In accordance with our prior
experiment, the inhibitory effects of SPCP-IP5 versus 1PCP-
IP5 were almost identical (Figure 2¢). Low specificity of the
Akt PH domain towards the isomeric PP-IPs was recently
also reported by Shears and co-workers."! Tt is possible that
the Akt PH domain is quite malleable—as has been observed
for PH domain/ligand interactions of isomeric forms of
inositol pentakisphosphate (IPs)!'”—and can accommodate
the PCP-IP isomers in different orientations. Taken together,
these results demonstrate that we are just beginning to
understand how the PP-IPs modulate the PI3K/Akt signaling
pathway. Parsing out the subtleties in PP-IP—protein inter-
actions will be an important endeavor for connecting PP-IP
metabolism with this central growth factor signaling pathway.

We next evaluated the PCP bisphosphonate analogues as
inhibitors for the PP-IP-metabolizing diphosphoinositol poly-
phosphate phosphohydrolases (DIPPs)."®! The hydrolytic
activity of DIPPs varies among the PP-IP molecules, and
1PP-IP; is consumed faster than the SPP-IP; regioisomer.!'’)
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We therefore anticipated distinct inhibitory activities of the
nonhydrolyzable analogues. Because DIPPs also hydrolyze
diadenosine polyphosphates, such as diadenosine pentaki-
sphosphate (ApsA),'®2 we used a competitive inhibition
assay to assess our analogues (Figure 3a). Human DIPP1
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Figure 3. Inhibition of hDIPP1-mediated hydrolysis of diadenosine
pentakisphosphate (ApsA) by PP-IPs and PCP-IPs. a) hDIPP1 hydro-
lyzes ApsA to adenosine monophosphate (AMP) and adenosine tetra-
kisphosphate (p,A), which can be monitored by HPLC. b) Inhibition of
ApsA hydrolysis at various concentrations of 5PCP-IP; or 1PCP-IPs.
Data are presented as Lineweaver—Burk plots, and K; values were
determined by nonlinear regression.

(hDIPP1) was preincubated with 1PCP-IPs or SPCP-IP,
followed by addition of ApsA, and hydrolysis of ApsA was
monitored. Determination of the initial reaction rates at
various ApsA concentrations confirmed that the PCP ana-
logues indeed acted as competitive inhibitors (Figure 3b; see
also Figure S4 in the Supporting Information). Strikingly, the
inhibition constant (K;) for IPCP-IPs was about 80-fold lower
than the K, value for SPCP-TP; (Table 1).2!! This observation
is in agreement with recent reports that 1PP-IPs is the
preferred substrate for mammalian and yeast DIPPs, rather
than SPP-IP;" To further confirm the substrate preference
under our assay conditions, we determined the K| values for
5PP-IPs and 1PP-IPs. The K, value for SPP-IPs was compa-

Table 1: Summary of K, values for PP-IPs and PCP-IPs for inhibiting Ap;A
hydrolysis by hDIPP1.

Compound K [um] Compound K: [um]
TPCP-IP; 0.11 5PCP-IP; 8.4
TPP-IPs 15 5PP-IPg 8.5
1PCP-IP, 0.027 IPg 17
4Bt-1PCP-IP, 0.023
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rable to that of SPCP-IPs, which indicates that the hydrolysis
of SPP-IP; was too slow to be measured. The K; value for 1PP-
IPs, in contrast, was much higher than that of nonhydrolyz-
able 5PCP-IPs (Table 1). Presumably, 1PP-IPs hydrolyzed
during the preincubation with hDIPP1 and we effectively
measured the K; value for IP, instead (as was determined by
independent measurement of the K;value for IP¢). Unlike
1PP-IPs, 1PCP-IP5 cannot undergo hydrolysis and constitutes
a significantly more potent inhibitor than the natural counter-
part. Modification of the 4-position on the 1PCP molecules
furnished even more potent compounds 1PCP-IP, (K;=
0.027 um) and 4Bt-1PCP-1P, (K; = 0.023 um). These molecules
may prove useful in the future for the selective inhibition of
DIPP activity in cell lysates.?!

Evaluation of the PCP analogues for Akt and hDIPP1
inhibition emphasized their utility in determining the binding
preferences of the isomeric PP-IP messengers. Nevertheless,
we were curious if the PCP analogues could be harnessed for
the study of protein pyrophosphorylation. The -phosphoryl
group of the PP-IPs can participate in trans-phosphorylation
reactions as a result of its high free energy of hydrolysis.*!
Interestingly, the PP-IPs phosphorylate pre-existing phospho-
serine residues non-enzymatically to generate pyrophospho-
proteins.**! While pyrophosphorylation was first described
in 2007,%* several issues regarding its mechanism still exist. It
is not clear how the -phosphate group in PP-IPs is activated
for nucleophilic attack, nor is it known whether a specific
binding interaction between PP-IP and the protein substrate
precedes the phosphoryl transfer reaction (Figure 4a). The
latter question can be addressed with our PCP analogues.
They can bind to the same sites as the natural molecules, but
are not able to participate in phosphoryl transfer chemistry.
Hence, the PCP analogues should act as inhibitors of
pyrophosphorylation if this reaction depends on a specific
binding event.

S5PP-IPs is known to pyrophosphorylate Nsrl (nuclear
signal recognition 1), a nucleolar protein from S. cerevisiae
involved in ribosome biogenesis.**) The non-enzymatic
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Figure 4. The PCP analogues inhibit pyrophosphorylation of Nsr1.
a) Proposed mechanism for Nsr1 pyrophosphorylation by PP-IPs.
b) Pyrophosphorylation of a pre-phosphorylated Nsr1 fragment is
dose-dependently inhibited by PCP-IPs. GST-Nsr1 fragments, non-
phosphorylated or pre-phosphorylated by CK2, were treated with
B[2P]5PP-IP; in the presence of various concentrations of PCP-IPs.
Pyrophosphorylation was visualized using autoradiography and an
anti-GST Western blot served as a loading control.
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reaction can only proceed if Nsrl has been “primed” through
phosphorylation by casein kinase 2 (CK2), so that a phospho-
serine residue on Nsrl can undergo pyrophosphorylation. A
fragment of Nsrl (aa27-50) was shown to be a sufficient
pyrophosphorylation substrate and we expressed this frag-
ment in E. coli as the GST fusion. Co-expression of GST-Nsrl
with CK2 provided a phosphorylated (primed) Nsrl frag-
ment.”” We then exposed the two Nsrl fragments to
radiolabeled B[**P]5PP-IP; for 20 min at 37°C. Only the
phosphorylated fragment was pyrophosphorylated by (-
[**P]5PP-IPs, as seen by autoradiography (Figure 4b). When
the pyrophosphorylation of the primed Nsrl substrate was
conducted in the presence of various concentrations of PCP-
IPs, we observed dose-dependent inhibition of pyrophosphor-
ylation. The inhibitory effect of the PCP-IPs strongly
indicates that a specific binding site for PP-IPs exists on the
Nsrl fragment, and that a binding event precedes the
phosphoryl-transfer reaction. Interestingly, both 1PCP-IP;
and SPCP-IPs inhibited pyrophosphorylation with similar
potencies (IC5x(1PCP-1Ps) =12 um;  ICsy(5PCP-1Ps) =
0.67 uM; see also Figure S7 in the Supporting Information).”!
We are currently investigating other pyrophosphorylation
substrates to evaluate the specificity of the PP-IP regioisom-
ers in pyrophosphorylation reactions.

Given these results, we believe the bisphosphonate
analogues constitute a unique mechanistic tool to distinguish
between the two PP-IP signaling mechanisms. For proteins
that are regulated by PP-IPs through an allosteric mechanism,
the PCP analogues and the natural molecules will have the
same effect (as seen for Akt inhibition). In contrast, a different
result will be observed for protein pyrophosphorylation: The
PCP analogues are inhibitors of the pyrophosphorylation
reaction (Figure 5).

The PP-IPs are emerging as a central group of cellular
messengers, yet their functions have remained poorly defined
because of a dearth of reagents and methods. To this end, we
have contributed a set of nonhydrolyzable analogues, which
contain a bisphosphonate moiety in place of the pyrophos-
phate group. The analogues are accessed by chemical syn-
thesis, which reduces the risk of biological contamination.
Introduction of the stabilized bisphosphonate moiety mini-
mizes chemical and biochemical degradation. These features
make the bisphosphonate analogues attractive tools for the
biochemical characterization of PP-IP—protein interactions.
Considering the close structural similarity among these
messengers, the determination of their nuanced binding
preferences will greatly benefit from the availability of
stable and pure compounds which are resistant to isomer-
ization and decomposition pathways.

The enhanced stability of the PCP analogues also renders
them well-suited for the interrogation of PP-IP biosynthesis
and metabolism, which was exemplified by the increased
potency we observed for 1PCP-IP; versus SPCP-1P; towards
hDIPP1. It will be interesting to determine the structural basis
for this substrate preference and the PCP analogues will
prove useful for cocrystallization experiments. Furthermore,
much about feedback regulation within the biosynthetic
pathway and the cellular turnover of PP-IPs remains to be
elucidated, and our analogues can facilitate the detailed
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Figure 5. The nonhydrolyzable analogues can be used as mechanistic
probes. PP-IPs and PCP-IPs will have the same biochemical effect if
proteins are regulated by an allosteric mechanism. If the PP-IPs control
protein function through pyrophosphorylation, however, the PP-IPs and
PCP-IPs will have opposing effects.

biochemical analysis of the inositol kinases and phosphatases.
While the current analogues are not cell permeable due to
their high negative charge, strategies exist to overcome this
limitation: The phosphate groups can be masked as esters to
increase membrane permeability;?® endogenous esterases
can subsequently remove these ester groups to release the
original PP-IP messengers.

Finally, the bisphosphonate molecules are not able to
participate in phosphoryl transfer reactions and are potent
inhibitors of protein pyrophosphorylation. In a biochemical
setting, the PCP analogues can therefore be used to clearly
distinguish between the allosteric and pyrophosphorylation
signaling mechanisms of PP-IPs. As such, the molecules
describe herein will aid to decipher the signaling properties of
these poorly understood second messengers and thereby
promote this newly developing field. By making these tools
available to research groups across disciplines, we can begin
to detail the complex functions of PP-IPs in healthy and
diseased states.
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