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Abstract: Diphospho-myo-inositol phosphates (PP-InsP,) are
an important class of cellular messengers. Thus far, no method
for the transport of PP-InsP, into living cells is available.
Owing to their high negative charge density, PP-InsP, will not
cross the cell membrane. A strategy to circumvent this issue
involves the generation of precursors in which the negative
charges are masked with biolabile groups. A PP-InsP,
prometabolite would require twelve to thirteen biolabile
groups, which need to be cleaved by cellular enzymes to
release the parent molecules. Such densely modified prometa-
bolites of phosphate esters and anhydrides have never been
reported to date. This study discloses the synthesis of such
agents and an analysis of their metabolism in tissue homoge-
nates by gel electrophoresis. The acetoxybenzyl-protected
system is capable of releasing 5-PP-InsPs in mammalian cell/
tissue homogenates within a few minutes and can be used to
release 5-PP-InsP;s inside cells. These molecules will serve as
a platform for the development of fundamental tools required
to study PP-InsP, physiology.

P hosphorylated compounds, especially those derived from
myo-inositol, play a pivotal role in cell signaling events. This
signaling family comprises myo-inositol phosphates (InsP,),
diphospho-myo-inositol phosphates (X-PP-InsP,, with X
indicating the position of the diphosphate on the inositol
scaffold), and the lipid-bound phosphatidyl-myo-inositol
phosphates (PInsP,)."! Cell-permeable and photocaged ana-
logues of InsP, and PInsP, have emerged as powerful
compounds to study the functions of these molecules in
cells.” Ideally, cell-permeable (nonpolar) prometabolites are
stable outside cells but are converted by enzymes inside the
cytoplasm (biolabile protection; for two examples, see Fig-
ure 1B) to release the bioactive charged compound (highly
polar). The absence of similar cell-permeable analogues of
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Figure 1. A) The most abundant mammalian diphosphoinositol phos-
phate 5-PP-InsPs (1) and several prodrugs (AB, SATE) targeted in this
study (2-5). B) Cleavage of the different prodrug moieties (blue) is
initiated by enzymatic hydrolysis of the ester groups, leading to
unstable intermediates (red). These intermediates spontaneously
release the parent phosphate. AB = acetoxybenzyl, SATE = S-acetylth-
ioethyl.

X-PP-InsP,, such as 1 (Figure 1 A), motivated their design,
synthesis, and evaluation.

The reason for the unavailability of cell-permeable
analogues of X-PP-InsP, (for potential candidates, see
Figure 1, compounds 2-5) lies in the difficult preparation
and design of prometabolites of phosphate anhydrides.
Whereas various bioreversible protecting groups are available
for phosphates,”®! thus far only one approach for phosphate
anhydrides (P-anhydrides) has been successful.”! However,
this was achieved in a different context: Acyloxybenzyl®
protection (Figure 1B) led to antiviral prodrugs of nucleoside
diphosphates.

In 5-PP-InsP;s (1), the presence of one P-anhydride and
five additional phosphate monoesters that require biorever-
sible protection complicates the synthesis and potentially the
release efficacy. Overall, twelve to thirteen biolabile protect-
ing groups need to be attached to the parent compound 5-PP-

Angew. Chem. Int. Ed. 2015, 54, 9622-9626


http://dx.doi.org/10.1002/ange.201503094
http://dx.doi.org/10.1002/anie.201503094
http://dx.doi.org/10.1002/anie.201503094

InsPs (1; Figure 1, 2-5). With respect to its metabolism,
additional unsolved problems arise from the challenging
degradation studies that are required to verify the release of
5-PP-InsP;s (1): As the product is highly polar and not UV-
active, it cannot be detected by standard methods, such as
HPLC analysis with UV detection.

Herein, evidence is provided that protection with twelve
biolabile protecting (bp) groups of the P-esters and
P-anhydrides on a highly congested myo-inositol scaffold is
synthetically feasible. A modular synthesis is shown, which
facilitates the introduction and combination of different bp
groups (AB = acetoxybenzyl, SATE = S-acetylthioethyl; Fig-
ure 1 A,B). The degradation profile and the cellular uptake
were furthermore analyzed by polyacrylamide gel electro-
phoresis (PAGE) in combination with TiO, based inositol
phosphate extraction and mass spectrometry.[®!

The synthesis commenced with previously reported ben-
zylidene acetal 6,”) which was phosphorylated with B-cya-
noethyl P-amidite 7 in the 5-position (Scheme 1). After
cleavage of the benzylidene acetal and the para-methoxy-
benzyl groups, phosphate triester 11 was phosphitylated with
P-amidites 8*! and 9, which contain bp groups, followed by
oxidation to give hexakisphosphates 12 and 13. These bp
groups were chosen as they can be incorporated by P-amidite
chemistry,”) which leads to a flexible synthetic approach.!'”!
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Scheme 1. Seven-step synthesis of the different prodrugs 2-5 starting
from myo-inositol. The dotted box contains the P-amidites 7-10 used
in this study. a) 7, DCI, then tBuOOH; b) 5% TFA in DCM, 85+4%
(two steps); c) for 12: 8, DCI, then mCPBA, 47 +5%; for 13: 9, DCI,
then mCPBA, 41%; d) for 2: 12, DBU, BSTFA, then MeOH, TFA, then
8, tetrazole, then mCPBA, 73 +2%; for 3: 12, DBU, BSTFA, then
MeOH, TFA, then 10, tetrazole, then mCPBA, then piperidine, 46 %;
for 4: 13, DBU, BSTFA, then MeOH, TFA, then 9, tetrazole, then
mCPBA, 77%,; for 5: 13, DBU, BSTFA, then MeOH, TFA, then 8,
tetrazole, then mCPBA, 75%. If possible, yields are given as averages
of three independent experiments with standard deviation. Overall
yield of 2 from 6: approximately 29 %. BCE = f3-cyanoethyl,

BSTFA = N,O-bis(trimethylsilyl)trifluoroacetamide, DCI =4,5-dicyanoi-
midazole, Fm =fluorenylmethyl, Ins=inositol, mCPBA = meta-chloro-
perbenzoic acid, PMB = para-methoxybenzyl, TFA =trifluoroacetic acid.
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The use of orthogonal protecting groups facilitated the
generation of bioreversibly protected P-anhydrides in a one-
pot process. This method has been developed for the
generation of benzyl-protected X-PP-InsPs"'! and 1/3,5-
(PP),-InsP,'¥ and has additionally been applied in the
synthesis of 5-PP-InsP,.'¥) Notably, the application of this
method leaves the a-phosphate unprotected: The negative
charge on this phosphate is required to obtain an inert,
terminally protected P-anhydride that does not rapidly
hydrolyze under aqueous conditions. Modification of the
method allowed the introduction of both (AB), and (SATE),
phosphates and the generation of a terminally monoprotected
AB analogue as in 3. This was achieved by the development of
nonsymmetric P-amidite 10 containing both an AB and
a fluorenylmethyl group, which can be removed selectively.
Even though well-resolved *'P NMR spectra of 3 could not be
obtained, the identity and purity of the compound were
verified by mass spectrometry and HPLC analysis, respec-
tively (see the Supporting Information). Overall, mono-
SATE-protected 5-PP-InsP; (4), a SATE analogue with a
B-(AB), P-anhydride (5), an (AB),-protected 5-PP-InsP; (2),
and another (AB), analogue with a B-AB P-anhydride (3)
were synthesized.

Next, all compounds 2-5 were studied in different media
to understand their metabolism (see the Supporting Informa-
tion). The (AB), protected analogue 2 was highly lipophilic
and displayed only little solubility in aqueous buffers.
Although precipitation complicated the analysis, it was
possible to study the metabolism of 2 in tissue homogenates,
as initial cleavage processes led to dissolution over time. The
solubility of AB analogue 3 was superior to that of 2 owing to
its two negative charges. The SATE-protected compounds 4
and 5 were both soluble in water (30 um).

An important goal of this project was the identification of
a compound that would be lipophilic but rapidly converted
into highly polar 5-PP-InsP; (1) in cell/tissue homogenates. As
the twelve bp groups in 2-5 would be cleaved sequentially and
probably without regio- and chemoselectivity, many different
intermediates were expected to be formed. Moreover, during
the cleavage process, the intermediates become increasingly
polar and less UV-active. The eventually released 5-PP-InsPs
(1) has an estimated number of six to eight negative charges at
physiological pH values and is not UV-active.['!

To visualize the release process, a recently developed
method for inositol phosphate analysisl®* was applied to
study the in vitro metabolism of inositol phosphate analogues
(Figure 2). Briefly, in vitro reactions were resolved by PAGE,
and bands were visualized by staining the gels with toluidine
blue, a positively charged dye that binds to phosphates
(Figure 2). The resolved bands were additionally extracted
from the gels and analyzed by mass spectrometry (see the
Supporting Information).

The different analogues 2-5 were incubated in freshly
prepared brain and liver homogenates from rats and in freshly
prepared cell (HCT116, MCF7, U20S), yeast (vtc4A), plant
(Arabidopsis  thaliana), and Dictyostelium  discoideum
extracts, and the mixtures were directly loaded on gels
(Figure 2, see also the Supporting Information). (AB),
analogue 2 was efficiently hydrolyzed to 5-PP-InsPs (1) in
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Figure 2. PAGE analysis of compounds 2—4 incubated in HCT116 cell extract. Orange G was used as the standard (horizontal) and polyP as the
marker to assess the quality of separation (vertical). After resolution, gels were stained with toluidine blue. In the control lanes marked with *, the
compounds migrated slightly faster owing to the absence of cell extract. In these lanes, Orange G also migrated faster. When controls were spiked

into the samples (e.g., C, lanes 3, 5, and 7), comigration was observed. A) Time-dependent deprotection of 2 in HCT116 extract. After only

10 min, 5-PP-InsPs (1) was released with no further significant change at longer incubation times of up to three hours. In addition, InsPs was
released and an unknown band 3 formed (see Figure 3 for the identification of the corresponding compound). Lane 1: polyP. Lane 2: 2 untreated
(control). Lane 3: HCT116 cell extract (control). Lane 4: 2/HCT116, 10 min. Lane 5: 2/HCT116, 30 min. Lane 6: 2/HCT116, 1 h. Lane 7: 2/
HCT116, 2 h. Lane 8: 2/HCT116, 3 h. Lane 9: 5-PP-InsPs (1; control)*. Lane 10: InsPg (control)*. B) Time-dependent deprotection of 4 in

a HCT116 extract. Only incomplete cleavage was observed in this experiment. Lane 1: polyP. Lane 2: 4 (control). Lane 3: 4/HCT116, 4 h. Lane 4:

4/HCT116, 3 h. Lane 5: 4/HCT116, 2 h. Lane 6: 4/HCT116, 1 h. Lane 7: 4/HCT116, 30 min. Lane 8: 4/HCT116, 10 min. Lane 9: 5-PP-InsPs (T,

control)*. Lane 10: InsPg (control)*. C) Time-dependent deprotection of 3 in HCT116 extract. Cleavage was observed, and the side product
formation was significantly reduced compared to A. Lane 1: polyP. Lane 2: 3/HCT, 1 h. Lane 3: 3/HCT, 1 h, spiked with additional InsP; (ca. 2 ug)
and 5-PP-InsP; (ca. 2 pg). Lane 4: 3/HCT, 30 min. Lane 5: 3/HCT, 30 min, spiked with additional 5-PP-InsPs (ca. 2 pg). Lane 6: 3/HCT, 10 min.
Lane 7: 3/HCT, 10 min, spiked with additional 5-PP-InsPs (ca. 2 ug). Lane 8:3 (control). Lane 9: 5-PP-InsPs (1; control)*. Lane 10: InsP

(control)*.

all mammalian tissues and mammalian cell homogenates in as
little as five minutes (Figure 2A, see also the Supporting
Information). Despite the many possible side products, PAGE
analysis reproducibly displayed only three defined bands
(numbered in gel A). The Dictyostelium extract was capable
of releasing 5-PP-InsP;s (1), albeit at reduced rates (see the
Supporting Information). We were unable to detect 5-PP-
InsPs (1) release from 2 after incubation with yeast or plant
extracts (see the Supporting Information). However, in
contrast to yeast extracts, where no hydrolysis was observed,
plant extracts efficiently hydrolyzed 2 to InsP,, even in the
presence of NaF, in a time-dependent manner (see the
Supporting Information).

Whereas (SATE),, prometabolite 4 was more soluble than
(AB),, 2, incubation of 4 in different cell and tissue
homogenates did not lead to release of 5-PP-InsPs (1) and
only generated multiple bands on PAGE, which likely
correspond to intermediates in which the SATE groups
have been only partially removed (Figure 2B, see also the
Supporting Information). To determine whether the SATE
groups were only removed on the monophosphates but not on
the phosphoanhydride, prometabolite 5 was analyzed, in
which the P-anhydride is protected with two AB groups.
Again, only incomplete cleavage, but not 5-PP-InsPs (1), was
observed by PAGE (see the Supporting Information). This
part of the study thus identified the AB system as superior to
the SATE system, albeit at the cost of diminished aqueous
solubility.

It was now important to understand how the three-band
pattern was generated from (AB);, prometabolite 2 (Fig-
ure 2A). The first band comigrated with a 5-PP-InsPs (1)
standard and the second band with an InsP, standard. The
formation of both of these products was expected as, for
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example, diphosphoinositol phosphate phosphohydrolases
(DIPPs) cleave the diphosphate in X-PP-InsPs to yield
InsP,."! The addition of NaF inhibits these phosphatases
and indeed led to a slightly less intense InsP; band upon
simultaneous treatment of 2 with brain homogenate and NaF
(see the Supporting Information). However, InsP; was still
detected and is likely the product of the chemical hydrolysis
of the P-anhydride. In this context, it is very important that
the (AB),, prometabolite 3, which features an additional
negative charge on the P-anhydride and is thus more stable
towards chemical hydrolysis, showed only a very faint second
band corresponding to InsPg (Figure 2C, see also the Sup-
porting Information) and almost exclusively released 5-PP-
InsP;s (1) within a few minutes.

To further characterize the nature of the three products
released from 2, they were separated and isolated (Figure 3).
A gel was run in which all lanes were loaded with the
hydrolysis mixture of 2 in HCT cell extract. The gel was cut
into pieces, according to the migration of the different bands,
and the gel pieces were extracted.® The extracted com-
pounds were analyzed by mass spectrometry. The obtained
MS spectra identified 5-PP-InsPs; (1; band 1) and InsPg
(band 2) despite polymeric debris from the extraction. The
compound present in the third band had a mass peak
corresponding to InsP; —18 mass units (—H,0), and thus
a cyclic anhydro structure 14 can be postulated (Figure 4). It is
likely that this compound is formed in a non-enzymatic
process: During cleavage of the AB groups, a nucleophilic
attack of a (partially) deprotected phosphate adjacent to an
intact (AB),-protected anhydride occurs, in which the good
leaving group (AB), phosphate is expelled. In contrast, the
AB phosphate in 3 already harbors one additional negative
charge and is consequently not such a good leaving group

Angew. Chem. Int. Ed. 2015, 54, 9622-9626
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Figure 4. Cleavage mechanism for partially deprotected AB prodrugs.
The (AB),-modified anhydride (left) is a good leaving group, promoting
the formation of anhydro-InsPg (14). The AB-modified anhydride

(right) is a poor leaving group. This mechanism explains the formation
of anhydro-InsP, (14; Figure 2A) and also the reduced amount of 14
generated from 3 (Figure 2C) compared to that generated from
prometabolite 2.

(Figure 4). The increased chemical stability of a doubly
charged P-anhydride thus explains the significant reduction
of the amounts of both InsP¢ and anhydro-InsP, (14) released
from prometabolite 3. This result represents another signifi-
cant finding as for studies of the function of 5-PP-InsP;s (1)
in cellulo, the generation of related side products, such as
InsP; and anhydro-InsP,; 14, needs to be minimized (for
a densitometric analysis, see the Supporting Information).
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Next, the ability of both compounds 2 and 3 to cross the
cell membrane and to release 5-PP-InsPs (1) in intact cells was
studied. HCT116 cells were incubated with 2 and 3 for several
hours. The cells were repeatedly washed and then lysed. PP-
InsP, and InsP, (and other cellular phosphates) were sub-
sequently enriched from the lysates using a novel TiO,
nanoparticle extraction method to enable resolution and
visualization by PAGE analysis (Figure 5, see also the

Lane 2 W3] &4 75 U6 G/a 8
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5-PP-
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Figure 5. Cellular uptake and cleavage of 2 in HCT116 cells. HCT116
cells were incubated for multiple hours with 2, then washed and lysed.
Phosphate-containing molecules were enriched from the lysate by TiO,
bead extraction and then loaded on the gel. Lane 1: polyP marker.
Lane 2: 2 (control). Lane 3: HCT116 cells (control). Lane 4: HCT116/2,
24 h. Lane 5: HCT116/2, 48 h. Lane 6: ATP (control). Lane 7: 5-PP-
InsPs (1; control). Lane &: InsPq (control).

Supporting Information).* Compound 2 showed robust
release of 5-PP-InsP;s (1) in cellulo, but owing the presence
of multiple bands also in the control (Figure 5, lane 3), it
could not be determined whether InsPs and anhydro-InsPy
(14) were also released. Whereas 3 displayed almost exclusive
release of 5-PP-InsP; (1) in vitro, cellular uptake was reduced
compared to that of 2, which is likely a consequence of the
additional negative charge. However, this compound also
released S5-PP-InsPs (1) in cellulo (see the Supporting
Information).

In summary, the synthesis of highly congested prometa-
bolites of 5-PP-InsPs (2-5) has been reported. Importantly,
the AB system is generally suitable for the release of 5-PP-
InsP; (1) in mammalian tissue and cell homogenates.
Although robust hydrolysis of 2 was observed in extracts of
slime mold and plants (but not in yeast extracts), future
research will have to address whether the formation of small
amounts (slime mold) or the absence (plant) of 5-PP-InsP; (1)
in these reactions were caused by the instability of 5-PP-InsP;
(1) in the respective extracts. The optimization of these
approaches is also attractive for applications in plant cells, as
recent results showcase the importance of X-PP-InsP, in the
regulation of the wound responses in Arabidopsis thaliana.l'®
By using PAGE analysis, different metabolites were assigned
from mammalian tissue homogenates. Furthermore, by
extracting the compounds from the gels, the previously
unknown side product anhydro-InsP; (14) could be
delineated. To suppress formation of 14, a different AB
analogue 3 with only one terminal biolabile protecting group
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on the P-anhydride was developed. The hydrolysis profile
obtained from compound 3 showed almost exclusive release
of 5-PP-InsPs (1) in mammalian cell extracts. Significantly,
both prometabolites 2 and 3 also released 5-PP-InsP; (1) in
intact HCT116 cells. The AB system will now require further
optimization to increase the solubility of the prometabolites
and to improve cellular delivery. In the AB system, for
example, the rate of hydrolysis could be fine-tuned by
modulating the acyl moiety, and solubilizing groups could
be attached to the aromatic portion. Finally, the prometabo-
lites could be equipped with photocages to enable the
modulation of the X-PP-InsPs concentration with temporal
and spatial resolution inside living cells.

Keywords: Inositol pyrophosphates - metabolism -
protecting groups - second messengers
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