NAADP signaling: Master manipulation
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Nicotinic acid adenine dinucleotide phosphate (NAADP) serves as a pivotal Ca** mobilizing second
messenger. New work by Krukenberg et al [1] introduces MASTER-NAADP, a membrane-permeable,
stabilized, and bio-reversibly protected precursor of NAADP, as a novel tool to manipulate NAADP
signaling in live cells.

The Ca?* mobilizing activity of NAADP was discovered in sea urchin egg homogenates [2]. In most
cells, it evokes Ca?* release through endo-lysosomal two-pore channels (TPCs) which in turn triggers
secondary Ca® release from the endoplasmic reticulum [3]. Activation of target channels by NAADP,
which also includes ryanodine receptors (RyR), is indirect requiring NAADP-binding proteins. These
have been identified in recent years as Jupiter microtubule associated homolog 2 (JPT2) and like-Sm
protein 12 (LSM12) [4]. NAADP, is a charged molecule at physiological pH and thus cell-impermeant.
This necessitates laborious microinjection procedures for delivery to intracellular receptors. A cell-
permeable small molecule that functionally mimics the effects of NAADP (TPC2-A1-N) was recently
identified [5]. However, it bypasses NAADP-binding proteins and likely acts directly on TPC2 [6]. Thus,
the demand for selective and potent cell-permeable NAADP analogues to further NAADP research
remains high.

The new work presents the development and evaluation of MASTER-NAADP, which releases an
NAADP analogue upon esterase-mediated cleavage of the protective groups (Fig. 1a). Its synthesis is
a tour de force. It was obtained by coupling a protected benzoic acid c-nucleotide with a selectively
protected 3’-fluoroadenosine-2’,5’-bisphosphate in good yield (~60%). These two building blocks
required separate syntheses. The ‘northern’ benzoic acid derivative was made in 6 steps (~6% yield)
and the ‘southern’” AMP derivative was made in 11-steps (~2% yield). Krukenberg et al also
synthesized a MASTER version of NADP, which does not release Ca?*, for control experiments through
an equally complex process. Overall, these multi-step convergent syntheses producing milligram
guantities of two novel, stable, and completely characterized compounds suitable for testing in
biological systems are significant achievements.

It should be stressed that the deprotected MASTER compounds i.e. those expected to be released in
cells differ from NAADP and NADP. Both deMASTER-NAADP and deMASTER-NADP incorporate c-
nucleotides whereas the endogenous counterparts are pyridine dinucleotides. This is potentially
advantageous, as it would render the products resistant to metabolism by NADase-like enzymes.
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Additionally, deMASTER-NAADP is fluorinated at the 3’ position of adenosine and unfluorinated
deMASTER-NADP is a mixture of 2’ and 3’ phosphorylation products. Thus, MASTER-NADP is not a
perfect control for MASTER-NAADP. Moreover, previous structure-activity relationships for NAADP
revealed the importance of the 3’ position of adenosine. NAADP phosphorylated at the 3’ (3’NAADP)
instead of the 2’ (NAADP) position or at both positions (2’,3’ cyclic-NAADP) were much less potent in
releasing Ca?* than NAADP [7]. This raises the possibility that the activity of deMASTER-NAADP might
be lower relative to NAADP due to fluorination.

The authors tested deMASTER-NAADP in vitro. In permeabilized Jurkat T lymphocytes, it induced Ca?*
release from internal stores. In contrast, deMASTER-NADP did not. They also compared activity with
NAADP at a single concentration. Reports of NAADP action in broken preparations outside of the sea
urchin egg are scant and likely reflect loss of soluble NAADP binding proteins required for NAADP
action [4]. Consistent with this, Ca% release evoked by NAADP and deMASTER-NAADP was only
observed upon exogenous addition of JPT2. Curiously, Ca* release required the medium Ca?*
concentration corresponding to the cytosol to be elevated to ~600 nM. How Ca?* was set and how
the evoked Ca?* elevations (20-40 nM) were reliably detected above this background was unclear.

The authors went on to demonstrate that MASTER-NAADP evoked localized Ca?* signals that
propagated into global Ca?* signals across various intact cell types, including Jurkat-T lymphocytes,
primary T lymphocytes, KHYG-1 Natural Killer cells, and Neuro2A cells. The control compound,
MASTER-NADP, had less effect. This was most striking in Neuro2A cells where nearly all cells
responded to 100 uM MASTER-NAADP whereas almost none responded to MASTER-NADP. However,
Ca?* responses varied substantially between cell types. In Jurkat T lymphocytes, the responses were
essentially non-specific because both MASTER compounds at 100 uM evoked similar responses.
Specificity was only demonstrable at much lower concentrations when cell responsiveness (~¥30% v
~10% for MASTER-NAADP and MASTER-NADP, respectively). As aptly stated by the authors ‘in T cells
such high concentrations of the MASTER compounds are neither necessary nor useful to study NAADP
signaling’. This brings us back the reliability of MASTER-NADP as a control as differences in
pharmacokinetics or deprotection relative to MASTER-NAADP might be relevant when cell
responsiveness between the two is only modestly different. Importantly, the study again confirmed
that MASTER-NAADP required JPT2 for Ca®* release, as knockout cells lacking the protein were less
responsive.

The authors also showed that deMASTER-NAADP but not deMASTER-NADP stimulated the activity of
purified RyR1 channels in lipid bilayers in single channel recordings using K* as the charge carrier.
These results are consistent with an early single channel study reporting similar activation by NAADP
[8]. But as in permeabilized Jurkat T lymphocytes, the effect of deMASTER-NAADP required
recombinant JPT2. This contrasts to the original bilayer study [8] performed well before the discovery
of JPT2 and thus in its presumed absence. The negative results in recording lacking JPT2 reported
here marry with more contemporary findings reporting lack of effect of NAADP on RyR1 [9].
Ryanodine receptors are activated by cytosolic Ca** and in accord, recordings were performed in its
presence (1 uM). Indeed, the Ca®* dependence of NAADP action in permeabilized Jurkat T
lymphocytes, coupled with increased basal Ca®* levels in exemplar Ca?* imaging records of intact cells
responsive to MASTER-NAADP relative to cells unresponsive to MASTER-NADP, appears to suggest
that NAADP requires Ca?* for activity. This contrasts findings in sea urchin egg homogenates [10] and
points to RyR1 as an amplifier of NAADP-mediated Ca?* signals rather than a trigger.



Overall, MASTER-NAADP is a welcome addition to the arsenal of tools for manipulating NAADP-
evoked Ca?* signals. Future work would ideally simply its synthesis, and define the properties of the
de-protected NAADP derivative to help understand the intriguing variability in efficacy between cells
and thereby maximize the impact of this exciting new probe.
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Figure 1. MASTER-NAADP. a, Chemical structures of MASTER-NAADP, its deprotected derivative
(deMASTER-NAADP) and NAADP. Structural differences between deMASTER-NAADP and NAADP are
highlighted by the rectangles. b, Schematic depicting diffusion of MASTER-NAADP (but not NAADP)
into cells, its cleavage by endogenous esterases to generate deMASTER-NAADP and activation of Ca%
release through binding to NAADP-binding proteins.



