Emerging Functions of Extracellular Pyridine Nucleotides
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In addition to the well-known metabolic functions of NAD and NADP, it is rapidly emerging that these 2 pyridine nucleotides
and their derivatives also play important roles in cell signaling. Surprisingly, a number of NAD(P) metabolizing enzymes and
NAD(P) targets have been found on the outer surface of the plasma membrane and the presence of NAD has been confirmed
in extracellular fluids. These findings have opened the door to a new field of research aimed at elucidating the confribution of
extracellular pyridine nucleotides in physioloyical signaling pathways and patholoygical conditions.
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INTRODUCTION

The important role of NAD(P) in the
regulation of intracellular processes is
undebated. In addition to the well-
known metabolic functions of pyridine
nucleotides, several signaling pathways
which require NAD(P) or their deriva-
tives have been discovered (1). These in-
clude ADP-ribosylation, release of cal-
cium from intracellular stores by
NAD(P) derivatives, regulation of Ca**
influx by ADPR/TRPM2, and NAD-
dependent protein deacetylation. It is not
surprising that NAD(P) and their deriva-
tives have roles unrelated to basic metab-
olism, but what is surprising is that an
ever increasing number of these func-
tions require extracellular NAD(P). The
present review, written by speakers at
the “CD38 Ectoenzyme Family: Ad-
vances in Basic Science and Clinical Prac-
tice” conference, brings together some of
the recent knowledge on extracellular
pyridine nucleotides, illustrating the po-
tential importance of this field.

IS NAD(P) PRESENT EXTRACELLULARLY?

The presence of extracellular NAD,
and its possible contribution to physiol-
ogy, is not new in nature. It is interesting
to note that a number of pathogenic bac-
teria also exhibit a rather selective inter-
est in, in fact, a requirement for NAD.
For example, the need of Haemophilus in-
fluenzae for 2 growth factors (V and X)
was established more than eighty years
ago (2). Factor V was subsequently iden-
tified as NAD (while Factor X turned out
to be protoporphyrin) (3). Indeed,
growth of NAD-dependent strains can be
strongly inhibited under conditions of
NAD deprivation.

Recent reports suggest that the concen-
tration of NAD in mammalian serum is
around 100 nM (4,5). The redox state of
this NAD and the levels of NADP(H)
have, so far, not been determined. The
origin of extracellular NAD is still un-
clear and, while cell death and inflam-
mation (6) will release NAD, it has also
been shown that cells can efficiently re-
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lease NAD (7,8). For example, it has been
suggested that in neurons, activation of
the pre-synaptic terminal can lead to the
release of vesicular NAD (7). Further-
more, in a number of cell models, it has
been shown that NAD can also translo-
cate both across the plasma membrane
and into subcellular vesicles through
hexameric connexin 43 (Cx43) hemichan-
nels by means of an equilibrative mecha-
nism (8). As with vesicle release, this
process is also controlled, as phosphory-
lation of Cx43 protein by PKC results in
the block of the hemichannels, thereby
preventing the potentially detrimental
consequences of otherwise unrestricted
NAD fluxes (9).

WHAT ARE THE TARGETS OF
EXTRACELLULAR NAD(P)?

Rather surprisingly, there is an arsenal
of NAD(P)-metabolizing enzymes and
an ever increasing number of targets
for both extracellular NAD(P) itself or
its metabolites (Figure 1). The 2 princi-
pal families of NAD(P)-utilizing
enzymes are CD38/CD157 and the
mono(ADP-ribosyl)transferases (ARTs).

CD38 is a multifunctional enzyme
able to generate a wide range of biolog-
ically active compounds using NAD(P)
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Figure 1. The Known Signalinyg Functions of Extracellular NAD(P). NAD acts as a substrate for ectoenzymes on the extracellular surface of
the plasma membrane. ADP-ribosylation by ARTs regulates the function of a wide range of cell surface enzymes, receptors and chan-
nels while CD38 produces a number of active metabolites from NAD(P). The Ca?*-releasing CD38 metabolites cADPR and NAADP are
tfransported across the plasma memlbrane to reach their infracellular sites of action while NAD can be released or transported out of the
cell. In addition, NADP and NAADP have been shown to act on P2X receptors, while ADPR and NAD act directly on yet unidentified
plasma membrane receptors/channels. CD38 plays a central role in these processes by regulating the concentrations of all of the nu-

cleotide players. Adapted from (10).

as substrate, including the Ca?*-
releasing second messengers cADPR
and NAADP (see below and other re-
views in this issue). From a purely
quantitative aspect, though, CD38 ap-
pears to be more efficient at degrading
NAD to ADPR. This NAD hydrolase ac-
tivity has brought up the hypothesis
that, alongside generating biologically
active molecules, CD38 could also be a
regulator of extracellular NAD levels.
Indeed, recent reports have shown that
CD38-deficient mice display tissue
NAD levels 10-20 times higher than
wild-type mice (11,12).

NAD-dependent ADP-ribosylation, one
of the reversible posttranslational protein
modifications that regulates protein func-
tion (13), also occurs extracellularly.
ADP-ribosylation is perhaps best known
as the pathogenic mechanism of cholera-,
pertussis-, and other bacterial toxins (14).
Following translocation into the cytosol
of mammalian cells, these toxins ADP-
ribosylate crucial cellular proteins, caus-
ing activation and/or inactivation of the
target proteins and profoundly affecting
signal transduction, protein synthesis, or-
ganization of the cytoskeleton, and other
key cellular functions. A small family of

toxin-related ADP-ribosyltransferases
has been identified in mammals (15,16).
These are expressed as GPI-anchored
(ART1-ART4) or as secreted (ART5) ec-
toenzymes. The ART2-encoding gene has
been duplicated into 2 functional copies
in the murine lineage, but has been inac-
tivated by premature stop codons in hu-
mans and other primates (17). ART2 is
expressed on murine T cells in associa-
tion with lipid rafts (18). Exposure of
ART2-expressing cells to NAD results in
ADP-ribosylation of the P2X,, purinocep-
tor, CD38, the LFA-1 integrin (CD11a/
CD18), and other raft-associated signal-
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ing proteins (6,18-20). ADP-ribosylation
inhibits the enzyme activity of CD38 (19).
On the other hand, ADP-ribosylation ac-
tivates P2X,, causing an influx of cal-
cium and efflux of potassium, shedding
of L-selectin (CD62L), exposure of phos-
phatidylserine, activation of caspases,
and apoptosis [6]. This apoptotic path-
way has been dubbed NICD (NAD-
induced cell death) (6).

CD38 has been shown to play a crucial
role in controlling the activity of cell sur-
face ARTs by limiting the availability of
the substrate NAD; i.e. ADP-ribosylation
of T cell membrane proteins is limited by
hydrolysis of NAD via CD38 (21). Conse-
quently, ADP-ribosylation of cell surface
proteins is particularly prominent on
T cells of CD38KO mice, and T cells of
CD38KO mice are highly sensitive to
NICD (21). Interestingly, CD38 deficiency
has been shown to accelerate autoim-
mune disease in an ART2-dependent
manner in the NOD mouse model for
autoimmune type I diabetes (22).
CD38KO mice develop a more aggres-
sive and rapid disease progression than
their wild-type NOD counterparts. This,
evidently, depends on ART?2, because
disease progression is greatly retarded in
ART2/CD38 double KO mice (22).

In addition to enzyme targets, extracel-
lular NAD" has been shown to act di-
rectly on plasma membrane receptors/
channels. A number of reports have
shown NAD-induced Ca*" influx via
unidentified mechanisms that may relate
to the TRPM2 Ca**-influx channel (23).
This channel possesses an intracellular
nucleotide binding domain, but whether
NAD/ADPR can activate the channel di-
rectly from the outside or whether the
nucleotides must be internalized remains
unclear. NAD" (both o and ) has also
been shown to be an agonist of the P2Y,;
purinoceptor in human granulocytes
(24). In these cells, binding of NAD" to
P2Y, elicits: i) activation of adenylate cy-
clase and overproduction of cAMP;

ii) PKA-mediated activation of CD38§;
iii) overproduction of cADPR; iv) in-
crease of [Ca2+]i, mostly via Ca?" influx;
v) functional activation of granulocytes,
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with increased O, and NO production
and enhanced chemotaxis toward

0.1-10 uM NAD *. Thus, NAD" can act as
a pro-inflammatory cytokine targeting
human granulocytes through the CD38/
cADPR system (24,25).

In addition to the effects of extracellu-
lar NAD, a report has shown contraction
of mouse aorta in response to extracellu-
lar NADP(H) (26). Contraction in re-
sponse to NADPH was observed both in
the presence and absence of endothelium
but, strikingly, was not blocked by inhi-
bition of NADPH oxidase. On the other
hand, contractions were markedly atten-
uated by pharmacological inhibition of
P2X receptors, suggesting that NADP(H)
may also be able to act directly on
purinergic receptors (26). Furthermore,

2 different reports have proposed a role
of extracellular NAADP in the activation
of purinergic receptors (27,28), although
it has also been shown that NAADP and
cADPR can be transported into cells (see
below).

CAN CD38-SYNTHESIZED MESSENGERS
REACH THEIR INTRACELLULAR
TARGETS?

CD38 can generate a plethora of active
compounds, including cADPR and
NAADP. The widely accepted targets
for these molecules are intracellular
Ca*'-channels located on intracellular
organelles (see other reviews in this
issue). The predominantly extracellular
or intravesicular location of CD38 raises
the question of whether extracellularly
produced cADPR and NAADP can cross
the plasma membrane (29). Surprisingly,
it has been shown that both extracellular
cADPR and NAADP enter cells and
raise intracellular Ca®" concentrations
(9,27,30).

The entry of cADPR into cells is medi-
ated by CD38 itself as well as by mem-
bers of both the equilibrative (ENT2) and
the concentrative nucleoside transporter
(CNT2, CNT3, and especially cs-csg) fam-
ilies, as determined by both pharmacol-
ogy and molecular biology (9). While the
equilibrative transporters are likely to be
of little physiological significance due to

the concentration gradient, the CNTs are
able to efficiently concentrate nanomolar
cADPR. The transporter(s) responsible
for NAADP uptake have not yet been
identified although pharmacological
characterization of the transport of both
molecules in the same cell line suggests
that the protein(s) involved in NAADP
transport are distinct from those respon-
sible for cADPR transport (30). Uptake of
NAADP occurs even at picomolar con-
centrations in the extracellular medium.

These reports raise the possibility that
cADPR and NAADP can play an au-
tocrine/paracrine function (9). Indeed,
experiments using transwell co-cultures
of CD38" and CD38" cells have shown
that cADPR produced by CD38" cells can
diffuse and is taken up by CD38 cells
(31). These findings suggest that CADPR
and NAADP could potentially act, not
just on the cell that produces the messen-
ger, but also on other cells in a hormone-
like manner.

It is becoming clear that the pyridine
nucleotides, once thought of as meta-
bolic workhorses, have a role in more
“prestigious” cellular processes from
both sides of the plasma membrane.
Much still remains to be clarified regard-
ing the physiology and pathology of
such NAD(P)-mediated pathways and it
is likely that novel roles of extracellular
NAD(P) remain to be discovered. Cen-
tral to all of these pathways seems to be
CD38 which, in addition to the wide va-
riety of active compounds it is able to
produce from NAD(P), may play a cru-
cial role in regulating the availability of
NAD for such pathways. The role of ex-
tracellular pyridine nucleotides in dis-
eases where CD38 or ARTs have been
implicated will need to be carefully as-
sessed with a mind to novel therapeutic
strategies. For example, the intercon-
nected roles of CD38 and ART?2 in the
regulation of immune cell functions pose
interesting targets for the development
of novel immune-modulating drugs. To
this end, single-domain antibodies de-
rived from llamas and other camelids
(32) hold promise as specific, reversible
inhibitors of leukocyte cell surface en-
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zymes in vivo (Koch-Nolte et al., unpub-
lished). Furthermore, the presence of a 15.
cell surface CD38-like enzyme in Schisto-

soma (33), capable of degrading NAD
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