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Cyclic ADP-ribose and nicotinic acid adenine dinucleotide
phosphate were discovered >2 decades ago. That they are sec-
ond messengers for mobilizing Ca®* stores has since been firmly
established. Separate stores and distinct Ca®>* channels are tar-
geted, with cyclic ADP-ribose acting on the ryanodine receptors
in the endoplasmic reticulum, whereas nicotinic acid adenine
dinucleotide phosphate mobilizes the endolysosomes via the
two-pore channels. Despite the structural and functional differ-
ences, both messengers are synthesized by a ubiquitous enzyme,
CD38, whose crystal structure and catalytic mechanism have
now been well elucidated. How this novel signaling enzyme is
regulated remains largely unknown and is the focus of this
minireview.

A wide range of physiological functions are signaled and reg-
ulated by mobilization of intracellular Ca®>* stores. The gener-
ally accepted view is that cells possess multiple types of stores
that can be mobilized by specific messenger molecules. The
first such molecule identified was inositol trisphosphate (IP,),>
and it is a messenger for the Ca>" stores in the endoplasmic
reticulum (ER) (1). This was soon followed by the discovery of
two unrelated nucleotides with Ca®>* -mobilizing activity, cyclic
ADP-ribose (cADPR) and nicotinic acid adenine dinucleotide
phosphate (NAADP) (2—4). NAADP is derived from NADP,
whereas cCADPR is a metabolite of NAD. That these well known
coenzymes of cellular redox reactions are linked to Ca>* mobi-
lization as well is unexpected. Results accumulated in the past 2
decades establish that these two nucleotide messengers regu-
late diverse cell functions ranging from abscisic acid signaling
in plants and sponges (5, 6) and cell fission in dinoflagellates (7)
to social behavior in mice (Ref. 8; reviewed in Refs. 9-12).
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Structure and Function of cADPR

NAD is a linear molecule, and many of the NAD-utilizing
enzymes, including redox enzymes, such as lactate dehydro-
genase, bind it to their active sites in its linear form as well (13).
It is thus remarkable that cADPR, a metabolite of NAD, is a
cyclic molecule with the adenine ring linked back to the termi-
nal ribose, forming a complete circle (Fig. 1) (3, 4), foretelling
the uniqueness of its catalytic synthesis by CD38.

The Ca**-mobilizing activity of cADPR was first demon-
strated in sea urchin eggs and shown to be independent of the
IP; mechanism (14, 15) but acting instead via the potentiation
of the Ca®>"-induced Ca®" release process (16, 17). Pharmaco-
logical and single-channel reconstitution studies subsequently
confirmed that the target of cADPR is the ryanodine receptor
(reviewed in Refs. 11 and 18). In effect, cCADPR sensitizes the
receptor to Ca®" in a manner similar to caffeine but with much
higher potency (17). The same Ca®" stores in the ER can thus be
mobilized by two distinct messengers, IP; and cADPR. There is,
however, one major difference: the action of cADPR on the
ryanodine receptor requires additional protein factors, such as
calmodulin (19-21) and FK506-binding protein. Indeed, there
are results suggesting that the actual receptor for cADPR is
FKBP12.6 (22-25).

There is growing evidence that in addition to mobilizing
intracellular Ca>* stores, cADPR can also activate a Ca®" influx
channel, TRPM2, at the cell surface. The activating effect of
cADPR on TRPM2 is synergistic with ADP-ribose, the hydrol-
ysis product of cCADPR (26). The action of cADPR on the chan-
nel is temperature-dependent, may function as a temperature-
sensing mechanism in cells, and may be involved in regulating
insulin secretion (27).

Structure and Function of NAADP

That cADPR is a metabolite of NAD prompted the testing of
NADP as well and led to the first detection of the Ca*>*-mobi-
lizing activity of NAADP as a contaminant in commercial
NADP (2). Structure determination shows that it is a derivative
of NADP with its nicotinamide group replaced with a nicotinic
acid group (Fig. 1). Intuition would suggest that deamidation of
NADP should produce NAADP. This is not the case. Instead, as
described later, the same enzyme (CD38) that cyclizes NAD to
produce cADPR surprisingly is also responsible for forming
NAADP (28).

It was apparent early on that NAADP activates a Ca>* release
mechanism pharmacologically distinct from the ryanodine and
IP, receptors (2). Its action also exhibits a remarkable self-sen-
sitization behavior (29, 30). The Ca®* stores that NAADP
mobilizes are separable from those activated by cADPR and IP.
This was first shown by fractionation of sea urchin egg homo-
genates (31) and by Ca®>* imaging of live eggs with their organ-
elles stratified by centrifugation (32). The targeted organelles
were later identified as the acidic reserve granules in the eggs
that are related to lysosomes (33). That NAADP mobilizes the
endolysosomes has since been confirmed in a variety of cell
systems (reviewed in Refs. 34 and 35), establishing the concept
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FIGURE 1. Crystal structures of cCADPR and NAADP. The structure of cADPR was obtained from crystals of its free acid, and that of NAADP was from the crystals
of the complex of NAADP and CD38. The cyclization site in cCADPR is indicated by an ellipse. The C8 of cADPR is indicated by a white asterisk. Attachment of a
bromo (8-bromo-cADPR) or an amino (8-NH,-cADPR) group at this position converts the compound to a specific antagonist of CADPR. The structure of NAADP
is identical to that of its parent NADP, except that the amide nitrogen of the nicotinamide group of NADP is changed to oxygen as indicated by the circle. Blue,

nitrogen; red, oxygen; yellow, phosphorus; green, carbon.

that selective organellar Ca®>* stores are regulated by specific
messengers.

The actual Ca®>™ release channels targeted by NAADP have
recently been identified as the lysosomal two-pore channels
(TPCs) (36, 37). Although these channels have been docu-
mented for some time based mainly on sequence analyses, their
functions were largely unknown until now. Three isoforms
have been reported, and both types 1 and 2 are responsive to
NAADP (36, 37). Thus, cellular response to NAADP can be
enhanced by overexpression of TPC and reduced by channel
knockdown. In smooth muscle cells, ablation of TPCs
depressed both the NAADP- and carbachol-induced contrac-
tion, linking the physiological function of TPCs and NAADP
(38). Similar results have been reported for differentiation of
skeletal muscle cells (39), autophagy in astrocytes (40), and his-
tamine receptor-mediated secretion of von Willebrand factor
in endothelial cells (41).

Similar to cADPR, there is evidence that NAADP may also
activate Ca®" influx. In starfish oocytes, intracellular release of
NAADP by photolysis of caged NAADP was observed to acti-
vate an inwardly rectifying Ca®>" current that requires an intact
F-actin cytoskeleton (42).

Separate but Interacting Ca®>* Stores

Although physically separable, the Ca®>* stores in the ER and
the endolysosomes can still interact in at least two ways. First,
the Ca>" released from the endolysosomal stores can be
sequestered by the ER stores, priming the latter for enhanced
release. This mechanism is proposed to account for the
NAADP-induced Ca>™" oscillation observed in sea urchin eggs

31634 JOURNAL OF BIOLOGICAL CHEMISTRY

(12, 43) and the excitation-contraction coupling in atrial myo-
cytes (44).

Alternatively, the Ca®>" release from the endolysosomal
stores can activate further release from the ER stores via the
Ca®*-induced Ca®>"' release mechanism. In this manner,
NAADP acts as a trigger, whose Ca>" signal is then amplified
through the Ca>* release regulated by cADPR and IP,. This
mechanism was first proposed to account for the blockage of
the cholecystokinin (CCK)-activated and NAADP-dependent
Ca®" release in pancreatic acinar cells by antagonists of the
cADPR and IP, pathways (45). Measurements indeed show that
the cellular NAADDP level elevates immediately after CCK addi-
tion, preceding those of cADPR and IP, (46). Similar conclu-
sions have been obtained in a variety of cells, from sea urchin
eggs (47) to human Jurkat cells (Ref. 48; reviewed in Ref. 10).

Despite having three structurally and functionally distinct
Ca®>" messengers operating in cells, remarkable specificity is
observed in pancreatic acinar cells. Both acetylcholine (ACh)
and CCK can trigger Ca>" oscillations in these cells, but only
CCK can elevate NAADP. On the other hand, ACh activates the
production of cADPR but not NAADP. CCK can also elevate
cADPR but with a much slower time course than NAADP, con-
sistent with NAADP being the triggering signal (46, 49). Simi-
larly, in human sperm, progesterone stimulates elevation only
of endogenous cADPR but not NAADP (50).

Dissecting the interaction between the multiple Ca*>* stores
and messengers has been greatly aided by the development of
specific inhibitors. The derivatives of cADPR modified at the
8-position of the adenine, 8-amino-cADPR and 8-bromo-
cADPR (Fig. 1), were the first specific antagonists of cADPR
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developed (51). 8-Bromo-cADPR is commercially available and
is the most widely used diagnostic antagonist for cADPR. Mod-
ulators of the ryanodine receptor, ryanodine and caffeine, can
also be used to assess the cADPR mechanism. A specific antag-
onist for NAADP, NED-19, has been developed based on virtual
screening of chemical libraries for compounds with structural
similarity to NAADP (52). NED-19 specifically blocks both
NAADP-dependent Ca*>* signalingand NAADP binding to the
receptor. As NAADP mobilizes the endolysosomal Ca?" stores,
inhibitors that target their Ca>" transport, such as bafilomycin,
nigericin, etc., have also been used to suppress selectively the
NAADP-dependent Ca®>" signaling (49). Likewise, thapsi-
gargin, an inhibitor of the Ca®>*-ATPase in the ER, can be used
to selectively block the cADPR or IP, signaling.

Stimulus-induced Elevation of cADPR and NAADP

That cADPR and NAADP can activate Ca*>* signaling in cells
and affect biological functions fulfills only partially the criteria
for second messengers. Their endogenous levels need to be
shown to change in a stimulus-dependent manner. The first
measurement of the endogenous levels of cCADPR was done in
various rat tissues using a bioassay based on Ca®" release in sea
urchin egg homogenates (53). A more convenient and sensitive
fluorometric assay based on signal amplification via the cou-
pling of specific enzymes was later developed and is widely used
(54). Stimulus-induced changes in cADPR levels have since
been documented in a variety of cells, including plants respond-
ing to abscisic acid (5), a dinoflagellate during the cell cycle (7),
sea urchin eggs responding to fertilization (55), and human
sperm responding to progesterone (50).

That NAADP is endogenously present in cells was first
shown in sea urchin sperm using a radioreceptor assay based on
the egg homogenates (56). A fluorometric assay similar to that
for cADPR has also been developed (48, 57). Diverse agonists
are known to elevate cellular NAADP levels, including CCK
(46), glucagon-like peptide-1 (58), thrombin (59), and insulin
(60). These results establish that cADPR and NAADP are both
second messengers operating in a wide range of cells regulating
an equally wide range of cell functions.

Structures of CD38 and ADP-ribosyl Cyclase

As a newly discovered molecule, the enzymatic synthesis of
cADPR was completely unknown. Remarkably, it was its enzy-
matic conversion from NAD, unmasking its Ca®>"-mobilizing
activity, that had led to its discovery (4, 14). However, the first
purified enzyme shown to synthesize cADPR was not from sea
urchin but from Aplysia, another marine animal. The Aplysia
ADP-ribosyl cyclase (referred to hereafter as the cyclase) is a
29-kDa protein with a turnover rate of 580 s~ * for cADPR pro-
duction (61), making it one of the most efficient enzymes.

CD38, the mammalian homolog of the cyclase, was identified
by sequence comparison (62) and shown to possess cCADPR-
synthesizing activity as well (63— 65). Unlike the soluble cyclase,
CD38 has a single-transmembrane segment, a short N-terminal
tail, and a C-terminal domain that possesses all of the enzy-
matic activities (Fig. 2) (28, 66). The sequence identity between
the two proteins is only ~23%, but the crystal structure of the
C-terminal domain of CD38 (67) is virtually identical to that of
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FIGURE 2. Crystal structure of CD38. The secondary structure of the C-ter-
minal domain of CD38 is shown, with helices in red, B-sheets in yellow, and
coilsin gray. The disulfides are labeled and colored cyan. The transmembrane
segment is modeled as a gold helix, whereas the N-terminal tail as a random
coil. A molecule of NAD is bound at the active site near the middle of the
C-terminal domain and is rendered in stick configuration. Red, oxygen;
orange, phosphorus; green, carbon; blue, nitrogen. The upper inset shows the
active site in surface view. The nicotinamide end of the bound NAD enters
the site first, whereas the adenine end is positioned toward the opening of
the site. The lower inset lists the multiple reactions catalyzed by CD38. The
synthesis and hydrolysis of cADPR occur at neutral pH, whereas those of
NAADP occur at acidic pH. NA, nicotinic acid, ADPRP, ADP-ribose phosphate.

the cyclase (68). Also, the 10 cysteine residues in the cyclase are
perfectly aligned with those in CD38, and all of them paired as
disulfide linkages. There are five disulfides in the cyclase and six
in CD38 (Fig. 2).

The active sites are located in essentially identical pockets
near the middle of both proteins (Fig. 2), with a highly con-
served segment forming the bottom of both pockets (69, 70).
The conserved catalytic residues Glu-226 in CD38 and Glu-179
in the cyclase are located near the bottom of the active sites (69,
70).

Catalytic Mechanisms of CD38 and the Cyclase

Despite the structural similarity, there is one major catalytic
difference between CD38 and the cyclase. Using NAD as sub-
strate, the cyclase produces essentially all the product as
cADPR, whereas CD38 produces mainly ADP-ribose, with only
a small amount of cADPR (63— 65). As noted above, ADP-ri-
bose, as an activator of the TRPM2 channels, is a Ca®" -signal-
ing messenger in its own right. The molecular determinants
that control the NAD-cyclizing and NAD-hydrolyzing activi-
ties have been shown to be Glu-146 and Thr-221 in CD38 and
Phe-174 in the cyclase (71). Mutating Glu-146 to Ala and Thr-
221 to Phe converts CD38 to a cyclase-like enzyme producing
predominantly cADPR from NAD, whereas changing Phe-174
to Thr correspondingly converts the cyclase to a CD38-like
enzyme.

NAADP and cADPR are structurally and functionally dis-
tinct, and their parent compounds are also different. It is thus
remarkable that NAADP is produced by the same enzymes.
Both CD38 and the cyclase catalyze a base-exchange reaction
that replaces the nicotinamide group of NADP with nicotinic
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acid (28). This reaction is unusual in that it requires acidic pH,
which, in fact, was the first clue suggesting that NAADP could
be targeting the acidic organelles (72). This pH dependence is
dictated by the acidic residues Glu-146 and Asp-155 at the
active site of CD38, whose negative charges at neutrality repel
the approach of the negatively charged substrate nicotinic acid
(73).

The multifunctionality of CD38 and the cyclase goes beyond
synthesizing cADPR and NAADP. Indeed, CD38 can also
hydrolyze NAADP to ADP-ribose phosphate (73), whereas
both enzymes can hydrolyze cADPR to ADP-ribose as well (Fig.
2, inset) (63, 74). It thus appears that CD38 is specifically
equipped to metabolize these two novel Ca>* messengers.

Using crystallography in combination with site-directed
mutagenesis, the mechanism of this novel multicatalytic prop-
erty of CD38 and the cyclase has been well elucidated (74 -78).
It has been shown that NAD enters the active site pocket with
the nicotinamide end first (74, 76). The adenine end is extended
out of the site and has high degree of freedom to move and
rotate. The 2'-OH of the adenylyl ribose of NAD points toward
the opening of the active site pocket (Fig. 2, inset), and thus, its
phosphorylation does not interfere with the substrate binding,
accounting for why both NAD and NADP can serve as sub-
strates. The catalytic residues Glu-226 in CD38 and Glu-179 in
the cyclase form hydrogen bonds with the —OH groups of the
terminal ribose, destabilizing the glycosidic bond and leading to
its breakage and the release of the nicotinamide. An intermedi-
ate is formed. Both noncovalent and covalent types have been
observed, depending on the substrate used (77).

The final catalytic product formed depends, however, on
which nucleophile is available. With nicotinic acid attacking
the anomeric carbon of the intermediate, NAADP is produced.
On the other hand, cyclization occurs by intramolecular attack
by the N1 of the adenine and produces cADPR instead. If the
access of water to the site is predominating, hydrolysis results,
and ADP-ribose is formed.

The active site also binds cCADPR readily, forming hydrogen
bonds between the catalytic residues and the —OH groups of
the terminal ribose, in a manner similar to that observed for
NAD (76). This can lead to similar hydrolysis of the cycling
bond between the anomeric carbon of the terminal ribose and
the N1 of the adenine ring (Fig. 1), producing ADP-ribose.

The most novel of these catalytic reactions, the cyclization of
NAD, has recently been visualized (79, 80). When a close analog
of NAD, 2'-deoxy-2'-fluoroarabinoside NAD, is used as sub-
strate, it is hydrolyzed like NAD to release the nicotinamide
group, but its anomeric carbon of the terminal ribose then
forms a covalent linkage with the catalytic residue Glu-226 (80).
One end of the linear intermediate is thus anchored to the
active site, whereas the adenylyl end is free to fold back. Crys-
tallography of the complex shows that there are six molecules of
CD38 in each of the asymmetric units. The polypeptide back-
bones of all of these molecules superimpose well, but each has
the covalent intermediate in a different conformation (80).
Similar results were obtained with the cyclase, and eight mole-
cules are seen in each unit (79). All of the conformations of the
intermediate can be mapped to each other by single-bond rota-
tion (71, 79, 80), indicating they are substates of the cyclization
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FIGURE 3. Imaging the NAD cyclization by CD38. A mutant of CD38 with
Glu-146 changed to alanine (described in text) was co-crystallized with a close
analog of NAD, 2'-deoxy-2’'-fluoroarabinoside NAD, which forms a covalent
linkage between its ribosyl anomeric carbon (C7R) and the catalytic residue
Glu-226. Six molecules of the complex are found in each of the asymmetric
crystal units, each containing a covalent intermediate in a different confor-
mation. The conformations relate to each other by single-bond rotation, indi-
cating that they represent substates of the cyclization process. Ordering the
conformations shows that the cyclization requires a 180° rotation of the ade-
nine ring around its glycosidic bond (yellow arrow), such that the N1 of the
adenine is put into close proximity to the ribosyl anomeric carbon (2.9 A;
yellow dashed line), the site of cyclization. Rendered in colored sticks are the
starting state, where the adenine ring is farthest from the ribosyl anomeric
carbon, and the ending state, where the two are closest. The substates repre-
senting various degrees of single-bond rotation of the intermediate between
the starting and ending states are colored in shades of gray. Red, oxygen;
orange, phosphorus; green, carbon; blue, nitrogen.

process. A movie of the process can be made by ordering these
substates (see supplemental data in Ref. 79), revealing that the
folding of the linear substrate involves a major rotation of the
adenine ring around its ribosyl bond, such that its N1 position is
oriented toward the cyclization site, the C1 of the terminal
ribose (Fig. 3). This is an amazing finding, as crystallography is
intrinsically a static measurement, and yet it has been used to
reveal details of a dynamic process.

Physiological Functions of CD38

The identification of CD38 as a mammalian cADPR-synthe-
sizing enzyme allows the use of gene knock-out to assess its
physiological importance. Various type of cells isolated from
CD38 knock-out mice have been found to show impairment in
the stimulus-induced elevation of cellular NAADP as well as
NAADP-mediated Ca®" signaling (81-83). Likewise, the
endogenous cADPR contents decrease greatly in many tissues
of the knock-out mice, indicating that CD38 is the dominant
enzyme for synthesizing cADPR as well (84). However, in some
tissues, particular the brain, a significant level of cADPR
remains, suggesting that other unknown enzymes may be able
to substitute for CD38 to produce cADPR.

Multiple defects are detected in the knock-out mice, includ-
ing impairment in insulin secretion (85), increased susceptibil-
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ity to bacterial infection (84), and altered social behavior (Ref. 8;
reviewed in Ref. 11). It is also noteworthy that the ubiquitous
“NADase” activity observed in tissues that had no known func-
tion is greatly depressed after CD38 ablation (84), clarifying a
long-time enigma.

Before the Ca”*-signaling function of CD38 was elucidated,
it had long been thought of as a lymphocyte antigen. Indeed, its
ligation by antibody can result in activation of cells (reviewed in
Ref. 86). More clinically relevant of its antigenic function is the
recent finding that CD38 can protect cells from HIV infection
by competing with the virus for binding to CD4 (87). CD38 may
indeed be critical for human survival because no CD38-nega-
tive individual has been detected in a screening of a rather large
sample (86).

Regulation of CD38

As described above, CD38 can single-handedly catalyze mul-
tiple reactions in the metabolism of two novel Ca®>" messen-
gers. This is a rather unique case, as sequential reactions are
normally carried out by a cluster of enzymes in a complex. How
this novel Ca®"-signaling enzyme is regulated is a question
whose answer is still emerging. Soon after the discovery of
cADPR, it was reported that its synthesis in sea urchin eggs is
activated by a cGMP-dependent process (88). A similar mech-
anism also operates in rat hippocampus (89). More recently,
agonist-induced and cAMP-dependent activation and phos-
phorylation of CD38 have also been observed in human granu-
locytes (90).

However, the membrane topology of CD38 poses a problem.
In lymphocytes, CD38 is expressed on the surface as a type II
protein, with its catalytic C-terminal domain facing outside
(66). On the other hand, phosphorylation generally occurs
inside cells, which is the location of the substrates NAD and
NADP and the Ca®>" stores that the products cADPR and
NAADP target.

It is true that it is now well recognized that CD38 is not
exclusively a surface protein but is present in intracellular
organelles as well. It is also known that CD38 is not expressed
onlyinlymphocytes but is, in fact, a ubiquitous protein found in
virtually all mammalian cells and tissues examined (reviewed in
Refs. 11 and 72). However, its type II membrane orientation
would put the catalytic domain of the organellar CD38 inside
the lumen, away from its substrate and the Ca®" stores as well.

Currently, there are two actively investigated proposals to
resolve this topological paradox. The first one posits that trans-
porters are present in the plasma and organellar membranes to
facilitate the movement of the substrate and products of CD38
(91). Evidence indicates that connexin-43 can mediate the
transmembrane movement of NAD (92), whereas the nucleo-
side transporter can transport cADPR (93). Mediated transport
of NAADP across membranes has also been observed, which is
found to be also inhibited by an inhibitor of the nucleoside
transporter, dipyridamole (58). Moreover, the activity of these
transporters can be regulated. For example, the transport of
NAD by connexin-43 is Ca®>"-dependent and suppressed by
phosphorylation (91, 94). Consistent with substrate transport
being involved in regulating the CD38 activity, knockdown of
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FIGURE 4. Emerging mechanisms of regulating the signaling function of
CD38. NAADP activates the TPCs in the endolysosomes (Ly), whereas cADPR
targets the ryanodine receptors (RyR) in the ER. Ca®* released by NAADP from
the endolysosomal stores can be amplified Ca®"-induced Ca®" release from
ER stores. This process is potentiated by cADPR through its sensitization of
the ryanodine receptors to Ca®". CD38 can be coexpressed with both type Il
and Il membrane orientations. Type Il CD38 has its catalytic domain facing
either outside of the cell or inside the lumen of organelles. Regulation of type
Il CD38 is proposed to be through substrate limitation, as both NAD and
NADP are in the cytosol. Their transport into the organelles is mediated by
connexin-43 (Cnx), whereas the products cADPR and NAADP, produced in the
lumen, can likewise be transported out to the cytosol by the nucleoside trans-
porters (NuT). Both nucleoside transporters and connexin-43 are also present
on the cell surface to serve a similar function for signaling by the ecto-ex-
pressed CD38. Type Il CD38 is amenable to many common regulation mech-
anisms, such as phosphorylation.

connexin-43 has been shown to impair the cADPR-mediated
signaling of the Fcy receptor (95).

In essence, the scheme proposes that CD38 itself is not reg-
ulated at all but is constitutively active. Because it is a type II
protein, its activity is, however, suppressed by the membrane
that limits its access to its substrates in the cytosol. The regula-
tion of its activity is therefore not on the enzyme itself but is
instead through the availability of the substrate. This is a
remarkably unconventional mechanism for regulating an
enzyme (Fig. 4).

As an alternative to this scheme of type II CD38 signaling, it
has been proposed that CD38 can be expressed as both type II
and III proteins, with opposite membrane orientations (Fig. 4)
(11). It is generally recognized that one of the important factors
that govern the membrane orientation of a protein is the net
positive charges on the opposite ends flanking the transmem-
brane segment, with the more positive end being cytosolic: the
“positive inside rule.” Examination of the CD38 sequence
shows that the net positive charges on both ends are similar:
three on the N-terminal end and two on the C-terminal end.
This suggests that both membrane orientations are possible,
but with a preference for the N terminus being in the cytosol or
type II orientation.

Coexpression of a membrane protein with two opposite ori-
entations has previously been observed. The prion protein is
one example and is found to be expressed as both type Il and III
proteins as well as a glycosylphosphatidylinositol-linked ecto-
protein (96). The bacterial multidrug transporter is another
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example. It is a homodimer, but the two monomers are present
in the membrane in opposite orientation (97). In the case of
CD38, transfection of a CD38 construct, with a C-terminal tag
for detection, into MING6 cells shows that type III CD38 is
expressed and that the ligation of the ecto domain tag of the
CD38 can stimulate glucose-induced insulin secretion (98).

The existence of type III CD38 poses, however, yet another
fundamental problem. CD38 has six disulfides, and all are
important for its enzymatic activity (Fig. 2) (67, 99). It is a gen-
erally accepted dogma that disulfide formation does not occur
in the cytosol but mainly inside the ER. It is thus not clear
whether type III CD38, with its C-terminal domain inside the
cytosol, can actually form the important disulfides and, if not,
whether it is still enzymatically functional. The question has
been directly addressed by making a soluble CD38 construct
containing the C-terminal domain (99). The soluble CD38
directed to express in the cytosol is found to be biologically
active in elevating the intracellular cADPR level. It is also shown
to contain all six disulfides fully formed. This is a remarkable
result that challenges the conventional thinking.

Clearly, the type II and III signaling pathways are not mutu-
ally exclusive but can operate side by side in cells. The type III
mechanism, with the catalytic domain in the cytosol, is amena-
ble to many known types of regulation, such as phosphoryla-
tion. It can be involved in fast cellular responses, such as stim-
ulation by hormonal agonists. On the other hand, the type II
mechanism, requiring substrate and product transport, may be
more suitable for slower and long-term responses, such as cel-
lular differentiation, which has been shown to be regulated by
both cADPR (100) and NAADP (39).

More than 2 decades have passed since the discovery of
cADPR and NAADP. The physiological importance of these
signaling molecules has now been well established by gene abla-
tion studies. It is remarkable that the field began with the iden-
tification of a new and hitherto unknown cyclic molecule. It has
since progressed to yield even more novel results. Notable is the
elucidation of the multicatalytic mechanism of CD38. That
endolysosomes are fully functional Ca®>" stores regulated by
NAADP likewise opens a new frontier of investigation into the
involvement of the pathway in lysosomal storage diseases (101).
The emerging mechanisms for the regulation of CD38, both
type II and III signaling, are likely to set yet more important
precedents for cell signaling in general.
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