
Introduction

Within the past 10 years the field of signaling via extra-
cellular nucleotides has witnessed a breath-taking expan-
sion. Molecular cloning of receptors and physiological
and pharmacological analyses revealed that essentially
every cell in a vertebrate organism carries surface-located
receptors for ATP (Abbracchio and Burnstock 1998; 
Fischer 1999). In addition, other nucleotides have been
recognized as signaling molecules. These include ADP,
UTP, UDP and a variety of diadenosine polyphosphates
such as Ap4A to Ap5A (diadenosine tetraphosphate to di-
adenosine pentaphosphate; Miras-Portugal et al. 1998). In-
tercellular signaling pathways generally require mecha-
nisms of signal inactivation. Besides receptor desensitiza-
tion and receptor downregulation effective mechanisms
for removing or inactivating the extracellular signaling
molecule have evolved. These include cellular reuptake as
in the case of catecholamines or amino acid transmitters
or extracellular hydrolysis and salvage of hydrolysis prod-
ucts as in the case of peptides, acetylcholine or nucleo-
tides. Nucleotides are hydrolyzed by an extracellular hy-
drolysis cascade that results in the formation of the re-
spective nucleoside and free phosphate. The latter can be
recycled by surrounding cells and reused for nucleotide
resynthesis (Pastor-Anglada et al. 1998). In the case of
adenine nucleotides the hydrolysis product adenosine can
initiate additional receptor-mediated functions (Fredholm
et al. 1996).

The molecular cloning and functional characterization
of novel families of ectoenzymes capable of hydrolyzing
ATP and other nucleotides has considerably revised our
notion of extracellular nucleotide hydrolysis. Originally it

was assumed that single and defined enzymes exist for 
the hydrolysis of either ATP (ecto-ATPase), ADP (ecto-
ADPase), or also ATP and ADP (ecto-ATP diphosphohy-
drolase, ecto-apyrase). This type of nomenclature is there-
fore still prevailing in the current literature. This simplis-
tic view had to be revised after the molecular and func-
tional characterization of several novel enzyme families
with overlapping substrate specificities and tissue distrib-
utions.

The currently known ectonucleotidases include mem-
bers of the E-NTPDase family (ecto-nucleoside triphos-
phate diphosphohydrolase family), E-NPP family (ecto-
nucleotide pyrophosphatase/phosphodiesterase family),
alkaline phosphatases, and ecto-5’-nucleotidase which all
have a broad tissue distribution. Ecto-enzymes hydrolyz-
ing diadenosine polyphosphates, NAD+ as well as nucleo-
tide-converting enzymes such as ecto-nucleoside diphos-
phokinase or myokinase have also been described (Zim-
mermann 1992, 1999a; Ziganshin et al. 1994; Plesner
1995; Beaudoin et al. 1996; Pintor et al. 1997; Goding et
al. 1998; Resta et al. 1998; Zimmermann and Braun 1999).
In addition, ATPase activity has been found in associa-
tion with the neural cell adhesion molecule (NCAM;
Dzhandzhugazyan and Bock 1993, 1997) and with the
muscle-associated alpha-sarcoglycan (Betto et al. 1999).
The catalytic site of ectonucleotidases faces the extracel-
lular medium. They are membrane-bound. But cleaved
and soluble extracellular isoforms exist and may then be
referred to as exonucleotidases. Maximal catalytic activity
is adapted to the extracellular environment and requires
the presence of divalent cations such as calcium or mag-
nesium and an alkaline pH. In most cases Km-values are in
the lower micromolar range. Termination of nucleotide
signaling accompanied by extracellular purine salvage is a
major functional role of these enzymes. In tissues facing
considerable amounts of extracellular nucleotides such as
the intestinal brush border surface or in bile canaliculi
purine salvage may be the dominating function. Further-
more, there is evidence that several of the enzymes may
be multifunctional proteins. In addition to their catalytic
activity they may act in cell adhesion or in transmembrane
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receptor functions. In the following major molecular and
functional characteristics of the main enzyme families will
briefly be reviewed.

The E-NTPDase family

The use in the current literature of different names for the
enzyme family (ecto-apyrase, NTPase, or E-ATPase) and
also for its members required the development of a unify-
ing nomenclature (Zimmermann et al. 2000) that is ap-
plied here. Members of E-NTPDase family can hydrolyze
nucleoside 5’-triphosphates and nucleoside 5’-diphos-
phates albeit with varying preference for the individual
type of nucleotide. Therefore they represent ecto-nucleo-
side 5’-triphosphate diphosphohydrolases (E-NTPDases)
The gene family has members not only within vertebrates
but also in invertebrates, plants, yeast and protozoans (ref-
erences in Handa and Guidotti 1996; Vasconcelos et al.
1996; Smith et al. 1997; Zimmermann 1999a; Zimmer-
mann and Braun 1999). All members of the family share
five highly conserved sequence domains (“apyrase con-
served regions”; Handa and Guidotti 1996; Schulte am
Esch et al. 1999) that presumably are of major relevance
for their catalytic activity. All nucleotidases belonging to
the E-NTPDase family contain the actin-hsp 70-hexoki-
nase β- and γ-phosphate binding motif (A[IL]DLGG[TS];
Asai et al. 1995; Handa and Guidotti 1996; Kegel et al.
1997). Site-directed mutagenesis of conserved amino acid
residues in the apyrase conserved regions I and IV severe-
ly disrupt nucleotidase activity (Smith and Kirley 1999a).
It is therefore likely that members of the E-NTPDase fam-
ily and actin/HSP70/sugar kinases are derived from com-
mon ancestors.

Members of the E-NTPDase family may be separated
into two groups according to their presumptive membrane
topography (Fig.1). To facilitate comparison with earlier
literature, alternative nomenclature will be given in paren-
theses. Members of the first group include E-NTPDase1

to -4 and are predicted to have a transmembrane domain
at the N- and at the C-terminus. Of the second group 
including NTPDase5 and putative NTPDase6, only 
NTPDase5 has been expressed and characterized. 
NTPDase5 lacks the C-terminal hydrophobic domain. Its
N-terminal hydrophobic leader sequence is cleaved, re-
sulting in a soluble and secreted form of the enzyme. The
enzymes hydrolyze not only ATP or ADP but have in
common a broad substrate specificity towards purine and
pyrimidine nucleotides. They differ, however, regarding
their preference for nucleotide 5’-tri- and nucleotide 5’-
diphosphates.

NTPDase1 to NTPDase4

After heterologous expression NTPDase1 (CD39, ecto-
apyrase, ecto-ATP diphosphohydrolase) hydrolyzes ATP
and ADP at a molecular ratio of about 1:0.5 to 1:0.9
(Kaczmarek et al. 1996; Wang and Guidotti 1996; Heine
et al. 1999). This corresponds to the values obtained for
the enzymes purified from human placenta (1:0.9;
Christoforidis et al. 1995), bovine aorta (1:1; Picher et al.
1996) or pig pancreas (1:0.9; LeBel et al. 1980). In con-
trast, NTPDase2 (CD39L1, ecto-ATPase) has a strong
preference for ATP with molecular ratios of ATP:ADP of
1:0.03 or less (Kegel et al. 1997; Kirley 1997; Mateo et al.
1999). NTPDase3 (HB6) is a functional intermediate and
reveals a molecular ratio of ATP:ADP of approximately
1:0.3 (Smith and Kirley 1998, 1999b) after heterologous
expression. This corresponds to the ratio of 1:0.23 deter-
mined for the NTPDase3 purified from chicken oviduct
(Strobel et al. 1996). Mutation of only two amino acid
residues (D218E/W459A) of NTPDase3 (HB6) consider-
ably increases its preference for nucleoside 5’-triphos-
phates (Smith et al. 1999). The activity of all three types
of ecto-nucleotidases depends on millimolar concentra-
tions of divalent cations such as Ca2+ or Mg2+ (Christo-
foridis et al. 1995; Kaczmarek et al. 1996; Strobel et al.
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Fig.1 Predicted membrane
topography and catalytic prop-
erties of members of the 
E-NTPDase family. Enzymes
may occur as homomultimers.
NTPDase5 occurs as a soluble
protein (arrow). Of putative
NTPDase6 only the primary
structure is known. Previously
used names are given in paren-
theses (modified from Zimmer-
mann 1996a)



1996; Marcus et al. 1997; Heine et al. 1999). Not all
members of the E-NTPDase family are located at the cell
surface. The two closely related forms of NTPDase4 were
allocated to the Golgi apparatus (UDPase; Wang and
Guidotti 1998) and to lysosomal/autophagic vacuoles
(LALP70; Biederbick et al. 1999), respectively. The Golgi
enzyme reveals highest activity with UDP as a substrate.
It hydrolyzes also a number of other nucleoside 5’-di- and
triphosphates but not ATP and ADP. It functions presum-
ably in the import of nucleotide sugars into Golgi cister-
nae.

Km-values of the purified enzymes for ATP and ADP
are in the lower micromolar range. They tend to be lower
than in many of the intact cellular systems where Km-val-
ues for ATP or ADP were determined for undefined ecto-
nucleotidases (references in Zimmermann 2000). The
molecular masses of the enzymes as predicted from their
primary structures and the deglycosylated forms (Christo-
foridis et al. 1996) are in the order of 55–60 kDa, those of
the glycosylated proteins after heterologous expression in
COS-7 or CHO cells are 70–80 kDa (Wang et al. 1997;
Nagy et al. 1998; Smith and Kirley 1998; Heine et al.
1999). They may exist as homooligomers (dimers, trimers
or even tetramers) and the state of oligomerization affects
catalytic activity (Stout and Kirley 1996; Carl et al. 1998;
Wang et al. 1998; Smith and Kirley 1999b).

NTPDase5 and putative NTPDase6

When expressed in COS-7 cells the secreted NTPDase5
(CD39L4) has a high preference for nucleoside 5’-diphos-
phates, especially for UDP (Mulero et al. 1999). Release
of soluble nucleotidases with undefined molecular struc-
ture from nerve endings has previously been reported
(Todorov et al. 1997). The sequence-related putative 
NTPDase6 has been cloned from a human cDNA library
(CD39L2; Chadwick and Frischauf 1998) but has not yet
been expressed or functionally characterized.

These examples demonstrate that some of the enzymes
hydrolyze nucleoside 5’-triphosphates and nucleoside 5’-
diphosphates about equally well whereas others have a
high preference for either nucleoside 5’-triphosphates or
nucleoside 5’-diphosphates. NTPDase1 and NTPDase3
effectively hydrolyze nucleoside 5’-diphosphates and
would thus prevent ADP/UDP-receptor activation. In con-
trast, NTPDase2 with its high preference for nucleoside
5’-triphosphates would support this by generating ADP or
UDP (Vigne et al. 1998; Heine et al. 1999). NTPDase5
would in turn preferentially inactivate any receptor func-
tions of nucleoside 5’-diphosphates.

The E-NPP family

In the current literature the E-NPP family is also ad-
dressed as ecto-phosphodiesterase/pyrophosphatase, PC-1,
or phosphodiesterase/nucleotide pyrophosphatase (PDNP)
family (Goding et al. 1998; Stefan et al. 1999; Zimmer-

mann 1999a). The nomenclature adopted here for the 
enzyme family and its members is that of Zimmermann 
et al. (2000). The E-NPP and the E-NTPDase families re-
veal no phylogenetic relationship. Members of the E-NPP
(ecto-nucleotide pyrophosphatase/phosphodiesterase) fam-
ily include the murine plasma cell differentiation antigen
NPP1 (PC-1; van Driel et al. 1985; van Driel and Goding
1987), NPP2 (PD-Iα, autotaxin), and NPP3 (PD-Iβ, B10,
gp130RB13-6; van Driel et al. 1985; van Driel and Goding
1987; Buckley et al. 1990; Stracke et al. 1992; Narita et
al. 1994; Deissler et al. 1995; Jin-Hua et al. 1997; Scott et
al. 1997). Whereas PD-Iβ, B10 and gp130RB13-6 denomi-
nate an identical protein, human PD-Iα and autotaxin pre-
sumably represent splice variants of the same gene (Murata
et al. 1994; Kawagoe et al. 1995). Additional, functionally
as yet uncharacterized alternatively spliced mRNAs have
been described (Fuss et al. 1997) and related sequences
have been identified in plants, yeast and C. elegans (Zim-
mermann and Braun 1999).

The sequence of all members of the E-NPP family pre-
dicts type II membrane proteins that carry a single trans-
membrane domain and an intracellular N-terminus (Fig.2).
Members of this gene family possess a surprisingly broad
substrate specificity. They reveal alkaline phosphodi-
esterase as well as nucleotide pyrophosphatase activity,
which are properties of the same enzyme molecule 
(Goding et al. 1998). The enzymes are thus capable of hy-
drolyzing 3’,5’-cAMP to AMP, ATP to AMP and PPi,
ADP to AMP and Pi, or NAD+ to AMP and nicotinamide
mononucleotide. Both purine and pyrimidine nucleotides
serve as substrates. Furthermore they can hydrolyze phos-
phodiester bonds of nucleic acids and the pyrophosphate
linkages of nucleotide sugars. The simultaneous presence
of phosphodiesterase and nucleotide pyrophosphatase ac-
tivity on the same enzyme molecule has been confirmed
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Fig.2 Predicted membrane topography and catalytic properties of
members of the E-NPP family. The enzymes may occur as dimers
and may become transformed into soluble proteins by proteolytic
cleavage. Specific protein domains are indicated (modified from
Zimmermann 1999a)



by heterologous expression in COS-7 cells (Rebbe et al.
1993).

Soluble forms of NPP1 (PC-1) and NPP2 (autotaxin)
exist, presumably resulting from proteolytic cleavage
above a cysteine-rich stalk near the transmembrane do-
main (Belli et al. 1993; Clair et al. 1997). The mammalian
members of the E-NPP family have apparent molecular
weights in the order of 110–125 kDa. Murine NPP1 (PC-1)
contains 905 amino acid residues, has an apparent molec-
ular weight of 115 kDa, and occurs as a dimer of two
identical 115-kDa subunits (van Driel et al. 1985; van
Driel and Goding 1987). Catalytic activity of the E-NPP
family members depends on divalent cations (Rebbe et al.
1991; Belli et al. 1994; Deissler et al. 1995; Grobben et al.
1999; Hosoda et al. 1999). They reveal an alkaline pH op-
timum and Km-values for ATP between 20 µM and 50 µM
(Grobben et al. 1999; Hosoda et al. 1999). Apparent 
Km-values are thus similar to those of E-NTPDase family
members.

Members of the E-NPP family contain the somato-
medin B-like domain of vitronectin, the function of which
is not known. The domain may act as a stable “stalk” 
that holds the catalytic domain away from the membrane. 
Furthermore the enzymes contain the consensus sequen-
ce of an EF-hand putative calcium-binding region
(DXDXDGXXDXXE; X for an amino acid). This se-
quence is essential for enzymatic activity and is present
in its complete form in NPP1 (PC-1) and with minor al-
terations also in the other mammalian E-NPPs. In the
case of NPP1 (PC-1), this motif has been implicated in
the stabilization of the protein by divalent cations. A
monoclonal antibody that is specific for the unfolded
form of this region only binds to the protein in the ab-
sence of divalent cations or when the protein is denatured
(Belli et al. 1994; Kawagoe et al. 1995; Goding et al.
1998). Another unique sequence is that of the RGD-
tripeptide which is potentially recognizable by several in-
tegrins. The sequence is contained in the NPP2 and NPP3
but not in the NPP1 sequence. The functional role of
these motifs is not yet understood but they imply a func-
tional Ca2+-dependency and a potential interaction with
cell surface receptors.

Alkaline phosphatases

Alkaline phosphatases represent a protein family of non-
specific ecto-phosphomonoesterases with a broad sub-
strate specificity (references in Zimmermann 1996a; Fig.
3). They release inorganic phosphate from a variety of or-
ganic compounds including the degradation of nucleoside
5’-tri-, -di-, and -monophosphates. They also hydrolyze
PPi (Fernley 1971; Coleman 1992). One single enzyme
could thus catalyze the entire hydrolysis chain from a nu-
cleoside-5’-triphosphate to the respective nucleoside. In
contrast to members of the E-NTPDase and E-NPP fami-
lies, Km-values of alkaline phosphatases for a variety of
substrates are in the low millimolar range. Alkaline phos-
phatases are glycosylphosphatidyl inositol (GPI)-an-

chored and also occur in serum. To date, the role of alka-
line phosphatases in purinergic signaling and extracellular
nucleotide metabolism has received little attention.

Extracellular metabolism 
of diadenosine polyphosphates

The enzymes responsible for the extracellular hydrolysis
of diadenosine polyphosphates are not yet clearly defined
in molecular terms. E-NPPs carry the potential to hy-
drolyze the nucleotide pyrophosphate bonds of diadeno-
sine polyphosphates. Plasma membrane fractions or cul-
tured cells carrying NPP activity hydrolyze extracellular
diadenosine tetraphosphate (Ap4A), diguanosine tetra-
phosphate (Gp4G) and NAD+ and Km-values in the low
micromolar range have been reported (Gasmi et al. 1998;
Grobben et al. 1999). Where investigated diadenosine
polyphosphates are degraded extracellularly in an asym-
metrical way, yielding AMP and Apn–1 as products. In the
case of Ap4A the hydrolysis products would be ATP and
AMP which can be further metabolized to adenosine by
other members of the extracellular ecto-nucleotidase
chain. Cultured bovine chromaffin cells or presynaptic
plasma membranes from electric ray degrade nucleoside
polyphosphates from Ap3A to Ap6N (or also Np3N to
Np6N; Rodriguez-Pascual et al. 1992; Ramos et al. 1995;
Mateo et al. 1997a, 1997b). The pH optimum is in the al-
kaline range (8.5–9.0) and Km-values are in the order of
2–4 µM. Interestingly, the kinetic data differ for the corre-
sponding ectoenzymes in cultured vascular endothelial
cells (Ogilvie et al. 1989; Mateo et al. 1997a), implicating
the existence of an additional enzyme. In endothelial cells
Km-values for Ap3A to Ap5A are very low (in the order of
0.4 µM) and catalytic activity is inhibited by Ca2+-ions.
Future experiments need to determine whether the cat-
alytic activities investigated in intact chromaffin cells or
endothelial cells relate to members of the E-NPP family
or to a novel family of NpnNases.
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Fig.3 Predicted membrane topography and nucleotide substrates
of alkaline phosphatase (modified from Zimmermann 1996a)



Ecto-5’-nucleotidase

The GPI-anchored ecto-5’-nucleotidase, also known as the
lymphocyte surface protein CD73, represents a matura-
tion marker for both T- and B-lymphocytes (Fig.4). A sol-
uble form cleaved from the GPI-anchor has been de-
scribed. To date only a single gene has been identified in
vertebrates. Related enzymes are found in arthropods and
also in Archaea and Eubacteria. The enzyme catalyzes the
final step of extracellular nucleotide degradation, the hy-
drolysis of nucleoside 5’-monophosphates to the respec-
tive nucleosides and Pi (Fig.1). Ecto-5’-nucleotidase is
the major enzyme responsible for the formation of extra-
cellular adenosine from released adenine nucleotides. The
protein occurs mainly as a dimer and the apparent molec-
ular weight of the monomer ranges from 62 kDa to 74
kDa. As for members of the E-NTPDase and the ENPP
families, the Km-value for AMP is in the low micromolar
range (Zimmermann 1992, 1996a, 1996b; Christensen
1997; Resta and Thompson 1997; Airas 1998; Resta et al.
1998; Zimmermann and Pearson 1998; Zimmermann and
Braun 1999). Ecto-5’-nucleotidase is a zinc-binding met-
alloenzyme. The X-ray structure of the related Esche-
richia coli periplasmic 5’-nucleotidase has recently been
determined (Knöfel and Sträter 1999). Regulatory ele-
ments within the ecto-5’-nucleotidase promotor that con-
tribute to the transcriptional regulation and tissue-specific
expression have been identified (Spychala et al. 1999).

Other nucleotide-metabolizing enzymes

The cell surface can also contain catalytic activity for the
interconversion of nucleotides. Ecto-nucleoside diphos-
phokinase can interconvert nucleoside 5’-di- and -triphos-
phates such as UTP and ADP to UDP and ATP, respec-
tively. The parallel cellular release of nucleotides can thus
result in the mutual activation or inactivation of receptors
for e.g. ATP, ADP, UTP and UDP (Harden et al. 1997). If

not carefully controlled, this interconversion pathway
may lead to misinterpretation of the effects of nucleotides
experimentally applied to the cell surface. The enzyme is
inhibited by EDTA, and Km-values for the nucleotides are
in the order of 20–100 µM. Activity of ecto-nucleoside
diphosphokinase has been identified on human astrocy-
toma cells and human airway epithelia but its molecular
identity and overall tissue distribution is unknown (Har-
den et al. 1997; Lazarowski et al. 1997). In addition, the
presence of an ecto-ATP:AMP phosphotransferase (myo-
kinase) reaction needs to be considered. The enzyme can
lead to the extracellular formation of ATP and AMP from
ADP and vice versa. In the nervous system the presence
of this catalytic activity has been suggested for rat brain
synaptosomes (Nagy et al. 1989) and hippocampal mossy
fiber synaptosomes (Terrian et al. 1989).

Additional nucleotide-converting reactions include
ecto-protein phosphorylation by ecto-protein kinase with
ATP as a cosubstrate (references in Ehrlich and Kornecki
1999; Redegeld et al. 1999) and ecto-ADP ribosylation
using NAD+ as a cosubstrate (references in Zimmermann
2000). Both pathways consume extracellular nucleotides
and result in the posttranslational modification of surface-
located proteins.

Overlapping tissue distribution

The broad functional diversity of the extracellular nucleo-
tide-hydrolyzing enzymes is not matched by a selective
tissue distribution that might be expected if there were tis-
sue-specific requirements in the extracellular nucleotide
hydrolysis pathways. Both Northern-blot and Western-
blot analyses reveal that many of the enzymes show tissue
colocalization.

Not only members of the E-NTPDase family can be co-
expressed in the identical tissue. They can be coexpressed
together with members of the E-NPP family or with alkaline
phosphatases. Examples for coexpression of E-NTPDases
and E-NPPs include brain, heart, kidney, liver, lung, ovary,
pancreas, placenta, prostate, skeletal muscle, small intes-
tine, spleen, testis and thymus. Soluble forms of ectonu-
cleotidases can be found in serum (references in Zimmer-
mann 2000). In spite of this, significant differences exist 
in the distribution between individual members of the 
families. Isoenzymes of alkaline phosphatase are present
throughout the body and are abundant e.g. in hepatic,
skeletal, intestinal and renal tissue. Detailed studies using
antibodies that can differentiate between closely related
enzyme species need to resolve the question as to what ex-
tent the cellular localization of the enzymes varies within 
a given tissue or to what extent their distribution may 
even differ between surface domains of an identical cell.
First examples support these possibilities. NTPDase1 and 
NTPDase2 were found to be coexpressed by PC12 cells
(Kegel et al. 1997). Hepatocytes reveal a surprising differ-
ential distribution of NPP1 (PC-1) and NPP3 (Scott et al.
1997; Meerson et al. 1998). NPP1 is exclusively located at
the basolateral (sinusoidal) surface whereas NPP3 is ex-
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Fig.4 Predicted membrane topography and catalytic properties of
mammalian ecto-5’-nucleotidase. The enzyme occurs as a dimer
and may be released from the membrane by endogenous GPI-spe-
cific phospholipase (modified from Zimmermann 1996a)



clusively associated with the bile canalicular surface.
Presently neither the functional role of the differential sub-
cellular distribution of the two enzymes nor the cellular
sorting mechanisms are understood.

The enzyme responsible for the final hydrolysis of nu-
cleoside 5’-monophosphates to the respective nucleoside,
ecto-5’-nucleotidase, occurs in essentially all tissues.
Nevertheless its tissue expression (as revealed by im-
munocytochemistry) is generally restricted to defined cel-
lular components. For example, in the mature brain it is
mainly associated with astroglia and only exceptionally
with nerve terminals (Zimmermann et al. 1993). In the rat
heart the enzyme was immunodetected at interstitial cells
identified as pericytes or fibroblasts but not at cardiomy-
ocytes (Mlodzik et al. 1995). All these data suggest that
careful biochemical analyses are required to define the en-
zyme species participating in extracellular nucleotide me-
tabolism at the surface of a given cell or within defined
tissue compartments.

Functional roles and pathological implications

The physiological function of nucleotides and of their
metabolites displays great variance between individual
tissues. Accordingly the functional implication of the
ecto-nucleotidase pathway can be expected to vary with
the physiological mechanism it is governing. A few ex-
amples have come to light which highlight the role of
these enzymes in tissue function.

Platelet aggregation

Endothelial NTPDase1 (CD39), by converting pro-ag-
gregatory ADP to anti-aggregatory adenosine, limits the
extent of intravascular platelet aggregation (Kaczmarek 
et al. 1996; Marcus et al. 1997; Imai et al. 1999). Re-
combinant soluble and catalytically active CD39 blocks
ADP-induced platelet aggregation in vitro, and inhibits
collagen-induced platelet reactivity. Soluble forms of 
NTPDase1 (CD39) are therefore potential therapeutic
agents for inhibition of platelet-mediated thrombotic dia-
theses (Gayle et al. 1998). Intravenous administration of
soluble apyrase prolongs discordant xenograft survival in
rats undergoing heterotopic cardiac xenografting from
guinea pigs. This is presumably due to the systemic an-
tiaggregatory effects of the administered enzyme. In-
deed, histological analyses revealed that administration 
of apyrase abrogates local platelet aggregation and ac-
tivation (Koyamada et al. 1996). The generation of 
NTPDase1-deficient mice (cd39–/–) corroborated the role
of NTPDase1 as a chief vascular ecto-nucleotidase and af-
firmed its importance in the control of purinergic signal-
ing in both hemostasis and thromboregulation (Enjyoji et
al. 1999; Zimmermann 1999b). The secreted ecto-nu-
cleotidase NTPDase5 (CD39L4) has been allocated to
macrophages and may in addition affect hemostasis and
platelet aggregation (Mulero et al. 1999).

Inflammation and reperfusion

Activation of endothelial cells as it accompanies inflam-
matory diseases results in a loss of ecto-ATP diphospho-
hydrolase activity and may thus be crucial for the pro-
gression of vascular injury (Robson et al. 1997). Activity
of ecto-ATP diphosphohydrolase is highly sensitive to ox-
idative stress and greatly reduced in vivo with reperfusion
injury (Kaczmarek et al. 1996). Similarly, glomeruli of
transplanted kidneys reveal diminished immunostaining
for ecto-ATP diphosphohydrolase, presumably reflecting
the extent of ischemic tissue damage (van Son et al.
1997). Immunostaining of glomeruli is also reduced after
perfusion with 100KF, a plasma serine protease, that in-
duces plasma protein leakage (Cheung et al. 1996).

Ischemia

Transient global cerebral ischemia results in an upregula-
tion of extracellular hydrolysis from ATP to adenosine
(Braun et al. 1998a, 1998b; Schetinger et al. 1998). As re-
vealed by Northern blotting, NTPDase1 (CD39) and ecto-
5’-nucleotidase are upregulated during the days following
transient forebrain ischemia in the rat (Braun et al. 1998a,
1998b). A comparison with markers for activated astro-
cytes and microglia suggests that the increased expression
of ecto-nucleotidases in the regions of damaged nerve
cells is associated with activated glia, mainly microglia.
The upregulation of the ecto-nucleotidase chain is sugges-
tive of an ischemia-induced increased and sustained cellu-
lar release of potentially cytotoxic ATP which may be
counteracted by the elevated ecto-nucleotidase pathway.

Calcification

NPP1 (PC-1) plays an essential part in a mechanism that
controls the balance between calcification and inhibition
of calcification in skeletal tissues. It is highly expressed in
chondrocytes and appears to regulate soft-tissue calcifica-
tion and bone mineralization by producing PPi, a major
inhibitor of calcification (Goding et al. 1998; Bächner et
al. 1999). Mice carrying the naturally occurring mutation
Ttw (tip-toe walking) that is accompanied by an ossifica-
tion of the spinal ligaments, as well as abnormal ossifica-
tion at many other sites, have a nonsense mutation in the
NPP1 (PC-1) gene (Okawa et al. 1998). Soluble E-NPPs
are contained in the synovial fluids and the serum levels
are elevated in patients with degenerative arthritis (Carde-
nal et al. 1998). A functional role in bone mineralization
is also discussed for alkaline phosphatase (Whyte 1994).

Additional functions

Ecto-nucleotidases may display functional properties that
do not appear to be primarily related to their catalytic
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function (references in Zimmermann 2000). For example,
the soluble NPP2 (autotaxin) has the ability to promote tu-
mor cell motility (Murata et al. 1994). Motility stimula-
tion requires an intact 5’-nucleotide phosphodiesterase ac-
tive site (Stracke et al. 1995; Lee et al. 1996). A potential
role of NTPDase1 (CD39) in cell adhesion is implicated
from the observation that treatment of NTPDase1-positive
B-cell lines with subsets of anti-NTPDase1 monoclonal
antibodies induce homotypic adhesion. The phenomenon
involves tyrosine kinase activity but is unaffected by
EDTA, suggesting that catalytic activity of NTPDase1 is
not involved. In addition, studies with a variety of in-
hibitors suggest that the ecto-enzyme may play a role in
controlling lymphocyte function including antigen recog-
nition and/or the activation of effector activities of cyto-
toxic T-cells (Dombrowski et al. 1995). Ecto-5’-nucleoti-
dase can bind to extracellular matrix proteins such as the
laminin/nidogen complex and fibronectin (Stochaj et al.
1989, 1990; Stochaj and Mannherz 1992). The two matrix
proteins can modulate the enzymatic activity of 5’-nu-
cleotidase. In addition, the enzyme was shown to mediate
lymphocyte adhesion to cultured endothelial cells (Airas
et al. 1997). The mechanism by which the adhesion is ac-
complished is not known.

Inhibitors

An analysis of nucleotide release or of the potency of ex-
ternally applied ATP or its analogues requires the avail-
ability of inhibitors of ecto-nucleotidases that should
preferably have no or only a small effect on P2-receptor
activation (Ziganshin et al. 1994). It has been demon-
strated that stable analogues of ATP can elicit tissue con-
tractions up to a hundred times more effectively than ATP
(Ziganshin et al. 1994; Bailey and Hourani 1995). This
suggests that the effects of exogenously applied ATP on
P2-receptors is limited by its enzymatic degradation. In-
hibitors of ecto-nucleotidases could thus serve as drugs
that increase the life time of extracellular ATP in situ. Re-
garding the diversity of enzyme families involved in ex-
tracellular nucleotide metabolism and the multiplicity of
enzyme members, the task of developing specific in-
hibitors is demanding. It requires the identification of
ecto-nucleotidases contributing to nucleotide signaling at
the specific cells or tissues in question and a detailed
analysis of the potency of the inhibitor on the identified
enzymes.

Ecto-nucleotidases are generally inhibited by chelators
of divalent metal cations. Ecto-5’-nucleotidase can effec-
tively be inhibited by the nucleotide analogue adenosine
5’-[α,β-methylene]diphosphate (AMPCP; references in
Zimmermann 1992). In the past years a considerable
number of compounds have been tested for their potency
to inhibit the extracellular catabolism of ATP or ADP (ref-
erences in Zimmermann 2000). Many of the compounds
reveal only a mild inhibitory potency and in addition often
affect receptor function. Due to their interaction with the
active site, non-hydrolyzable nucleotide analogues may

inhibit members of the NTPDase and E-NPP families as
well as the extracellular hydrolysis of ApnAs (Clair et al.
1997). Of the compounds presently available, the struc-
tural analogue of ATP, ARL 67156 (FPL 67156; 6-N,N-
diethyl-D-β,dibromomethylene ATP), has been shown to
inhibit hydrolysis of ATP in a variety of tissues (albeit
with moderate potency) without significantly acting on
purinoceptors (Crack et al. 1995; Kennedy and Leff 1995;
Kennedy et al. 1996; Westfall et al. 1997). The compound
potentiates purinergic synaptic transmission, supporting
the notion that endogenous ecto-nucleotidases reduce the
effective concentrations of released ATP. The compound
has not yet been tested on defined species of ecto-nu-
cleotidases.

Inhibitors of P2-receptors such as suramin and PPDAS
(pyridoxal phosphate-6-azophenly-2’,4’-disulphonic acid)
or a variety of textile and protein dyes also attenuate hy-
drolysis of ATP. These compounds inhibit members of
different enzyme families albeit with different potency.
Whereas PPADS has only a mild inhibitory effect on 
NTPDase1 and NTPDase2 (Heine et al. 1999), NPP1
(PC-1) is effectively inhibited by 20 µM PPADS (Chen et
al. 1996; Wittenburg et al. 1996). PPADS is an inhibitor
also of the extracellular hydrolysis of ApnAs and suramin
is considerably more effective in inhibiting hydrolysis of
ApnAs than of ATP (Mateo et al. 1996). The Ki-value of
about 2 µM observed for suramin on the ecto-ApnAase
from Torpedo synaptic membranes is considerably lower
than that of its antagonistic effect on P2-receptors.
Whereas suramin and PPADS have only a small inhibitory
effect on ecto-5’-nucleotidase, non-hydrolyzable analogues
of ATP inhibit ecto-5’-nucleotidase (Servos et al. 1998).
The potential of laminin to stimulate activity of 5’-nu-
cleotidase, of fibronectin to reduce enzyme activity of
ecto-5’-nucleotidase (Dieckhoff et al. 1986; Olmo et al.
1992; Méhul et al. 1993), or of glycosaminoglycans such
as heparin and heparan sulfate to inhibit catalytic activity
of NPP1 suggests that the ecto-nucleotidases may be un-
der the control of extracellular matrix proteins (Hosoda et
al. 1999).

Summary and outlook

Extracellular nucleotides can be hydrolyzed by various
enzyme families each containing several related enzyme
species. The previously held view that single enzyme
species may be responsible for the hydrolysis of ATP,
ADP and AMP thus needs to be abandoned. One and the
same nucleotide can be hydrolyzed by different enzyme
species, depending on their tissue or cellular expression.
This is further complicated by the existence of splice vari-
ants whose functional differentiation and tissue-specific
distribution need to be further evaluated. It is likely that
enzymes belonging to different enzyme families are colo-
calized on individual cell or tissue surfaces. The occur-
rence of soluble species of ecto-nucleotidases allows their
diffusion within the interstitial medium and their transport
by body fluids. Whereas in some tissues metabolism of
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extracellular nucleotides governs the control of nucleotide
receptor function, in others it may predominantly serve
purine salvage or even – as in the intestine – nutrition. In
some cases (E-NPPs and alkaline phosphatases) we may
not even know the most relevant physiological substrates.
The multiplicity of ecto-nucleotidase pathways also ren-
ders difficult the development of specific inhibitors. Its
ubiquity may complicate any systemic application of in-
hibitors. Future research will have to focus on a further
characterization of the biochemical and structural proper-
ties of the individual enzymes, their pattern of cellular and
developmental expression and molecular control of ex-
pression, their tissue-related physiological functions and
also on the development of specific inhibitors.

Acknowledgements Supported by grants from the Deutsche For-
schungsgemeinschaft (SFB 269, A4) and the Fonds der Chemi-
schen Industrie.

References

Abbracchio MP, Burnstock G (1998) Purinergic signalling: patho-
physiological roles. Jpn J Pharmacol 78:113–145

Airas L (1998) CD73 and adhesion of B-cells to follicular den-
dritic cells. Leuk Lymphoma 29:37–47

Airas L, Niemela J, Salmi M, Puurunen T, Smith DJ, Jalkanen S
(1997) Differential regulation and function of CD73, a glyco-
syl-phosphatidylinositol-linked 70-kDa adhesion molecule, on
lymphocytes and endothelial cells. J Cell Biol 136:421–431

Asai T, Miura S, Sibley LD, Okabayashi H, Takeuchi T (1995)
Biochemical and molecular characterization of nucleoside
triphosphate hydrolase isozymes from the parasitic protozoan
Toxoplasma gondii. J Biol Chem 270:11391–11397

Bächner D, Ahrens M, Betat N, Schröder D, Gross G (1999) De-
velopmental expression analysis of murine autotaxin (ATX).
Mech Dev 84:121–125

Bailey SJ, Hourani SMO (1995) Effects of suramin on contrac-
tions of the guinea-pig vas deferens induced by analogues of
adenosine 5’-triphosphate. Br J Pharmacol 114:1125–1132

Beaudoin AR, Sévigny J, Picher M (1996) ATP-diphosphohydro-
lases, apyrases, and nucleotide phosphohydrolases: biochemi-
cal properties and functions. Biomembranes 5:369–401

Belli SI, Driel IR van, Goding JW (1993) Identification and char-
acterization of soluble form of the plasma cell membrane gly-
coprotein PC-1 (5’-nucleotide phosphodiesterase). Eur J Bio-
chem 217:421–428

Belli SI, Sali A, Goding JW (1994) Divalent cations stabilize the
conformation of plasma cell membrane glycoprotein PC-1 (al-
kaline phosphodiesterase I). Biochem J 304:75–80

Betto R, Senter L, Ceoldo S, Tarricone E, Biral D, Salviati G
(1999) Ecto-ATPase activity of alpha-sarcoglycan (Adhalin). 
J Biol Chem 274:7907–7912

Biederbick A, Rose S, Elsässer HP (1999) A human intracellular
apyrase-like protein, LALP70, localizes to lysosomal/auto-
phagic vacuoles. J Cell Sci 112:2473–2484

Braun N, Zhu Y, Krieglstein J, Culmsee C, Zimmermann H
(1998a) Upregulation of the enzyme chain hydrolyzing extra-
cellular ATP following transient forebrain ischemia in the rat. 
J Neurosci 18:4891–4900

Braun N, Zhu Y, Krieglstein J, Culmsee C, Zimmermann H
(1998b) Upregulation of enzymes involved in the extracellular
catabolism of nucleotides following cerebral ischemia. In:
Krieglstein J (ed) Pharmacology of cerebral ischemia. Med-
pharm Scientific, Stuttgart, pp 51–60

Buckley MF, Loveland KA, McKinstry WJ, Garson OM, Goding
JW (1990) Plasma membrane glycoprotein PC-1: cDNA
cloning of the human molecule, amino acid sequence and chro-
mosomal location. J Biol Chem 265:17506–17511

Cardenal A, Masuda I, Ono W, Haas AL, Ryan LM, Trotter D,
Mccarty DJ (1998) Serum nucleotide pyrophosphohydrolase
activity; elevated levels in osteoarthritis, calcium pyrophos-
phate crystal deposition disease, scleroderma, and fibromyal-
gia. J Rheumatol 25:2175–2180

Carl SAL, Smith TM, Kirley TL (1998) Cross-linking induces ho-
modimer formation and inhibits enzymatic activity of chicken
stomach ecto-apyrase. Biochem Mol Biol Int 44:463–470

Chadwick BP, Frischauf AM (1998) The CD39-like gene family:
identification of three new human members (CD39L2,
CD39L3, and CD39L4), their murine homologues, and a mem-
ber of the gene family from Drosophila melanogaster. Ge-
nomics 50:357–367

Chen BC, Lee CM, Lin WW (1996) Inhibition of ecto-ATPase by
PPADS, suramin and reactive blue in endothelial cells, C-6
glioma cells and RAW 264.7 macrophages. Br J Pharmacol
119:1628–1634

Cheung PK, Klok PA, Bakker WW (1996) Minimal change-like
glomerular alterations induced by a human plasma factor.
Nephron 74:586–593

Christensen LD (1997) CD73 (ecto-5’-nucleotidase) on blood
mononuclear cells. Regulation of ecto-5’-nucleotidase activity
and antigenic heterogeneity of CD73 on blood mononuclear
cells from healthy donors and from patients with immunodefi-
ciency. APMIS 105:5–28

Christoforidis S, Papamarcaki T, Galaris D, Kellner R, Tsolas O
(1995) Purification and properties of human placental ATP
diphosphohydrolase. Eur J Biochem 234:66–74

Christoforidis S, Papamarcaki T, Tsolas O (1996) Human placen-
tal ATP diphosphohydrolase is a highly N-glycosylated plasma
membrane enzyme. Biochim Biophys Acta 1282:257–262

Clair T, Lee HY, Liotta LA, Stracke ML (1997) Autotaxin is an
exoenzyme possessing 5’-nucleotide phosphodiesterase/ATP
pyrophosphatase and ATPase activities. J Biol Chem 272:996–
1001

Coleman JE (1992) Structure and mechanism of alkaline phos-
phatase. Annu Rev Biophys Biomol Struct 21:441–483

Crack BE, Pollard CE, Beukers MW, Roberts SM, Hunt SF, Ingall
AH, McKechnie KCW, Ijzerman TP, Leff P (1995) Pharmaco-
logical and biochemical analysis of FPL 67156, a novel, selec-
tive inhibitor of ecto-ATPase. Br J Pharmacol 114:475–481

Deissler H, Lottspeich F, Rajewsky MF (1995) Affinity purifica-
tion and cDNA cloning of rat neural differentiation and tumor
cell surface antigen gp130RB13-6 reveals relationship to human
and murine PC-1. J Biol Chem 270:9849–9855

Dieckhoff J, Mollenhauer J, Kühl U, Niggemeyer B, Mark K von
der, Mannherz H-G (1986) The extracellular matrix proteins
laminin and fibronectin modify the AMPase activity of 5’-nu-
cleotidase from chicken gizzard smooth muscle. FEBS Lett
195:82–86

Dombrowski KE, Ke Y, Thompson LF, Kapp JA (1995) Antigen
recognition by CTL is dependent upon ectoATPase activity. 
J Immunol 154:6227–6237

Dzhandzhugazyan K, Bock E (1993) Demonstration of (Ca2+-
Mg2+)-ATPase activity of the neural cell adhesion molecule.
FEBS Lett 336:279–283

Dzhandzhugazyan K, Bock E (1997) Demonstration of an extra-
cellular ATP-binding site in NCAM: functional implications of
nucleotide binding. Biochemistry 36:15381–15395

Ehrlich YH, Kornecki E (1999) Ecto-protein kinases as mediators
for the action of secreted ATP in the brain. Prog Brain Res
120:411–426

Enjyoji K, Sévigny J, Lin Y, Frenette P, Christie PD, Schulte am
Esch J, Imai M, Edelberger JM, Rayburn H, Lech M, Beeler
DM, Csizmadia E, Wagner DD, Robson SC, Rosenberg RD
(1999) Targeted disruption of cd39/ATP diphosphohydrolase
results in disordered hemostasis and thromboregulation. Nat
Med 5:1010–1017

306



Fernley HN (1971) Mammalian alkaline phosphatases. In: Boyer
PD (ed) The enzymes. Academic Press, New York, pp 417–
447

Fischer B (1999) Therapeutic applications of ATP-(P2)-receptors
agonists and antagonists. Expert Opin Ther Patents 9:385–399

Fredholm BB, Arslan C, Kull B, Kontny E, Svenningsson P (1996)
Adenosine (P1) receptor signalling. Drug Dev Res 39:262–268

Fuss B, Baba H, Phan T, Tuohy VK, Macklin WB (1997) Phos-
phodiesterase I, a novel adhesion molecule and/or cytokine in-
volved in oligodendrocyte function. J Neurosci 17:9095–9103

Gasmi L, Cartwright JL, McLennan AG (1998) The hydrolytic ac-
tivity of bovine adrenal medullary plasma membranes towards
diadenosine polyphosphates is due to alkaline phosphodi-
esterase-I. Biochim Biophys Acta 1405:121–127

Gayle RB, Maliszewski CR, Gimpel SD, Schoenborn MA, Cas-
pary RG, Richards C, Brasel K, Price V, Drosopoulos JHF, Is-
lam N, Alyonycheva TN, Broekman MJ, Marcus AJ (1998) In-
hibition of platelet function by recombinant soluble ecto-AD-
Pase/CD39. J Clin Invest 101:1851–1859

Goding JW, Terkeltaub R, Maurice M, Deterre P, Sali A, Belli SI
(1998) Ecto-phosphodiesterase/pyrophosphatase of lympho-
cytes and non-lymphoid cells: structure and function of the 
PC-1 family. Immunol Rev 161:11–26

Grobben B, Anciaux K, Roymans D, Stefan C, Bollen M, Esmans
EL, Slegers H (1999) An ecto-nucleotide pyrophosphatase is
one of the main enzymes involved in the extracellular metabo-
lism of ATP in rat C6 glioma. J Neurochem 72:826–834

Handa M, Guidotti G (1996) Purification and cloning of a soluble
ATP-diphosphohydrolase (apyrase) from potato tubers (Sola-
num tuberosum). Biochem Biophys Res Commun 218:916–
923

Harden TK, Lazarowski ER, Boucher RC (1997) Release, metab-
olism and interconversion of adenine and uridine nucleotides:
implications for G protein-coupled P2 receptor agonist selec-
tivity. Trends Pharmacol Sci 18:43–46

Heine P, Braun N, Zimmermann H (1999) Functional characteri-
zation of rat ecto-ATPase and ecto-ATP diphosphohydrolase
after heterlogous expression in CHO cells. Eur J Biochem 262:
102–107

Hosoda N, Hoshino S, Kanda Y, Katada T (1999) Inhibition of
phosphodiesterase/pyrophosphatase activity of PC-1 by its as-
sociation with glycosaminoglycans. Eur J Biochem 265:763–
770

Imai M, Kaczmarek E, Koziak K, Sévigny J, Goepfert C, Guckel-
berger O, Csizmadia E, Esch JSA, Robson SC (1999) Suppres-
sion of ATP diphosphohydrolase/CD39 in human vascular en-
dothelial cells. Biochemistry 38:13473–13479

Jin-Hua P, Goding JW, Nakamura H, Sano K (1997) Molecular
cloning and chromosomal localization of PD-Iβ (PDNP3), a
new member of the human phosphodiesterase I genes. Ge-
nomics 45:412–415

Kaczmarek E, Koziak K, Sévigny J, Siegel JB, Anrather J, Beau-
doin AR, Bach FH, Robson SC (1996) Identification and char-
acterization of CD39 vascular ATP diphosphohydrolase. J Biol
Chem 271:33116–33122

Kawagoe H, Soma O, Goji J, Nishimura N, Narita M, Inazawa J,
Nakamura H, Sano K (1995) Molecular cloning and chromoso-
mal assignment of the humans brain-type phosphodiesterase
I/nucleotide pyrophosphatase gene (PDNP2). Genomics 30:
380–384

Kegel B, Braun N, Heine P, Maliszewski CR, Zimmermann H
(1997) An ecto-ATPase and an ecto-ATP diphosphohydrolase
are expressed in rat brain. Neuropharmacology 36:1189–1200

Kennedy C, Leff P (1995) How should P2X purinoceptors be clas-
sified pharmacologically? Trends Pharmacol Sci 16:168–174

Kennedy C, Westfall TD, Sneddon P (1996) Modulation of
purinergic neurotransmission by ecto-ATPase. Semin Neurosci
8:195–199

Kirley TL (1997) Complementary DNA cloning and sequencing of
the chicken muscle ecto-ATPase – homology with the lym-
phoid cell activation antigen CD39. J Biol Chem 272:1076–
1081

Knöfel T, Sträter N (1999) X-ray structure of the Escherichia coli
periplasmic 5’-nucleotidase containing a dimetal catalytic site.
Nat Struct Biol 6:448–453

Koyamada N, Miyatake T, Candinas D, Hechenleitner P, Siegel J,
Hancock WW, Bach FH, Robson SC (1996) Apyrase adminis-
tration prolongs discordant xenograft survival. Transplantation
62:1739–1743

Lazarowski ER, Homolya L, Boucher RC, Harden TK (1997)
Identification of an ecto-nucleoside diphosphokinase and its
contribution to interconversion of P2 receptor agonists. J Biol
Chem 272:20402–20407

LeBel D, Poirier GG, Phaneuf S, St.-Jean P, Laliberté JF, Beau-
doin AR (1980) Characterization and purification of a calcium-
sensitive ATP diphosphohydrolase from pig pancreas. J Biol
Chem 255:1227–1233

Lee HY, Clair T, Mulvaney PT, Woodhouse EC, Aznavoorian S,
Liotta LA, Stracke ML (1996) Stimulation of tumor cell motil-
ity linked to phosphodiesterase catalytic site of autotaxin. 
J Biol Chem 271:24408–24412

Marcus AJ, Broekman MJ, Drosopoulos JHF, Islam N, Alyony-
cheva TN, Safier LB, Hajjar KA, Posnett DN, Schoenborn
MA, Schooley KA, Gayle RB, Maliszewski CR (1997) The en-
dothelial cell ecto-ADPase responsible for inhibition of platelet
function is CD39. J Clin Invest 99:1351–1360

Mateo J, Rotllán P, Miras-Portugal MT (1996) Suramin – a pow-
erful inhibitor of neural ecto-adenosine polyphosphate hydro-
lase. Br J Pharmacol 119:1–2

Mateo J, Miras-Portugal MT, Rotllán P (1997a) Ecto-enzymatic
hydrolysis of diadenosine polyphosphates by cultured ade-
nomedullary vascular endothelial cells. Am J Physiol 42:
C918–C927

Mateo J, Rotllán P, Martí E, deAranda IG, Salsona C, Miras-Por-
tugal MT (1997b) Diadenosine polyphosphate hydrolase from
presynaptic plasma membranes of Torpedo electric organ.
Biochem J 323:677–684

Mateo J, Harden TK, Boyer JL (1999) Functional expression of a
cDNA encoding a human ecto-ATPase. Br J Pharmacol 128:
396–402

Meerson NR, Delautier D, Durand-Schneider A-M, Moreau A,
Schilsky ML, Sternlieb I, Feldmann G, Maurice M (1998)
Identification of B10, an alkaline phosphodiesterase of the api-
cal plasma membrane of hepatocytes and biliary cells, in rat
serum: increased levels following bile duct ligation and during
the development of cholagiocarcinoma. Hepatology 27:563–
568

Méhul B, Aubery M, Mannherz HG, Codogno P (1993) Dual
mechanism of laminin modulation of ecto-5’-nucleotidase ac-
tivity. J Cell Biochem 52:266–274

Miras-Portugal MT, Gualix J, Pintor J (1998) The neurotransmitter
role of diadenosine polyphosphates. FEBS Lett 430:78–82

Mlodzik K, Loffing J, Lehir M, Kaissling B (1995) Ecto-5’-nu-
cleotidase is expressed by pericytes and fibroblasts in the rat
heart. Histochem Cell Biol 103:227–236

Mulero JJ, Yeung G, Nelken ST, Ford JE (1999) CD39-L4 is a se-
creted human apyrase, specific for the hydrolysis of nucleoside
diphosphates. J Biol Chem 29:20064–20067

Murata J, Lee HJ, Clair T, Krutzsch HC, Arestad AA, Sobel ME,
Liotta LA, Stracke ML (1994) cDNA cloning of the human
motility-stimulating protein, autotaxin, reveals a homology
with phosphodiesterases. J Biol Chem 269:30479–30484

Nagy AK, Shuster TA, Delgado-Escueta V (1989) Rat brain
synaptosomal ATP:AMP-phosphotransferase activity. J Neuro-
chem 53:1166–1172

Nagy AK, Knowles AF, Nagami GT (1998) Molecular cloning of
the chicken oviduct ecto-ATP-diphosphohydrolase. J Biol
Chem 273:16043–16049

Narita M, Goji J, Nakamura H, Sano K (1994) Molecular cloning,
expression, and localization of a brain-specific phosphodi-
esterase I/nucleotide pyrophosphatase (PD-I alpha) from rat
brain. J Biol Chem 269:28235–28242

307



Ogilvie A, Lüthje J, Pohl U, Busse R (1989) Identification and par-
tial charactertization of an adenosine(5’)tetraphospho(5’)ade-
nosine hydrolase on intact bovine aortic endothelial cells.
Biochem J 259:97–103

Okawa A, Nakamura I, Goto S, Moriya H, Nakamura Y, Ikegawa
S (1998) Mutation in Npps in a mouse model of ossification of
the posterior longitudinal ligament of the spine. Nat Genet
19:271–273

Olmo N, Turnay J, Risse G, Deutzmann R, Mark K von der,
Lizarbe A (1992) Modulation of 5’-nucleotidase activity in
plasma membranes and intact cells by the extracellular matrix
proteins laminin and fibronectin. Biochem J 282:181–188

Pastor-Anglada M, Felipe A, Casado FJ (1998) Transport and
mode of action of nucleoside derivatives used in chemical and
antiviral therapies. Trends Pharmacol Sci 19:424–430

Picher M, Sévigny J, D’Orléans-Juste P, Beaudoin AR (1996) Hy-
drolysis of P2-purinoceptor agonists by a purified ectonucleoti-
dase from the bovine aorta, the ATP-diphosphohydrolase.
Biochem Pharmacol 51:1453–1460

Pintor J, Hoyle CHV, Gualix J, Miras-Portugal MT (1997) Di-
adenosine polyphosphates in the central nervous system. Neu-
rosci Res Commun 20:69–78

Plesner L (1995) Ecto-ATPases: identities and functions. Int Rev
Cytol 158:141–214

Ramos A, Pintor J, Miras-Portugal MT, Rotllán P (1995) Use of
fluorogenic substrates for detection and investigation of ec-
toenzymatic hydrolysis of diadenosine polyphosphates: a fluo-
rometric study on chromaffin cells. Anal Biochem 228:74–82

Rebbe NF, Tong BD, Finley EM, Hickman S (1991) Identification
of nucleotide pyrophosphatase/alkaline phosphodiesterase I ac-
tivity associated with the mouse plasma cell differentiation
antigen PC-1. Proc Natl Acad Sci USA 88:5192–5196

Rebbe NF, Tong BD, Hickman S (1993) Expression of nucleotide
pyrophosphatase and alkaline phosphodiesterase I activities of
PC-1, the murine plasma cell antigen. Mol Immunol 30:87–93

Redegeld FA, Caldwell CC, Sitkovsky MV (1999) Ecto-protein ki-
nases: ectodomain phosphorylation as a novel target for phar-
macological manipulation? Trends Pharmacol Sci 20:453–459

Resta R, Thompson LF (1997) T cell signalling through CD73.
Cell Signal 9:131–139

Resta R, Yamashita Y, Thompson LF (1998) Ecto-enzyme and
signaling functions of lymphocyte CD73. Immunol Rev 161:
95–109

Robson SC, Kaczmarek E, Siegel JB, Candinas D, Koziak K, Mil-
lan M, Hancock WW, Bach FH (1997) Loss of ATP diphos-
phohydrolase activity with endothelial cell activation. J Exp
Med 185:153–163

Rodriguez-Pascual F, Torres M, Rotllán P, Miras-Portugal MT
(1992) Extracellular hydrolysis of diadenosine polyphosphates,
ApnA, by bovine chromaffin cells in culture. Arch Biochem
Biophys 297:176–183

Schetinger MRC, Bonan CD, Schierholt R, Webber A, Arteni N,
Emanuelli T, Dias RD, Sarkis JJF, Netto CA (1998) Nucleotide
hydrolysis in rats submitted to global cerebral ischemia: a pos-
sible link between preconditioning and adenosine production. 
J Stroke Cerebrovasc Dis 7:281–286

Schulte am Esch JSA, Sévigny J, Kaczmarek E, Siegel JB, Imai M,
Koziak K, Beaudoin AR, Robson SC (1999) Structural ele-
ments and limited proteolysis of CD39 influence ATP diphos-
phohydrolase activity. Biochemistry 38:2248–2258

Scott LJ, Delautier D, Meerson NR, Trugnan G, Goding JW, Mau-
rice M (1997) Biochemical and molecular identification of dis-
tinct forms of alkaline phosphodiesteraseI expressed on the api-
cal and basolateral plasma membrane surfaces of rat hepato-
cytes. Hepatology 25:995–1002

Servos J, Reiländer H, Zimmermann H (1998) Catalytically active
soluble ecto-5’-nucleotidase purified after heterologous expres-
sion as a tool for drug screening. Drug Dev Res 45:269–276

Smith TM, Kirley TL (1998) Cloning, sequencing, and expression
of a human brain ecto-apyrase related to both the ecto-ATPases
and CD39 ecto-apyrases. Biochim Biophys Acta 1386:65–78

Smith TM, Kirley TL (1999a) Site-directed mutagenesis of a hu-
man brain ecto-apyrase: evidence that the E-type ATPases are
related to the actin/heat shock 70/sugar kinase superfamily.
Biochemistry 38:321–328

Smith TM, Kirley TL (1999b) Glycosylation is essential for func-
tional expression of a human brain ecto-apyrase. Biochemistry
1509–1516

Smith TM, Kirley TL, Hennessey TM (1997) A soluble ecto-
ATPase from Tetrahymena thermophila: purification and simi-
larity to the membrane-bound ecto-ATPase of smooth muscle.
Arch Biochem Biophys 337:351–359

Smith TM, Carl SAL, Kirley TL (1999) Mutagenesis of two con-
served tryptophan residues of the E-type ATPases: inactivation
and conversion of an ecto-apyrase to an Ecto-NTPase. Bio-
chemistry 38:5849–5857

Spychala J, Zimmermann AG, Mitchell BS (1999) Tissue-specific
regulation of the ecto-5’-nucleotidase promoter – role of the
cAMP response element site in mediating repression by the up-
stream regulatory region. J Biol Chem 274:22705–22712

Stefan C, Gijsbers R, Stalmans W, Bollen M (1999) Differential
regulation of the expression of nucleotide pyrophosphatases
and phosphodiesterases in rat liver. Biochim Biophys Acta
1450:45–52

Stochaj U, Mannherz HG (1992) Chicken gizzard 5’-nucleotidase
functions as a binding protein for the laminin/nidogen com-
plex. Eur J Cell Biol 59:364–372

Stochaj U, Dieckhoff J, Mollenhauer J, Cramer M, Mannherz HG
(1989) Evidence for the direct interaction of chicken gizzard
5’-nucleotidase with laminin and fibronectin. Biochim Biophys
Acta 992:385–392

Stochaj U, Richter H, Mannherz HG (1990) Chicken gizzard 5’-
nucleotidase is a receptor for the extracellular matrix compo-
nent fibronectin. Eur J Cell Biol 51:335–338

Stout JG, Kirley TL (1996) Control of cell membrane ecto-ATPase
by oligomerization state: intermolecular cross-linking modu-
lates ATPase activity. Biochemistry 35:8289–8298

Stracke ML, Krutzsch HC, Unsworth EJ, Arestad AA, Cioce V,
Schiffmann E, Liotta LA (1992) Identification, purification,
and partial sequence analysis of autotaxin, a novel motility-
stimulating protein. J Biol Chem 267:2524–2529

Stracke ML, Arestad A, Levine M, Krutzsch HC, Liotta LA (1995)
Autotaxin is an N-linked glycoprotein but the sugar moieties
are not needed for its stimulation of cellular motility. Mela-
noma Res 5:203–209

Strobel RS, Nagy AK, Knowles AF, Buegel J, Rosenberg MD
(1996) Chicken oviductal ecto-ATP-diphosphohydrolase – pu-
rification and characterization. J Biol Chem 271:16323–16331

Terrian DM, Hernandez PG, Rea MA, Peters RI (1989) ATP re-
lease, adenosine formation, and modulation of dynorphin and
glutamic acid release by adenosine analogues in rat hippocam-
pal mossy fiber synaptosomes. J Neurochem 53:1390–1399

Todorov LD, Mihaylova Todorova S, Westfall TD, Sneddon P,
Kennedy C, Bjur RA, Westfall DP (1997) Neuronal release of
soluble nucleotidases and their role in neurotransmitter inacti-
vation. Nature 387:76–79

Van Driel IR, Goding JW (1987) Plasma cell membrane gylcopro-
tein PC-1: primary structure deduced from cDNA clones. 
J Biol Chem 262:4882–4887

Van Driel IR, Wilks AF, Pietersz GA, Goding JW (1985) Murine
plasma cell membrane antigen PC-1: molecular cloning of
cDNA and analysis of expression. Proc Natl Acad Sci USA
82:8619–8623

Van Son WJ, Wit F, Balen OLB van, Tegzess AM, Ploeg RJ,
Bakker WW (1997) Decreased expression of glomerular ecto-
ATPase in kidney grafts with delayed graft function. Trans-
plant Proc 29:352–354

308



Vasconcelos EG, Ferreira ST, Carvalho TMU de, Souza W de,
Kettlun AM, Mancilla M, Valenzuela MA, Verjovski-Almeida
S (1996) Partial purification and immunohistochemical local-
ization of ATP diphosphohydrolase from Schistosoma mansoni
– immunological cross-reactivities with potato apyrase and
Toxoplasma gondii nucleoside triphosphate hydrolase. J Biol
Chem 271:22139–22145

Vigne P, Breittmayer JP, Frelin C (1998) Analysis of the influence
of nucleotidases on the apparent activity of exogenous ATP
and ADP at P2Y1 receptors. Br J Pharmacol 125:675–680

Wang TF, Guidotti G (1996) CD39 is an ecto-(Ca2+,Mg2+)-
apyrase. J Biol Chem 271:9898–9901

Wang TF, Guidotti G (1998) Golgi localization and functional ex-
pression of human uridine diphosphatase. J Biol Chem 273:
11392–11399

Wang TF, Rosenberg PA, Guidotti G (1997) Characterization of
brain ecto-apyrase: evidence for only one ecto-apyrase (CD39)
gene. Brain Res Mol Brain Res 47:295–302

Wang TF, Ou Y, Guidotti G (1998) The transmembrane domains
of ectoapyrase (CD39) affect its enzymatic activity and quater-
nary structure. J Biol Chem 273:24814–24821

Westfall TD, Kennedy C, Sneddon P (1997) The ecto-ATPase in-
hibitor ARL 67156 enhances parasympathetic neurotransmis-
sion in the guinea-pig urinary bladder. Eur J Pharmacol 329:
169–173

Whyte MP (1994) Hypophosphatasia and the role of alkaline phos-
phatase in skeletal mineralization. Endocr Rev 15:439–461

Wittenburg H, Bültmann R, Pause B, Ganter C, Kurz G, Starke K
(1996) P2-purinoceptor antagonists. II. Blockade of P2-
purinoceptor subtypes and ecto-nucleotidases by compounds
related to Evans blue and trypan blue. Naunyn-Schmiedeberg’s
Arch Pharmacol 354:491–497

Ziganshin AU, Hoyle CHV, Burnstock G (1994) Ecto-enzymes
and metabolism of extracellular ATP. Drug Dev Res 32:134–
146

Zimmermann H (1992) 5’-Nucleotidase – molecular structure and
functional aspects. Biochem J 285:345–365

Zimmermann H (1996a) Extracellular purine metabolism. Drug
Dev Res 39:337–352

Zimmermann H (1996b) Biochemistry, localization and functional
roles of ecto-nucleotidases in the nervous system. Prog Neuro-
biol 49:589–618

Zimmermann H (1999a) Two novel families of ecto-nucleotidases:
molecular structures, catalytic properties, and a search for func-
tion. Trends Pharmacol Sci 20:231–236

Zimmermann H (1999b) Nucleotides and cd39: principal modula-
tory players in hemostasis and thrombosis. Nat Med 5:987–988

Zimmermann H (2000) Ecto-nucleotidases. In: Abbracchio MP,
Williams M (eds) Handbook of experimental pharmacology.
Purinergic and pyrimidergic signalling I and II. Springer,
Berlin Heidelberg New York (in press)

Zimmermann H, Braun N (1999) Ecto-nucleotidases: molecular
structures, catalytic properties, and functional roles in the ner-
vous system. Prog Brain Res 120:371–385

Zimmermann H, Pearson J (1998) Extracellular metabolism of nu-
cleotides and adenosine in the cardiovascular system. In: Burn-
stock G, Dobson JG, Liang BT, Linden J (eds) Cardiovascular
biology of purines. Kluwer Academic Publishers, Dordrecht,
pp 342–358

Zimmermann H, Vogel M, Laube U (1993) Hippocampal localiza-
tion of 5’-nucleotidase as revealed by immunocytochemistry.
Neuroscience 55:105–112

Zimmermann H, Beaudoin AR, Bollen M, Goding JW, Guidotti G,
Kirley TL, Robson SC, Sano K (2000) Proposed nomenclature
for two novel nucleotide hydrolyzing enzyme families ex-
pressed on the cell surface. In: Vanduffel L, Lemmens R (eds)
Ecto-ATPases and related ectonucleotidases. Shaker, Maas-
tricht, pp 1–8

309


