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Faculty of Medical and Health Sciences, The University of Auckland, Park Road, Grafton, Private Bag 92019, Auckland, New Zealand

The present study provides functional characterization of alter-
native splicing of the NTPDase2 (ecto-nucleoside triphosphate
diphosphohydrolase-2) involved in the regulation of extracellular
nucleotide concentrations in a range of organ systems. A novel
NTPDase2β isoform produced by alternative splicing of the
rat NTPDase2 gene provides an extended intracellular C-terminus
and distinguishes itself from NTPDase2α isoform in gaining sev-
eral intracellular protein kinase CK2 (casein kinase 2) phosphoryl-
ation sites and losing the intracellular protein kinase C motif. The
plasmids containing NTPDase2α or NTPDase2β cDNA were used
to stably transfect Chinese-hamster ovary-S cells. Imaging studies
showed that NTPDase2α was predominantly membrane-bound,
whereas NTPDase2β had combined cell surface and intracellular
localization. α and β isoforms showed variations in divalent cat-
ion dependence and substrate specificity for nucleoside-5′-tri-
phosphates and nucleoside-5′-diphosphates. NTPDase2β exhib-
ited reduced ATPase activity and no apparent ADPase activity.

NTPDase2 isoforms demonstrated similar sensitivity to inhibitors
such as suramin and pyridoxal phosphate-6-azophenyl-2′,4′-di-
sulphonic acid, and differential regulation by protein kinases.
NTPDase2β was up-regulated by intracellular protein kinase CK2
phosphorylation, whereas NTPDase2α activity was down-regu-
lated by protein kinase C phosphorylation. The results demon-
strate that alternative coding of the intracellular C-terminal do-
main contributes distinctive phenotypic variation with respect to
extracellular nucleotide specificity, hydrolysis kinetics, protein
kinase-dependent intracellular regulation and protein trafficking.
These findings advance the molecular physiology of this enzyme
system by characterizing the contribution of the C-terminal
domain to many of the enzyme’s signature properties.

Key words: C-terminus, ecto-ATPase, ecto-nucleoside triphos-
phate diphosphohydrolase-2 (NTPDase2, CD39L1), protein
kinase, splice variant.

INTRODUCTION

The proposed roles of nucleotides and nucleosides as extracellular
signalling molecules have now gained widespread recognition [1].
Extracellular purines (ATP, ADP and adenosine) and pyrimidines
(UTP and UDP) mediate diverse biological effects through cell
surface P1 (adenosine) and P2 (nucleotide) receptors [2]. Two
families of P2 receptors, the ligand-gated ion channels (P2X re-
ceptors) and the G-protein-coupled P2Y receptors [3–5], influence
cellular function in most tissues. P2 receptor signalling appears
to be involved in short- and long-term events such as neurotrans-
mission, secretion, cell growth, proliferation and death [6].

Nucleotide signalling is regulated by ecto-nucleotidases, a
diverse group of surface-located enzymes that hydrolyse extra-
cellular nucleotides [7]. Several ecto-nucleotidase families with
differential preference for nucleotide species have been identi-
fied and characterized in mammalian tissues. These include the
E-NTPDase (ecto-nucleoside triphosphate diphosphohydrolase)
family, E-NPP (ectonucleotide pyrophosphatase/phosphodiester-
ase) family, ecto-5′-nucleotidase and alkaline phosphatase [8,9].
Nucleoside 5′-tri- and diphosphates are hydrolysed by E-NTP-
Dase, E-NPP and alkaline phosphatase activity. The complete
dephosphorylation of nucleotides is achieved by ecto-5′-nucleo-
tidase, which specifically hydrolyses nucleoside 5′-monophos-
phates [10].

Six members of the E-NTPDase family hydrolyse both purine
and pyrimidine nucleotides and their activities strongly depend on
the presence of Ca2+ and Mg2+ [7]. NTPDase1–3 have the topo-
logy of integral membrane proteins with short N- and C-terminal
cytoplasmic domains and a large extracellular loop containing the
five apyrase conserved regions [11] that play an important role
in forming the catalytic site [12]. NTPDase5 (CD39L4; ER-
UDPase, where ER stands for endoplasmic reticulum) and
NTPDase6 (CD39L2; Golgi GDPase) lack the C-terminal trans-
membrane region and may be cleaved at the N-terminus to form
a soluble protein [9]. Best characterized members of the E-NTP-
Dase family are NTPDase1 (apyrase, CD39) that hydrolyses
nucleoside 5′-tri- and diphosphates with similar rates, and NTP-
Dase2 (ecto-ATPase, CD39L1) that has high preference for nu-
cleoside 5′-triphosphates. These two enzymes probably have a dif-
ferent impact on P2 receptor signalling, based on their differential
hydrolytic activity [13,14].

NTPDase2 has been cloned from chicken, human, mouse and
rat tissues [15–17] and functionally characterized following ex-
pression in mammalian cell lines [13,18]. The open reading frame
of NTPDase2 encodes 495 amino acid residues with a calculated
protein molecular mass of 54.4 kDa [15,17,18]. The molecular
mass of the glycosylated enzyme is 75 kDa [14]. The extracel-
lular region of the protein contains seven potential N-glycosyl-
ation sites, 11 cysteine residues probably involved in disulphide
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bond formation [19], and several potential ecto-protein kinase
phosphorylation sites. The intracellular C-terminus (12 amino
acid residues) contains a putative PKC (protein kinase C) phos-
phorylation site [17]. Recent evidence suggests a role for
NTPDase2 in platelet aggregation [14], cochlear function [20–
22] and neuronal development [23].

The sequencing of a putative human NTPDase2 has revealed
three alternatively spliced isoforms [24]. The full-length sequence
[18,24] corresponds to the previously characterized rat NTPDase2
[17] and shares its functional properties. The other two isoforms,
lacking 23 and 45 amino acid residues respectively in the extra-
cellular domain, were produced by alternative splicing of human
NTPDase2 and lack ectonucleotidase activity [24].

Alternative splicing has been also reported for the rat
NTPDase2 gene [20]. A putative splice variant, designated
as NTPDase2β, has an extended open reading frame providing
the translation of an additional 50 amino acids at the C-terminus
[20]. This isoform thus encodes 545 amino acid residues with
a predicted molecular mass of 60 kDa. The extended C-terminal
cytoplasmic tail (62 amino acid residues) contains three potential
protein kinase CK2 (casein kinase 2) sites not present in
NTPDase2α [17], whereas the putative PKC phosphorylation site
has been spliced out. Both isoforms are expressed in a range of
rat tissues with different abundances [20]. In the present study,
we compare biochemical properties and regulation of these two
rat NTPDase2 isoforms subsequent to stable expression in CHO
(Chinese-hamster ovary) cells.

EXPERIMENTAL

Materials

Nucleotides (ATP, GTP, UTP, ITP, CTP, ADP, GDP, UDP, IDP and
CDP), suramin, PPADS (pyridoxal phosphate-6-azophenyl-2′,
4′-disulphonic acid), OAG (1-oleoyl-2-acetyl-sn-glycerol), CPA
(cyclopiazonic acid) and HPLC consumables were purchased
from Sigma (Sydney, Australia). Restriction enzymes, pcDNA3.1
and pcDNA3.1/NT-GFP vectors, CHO-S-SFM II cells, cell cul-
ture reagents and LIPOFECTAMINETM 2000 were obtained from
Invitrogen (Groningen, The Netherlands). Alexa Fluor® 594
antibody was purchased from Molecular Probes (Eugene, OR,
U.S.A.) and PKC inhibitor GF109203X was from Tocris (Tocris
Cookson, Avonmouth, U.K.). Protein kinase CK2 inhibitor
TBB (4,5,6,7-tetrabromobenzotriazole) was kindly provided by
Professor L. A. Pinna (Dipartimento di Chimica Biologica, Uni-
versità di Padova, Padova, Italy).

Construction of recombinant cDNA of NTPDase2 splice variant
(NTPDase2β)

Recombinant NTPDase2β cDNA was produced by restriction
digestion of cDNA encoding rat NTPDase2α (GenBank® acces-
sion no. Y11835) and inclusion of the cDNA fragment spanning
the splice site. The digestion of cDNA encoding NTPDase2α
with restriction enzymes BsaI and ApoI produced four fragments
of 729, 598, 336 and 201 bp. Three fragments (729, 598 and
201 bp) were ligated with the 143 bp fragment produced by re-
striction digestion of partial NTPDase2β cDNA sequence
(GenBank® accession no. AF129103) into the full-length NTP-
Dase2β cDNA sequence (1.66 kb). The full-length cDNA con-
struct was amplified directly from the ligation reaction by PCR
using the primers corresponding to the 5′- and 3′-ends of NTP-
Dase2α respectively (1–20 sense 5′-ATGGCTGGAAAGTTGG-
TGTC-3′ and 1836–1811 antisense 5′-TTTTCTAGGAAAAATC-
CTTTATTAC-3′). PCR with a 40 cycle profile was performed as
follows: 94 ◦C denaturation (1 min), 55 ◦C annealing (1.5 min),

72 ◦C extension (2 min) steps using GeneAmp PCR system 2400
(PerkinElmer, Norwalk, CT, U.S.A.). The PCR product was
excised from the gel and purified using the QIAEX II gel
extraction kit (Qiagen, Clifton Hill, Australia). Recombinant
cDNA was ligated in pCR2.1 vector and transformed into TOP10
competent cells (TA cloning kit; Invitrogen). After purification of
plasmid DNA (QIAfilter Plasmid Midi; Qiagen), the identity
of the construct was confirmed by restriction enzyme mapping
and sequencing.

Amplification of NTPDase2α and NTPDase2β from rat tissues

To verify the expression of the full-length NTPDase2β isoform
in tissues, mRNA was isolated from rat cochlea and thymus
(Dynabeads mRNA DIRECT; Dynal A/S, Oslo, Norway). First-
strand cDNA synthesis was performed in a 20 µl RT (reverse
transcriptase) reaction using random primers (Invitrogen), dNTPs
(Amersham Biosciences, Little Chalfont, Bucks., U.K.) and Su-
perscript II RT (Invitrogen). NTPDase2-specific primers and PCR
profile were the same as described above. PCR products were
separated and the bands of predicted size excised from the gel,
purified, cloned and sequenced.

Cell culturing and transfection of CHO cells

Serum-free medium-adapted CHO-S cells (Invitrogen) were
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 0.1 mM non-essential amino acids, 10% (v/v) fetal calf
serum, 50 units/ml penicillin and 50 µg/ml streptomycin and
maintained at 37 ◦C in a humidified atmosphere with 5% CO2.
The NTPDase2α cDNA and NTPDase2β cDNA were ligated into
mammalian expression vector pcDNA3.1 (Invitrogen). CHO-S
cells were transfected with plasmid DNA containing NTPDase2α
or NTPDase2β using LIPOFECTAMINETM 2000 (LF2000) reagent.
Control cells were transfected with vector (pcDNA3.1) without
insert. Transfection was performed in 24-well culture plates. The
day before transfection, CHO-S cells were seeded on to culture
plates at a density of 2 × 105 cells per well. For each well, a total of
0.8 µg of plasmid DNA in 50 µl of OPTI-MEM I reduced-serum
medium was added to 2.5 µl of LF2000 reagent diluted in 50 µl
of OPTI-MEM I. The diluted cDNA and LF2000 reagent were
mixed and incubated for 20 min before adding to a 90% confluent
monolayer of CHO-S cells. After the cells were incubated with the
DNA-LF2000 complexes for 4.5 h, growth medium was replaced.
Cells were diluted 24 hours after transfection, and cell populations
stably expressing NTPDase2 isoforms were obtained by selection
with 1.1 mg/ml of geneticin (G418 sulphate; Invitrogen). G418-
resistant clones were selected after 2 weeks and subcultured.
Clones with the highest expression of the NTPDase2α (wtC5)
and NTPDase2β (svC1) were used for enzyme analysis.

Western blotting

The expression of NTPDase2 isoforms in CHO-S cells was
confirmed by Western blotting and immunofluorescence using
polyclonal anti-rat NTPDase2α antibody raised in rabbits by
direct injection of the encoding cDNA in pcDNA3 [25]. CHO-S
cells stably expressing NTPDase2α or NTPDase2β cDNA were
stripped, washed with PBS and lysed in a buffer (150 mM
NaCl, 5 mM EDTA, 10 mM Tris/HCl, pH 7.4, 1% Triton X-100)
containing protease inhibitor cocktail (Roche, Mannheim,
Germany). After centrifugation (at 16000 g for 10 min at 4 ◦C)
to remove particulate materials, the protein concentration of the
lysate was determined using the Bio-Rad DC assay kit (Bio-Rad
Laboratories, Hercules, CA, U.S.A.). Approximately 60 µg of
total protein in non-reducing sample buffer [1% SDS, 12.5%
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(v/v) glycerol, 0.1% Bromophenol Blue, 65 mM Tris/HCl,
pH 6.8] was separated by SDS/PAGE on 10% polyacrylamide
gel and electrophoretically transferred on to a PVDF membrane
(Roche). After blocking with 5 % (w/v) skimmed milk and 2%
(v/v) NGS (normal goat serum) in TBS (20 mM Tris/HCl, pH 7.2,
137 mM NaCl, 0.1% Tween 20), the membrane was probed
with NTPDase2 primary antibody (dilution 1:1000 in blocking
buffer) for 3 h. The blotted membrane was incubated for 1 h with
horseradish peroxidase-conjugated goat anti-rabbit secondary
antibody (dilution 1:8000) before the bands were visualized
by chemiluminescence (ECL® Western-blotting analysis system;
Amersham Biosciences).

Immunodetection

Transfected CHO-S cells were washed twice with sterile PBS
(10.1 mM Na2HPO4, 1.8 mM KH2PO4, 136.9 mM NaCl, 2.7 mM
KCl, pH 7.4). Non-specific binding of the antibody was blocked
by incubating the cells for 20 min with 2.5% BSA and 1.5% NGS
in PBS at room temperature (22 ◦C). Subsequently, NTPDase2
primary antibody (dilution 1:150 in 0.1 M PBS supplemented
with 1% BSA and 1.5% NGS) was applied for 20 min at room
temperature. CHO-S cells were rinsed with PBS and fixed in
absolute methanol for 5 min at –20 ◦C. After washing the cells
with PBS for 15 min, the secondary antibody (Alexa Fluor® 594
labelled goat anti-rabbit IgG) diluted in PBS/1.5% NGS (1:200)
was applied for 20 min at room temperature. The cells were
washed twice in PBS and visualized at 620 nm using an inverted
epifluorescence microscope (DMIRB; Leica Lasertechnik GmbH,
Heidelberg, Germany).

Cell imaging

To assess cellular distribution of NTPDase2α and NTPDase2β,
chimaeras of the respective NTPDase2 isoforms with a GFP
(green fluorescent protein) were generated at the N-terminus.
CHO-S cells were transfected with GFP-NTPDase2α and GFP-
NTPDase2β in pcDNA3.1 vector using LF2000 reagent as
described previously. Control cells were transfected with an
empty pcDNA3.1/NT-GFP vector. Transfection was performed in
24-well culture plates with a glass coverslip at the bottom of the
wells. Transiently transfected CHO-S cells were visualized 24 h
after plating using an inverted confocal microscope (Zeiss LSM
410). GFP fluorescence was excited using the 488 nm line of an
argon laser and detected between 510 and 550 nm. Between 10
and 15 optical sections were acquired for each cell.

Measurement of NTPDase2α and NTPDase2β activity

NTPDase activity was measured in stably transfected CHO-S
cells. Stable transfectants (wtC5 or svC1) were seeded in 24-well
plates at a density of 5 × 104 cells per well. NTPDase2 activity
was determined at 37 ◦C, 24 h after plating. The cells were washed
twice with phosphate-free physiological saline solution (140 mM
NaCl, 5 mM KCl, 10 mM glucose, 1 mM MgCl2, 2 mM CaCl2,
10 mM Hepes, pH 7.4) and subsequently incubated in 500 µl of
substrate nucleotide solution. A sample of 60 µl collected from
the cell culture was snap-frozen on dry ice and stored at −80 ◦C
until further processing. Nucleotides and nucleosides were
separated and quantified by RP (reversed phase) HPLC (Agilent
1100 series; Agilent Technologies, Palo Alto, CA, U.S.A.) using
the Adsorbosphere® Nucleotide-Nucleoside column (Alltech;
7 µm, 250 mm × 4.6 mm). The samples were eluted at 1 ml/min
with the mobile phase consisting of buffer A (60 mM NH4H2PO4

and 5 mM tetrabutylammonium phosphate, pH 5.0) and buffer B
(80% HPLC grade methanol with 5 mM tetrabutylammonium

phosphate); gradient: 10–50% buffer B in buffer A in the first
10 min. The absorbance was detected at 254 nm, and the rate of
hydrolysis was determined from the peak area in the chroma-
togram.

Time dependence of nucleotide hydrolysis and kinetic studies

Stably transfected CHO-S cells (wtC5, svC1 and control empty
vector) were analysed for ATP (0.5 mM) and ADP (0.5 mM)
hydrolysis at 37 ◦C in a time-dependent manner. A sample was
collected at 0, 2, 5, 10, 20 and 30 min, stored at −80 ◦C and
later analysed by RP-HPLC. For enzyme kinetic analysis, ATP
at a concentration range from 10 to 5000 µM was incubated
with CHO-S cells transfected with NTPDase2 isoforms. Enzyme
kinetic parameters (Vmax and Km) were obtained using the non-
linear least-squares fitting technique (EZ-Fit software; Perella
Scientific, Amherst, NH, U.S.A.).

Divalent cation dependence and inhibitor studies

Divalent cation dependence was studied in Ca2+/Mg2+-free assay
solution (140 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM
Hepes, pH 7.4) containing 5 mM EDTA, and in solutions contain-
ing either added Ca2+ or Mg2+ (2 mM). Standard assay solution
containing both cations served as control (100 % activity). Put-
ative inhibitors of NTPDase activity suramin (100 µM), PPADS
(100 µM) and sodium azide (10 mM), were made up in phos-
phate-free physiological saline solution. The cells were prein-
cubated with the inhibitors for 60 min before addition of the sub-
strate (0.5 mM ATP was the final concentration in the reactions).

Substrate specificity

Nucleoside 5′-triphosphates (ATP, GTP, UTP, ITP and CTP)
and nucleoside 5′-diphosphates (ADP, GDP, UDP, IDP and CDP)
were prepared in phosphate-free physiological saline and applied
at the final concentration of 0.5 mM. These substrates were incu-
bated with transfected CHO-S cells for 5 min at 37 ◦C, and the
hydrolysis rate was measured by RP-HPLC. Before these experi-
ments, all commercial nucleoside triphosphates and diphosphates
were analysed by HPLC to evaluate the level of contamination
with nucleoside diphosphates and monophosphates. The contri-
butions of GDP, UDP, CDP, IDP and ADP in the corresponding
nucleoside triphosphate samples were 6.7, 7.6, 13.8, 9.6 and 4.1%
respectively, and the contributions of GMP, UMP, CMP, IMP
and AMP in the corresponding nucleoside diphosphate samples
were 2.9, 5.6, 7.1, 5.7 and 4.8 % respectively. These values and
results of nucleotide hydrolysis obtained in the presence of mock-
transfected cells were subtracted from nucleotide hydrolysis in the
presence of transfected CHO-S cells.

Modulation of NTPDase2 activity by protein kinases

NTPDase2α and NTPDase2β have different putative intracellular
phosphorylation sites (PKC and CK2 respectively). Hence, the
regulation of enzyme activity by protein kinases was studied
using PKC activator OAG (100 µM), PKC inhibitor GF109203X
(10 µM) and CK2 inhibitor TBB (10 µM). The sarcoplasmic/
endoplasmic reticulum Ca2+-ATPase-pump inhibitor CPA
(10 µM) was used to determine Ca2+-dependence of intracellular
phosphorylation. Transfected CHO-S cells were preincubated
with OAG for 5 min, and with other compounds for 60 min before
the addition of the substrate (ATP, 0.5 mM). The results were
expressed as a percentage of ATPase activity in the absence of
inhibitor/activator (100% activity).
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Figure 1 NTPDase2α and NTPDase2β expressions in rat tissues and
CHO-S cells

(A) NTPDase2α- and NTPDase2β-specific cDNAs generated by RT–PCR from rat cochlear and
thymic mRNA (ethidium bromide-stained agarose gel). The molecular size of PCR products:
NTPDase2α cDNA, 1.85 kb; NTPDase2β cDNA, 1.66 kb. (B) The alignment of C-terminal amino
acid sequences of NTPDase2α (495 amino acid residues) and NTPDase2β (545 amino acid
residues). The second transmembrane domain (TM2), splice site (⇓) and putative PKC (#)
and CK2 (*) phosphorylation sites are shown. (C) Expression of rat NTPDase2 isoforms stably
expressed in CHO-S cells (Western blotting). Molecular mass markers (kDa) are indicated on
the left. Vector-transfected CHO-S cells were used as control.

RESULTS

NTPDase2β sequencing

Two mRNA transcripts (1.85 and 1.66 kb), corresponding to
full-length NTPDase2α [18] and NTPDase2β [20] respectively
were detected by RT–PCR from rat cochlea and thymus (Fig-
ure 1A). DNA sequences of the recombinant NTPDase2β and
the NTPDase2β amplified from the tissues were identical (DNA

alignment not shown). Sequence analysis of NTPDase2β cDNA
revealed a variance with rat brain NTPDase2α (GenBank®

accession no. Y11835) at two sites (base 380, C-T conversion and
base 382, T-C conversion), in addition to the alternatively spliced
site shown in Figure 1(B). These two substitutions, reported
previously for rat testicular NTPDase2α (GenBank® accession
no. AF276940), altered the translation of the corresponding pro-
tein (proline to leucine at amino acid residue 127 and phenyl-
alanine to leucine at residue 128).

Expression of NTPDase2 isoforms

Western-blot analysis revealed a small difference (∼6 kDa) in the
molecular mass of the two NTPDase2 isoforms stably expressed in
CHO-S cells (Figure 1C). This difference was predicted from their
protein sequences [20]. Protein glycosylation apparently accounts
for the larger molecular mass (75–82 kDa) when compared with
that predicted from their amino acid backbones (54 and 60 kDa
for NTPDase2α and NTPDase2β respectively).

Distribution of NTPDase2α and NTPDase2β in transfected
CHO cells

A polyclonal antibody raised against rat NTPDase2α was used to
verify the expression of NTPDase2 isoforms in intact and viable
CHO-S cells stably transfected with NTPDase2α and NTP-
Dase2β isoforms (Figures 2A and 2B). Mock-transfected cells
revealed no immunofluorescence (Figure 2C). Cellular distri-
bution of NTPDase2α and NTPDase2β was demonstrated by
intracellular immunofluorescence and NTPDase2-GFP fluore-
scence (Figures 2D–2F). NTPDase2α was predominantly located
on the cell surface (Figure 2D), whereas NTPDase2β accumulated
intracellularly in addition to the cell membrane localization (Fig-
ure 2E). A diffuse GFP fluorescence observed in cells transfected
with an empty pcDNA3.1/NT-GFP vector indicated a lack of
specific trafficking of GFP alone (Figure 2F).

Divalent cation dependence

NTPDase2α activity in stably transfected CHO-S cells was
equally activated either by 2 mM Ca2+ or 2 mM Mg2+ (Table 1). In

Figure 2 The expression pattern of NTPDase2α and NTPDase2β isoforms in transfected CHO-S cells

Immunofluorescence of both NTPDase2α and NTPDase2β was biased towards the cell membrane (A, B). No immunofluorescence was detected from mock-transfected CHO-S cells (C). Intracellular
imaging using immunofluorescence and GFP-labelled constructs demonstrated cell-surface localization of NTPDase2α (D), whereas the NTPDase2β was not only expressed on the cell membrane
but was also detected inside the cell (E). CHO-S cells transfected with GFP alone showed diffuse intracellular fluorescence (F). Scale bars, 20 µm (A–C), 5 µm (D–F).
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Table 1 Divalent cation dependence

The effect of divalent cations on ATP hydrolysis by CHO-S cells stably transfected with
NTPDase2α and NTPDase2β (means +− S.D.; n = 3 with duplicate sampling).

ATPase activity (%)

Enzyme Ca2+ only Mg2+ only DCF

NTPDase2α 94.5 +− 19.5 97.2 +− 12.4 19.0 +− 3.2
NTPDase2β 83.1 +− 4.5 93.7 +− 4.7 41.8 +− 6.3

Figure 3 Time dependence of nucleotide hydrolysis by CHO-S cells stably
transfected with NTPDase2α and NTPDase2β isoforms

ATP and ADP were used as substrates, and their dephosphorylation analysed by RP-HPLC. Each
nucleotide is expressed as a percentage of the total nucleotide pool present in the sample, and
data shown as means +− S.D. (n = 3, with duplicate determinations).

contrast, NTPDase2β activity was more dependent on the pre-
sence of Mg2+ than Ca2+ in the assay solution. Both enzyme iso-
forms were inhibited by 5 mM EDTA in the absence of Ca2+

or Mg2+, although NTPDase2β retained more activity in DCF
(divalent cation-free) solution.

Nucleotide hydrolysis

Hydrolysis of ATP was observed in CHO-S cells stably transfected
with NTPDase2α or NTPDase2β (Figure 3). The pattern of ATP
hydrolysis by NTPDase2α was characterized by fast accumul-
ation of ADP and delayed appearance of AMP, similar to that
described by Heine et al. [13]. The hydrolysis of ATP by
NTPDase2β was slower, with gradual accumulation of ADP and
negligible appearance of AMP in the assay medium. AMP was not
hydrolysed by either of the two NTPDase2 isoforms. The degrad-
ation of ADP to AMP by NTPDase2α had a similar time course as
hydrolysis of ATP to AMP (Figure 3). Significant accumulation of
AMP was observed after the incubation of NTPDase2α-trans-
fected CHO-S cells with ADP, whereas ADPase activity of

Table 2 NTPDase2α and NTPDase2β substrate specificity

Nucleotide hydrolysis by CHO-S cells stably transfected with NTPDase2α and NTPDase2β
(means +− S.D.; n = 3 with duplicate sampling).

Nucleotidase activity (%)

Substrates NTPDase2α NTPDase2β

ATP 100 100
GTP 64.9 +− 5.5 68.0 +− 8.2
UTP 85.6 +− 10.3 63.4 +− 6.8
ITP 66.5 +− 6.4 108.6 +− 9.8
CTP 80.5 +− 15.2 77.3 +− 3.3
ADP 6.5 +− 0.6 3.0 +− 0.2
GDP 5.9 +− 1.7 2.1 +− 3.1
UDP 24.8 +− 4.5 37.6 +− 2.6
IDP 2.0 +− 0.9 0
CDP 27.9 +− 4 37.8 +− 11.2
Ratio of hydrolysis

ATP/ADP 1:0.06 1:0.03
GTP/GDP 1:0.09 1:0.03
UTP/UDP 1:0.29 1:0.59
ITP/IDP 1:0.03 1:0
CTP/CDP 1:0.35 1:0.49

NTPDase2β-transfected cells was negligible. CHO-S cells con-
taining empty pcDNA3.1 vector did not hydrolyse ATP or ADP
(results not shown), confirming low intrinsic ectonucleotidase
activity of these cells [13].

Enzyme kinetics of NTPDase2 isoforms

The initial rates of hydrolysis were measured over ATP concen-
trations ranging from 10 µM to 5 mM. The apparent Km and
Vmax values for ATP hydrolysis were 567 +− 92 µM and 137 +−
7 nmol · min−1 · (106 cells)−1 for NTPDase2α, and 525 +− 34 µM
and 55 +− 1 nmol · min−1 · (106 cells)−1 for NTPDase2β. Results
are expressed as the means +− S.E.M. for three independent experi-
ments with duplicate determinations.

Substrate specificity

Both NTPDase2 isoforms hydrolysed effectively all nucleoside
5′-triphosphates (Table 2). The order of potency for NTPDase2α
was ATP > UTP, CTP > GTP, ITP � CDP, UDP � ADP, GDP,
IDP and for NTPDase2β it was ITP, ATP > CTP, GTP, UTP �
CDP, UDP � ADP, GDP, IDP. All nucleoside 5′-diphosphates
were hydrolysed at a rate lower than nucleoside 5′-triphos-
phates. Both NTPDase2 isoforms had higher preference for UDP
and CDP compared with that for other nucleoside 5′-diphosphates.
This was also reflected by the low UTP/UDP and CTP/CDP
hydrolysis ratio.

Enzyme inhibitors

The effect of putative NTPDase/P2 receptor inhibitors on
NTPDase2 activity was tested and the results were expressed
as a percentage of the ATPase activity in the absence of inhibitor
(Table 3). Both NTPDase2 isoforms were inhibited by suramin
(100 µM) and PPADS (100 µM), although the inhibitory effect
was greater on NTPDase2β activity. Suramin was a more effec-
tive inhibitor than PPADS, and inhibited ATPase activity of
NTPDase2α and NTPDase2β by 47.6 and 55.3% respectively
(P < 0.01, Student’s t test). The NTPDase1 inhibitor sodium azide
(10 mM) had no effect on the activity of NTPDase2 isoforms
(Table 3).
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Table 3 Effect of enzyme inhibitors on NTPDase2 isoforms

Means +− S.D.; n = 3 with duplicate sampling; *P < 0.05; **P < 0.01; Student’s t test.

ATPase activity (%)

Enzyme Suramin PPADS Sodium azide

NTPDase2α 52.4 +− 5.7** 89.8 +− 4.2* 103.2 +− 9.9
NTPDase2β 44.7 +− 2.0** 78.2 +− 3.1** 116.2 +− 3.5

Table 4 Effect of protein kinase inhibitors/activators on NTPDase2 activity

Means +− S.D.; n = 3 with duplicate sampling; *P < 0.05; **P < 0.01; Student’s t test.

ATPase activity (%)

Enzyme TBB GF109203X OAG CPA

NTPDase2α 95.8 +− 16.1 118.4 +− 15.2* 67.8 +− 3.1** 105.6 +− 16.5
NTPDase2β 70.2 +− 4.2** 89.3 +− 6.5* 126.4 +− 8.4** 95.5 +− 5.7

Effect of protein kinase modulators on NTPDase2 activity

Differential regulation of NTPDase2 isoforms through putative in-
tracellular phosphorylation sites was tested using protein kinase
inhibitors and activators (Table 4). Protein kinase CK2 inhibitor
TBB [26] at a concentration of 10 µM selectively decreased
NTPDase2β activity by 29.8% (P < 0.01, Student’s t test),
whereas NTPDase2α activity was unaffected. The PKC inhibitor
GF109203X (10 µM) increased NTPDase2α activity by 18.4%
(P < 0.05) and reduced the activity of NTPDase2β by
10.7% (P < 0.05). In contrast, OAG (100 µM), a membrane per-
meable analogue of DAG (1,2-diacylglycerol) and PKC activator
[27], decreased NTPDase2α activity by 32.2% and increased
NTPDase2β activity by 26.4% (P < 0.01). CPA, involved in
receptor-independent mobilization of intracellular Ca2+ [28], did
not have a significant effect on the activity of NTPDase2 isoforms.

DISCUSSION

The present study provides the functional characterization of a
novel NTPDase2β isoform produced by alternative splicing of the
rat NTPDase2 gene [20]. For direct functional comparison with
NTPDase2α previously isolated from rat brain [17], enzyme iso-
forms were stably expressed in CHO cells. These cells express
endogenous P2X7 and P2Y2 receptor subunits [29,30], but have
very low intrinsic ectonucleotidase activity [13] confirmed in the
present study. Enzyme expression was verified by immunofluo-
rescence using a polyclonal antibody specific for rat NTPDase2.
The two enzyme isoforms demonstrated the functional similarities
expected from their sequence homology, but also revealed differ-
ences in cellular distribution, catalytic properties and regulation
by protein kinases, which are attributable to the variations in their
C-terminal coding regions.

Biochemical properties

A significant residual NTPDase2β activity in DCF solution sug-
gests that this isoform is less dependent on divalent cations when
compared with the α isoform. Both isoforms had a high preference
for nucleoside 5′-triphosphates over nucleoside 5′-diphosphates,
whereas nucleoside 5′-monophosphates were not hydrolysed by
either of the NTPDase2 isoforms. NTPDase2α had the highest
preference for the hydrolysis of ATP, and NTPDase2β for ATP
and ITP. CDPase and UDPase activities of both isoforms were

significantly higher than previously reported for rat NTPDase2α
[13].

NTPDase2 isoforms showed different patterns of ATP and ADP
hydrolysis. The apparent Km values for ATP hydrolysis (567 µM
NTPDase2α and 525 µM NTPDase2β) were consistent with pre-
vious kinetic studies of ecto-ATPases expressed in mammalian
cell lines [18,31], but were significantly higher than values re-
ported for purified enzyme preparations (10–20 µM) [9]. Km

measurements for ATP hydrolysis by NTPDase2α and NTP-
Dase2β are in a relevant range, given that extracellular nucleo-
tide concentrations in cultured cells or tissues may reach milli-
molar levels in response to a variety of factors [32,33].

Enzyme inhibitors were used to further characterize NTP-
Dase2β activity. Even though a large number of compounds had
been investigated as potential E-NTPDase inhibitors [9], very
few appear to affect selectively ATP hydrolysis without inhibiting
P2 receptors. Non-selective P2 receptor inhibitors suramin and
PPADS were used in our study, as their inhibitory effect on
NTPDase2α activity had been previously reported [13]. The
inhibitory effect of suramin was greater than PPADS on both
NTPDase2 isoforms, but NTPDase2β showed slightly higher sen-
sitivity to inhibition when compared with NTPDase2α. As predic-
ted, the NTPDase1 inhibitor sodium azide [34] did not affect the
activity of NTPDase2 isoforms.

NTPDase2 regulation

E-NTPDase activity can be modulated in different physiological
and pathological situations [35,36], suggesting the existence of
regulatory mechanisms. Protein phosphorylation, a universal
mechanism of cellular regulation and a final step in a signal trans-
duction pathway [37], appears to be a probable candidate for
E-NTPDase regulation [38]. NTPDase2 has potential intracellu-
lar and extracellular phosphorylation sites [15,17,18] that may
be involved in cross-talk between extracellular nucleotides and
intracellular signalling mechanisms [20]. Whereas NTPDase2α
contains a potential PKC phosphorylation site in the C-termi-
nus (Ser-488), the C-terminal cytoplasmic tail of NTPDase2β
contains instead three potential protein kinase CK2 phosphoryl-
ation sites in amino acid positions 493, 499 and 526. In the present
study, we investigated the regulation of NTPDase2 isoforms by
using the compounds that selectively affect PKC or CK2 activity.

Protein kinase CK2 is a multifunctional Ser/Thr-specific protein
kinase apparently resistant to many regulatory mechanisms known
for other protein kinases [39]. A recently derived ATP-site-direc-
ted cell-permeant inhibitor of CK2, TBB, has provided a selective
new tool for assessing the role of CK2 in cellular function [26].
In the present study, TBB selectively inhibited NTPDase2β ac-
tivity, whereas NTPDase2α activity was unaffected. These results
suggest that the NTPDase2β splice variant is indeed regulated by
protein kinase CK2, as predicted from its molecular structure [20].
The lack of inhibition of NTPDase2α isoform suggests that the
putative extracellular CK2 phosphorylation sites present in this
isoform [17,18] are not involved in NTPDase2 regulation.

PKC consists of a family of 11 different isoforms, which have
individual enzymological characteristics and specific tissue distri-
bution [40]. GF109203X, a strong PKCα inhibitor and a weaker
inhibitor of PKC δ and µ [41,42], had a dual effect on NTPDase2
isoforms. It stimulated NTPDase2α activity, and reduced the
activity of NTPDase2β. The PKC activator OAG had an opposite
effect, suggesting the involvement of DAG-responsive PKC iso-
forms. CPA did not have significant effect on the activity of NT-
PDase2 isoforms, suggesting that PKC activity was independent
of Ca2+ mobilization. These results are therefore consistent with
Ca2+-independent, DAG-activated nPKCs (δ and µ). Our results
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also implicate ecto-PKC involvement in the regulation of the
NTPDase2β isoform, which lacks intracellular PKC phosphoryla-
tion sites, but has potential extracellular sites at positions 136, 365
and 419. Ecto-protein kinases are expressed on the outer cell sur-
face of a variety of cells, and phosphorylate cell-surface proteins
and soluble extracellular substrates primarily on ecto-domains
[43]. Our results imply that extracellular and intracellular phos-
phorylations of NTPDase2 isoforms were mediated by different
PKC subtypes, as the compounds that modulate PKC activity had
opposite effects on the regulation of NTPDase2α and NTPDase2β
isoforms. The differential effects of CK2 and PKC inhibitors on
CHO cells transfected with either α or β NTPDase2 isoforms
which showed variation only in the C-terminal region suggest that
the effect of inhibitors was due to differential phosphorylation
rather than non-specific pharmacological action, which would
have produced comparable effect in both isoforms.

Functional significance

The functional characterization of the NTPDase2β splice variant
stably expressed in CHO cells revealed unusual biochemical pro-
perties and cellular distribution. The differences in cellular distri-
bution may have a considerable impact on catalytic properties of
the alternatively spliced NTPDase2 isoforms. The stretch of 10
C-terminal amino acid residues (486–495) of the NTPDase2α iso-
form, substituted by a different coding region in NTPDase2β
(60 amino acid residues), may have an important role in enzyme
transport from the intracellular stores (ER and Golgi apparatus) to
the cell surface. Impaired trafficking of NTPDase2β to the plasma
membrane may arise from folding alterations that lead to partial
intracellular retention, as described for human NTPDase2 splice
variants [24]. The C-terminal domain of NTPDase2β contains a
di-leucine motif (LL534-535), which serves as a checkpoint pre-
venting inappropriate surface expression of misfolded polypep-
tides or unassembled subunits of oligomeric proteins. This motif
mediates the internalization of surface-expressed mutant proteins
and their subsequent relocation to the intracellular compartments
[44]. This suggests a dynamic NTPDase2β expression on the cell
membrane and the possibility that the enzyme may undergo degra-
dation on endocytosis. Protein kinases may influence intracellular
protein trafficking by suppressing ER retention [45] and thus
modify the relative abundance of the alternatively spliced isoforms
on the cell surface with subsequent impact on the phenotype of ex-
tracellular nucleotide hydrolysis. The role of protein kinases PKC
and CK2 in trafficking of NTPDase2 isoforms is under investi-
gation.

It is evident from the present study that the modification of
the intracellular C-terminal coding region directly influences the
selectivity and kinetics of the extracellular nucleotide hydrolysis,
presumably arising from steric influences on the extracellular
catalytic site associated with the apyrase conserved regions [12].
The long cytoplasmic C-terminus of NTPDase2β, not present
in the NTPDase2α isoform, may play a significant role in intra-
cellular events, including enzyme regulation by protein phos-
phorylation. Different signal transduction pathways linking P2 re-
ceptors and intracellular phosphorylation sites may be involved in
the regulation of NTPDase2 isoforms [20]. The present study sup-
ports our previously proposed model of NTPDase2-P2 receptor
feedback regulation associated with G-protein-coupled P2Y re-
ceptors that stimulate PKC activation through Gq protein–phos-
pholipase C-β–DAG signal transduction pathway [20]. However,
it does not support the feedback mechanism based on increase
in intracellular Ca2+ induced by the activation of ATP-gated ion
channels (P2X receptors), due to the lack of Ca2+-sensitive intra-
cellular phosphorylation sites in NTPDase2 isoforms.

The physiological significance of multiple transcripts for the
same enzyme is emerging, as the alternative splicing appears to
be a common mechanism for the regulation of expression of ecto-
ATPases and P2 receptors [20,24,46]. NTPDase2α is the dominant
isoform at the cell surface, and it may provide the regulation of
purinergic signalling both under quiescent conditions and during
enhanced nucleotide release. However, the activation of P2Y re-
ceptors may induce PKC-mediated down-regulation of this en-
zyme isoform, raising the possibility that NTPDase2β, which is
up-regulated by PKC and CK2 phosphorylation, may be the major
regulator of P2Y receptor signalling. NTPDase2 is closely asso-
ciated with P2Y receptors in different cells and tissues, including
astrocytes, glial cells of the peripheral ganglia, Schwann cells
and secretory tissues of the cochlea [21,23,47]. In addition to its
role in the termination of P2 receptor signalling in these tissues,
NTPDase2 may allow preferential activation of specific subsets
of P2 receptors sensitive to ADP and UDP (P2Y1, P2Y6, P2Y12,
P2Y13). Development of isoform-specific antibodies and co-
localization studies with P2X and P2Y receptors will probably
elucidate the role of NTPDase2 isoforms in the regulation of P2
receptor signalling.

In conclusion, alternative splicing contributes to the diversity
of nucleotide signalling, and may influence a number of physio-
logical processes including thromboregulation, sound transduc-
tion, neural differentiation, and cross-talk between peripheral neu-
rons and glia. The formation of functional hetero-oligomers by
alternatively spliced isoforms may further diversify the regulation
of nucleotide signalling. The NTPDase2β splice variant with a
modified intracellular C-terminus clearly provides a distinctive
extracellular nucleotide hydrolysis phenotype, which underpins
P2 receptor signalling in a range of physiological systems.
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