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α-Sarcoglycan is a glycoprotein associated with the dystrophin
complex at sarcolemma of skeletal and cardiac muscles. Gene de-
fects in α-sarcoglycan lead to a severe muscular dystrophy whose
molecular mechanisms are not yet clear. A first insight into the
function of α-sarcoglycan was obtained by finding that it is an
ATP-binding protein and that it probably confers ability to hydro-
lyse ATP to the purified dystrophin complex [Betto, Senter,
Ceoldo, Tarricone, Biral and Salviati (1999) J. Biol. Chem. 274,
7907–7912]. In the present study, we present definitive evidence
showing that α-sarcoglycan is an ATP-hydrolysing enzyme.
The appearance of α-sarcoglycan protein expression was cor-
related with the increase in ecto-nucleotidase activity during dif-
ferentiation of C2C12 cells. Approx. 25 % of ecto-nucleotidase
activity displayed by the C2C12 myotubes was inhibited by
preincubating cells with an antibody specific for the ATP-binding
motif of α-sarcoglycan. This demonstrates that α-sarcoglycan
substantially contributes to total ecto-nucleotidase activity of

C2C12 myotubes. To characterize further this activity, human
embryonic kidney 293 cells were transfected with expression
plasmids containing α-sarcoglycan cDNA. Transfected cells ex-
hibited a significant increase in the ATP-hydrolysing activity that
was abolished by the anti-α-sarcoglycan antibody. The enzyme
had a substrate specificity for ATP and ADP, did not hydrolyse
other triphosphonucleosides, and the affinity for ATP was in
the low mM range. The ATPase activity strictly required the pre-
sence of both Mg2+ and Ca2+ and was completely inhibited by
suramin and reactive blue-2. These results show that α-sarco-
glycan is a Ca2+, Mg2+-ecto-ATPDase. The possible consequences
of the absence of α-sarcoglycan activity in the pathogenesis of
muscular dystrophy are discussed.

Key words: α-sarcoglycan, ecto-nucleotidase, extracellular ATP
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INTRODUCTION

α-Sarcoglycan is part of a four-component subcomplex of single-
pass transmembrane glycoproteins, the sarcoglycans [1]. Sarco-
glycans are normally associated with the dystrophin complex of
skeletal and cardiac muscles [1,2]. The functional role of the
dystrophin complex is to form a membrane cytoskeleton devoted
to the mechanical protection of muscle sarcolemma from tension
produced by contractile activity [3]. The absence of dystrophin
results in sarcolemmal instability and contraction-induced muscle
fibre damage, events responsible for the severe clinical present-
ation of patients with Duchenne muscular dystrophy [2,4]. The
contribution of sarcoglycans to dystrophin complex function is not
well understood. However, it is worth noting that gene defects in
α-sarcoglycan also lead to a severe muscular dystrophy, type 2D
LGMD (limb-girdle muscular dystrophy) [5]. Since a primary
deficiency of any of the sarcoglycans leads to the reduction
or the absence of all other sarcoglycans without causing major
alterations to the mechanical function of the dystrophin complex
[2,6], it appears unlikely that sarcoglycans could play only a
structural role [1,7]. Probably, sarcoglycans have additional func-
tional roles in muscles. A first insight for a possible functional role
of α-sarcoglycan was the identification of an ATP-binding site on
the extracellular portion of the protein [8]. This finding gave rise
to the hypothesis that α-sarcoglycan could be an enzyme involved
in the control of the extracellular ATP concentration. This idea
was reinforced by the demonstration that the ATPase activity of
isolated dystrophin complexes was partly inhibited by an antibody
specific for the extracellular portion of α-sarcoglycan [8].

Abbreviations used: DMEM, Dulbecco’s modified Eagle’s medium; E-NTPDase, ecto-nucleoside triphosphate diphosphohydrolase; FCS, foetal calf
serum; HEK-293, human embryonic kidney 293 cells; HS, horse serum; LGMD, limb girdle muscular dystrophy; NCAM, neural cell-adhesion molecule;
SCAN-1, soluble calcium-activated nucleotidase 1.
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The hydrolysis of ATP is of fundamental importance to the
signalling cascades initiated by the presence of extracellular
nucleotides. Extracellular nucleotides signal various physio-
logical responses, including platelet activation and aggregation,
immune responses, vascular tone, neurotransmission, nocicep-
tion, cardiac function, tumour growth, renal transport, smooth-
muscle contraction and apoptosis [9,10]. Nucleotides are released
from cells into the extracellular fluids as a result of cell lysis,
exocytosis or efflux from transport/channel proteins [11]. These
signalling actions of nucleotides are exerted through their bind-
ing to specific cell-surface receptors, which are distinguished into
two classes: P1 receptors, activated by adenosine and P2 recep-
tors, activated by nucleotides [12]. P2 receptors are further sub-
classified into P2X, ionotropic ligand-gated channels [13] and
P2Y, G-protein-coupled metabotropic receptors [14].

A central role in modulating extracellular nucleotide signalling
is ascribed to a family of ecto-enzymes (ecto-nucleotidases) that
sequentially degrade ATP to ADP and AMP, and eventually to ad-
enosine. Therefore the action of nucleotide-hydrolysing enzymes
is essential to terminate the signalling, to generate new signalling
molecules and to salvage purines [15,16]. Ecto-nucleotidases
include the following enzymes: E-NTPDases (ecto-nucleoside
triphosphate diphosphohydrolase), ecto-nucleotide pyrophos-
phatase/phosphodiesterases, alkaline phosphatases and ecto-5′-
nucleotidase [16,17]. So far, three E-NTPDases have been
described, all containing conserved ‘apyrase’ regions [18] but dif-
fering in catalytic activity. Three additional structurally related
NTPDases, containing the apyrase domains but with an intracel-
lular localization, have also been described [16]. Recently, a novel
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soluble nucleotidase, called SCAN-1 (soluble calcium-activated
nucleotidase 1), has been identified. This nucleotidase, however,
does not possess apyrase domains and the preferred substrates are
diphosphonucleosides [19,20]. An additional ecto-ATPase protein
that lacks the apyrase motif, but possessing an ATP-binding site,
has been identified as the neural cell-adhesion molecule (NCAM)
[21].

In the present study, we present results showing that α-sarco-
glycan is an ecto-ATPDase with distinctive enzymic properties.
α-Sarcoglycan hydrolyses exclusively ATP and ADP and its acti-
vity strictly depends on the presence of bivalent cations. Thus
α-sarcoglycan is an extracellular Ca2+, Mg2+-ATPDase, which is
significantly inhibited by suramin and reactive blue-2.

EXPERIMENTAL

Materials

AMP, ADP, ATP, UTP, GTP, DMEM (Dulbecco’s modified
Eagle’s medium), sodium orthovanadate, suramin and azide were
from Sigma. FCS (foetal calf serum), HS (horse serum), penicillin
and streptomycin were from Gibco. Reactive blue-2 and ouabain
were from Research Biochemicals International (Natick, MA,
U.S.A.). Thapsigargin and G418 sulphate were from Calbiochem.
All other chemicals were of analytical grade.

Cell culture

Mouse C2C12 cells were cultured in DMEM proliferating me-
dium supplemented with 10 % (v/v) FCS, 100 units/ml penicil-
lin, and 100 µg/ml streptomycin on tissue flasks at the density
of approx. 10 000 cells/cm2 in a humidified atmosphere of 5 %
CO2 at 37 ◦C. After 3 days in the proliferating medium, myoblasts
reached 80–90 % confluence. To induce the formation of myo-
tubes, FCS was substituted with 2 % (v/v) HS. Myotubes were
examined after 4, 6 and 8 days culture. HEK-293 cells (human
embryonic kidney 293 cells) were seeded in tissue flasks at a
density of approx. 25 000 cells/cm2 and grown to approx. 70 %
confluence in DMEM containing 10 % FCS, 100 units/ml penicil-
lin and 100 µg/ml streptomycin. The cells were maintained in a
humidified atmosphere of 5 % CO2 at 37 ◦C.

Preparation of α-sarcoglycan transformation vector

The full-length cDNA encoding human α-sarcoglycan (gift from
M.L. Kunkel, Harvard University) was cloned into the EcoRI site
of the pcDNA3 mammalian expression vector (Invitrogen), under
the control of the cytomegalovirus promoter. This construct was
slightly modified by the addition in the 3′-end of a His6 tag.
Briefly, the stop codon of α-sarcoglycan was modified by PCR
and a KpnI restriction endonuclease site was created. Within this
site, a DNA fragment encoding the His6 tag plus three stop-codons
was inserted. The recombinant plasmid was sequenced and then
used in the transfection of HEK-293 cells.

Transient and stable transfection of HEK-293 cells

HEK-293 cells were transfected by calcium phosphate-DNA
precipitation method, as described previously [22]. Approx.
400 000 HEK-293 cells were transiently transfected in 6 cm
plates with the α-sarcoglycan-HISTOP construct or with the
empty vector. To select stable clones, cells were grown in culture
for 8 h after transfection, and then washed five times with Ca2+-
and Mg2+-free PBS, and finally harvested and plated in 10 cm

plates. The cells were allowed to attach overnight after which
the antibiotic, G418, was added (1.2 mg/ml). After 15 days, the
established G418-resistant clones were subcloned and propagated
in DMEM supplemented with 0.6 mg/ml G418.

Ecto-ATPases activity of intact cells

The extracellular nucleotide-hydrolysing capacity of cells was
determined by measuring the amount of Pi released. Approx.
30 000 C2C12 cells were plated in a 24-well plate and used after
2 days of culture to measure the activity of myoblasts. Alter-
natively, cells were cultured in DMEM supplemented with 2 %
(v/v) HS for an additional 4, 6 or 8 days to produce myo-
tubes. Approx. 30 000 HEK-293 cells, either stably or transiently
transfected with the α-sarcoglycan construct or the pcDNA3
plasmid, were plated in a 24-well plate and cultured for 48 h.
Cells were washed twice with the Activity Buffer, a phosphate-
free physiological saline (140 mM NaCl/4 mM KCl/4 mM
MgCl2/2 mM CaCl2/20 mM Hepes, pH 7.4). The substrate (either
ATP, ADP, AMP, GTP or UTP) concentration was 4 mM, except
in experiments for the determination of Km values for ATP
hydrolysis, where ATP concentrations ranged from 0.1 to 8 mM.
The following potential inhibitors were tested: suramin (100 µM),
reactive blue-2 (200 µM), sodium azide (10 mM), thapsigargin
(5 µM), sodium orthovanadate (100 µM) and ouabain (100 nM).

Enzyme activity was started by adding 0.3 ml/well of the
selected nucleotide in the Activity Buffer, either in the absence or
in the presence of selected inhibitors. After 30 min of incub-
ation in a humidified atmosphere of 5 % CO2 at 37 ◦C, the
solution was removed from the cells and centrifuged at 500 g
for 5 min. Then, two 100 µl aliquots of the supernatant were
used to determine the Pi, using the Malachite Green method [23].
Cells were then lysed with 300 µl of 5 % (w/v) deoxycholic acid
with protease inhibitors (Complete; Roche, Mannheim, Germany)
and a 100 µl aliquot was used to determine the protein con-
centration by the Lowry method using BSA as standard. The
possible liberation of phosphate by activation of alkaline phos-
phatase was excluded by pilot experiments performed in the
presence of the specific inhibitor, 2 mM levamisole. Cell-mem-
brane integrity was evaluated by measuring the presence of lactate
dehydrogenase activity in the supernatant of cells subjected to the
nucleotidase assay.

Ecto-ATPases activity in the presence of α-sarcoglycan antibodies

Seven-day-old C2C12 myotubes or stably transfected HEK-293
cells grown in a 24-well plate for 2 days were washed twice with
the Activity Buffer (see above) and then incubated for 30 min at
4 ◦C in Activity Buffer either in the absence or in the presence
of a monoclonal antibody specific for the extracellular domain
(1:50) (NCL-a-SARC; Novocastra, Newcastle upon Tyne, U.K.)
or a polyclonal antibody specific for the C-terminal domain of
α-sarcoglycan (1:200) [8]. Both the antibodies were previously
dialysed in the Activity Buffer. Then, the incubation medium was
replaced with the Activity Buffer, either containing the antibodies
and 4 mM ATP or 4 mM ATP alone. The nucleotide-hydrolysing
activity was measured, as described above.

Protein deglycosylation

Proteins of HEK-293 cells, either transfected with the α-
sarcoglycan construct or with the empty vector, were solubilized
with a PBS lysis buffer containing 1 % Nonidet P40, 0.5 %
sodium deoxycholate, 0.1 % SDS, 12 µg/ml PMSF, 30 µl/ml
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aprotinin and 1 mM leupeptin. Protein concentration was
determined by the Lowry method, using BSA as standard. Proteins
were deglycosylated by using the N-glycosidase F Deglyco-
sylation kit (Roche) according to the manufacturer’s instruc-
tions. Briefly, either 50 µg of HEK-293 cell protein or 5 µg of
rabbit sarcolemma membrane protein [8] was denatured for 5 min
at 95 ◦C. Denatured proteins were incubated with N-glycosidase
F for 90 min; the reaction was stopped with SDS/PAGE solu-
bilization buffer and the proteins were subjected to SDS/PAGE
and Western-blot analysis.

Western-blot analysis

The proteins (40–50 µg/lane) were resolved by SDS/PAGE,
blotted on to a nitrocellulose membrane and examined with
the following antibodies: mouse monoclonal anti-α-sarcoglycan
(NCL-a-SARC, 1:500), anti-dystrophin (NCL-DYS2, 1:100), and
anti-β-dystroglycan (NCL-b-DG, 1:100) from Novocastra
and rabbit polyclonal anti-β-actin (AC-15, 1:4000) from Sigma.
The secondary antibody was either an alkaline phosphatase-
labelled goat anti-mouse IgG (1:10 000; Sigma) or a horseradish
peroxidase-labelled goat anti-rabbit IgG (1:20 000; Sigma). Blots
were then developed either with p-nitrophenyl phosphate (Sigma)
or with ECL® Plus (Amersham Biosciences).

Immunofluorescence

HEK-293 cells, transfected with either α-sarcoglycan construct or
the empty vector, fixed with 4 % (w/v) paraformaldehyde, were
incubated overnight at 4 ◦C with the monoclonal antibody against
α-sarcoglycan (1:500) in PBS with 0.5 % BSA. After washing
four times with PBS for 10 min, cells were incubated for 1 h at
37 ◦C with anti-mouse rhodamine-conjugated antibody (1:1000;
DakoCytomation, Glostrup, Denmark). After washing four times
with PBS for 10 min, cells were mounted in Elvanol and analysed
on a Bio-Rad MRC 1024ES confocal laser-scanning microscope
based on a Nikon Eclipse E600. Controls were performed by
omitting the primary antibody.

RESULTS

Contribution of α-sarcoglycan to ecto-nucleotidase activity of
C2C12 cells

The C2C12 cell line is a suitable model for the investigation of the
initial steps of skeletal-muscle differentiation. The proliferating
myoblast cells respond to serum deprivation by the cessation of
proliferation and fuse to form myotubes. These multinucleated
cells express a complete contractile apparatus assembled into
sarcomeres as well as expressing cytoskeletal proteins, such as
those of the dystrophin complex [24,25]. During differentiation,
the expression of α-sarcoglycan progressively rises to be
expressed fully in 8-day-old mature myotubes (Figure 1A).

C2C12 cells showed a low level of ecto-nucleotidase activity
both during the proliferative phases and at subconfluence. In
contrast, the activity progressively increased during differen-
tiation, apparently in parallel with the rise of α-sarcoglycan
expression (Figure 1B). However, since the presence of other
ecto-nucleotidases has been reported in adult skeletal-muscle cells
[26,27], other ecto-nucleotidases (in addition to α-sarcoglycan)
may contribute to total extracellular ATP-hydrolysing activity
seen in C2C12 cells. Thus to determine the contribution of
α-sarcoglycan to over all ecto-ATPase activity of C2C12 cells,
we preincubated myotubes with a commercial monoclonal

Figure 1 Western-blot analysis and total ecto-nucleotidase activity of
C2C12 cells

(A) Western-blot analysis of cell lysates obtained from proliferating (P), confluent (C) and
myotubes at different days of culture. Lysate proteins (50 µg) were separated on 10 %
SDS/polyacrylamide slab gels, blotted on nitrocellulose filters and probed with specific
antibodies, as indicated. (B) ATP-hydrolysing activity of C2C12 myoblasts (Mb) and 4- and 8-
day-old myotubes (4d-Mt and 8d-Mt respectively) was determined by measuring Pi generation
as described by Lanzetta et al. [23]. Cells were incubated for 15 min in a medium with the fol-
lowing composition: 20 mM Hepes, 140 mM NaCl, 4 mM MgCl2 and 2 mM CaCl2. The reaction
was started by adding 4 mM ATP and terminated by withdrawing a supernatant aliquot. Results are
from four experiments performed in triplicate. (C) Effect of polyclonal (+pAb) and monoclonal
(+mAb) antibodies specific for α-sarcoglycan on total ecto-ATPase activity of 7-day-old C2C12
myotubes incubated 30 min as above. Results are from three experiments performed in triplicate.
*P < 0.01; **P < 0.0001.

antibody specific for the extracellular portion of α-sarcoglycan
encompassing the putative ATP-binding site [8]. Total ecto-
nucleotidase activity was reduced by approx. 25% in C2C12
myotubes treated with the monoclonal antibody (Figure 1C),
whereas no effect was observed when cells were incubated with a
polyclonal antibody specific for the C-terminal portion of α-sarco-
glycan [8].

Expression of α-sarcoglycan in HEK-293 cells

To characterize further the ecto-ATPase activity of α-sarcoglycan,
we expressed the protein in HEK-293 cells, a cell type that does
not express α-sarcoglycan and possesses a low level of extracel-
lular ATP-hydrolysing activity. Subsequent transient transfection
experiments demonstrated that α-sarcoglycan was successfully
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Figure 2 Transient transfection of HEK-293 cells with α-sarcoglycan

(A) Western-blot analysis of rabbit skeletal-muscle sarcolemma (rabbit SL), and HEK-293 cell
lysates from α-sarcoglycan-transiently transfected cells (α-SG), empty vector (pcDNA3)
transfected cells and untransfected cells (wild-type) by using an antibody specific to α-sarco-
glycan. (B) Western-blot analysis of rabbit skeletal-muscle sarcolemma (rabbit SL), and
HEK-293 cell lysates from α-sarcoglycan-transiently transfected cells (HEK α-SG) either
untreated (left two lanes) or treated with N-glycosidase F (right two lanes). Amounts of
protein from HEK-293 cell lysates were estimated (A, B) by using an antibody against β-actin.
(C) Phase-contrast image (left panel) and immunofluorescence staining of non-permeabilized
α-sarcoglycan transiently transfected HEK-293 cells with the antibody directed against the
extracellular domain of α-sarcoglycan (right panel). (D) Extracellular ATP hydrolysis of wild-
type HEK-293 cells (wt), or cells transiently transfected with the empty vector (pcDNA3) or with
α-sarcoglycan (α-SG). Results are from three experiments performed in triplicate; **P <0.0001.

expressed in HEK-293 cells (Figure 2A). The transfected
protein has an apparent molecular mass (50 kDa) similar to that
present in a purified sarcolemma fraction from rabbit leg muscles
[8]. The molecular mass of 50 kDa is that expected for the
glycosylated form of the protein, as α-sarcoglycan possesses two
N-linked glycosylation sites [28]. The treatment with N-glyco-
sidase F caused a molecular-mass reduction from 50 to 45 kDa
of α-sarcoglycan whether present in sarcolemma membranes or
in transfected HEK-293 cells (Figure 2B). Immunofluorescence
analysis indicated that approx. 50–60% of cells were successfully
transfected and, important for its putative activity, α-sarcoglycan
was correctly expressed at the cell surfaces (Figure 2C).
Most importantly, HEK-293 cells transiently transfected with
α-sarcoglycan showed a 2–3-fold rise of ecto-nucleotidase acti-
vity with respect to both wild-type and empty vector-transfected
cells (Figure 2D).

Figure 3 Ecto-nucleotidase activity of HEK-293 cells stably transfected with
α-sarcoglycan

(A) ATP-hydrolysing activity, measured as indicated in the Experimental section, was performed
in HEK-293 cells transfected with the empty vector (pcDNA3) or with α-sarcoglycan (α-SG).
Results are from four experiments performed in triplicate; **P < 0.000005. (B) Phase-contrast
image (a) and immunofluorescence staining of non-permeabilized α-sarcoglycan-expressing
cells with the antibody directed against the extracellular domain of the protein (b).

Next, we produced HEK-293 clones stably expressing α-sarco-
glycan. The time course of ATP hydrolysis of stably transfected
cells was linear for more than 30 min (results not shown). The
activity of the clones was 4–5-fold higher than that of control
cells (Figure 3A), i.e. about double that of transiently trans-
fected cells. The immunofluorescence analysis of α-sarcoglycan
HEK-293 clones confirmed the membrane localization of the
protein and that all cells expressed the protein (Figure 3B).

An antibody against α-sarcoglycan inhibits the ATPase activity

To demonstrate further that the de novo ecto-ATPase activity of
transfected HEK-293 cells could be ascribed to α-sarcoglycan
expression, we tested the effects of antibodies specific for the
protein (Figure 4). Accordingly, the stable transfected cells were
preincubated for 30 min at 4 ◦C in the presence of either the mono-
clonal antibody specific for the extracellular portion of α-sarco-
glycan, encompassing the putative ATP-binding site or the
polyclonal antibody specific for the C-terminal portion of the pro-
tein [8]. The monoclonal antibody against α-sarcoglycan
completely inhibited the ATP-hydrolysing activity of HEK-293
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Figure 4 Effects of antibodies against α-sarcoglycan on the ecto-
nucleotidase activity of HEK-293 cells stably expressing the protein

ATP-hydrolysing activity of cells incubated in the absence or in the presence of a monoclonal
antibody against the extracellular domain of α-sarcoglycan encompassing the ATP-binding site
(+mAb) or a polyclonal antibody specific for the C-terminal domain of the protein (+pAb).
HEK-293 cells were preincubated for 30 min at 4 ◦C with or without antibodies. Results are
from four experiments performed in triplicate; **P < 0.000005.

cells expressing the protein, whereas the polyclonal antibody was
ineffective in blocking the activity (Figure 4).

Ca2+ and Mg2+ dependence

Typically, E-NTPDase activities are dependent on bivalent
cations, either Ca2+ or Mg2+ [15,16]. The activity of the newly
discovered soluble extracellular nucleotidase SCAN-1 is instead
solely dependent on Ca2+ [19,20]. On the other hand, the
ATP-hydrolysing activity of α-sarcoglycan-transfected HEK-293
clones required the presence of both Ca2+ and Mg2+ (Fig-
ure 5A). Figure 5(B) shows the concentration dependence of the
enzyme for these two cations. In the presence of 4 mM ATP and
4 mM Mg2+, the hydrolysis became measurable at 1 mM Ca2+,
was maximally stimulated at 2 mM Ca2+ and progressively in-
hibited at higher Ca2+ concentrations (Figure 5B). In contrast,
in the presence of 4 mM ATP and 2 mM Ca2+, a very low level of
activity was measured when Mg2+ was in the range 1–3 mM. At
4 mM Mg2+, a concentration equimolar to that of ATP, the protein
was fully active, whereas at higher Mg2+ concentrations, the
activity was progressively inhibited (Figure 5B). In addition, we
tested whether other bivalent cations were capable of stimulating
the activity in the presence of Mg2+-ATP. The tested bivalent
cations activated the Mg2+-ATP hydrolysis of α-sarcoglycan in
the following order: Sr2+ � Ca2+ � Co2+, whereas Mn2+ and Ba2+

were ineffective (results not shown).

Kinetic properties

The relationship between the substrate concentration and the
enzymic activity was evaluated using ATP concentrations ranging
between 0.1 and 8 mM, with calcium and magnesium fixed at
2 and 4 mM respectively (Figure 6). The ecto-ATPase activity
of α-sarcoglycan-expressing HEK-293 cells exhibits Michaelis–
Menten kinetics [Km = 3.71 +− 0.95 mM and Vmax = 0.16 +−
0.03 µmol · mg−1 · (30 min)−1, n = 3] that denotes a moderate
affinity of the enzyme for the ATP. In Figure 6, it is also possible to
note that data points are fairly scattered, a result that could be due
to the expected difficulty in measuring kinetic properties of an
enzyme in the cell membrane of living cells.

Substrate specificity

Ecto-nucleotidases normally display a low substrate specificity
since they are capable of hydrolysing numerous nucleoside 5′-tri-

Figure 5 Dependence of ecto-nucleotidase activity of α-sarcoglycan-
expressing HEK-293 cells on the bivalent cation concentrations

(A) ATP-hydrolysing activity was measured in stably transfected cells in the presence of 4 mM
Mg2+ or 2 mM Ca2+ or both (4 mM Mg2+ and 2 mM Ca2+). (B) ATP-hydrolysing activity of
α-sarcoglycan stably transfected HEK-293 cells was measured either in the presence of 4 mM
Mg2+ and the indicated concentrations of Ca2+ (�) or in the presence of 2 mM Ca2+ and the
indicated concentrations of Mg2+ (�). The plot shows the values after the subtraction of
the empty vector-transfected activity. Results are from four experiments performed in triplicate.
**P < 0.000005.

phosphates and nucleoside 5′-diphosphates [16]. On the other
hand, HEK-293 cells expressing α-sarcoglycan hydrolysed ATP
and ADP only (an apyrase-like activity), but not AMP, UTP and
GTP (Figure 7A). When the catalytic activity of wild-type cells
was subtracted from the total activity of transfected cells, it
became evident that the transfected protein was capable of hydro-
lysing ATP with respect to ADP with a 3-fold higher rate (Fig-
ure 7B). It is worth noting that the ecto-nucleotidase activity of
mock-transfected HEK-293 cells displayed preference for UTP
and GTP (Figure 7A).

Effects of enzyme inhibitors

Next, we tested the effects of substances previously described
as inhibitors of either ecto- or endo-ATPases on the activity of
α-sarcoglycan-expressing cells (Figure 7C). Suramin (100 µM),
reported as an antagonist of P2X receptors as well as ecto-
ATPases [29–31], caused 94% inhibition of the specific α-sarco-
glycan activity. Reactive blue (200 µM), a potent inhibitor of
ecto-ATPases [29,31], was the most efficacious, causing the
almost complete abrogation of the specific α-sarcoglycan activity.
Azide (10 mM), an additional antagonist of ecto-ATPases [31,32],
caused 49% reduction of α-sarcoglycan activity. Orthovanadate
and thapsigargin, inhibitors of ion-pumping P-ATPases [15,33],
decreased the activity by approx. 52 and 47% respectively.
Ouabain, which at 100 nM concentration is a potent blocker of

c© 2004 Biochemical Society



110 D. Sandonà and others

Figure 6 Kinetic properties of ecto-nucleotidase activity of HEK-293 cells
stably transfected with α-sarcoglycan

(A) The enzymic activity, as a function of ATP concentration, was measured in mock-transfected
cells (�) and in stably expressing α-sarcoglycan cells (�), as described in Figure 1.
Concentrations of Ca2+ and Mg2+ were 2 and 4 mM respectively. Results shown in the plot are
the means +− S.E.M. for three sets of experiments performed in triplicate on different cell clones.
(B) The same enzymic activity of α-sarcoglycan expressing cells was plotted after subtracting the
activity of the empty vector-transfected cells. Michaelis–Menten kinetics was calculated from
the results of individual experiments. Inset: Lineweaver–Burk transformation of the data.

human Na+, K+-ATPase [34], had minimal effects on the activity
of α-sarcoglycan-expressing HEK-293 cells.

DISCUSSION

Our previous work suggested that α-sarcoglycan was an ATP-
binding protein and could account for the ATPase activity of
the isolated dystrophin complex of skeletal muscles [8]. In the
present study, we studied the catalytic activity of α-sarcoglycan,
demonstrating for the first time that it is a Ca2+, Mg2+-depen-
dent ecto-ATPDase. We first measured the contribution of
α-sarcoglycan to the extracellular ATP-hydrolysing activity of dif-
ferentiated C2C12 myotubes. Then, we showed that α-sarco-
glycan conferred a novel extracellular enzymic activity to
transfected HEK-293 cells, which was completely abolished by
an antibody specific for the extracellular portion of α-sarcoglycan
encompassing the ATP-binding site.

α-Sarcoglycan is a transmembrane glycoprotein crucial for the
function/survival of skeletal-muscle fibres, as gene defects are
responsible for the severe type 2D form of LGMD [5]. α-Sarco-
glycan is one of the four sarcoglycans associated with the major
dystrophin membrane complex [1,7]. The dystrophin complex is a
cytoskeletal structure regularly distributed over the entire muscle

Figure 7 Substrate specificity of and effects of selected inhibitors on ecto-
nucleotidase activity of HEK-293 cells stably transfected with α-sarcoglycan

(A) The enzymic activity was measured in mock-transfected HEK-293 cells (empty bars) and
in stably expressing α-sarcoglycan cells (grey bars), as described in the legend to Fig-
ure 1. Substrates were added at a concentration of 4 mM in the presence of 4 mM Mg2+ and
2 mM Ca2+. (B) Specific activity of α-sarcoglycan stably transfected HEK-293 cells obtained
by subtracting the activity of mock-transfected cells from the total activity, both reported in (A).
Results are from four experiments performed in triplicate. (C) The ATP-hydrolysing activity was
measured in the presence of ATP alone or ATP with either 100 µM suramin, 200 µM reactive
blue-2 (RB-2), 10 mM azide, 100 nM ouabain, 100 µM orthovanadate or 5 µM thapsigargin.
Results are mean values for at least three independent measurements. Values are indicated as
percentage activity.

fibre surface that provides mechanical protection to sarcolemma
from intense/lateral tensions produced by contractile activity
[2,3]. In addition to serving a purely structural role, the dystrophin
complex also serves as a scaffold to locate specific proteins
at the cell surface [1,2,35]. Thus it is not yet clear whether
the sarcoglycans directly participate in the mechanical/structural
function of the dystrophin complex or if they are associated with
the complex to locate the ecto-ATPase activity of α-sarcoglycan
at the cell surface.

During differentiation, the ecto-ATPase activity of C2C12
skeletal-muscle cells progressively increased. We showed that
α-sarcoglycan substantially contributed to this activity, as an anti-
body against the protein reduced the activity by approx. 25%.
These results suggest that ATP and, in particular, the regulation
of its concentration, could be of great relevance during muscle
differentiation. On the other hand, the importance of ATP signal-
ling during this process is also suggested by the variable sensitivity
to nucleotides of C2C12 and embryonic muscle cells [36–39].

The expression of α-sarcoglycan in HEK-293 cells allowed
the analysis of its nucleotide-hydrolysing activity. HEK-293 cells
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transfected with α-sarcoglycan presented a de novo apyrase-like
activity, as demonstrated by the fact that both ATP and ADP were
good substrates. At variance with other ecto-enzymes, which have
a wide range of substrate specificity, α-sarcoglycan does not
hydrolyse other triphosphonucleosides, but only ATP. On the
other hand, the preference for specific tri-diphosphonucleosides
is known for other nucleotidases. For example, NTPDase 4 is re-
ported to hydrolyse preferentially UTP and UDP, whereas
SCAN-1, NTPDases 5 and 6 hydrolyse diphosphonucleosides
[16,19,40]. Similar to other ecto-nucleotidases, α-sarcoglycan
ecto-ATPase activity is completely inhibited by reactive blue-2
and suramin [29–31].

Our results also show that α-sarcoglycan activity possesses an
additional distinctive property compared with other NTPDases.
Whereas the activity of known ecto-nucleotidases is dependent
on either Ca2+ or Mg2+ [15], the activity of α-sarcoglycan re-
quires both bivalent cations. However, other nucleotidases have
a peculiar bivalent cation dependence. For example, SCAN-1,
the soluble nucleotidase, can only utilize Ca2+, but not Mg2+

[19,20]. The need for Ca2+ of α-sarcoglycan activity is also
supported by the presence of a putative Ca2+-binding site in
the extracellular portion of the protein. Sequence analysis of
α-sarcoglycan identified the presence of a cadherin-like domain,
between amino acids 28 and 133, which conserves the amino acid
residues of the Ca2+-binding pocket [41].

Taken together, these results indicate α-sarcoglycan as a
new component of the family of ecto-nucleotidases, possessing
peculiar features of substrate specificity and ion dependence. The
distinctive enzymic properties of α-sarcoglycan could be ascribed
to the different molecular structure compared with that of cloned
ecto-nucleotidases until now. α-Sarcoglycan is a single pass
type 1 transmembrane protein and does not possess the conserved
apyrase regions that probably are of major relevance for the
enzymic activity of NTPDases [18]. The absence of apyrase motifs
is, however, found also in other non-conventional ecto-ATPases,
such as NCAM [21] and SCAN-1 [19]. On the other hand, similar
to NCAM, α-sarcoglycan possesses in the extracellular domain a
consensus site for the binding of ATP [8].

α-Sarcoglycan activity shows a low affinity for ATP, in the low-
mM range. Diversely, other E-NTPDases display Km values for
ATP in the micromolar range [15,16]. The only nucleotidase with
high Km values for ADP (approx. 5 mM) is SCAN-1, the soluble
nucleotidase discovered recently [20]. Thus, similar to SCAN-1, it
is conceivable that α-sarcoglycan could be active only in the pre-
sence of high concentrations of the nucleotide [20]. High levels of
extracellular ATP can occur when cells are disrupted and lose their
cytoplasm. In this respect, α-sarcoglycan activity could represent
a protection for muscle fibres after the traumatic injury of the
tissue, after unaccustomed intense exercise [42] or during the de-
generative processes of muscular dystrophy [2,7]. An alter-
native explanation for the low affinity for the substrate of
α-sarcoglycan may derive from the molecular organization
of sarcoglycans. α-Sarcoglycan in skeletal-muscle sarcolemma
is part of a hetero-tetrameric complex that comprises β-, γ - and
δ-sarcoglycans, and several biochemical results indicate that the
complex behaves as a single unit [25,43,44]. Since HEK-293 cells
expressing the sole α-sarcoglycan were characterized by a low
affinity for ATP, we speculate that for α-sarcoglycan to express its
optimal catalytic activity, it may require the presence of the other
sarcoglycans. On the basis of this hypothesis, α-sarcoglycan may
represent the catalytic subunit of the ATP-hydrolysing activity
of the complex and the other regulatory elements. Consistent
with this hypothesis, treatments that favour the oligomerization
of E-NTPDases results in the stimulation of their activity
[45,46].

A convincing evidence for the important role of α-sarcoglycan
ecto-ATPase activity is the fact that 30 out of 31 of the muta-
tions that produce the type 2D LGMD phenotype map to the extra-
cellular domain of the protein. In particular, several of them affect
residues crucial for the activity of α-sarcoglycan. Among these,
it appears particularly relevant that the P228Q (Pro228 → Gln)
substitution maps to the ATP-binding site of α-sarcoglycan and
that other residue substitutions (R34C/H, D97G and R98C/H) map
to the putative Ca2+-binding site of the protein [41]. Therefore
mutations of the α-sarcoglycan gene causing the loss of its
enzymic function could represent a key to explain the pathogenetic
mechanisms leading to the severe dystrophy.

In conclusion, our results imply α-sarcoglycan as a novel com-
ponent of the ecto-nucleotidase family that could exert an import-
ant protective function of muscle fibres and/or in the control of
extracellular ATP signalling. This finding also advances a novel
possible explanation for the pathogenetic mechanisms of several
severe muscular dystrophies.
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