
Trafficking and Intracellular ATPase Activity of Human Ecto-nucleotidase
NTPDase3 and the Effect of ER-Targeted NTPDase3 on Protein Folding†

Vasily V. Ivanenkov,‡ Jean Sévigny,§ and Terence L. Kirley*,‡

Department of Pharmacology and Cell Biophysics, College of Medicine, UniVersity of Cincinnati, P.O. Box 670575, Cincinnati,
Ohio 45267-0575, and Centre de Recherche en Rhumatologie et Immunologie, Centre Hospitalier UniVersitaire de Québec,
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ABSTRACT: Ecto-nucleoside triphosphate diphosphohydrolases, NTPDase1 (CD39) and NTPDase3, are
integral plasma membrane proteins that hydrolyze extracellular nucleotides, thereby modulating the function
of purinergic receptors. During processing in the secretory pathway, the active sites of ecto-nucleotidases
are located in the lumen of vesicular compartments, thus raising the question whether the ecto-nucleotidases
affect the ATP-dependent processes in these compartments, including protein folding in the endoplasmic
reticulum (ER). It has been reported (J. Biol. Chem. (2001) 276, 41518-41525) that CD39 is not active
until it reaches the plasma membrane, suggesting that terminal glycosylation in Golgi is critical for its
activity. To investigate the subcellular location and the mechanism of ecto-nucleotidase activation, we
expressed human NTPDase3 in COS-1 cells and blocked the secretory transport with monensin or brefeldin
A, or by targeting to ER with a signal peptide. Cell surface biotinylation, sensitivity to glycosidases, and
fluorescence microscopy analyses suggest that, in contrast to the previous report on CD39, NTPDase3
becomes catalytically active in the ER or in the ER-Golgi intermediate compartment, and that terminal
glycosylation in Golgi is not essential for activity. Moreover, ER-targeted NTPDase3, but not wild-type
NTPDase3 or ER-targeted inactive G221A mutant, significantly diminished the folding efficiency and
the transport to the plasma membrane of coexpressed CD39 used as a reporter protein. These data suggest
that ER-targeted NTPDase3 significantly depletes ATP in ER, whereas wild-type NTPDase3 is likely to
acquire ATPase activity in a post-ER, but pre-Golgi, compartment, thus avoiding unproductive ATP
hydrolysis and interference with protein folding in the ER. ER-targeted NTPDase3 may be a useful
experimental tool to study the effects of ER ATP depletion on ER function under normal and stress
conditions.

The NTPDases are a family of enzymes that hydrolyze
nucleoside triphosphates and diphosphates (1–3). All these
enzymes are similarly synthesized as integral membrane
proteins with their active sites located in the lumen of
the ER,1 but differ in their trafficking, being routed to either
the ER and Golgi (NTPDases4-7), or to the plasma
membrane (NTPDases1-3 and 8). The N-terminal signal
sequences of NTPDase5 and 6 can be cleaved, resulting in
their release as soluble forms to the outside of the cell. The
plasma membrane-localized NTPDases1-3 and 8 are ecto-
nucleotidases with similar amino acid sequences and the

same membrane topology of two membrane-spanning do-
mains with the catalytic site facing the extracellular milieu.
These NTPDases control the concentration of extracellular
nucleoside tri- and diphosphates and, thus, modulate signal-
ing via purinergic receptors, which is involved in many
physiological processes such as blood clotting, pain percep-
tion, and smooth muscle contraction (1, 3).

During the folding, trafficking and processing along the
secretory pathway, the catalytic sites of NTPDases face the
lumen of vesicular compartments where ATP-dependent
reactions take place. ATP is transported into ER and Golgi
from the cytosol by specific transporters and anion channels
(4, 5) where it is used as an energy source, a substrate, and
a cofactor in a variety of processes, including chaperone-
assisted protein folding in the ER (6–9) and protein phos-
phorylation in Golgi (5, 10, 11). NTPDases4-7 reside in
ER or Golgi, but hydrolyze nucleoside diphosphates and not
nucleoside triphosphates, and therefore do not contribute to
unproductive hydrolysis of ATP. It is not clear, however,
whether the plasma membrane NTPDases1-3 and 8 that only
transiently pass through the ER and Golgi are also prevented
by some mechanism from hydrolyzing ATP in these
compartments.
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We initiated this study, in part, based on a previous report
(12), suggesting that CD39 (also known as NTPDase1) is
not active intracellularly and requires terminal glycosylation
in the medial- or trans-Golgi compartments for enzyme
activity. It was also suggested by Zhong et al. (12) that the
inactive state of CD39 prior to its arrival to the plasma
membrane prevents unproductive hydrolysis of ATP in the
secretory pathway and averts potential inhibition of ATP-
dependent luminal reactions including protein folding in the
ER and phosphorylation in Golgi. We were interested in
elucidating the mechanism and subcellular location of
NTPDase activation, since this knowledge could potentially
provide a novel approach for experimental and therapeutic
modulation of NTPDase activity.

Surprisingly, our findings suggest that, in contrast to the
reported data for CD39 (12), NTPDase3 acquires nucleoti-
dase activity as soon as it is natively folded in the ER or in
the ER-Golgi intermediate compartment (ERGIC), and
terminal glycosylation in Golgi is not a precondition for the
catalytic activity for either NTPDase3, or CD39. In addition,
ER-targeted NTPDase3 significantly decreased the efficiency
of protein folding, most likely by depleting ATP in ER. These
data suggest that a mechanism of spatial separation of highly
active nucleotidases from the ATP pool in the ER is likely
to function in the secretory pathway to avoid futile hydrolysis
of ATP.

MATERIALS AND METHODS

DNA Constructs. The cDNA clone encoding wild-type
human NTPDase3 ligated into the pcDNA3 mammalian
expression vector was described previously (13). The CD39
(NTPDase1) clone was obtained from the same human brain
GibcoBRL SuperScript cDNA library using the GibcoBRL
cDNA Positive Selection System (14). This clone is identical
to the published human CD39 DNA sequence (ref 15,
GenBank S73813) in the coding region, except for a G to C
silent mutation at position 301. The ER-targeted NTPDase3
construct was made by insertion mutagenesis using the
QuikChange II site-directed mutagenesis kit (Stratagene). The
sense mutagenesis oligonucleotide encoded the hemagglu-
tinin (HA) epitope (YPYDVPDYA), a spacer (GGGGS), and
a C-terminal ER-retention signal (KKLETFKKTN) of a
wheat germ agglutinin binding protein 1 (WBP1) (16) (see
Figure 2A) followed by a stop (TGA) codon. On both flanks
of the mutagenesis oligonucleotide, 13-14 bases of the wild-
type NTPDase3 cDNA sequence were added to specify the
insertion site. Thus, the following sense oligonucleotide
was used: 5′-CAGCAACCAGAAggtaccCCTACGACGT-
G C C C G A C T A C G C C G G C G G C G G C G G C A G -
C A A G A A G c t c g a g A C C T T C A A G A A G A C -
CAACTGAAAAGAGGCACTCCG-3′, with the region
encoding the HA epitope, the spacer, and the ER retention
signal underlined. The KpnI and XhoI sites (lower case) were
designed within the oligonucleotide to facilitate screening
of clones for correct insertion. Wild-type human NTPDase3
DNA was used as a template to produce ER-targeted
NTPDase3. In addition, DNA of a catalytically inactive
G221A mutant of NTPDase3 (17) was used to generate the
inactive ER-targeted G221A construct employed as a control.
The DNA Core Facility at the University of Cincinnati

produced the synthetic oligonucleotides and sequenced all
the cDNA constructs to verify the presence of the desired
mutations.

Expression of Recombinant Proteins, Treatment with
Monensin and Brefeldin A, and Preparation of COS Cell
Membranes. COS-1 cells were transfected with 4 µg of
plasmid DNA per 100 mm plate using Lipofectamine and
Plus reagents (Invitrogen). Cotransfection experiments were
performed with 3 µg of each of two plasmids. Transfection
with an empty pcDNA3 vector was used as a control.
Approximately 48 h post-transfection, the COS-1 cells were
harvested by scraping in buffer A (30 mM MOPS-NaOH,
pH 7.4, 2 mM EDTA, 250 mM sucrose), homogenized, and
the crude cell membrane preparations were obtained by
centrifugation as described (13). In some experiments, 2 mM
NEM was added to buffer A in order to prevent the spurious
dimerization of NTPDase3 via intermolecular disulfides
formed by Cys10, which occur to varying degrees during
COS cell membrane preparation under nonreducing condi-
tions (18). The presence of 2 mM NEM does not affect the
activity of NTPDase3. Monensin (Sigma) and brefeldin A
(Sigma) were stored as 10 mM and 10 mg/mL solutions,
respectively, in ethanol. Unless stated otherwise, monensin
or brefeldin A was added to the cell culture medium to a
final concentration of 10 µM or 10 µg/mL, respectively, at
3 h post-transfection and incubated with cells for 24 h,
followed by preparation of cell membranes.

Biotinylation of Cell-Surface Proteins. Cell-surface pro-
teins were labeled with EZ-Link Sulfo-NHS-LC-Biotin
(Pierce) that reacts with primary amino groups, and is
impermeable to the plasma membrane. 100 mm plates
containing transfected COS-1 cells were placed on ice,
washed twice with ice-cold PBS, and then incubated with
the biotinylation reagent (0.5 mg/mL in PBS, pH 7.5) for
1 h at 4 °C. The cells were washed with ice-cold PBS and
incubated with a quenching buffer (50 mM glycine in PBS)
for 10 min at 4 °C. Cells were harvested in buffer A
containing 50 mM glycine and processed for cell membrane
preparation (13). The cell membranes (70 µg) were solubi-
lized with 1% Triton X-100 containing 1 mM EDTA and
1% of Protease Inhibitor Cocktail Set III (Calbiochem) for
20 min at 21 °C, and then centrifuged in an Airfuge for 20
min at 100000g. The supernatant was diluted with TBS
buffer (150 mM NaCl, 20 mM Tris-HCl, pH 7.3) containing
1% Triton X-100, and incubated with 15 µL of ImmunoPure
Immobilized Streptavidin agarose beads (Pierce) for 20 h
with end-over-end rotation at 4 °C. Beads were then washed
three times with TBS containing 1% Triton X-100, and
biotinylated proteins were eluted by resuspending the beads
in SDS loading buffer containing 200 mM DTT and boiling
for 5 min. Beads were removed by centrifugation, and the
supernatant was analyzed by Western blotting.

Protein Assay. Protein concentrations were determined
using the Bio-Rad protein assay reagent with the modifica-
tions of Stoscheck (19), using bovine serum albumin as the
standard.

Deglycosylation. Deglycosylation was performed using
Endoglycosidase H (Endo H) or Neuraminidase (New
England Biolabs). NTPDases in crude membrane prepara-
tions (1 mg/mL) were solubilized with 1% Triton X-100
containing 1 mM EDTA and 1% of Protease Inhibitor
Cocktail Set III (Calbiochem) for 15 min at 21 °C, and then
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centrifuged in an Airfuge for 20 min at 100000g. The
supernatant was combined with the appropriate buffer (New
England Biolabs) and subjected to deglycosylation according
to the manufacturer’s instructions by incubation at 37 °C
for 1 or 3 h. The same deglycosylation patterns in these
samples indicated the completeness of the reaction after 1 h.
The controls were incubated under the same conditions, but
without glycosidases. The samples were then combined with
SDS loading buffer containing 200 mM DTT and analyzed
by Western blotting.

SDS-PAGE and Western Blotting. Precast 10 or 15 well
4-15%gradientminigels(Bio-Rad)wereusedforSDS-PAGE.
In most experiments, proteins were run in the gels for
approximately twice the time needed for the Bromphenol
Blue dye to reach the bottom of the gels, in order to improve
the resolution in the molecular weight range of the NTPDase
proteins. After electrophoresis, the proteins were elec-
trotransferred to Immun-Blot PVDF membrane (Bio-Rad)
and processed as described (20). NTPDase3 was detected
with KLH11 rabbit polyclonal antiserum generated against
an internal peptide (amino acid residues 311-327) of human
NTPDase3 (21). CD39 was detected with KLH3 rabbit
polyclonal antiserum raised against the C-terminal sequence
of human CD39 (FHKPSYFWKDMV) (14). Following an
application of a secondary Stabilized Goat Anti-Rabbit HRP-
Conjugated antibody, immunoreactivity was detected by
chemiluminescence using SuperSignal West Dura Extended
Duration Substrate (Pierce), and was recorded using Fluo-
rChem IS-8800 system (Alpha Innotech), or Blue Autorad
Film (BioExpress). For quantitative estimation of NTPDase
proteins in the treated samples as related to control samples,
the chemiluminescence intensity of the protein bands was
determined using AlphaEaseFC software (Alpha Innotech).
The serial dilutions of the control and treated samples were
also analyzed on the same immunoblot to generate a standard
curve, which was used to estimate protein amounts by
chemiluminescence intensities.

ATPase Assay. ATPase activity was determined by mea-
suring the amount of inorganic phosphate (Pi) released from
0.3 mM ATP in the presence of 5 mM Ca2+ at 37 °C using
a malachite green procedure (22). In all experiments, the
values were corrected for the background activity of COS-1
cells transfected with an empty pcDNA3 vector. In some
experiments, ATPase activity of NTPDases located on the
cell surface was assayed using live cells as follows. COS-1
cells were grown and transfected in 40 mm plates. For
ATPase assay, plates were washed twice with an isotonic
buffer (140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 20 mM
MOPS-NaOH, pH 7.4), 0.8 mL of the buffer was added to
each plate, and the plates were placed on a rocking platform
at 21 °C. Reaction was initiated by adding 0.2 mL of 12.5
mM ATP in isotonic buffer containing 15 mM CaCl2 to
achieve a 2.5 mM final ATP concentration. Inorganic
phosphate was assayed in 20 µL aliquots taken from the
plates in 2 min intervals.

Ion Exchange Chromatography. Ecto-nucleotidases ex-
pressed in COS-1 cells were solubilized by incubation of
approximately 1 mg of crude membrane preparation in 1.5
mL of 50 mM Bis-Tris buffer, pH 6.5, containing 2%
Protease Inhibitor Cocktail Set III (Calbiochem) and 1%
Triton X-100 for 15 min at 21 °C. In some experiments, 2
mM NEM was added to the solubilization buffer in order to

prevent the potential disulfide-mediated dimerization of the
protein via Cys10 located in the cytoplasmic N-terminus,
and Cys501 and Cys509 located in the C-terminal trans-
membrane domain (18). The presence of 2 mM NEM does
not affect the activity of NTPDase3, either in the absence
or presence of Triton X-100. The sample was centrifuged
for 1 h at 100000g, and the supernatant was applied onto a
1 mL Bio-Rad High Q anion exchange cartridge (with a
trimethyl quaternary amine functional group, -N+(CH3)3)
equilibrated with buffer B (50 mM Bis-Tris, 0.1% Triton
X-100, pH 6.5). Fractions (0.6 mL/min) were collected
beginning with washing the cartridge with 3 mL of buffer
B, followed by elution with 20 mL of a 0-200 mM NaCl
gradient in buffer B, and finally washing with 500 mM NaCl
in buffer B. The fractions were assayed for ATPase activity
using the malachite green procedure (22), and analyzed for
the relative amount of the ecto-nucleotidase protein by
Western blotting.

Immunofluorescence Microscopy. COS-1 cells grown on
Laboratory-Tek II chamber glass slides (Nunc) and trans-
fected with the appropriate plasmid cDNA were washed with
PBS and fixed with 4% formaldehyde (Ted Pella) in PBS
for 20 min at room temperature. Cells were then washed
twice with PBS and blocked with buffer C (5% fetal bovine
serum, and 0.2% saponin in PBS) overnight at 4 °C. For
immunostaining, cells were incubated with 5 µg/mL mono-
clonal antibody (IgG produced by hybridoma clone hN3-
H10s, specific for human NTPDase3, generated in the
laboratory of J.S., manuscript in preparation) in buffer C for
2 h at room temperature, washed twice with buffer C, and
incubated with FITC-conjugated goat antimouse IgG (Jack-
son ImmunoResearch Laboratories) in buffer C (5 µg/mL)
for 1 h at room temperature. The cells were washed with
buffer C, rinsed three times with PBS, and mounted in
ProLong Gold antifade (Molecular Probes). Samples were
viewed and photographed using a Nikon Microphot FXA
microscope coupled with a SpotII CCD camera.

RESULTS

Glycosylation and Cellular Localization of NTPDase3.
NTPDase3 has 7 potential N-glycosylation sites (13). To
characterize the localization of the enzyme in the secretory
pathway, we analyzed carbohydrate chain modifications that
are specific for successive steps of protein trafficking from
the site of polypeptide synthesis in the ER to the site of
physiological function on the plasma membrane (Figure 1A).
The electrophoretic pattern of the wild-type human NTP-
Dase3 expressed in COS-1 cells is represented by two bands:
a major broad band of approximately 75 kDa and a faint
sharp band of approximately 50 kDa (Figure 1B, lane 1).
Deglycosylation with peptide N-glycosidase (PNGase) con-
verts the upper band to the size of the lower band indicating
that the lower band represents the nonglycosylated protein
core, and the upper band is a fully glycosylated enzyme (see
ref 21). Endo H recognizes and hydrolyzes high-mannose
and hybrid, but not complex, N-linked oligosaccharides (23).
Most proteins remain sensitive to Endo H while they are in
ER and in cis- to medial-Golgi, and become Endo H-resistant
after they are processed in the medial-Golgi complex (24).
However, some high-mannose glycans may be masked from
terminal glycosylation in Golgi and be present in mature
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FIGURE 1: Monensin blocks the transport of NTPDase3 to the plasma membrane and causes the intracellular accumulation of catalytically
active NTPDase3. Panel A: Schematic explanation of methods used to analyze localization of NTPDase3 molecules. Endo H specifically
recognizes and removes the high-mannose N-glycans that are characteristic of immature proteins resident in the ER. Decrease of the molecular
mass of the Endo H-treated protein to that of the nonglycosylated core protein indicates ER localization, while a smaller shift in electrophoretic
mobility suggests maturation in Golgi. The mature plasma membrane-localized NTPDase3 and CD39 possess at least one high-mannose or
hybrid N-glycan, and therefore, show a slight reduction in the apparent molecular mass after treatment with Endo H. Neuraminidase removes
sialic acid residues added to N-glycans in the trans-Golgi. Accordingly, the increase in the electrophoretic mobility of neuraminidase-
treated protein indicates its processing in trans-Golgi. Biotinylation of intact cells identifies the proteins on the cell surface. Panel B:
Glycosylation and localization analysis of NTPDase3 expressed in COS cells. NTPDase3 was solubilized with Triton X-100 (100000g
supernatant) and subjected to treatment with Endo H (lane 3), or neuraminidase (lane 5). Lanes 1, 2, and 4 are control samples not treated
with glycosidases. TOTAL, total sample obtained by dissolving COS membranes directly in SDS loading buffer; TX100 EX, Triton X-100
soluble extract (100000g supernatant). The advantage of using Triton X-100 extracts is that they do not contain the nonglycosylated core
protein, simplifying the interpretation of electrophoretic patterns after Endo H treatment, which reduces the apparent molecular mass of
some bands to that of the core protein. In biotinylation experiments (lanes 6 and 7), intact cells were incubated with the biotinylation
reagent, followed by preparation of crude membrane samples. Lane 6 shows NTPDase3 solubilized with Triton X-100 and recovered in
100000g supernatant. The supernatant was then incubated with streptavidin beads, and the protein bound and then eluted from beads is
shown in lane 7. Panel C: Effect of detergents on ATPase activity of NTPDase3 in crude membrane preparations of COS cells treated with
monensin (MON) and nontreated controls (CON). ATPase activity was assayed either in the absence of detergents, or in the presence of
0.1% Triton X-100 or 0.02% digitonin. The graph shows the relative activity of NTPDase3 in samples containing the same amount of
immunoreactive NTPDase3 protein, as evaluated by Western blotting. The absolute specific activity of the control sample in the absence
of detergent is 300 µmol of released inorganic phosphate (Pi) per h and per mg of crude membrane protein. Due to the 3.5-fold lower
expression level of NTPDase3 in monensin-treated samples, specific activity of these samples per mg of crude membrane protein is 3.5
times lower than activity shown in the graph. Values represent means ( SD of three transfections. Panel D: Glycosylation and intracellular
localization analysis of NTPDase3 in COS cells treated with monensin. NTPDase3 was solubilized with Triton X-100 (100000g supernatant)
and subjected to treatment with Endo H (lane 4), or neuraminidase (lane 6). Lanes 2, 3, and 5 are control samples not treated with glycosidases.
Following biotinylation of intact cells, NTPDase3 was solubilized with Triton X-100 (lane 7) and incubated with streptavidin beads. Lane
8 shows that no detectable amount of biotinylated NTPDase3 was bound to, and subsequently eluted from, the beads. For comparison,
NTPDase3 from control cells (not treated with monensin) is shown in lane 1. Panel E: Ion exchange chromatography of NTPDase3 from
transfected monensin-treated (NTPDase3-MONENSIN) or nontreated (NTPDase3-CONTROL) cells, as well as the background of cells
transfected with an empty expression vector (pcDNA3). NTPDase3 in 0.8-0.9 mg of crude membrane samples was solubilized with Triton
X-100 (100000g supernatant) and subjected to chromatography. Due to the approximately 3.5 times lower expression level of NTPDase3
in monensin-treated cells, 5 times larger aliquots were used to assay ATPase activity in the fractions of the monensin-treated sample
compared to the nontreated control. The dotted line indicates NaCl concentration in the elution buffer. Panel F: Comparison of specific
ATPase activities in the peak fractions of monensin-treated and nontreated samples shown in panel E. The volumes of the peak fractions
of monensin-treated and nontreated samples containing the same number of units of ATPase activity were analyzed by Western blotting
(lanes 1-4). For comparison, twice the amounts of control fractions were also analyzed in lanes 5 and 6. Note that the densities
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glycoproteins (25). The latter applies to at least one glycan
in wild-type NTPDase3, as the treatment with Endo H
slightly reduced the apparent molecular mass to approxi-
mately 70 kDa (ref 21, and Figure 1B, compare lanes 2 and
3) indicating that at least one N-glycosylation site in the
mature enzyme is high-mannose or hybrid in structure.
However, the shift in electrophoretic mobility is small
compared to the position of the nonglycosylated core protein,
demonstrating that most of the N-glycosylation sites are
processed to complex oligosaccharides, and that the enzyme
passed through the medial Golgi compartment. Removal of
sialic acids with neuraminidase slightly increases the elec-
trophoretic mobility of the major band (Figure 1B, compare
lanes 4 and 5) indicating that NTPDase3 molecules passed
through the trans-Golgi and trans-Golgi network (TGN)
compartments where the terminal acquisition of sialic acid
residues takes place. Finally, accessibility to the extracellu-
larly added, membrane impermeant biotinylation reagent
(Figure 1B, compare lanes 6 and 7) identifies the location
of the enzyme in the plasma membrane.

The electrophoretic pattern of NTPDase3 indicates a lack
of detectable amount of partially glycosylated molecules en
route from the ER to the plasma membrane. This molecular
pool would be represented in Endo H-treated samples by a
spectrum of bands with intermediate electrophoretic mobili-
ties between the core protein of 50 kDa and the mature
enzyme treated with Endo H of 70 kDa. This lack of a
detectable quantity of the intracellular enzyme at the post-
ER stages of secretory pathway makes it impossible to
estimate its catalytic activity. Therefore, in order to ac-
cumulate an intracellular pool of NTPDase3, we used two
approaches: blocking the membrane trafficking with mon-
ensin or brefeldin A, and redirecting NTPDases to stay in
the ER by addition of a C-terminal dilysine ER retention/
retrieval signal.

Monensin and Brefeldin A Treatment Results in Intracel-
lular Accumulation of Catalytically ActiVe NTPDase3. Mon-
ensin is an ionophore that facilitates the transmembrane
exchange of sodium ions for protons (26). This causes the
neutralization and disruption of acidic intracellular compart-
ments such as the trans-Golgi cisternae. While the response
to monensin may vary in different cells (26), it generally
blocks intracellular transport at the level of mid- or trans-
Golgi without significant effect on protein synthesis (26, 27).
Brefeldin A is a fungal metabolite that disrupts the secretory
pathway by blocking the anterograde membrane movement
from the ER to the Golgi apparatus, but allows the retrograde
transport of membranes from cis/medial-Golgi to the ER (28).
The glycoproteins retained in the ER in brefeldin A-treated
cells were found to undergo processing by cis/medial-Golgi
enzymes, but not by trans-Golgi enzymes (28).

Treatment with monensin or brefeldin A (data for brefeldin
A are similar to those presented for monensin and are
therefore not shown) resulted in an accumulation of NTP-
Dase3 molecules with decreased apparent molecular mass
of approximately 65 kDa (Figure 1D, lanes 2 and 3)
compared to NTPDase3 of 75 kDa from nontreated cells

(Figure 1D, lane 1), suggesting incomplete oligosaccharide
modification in the Golgi complex. As expected, treatment
with Endo H produced a spectrum of bands (Figure 1D, lane
4), thus indicating various degrees of N-glycan maturation.
The apparent molecular mass of some molecules was reduced
to that of the core protein, suggesting that all N-glycans in
these molecules were of high-mannose type characteristic
of the ER and sensitive to Endo H (Figure 1D, lane 4). All
the enzyme molecules lacked sialic acid residues as dem-
onstrated by their insensitivity to neuraminidase digestion
(Figure 1D, lane 6), indicating that they were not exposed
to the enzymes of the trans-Golgi compartment. Biotinylation
of intact cells failed to label NTPDase3 in monensin-treated
cells (Figure 1D, lane 8), in contrast to nontreated control
(Figure 1B, lane 7). These results indicate that, in monensin-
treated cells, NTPDase3 is localized intracellularly, reaching
neither the trans-Golgi nor the plasma membrane.

The complete block of NTPDase3 transport to the plasma
membrane with monensin allowed estimation of the enzy-
matic activity of intracellular NTPDase3 by measuring the
total nucleotidase activity in crude membrane samples and
subtracting the background of COS cells transfected with
an empty pcDNA3 vector (Figure 1C). Because the pro-
longed (24 h) treatment with monensin decreased the
expression level of NTPDase3 (by 3.5 ( 0.7 times as
determined by quantitation of chemiluminescence intensity
of the protein bands), ATPase activity shown in Figure 1C
was normalized to this lower expression level. Intracellular
NTPDase3 in monensin-treated cells exhibits 23 ( 3%
ATPase activity of nontreated control in the absence of
detergent. Addition of Triton X-100 at 0.1% to the reaction
mixture reduced ATPase activity approximately 2-fold in
control and 1.4-fold in monensin-treated samples (54 ( 3%
and 16 ( 8%, respectively), whereas digitonin at 0.02%
increased ATPase activity approximately 2-fold in both
control and monensin-treated samples (188 ( 11% and 51
( 7%, respectively), as shown in Figure 1C. The similar
inhibitory effect of Triton X-100 on both control and
monensin-treated samples indicates that there is no substantial
increase in activity due to opening of the intracellular vesicles
containing NTPDase3 by detergent. Thus, it seems likely
that the numerous large vesicles accumulated in monensin-
treated cells are easily ruptured during preparation of crude
membrane samples, so that the presence of Triton X-100
does not increase their permeability to ATP. These results
demonstrate that intracellular NTPDase3 accumulated in
monensin-treated cells is enzymatically active.

Prolonged treatment with monensin and brefeldin A (from
3 h until 27 h after transfection) was used in our experiments
for complete block of NTPDase3 transport to the plasma
membrane and accumulation of the intracellular enzyme. This
protocol, however, is likely to cause ER stress (29, 30) and
accumulation of misfolded and aggregated NTPDase3 mol-
ecules, which can be detected by SDS-PAGE under
nonreducing conditions and Western blotting (data not
shown). We found that native NTPDase3 can be purified
from misfolded aggregates by extraction with Triton X-100

FIGURE 1 CONTINUED: of the bands in lanes 1-2 are higher than those in lanes 3-4, but lower than those in lanes 5-6, indicating that the
specific ATPase activity of NTPDase3 in the monensin-treated samples corresponds to a value between 50% and 100% (approximately
77% as estimated by densitometry) of the nontreated control. Panel G: Glycosylation analysis of the peak fractions of monensin-treated and
nontreated samples shown in panel E. The peak fractions of monensin-treated (MON) and nontreated (CON) samples were digested with
Endo H (lanes 2 and 4) and compared to nondigested samples (lanes 1 and 3) by Western blotting using KLH11 antiserum.
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(100000g supernatant) and ion exchange chromatography
(Figure 1E). For optimal resolution, chromatography was
performed at pH 6.5, which is only slightly above the
calculated isoelectric point of the human NTPDase3 core
protein (pI ) 5.98). NTPDase3 is stable in the employed
buffer system (50 mM Bis-Tris, 0.1% Triton X-100, pH 6.5),
with no detectable decrease in ATPase activity in eluted
fractions after overnight storage at 4 °C. NTPDase3 from
monensin-treated samples was eluted at lower salt concentra-
tion with a remarkable leftward shift of the peak and the
right shoulder compared to the enzyme from the control
sample (Figure 1E). This shift in elution profile is likely due
to the lack of negatively charged sialic acid residues in
monensin-treated NTPDase3 samples, thus further supporting
the notion that the enzyme did not reach the trans-Golgi
compartment.

Specific activity of partially purified NTPDase3 from the
monensin-treated sample corresponds to a value between
50% and 100% of the nontreated control, as estimated by
Western blot analysis of the amount of NTPDase3 protein
in the aliquots exhibiting the same ATPase activity (Figure
1F). This value is noticeably higher than specific activity of
approximately 30% assayed in monensin-treated crude
membranes in the presence of Triton X-100 (Figure 1C),
indicating substantial purification of native NTPDase3 from
misfolded molecules. Endo H digestion demonstrates an
immature glycosylation pattern of NTPDase3 in the peak
chromatographic fractions of the monensin-treated sample
(Figure 1G, lane 2) similar to that in the Triton X-100 extract
of crude membrane preparation (Figure 1D, lane 4).

Analysis of the subcellular location of NTPDase3 in
monensin or brefeldin A-treated cells (data for brefeldin A
are similar to those presented for monensin and not shown)
strongly suggests that the processing of NTPDase3 was
blocked at the level of the Golgi apparatus, and that the
enzyme did not reach either the trans-Golgi compartment
where sialylation takes place, or the plasma membrane, as
demonstrated in cell surface biotinylation experiments. The
specific ATPase activity of this intracellular enzyme is
approximately 77% of the natively processed NTPDase3
from nontreated control cells (Figure 1F) suggesting that
neither glycosylation in trans-Golgi nor delivery to the cell
surface is required for nucleotidase activity of NTPDase3.

ER-Targeted NTPDase3 is Catalytically ActiVe. In order
to investigate the catalytic activity of NTPDase3 at the
earliest stages of secretory transport, we attempted to
accumulate the enzyme in the ER by redirecting its trafficking
with an ER-retention signal. For construction of ER-targeted
NTPDase3, we deleted the C-terminal part of the cytosolic
tail in the wild-type enzyme which is not necessary for
normal processing or activity of NTPDase3 (31), and added
the ER targeting signal from the wheat germ agglutinin
binding protein 1 (WBP1 (16)) together with the hemagglu-
tinin (HA) epitope and a spacer (Figure 2A). WBP1 signal
sequence contains a dilysine carboxyl-terminal motif
(-K(X)KXX), which mediates ER residence via its interac-
tion with the coat protein I (COPI) complex (32). The signal-
containing proteins are thought to undergo COPI-mediated
retrieval from the post-ER compartments, ERGIC and
cis-Golgi (33, 34). In addition, direct retention of the signal-
containing proteins in ER may take place (35).

ER-targeted NTPDase3 expressed in COS-1 cells is
represented in immunoblots by a major band of approxi-
mately 65 kDa, and a minor band of approximately 55 kDa
corresponding to the core protein (Figure 2B, lane 1).
Treatment with Endo H shifted the electrophoretic mobility
of the major band to that of the core protein, indicating that
all N-linked oligosaccharides are of the high mannose type
characteristic of ER-residing proteins (Figure 2B, lane 3).
In contrast, the molecular mass of the wild-type NTPDase3
of 75 kDa (Figure 2B, lane 4) was only slightly decreased
after treatment with Endo H (Figure 2B, lane 5) suggesting
that at least one of the N-glycosylation sites is high-mannose
in structure, whereas the other glycosylation sites are of the
complex type. Insensitivity of the ER-targeted NTPDase3
to neuraminidase (Figure 2B, compare lanes 6 and 7)
suggests the lack of sialic acid residues, which are charac-
teristic for the mature wild-type enzyme (Figure 2B, compare
lanes 8 and 9). As expected, no ER-targeted NTPDase3 was
detected on the cell surface in biotinylation assays (Figure
2B, lane 11). All these results, and the deglycosylation
analysis with Endo H in particular, revealed no traces of
oligosaccharide modification characteristic of the Golgi
apparatus, suggesting that ER-targeted NTPDase3 either is
retained in the ER or is retrieved back to the ER primarily
from the pre-Golgi compartment, ERGIC.

The expression level of ER-targeted NTPDase3 in COS-1
cells was similar to, or slightly higher than, that of the wild-
type enzyme, as determined by Western blotting. Conse-
quently, the specific activity of ER-targeted NTPDase3 was
compared with that of the wild-type enzyme by measuring
ATPase activity in the same protein amount of crude
membrane preparations (Figure 2C). ER-targeted NTPDase3
exhibits 6 ( 3% ATPase activity of the wild-type in the
absence of detergent. Addition of Triton X-100 to a final
concentration of 0.1% in the enzyme assays reduced ATPase
activity of the wild-type enzyme approximately 2-fold (53
( 5%), but, in contrast, increased the activity of ER-targeted
NTPDase3 approximately 3.5 times (21 ( 3%), suggesting
the intraluminal localization of ER-targeted NTPDase3
(Figure 2C). In contrast to the effect of Triton X-100,
digitonin at 0.02% increased ATPase activity of the wild-
type enzyme approximately 2-fold (230 ( 20%) and
increased the activity of ER-targeted NTPDase3 approxi-
mately 4-fold (23 ( 2%) as shown in Figure 2C. Remark-
ably, the activity of ER-targeted NTPDase3 in the presence
of digitonin is approximately the same as in the presence of
Triton X-100, whereas the activity of the wild-type enzyme
is approximately 4.4 times higher in the presence of digitonin
than in the presence of Triton X-100 (Figure 2C). This
observation indicates the differences in biochemical proper-
ties of the plasma membrane and ER-targeted NTPDase3.
The complex effects of digitonin on catalytic activity of
NTPDases have been previously documented, but are not
well understood (36), and likely involve modification of
membrane fluidity via modulation of the cholesterol level
in membranes, permeabilization of membranes, interaction
with the enzyme transmembrane domains, and modification
of the oligomerization status of NTPDases. Therefore, while
the experiments with digitonin demonstrate the enzymatic
activity of ER-targeted NTPDase3, a reliable mechanistic
interpretation of the digitonin effect is not possible.
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FIGURE 2: ER-targeted NTPDase3 is catalytically active. Panel A: Schematic representation of the construct made for targeting NTPDase3 to ER. The
last 15 amino acid residues in the cytosolic C-terminal tail of wild-type NTPDase3 were replaced by 24 amino acid residues containing a HA epitope for
potential use in immunofluorescence microscopy, a spacer for the optimal presentation of the retention signal, and the ER retention signal from the wheat
germ agglutinin binding protein 1 (WBP1) with two critical lysine residues located two residues away from the C-terminus (16). The extracytosolic part
of the enzyme containing the active site is represented by two ovals illustrating the two lobes of the NTPDase3 molecular model (21). The active site is
formed by a cleft between two lobes with ACR1 and ACR4 (apyrase conserved regions) on either side of the cleft. The conservative “219DXG221” motif
in ACR4 is shown in the C-terminal lobe. The G221A mutant used in this study is normally processed, but lacks nucleotidase activity. The active site is
exposed to the lumen of ER and other compartments of the secretory pathway, and to the extracellular space after delivery of the enzyme to the plasma
membrane. Panel B: Glycosylation and intracellular localization analysis of ER-targeted NTPDase3 expressed in COS cells. ER-targeted NTPDase3
(N3-ER) was solubilized with Triton X-100 (lanes 2, 3, 6, and 7) and treated with Endo H (lane 3), or neuraminidase (lane 7). Lanes 1, 2, and 6 are
samples without glycosidase treatment. TOTAL, total sample obtained by dissolving COS membranes directly in SDS loading buffer; TX100 EX, Triton
X-100 soluble extract (100000g supernatant). For comparison, wild-type enzyme (WT) treated under similar conditions is shown in lanes 4-5 and 8-9.
Following biotinylation of COS cells expressing ER-targeted NTPDase3, the enzyme was solubilized with Triton X-100 (lane 10) and incubated with
streptavidin beads. Lane 11 shows that no biotinylated protein is bound to and eluted from the beads, indicating that the enzyme does not reach the cell
surface. The dotted line indicates the position of the core protein. Panel C: Effect of detergents on ATPase activity of wild-type NTPDase3 (WT) and
ER-targeted NTPDase3 (N3-ER) in crude membrane preparations of transfected COS cells. ATPase activity was assayed either in the absence of detergents,
or in the presence of 0.1% Triton X-100, or 0.02% digitonin. ATPase activity was not adjusted for the expression level of the enzymes, which was only
slightly higher for ER-targeted NTPDase3 compared to wild-type. The specific ATPase activity of the wild-type sample in the absence of detergent is 212
µmol of released inorganic phosphate (Pi) per h and per mg of crude membrane protein. Values represent means ( SD of three transfections. Panel D:
Ion exchange chromatography of ER-targeted NTPDase3 (NTPDase3-ER) in comparison with the wild-type NTPDase3 (NTPDase3-WT). The background
of COS-1 cells transfected with an empty vector is also shown (pcDNA3). Crude membrane samples (1.0-1.1 mg) were solubilized with Triton X-100
(100000g supernatant) and subjected to chromatography. Aliquots of the same volume were used to assay ATPase activity in the fractions of all samples.
Panel E: Comparison of specific ATPase activities in the peak fractions of ER-targeted NTPDase3 (N3-ER) and wild-type NTPDase3 (N3-WT) shown
in panel D. Volumes of the peak fractions of ER-targeted NTPDase3 and wild-type NTPDase3 containing the same number of units of ATPase activity
were subjected to Western blotting (lanes 1-4). For comparison, twice the amounts of wild-type fractions were analyzed in lanes 5 and 6. Note that the
density of the bands in lanes 1-2 is higher than that in lanes 3-4, but lower than in lanes 5-6, indicating that the specific ATPase activity of ER-targeted
NTPDase3 corresponds to a value between 50% and 100% of the wild-type (approximately 90% as estimated by densitometry). Panel F: Glycosylation
analysis of the peak fractions of ER-targeted NTPDase3 and the wild-type shown in panel D. The peak fractions of ER-targeted NTPDase3 (N3-ER) and
wild-type NTPDase3 (N3-WT) shown in panel D were either digested with Endo H (lanes 2 and 4) or not treated (lanes 1 and 3), and analyzed by
Western blotting. Panel G: Immunofluorescence microscopy of ER-targeted NTPDase3 (N3-ER) and wild-type NTPDase3 (WT) expressed in COS-1
cells. NTPDase3 (left image) and ER targeted NTPDase3 (right image) were visualized in COS cells by immunostaining using an anti-NTPDase3 monoclonal
antibody (clone hN3-H10s) and FITC-conjugated secondary antibody. These results are consistent with expression of the wild-type enzyme on the cell
surface, and the expression of the ER targeted enzyme in the ER.
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Crude membrane samples of ER-targeted NTPDase3
contain significant amounts of misfolded and aggregated
molecules (Figure 3, lane 5). In order to accurately evaluate
the specific activity of ER-targeted NTPDase3, we purified
the active enzyme from misfolded aggregates by extraction
with Triton X-100 (100000g supernatant) followed by ion
exchange chromatography (Figure 2D). ER-targeted NTP-
Dase3 elutes in a relatively narrow peak and at significantly
lower ionic strength compared with the broad profile of the
wild-type enzyme (Figure 2D). The leftward shift in the
elution profile of ER-targeted NTPDase3 is likely due to the
lack of the negatively charged sialic acid residues and to
the decrease of three units of the net negative charge of the
enzyme caused by substitution of the wild-type C-terminal
tail with the ER-retention signal and the HA epitope. The
sharp elution profile suggests a homogeneous glycosylation
pattern of the ER-targeted NTPDase3 compared to the more
heterogeneous oligosaccharide structures present in the wild-
type enzyme.

Specific activity of purified ER-targeted NTPDase3 cor-
responds to a value between 50% and 100% (approximately
90% by densitometry) of the wild-type enzyme (Figure 2E).
This value is markedly higher than specific activity of
approximately 40% assayed in crude membranes in the
presence of Triton X-100 (Figure 2C) indicating substantial

purification of enzymatically active ER-targeted NTPDase3
away from misfolded molecules. Endo H digestion of the
peak chromatographic fractions confirms the high-mannose
structure of oligosaccharides in purified ER-targeted NTP-
Dase3, characteristic for proteins residing in the ER (Figure
2F).

Immunofluorescence microscopy reveals an even staining
of the wild-type enzyme on the surface of the cells (Figure
2G, left image), and an intracellular reticular network pattern
for the ER-targeted NTPDase3 (Figure 2G, right image),
which is characteristic for ER-localized proteins. No staining
was observed when the primary antibody was omitted, or
when the cells were transfected with an empty pcDNA3
vector (data not shown). Collectively, all the results shown
in Figure 2 indicate that ER-targeted NTPDase3 is predomi-
nantly localized in the ER and that it has not been subjected
to detectable processing in the Golgi compartment. The high
specific activity of ER-targeted NTPDase3, which is com-
parable to that of the wild-type NTPDase3, suggests that the
enzyme becomes catalytically active in a pre-Golgi compart-
ment, either in the ER or in the ERGIC. Thus, terminal
glycosylation in Golgi is not required for the nucleotidase
activity of NTPDase3.

ER-Targeted NTPDase3, but Not ER-Targeted InactiVe
G221A Mutant, Decreases the Efficiency of Protein Folding.
We attempted to determine whether ER-targeted NTPDase3
exhibits catalytic activity inside the intact ER. Because there
are no currently available methods for direct measurement
of ATP concentration inside the ER of intact cells, we utilized
an indirect approach, in which the nucleotidase activity of
ER-targeted NTPDase3 is inferred by estimating the effect
of the enzyme on the efficiency of ATP-dependent protein
folding in the ER. ATP is delivered from the cytosol into
the ER via specific transporters (4, 37, 38), and it is assumed
that the ATP concentration in the ER lumen is likely to be
in the millimolar range, similar to that found in the cytosol
(39). In the ER, ATP is required for the function of the
chaperone proteins for assisting protein folding (6–9).

In order to evaluate the effect of the ATPase activity of
ER-targeted NTPDase3 on protein folding in the ER, we
constructed an ER-targeted, but catalytically inactive, mutant
of NTPDase3 (G221A-ER). Gly221 is located in the highly
conserved “DXG” phosphate binding motif of the fourth
apyrase conserved region (ACR4), which together with
ACR1 forms an essential part of the active site of the enzyme
(Figure 2A). The G221A mutation does not affect the
processing, expression level, or the conformation of NTP-
Dase3, but completely abolishes its enzymatic activity (17).
We then expressed the ER-targeted NTPDase3, or the
catalytically inactive ER-targeted G221A mutant, in COS-1
cells and compared their folding efficiency (Figure 3). The
amount of misfolded disulfide-linked aggregates is much
higher in samples of enzymatically active ER-targeted
NTPDase3 than in samples of inactive ER-targeted G221A
mutant, or wild-type (Figure 3, compare lanes 4-6). It should
be noted that KLH11 antibody, which was used to probe
the Western blot, reacts significantly stronger with dimeric
or oligomeric forms than with the monomeric form of
NTPDase3, likely due to divalent binding of the antibody to
the former versus monovalent binding to the latter. Therefore,
the actual ratio of misfolded and natively folded molecules
is significantly smaller than the ratio of densities of the

FIGURE 3: Nucleotidase activity of ER-targeted NTPDase3 decreases
the efficiency of protein folding in ER. Wild-type NTPDase3 (N3-
WT), ER-targeted NTPDase3 (N3-ER) and ER-targeted G221A
mutant of NTPDase3 (G221A-ER, which lacks nucleotidase activ-
ity) were expressed in COS cells. Crude membranes were prepared
in the presence of 2 mM NEM to prevent artificial formation of
disulfide-linked dimers and aggregates via oxidation of unpaired
cysteines (see Materials and Methods for details) and analyzed by
Western blotting under reduced (lanes 1-3) or nonreduced (lanes
4-6) conditions. Immunodetection was performed with the anti-
NTPDase3 antibody KLH11. Note that N3-ER sample (lane 5)
contains more misfolded, disulfide-linked high molecular mass
aggregates than the wild-type (lane 4) or G221A-ER (lane 6)
samples. Conversely, the N3-ER sample contains a smaller amount
of natively folded enzyme (the band of approximately 65 kDa in
lane 5) than G221A-ER (lane 6), indicating a less efficient folding
of N3-ER compared to G221A-ER.
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corresponding bands in Figure 3, lanes 4-6. In addition, we
also observed that KLH11 antibody reacts markedly stronger
with reduced NTPDase3 as compared to the nonreduced
protein. Therefore, the density of the bands correlates with
the amount of protein when the comparison is made between
either reduced (Figure 3, lanes 1-3) or nonreduced (Figure
3, lanes 4-6) samples, but not between reduced and
nonreduced samples. The increased amount of misfolded
aggregates associated with the expression of active ER-
targeted NTPDase3, as compared to inactive ER-targeted
G221A mutant, suggests that (1) ER-targeted NTPDase3 is
catalytically active in situ, i.e. inside the intact ER; (2) the
nucleotidase activity of ER-targeted NTPDase3 decreases the
efficiency of protein folding; and (3) this decrease in protein
folding efficiency is likely due to depletion of ATP in the
lumen of the ER. Thus, in these experiments, ER-targeted
enzymes were used both as modulators of ATP levels in ER
and as reporters of folding efficiency. The low background
of misfolded aggregates in the wild-type sample (Figure 3,
lane 4) suggests that wild-type NTPDase3 does not substan-
tially affect ATP concentration in ER.

ER-Targeted NTPDase3 Decreases the Folding Efficiency
and the Transport to the Plasma Membrane of the Co-
Expressed CD39 Used as a Reporter. To develop a more
sensitive and quantitative assay of protein folding efficiency
in ER, we took advantage of a distinct expression pattern of
human CD39 (Figure 4A). Unlike human NTPDase3, wild-
type human CD39 expressed in COS-1 cells is represented
by three bands: a major broad band of approximately 75 kDa,
a band of approximately 65 kDa, and a faint sharp band of
approximately 50 kDa corresponding to the nonglycosylated
core protein (Figure 4A, lane 1). The upper band of 75 kDa
has the properties of the mature and completely processed
enzyme: its apparent molecular mass is only slightly reduced
after deglycosylation with Endo H (Figure 4A, compare lanes
2 and 3), similar to that of the mature NTPDase3 protein
(Figure 1B, compare lanes 2 and 3), indicating that at least
one N-glycosylation site is high-mannose or hybrid in
structure. As expected for the mature enzyme, the protein
in upper band is sensitive to neuraminidase hydrolysis (Figure
4A, compare lanes 4 and 5) and accessible to the extracel-
lularly added biotinylation reagent (Figure 4A, compare lanes
6 and 7), demonstrating acquisition of sialic acid residues
in the trans-Golgi compartment and localization in the plasma
membrane, respectively. The CD39 molecules comprising
the lower band of 65 kDa have the properties of an immature
protein resident in the ER, since their apparent mass is
reduced to that of the core protein after treatment with Endo
H (Figure 4A, compare lanes 2 and 3). Consistent with this
observation are the lack of effect of neuraminidase treatment
(Figure 4A, compare lanes 4 and 5) and the lack of cell-
surface biotinylation (Figure 4A, compare lanes 6 and 7).
In addition, analysis of CD39 by electrophoresis under
nonreducing conditions demonstrates the appearance of high
molecular mass aggregates and a decrease in density of the
65 kDa lower band (Figure 4B, compare lanes 1 and 2),
suggesting that this band represents misfolded, disulfide-
linked aggregated molecules. Collectively, these data char-
acterize the protein in the upper 75 kDa band as mature CD39
located at the plasma membrane, and the protein in the lower
65 kDa band as the misfolded and aggregated molecules
retained in the ER.

The presence of both natively folded and misfolded
molecules in the samples of CD39 expressed in COS cells
prompted us to use CD39 as a reporter of protein folding
efficiency in the ER. Any factors that obstruct protein folding
in the ER are likely to increase the ratio between the amount
of misfolded and natively folded molecules, thus making
human CD39 a sensitive indicator of folding effectiveness
in the ER. In addition, since the misfolded molecules are
retained in ER by a quality control mechanism, only the
natively folded enzyme reaches the plasma membrane.
Consequently, a simple determination of CD39 nucleotidase
activity should be a convenient and quantitative assay for
protein folding efficiency in the ER. To test this, we
coexpressed CD39 with either active ER-targeted NTPDase3,
or inactive ER-targeted G221A NTPDase3 (Figure 4C). As
additional controls, CD39 was coexpressed with wild-type
(nontargeted) NTPDase3, as well as with the nontargeted
inactive G221A mutant of NTPDase3. As schematically
shown in Figure 4C, we anticipated that nucleotidase activity
of active ER-targeted NTPDase3 (NTPDase3-ER), but not
inactive ER-targeted G221A (G221A-ER), would decrease
ATP concentration in ER and thus reduce the folding
efficiency of CD39 which serves as a reporter protein.
Consequently, less natively folded CD39 would reach the
plasma membrane resulting in diminished enzymatic activity
in cells expressing NTPDase3-ER compared to cell express-
ing the inactive G221A-ER. Indeed, we found that the total
ATPase activity in membrane preparations of cells cotrans-
fected with CD39 and ER-targeted NTPDase3 was ap-
proximately 2-fold lower (49 ( 7%) than that in crude
membrane samples of cells cotransfected with CD39 and ER-
targeted G221A mutant (Figure 4D). The actual CD39
activity in the sample (CD39 + NTPDase3-ER) is slightly
lower than 49 ( 7% due to a minor contribution of
NTPDase3-ER activity. In order to exclusively analyze
cell-surface CD39 activity, we performed assays of live
cells attached to culture plates, as described in Materials
and Methods. Thus, in five replicated assays, the cell-
surface ATPase activity of cells cotransfected with CD39
plus NTPDase3-ER was 46 ( 6% of that measured on
cells cotransfected with CD39 plus inactive G221A-ER.
These results indicate that ER-targeted NTPDase3 sig-
nificantly decreases the amount of coexpressed CD39
molecules that attain native folding and reach the plasma
membrane.

Western blotting analysis using an anti-CD39 primary
antibody also demonstrates a significant increase in the ratio
of misfolded (immature glycosylation) to natively folded
molecules in cells containing NTPDase3-ER (Figure 4E, lane
3) compared to cells coexpressing inactive G221A-ER
(Figure 4E, lane 4). These results demonstrate the inhibitory
effect of nucleotidase activity of ER-targeted NTPDase3 on
protein folding of coexpressed CD39. The nontargeted
enzymes, wild-type and G221A inactive mutant NTPDase3,
showed no detectable effect on the folding of the coexpressed
CD39 (Figure 4E, lanes 1 and 2). Immunoblotting using an
anti-NTPDase3 antibody reveals that the expression level of
wild-type NTPDase3 is similar to that of the G221A mutant
(Figure 4F, lanes 1 and 2), and that the expression level of
NTPDase3-ER is similar to that of G221A-ER (Figure 4F,
lanes 3 and 4). These results suggest a significant depletion
of ATP in ER by ER-targeted NTPDase3, and demonstrate
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the validity of human CD39 as a reporter of protein folding
efficiency in ER. In addition, these data suggest that even
under conditions of overexpression in COS cells, nontargeted
wild-type NTPDase3 is not likely to substantially deplete
ATP in ER and affect protein folding.

DISCUSSION

Characterization of intracellular NTPDase molecules that
are on the way from the ER to the plasma membrane is
complicated by the steady-state distribution of the enzyme

FIGURE 4: ER-targeted NTPDase3 reduces the efficiency of folding and decreases the transport to the cell surface of the coexpressed CD39
used as a reporter protein. Panel A: Characterization of the glycosylation pattern and subcellular localization of CD39 expressed in COS-1
cells. Human CD39 was solubilized with Triton X-100 (100000g supernatant) and treated with Endo H (lane 3), or neuraminidase (lane 5).
Lanes 1, 2, and 4 are control samples not treated with glycosidases. TOTAL, total sample obtained by dissolving COS membranes directly
in SDS loading buffer; TX100 EX, Triton X-100 soluble extract (100000g supernatant). Following biotinylation of intact cells, CD39 was
solubilized with Triton X-100 (lane 6) and incubated with streptavidin beads. Lane 7 shows that only the molecules in the upper band are
biotinylated, indicating their localization on the cell surface. Panel B: CD39 subjected to SDS-PAGE under reducing (lane 1) or nonreducing
(lane 2) conditions and analyzed by Western blotting. Note the appearance of high molecular mass aggregates and the decrease in density
of the 65kDa band (immature glycosylated protein) under nonreducing conditions, indicating that these aggregates are formed by misfolded
and disulfide-linked 65 kDa molecules. Panel C: Schematic representation of the experimental approach to examine the effect of ER-
targeted NTPDase3 on protein folding in the ER using CD39 as a reporter protein. ER-targeted NTPDase3 (NTPDase3-ER) or ER-targeted
G221A inactive mutant of NTPDase3 (G221A-ER) were expressed in COS cells. If NTPDase3-ER is catalytically active in situ, it would
likely reduce the ATP concentration in ER and thus decrease protein folding efficiency in ER, while the inactive G221A-ER would not.
Wild-type human CD39 is coexpressed and used as a reporter protein in these experiments. Since misfolded molecules represent a substantial
portion of CD39 under normal expression in COS cells, the ratio between the natively folded and misfolded molecules (represented by the
upper and the lower bands in panel A, lane 1, respectively) should be sensitive to changes in protein folding efficiency. Because only
natively folded CD39 molecules are delivered to the cell surface, a reduction in protein folding efficiency should decrease the expression
level of CD39 at the plasma membrane, which can be conveniently assayed by measuring CD39 activity. Panel D: ATPase activity of
CD39 coexpressed with either ER-targeted NTPDase3 (NTPDase3-ER), or ER-targeted G221A (G221A-ER). ATPase activity was measured
in crude membrane preparations of transfected COS cells. The specific ATPase activity of CD39 + G221A-ER sample is 148 µmol of
released inorganic phosphate (Pi) per h and per mg of crude membrane protein. Values represent means ( SD of three transfections. Panel
E: Western blotting of CD39 coexpressed with one of the following constructs: wild-type NTPDase3 (lane 1), G221A (lane 2), ER-targeted
NTPDase3 (lane 3), and ER-targeted G221A (lane 4). Crude membrane samples were subjected to SDS-PAGE under reducing conditions
and analyzed by Western blotting using anti-CD39 antibody KLH3. Panel F: Western blotting of the same samples as in panel E, but
probed with anti-NTPDase3 antibody KLH11.
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in three molecular pools: (1) a pool of ER-retained molecules
that either did not complete folding (unfolded), or failed
correct folding (misfolded) and are likely to be degraded;
(2) a pool of correctly folded molecules that left ER, but
did not reach the plasma membrane; (3) a large pool of
completely processed molecules that reached the site of their
physiological function and reside in the plasma membrane.
In order to achieve our goal to characterize the molecules in
the second pool, we used the following strategy: (i) increase
the amount of molecules in the second pool by blocking their
trafficking to the plasma membrane; (ii) minimize or
eliminate the third molecular pool by continuous exposure
to trafficking inhibitors; (iii) separate the second pool from
thefirstand the thirdpoolsusing ionexchangechromatography.

Accordingly, we applied trafficking inhibitors, monensin
or brefeldin A, during the whole period of NTPDase3
expression from 3 to 27 h post-transfection. While the long
exposure to trafficking inhibitors likely caused toxic effects
in cells and reduced the expression level of the enzyme, it
completely prevented the transport of NTPDase3 to the
plasma membrane, thus greatly facilitating the analysis of
the intracellular enzyme. Our results indicate that monensin
and brefeldin A blocked NTPDase3 processing at the level
of medial-Golgi. After separation from misfolded molecules
by Triton X-100 extraction and ion exchange chromatogra-
phy, the intracellular NTPDase3 from monensin- or brefeldin
A-treated cells demonstrated specific activity similar to that
of plasma membrane-located NTPDase3 from nontreated
cells, indicating that NTPDase3 acquired enzymatic activity
between the ER and the trans-Golgi.

To further delineate the location of NTPDase3 activation,
we redirected the enzyme to reside in the ER, instead of
being transported to the plasma membrane, by using a
dilysine ER retention/retrieval C-terminal signal peptide.
Correctly folded ER-targeted NTPDase3 is likely to exit ER
in COPII vesicles and then to be retrieved to ER from ERGIC
or cis-Golgi compartment in vesicles bearing the protein coat
COPI, which recognizes the retrieval signal (32). The lack
of Golgi-specific carbohydrate modifications in ER-targeted
NTPDase3 suggests that the enzyme is retrieved primarily
from ERGIC, rather than the cis-Golgi. The possibility that
ER-targeted NTPDase3 does not exit ER, but is rather
directly retained via the dilysine targeting signal, cannot be
excluded (35). Specific activity of ER-targeted NTPDase3
separated from misfolded molecules by Triton X-100 extrac-
tion and ion exchange chromatography is comparable to that
of the mature wild-type enzyme located at the plasma
membrane (Figure 2E), indicating that the enzyme becomes
active either in the ER or in the ERGIC. Furthermore, ER-
targeted NTPDase3 decreases its own folding efficiency
(Figure 3), and suppresses the folding and transport to the
cell surface of coexpressed CD39 (Figure 4), suggesting that
the enzyme is active in situ, i.e. inside the intact ER.

We found CD39 to be a useful reporter of protein folding
efficiency in the ER. However, coexpression of CD39 with
a structurally similar NTPDase3 raises a question of whether
potential hetero-oligomerization of these proteins could affect
the interpretation of results. While such hetero-oligomeriza-
tion cannot be excluded, it is unlikely to alter the major
conclusion that ER-targeted NTPDase3 depletes ATP level
in ER and diminishes the folding efficiency of the coex-
pressed CD39, for the following reasons. First, only enzy-

matically active ER-targeted NTPDase3, but not inactive ER-
targeted G221A mutant, increases misfolding of CD39
(Figure 4E, compare lanes 3 and 4). Since G221A mutation
is located in the active site cleft, and does not affect the
expression level and processing of NTPDase3, it is very
unlikely to affect the oligomerization capability of the
enzyme. Consequently, both ER-targeted NTPDase3 and ER-
targeted G221A mutant are likely to equally participate in
any potential hetero-oligomerization with CD39. This sug-
gests that it is the ATPase activity of ER-targeted NTPDase3
that causes misfolding of the reporter protein CD39. Second,
wild-type NTPDase3 does not affect folding of the coex-
pressed CD39 (Figure 4E, compare lanes 1 and 3), although
it is likely to participate in any potential hetero-oligomer-
ization with coexpressed CD39 in the same way as ER-
targeted NTPDase3. This also indicates that it is the ATPase
activity of ER-targeted NTPDase3, and the resulting deple-
tion of ATP in the ER, that causes misfolding of the
coexpressed CD39.

Our findings raise the question as to how the cell avoids
futile hydrolysis of ATP in the secretory pathway while
expressing an active ATPase inside the lumen of secretory
compartments. Although ER-targeted NTPDase3 has nega-
tive effects on protein folding in ER and processing (Figure
3, Figure 4D, and Figure 4E, compare lanes 3 and 4),
expression of the wild-type NTPDase3 does not affect the
folding of the coexpressed CD39 (Figure 4E, compare lanes
1 and 2). This suggests that, even under conditions of
experimental overexpression, wild-type NTPDase3 is not
likely to substantially deplete ATP in ER. Considering the
high catalytic efficiency (kcat/Km) typical for NTPDases (40),
this result is somewhat surprising. One possible explanation
could be that the steady-state concentration of the catalyti-
cally active wild-type NTPDase3 in the ER is low due to
rapid export from the ER, so that unproductive hydrolysis
of ATP is minimized and compensated for by supplying ATP
from the cytosol via ATP transporters, whereas the high
protein concentration and ATPase activity of ER-targeted
NTPDase3 exceeds the ER ATP supply. Another possibility,
which seems more likely, is that wild-type NTPDase3
completes folding and acquires nucleotidase activity in the
post-ER, but pre-Golgi, ERGIC compartment. In this sce-
nario, wild-type NTPDase3 is not active inside the ER and
does not hydrolyze ATP. In contrast, ER-targeted NTPDase3
is enzymatically active in the ER because it completed native
folding and acquired catalytic activity in ERGIC before it
was retrieved to ER via interaction of the cytosolic dilysine
signal with COPI complex (32).

The data presented here suggest that NTPDase3 acquires
enzymatic activity as soon as it is natively folded in the ER
or in a pre-Golgi compartment, ERGIC. Why do our
conclusions contrast with the statements made by Zhong et
al. (12) that a closely related member of the plasma
membrane ecto-nucleotidases, CD39 (NTPDase1), is not
active intracellularly, and that only a fully glycosylated and
cell surface localized CD39 has nucleotidase activity?
Considering the very similar primary structure, topology, and
plasma membrane localization of NTPDase3 and CD39, it
seems unlikely that they would differ radically in posttrans-
lational processing. As discussed above, our study of a
steady-state distribution of NTPDase3 in COS-1 cells
revealed no detectable amount of intracellular molecules en
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route from ER to the plasma membrane, which made it
impossible to measure activity of the intracellular enzyme,
if no measures were taken for its accumulation. If the same
was true for the rat CD39 expressed in COS-7 cells used by
Zhong et al., then the subcellular fractionation of COS-7 cells
transfected with CD39 cDNA performed by these authors
for the purpose of correlating the distribution of rat CD39
activity and CD39 protein with the distribution of intracel-
lular organelles (Figure 1 from ref 12) can be interpreted
differently for the following reason. We found that a
substantial portion of human CD39 expressed in COS-1 cells
fails to natively fold and is represented in immunoblots by
a protein band with a slightly higher electrophoretic mobility
compared to the natively folded enzyme (Figure 4A). The
protein in this band is not labeled during biotinylation of
intact cells (Figure 4A, compare lanes 6 and 7) and consists
of misfolded and aggregated molecules (Figure 4B) retained
in ER by the quality control mechanism, as evident by
sensitivity to Endo H (Figure 4A, compare lanes 2 and 3).
The explanation for this aberrant folding characteristic of
human CD39 (NTPDase1) in COS-1 cells, but not of human
NTPDase3, is unknown. However, some other proteins also
exhibit inefficient processing. For example, only 25% of
newly synthesized wild-type cystic fibrosis transmembrane
conductance regulator (CFTR) molecules enter post-ER
compartments and acquire complex oligosaccharides (41).
Thus, it seems likely that the rat CD39 expressed in COS-7
cells and used by Zhong et al. also contained a substantial
amount of misfolded protein. This is supported by the data
in Figure 7A from that study (12), where Western blots
revealed that rat CD39 expressed in COS-7 cells was
represented by two bands, of which only the upper band was
accessible for cell surface biotinylation, similar to the
expression and biotinylation pattern that we described for
human CD39 expressed in COS-1 cells (Figure 4A). There-
fore, it is likely that the protein in the lower band in the rat
CD39 samples described by Zhong et al. consisted of
misfolded and aggregated molecules retained in the ER by
the quality control mechanism. Consequently, the subcellular
fractionation in a sucrose gradient performed in that work
(12) did demonstrate the colocalization of the natively folded
enzymatically active molecules with the plasma membrane
marker, and the misfolded inactive CD39 protein with the
ER marker, but did not provide information as to what stage
along the secretory pathway the natively folded molecules
acquire catalytic activity.

To evaluate the catalytic activity of intracellular human
CD39, we attempted to accumulate the enzyme en route from
the ER to the plasma membrane using the trafficking
inhibitors, monensin and brefeldin A, and the dilysine ER
retention signal, following protocols very similar to those
described above for NTPDase3. We found that treatment with
monensin or brefeldin A for 16 h (from 32 h post-transfection
till 48 h post-transfection) resulted in an accumulation of
partially glycosylated molecules, which can be separated
from the fully glycosylated molecules by ion exchange
chromatography in the presence of 0.1% Triton X-100, and
which exhibit specific ATPase activity comparable to that
of the fully glycosylated enzyme (data not shown). However,
continuous exposure to monensin or brefeldin A for 24 h
(from 3 h post-transfection till 27 h post-transfection)
produced mainly inactive CD39, likely due to drug-induced

exaggerated misfolding, which is characteristic for CD39
(data not shown).

In order to investigate the catalytic activity of CD39 at
the earliest stages of secretory transport, we constructed and
evaluated an ER-targeted human CD39 (see Supporting
Information). ER-targeted CD39 expressed in COS-1 cells
was represented mainly by denatured and aggregated protein.
However, when the correctly folded ER-targeted CD39 was
separated from misfolded and aggregated molecules by
extraction with Triton X-100 and ion exchange chromatog-
raphy, the specific activity of ER-targeted CD39 was
estimated to be approximately 84% of wild-type CD39
(Supporting Information, Figure S1). These data suggest that,
similar to NTPDase3, CD39 does not require terminal
glycosylation in Golgi or delivery to the plasma membrane
for nucleotidase activity, and that CD39 becomes catalytically
active at a pre-Golgi stage of secretory pathway. However,
CD39 differs from NTPDase3 since it has an increased
propensity for misfolding, which is aggravated by the
treatment with trafficking inhibitors, monensin or brefeldin
A, or by retargeting the enzyme to ER with an ER-retention
signal. This makes it difficult, or impossible, to evaluate the
catalytic activity of the intracellular CD39 without prior
separation of the natively folded enzyme from the misfolded
molecules. Taken together, our results strongly suggest that
human CD39 acquires catalytic activity at a pre-Golgi stage
of the secretory pathway similar to NTPDase3.

While the extent of ATP depletion in ER which can be
achieved by using ER-targeted NTPDase3 remains to be
determined, this enzyme construct suggests potential ap-
plications beyond NTPDase trafficking. We propose that ER-
targeted NTPDase3 may be a useful tool to study the effects
of ATP depletion specifically in ER on ER function under
normal and stress conditions. The role of ATP in the function
of the protein folding machinery in the ER has been
intensively investigated in both in Vitro and in ViVo
systems (8, 9, 39, 42). A widely used approach to deplete
ATP in the ER of living cells is to inhibit ATP production
in whole cells with metabolic poisons that block glycolysis
and oxidative phosphorylation (7, 43, 44). While this
approach has elucidated important properties of ER-located
chaperones and other enzymes essential for protein folding,
cytotoxicity and potential indirect effects of ATP depletion
in the whole cell on protein folding in the ER limit its
application and the interpretation of obtained results. ER-
targeted NTPDase3 developed here may circumvent some
of these side effects, and therefore be a novel tool for
depleting ATP specifically in the ER compartment, although
its utility requires further investigation.

ER-targeted NTPDase3 may also be instrumental to study
the effect of ATP depletion in the ER on endoplasmic
reticulum stress response. Various physiological and patho-
logical conditions perturb ER function and homeostasis
resulting in an accumulation in the ER of unfolded and
misfolded proteins. Under this condition, known as “ER
stress”, cells activate specific signaling pathways referred
to as the unfolded protein response (UPR). The UPR
signaling cascades attempt to restore a favorable environment
for protein folding in the ER. However, a severe and chronic
impairment of ER function may activate a programmed cell
death pathway. Consequently, the outcome of the UPR
depends on the balance between pro-survival and pro-
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apoptotic signaling (45). Survival of cancer cells and their
resistance to therapeutic drugs have been correlated with
overexpression of the major ATP-dependent ER chaperones,
GRP78 and GRP94, which enhance the protein-folding
capacity in ER (46, 47). Accordingly, the inhibition of
expression and/or function of these chaperones in cancer cells
has been proposed as an approach to activate the apoptotic
response and enhance the efficacy of chemotherapeutic
drugs (46–50). We suggest that an additional approach to
inhibit the function of GRP78 and GRP94 is to specifically
deplete ER of ATP, and that ER-targeted NTPDase3 should
be a useful tool to test this, and other related hypotheses.
Although ER-targeted NTPDase3 cannot be used itself as
an anticancer agent, a favorable outcome derived from
experiments coupling ER-targeted NTPDase3 expression
with antineoplastic drug treatment would support the hy-
pothesis that ATP transporters in the ER could be anticancer
targets.
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