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ABSTRACT: CD39, the mammalian ATP diphosphohydrolase (ATPDase), is thought to contain two
transmembrane domains and five “apyrase conserved regions” (ACR) within a large extracellular region.
To study the structure of this ectoenzyme, human CD39 was modified by directed mutations within these
ACRs or by sequential deletions at both termini. ATPDase activity was well preserved with FLAG tagging,
followed by the removal of either of the demonstrated C- or N-transmembrane regions. However, deletions
within ACR-1 (aa 54-61) or -4 (aa 212-220), as well as truncation mutants that included ACR-1, -4, or
-5 (aa 447-454), resulted in substantive loss of biochemical activity. Intact ACR-1, -4, and -5 within
CD39 are therefore required for maintenance of biochemical activity. Native and mutant forms of CD39
lacking TMR were observed to undergo multimerization, associated with the formation of intermolecular
disulfide bonds. Limited tryptic cleavage of intact CD39 resulted in two noncovalently membrane-associated
fragments (56 and 27 kDa) that substantially augmented ATPDase activity. Glycosylation variation
accounted for minor heterogeneity in native and mutant forms of CD39 but did not influence ATPDase
function. Enzymatic activity of ATPDase may be influenced by certain posttranslational modifications
that are relevant to vascular inflammation.

The vascular ATP diphosphohydrolase (ATPDase)1 or
CD39 is an integral membrane protein that belongs to the
GDA 1/CD39 NTPase family (1-5). These enzymes require
Ca2+/Mg2+ and cause the hydrolysis of nucleotide di- and
triphosphates (6, 7). This group of proteins comprises certain
mammalian (8-11), invertebrate (12), protozoan (13), and
plant E-type ATPases (2) that share sequence homology, with
particular reference to “apyrase conserved regions” (ACR)
(2, 14).

Although some of these enzymes are inherently soluble
(7, 15), the mammalian vascular ATPDase is associated with
endothelial cell (EC) membranes (1, 4). Here, the enzyme
hydrolyzes extracellular ATP and ADP, which are released
following activation of EC and platelets into the blood, to
the monophosphate form (16, 17). The latter are then

transformed to adenosine through the action of 5′-nucleo-
tidase and exert further modulatory effects upon vascular
inflammation and hemostasis (18).

Modeling studies and structural analysis of CD39 suggest
two transmembrane domains at both the N- and C-termini
with a large extracellular loop containing a more central
hydrophobic region (5). Further, there are six potential
N-linked glycosylation sites and a total of 11 cysteine
residues that may be implicated in the formation of oligomers
(1, 5, 19). There are also several sites that may be modified
by ectoprotein kinases (6, 20) as well as potential intracellular
protein kinase C phosphorylation (6) and potential palmi-
toylation sites (K. Koziak, unpublished observations). Other
posttranslational changes with oxidation or specific pro-
teolytic cleavages may be of importance in modulating
enzymatic function (21, 22).

The nature and composition of the ectonucleotidase
catalytic site remains undetermined. The fourth ACR (aa
212-220; ACR-4) is found in both ecto-ATPase and CD39/
ATPDase and has high-level homology with actin-HSP 70
â-hexokinase andγ-phosphate binding motifs (2, 13); less
sequence similarity has been noted for ACR-1 (aa 54-61).
The porcine pancreatic ATPDase appears truncated and
therefore to lack ACR-1 to -3 (1, 9). Another potential ACR
(termed ACR-5; aa 447-454) in the C-terminal region has
been identified by Vasconcelos et al (12, 14).

It is also possible that areas other than the reported ACR
may constitute functional catalytic site(s) or influence the
differentiation of either ATPase and/or ADPase hydrolytic
specificity. The objective of this work was to determine
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relationships between defined structural alterations or post-
translational modifications of CD39 and the levels of
membrane ATPDase enzymatic activity.

EXPERIMENTAL PROCEDURES

Antibodies. Anti-human CD39 (BU61) monoclonal anti-
bodies (mAb) were purchased from AnCell (Bayport, MN).
Anti-mouse and anti-rabbit IgG-FITC conjugates as well
as monoclonal mouse M2 anti-FLAG were purchased from
Sigma (St. Louis, MO); peroxidase-conjugated anti-rabbit
antibodies were purchased and used as recommended (Pierce,
Rockford, IL). A 16 amino acid peptide from the N-terminus
of the porcine pancreatic ATPDase (KSDTQETYGALD-
LGGA) with common sequence homology to human CD39
(aa 202-217) was used for the generation of rabbit poly-
clonal antibody. This polyclonal antibody preparation (RO202/
217) has been found to react with human CD39/ATPDase
expressed by COS-7 transfectants (1). To generate additional
antibodies (KY102/130), a high-density multigenic peptide
system (MAPS) was synthesized with peptides corresponding
to amino acid sequence 102-130 of human CD39 (5). This
approach used a small peptidyl core matrix of four lysine
residues bearing four branching peptides (Service de se´-
quence de peptide de l’Est du Que´bec). Rabbits were
immunized and antibodies characterized as previously de-
scribed (10, 11).

Cell Culture. Human umbilical vein endothelial cells
(HUVEC) from fresh umbilical veins were cultured in M199
with 20% FCS, heparin (100µg/mL), and endothelial cell
growth factor (50µg/mL) (BioWhittaker, Walkersville, MD);
COS-7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% FCS. Both media were supple-
mented withL-glutamine (2 mM), penicillin G (100 units/
mL), and streptomycin (100µg/mL) (1). All cells were grown
in culture dishes at 37°C in a humidified incubator with a
5% CO2 atmosphere. Cultured cells were harvested by
scraping; EC were used at passage 3.

Preparation of CD39/ATPDase ACR-1 or ACR-4 Deletion
Mutants by OVerlap Extension Using the Polymerase Chain
Reaction (PCR). RNA isolated from human umbilical vein
endothelial cells served as a template for reverse tran-
scriptase-PCR (1). To prepare CD39 ACR-1 and ACR-4
deletion mutants, we employed site-directed mutagenesis by
overlap extension using PCR (23). Two separate amplifica-
tions were required with two complementary oligodeoxyri-
bonucleotide mutant primers. In the first PCR reaction, 5′-
flanking primer (5′-ATA ATA GGA TCC ATG GAA GAT
ACA AAG GAG-3′) and antisense mutant primers (5′-ATA
GAT GTA TAA ACT TGT GTG AAT CCC ATA CTT
AAC GTT-3′ and 5′-TTG GGG TAC AAA AGT GAC TTG
AAA GGT TTC CTG ATT ATT-3′) for ACR-1 and -4, with
annealing temperatures of 48 and 54°C, respectively, were
used. In the second amplification reaction, the sense mutant
primers (5′-CAC ACA AGT TTA TAC ATC TAT-3′ and
5′-CAA GTC ACT TTT GTA CCC CAA-3′), for ACR-1
and ACR-4, with annealing temperatures of 48 and 54°C,
respectively, and the 3′-flanking primer (5′-ATA ATA TCT
AGA TCA CTT GTC GTC ATC GTC TTT GTA GTC TAC
CAT ATC TTT CCA GAA ATA TG-3′) were applied. The
latter was designed to introduce the coding sequence for a
C-terminal FLAG tag of the protein for later immunological

detection. As the result of these amplifications two overlap-
ping mutant fragments were generated, one with a mutation
at the 3′ end and another with the same mutation at its 5′
end. Generated fragments were gel purified with a Qiaex II
DNA extraction kit (Qiagen, Santa Clarita), and both were
used as a template in another PCR reaction with 5′- and 3′-
flanking primers (as above). The reactions were carried out
in MJ Research Thermal Cycler (Watertown, MA) for 35
cycles (0.5 min at 94°C; 1 min at 57°C; 2 min at 72°C)
followed by 10 min at 72°C. Amplified PCR products were
examined on 1% agarose gel and then sequenced (automated
sequenator, Applied Biosystems (ABI), Foster City, CA) to
confirm the absence of nucleotides 221-241 (ACR-1) and
695-724 (ACR-4), respectively.

CD39 Expression Vectors. For expression of native CD39,
an identical approach as described previously was used (1).
For N-terminal and double-truncated forms of CD39, a vector
based on the pcDNA3 plasmid was designed to ensure
membrane expression of the protein with attachment of the
unique eight amino acids spanning FLAG tag (DYKD-
DDDK). For this purpose the mouse pre-protrypsin leader
as a secretory sequence including the translational initiation
signal, aHindIII restriction site at the 5′ end, and aBamHI
site at the 3′ end were ligated at the 5′ end of the construct
as described previously (24). In addition, the sequence
included the DNA sequence coding for the FLAG epitope.
The sequences for these synthetic oligonucleotides were
previously published (24). Each truncated mutation was
generated by PCR using either cDNA as described above or
0.25 µg of a CD39-pcDNA3 vector, described previously
(1) with an annealing temperature of 55-57 °C and 25-30
cycles. All the oligonucleotides used for generation of the
truncated forms of CD39, as well as FLAG-tagged CD39,
are shown in Table 1. PCR products were gel-cleaned,
digested, and ligated into the polylinker of the vector utilizing
a BamHI site at the 5′ end and aXbaI site at the 3′ end for
FLAG-tagged CD39 as well as N- and C-terminal truncations
and a EcoRI site at the 3′ end for double truncations,
respectively. The pcDNA3 vectors were utilized for C-
terminal truncations and the FLAG-tagged native protein.
To ensure attachment of a FLAG tag in C-terminal truncated
forms and FLAG-tagged CD39, the antisense primer used
for PCR included the nucleotide sequence coding for FLAG.
To achieve GPI-anchored membranous expression of the
double-truncated forms of CD39, synthetic oligonucleotides
were ligated at the 3′ end of the protein-coding sequence
containing nucleotides coding for the last 37 amino acids of
decay accelerating factor (DAF). This measure provided a
signal for covalent attachment of a GPI membrane anchor;
the sequences of these synthetic oligonucleotides containing
a stop codon, anEcoRI restriction site (5′ end), and aNotI
restriction site (3′ end) were exactly as published (24).
Constructs in expression vectors were sequenced using an
ABI 373 fluorescent DNA sequencer (ABI) using SP6 and
T7 primers as well as custom sequencing primers.

Transient Transfection. DNA (85 ng of vector/cm2 culture
plate surface area) was precipitated with 0.3 M sodium
acetate, pH 7.0, and 70% ethanol at-80 °C for 1 h before
incubation with lipofectamine (3µg/cm2) for 30 min at room
temperature. COS-7 cells, at 80% confluence, were incubated
with the DNA/lipofectamine mixture for 5 h at 37°C in
serum-free medium. The transfection was then terminated
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by addition of FCS to a final concentration of 10%. The
medium was changed after 48 h, and cells were harvested
for assays or purification after 72 h. Both control COS-7
cells used for transfection and empty vector transfected cells
were negative for CD39 as analyzed by Western blotting
and FACS with anti-CD39; in both controls ATPDase
activity was negligible.

Cytofluorometric Analysis. Transfected cells suspended in
phosphate-buffered saline (Dulbecco’s PBS-Mg2+-Ca2+;
Sigma, St. Louis, MO), supplemented with 5% FCS and
0.1% sodium azide, were stained in a two-step indirect
procedure. Cells were first incubated with the monoclonal
mouse antibodies BU61 or anti-FLAG followed by incuba-
tion with the FITC-conjugated anti-mouse antibody for 20
min at 4°C. Cytofluorometric analyses were then performed
on FACSort (Becton Dickenson, Mansfield, MA). Empty
vector transfected cells served as a negative control. The Cell
Quest software program was used for collecting and analyz-
ing data. At least 10 000 cells were counted in each
experiment, and results were expressed as percent transfec-
tion rate (24).

Protein Preparation. Cells were washed three times with
Tris-saline buffer, pH 8.0 at 4°C, harvested by scraping in
20 mM Tris, pH 8.0, 50 mM NaCl, and 0.1 mM PMSF,
with aprotinin (0.02 KIU/mL), and centrifuged at 300g for
5 min at 4 °C. Cells were resuspended in the harvesting

buffer. For homogenates and membrane preparations, cells
were disrupted in Potter homogenizer and centrifuged at 300g
for 5 min at 4°C. Supernatants were used as cell homoge-
nates. Cell membranes were prepared by ultracentrifugation
of cell lysates at 150000g for 1 h at 4 °C. Pellets were
resuspended in 7.5% glycerol and 5 mM Tris-HCl, pH 8.0.
Cell lysates were obtained from lysis of COS-7 transfectants
induced by incubation with the harvesting buffer containing
1% NP40. Protein was measured according to the Bradford
method (25).

Affinity Chromatography Purification of FLAG-Tagged
Proteins. Cell lysates (500µL, 15 µg/µL protein) were pooled
to equal parts from three different transient transfections of
COS-7 cells with either native or one of the N-terminal
truncated forms of CD39. All were diluted 1:10 with
harvesting buffer containing NP-40, resulting in a final
concentration of 0.5%. Tagged CD39 protein was purified
on anti-FLAG M2 affinity columns (Kodak Scientific, New
Haven, CT) according to the manufacturer’s instructions,
modified only in that all solutions and buffer were adjusted
with NP-40 to a final concentration of 0.5% to keep the
membrane protein in soluble form. Concentrated eluates
(Centricon 10, Amersham) were used for ATPDase bio-
chemical activity assays and Western analysis. Additional
steps with dialysis were required to remove excess detergent,
and samples were lyophilized prior to reconstitution for

Table 1: Sequences of Primer Used for PCR Amplification of Truncated Mutantsa

a The nomenclature of the mutants is as defined in Figure 1.
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SDS-PAGE and silver staining. Tagged CD39 mutants were
adjusted to the native protein levels by densitometric analysis
of Western blots utilizing ImageQuant software (Molecular
Dynamics, Sunnyvale, CA). This purification of mutants also
provided insights into possible association of proteolytic
fragments of CD39 with intact monomeric forms.

ATPDase Assays. Enzyme activity was determined at 37
°C in 1 mL of 5 mM CaCl2, 200 µM substrate (ATP or
ADP), and 50 mM Tris, pH 8.0. Reactions were stopped
with 0.25 mL of Malachite green reagent and Pi was
determined (26).

Western Blot Analysis. SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed according to Laemmli
(27). Proteins (5 or 10µg per lane for cell lysates; equivalent
to 1.5µL of affinity-purified protein) were boiled in sample
buffer [2% (w/v) SDS, 10% (v/v) glycerin, 0.001% bro-
mophenol blue in 65 mM Tris, pH 6.8, with or without 1%
(v/v) 2-mercaptoethanol as indicated (reducing or nonreduc-
ing condition, respectively)] and separated on 10% acryl-
amide-SDS gel or 4-15% gradient gels and transferred to
PVDF membrane (Immobilon P, Millipore, Bedford, MA)
by electroblotting (28). The latter were then probed with
commercial mouse mAb to native CD39 (BU61, AnCell Co.,
Bayport, MN) or the FLAG epitope (M2, Kodak Scientific)
or with polyclonal rabbit antibodies raised against the CD39-
derived peptides, aa 102-130 (KY102/130) or aa 202-217
(RO202/217). Bands were visualized using HRP-conjugated
goat anti-rabbit IgG or goat anti-mouse IgG (Pierce, Rock-
ford, IL) and the Renaissance Chemiluminesence reagent plus
(NEN, Boston, MA) according to the manufacturer’s instruc-
tion.

Multimeric Analysis after Diamide and Thiol Treatment.
Aliquots of homogenates derived from FLAG-tagged CD39
transfected COS-7 cells were incubated in harvesting buffer
with varying concentrations of diamide and dithiothreitol for
30 min at room temperature. For the investigation of
multimeric patterns, treated homogenates were subjected to
Western analysis under nonreducing conditions and patterns
compared with standard CD39 preparations.

Tryptic Digestion and Deglycosylation. Aliquots of ho-
mogenates derived from FLAG-tagged CD39 transfected
COS-7 cells were incubated at 37°C either in harvesting
buffer with 3.3 µg/mL trypsin (Life Technologies, Grand
Island, NY) for 5 min or in harvesting buffer supplemented
with 0.3% Triton X-100 with 0.25 units ofN-glycosidase F
(Life Technologies, Grand Island, NY) for 12 h (34). The
reaction for the tryptic digest was stopped with PMSF at a
final concentration of 1 mM. Treated and control samples
were subjected to Western blot analysis and activity assays
as described above.

Statistical Analysis. Data were analyzed by graphical
representation and by the Mann Whitney rank sum test where
indicated using Sigma Suite Version 2.0 for Windows 95
(Jardel Scientific, San Rafael, CA).

RESULTS

Design of FLAG-Tagged CD39 and Mutant Forms.
Hydrophobicity plots (29) suggested the presence of two
transmembrane regions (TMR) at the N- and C-terminus;
an additional hydrophobic region appeared to be localized
in the central region of the C-terminal portion in the cysteine-

rich area (not shown). The putative TMR were deleted in
an individual manner to ascertain the role of the alternative
TMR in maintaining membrane association and their effect
upon enzymatic activity. Membrane attachment of mutants
without both putative TMR was assured by introduction of
the GPI-linker signal of DAF at the C-terminus. Native and
all CD39 mutants were tagged with the eight amino acid
FLAG sequence. Native, ACR deletion mutants, or C-
terminal-truncated mutants were tagged at the C-terminus
and N-terminal and double-truncated (both N- and C-
terminal) mutants at the residual N-terminus. Further trunca-
tions at the N-terminal end were designed to remove in a
stepwise manner the putative N-terminal TMR (NT∆-1-
37) plus either the ACR-1 (NT∆-1-61), ACR-1-3 (NT
∆-1-202), or ACR-1-4 (NT ∆-1-220).

The first C-terminal truncation (CT∆-477-510) removed
the TMR, and a subsequent mutant was characterized by the
additional loss of ACR-5, plus the C-terminal four cysteine
residues (CT∆-329-510). Further truncations at the C-
terminal end sequentially removed four consecutive cysteine
residues up to ACR-4 (CT∆-305-510, CT∆-286-510, CT
∆-259-510, and CT∆-221-510). Both putative TMR were
removed in two different double-truncated forms of CD39
(DT ∆-1-37/∆-477-510 and DT∆-1-37/∆-221-510). A
scheme of generated mutants is presented in Figure 1.

These sequential N-terminal truncations were designed to
provide information concerning the role of ACR-1 to -4 in
expression and function of CD39. C-Terminal truncations
were designed to evaluate the involvement of ACR-5 and
the role of disulfide linkages between multiple C-terminal
cysteine residues. To determine the effect of isolated effects
of ACR-1 or -4, additional deletion mutants lacking ACR-1
(∆-ACR-1) or ACR-4 (∆-ACR-4) were designed and then
expressed in COS-7 cells.

Biochemical ActiVity of NatiVe CD39 and Mutants. The
ATPase activity of native CD39-transfected COS-7 cell
lysates was 337.6( 124.9, and the ADPase activity was
found to be 242.2( 40.3 nmol of Pi min-1 mg-1; this
normalized ATPase activity was 101( 11% and ADPase
activity was 94( 8% when standardized to values obtained
with the tagged CD39 [mean( standard deviation (SD),
three transfections; Figure 2A]. Therefore, the biochemical
activity of unmodified CD39 was nearly identical to values
obtained with FLAG-tagged protein. These results are
derived from assays designed to generateVmax with less than
5% of the original substrate (ATP or ADP) hydrolyzed;
hence, minimal interference with measurements of ATPase
activity will result from the hydrolysis of newly generated
ADP.

COS-7 cells following transfection with NT∆-1-37 and
CT ∆-477-510 had slightly lower ADPase activity (77(
12% and 68( 9%, respectively) and ATPase activity (69
( 4% and 55( 4%, respectively, versus the tagged, intact
CD39). The GPI-linked, mutant CD39 with both TMR
deleted (termed DT∆-1-37/∆-477-510) had marked
decreases in nucleotidase activity (ADPase 37( 3% and
ATPase 34( 9% vs tagged CD39;p < 0.05. Figure 2A).
However, ADPase activity for NT∆-1-61 (9 ( 6%), NT
∆-1-202 (9( 6%), and NT∆-1-220 (12( 9%) together
with ATPase activities (22( 4%, 20( 4%, and 16( 6%)
were dramatically diminished when compared to tagged
native CD39 (p < 0.001). COS-7 cell lysates transfected with
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cDNA encoding mutants with further C-terminal truncations,
an extended double-truncated mutant DT∆-1-37/∆-221-
510, as well as those designed to target∆-ACR-1 and -4
had no significant ADPase activity (range activity 1-2%).
These latter activities were comparable to cells transfected
with empty vector.

Immunopurified and reconstituted FLAG-tagged CD39
and the N-terminal truncation mutants were assayed for
nucleotidase activity. Normalized NT∆-1-37 activity was
comparable to prior estimates performed on the crude cell
lysates (Figure 2B). When compared to purified FLAG-
tagged CD39, normalized ADPase activity was markedly
diminished for NT∆-1-61 (6.9( 0.2%), NT∆-1-202 (5.8
( 0.3%), and NT∆-1-220 (4.2 ( 0.1%; Figure 2B).
ATPase activity was barely detectable for immunoaffinity-
purified NT ∆-1-61 (3.0 ( 0.1%), NT ∆-1-202 (3.5(
0.1%), and NT∆-1-220 (2.5( 0.1%; Figure 2B). These
data, derived from immunopurified mutant forms of CD39,
more accurately reflect the loss of ATPDase activity observed
with the more substantive truncations at the N-terminus.

Cytofluometric Analysis. COS-7 cells transiently trans-
fected with native and mutant CD39 were analyzed for
respective cell surface expression by cytofluometric analysis
using BU61 and anti-FLAG mAb. When stained with BU61,
tagged native protein, NT∆-1-37, CT∆-477-510, and DT
∆-1-37/∆-477-510 had comparable levels of cell surface
expression (52-62%) to the nontagged native CD39 (61(
9%; p > 0.05; Figure 3).

Other mutant forms of CD39, viz. NT∆-1-61 (3( 1%),
NT ∆-1-202 (13( 4%), and NT∆-1-220 (11( 3%), were
noted to have decreased membrane expression when com-
pared to unmodified protein (p < 0.001; Figure 3). Because

of anti-CD39 or anti-peptide antibody specificities for regions
of the native protein, membrane expression of deletional
mutants was determined by using antibodies against the
FLAG epitope. When detected with anti-FLAG, expression
of C-terminal truncations beyond CT∆-329-510 was very
low, i.e., 2-6%, with the ACR-1 and -4 deletion mutants in
the range of 8-14% (data not shown).

Western Blot Analysis. (A) Characterization of NatiVe
CD39. Lysates of transiently transfected COS-7-cells were
analyzed by Western blotting under nonreducing conditions
to confirm comparable levels of synthesis of mutant proteins
(Figure 4). The 78 kDa full size monomeric form of CD39,
a derived 56 kDa fragment (detectable with BU61 and also
RO202/217; latter not shown), and the 27 kDa fragment
(recognized by KY102/130) were expressed in a comparable
manner for both unmodified and FLAG-tagged proteins
(Figure 4). Small amounts of a 42 kDa fragment were also
visualized with BU61 with longer exposure times (data not
shown). None of these derived forms of the monomeric form
of CD39 were recognized by the anti-FLAG antibodies,
suggesting removal of this epitope in a posttranslational
manner.

The predominant monomeric form was observed to
undergo multimerization to form dimers, trimers, tetramers,
and higher oligomers observed with anti-FLAG and KY102/
130 (Figure 4) as well as with RO202/217 (not shown).
Oligomer formation was observed for both tagged and
nontagged native CD39 (Figure 4) and occurred only under
nonreducing conditions as detected with anti-FLAG (not
shown). Greater cross-linking by disulfide bridging between
cysteine residues following exposure to diamide resulted in
a shift of the pattern toward the higher multimers. In contrast,

FIGURE 1: Alignment of truncation mutants and FLAG-tagged CD39. Dark gray boxes indicate apyrase conserved regions (ACR) (2), and
light gray stippled boxes show potential binding epitopes for the specified antibodies. The solid double line indicates the two terminal
transmembrane regions (TMR). Dotted lines indicate the cysteine residues. Key: CT, C-terminal truncated; DT, double truncated; NT,
N-terminal truncated; circle, FLAG tag;∆-XX-XXX, the range of residues truncated for the particular mutant; GPI, glycosylphosphati-
dylinositol anchor.
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treatment of CD39 preparations with dithiotreitol (DTT) or
â-mercaptoethanol (ME) resulted in a loss of the multimeric
pattern. The reduced monomeric CD39 comprised a doublet
with a thin lower band immediately below the major 78 kDa
isoform, which was not detected in samples showing
multimerization (not shown).

Western blot patterns for affinity-purified CD39 were
comparable to nonpurified native CD39 including a 27 kDa

band detectable with KY102/130 in the presence or absence
of â-ME, with the 56 kDa form recognized by BU61 under
nonreducing conditions (Figure 5) and RO202/217 (data not
shown). Both of these lowerMr isoforms were not detectable
with anti-FLAG antibody. The double band observed under
nonreducing conditions, at approximately 150 kDa, was due
to affinity gel derived mouse IgG. Silver staining of purified
native CD39 after lyophilization revealed one strong band
migrating on the level of the full size monomeric CD39
(Figure 5).

(B) Characterization of Deletional Mutants. Isolated
deletions at either ACR-1 or -4 resulted in generally
diminished levels of protein expression that required longer
development times for visualization (Figure 6). However,
the monomeric forms of native CD39 and the ACR deletion
mutants were recognized by BU61 and KY102/130. The
CD39∆-ACR-4 mutant was not detectable with RO202/217,

FIGURE 2: Biochemical activity of FLAG-tagged CD39 or trunca-
tion mutants as defined in Figure 1. Hydrolysis of ADP and ATP
was determined by measuring phosphate release using the Malachite
green technique. (A, top) Lysates of transfected COS-7 cells. The
vertical axis shows normalized activity as a percentage value of
ATPase (325.0( 102.3 nmol of Pi mg-1 min-1) and ADPase (263.3
( 61.2 nmol of Pi mg-1 min-1) results obtained with the FLAG-
tagged intact CD39. (B, bottom) CD39 FLAG-tagged and mutants,
affinity purified from transfected COS-7 cells with normalized
activity again expressed on the vertical axis.

FIGURE 3: Cytofluorometric analysis of COS-7 cells transiently
transfected with native CD39 and a selection of mutants. The
percentage of viable cells expressing CD39 epitopes recognized
by BU61 is shown on the vertical axis.

FIGURE 4: Western blotting of lysates of transiently transfected
COS-7 cells for FLAG-tagged and native (nontagged) CD39. Blots
were developed with monoclonal (BU61) and polyclonal (KY102/
130) antibodies to human CD39 and monoclonal antibody M2
detecting the FLAG epitope (anti-FLAG). A total of 8µg of protein
was loaded on each lane. The nonspecific band at 29 kDa
recognized by KY102/130 was also observed with empty vector
transfected cells (VECTOR).

FIGURE 5: Western blot analysis of affinity-purified FLAG-tagged
CD39 preparations. Samples were subjected to SDS-PAGE under
nonreducing (NR) and reducing (R) conditions. CD39 was detected
with anti-FLAG M2 (RFLAG), monoclonal anti-CD39 BU61 (BU),
and KY102/130 (KY); samples were also subjected to silver staining
(SI). Molecular standards are shown adjacent to the SI purified
proteins. An asterisk designates coeluted murine Ig.
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in keeping with the deletion of the predicted major part of
the epitope. Two faint bands at 66 and 80 kDa detected by
RO202/217 were also detectable in empty vector transfected
COS-7 cells and thus considered nonspecific. The 56 kDa
fragment (recognized by BU61 or RO202/217) was not
observed in ACR-1 or -4 deleted forms of CD39. The 27
kDa fragment (recognized by KY102/130) was observed in
native CD39 and not in ACR-4 deleted forms; a relatively
smaller∆-ACR-1 isoform (25 kDa) was observed in keeping
with the deletion within ACR-1. Multimeric patterns for
native CD39 and∆-ACR-1 were visualized by RO202/217
and also for∆-ACR-4 by BU61 under nonreducing condi-
tions; multimers were also observed for ACR deleted forms
of CD39 by anti-FLAG and were comparable to native
protein (data not shown).

(C) Characterization of Truncation Mutants. Native CD39
with and without the FLAG, all N-terminal truncated
mutants, CT∆-477-510, and DT∆-1-37/∆-477-510 were
visualized under nonreducing conditions with BU61 (Figure
7). The expression of NT∆-1-37, DT∆-1-37/∆-477-510,
and CT∆-477-510 as detected with BU61 was comparable
to unmodified enzyme; NT∆-1-61 had lower expression
that further diminished with greater N-terminal truncations.
CD39 mutants with the C-terminal truncation∆-329-510
and beyond were not detected in these Western blots,
suggesting that BU61 recognized an epitope between amino
acids 329 and 477. No detection of CD39 or mutants
occurred with BU61 under reduced conditions, suggesting
that disulfide linkages and their role in generating the tertiary
structure were important for the epitope (data not shown).
Anti-FLAG antibody did not react with the 56 kDa isoforms
observed with BU61 and RO202/217 (Figures 6 and 7) or
any other degradation product in the mutant and native CD39
(Figure 8).

In addition to the full-sized monomer, a 56 kDa isoform
was observed in native and NT∆-1-37 (Figure 7). BU61
detected CT∆-477-510 and DT ∆-1-37/∆-477-510
truncated mutants as double bands. This size heterogeneity
was due to glycosylation variation (see below). KY102/130

detected a 27 kDa form only in native enzyme and CT
∆-477-510. The latter antibody detected a full size monomer
in all truncational mutants except NT∆-1-202 and NT
∆-1-220 (that lack the epitope for KY102/130; data not
shown).

Features of Multimeric Forms of NatiVe and Mutant
CD39. BU61 detected multimerization in predominantly
truncation mutants lacking one or both TMR (Figure 7).
Oligomers of unmodified CD39 or further N-terminal trunca-
tions reacted only minimally with BU61 in contrast to anti-
FLAG (Figure 8), KY102/130 (Figure 4), and RO202/217
(Figure 6). Under reducing conditions, anti-FLAG detected
CD39 as a monomer (Figure 8). The patterns for the full
size monomer under reducing conditions were comparable
for all truncated CD39 variations with detection by either
KY102/130, anti-FLAG, or RO202/217 (data for the latter
not shown). Under nonreducing conditions, most forms of
CD39 were detected predominantly as oligomers. All trun-
cated forms of CD39 underwent multimerization although
to a reduced extent for NT∆-1-202, NT ∆-1-220, and
DT ∆-1-37/∆-221-510 (Figure 8). Mutants that did not
form these very high multimers shared several characteristics.
These included absence of either three N-terminally located
cysteine residues or all of the C-terminal cysteine residues
plus the intracytoplasmic N-terminal cysteine (Figure 1).

Increases in the 56 kDa Isoform Are Associated with
Augmentation of Enzymatic ActiVity. Following limited
proteolysis of native CD39 with trypsin, Western blot
analysis was performed with BU61 (nonreducing conditions)
and with KY102/130 (reducing conditions) as depicted in
Figure 9. Limited proteolysis of native CD39 resulted in
conversion of the 78 kDa form to the 56 kDa band
(recognized by BU61) and the 27 kDa band (recognized by
KY102/130), respectively. Normalized ATPDase activity was
substantively boosted (by 190.1( 2%) following limited
proteolysis with trypsin and the associated degradation to
the lower Mr derivatives (Figure 9). Similar changes in
activity and conversion to theMr 56 000 isoform were noted
with partially purified human umbilical vessel ATPDase
preparations undergoing tryptic digestion (data not shown).

Deglycosylation of NatiVe and Selected Mutants of CD39.
Native CD39 and selected truncated mutants were treated

FIGURE 6: Western blotting of COS-7 cells transfected with FLAG-
tagged native CD39, deletion mutants ACR-1 (∆-ACR 1) and
ACR-4 (∆-ACR 4), or empty vector. Deletional mutants of CD39
targeting ACR-1 and -4 were subjected to SDS-PAGE under
nonreducing and reducing conditions. Blots were developed with
polyclonal anti-CD39 RO202/217, KY102/130, or monoclonal
BU61.

FIGURE 7: Native CD39 N- and C-terminal truncation mutants were
subjected to SDS-PAGE under nonreducing conditions. Western
blots were developed with anti-human CD39 monoclonal antibody
(BU61). The C-terminal truncations beyond the TMR removed the
epitopes recognized by this monoclonal antibody.
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with N-glycosidase F (PGNase) to remove GlycNAcâ1-
GlycNAc attachments at N-linked glycosylation sites. De-
glycosylated proteins migrated proportionally with appro-
priate decreases in relative molecular mass (Figure 10). The
double band seen for CT∆-477-510 and DT∆-1-37/
∆-477-510 became one single band following PGNase
treatment (Figure 10). These data confirm that doublets of
CT ∆-477-510 and DT∆-1-37/∆-477-510 are glycosyl-
ation variations. Similar patterns were observed with a
metabolic inhibitor of protein glycosylation (swainsonine;
data not shown). Biochemical activity was essentially
unaltered by glycosylation status (not shown).

DISCUSSION

We have previously shown that vascular EC rapidly lose
ATPDase activity following reperfusion injury (30) or other

inflammatory reactions (22). As the local administration of
soluble apyrase has beneficial effects abrogating platelet
sequestration within the graft vasculature of transplanted
organs (31), we have considered that targeted expression of
high levels of stable and active ATPDase might be an
effective therapeutic intervention for vascular inflammation.
To this end, we have generated a series of truncated and
deletional mutants of CD39 (Figure 1) to determine the
possible designs of substantially smaller derivatives of CD39
that could be then further modified to heighten enzymatic
(preferentially ecto-ADPase) activity and also increase
resistance to oxidant stress.

We found that insertion of FLAG tag did not substantively
change ADPase or ATPase activity of the native CD39/
ATPDase and did not substantially influence protein anti-
genic structure; the patterns for the full size monomer (78

FIGURE 8: Native and mutant forms of CD39 were subjected to SDS-PAGE under both reducing and nonreducing conditions. Western
blots were developed with anti-FLAG Ab M2 to confirm the presence of C-terminal truncation mutants and evaluate multimeric patterns.

FIGURE 9: Trypsin-treated (+) and nontreated (-) cell lysates from
transfected COS-7 cells were subjected to SDS-PAGE under both
reducing and nonreducing conditions, and Western blots were
developed by BU61 or KY102/130 to show conversion of intact
monomeric CD39 to the major derivatives. COS-7 cells were trans-
fected with FLAG-tagged CD39 or empty vector (VECTOR). Cell
lysates were performed as described in Experimental Procedures.

FIGURE 10: CD39 and mutants designated as in Figure 1 underwent
enzymatic deglycosylation with PNGase. Proteins were then
submitted to SDS-PAGE under nonreducing conditions and
Western blotted using BU61. Blots clearly show the presence of
the intact monomeric protein and the major degradation fragment
of CD39 in native and NT∆-1-37 (weak reaction for NT∆-1-
61). Following deglycosylation, only one protein isoform can be
recognized for both CT∆-477-510 and DT∆-1-37/∆-477-510.
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kDa) and the 56 and 27 kDa forms as well as the pattern of
multimerization were comparable for both native and FLAG-
tagged proteins on Western blotting. Purification of selected
mutants by FLAG-epitope affinity chromatography was
undertaken for normalization of antigen levels. These purified
mutants permitted the determination of relative ATPDase
enzymatic activities given potential changes in immunogenic
epitopes as determined by antibodies to CD39 with varying
degrees of protein synthesis and expression of the various
mutants observed (Figures 2B and 5).

Our data demonstrated that either the N- or C-terminus
alone was able to localize CD39 in the cell membrane with
the appropriate extracellular domains accessible to antibodies
and cytofluorometric analysis as predicted by hydrophobicity
plots (5). Anchoring mediated by the N-terminal TMR
seemed to be more robust than by the C-terminal counterpart;
specifically, only N-terminal truncated forms were found as
solubilized monomeric and dimeric forms in conditioned
media of transfected COS-7 cell cultures (data not shown).
The independent development of a double-truncated CD39
mutant without a GPI linker and the recent demonstration
of solubility have also confirmed that the central hydrophobic
area alone is insufficient for membrane association (32). This
observation has been recently confirmed by another group
for the rat ectoapyrase (33).

Native CD39 and the mutants with truncation of either
the N- or C-terminal TMR, adjacent to ACR-1 or ACR-5,
respectively, were well expressed on the cell membranes.
Further truncation or deletional mutations involving only one
individual or several ACR-1 to -5 led to substantially
diminished surface expression, possibly relating to impaired
protein folding and failure of transport. Truncation of the
N-terminus involving the TMR and at least ACR-1 resulted
in intracellular localization of these mutants. Electron
microscopy studies confirmed failure of plasma membrane
translocation of CD39 truncational mutants lacking ACR-1
(Agnes Kittel, Budapest, Hungary personal communication).
Deletion of ACR-1 or -4 was also accompanied by somewhat
decreased expression, indicating a potential requirement of
these regions for appropriate protein folding and full expres-
sion of CD39 (Figure 6).

The only mutants to exert ATPDase activity comparable
to that of the native enzyme were those with either one or

the other terminal TMR absent (Figure 2). Dissociation of
high levels of ATPase from ADPase activity or vice versa
was not observed in any of the mutants tested. Deletion of
both TMR and linkage of DT∆-1-37/∆-477-510 to the
membrane did decrease ATPDase activity relative to native
CD39 but not to the extent observed with removal of the
ACR (Figure 2A). During the final preparation of this paper,
Wang and colleagues also reported that rat ectoapyrase
mutants lacking both TMR had some decreases in ATPDase
activity (33), in keeping with our functional observations with
similar mutations of human CD39.

The determination that the N-terminal ACR (specifically
ACR-1) was necessary for ATPDase enzymatic activity was
initially surprising. We had previously proposed that ACR-4
was the most important candidate location for the formation
of the active site in the light of sequence data from the pig
pancreatic ATPDase that seemed not to have ACR-1 to -3
(1, 9); additionally, initial targeting within ACR-4 had sub-
stantially abolished enzyme activity. However, mutations
specifically targeting ACR-1 had inhibitory effects similar
to those disrupting ACR-4, and it is possible that such
mutations could provoke structural rearrangements that could
mask the true catalytic site; comparable alterations could arise
following removal of the ACR-2 and -3. The separate trunca-
tions of the C-terminal regions removing the putative ACR-5
(14) also markedly inhibited both ATPase and ADPase
activity. Upon examination of this region in more detail, it
became clear that ACR-5 was highly conserved among CD39
proteins (6, 34) and is also seen in human UDPase (35), yeast
GDPase, and potato apyrase (2) (Table 2).

Analysis of labeled and truncated mutants by Western
blotting provided valuable information on protein structure,
posttranslational modifications, and their potential influence
on enzyme activity. Importantly, truncation mutants of CD39
lacking amino acids 329-477 were not recognized by BU61
(Figure 7), indicating that this monoclonal antibody recog-
nized an epitope in the C-terminal region. We were also able
to confirm the expected specificities of the polyclonal
antibodies used to identify CD39 fragments (Figures 4 and
6). The generation of a 56 kDa fragment, recognized by
polyclonal antibody, RO202/217 raised to a peptide sequence
within ACR-4 (not shown) and BU61, was observed in
mutants with deletions of the N-terminus to amino acid 61

Table 2: Deduced Sequence Alignment of the C-Termini of CD39 and Apyrase-like Proteins from Different Organisms and Speciesa

a GenBank Accession Numbers: Human CD39, S73813; human brain ectoapyrase, AF034840; bovine CD39, AF005940; chicken ATPDase,
AF041355; rat CD39, U81295; murine CD39, AF037366; potato apyrase, P80595; human UDPase, AB002390; yeast GDPase, P32621. The dark
shaded areas indicate exact matches, the light shaded areas mark highly conserved residues of ACR-5, and asterisks indicate the N-terminal end of
the sequence.
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(Figure 7). N-Terminal truncations of CD39 beyond ACR-1
did not demonstrate this additional band. The 27 kDa
fragment recognized by KY102/130 (Figure 4) was detected
to a minor degree in the C-terminal truncated forms of CD39
that preserved the ACR-5 (not shown).

This detection of the 56 kDa fragment by RO202/217
suggested posttranslational modifications involving limited
proteolysis of the native protein with specific cleavages
approximate to ACR-4, as previously suggested for the
pancreas ATPDase isoform (9). The 27 kDa proteolytic
fragment recognized by KY102/130 has been also noted in
preparations of human umbilical cord vessels and porcine
pancreatic ATPDase (Jean Se´vigny, unpublished observa-
tions), in keeping with an association with the 56 kDa
membrane-bound remaining fraction (Figure 5). The summed
molecular weights of approximately 83 000 (viz. 56 000+
27 000) further support the contention that these isoforms
are generated by limited proteolysis. Conclusively, these
modifications could also be reproduced by limited proteolysis
with trypsin, suggesting a cleavage site at Lys-188 or -192
just proximal to the N-terminal area of ACR-4 (Figures 1
and 9). M2 anti-FLAG did not detect the 56 kDa C-terminal
fragment of the native CD39 that was FLAG tagged,
suggesting the existence of another C-terminal (co)cleavage
site.

Importantly, such limited tryptic digestion of CD39
boosted basal ATPDase levels. The expression of trypsin-
related serine proteases by vascular EC (36) suggests that
modification of CD39 could be related to local activation
responses that could be relevant to inflammatory processes
within vasculature (37, 38). In addition, multimer formation
was dramatically decreased in preparations of CD39 that had
undergone tryptic digestion (data not shown). This described
proteolytic modification of CD39 appeared dependent on the
integrity of ACR-4 and -5 and was largely independent of
both terminal TMR and ACR-1. In the latter case of∆-ACR-
1, a 25 kDa form of CD39 specifically detected with KY102/
130 indicated a faster migrating analogue of the 27 kDa
fragment (Figure 6; not shown). However, the 56 kDa frag-
ment of the cleaved protein was not detectable within the
mutant∆-ACR-1 by either RO202/217 or BU61 (Figure 6).
The failure to detect this fragment in∆-ACR-1 could be due
to impaired association to the intact native isoform, leading
to increased solubility and/or more susceptibility to further
proteolytic degradation. The same mechanism was likely
responsible for the missing 56 kDa analogue in the C-ter-
minal TMR truncation mutant (CT∆-477-510) (Figure 7).

Purification of the native intact protein by affinity chro-
matography resulted in copurification of the 56 and 27 kDa
forms (Figure 5) that were demonstrated not to be FLAG
tagged (Figures 4 and 8). Proteolytic cleavage of native
protein on the affinity column despite the presence of
protease inhibitors was considered unlikely, as in this instance
the proteolytic fragments should not have been held on the
affinity gel because of the absence of the FLAG tag. Since
the purity of the preparation was confirmed by silver staining
(Figure 5), our observations are most likely explained by
the prior association of fragments to other full-sized CD39
monomers and potentially their oligomeric forms.

BU61 although recognizing monomeric and 56 kDa forms
did not readily interact with the CD39 multimers despite their
clear demonstration by antibodies to the FLAG epitope and

regions within the N-terminal zones (Figures 4, 7, and 8).
For the N-terminal truncation mutants, differences in detec-
tion of multimeric patterns between BU61 and anti-FLAG
were also observed (Figures 7 and 8). These patterns
suggested that highMr oligomer formation of CD39 may be
dependent upon disulfide linkages between cysteines 338 and
413 contained within the native C-terminus. As determined
with the generation of truncation mutants, the formation of
the highest molecular weight oligomers with CD39 (tetramers
and higher) was shown to be dependent upon at least two of
the following cysteine groups: first, cysteines beyond posi-
tion 255 in the C-terminal region with Cys-13, and second,
cysteines within the N-terminus (residues 84 and 104). The
intracytoplasmic cysteine within the N-terminus also seemed
to promote intermolecular linkages in the mutant CT∆-221-
510 (lacking the region to the C-terminus of ACR-4) when
contrasted to DT∆-1-37/∆-221-510 (Figure 8).

A lower monomeric form of CD39 appeared to be
predominantly utilized in the process of oligomerization (not
shown) and may be analogous to the glycosylation variant
of the CT∆- 477-510 mutant truncated at the C-terminus
as well as in DT∆-1-37/∆-477-510 truncated at both
TMRs (Figures 7 and 10). Although ATPDase is known to
be substantively glycosylated, the extent of this did not
appear to influence enzymatic activity (not shown and ref
39). Oligomer formation was also not influenced by dele-
tional modifications within ACR-1 or -4 (Figure 6), but
intermolecular links were generally boosted by deletions of
TMR. The formation of oligomers was promoted by cysteine
cross-linking by the specific action of diamide and abolished
by dithiols and mercaptoethanol (13). These data suggest that
the multimerization process that we observed was dependent
upon the formation of disulfide bridges and was considered
in keeping with prior observations with other ecto-ATPases
and ATPDases (19, 40). Initial observations with chicken
gizzard ecto-ATPase suggested that agents and conditions
stabilizing ecto-ATPase oligomers would stimulate enzymatic
activity (40). More recent reports have shown that although
cross-linking by intermolecular disulfide bonds of chicken
stomach ectoapyrase appears to induce homodimer formation,
the functional result was inhibition of enzymatic activity (19).
These differences were ascribed to different quaternary
structural stability of the two enzymes that require further
evaluation (19). Certainly, these results also do not exclude
a direct effect of reducing agents upon intramolecular CD39
disulfide bonds with perturbation of the active site. Wang et
al. have noted that recombinant rat ectoapyrase could form
a tetramer that did not appear to require intermolecular
disulfide bonds (33). These and other observations examining
CD39 multimer formation dependent upon disulfide bonds
(19, 40) should be considered in the light of prior data
derived from gel filtration and60Co irradiation inactivation
techniques which suggest that mammalian ATPDases, in-
cluding those of the rat placenta and kidney, exist as active
monomeric forms under nondenaturing conditions (41-43).
Thus, multiple factors may influence enzymatic activity
associated with the formation of multimers including the
effects of limited proteolysis, as alluded to above.

In conclusion, we have demonstrated that major portions
of CD39 with the preservation of ACR-1, ACR-4, and the
C-terminus including ACR-5 are necessary for maintenance
of substantial enzymatic activity, structural integrity, and
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protein expression on cell membranes. Proteolytic degrada-
tion of native protein has been modeled by limited tryptic
digestion of both recombinant and purified forms of human
CD39. ATPDase enzymatic activity was boosted by limited
proteolysis but was not affected by deglycosylation. The
derivatives resulting from proteolytic cleavage appear to be
associated with the native CD39 isoform and indicate a
requirement for at least the major ACRs denoted above. Our
demonstration that at least three ACRs are important for
enzymatic structure and function provides further insights
that may facilitate the design of stable soluble forms of CD39
with high levels of ATPDase activity.
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