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ABSTRACT: Human NTPDase 2 is a cell surface integral membrane glycoprotein that is anchored to the
membranes by two transmembrane domains while the bulk of the protein containing the active site faces
the extracellular milieu. It contains 10 conserved cysteine residues in the extracellular domain that are
involved in disulfide bond formation and one free cysteine residue, C26, which is located in the N-terminal
transmembrane domain. The human NTPDase 2 activity is inactivated by membrane perturbation that
disrupts interaction of the transmembrane domains and is inhibited by p-chloromercuriphenylsulfonate
(pCMPS), a sulthydryl reagent. In this report, we show that C26 is the target of pCMPS modification,
since a mutant in which C26 was replaced with a serine was no longer inhibited by pCMPS. Mutants in
which cysteine residues are placed in the C-terminal transmembrane domain near the extracellular surface
were still modified by pCMPS, but the degree of inhibition of their ATPase activity was lower than that
of the wild-type enzyme. Thus, loss of the ATPase activity of human NTPDase 2 in the presence of
pCMPS probably results from the disturbance of both transmembrane domain interaction and its active
site. Inhibition of human NTPDase 2 activity by pCMPS and membrane perturbation is attenuated when
the enzyme is cross-linked by glutaraldehyde. On the other hand, NTPDase 2 dimers formed from oxidative
cross-linking of the wild-type enzyme and mutants containing a single cysteine residue in the C-terminal
transmembrane domain displayed reduced ATPase activity. A similar reduction in activity was also obtained
upon intramolecular disulfide formation in mutants that contain a cysteine residue in each of the two
transmembrane domains. These results indicate that the mobility of the transmembrane helices is necessary
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for maximal catalysis.

Proteins that constitute the NTPDase' family are membrane-
bound nucleotide hydrolases that are activated by either Mg?*
or Ca?t (I). They are located on the cell surface and
intracellular membranes and are anchored to the membranes
by either one or two transmembrane domains, whereas the
bulk of the NTPDase protein containing the active site is
either in the intracellular lumen or facing the extracellular
milieu (2). Different members of the NTPDase family have
different substrate preferences. NTPDase 2 is primarily an
NTPase (3, 4), whereas NTPDases 4, 5, and 6 are primarily
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NDPases (5-8), with NTPDases 1, 3, 7, and 8 displaying an
NDPase/NTPase ratio ranging from 0.25 to 1 (9, 10).

Unlike the membrane-bound ion-motive ATPases, i.e., the
P-, V-, and F-type ATPases, the NTPDases have no specific
inhibitors. Most of the cell surface NTPDases, i.e., NTPDases
1, 2, 3, and 8, have reduced activity in the presence of
detergents (/). These results are explained by the effects of
the detergents on the intra- and intermolecular interactions
of the two transmembrane domains that are located near the
N- and C-termini of these proteins, which in turn regulate
catalysis in the extracellular domain (//—13). Most membrane-
bound NTPDases are inhibited by diethyl pyrocarbonate
(14-16), which reacts with a conserved histidine in apyrase
conserved region 1 (ACR1) (16-18). 5’-Fluorosulfonylad-
enosine, an ATP analogue, has also been shown to inactivate
human NTPDase 2 (/9), porcine pancreas NTPDase 1 (20),
and the Torpedo electric organ ATP diphosphohydrolase
(21). NTPDases that hydrolyze both NTP and NDP, i.e.,
NTPDases 1, 3, and 8, are inhibited by high concentrations
(2—10 mM) of azide (22-27). Azide inhibition of the purified
chicken ecto-ATP-diphosphohydrolase (NTPDase 8) is of
the mixed and uncompetitive types and is most pronounced
with MgADP as the substrate, whereas inhibition is markedly
weakened with Ca nucleotides as the substrates (23).
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FIGURE 1: N-Terminal sequences of cell-surface NTPDases. (A) N-Terminal sequences of chicken NTPDase 2 (U74467), rat brain NTPDase
2A (Y11835), rat brain NTPDase 2B (AF129103), mouse NTPDase 2 (AF042811), and human NTPDase 2 (EF495152/AF144748). The
N-terminal transmembrane domain (TMD1) is underlined. NTPDase 2 enzymes from different species contain a conserved cysteine residue
(bold), which is C26 in human NTPDase 2. (B) N-Terminal sequences of human and rat NTPDase1/CD39 (P49961 and U81295, respectively),
human and rat NTPDase 3 (AF034840 and AJ437217, respectively), and human, mouse, and chicken NTPDase 8 (AY903954/AY430414,
AY364442, and AF426405, respectively). The N-terminal transmembrane domain (TMD1) is underlined. TMD1 motifs of these proteins

do not contain a conserved cysteine residue.

TMD2

TMD1
WT SLLPPLLLAAAGLAGLLLLCVPT
C26S SLLPPLLLAAAGLAGLLLLSVPT
C26A SLLPPLLLAAAGLAGLLLLAVPT
C268/8462C SLLPPLLLAAAGLAGLLLLSVPT
C26S/8463C SLLPPLLLAAAGLAGLLLLSVPT
C25S8/W464C SLLPPLLLAAAGLAGLLLLSVPT
C26S/V465C SLLPPLLLAAAGLAGLLLLSVPT
C268/V466C SLLPPLLLAAAGLAGLLLLSVPT
S462C SLLPPLLLAAAGLAGLLLLCVPT
S463C SLLPPLLLAAAGLAGLLLLCVPT
wW464C SLLPPLLLAAAGLAGLLLLCVPT
V465C SLLPPLLLAAAGLAGLLLLCVPT
v4e66C SLLPPLLLAAAGLAGLLLLCVPT

FSSWVVLLLLFASALLAALVLLL
FSSWVVLLLLFASALLAALVLLL
FSSWVVLLLLFASALLAALVLLL

FCSWVVLLLLFASALLAALVLLL
FSCWVVLLLLFASALLAALVLLL
FSSCVVLLLLFASALLAALVLLL
FSSWCVLLLLFASALLAALVLLL
FSSWVCLLLLFASALLAALVLLL

FCSWVVLLLLFASALLAALVLLL
FSCWVVLLLLFASALLAALVLLL
FSSCVVLLLLFASALLAALVLLL
FSSWCVLLLLFASALLAALVLLL
FSSWVCLLLLFASALLAALVLLL

26 462 466

FIGURE 2: Amino acid sequences of TMD1 and TMD?2 of wild-type and mutant NTPDase 2 enzymes used in this study. The mutated amino

acid residues are shown in bold.

NTPDase 2, which displays an ADPase/ATPase ratio of
0.05—0.1, is not inhibited by high concentrations of
azide (15, 28). Chicken smooth muscle and human tumor
NTPDase 2 are inhibited by mercurials, e.g., p-chloromer-
curiphenylsulfonate (pCMPS) or p-chlomercuribenzoate
(pCMB) (19, 28, 29), which react with free cysteine residues.
Although cell surface NTPDases contain a variable number
of cysteine residues, 10 of these in the extracellular domain
are conserved and have been shown to be involved in
disulfide bond formation (30). In human NTPDase 2, there
is only one additional free cysteine residue, C26, located in
the N-terminal transmembrane domain (TMD1), and close
to the cell surface. This cysteine residue is conserved in
TMD1 of NTPDase 2 enzymes of other species (Figure 1A),
but not those of NTPDases 1, 3, and 8 (Figure 1B). In this
report, we show that C26 in TMD1 of human NTPDase 2 is
the target of pCMPS modification. Mutants in which C26
was replaced with serine (C26S) or alanine (C26A) were no
longer inhibited by pCMPS, while other characteristics of
human NTPDase 2 were not affected. To investigate whether
human NTPDase 2 is still inhibited by pCMPS if a free

cysteine residue is located in the C-terminal TMD (TMD?2),
we also generated mutants containing a single free cysteine
residue in TMD?2 (Figure 2). The level of inhibition of these
mutants by pCMPS was reduced when compared to that of
wild-type human NTPDase 2.

In a previous report (4), we showed that treatment of wild-
type human NTPDase 2 with glutaraldehyde or concanavalin
A (ConA), which promotes oligomer formation, abolished
the time-dependent inactivation of the enzyme by substrate,
thus giving rise to apparent stimulation of enzyme activity
in a 10 min assay. Glutaraldehyde and ConA cross-linking
also attenuated the decrease in activity in the presence of
NP-40 and high temperatures, indicating that oligomerized
human NTPDase 2 is less susceptible to the inhibitory effect
of NP-40, high temperature, and substrates. Since evidence
obtained recently in our laboratory indicated that the strength
of the interaction of the TMD is an important determinant
in enzyme stability and activity (/2, 13), we generated
additional mutants containing two cysteine residues, one in
each of the two TMDs, and determined the effect of oxidative
cross-linking of these cysteine residues on enzyme activity
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(Figure 2). In contrast to the results obtained by cross-linking
by glutaraldehyde and ConA, inter- and intramolecular cross-
linking of the cysteine residues in the TMD resulted in
significant decreases in human NTPDase 2 activity. On the
other hand, immobilization of the TMD helices due to
formation of intramolecular disulfide bonds abolished inac-
tivation of the residual activity of human NTPDase 2 by
detergents and higher temperatures.

MATERIALS AND METHODS

Materials. Dulbecco’s modified Eagle’s medium (DMEM),
OptiMEM, fetal bovine serum, penicillin/streptomycin solu-
tion, trypsin-EDTA, subcloning and library efficiency DH5a
cells, and Lipofectamine were purchased from Invitrogen.
Newborn calf serum was purchased from Gemini Bio-
Products Inc. Pfu Turbo DNA polymerase was purchased
from Stratagene. Dpnl was purchased from New England
Biolabs. The DNA miniprep kit was purchased from
QIAGEN. SDS—PAGE reagents and the Bio-Rad DC protein
assay kit were purchased from Bio-Rad. PVDF membrane
and [y-*’P]ATP were purchased from PerkinElmer Life
Sciences Inc. Goat anti-rabbit IgG conjugated to alkaline
phosphatase was purchased from Promega (Madison, WI).
Alkaline phosphatase substrate tablets (NBT/BCIP) were
purchased from Roche. Nucleotides, detergents, and all other
biochemical reagents were purchased from Sigma Chemical
Co. mPEG-maleimide (MW = 5000) was purchased from
Laysan Bio Inc. Oligonucleotides used as primers for PCR
and sequencing were synthesized at the San Diego State
University Microchemical Core Facility or Integrated DNA
Technologies. DNA sequencing service was provided by the
San Diego State University Microchemical Core Facility. The
rabbit polyclonal antibody against the C-terminus (LRQVH-
SAKLPSTI-COOH) of human NTPDase 2 was a kind gift
from T. Kirley (Department of Pharmacology and Cell
Biophysics, University of Cincinnati, Cincinnati, OH).

Site-Directed Mutagenesis. The following human NTP-
Dase 2 mutants were generated for this study. In the C26S
and C26A mutants, the single free cysteine, C26, was
replaced with serine and alanine, respectively. The C26S/
S462C, C26S/S463C, C26S/W464C, C26S/V465C, and
C26S/V466C mutants contain a single free cysteine residue
in TMD2 and were generated by replacing S462, S463,
W464, V465, and V466 with cysteine. The S462C, S463C,
W464C, V465C, and V466C mutants contain a cysteine
residue in TMD1 (C26) and a cysteine residue in TMD?2 at
positions 462—466, respectively (Figure 2). The human
NTPDase 2 mutant cDNAs were generated by PCR using
either wild-type or C26S human NTPDase 2 cDNA in
pcDNA3 as the template and appropriate mutagenic primers
as previously described (37). The following forward mu-
tagenic primers were used: 5’-cctcctactgetgtcegteeccacccag-
3’ for C268S, 5’-cctectactgetggecgteeccacecge-3” for C26A,
5’-ggcacagacttctgctectgggtcgteete-3” for S462C and C26S/
S462C, 5’-cacagacttcagctgetgggtcgtectecetg-3” for S463C and
C26S/S463C, 5'-gacttcagetectgegtegtectectgetge-3” for W464C
and C26S/W464C, 5'-cttcagctccetggtgegtectectgetgete-3” for
V465C and C26S/V465C, and 5'-cagctectgggtctgecteetget-
gctette-3” for V466C and C26S/V466C (codons that give rise
to the specified mutation underlined). After transformation
in DHS5o cells and propagation of the ampicilin-resistant
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colony, plasmids containing the mutant cDNAs were isolated
and sequenced to verify the desired mutation and the absence
of unwanted mutation.

Transfection and Membrane Preparation. Transient trans-
fection of HEK293 cells by wild-type and mutant human
NTPDase 2 cDNA in pcDNA3 and selection of stable
transfectants were performed as described previously (4,
12, 13, 27). The plasma membrane-enriched fraction from
stably transfected cells was prepared by differential and
sucrose gradient centrifugation as described previously (4,
12, 13, 27).

Determination of ATPase Activity. The ecto-ATPase
activity of the intact transfected cells was determined in a
250 uL reaction mixture containing 25 mM Tris-HCl (pH
7.5), 5 mM MgCly, and 5 mM [y-*2P]JATP (~1.5 x 10° cpm/
umol of ATP). The ATPase activity of membranes prepared
from the stably transfected cells was determined in a 250
uL reaction mixture containing 25 mM HEPES (pH 7.5), 4
mM MgCl,, and 1 mM [y-*?P]JATP. The amount of ¥P;
released was determined as described previously (/9). To
determine the ATPase activity in the presence of pCMPS,
membranes were preincubated in the reaction mixture with
the indicated concentrations of pCMPS for 5 min at room
temperature before the reactions were initiated by the addition
of ATP. For glutaraldehyde cross-linking, membranes at a
protein concentration of 0.3 mg/mL were incubated in 20
mM MOPS and 5 mM MgCl, with 10 mM glutaraldehyde.
After 20 min at room temperature, the reaction was termi-
nated by the addition of 0.1 volume of 0.25 M lysine.
Aliquots of membranes were assayed for ATPase activity
in the absence or presence of the indicated concentrations
of pPCMPS.

Oxidative Cross-Linking. Oxidative cross-linking of cys-
teine residues of wild-type and mutant NTPDase 2 was
carried out using membranes prepared from stably transfected
cells. The oxidizing agent, copper phenanthroline (CuP), was
prepared by combining cupric sulfate and 1,10-phenanthro-
line at a 1:3 molar ratio in water. Membranes at a concentra-
tion of 0.5 mg/mL were treated with the indicated CuP
concentration in 12 mM HEPES at pH 7.5 and 37 °C for 20
min. For samples to be directly applied to the gel, the
oxidation reactions were stopped by adding equal volume
of 2x nonreducing SDS loading buffer containing 10 mM
N-ethylmaleimide and 10 mM EDTA. For samples to be used
for ATPase assays, reactions with CuP were stopped by 10-
fold dilution of the mixtures with buffer containing 25 mM
HEPES (pH 7.5) and 2 mM EDTA. For samples to be further
treated with mPEG-maleimide (MW = 5000), the cross-
linking reactions were stopped by adding 0.5 volume of 20
mM Tris-HCI (pH 7.5) containing 20 mM EDTA and 1%
SDS. mPEG-maleimide was then added to a final concentra-
tion of 3 mM, and the mixtures were incubated at room
temperature for 20 min. The reactions were stopped by the
addition of an equal volume of 2x nonreducing SDS loading
buffer.

SDS—PAGE and Western Blot Analysis. SDS—PAGE was
performed using a 7.5% polyacrylamide gel in a MINI-
PROTEAN II apparatus (Bio-Rad). For Western blot analy-
sis, the antibody against the C-terminus of human NTPDase
2 (5000-fold dilution) was used as the primary antibody and
goat anti-rabbit IgG conjugated to alkaline phosphatase
(5000-fold dilution) was used as the secondary antibody. The
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FiGURE 3: Effect of pCMPS on ATPase activity. Membranes
containing wild-type human NTPDase 2 were pretreated with ()
or without (<) 10 mM glutaraldehyde or C26S mutant NTPDase
2 without glutaraldehyde (O) as described in Materials and Methods.
Aliquots of membranes were assayed for ATPase activity in the
absence or presence of the indicated concentrations of pCMPS. The
100% activities for wild-type human NTPDase 2 with and without
glutaraldehyde treatment and the C26S mutant were 18.0 £ 1.3,
23.9 £ 1.6, and 19.9 £ 0.1 gmol min~! mg~!, respectively.

immunoreactive proteins were detected using an alkaline
phosphatase substrate (NBT/BCIP) solution.

RESULTS

Inhibition of Expressed Human NTPDase 2 by pCMPS.
We previously reported that pCMPS inhibited the plasma
membrane ATPase of the human small cell lung carcinoma
xenograft, an NTPDase 2 (/9), and the ecto-ATPase activity
of intact lung tumor cells (28). Inhibition of ATPase activity
by mercurials was also observed in plasma membranes
prepared from chicken gizzard smooth muscle (29), a tissue
abundant in ecto-ATPase and NTPDase 2 (32). The sensitiv-
ity to pCMPS inhibition was retained in the ATPase in
membranes prepared from HEK293 cells stably transfected
with the human NTPDase 2 cDNA (Figure 3, bottom curve).
Approximately 40% inhibition was obtained at a pCMPS
concentration of 2.5 uM. Maximal inhibition, ~70%, was
obtained at a pCMPS concentration of 0.25 mM.

The Target of pCMPS Modification Is Cysteine 26. Wild-
type human NTPDase 2 contains the same 10 conserved
cysteine residues, i.e., C75, C99, C242, C265, C284, C310,
(C323, C328, C377, and C409, in the extracellular domain
as other cell surface NTPDases. These conserved cysteine
residues have been shown to be involved in disulfide bond
formation in human NTPDase 3 (30) and most likely serve
the same function in human NTPDase 2. Human NTPDase
2 contains an additional free cysteine residue, C26, located
in TMD1 (Figure 1A), which is the most likely target of
pCMPS. If this is the case, a mutant protein in which C26 is
replaced with other amino acids should become resistant to
pCMPS inhibition. Two mutants, C26A and C26S, which
lack the free cysteine, were generated and gave very similar
results. Only those results obtained with C26S are sum-
marized here. Substitution of C26 with serine had a minimal
effect on either protein expression (Figure 4, lane 2) or
activity (Table 1). However, the level of pCMPS inhibition
was markedly reduced [Figure 3, top curve (O)]. The
conclusion that C26 is the target of pCMPS modification is
further supported by the results of oxidative cross-linking.
Wild-type human NTPDase 2 is a 66 kDa protein (Figure 5,
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FIGURE 4: Protein expression of wild-type and mutant human
NTPDase 2 in HEK cells. Cell lysates (20 ug of protein) of HEK293
cells transiently transfected with wild-type and mutant human
NTPDase 2 cDNA in pcDNA3 were subjected to SDS—PAGE and
Western blot analysis. Protein expression of the W464C mutant
was assessed in a separate experiment.

Table 1: ATPase Activities of HEK Cells Transfected with Wild-Type
and Cysteine Mutant Human NTPDase 2 cDNAs“

percentage of percentage of

human NTPDase wild-type human NTPDase wild-type
2 cDNA ATPase activity 2 cDNA ATPase activity
wild type 100 C26S5/V466C 973 +33
C26S 88.7+84  S462C 58.1+2.1
C265/S462C 86.6 £ 9.1 S463C 554 +84
C265/S463C 73.5+£9.7  W464C 2.4 +£0.04
C26S/W464C 49+ 1.1 V465C 60.1 £8.2
C265/V465C 80.0+9.0  V466C 63.9+92

“HEK?293 cells were transfected with wild-type and mutant human
NTPDase 2 in pcDNA3 as described in Materials and Methods. The
ATPase activity of the intact cells was determined 48 h after
transfection. The ATPase activity of the cells transfected with wild-type
human NTPDase 2 cDNA ranged from 0.8 to 4.5 umol min~! mg~'.
Values are reported as a percentage of the wild-type ATPase activity
and the averages of three separate transfection experiments + standard
deviations.

pCMPS - + - + = =
CuP = — + = +
Lane 1 2 3 5 6
L, 2
iy - dimmer

98 kDa A

64 kDa—. . - . - --monomer

FIGURE 5: Oxidative cross-linking of wild-type and C26S mutant
human NTPDase 2 protein without and with covalent modification
by pCMPS. Membranes (10 ug) containing wild-type and mutant
human NTPDase 2 were incubated for 5 min without and with 0.5
mM pCMPS in a volume of 18 L at room temperature, after which
2 uL of 5 mM CuP was added to a concentration of 0.5 mM to the
indicated samples and incubated at 37 °C for 20 min. Aliquots of
the membranes (7.5 ug) were subjected to SDS—PAGE and
Western blot analysis: lanes 1 —4, membranes containing wild-type
human NTPDase 2; lanes 5 and 6, membranes containing C26S
mutant NTPDase 2.

lane 1). Treatment of the membranes with pCMPS did not
alter protein mobility on SDS—PAGE (Figure 5, lane 2).
Upon oxidative cross-linking with Cu phenanthroline, the
majority of the wild-type 66 kDa monomer was converted
to a dimer due to formation of a disulfide bond between the
C26 residues of the two monomers (Figure 5, lane 3). Dimer
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formation was not detected (Figure 5, lane 4) if human
NTPDase 2 was first treated with pCMPS, indicating that
C26 has reacted with pCMPS and oxidative cross-linking
by CuP could not occur. In contrast, the C26S mutant protein
(Figure 5, lane 5), which lacks a free cysteine residue, did
not form a dimer upon oxidative cross-linking (Figure 5, lane
6). These results provided conclusive evidence that formation
of a dimer upon oxidative cross-linking requires the presence
of free C26. Dimer formation was abolished if C26 was either
substituted with serine or modified by pCMPS.

The Level of Inhibition by pCMPS Is Reduced if the Free
Cysteine Residue Is Located in TMD2. We then set out to
determine if pCMPS will inhibit the ATPase activity of
human NTPDase 2 by reacting with a cysteine residue in
TMD?2 that is located in a position similar to that occupied
by C26 in TMDI near the exterior of the bilayer. Different
programs predicting transmembrane topology were used to
define the TMD?2 region. Tmpred (http://www.ch.embnet.org/
software/TMPRED_form.html) and TMHMM (http://www.
cbs.dtu.dk/servicessTMHMMY/) predict that TMD2 begins
with F461, thus placing S462 and S463 within TMD2,
whereas TopPred (http://bioweb.pasteur.fr/seqanal/interfaces/
toppred.html) and DAS (http://www.sbc.su.se/~miklos/
DAS/) designate S463 as the first amino acid of TMD?2 (see
Figure 2). Five mutants, C26S/S462C, C26S/S463C, C26S/
W464C, C26S/V465C, and C26S/V466C, were generated to
cover both possibilities. These mutant cDNAs were generated
by PCR using the cDNA encoding the C26S mutant as the
template. The resultant mutant proteins contain a single free
cysteine residue in positions 462—466 of the human NTP-
Dase 2 polypeptide (Figure 2).

The ATPase activity of HEK cells transiently transfected
with these mutant cDNAs ranged from 75 to 100% of that
of the cells transfected with wild-type human NTPDase 2
cDNA, except for C26S/W464C, which lost ~95% of the
activity (Table 1). Protein expression of all five mutants,
including that of C26S/W464C, was similar to that of the
wild-type protein (Figure 4, lanes 7—11).

Membranes were prepared from HEK cells stably trans-
fected with the C26S/S462C, C26S/S463C, C26S/V465C,
and C26S/V466C mutant cDNAs and used for ATPase
assays in the absence and presence of 0.1 mM pCMPS.
Although all four mutant proteins contain a free cysteine,
the degree of inhibition of the ATPase activities by pCMPS
was greatly reduced compared to that of the wild-type
enzyme containing C26 (Table 2). The ATPase activity of
the C26S/S462C and C26S/S453C mutant proteins was
inhibited by 24 and 14%, respectively, while the ATPase
activity of the C26S/V465C and C26S/V466C mutant
proteins was inhibited by ~40%.

The significantly attenuated inhibition of the ATPase
activity of the mutants containing a single cysteine residue
in TMD2 by pCMPS was not due to a failure of the reaction
of the mercurial with the introduced cysteine residues.
Similar to the wild-type enzyme (Figure 5, lanes 3 and 4),
the mutant proteins were able to form dimers when subjected
to oxidative cross-linking by CuP (Figure 6, lanes 1, 3, 5,
and 7), albeit to different extents. However, no dimer
formation was obtained with three of the mutant proteins if
the membranes were previously incubated with pCMPS
(Figure 6, lanes 2, 4, and 8). The level of dimer formation
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Table 2: Inhibition of Wild-Type and Mutant Human NTPDase 2
ATPase Activity by pCMPS“

percent percent

inhibition inhibition
(by 0.1 mM (by 0.1 mM

pCMPS) pCMPS)

wild type 774 +29 C26S/V466C 37.7£5.6
C26S 76 £5.1 S462C 80.7+ 1.1
C26S/5462C 242+ 14 S463C 90.7 £ 0.7
C26S/5463C 144 £3.0 V465C 915+14
C26S/V465C 399+£36 V466C 82.8+1.2

“ Membranes used for ATPase assays were prepared from the stably
transfected cells as described in Materials and Methods. The ATPase
activity of the membranes containing wild-type and mutant human
NTPDase 2 ranged from 25 to 50 umol min~! mg~'. Values reported
are the averages of three separate ATPase assays + standard deviations.
Percent inhibition was calculated using ATPase activity of the wild type
and different mutants obtained in the absence of 0.1 mM pCMPS as
100%.

pCMPS -  + -+ - + - +
Cup + + + + + + + +
Lane 1 2 3 4 5 6 7 8
- e —— -— I dimer
98 kDa -

04 kDa — - - 9 S8 B 8 - monomer

C26S/S462C  C26S/S463C  C26S/S465C  C26S/8466C

FIGURE 6: Oxidative cross-linking of human NTPDase 2 mutant
proteins containing a single cysteine residue in TMD2 without and
with covalent modification by pCMPS. Membranes containing
C26S/S462C (lanes 1 and 2), C26S/S463C (lanes 3 and 4), C26S/
V465C (lanes 5 and 6), and C26S/V466C (lanes 7 and 8) mutant
NTPDase 2 were incubated without and with 0.5 mM pCMPS as
described in the legend of Figure 5, after which 2 uL. of CuP was
added to a concentration of 0.5 mM and incubated for 20 min at
37 °C. Aliquots of the membranes (7.5 ug) were subjected to
SDS—PAGE and Western blot analysis.

of C26S/V465C was markedly reduced if the membranes
were pretreated with pCMPS (Figure 6, lane 6).

It is interesting to note that the largest amount of dimer
was obtained with the C26S/S463C mutant protein. The
extent of dimer formation of this mutant protein (Figure 6,
lane 3) was comparable to that of the wild-type enzyme
(Figure 5, lane 3). The facile cross-linking of cysteine
residues at positions 26 and 463 was further supported by
the observation that a significant amount of dimer formation
was obtained with the wild-type enzyme and the C26S/
S463C mutant protein only when the reaction with CuP was
carried out at 4 °C (data not shown).

Intramolecular Cross-Linking of Human NTPDase 2
Mutants That Contain One Cysteine Residue Each in TMD1
and TMD?2. We showed previously that treatment of wild-
type human NTPDase 2 with glutaraldehyde, which promotes
oligomer formation, abolished the inhibitory effect of NP-
40, high temperature, and substrate (4). Figure 3 (top curve,
@) shows that the inhibition of the ATPase activity of
glutaraldehyde-treated membranes with 50 uM pCMPS was
negligible when ~60% inhibition of the ATPase activity was
obtained in untreated membranes. These results suggest that
oligomers of human NTPDase 2 are less susceptible to
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FIGURE 7: Oxidative cross-linking of wild-type human NTPDase 2 and mutant proteins containing one or two cysteine residues. Membranes
(10 pg) containing wild-type and mutant NTPDase 2 were incubated without or with 0.5 mM CuP in a 20 4L solution containing 12 mM
HEPES buffer (pH 7.5) for 20 min at 37 °C, after which 20 uL of 2x SDS gel sample buffer was added. The entire samples were used for

SDS—PAGE and Western blot analysis.

pCMPS inhibition. However, because of the large number
of lysine and other amino acid residues that can react with
glutaraldehyde in the human NTPDase 2 protein, intramo-
lecular cross-linking within an NTPDase 2 monomer may
also occur, and the possibility that some of the effects of
glutaraldehyde are due to intramolecular cross-linking cannot
be ruled out. This possibility is of particular interest since
recent evidence suggests that the strength of the interhelical
interaction of TMD1 and TMD?2 within the monomer of the
NTPDases is more important in regulating catalysis than the
intermolecular interaction of TMD between two different
NTPDase 2 monomers (/3). Oxidative cross-linking between
two cysteine residues in TMD1 and TMD2 would provide
one means of strengthening intramolecular TMD interaction.
Thus, we generated mutants containing one cysteine residue
in TMDI1 (C26) and a second cysteine in TMD2 in the
proximity of C26, i.e., S462C, S463C, W464C, V465C, and
V466C (Figure 2).

The ATPase activity of HEK293 cells transiently trans-
fected with these mutant cDNAs was approximately 60%
of that of cells transfected with wild-type human NTPDase
2 cDNA, except for W464C, which lost ~98% of the activity
(Table 1). The level of protein expression of these mutants
was also lower than that of the wild-type enzyme (Figure 4,
lanes 3—6 and 13). Nevertheless, the ATPase activity of
membranes obtained from HEK cells stably transfected with
the four active mutants was 80—90% inhibited by 0.1 mM
pCMPS (Table 2). This was expected since these four
mutants retain the original free cysteine residue, C26.

Upon CuP treatment, three of the mutants with a cysteine
residue each in TMD1 and TMD?2, S463C, V465C, and
V466C, formed fewer dimers than C26S/S463C, C26S/
V465C, and C26S/V466C, which contain only one cysteine
residue in TMD2 (compare lane 14 with lane 6, lane 16 with
lane 8, and lane 18 with lane 10 in Figure 7). This was most
noticeable with the C26S/S463C and S463C mutant pair
(Figure 7, lanes 6 and 14).

S462C was an exception in that it formed more dimers
than C26S/S462C after CuP treatment (compare lane 12 and
lane 4 in Figure 7). It appears that the presence of C26 in
the S462C mutant promotes formation of a dimer between
C26 and C462 of different monomers, suggesting that these
two residues are at the interface between two different
monomers.

Higher-order oligomers were consistently obtained in
mutant proteins containing two free cysteine residues after
oxidative cross-linking, although they account for only a
small amount of the total protein. The majority of the S463C,
V465C, and V466C mutant proteins remained as monomers
after CuP treatment (Figure 7, lanes 14, 16, and 18). These
results suggest that intramolecular cross-linking was generally
favored over intermolecular cross-linking when these mutants
were treated with CuP. While more dimer formation was
observed in the S462C mutant than in the corresponding
mutant containing a single cysteine residue, C26S/S462C,
after oxidative cross-linking, intramolecular cross-linking in
the S462C mutant also occurred and will be described below.

Intramolecular cross-linking of the S462C, S463C, V465C,
and V466C mutants was further demonstrated when mem-
branes without and with oxidative cross-linking were treated
by mPEG-maleimide, which reacts with free cysteine resi-
dues and increases the molecular mass of the target proteins.
Without CuP treatment, the reaction of the two free cysteine
residues in these mutants with mPEG-maleimide was ob-
served by the appearance of immunoreactive protein bands
of higher molecular mass due to the added mass of one or
two mPEG-maleimide molecules (5 or 10 kDa, respectively).
With CuP treatment, the amounts of monomers remained
the same without and with subsequent reactions with mPEG-
maleimide (see the Supporting Information). These results
indicate that intramolecular disulfide bonds have formed
between the two cysteine residues in TMD1 and TMD2 and
there is no free cysteine available to react with mPEG-
maleimide.

Effect of Inter- and Intramolecular Oxidative Cross-
Linking on ATPase Activity. The ATPase activity of wild-
type human NTPDase 2 and the mutant proteins without and
with CuP oxidative cross-linking was compared. Of the
proteins containing one cysteine residue, the wild-type
enzyme and the C26S/S463C mutant enzyme suffered an
~70% loss of activity after cross-linking (Table 3). The
reduction of activity correlated with the extent of intermo-
lecular cross-linking since the largest amounts of dimer were
obtained in these two proteins after CuP treatment (Figure
7). The activity loss of the C26S/S462C, C26S/V465C, and
C26S/V466C mutants, which formed less dimer, was 40—60%
after CuP treatment.
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Table 3: Effect of CuP Oxidative Cross-Linking on the ATPase Activity
of Wild-Type Human NTPDase 2 and Its Mutants®

percent activity percent activity

wild type 262 £6.5 C26S5/V466C 40.5£2.6
C26S 877+ 11.3 S462C 26.449.5
C265/5462C 60.0 3.2 S463C 17.5£7.5
C26S/5463C 28.0£3.8 V465C 28.61+2.7
C26S/V465C 582 +£10.2 V466C 39.34+4.1

“ Membranes were preincubated with or without CuP, and the
ATPase activity was determined as described in Materials and Methods.
The ATPase activity of the membranes ranged from 13 to 18 umol
min~! mg~!. Percent activity was calculated using the ATPase activity
of the wild type and mutants obtained without CuP cross-linking as
100%. Values reported are the averages of three separate experiments =+
standard deviations.
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FIGURE 8: Effect of inter- and intramolecular cross-linking on the
NP-40 inactivation of ATPase activity of wild-type and mutant
human NTPDase 2. Membranes (10 ©g) containing C26S/S462C,
C26S/S463C, C26S/V465C, C26S/V466C, S462C, S463C, V465C,
or V466C mutant NTPDase 2 were incubated for 20 min without
or with 0.5 mM CuP in a 20 uL reaction mixture at 37 °C for 20
min. Aliquots of the membranes were assayed for ATPase activity
in the absence or presence of the indicated concentrations of NP-
40. The ATPase activity of the cross-linked wild type and mutants
was used as 100%. Values reported are the average of three separate
experiments + standard deviations.

The ATPase activity of the S462C, S463C, V465C, and
V466C mutant proteins that contain a cysteine residue each
in TMDI1 and TMD2 was reduced to 20—40% after CuP
treatment, with the S463 mutant showing the greatest loss
of activity (Table 3). Taken together, these data and the
Western blot analysis shown in Figure 7 indicate that the
loss of ATPase activity of these mutants was a consequence
of both intramolecular cross-linking and oligomer formation
after CuP treatment. In conclusion, both inter- and intramo-
lecular cross-linking of the TMDs caused human NTPDase
2 to suffer a marked loss of enzyme activity.

The Level of Inhibition of ATPase Activity by NP-40 Is
Reduced after Intramolecular Oxidative Cross-Linking of the
TMDs. Similar to that of wild-type human NTPDase 2, the
activity of all the mutants generated in this study was
inhibited 90% by 0.1% NP-40. As described above, CuP
treatment reduced the ATPase activity of mutant NTPDase
2 to a variable extent. However, the residual activity of
oxidatively cross-linked wild-type human NTPDase 2 and
C26S/S463C, which formed the most dimers, was inhibited
by NP-40 by only 50—60% (Figure 8). In contrast, the
residual activity of the C26S/S462C, C26S/V465C, and
C26S/V466C mutants, which formed less dimer, was still
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inhibited 90% by NP-40. Thus, the reduced level of inhibition
by NP-40 correlated with the amount of dimer formed.
All of the mutants containing one cysteine residue each
in TMD1 and TMD?2 exhibited a decreased level of inhibition
by NP-40 after oxidative cross-linking. The S463C mutant
was completely resistant to inhibition by NP-40 after
intramolecular cross-linking, while the level of inhibition of
the cross-linked S462C, V465C, and V466C mutant enzymes
by 0.1% NP-40 was reduced to 40—60%. These results
suggest that both inter- and intramolecular oxidative cross-
linking of the TMDs increased the degree of TMD interaction
and reduced or abolished the inhibitory effect of NP-40.

Inter- and Intramolecular Oxidative Cross-Linking of
TMDs Abolishes Inhibition of ATPase Activity by Higher
Temperatures. The effect of temperature on the NTPDase 2
mutants containing one cysteine in TMD2, or with a cysteine
residue each in TMD1 and TMD2, was similar to that of
the wild-type enzyme in that ATPase activity declines at
higher temperatures (4). The effect of high temperature was
attributed to the disruption of TMD interaction due to
increased membrane fluidity, which in turn destabilizes the
active site. This is illustrated by the data obtained with the
C26S/S463C and S463C mutants. The ATPase activity of
these mutant enzymes at 60 °C was usually ~30% of the
activity obtained at 37 °C (Figure 9A,B). After CuP
treatment, the residual ATPase activity of the C26S5/S463C
mutant increased, rather than diminished, at high tempera-
tures up to 61 °C (Figure 9C), so the ratio of the ATPase
activity obtained at 61 °C to that at 37 °C was ~1.5. This
was also seen with wild-type human NTPDase 2, the activity
of which increased with temperature after CuP treatment
(data not shown). In contrast, the activity of the C26S/S462C,
C26S/V465C, and C26S/V466C mutants, which remained
mostly as monomers after CuP treatment, decreased with
temperature with or without CuP treatment (data not shown).

The S462C, S463C, V465C, and V466C mutants, which
contain one cysteine residue each in TMD1 and TMD2, were
insensitive to the effect of temperature following CuP
treatment. Data obtained with S463C are shown in Figure
9D. After CuP cross-linking, the ATPase activity of the
S463C mutant increased with temperature and the ratio of
the ATPase activity obtained at 61 °C to that at 37 °C was
~3.5.

In summary, our data indicate that the inhibitory effect of
high temperatures on ATPase activity can be abolished by
CuP treatment, when significant inter- and intramolecular
oxidative cross-linking of the human NTPDase 2 protein
occurs.

DISCUSSION

Inhibition of a cell surface ATPase by p-chlomercuriben-
zoate (pCMB) was first reported by Karasaki (33). This and
subsequent studies showed that (i) a cell surface ATPase
activity in the normal rat liver was localized at the bile
canaliculi, (ii) the cell surface ATPase activity in N,N’-
dimethylaminoazobenzene-induced rat hepatoma increased
and was distributed over the entire surface of the hepatoma
cells, and (iii) cytochemical staining of the cell surface
ATPase activity in the rat hepatoma cells was abolished by
10 mM pCMB whereas ATPase staining in normal rat
hepatocyte cells was not affected by pCMB (33, 34). The
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FIGURE 9: Effect of inter- or intramolecular cross-linking on the effect of temperature on the ATPase activity of the C26S/S463C and
S463C mutants. Membranes (10 ug) containing S463C or C26S/S463C mutant NTPDase 2 were incubated for 20 min without or with 0.5
mM CuP in a 20 uL reaction mixture at 37 °C for 20 min. Aliquots of the membranes were assayed for ATPase activity in a 1 min reaction
at the indicated temperatures. Data were normalized using the ATPase activity obtained at 37 °C as 1.

differential effects of pCMB suggested that the ATPase in
the normal rat liver differs from that of the rat hepatoma.
Previous studies of ecto-ATPases of a human hepatoma cell
line and three small cell lung carcinoma cell lines showed
that the major ecto-ATPase in these tumor cells was also
inhibited by the mercurial pCMPS (28, 35, 36). This ecto-
ATPase, an NTPDase 2, has been cloned from the small cell
lung carcinoma and was inhibited by pCMPS when expressed
in HeLa and HEK?293 cells (4). Although mercurials, such
as pCMPS and pCMB, are not specific ATPase inhibitors,
they are the only reagents known to discriminate between
the mercurial-sensitive NTPDase 2 and the other cell surface
NTPDases that are not inhibited or are inhibited by only high
concentrations of pCMPS (75, 33, 35, 37, 38).

In this report, we showed that the target of pCMPS
modification is C26 in TMDI1 of human NTPDase 2. A
mutant NTPDase 2, in which C26 was replaced with serine,
was no longer inhibited by pCMPS. In addition, the wild-
type enzyme, which contains C26, would not form dimers
upon oxidative cross-linking if it was first treated with
pCMPS. We hypothesize that, upon reacting with C26, the
bulky hydrophilic side group of pCMPS causes disruption
of the TMD interaction and results in inhibition of catalysis
at the active site.

If this hypothesis were correct, human NTPDase 2 should
also be inhibited by pCMPS if the free cysteine is situated
in TMD2. To investigate this possibility, we generated five
mutants, C26S/5462C, C26S/S463C, C26S/W464C, C26S/
V465C, and C26S/V466C, which contain only a single free
cysteine residue in positions 462—466 located in TMD2 and
near the exterior of the bilayer. Of the five mutants, C26S/
W464C displayed only 5% of the wild-type human NTPDase
2 activity; however, its activity was partially rescued after

cross-linking by ConA (data not shown), indicating that
W464 is critical for protein stability and ATPase activity.
The other four mutants exhibited 75—100% of the wild-type
human NTPDase 2 activity.

Interestingly, the C26S/S462C, C26S/S463C, C26S/
V465C, and C26S/V466C mutants exhibited reduced levels
of pCMPS inhibition compared to wild-type human NTP-
Dase 2. This was not due to a failure of reaction of the
mercurial with the introduced cysteine residues, since CuP-
induced dimer formation was also abolished or reduced if
these mutants were pretreated with pPCMPS (Figure 6). We
conclude that while the reactivity of the cysteine residue at
these positions with pCMPS is the same as that of C26, the
reduced inhibitory effect of pCMPS of these mutants may
be ascribed to the greater distance of C462—C466 from
ACRI, proposed to contain a phosphate 1 motif of the human
NTPDase 2 active site (30). The shorter distance between
the bulky side group of pCMPS and C26 of ACRI may also
alter the conformation of the active site in addition to
disrupting the interaction of the TMDs.

While using oxidative cross-linking with CuP to ascertain
the reaction of the cysteine residues with pCMPS, we noticed
that oxidative cross-linking per se caused reduction of the
ATPase activity of human NTPDase 2 and its mutants. The
level of reduction of ATPase activity correlated with
the amount of dimer formed. The greatest reduction in
ATPase activity was observed in CuP-treated wild-type
human NTPDase 2 and the C26S/S463C mutant, which
formed dimers most readily. The reduction of ATPase
activity after CuP treatment was smaller in magnitude for
the C26S5/S462C, C26S/V465C, and C26S/V466C mutants.
These results indicate that the cysteine residues at positions
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26 and 463 are more susceptible to oxidative cross-linking
than the cysteine residues at the other positions.

The effect of oxidative cross-linking of cysteine residues
in the TMD on ATPase activity was strikingly different from
the effect of cross-linking by DSS, glutaraldehyde, or ConA.
While these reagents all promote dimer or oligomer forma-
tion, the major sites of cross-linking by DSS, glutaraldehyde,
and ConA are in the extracellular domain of human NTPDase
2 because of their reactivity with lysine residues (DSS and
glutaraldehyde) and binding to glycans (ConA). The resultant
dimers and oligomers displayed an apparent increase in
ATPase activity, because they were no longer susceptible
to inactivation by substrate; i.e., they did not exhibit a decline
of activity with reaction time (4). Cross-linking of human
NTPDase 2 by glutaraldehyde and ConA also attenuated the
decrease in ATPase activity in the presence of NP-40 and
high temperatures (4), suggesting that cross-linking of the
extracellular domain of NTPDase 2 by these reagents also
promotes TMD interaction. On the other hand, CuP cross-
linking of wild-type human NTPDase 2 and the mutants
containing only one free cysteine residue in TMD?2 is
restricted to the TMD and gave rise to mostly dimers. The
loss of ATPase activity of such dimers can only be attributed
to the negative effect of reduced TMD mobility on catalysis.

Despite the loss of ATPase activity due to oxidative cross-
linking, inhibition of the residual activity by NP-40 and high
temperatures was attenuated in these dimers. This was seen
most clearly with wild-type human NTPDase 2 and the
C26S/S463C mutant, which formed most dimers. On the
other hand, the activity of the C26S/S462C, C26S/V465C,
and C26S/V466C mutants, which remained mostly as
monomers after CuP treatment, was still decreased by NP-
40 and high temperatures. These results indicate that while
intermolecular TMD cross-linking impairs enzyme activity,
such dimers become insensitive to membrane perturbation
by detergents and high temperatures.

Since our recent studies indicated that the strength of the
intramolecular interaction of the TMDs of the NTPDases is
important in the regulation of their responses to membrane
perturbation (/2, 13), we further investigated the effect of
formation of an intramolecular covalent disulfide bond
between TMD1 and TMD2. Mutants S462C, S463C, W464C,
V465C, and V466C, which contain C26 in TMDI1 and a
cysteine residue in TMD?2, were utilized. Oxidative cross-
linking of these mutants by CuP resulted in some oligomer
formation; however, there was a general reduction in the level
of dimer formation, except for S462C, indicating that
intramolecular cross-linking is favored. Compared to the
activities of the untreated membranes, the activity of the CuP-
treated mutants was reduced to 20—40% (Table 3), further
supporting the conclusion that reduced TMD mobility limits
the dynamics of the active site in achieving maximal activity.
However, the extent of activity inhibition of the different
mutants after oxidative cross-linking varied, indicating that
intramolecular cross-linking of C26 and cysteine residues
at different positions in TMD2 may change the conformation
of the active site differently.

Similar to the results obtained with cross-linked dimers,
the residual activity of the intramolecularly cross-linked
monomers was less sensitive to inhibition by NP-40. The
inhibitory effect of NP-40 on the activity of the oxidatively
cross-linked S462C, V465C, and V466C mutants was
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reduced to 30—60%, while that of the oxidatively cross-
linked S463C mutant was completely abolished (Figure
8). Furthermore, unlike wild-type human NTPDase 2 or
mutants without CuP treatment, which had decreased
ATPase activity at temperatures higher than 37 °C, the
activity of the intramolecularly cross-linked mutants at
61 °C was ~3.5-fold greater than that at 37 °C (Figure
9D). These results suggest that locking the TMDs causes
the mutant human NTPDase 2 to be less sensitive to the
inhibitory effect of membrane perturbation by NP-40 and
high temperatures.

Since our previous studies showed that a weaker interac-
tion of the TMDs of the human NTPDase 2 contributed to
its susceptibility to membrane perturbation, the observation
that ATPase activity of human NTPDase 2 was reduced upon
strengthening TMD interaction by oxidative cross-linking
was unexpected. However, our finding is similar to that
obtained with rat NTPDase 1/CD39 (39). Using various
engineered single-cysteine and double-cysteine substituted
mutant rat NTPDase 1 enzymes, Grinthal and Guidotti
showed that inter- and intra-TMD disulfide bond formation
occurred most readily when the cysteine residues introduced
in the two TMDs were in the region near the cell surface
and were associated with reduction of ATPase activity.
Furthermore, the TMDs of rat NTPDase 1 exhibited a high
degree of rotational mobility. While primary interfaces in
TMDI1 and TMD?2 could be demonstrated when CuP treat-
ment was conducted at 4 °C, cross-linking was complete at
37 °C for all the rat NTPDase 1 mutants tested in which the
cysteine residue occupied positions as many as Six amino
acid residues away from the cell surface. In spite of the
similar effect of TMD cross-linking on ATPase activity, our
results show that the rotational mobility of the TMDs of
human NTPDase 2 is more limited than that of rat NTPDase
1, since dimer formation was most easily demonstrated with
the enzyme containing a single cysteine residue at either
position 26 (the wild-type enzyme) or position 463 (the
C26S/S463C mutant). Additionally, intramolecular cross-
linking of the double cysteine mutants of rat NTPDase 1
resulted exclusively in monomers, which was only possible
if disulfide bond formation occurred regardless of the helix
faces of the cysteine residues, further supporting the conclu-
sion that TMDs of rat NTPDase 1 are highly mobile. On
the other hand, intramolecular cross-linking in human
NTPDase 2 with double cysteine residues was most clearly
seen with the S463C mutant, whereas the level of dimer
formation actually increased in the S462C mutant probably
due to the presence of C26. Thus, C26 in TMD1 and S462
in TMD2 probably define an interface between the mono-
mers. In spite of the different TMD mobilities in the two
NTPDases, human NTPDase 2 is similar to rat NTPDase 1
in that (i) its monomer is in rapid equilibrium with dimers
and oligomers and a defined quaternary structure probably
does not exist for the enzyme and (ii) the mobility of the
TMD is necessary for maximal catalysis.

In summary, three major findings emerged from this study.
First, the cysteine residue at position 26 was the target of
pCMPS modification, which resulted in the loss of ATPase
activity of human NTPDase 2 by disturbing the TMD
interaction of human NTPDase 2 as well as affecting the
conformation of the active site. This result differs from that
obtained with human NTPDase 3, in which pCMPS modi-
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fication of C501 located in TMD2 near the cytoplasmic side
caused inhibition by interfering with monomer—monomer
interactions in the native tetrameric quaternary structure of
human NTPDase 3 (38). Second, intra- and intermolecular
oxidative cross-linking was accompanied by reduction of
ATPase activity, suggesting that the mobility of the TMDs
is essential for enzyme function. Third, when the TMDs
cross-linked, human NTPDase 2 became resistant to inac-
tivation caused by membrane perturbation. Future investiga-
tions addressing communication between TMDs and the
active site when the TMD is modified by pCMPS or when
the TMD interaction is disturbed by membrane perturbation
should yield greater insight into the mechanism by which
TMD interaction regulates the catalytic activity of NTPDases.

ACKNOWLEDGMENT

We thank Dr. Terence L. Kirley of the University of
Cincinnati for providing the anti-C-terminus human NTP-
Dase 2 antibody.

SUPPORTING INFORMATION AVAILABLE

Demonstration of intramolecular cross-linking of the
S462C, S463C, V465C, and V466C mutants using mPEG-
maleimide treatment. This material is available free of charge
via the Internet at http://pubs.acs.org.

REFERENCES

1. Plesner, L. (1995) Ecto-ATPases: Identities and functions. Int. Rev.
Cytol. 158, 141-214.

2. Robson, S. C., Sévigny, J., and Zimmermann, H. (2006) The
E-NTPDase family of ectonucleotidases: Structure function rela-
tionships and pathophysiological significance. Purinergic Signalling
2, 409-430.

3. Mateo, J., Harden, T. K., and Boyer, J. L. (1999) Functional
expression of a cDNA encoding a human ecto-ATPase. Br. J.
Pharmacol. 128, 396-402.

4. Knowles, A. F., and Chiang, W.-C. (2003) Enzymatic and
transcriptional regulation of human ecto-ATPase/E-NTPDase 2.
Arch. Biochem. Biophys. 418, 217-227.

5. Wang, T. F., and Guidotti, G. (1998) Golgi localization and
functional expression of human uridine diphosphatase. J. Biol.
Chem. 273, 11392-1139.

6. Mulero, J. J., Yeung, G., Nelken, S. T., and Ford, J. E. (1999)
CD39-L4 is a secreted human apyrase, specific for the hydrolysis
of nucleoside diphosphates. J. Biol. Chem. 29, 20064-20067.

7. Hicks-Berger, C. A., Chadwick, B. P., Frischauf, A. M., and Kirley,
T. L. (2000) Expression and characterization of soluble and
membrane bound human nucleoside triphosphate diphosphohy-
drolase 6 (CD39L2). J. Biol. Chem. 275, 34041-34045.

8. Braun, N., Fengler, S., Ebeling, C., Servos, J., and Zimmermann,
H. (2000) Sequencing, functional expression and characterization
of NTPDase6, a nucleoside diphosphatase and novel member of
the ectonucleoside triphosphate diphosphohydrolase family. Bio-
chem. J. 351, 639-647.

9. Shi, J. D., Kukar, T., Wang, C. Y., Li, Q. Z., Cruz, P. E., Davoodi-
Semiromi, A., Yang, P., Gu, Y., Lian, W., Wu, D. H., and She,
J. X. (2001) Molecular cloning and characterization of a novel
mammalian endo-apyrase (LALP1). J. Biol. Chem. 276, 17474—
17478.

10. Kukulski, F., Lévesque, S. A., Lavoie, E.G., Lecka, J., Bigonnesse,
F., Knowles, A. F., Robson, S. C., Kirley, T. L., and Sévigny, J.
(2005) Comparative hydrolysis of P2 receptor agonists by NTP-
Dases 1, 2, 3 and 8. Purinergic Signalling 1, 193-204.

11. Grinthal, A., and Guidotti, G. (2006) CD39 has two transmembrane
domains. Why? Purinergic Signalling 2, 391-398.

12. Mukasa, T., Lee, Y., and Knowles, A. F. (2005) Either the carboxyl-
or the amino-terminal region of the human ecto-ATPase (E-
NTPDase 2) confers detergent and temperature sensitivity to the
chicken ecto-ATP-diphosphohydrolase (E-NTPDase 8). Biochem-
istry 44, 11660-11170.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Chiang and Knowles

. Chiang, W.-C., and Knowles, A. F. (2008) Transmembrane domain

interactions affect the stability of the extracellular domain of the
human NTPDase 2. Arch. Biochem. Biophys. 472, 89-99.
Okada, T., Zinchuk, V. S., Kobayashi, T., del Saz, E. G., and
Seguchi, H. (1997) Diethyl pyrocarbonate is an inhibitor of cardiac,
intestinal and renal ecto-ATPase. Acta Histochem. Cytochem. 30,
637-642.

Caldwell, C. C., Davis, M. D., and Knowles, A. F. (1999)
Ectonucleotidases of avian gizzard smooth muscle and liver plasma
membranes: A comparative study. Arch. Biochem. Biophys. 362,
46-58.

Dzhandzhugazyan, K. N., and Plesner, L. (2000) Diethyl pyrocar-
bonate inactivates CD39/ecto-ATPDase by modifying His-59.
Biochim. Biophys. Acta 1466, 267-2717.

Grinthal, A., and Guidotti, G. (2000) Substitution of His59 converts
CD39 apyrase into an ADPase in a quaternary structure dependent
manner. Biochemistry 39, 9-16.

Hicks-Berger, C. A., Yang, F., Smith, T. M., and Kirley, T. L.
(2001) The importance of histidine residues in human ecto-
nucleoside triphosphate diphosphohydrolase-3 as determined by
site-directed mutagenesis. Biochim. Biophys. Acta 1547, 72-81.
Knowles, A. F., and Leng, L. (1984) Purification of a low affinity
Mg?*(Ca®>")-ATPase from the plasma membranes of a human oat
cell carcinoma. J. Biol. Chem. 259, 10919-10924.

Sévigny, J., Coté, Y. P., and Beaudoin, A. R. (1995) Purification
of pancreas type-1 ATP diphosphohydrolase and identification by
affinity labeling with the 5’-p-fluorosulphonylbenzoyl-adenosine
ATP analogue. Biochem. J. 312, 351-356.

Marti, E., Gomez de Aranda, 1., and Solsona, C. (1996) Inhibition
of ATP-diphosphohydrolase (apyrase) of Torpedo electric organ
by 5’-p-fluorosulfonylbenzoyladenosine. Biochim. Biophys. Acta
1282, 17-24.

Knowles, A. F., Isler, R. E., and Reece, J. F. (1983) The common
occurrence of ATP diphos-phohydrolase in mammalian plasma
membranes. Biochim. Biophys. Acta 731, 88-96.

Knowles, A. F., and Nagy, A. K. (1999) Inhibition of an ecto-
ATP-diphosphohydrolase by azide. Eur. J. Biochem. 262, 349—
357.

Knowles, A. F., Nagy, A. K., Strobel, R. S., and Wu-Weis, M.
(2002) Purification, characterization, cloning and expression of the
chicken liver ecto-ATP-diphosphohydrolase. Eur. J. Biochem. 269,
2373-2382.

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

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

Knowles, A. F., and Li, C. (2006) Molecular cloning and
characterization of expressed human ecto-nucleoside triphosphate
diphosphohydrolase 8 (E-NTPDase 8) and its soluble extracellular
domain. Biochemistry 45, 7323-7333.

Shi, X.-J., and Knowles, A. F. (1994) Prevalence of the mercurial-
sensitive ecto-ATPase in small cell lung carcinoma. Characteriza-
tion and partial purification. Arch. Biochem. Biophys. 315, 177—
184.

Caldwell, C. C., Hornyak, S. C., Pendleton, E., Campbell, D., and
Knowles, A. F. (2001) Regulation of chicken gizzard ecto-ATPase
activity by modulators that affect its oligomerization status. Arch.
Biochem. Biophys. 387, 107-116.

Ivanenkov, V. V., Meller, J., and Kirley, T. L. (2005) Characteriza-
tion of disulfide bonds in human nucleoside triphosphate diphos-
phohydrolase 3 (NTPDase 3): Implications for NTPDase structural
modeling. Biochemistry 44, 8998-9012.

Javed, R., Yarimizu, K., Pelletier, N., Li, C., and Knowles, A. F.
(2007) Mutagenesis of lysine 62, asparagine 64, and conserved
region 1 reduces the activity of human ecto-ATPase (NTPDase
2). Biochemistry 46, 6617-6627.

Stout, J. G., and Kirley, T. L. (1994) Purification and characteriza-
tion of the ecto-Mg-ATPase of chicken gizzard smooth muscle.
J. Biochem. Biophys. Methods 29, 61-75.

Karasaki, S. (1972) Subcellular localization of surface adenosine
triphosphatase activity in preneoplastic liver parenchyma. Cancer
Res. 32, 1703-1712.

Ohnishi, T., and Kimura, S. (1976) Contact-mediated changes in
ATPase activity at the surface of primary cultured hepatoma cells.
Histochemistry 49, 107-112.



Inhibition of Human NTPDase 2 by pCMPS and Oxidative Cross-Linking

35.
36.

37.

Knowles, A. F. (1988) Differential expression of ectoMg>"-ATPase
and ectoCa?*-ATPase activities in human hepatoma cells. Arch.
Biochem. Biophys. 263, 264-271.

Murray, S. L., and Knowles, A. F. (1990) Butyrate induces an
ectoMg?T-ATPase activity in Li-7A human hepatoma cells. J. Cell.
Physiol. 144, 26-35.

Magocsi, M., and Penniston, J. T. (1991) Ca>* or Mg>" nucleotide
phosphohydrolases in myometrium: Two ecto-enzymes. Biochim.
Biophys. Acta 1070, 163-172.

38.

39.

Biochemistry, Vol. 47, No. 33, 2008 8785

Murphy, D. M., Ivanenkov, V. V., and Kirley, T. L. (2002)
Identification of cysteine residues responsible for oxidative cross-
linking and chemical inhibition of human nucleoside-triphosphate
diphosphohydrolase 3. J. Biol. Chem. 277, 6162-6169.

Grinthal, A., and Guidotti, G. (2004) Dynamic motions of CD39
transmembrane domains regulate and are regulated by the enzy-
matic active site. Biochemistry 43, 13849—13858.

BI800633D



