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ABSTRACT. The ecto-nucleoside triphosphate diphosphohydrolases or NTPDases are a family of membrane-
bound enzymes that catalyze the sequential removat-odnd s-phosphate from ATP, ADP, and

other nucleotides. NTPDasel, -2, -3, and -8 are the enzymes responsible for signal conversion and
termination in purinergic signaling. They are anchored to the cytoplasmic membrane by two transmembrane
helices with a large catalytic domain pointing toward the extracellular space. Here we report the first
successful expression and purification of the soluble extracellular domains of rat NTPDasel, -2, and -3
from bacterial inclusion bodies. The refolded proteins show characteristics similar to the wild type enzymes,
for example in that they are dependent on divalent metal ions for catalysis and hydrolyze a wide variety
of nucleoside tri- and diphosphates, whereas the monophosphate AMP is not further degraded. Nucleoside
triphosphates are hydrolyzed at a higher rate than the corresponding diphosphates. Other characteristics
of the recombinant enzymes however reflect the absence of transmembrane regions and side
chain glycosylation. For example all three enzymes are monomeric and only subtly activatedby Mg
ions as compared to €aions. Although having a considerably higher specificity constagim for

ADP as for ATP, the bacterially expressed variant of NTPDasel in contrast to its wild type counterpart
releases intermediate ADP to a substantial amount. The presented expression system will allow large
scale production of active protein suitable for structural studies, development of inhibitors, and even clinical
application.

ATP when released from cells acts extracellularly as a nucleotidase (NT or CD73) @, 5). Crystal structures are
signaling molecule in an autocrine or paracrine manher ( available forE. coli 5’NT, which has an active site structure
3). Cellular responses are induced through activation of similar to that of the vertebrateé$T (8, 9). 5NT and the
G-protein-coupled P2Y receptors or ligand-gated ion chan- NTPDases are evolutionarily unrelated.

nels (P2X). It is now evident that a cascade of membrane- |n contrast to the extracellular NTPDases, the closely
bound enzymes located on the cell surface modulates andelated NTPDase47 are less active toward ATP and ADP
inactivates those signaling effects. The ecto-nucleoside and in the case of NTPDase5 and -6 more specifically cleave
triphosphate diphosphohydrolases1, -2, -3, and -8 (NTP-diphosphonucleosides. They are located intracellularly with
Dases, EC 3.6.1.5) are oligomeric enzymes responsible fortheir catalytic domain facing the lumen of cytoplasmic
the first steps of extracellular nucleotide degradat®nT). organelles such as the Golgi or the endoplasmatic reticulum.
They catalyze the sequential removalefandg-phosphate It has been suggested that they participate in sugar nucleotide
from triphosphonucleosides to produce the correspondingtransfer and transport processég-(12).
monophosphonucleoside. AMP is not a substrate for NTP-  Fjrmly anchored to the cell membrane by two transmem-
Dases; instead it is degraded to adenosine by €eto-5 prane helices, the large catalytic domain of NTPDas&1
and -8 is exposed to the extracellular miliey (3—15).

 For financial support, funding by the Deutsche Forschungsgemein- Similar to other extracellular proteins, the ectodomain is
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1 Abbreviations: ABD-F, 7-fluoro-2,1,3-benzoxadiazole-4-sulfona- NTPDases is especially high in five ‘apyrase conserved
mide; ACR, apyrase conserved region; BSA, bovine serum albumin; regions’ (ACR). ACR1 and -4 exhibit similarity to the-

CHO cell, Chinese-hamster ovary cell; COS cell, African-green-monkey _ indi i i
kidney cell; DTT, dithiothreitol; GAmCI, guanidinium chloride; GSSG/ and y-phosphate binding motifs of the actin/hsp70/sugar

GSH oxidized/reduced glutathione; IPTG, isopropyb-thiogalacto- kinase supgrfaminZS). Although no additional significant
pyranoside; MOPS, 3-(N-morpholino)propanesulfonic acid; NTPDases, Sequence identity between soluble members of this super-
nucleoside triphosphate diphosphohydrolases; PAGE, polyacrylamidefamily and the NTPDase ectodomain exists, their common

gel electrophoresis;iFinorganic phosphate; RRnorganic pyrophos- ; ; ;
phate: PMSF, phenyimethanesulfonyl fluoride; RP-HPLC, reversed structural fold could be revealed using comparative analysis

phase high performance liquid chromatography; TCA, trichloroacetic Of predicted SecondarY structure a'_"d threading Stqué,s (
acid; TCEP, tris(2-carboxyethyl)phosphine. 17, 24, 25). The catalytic ectodomain of NTPDases is thus
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likely to consist of two lobes with a large active site cleft in Cloning of NTPDasel, -2, and -3 Ectodomdtill length
between. clones encoding th&. nowegicusNTPDasel, -2, and -3
Individual family members of mammalian cell surface genes 14, 26, 58) were kindly provided by Prof. Herbert
NTPDases differ in pH dependence, substrate specificity, andZimmermann (Biocenter of the J. W. Goethe-University,
product formation 15). NTPDasel hydrolyzes nucleoside Frankfurt/Germany). Compared to the sequences deposited
diphosphates almost as well as the corresponding triphos-in GenBank (accession numbers U81295, Y11835, and
phates. The wild type enzyme in its membrane-bound, AJ437217) the NTPDasel clone showed several variations:
oligomeric form hydrolyzes ATP directly to AMP through L80Q, S216A, V220I, Q227S, and F331l. All deviating
subsequent scission of both phosphoanhydride bonds withresidues except for F331l are also found in the mouse
almost no release of intermediate ADE5(26—28). NTP- orthologue. Residues Q80, A216, and 1220 are furthermore
Dase?2 conversely is a preferential nucleoside triphosphataséighly conserved among cell surface NTPDases. The side
and hydrolyzes ADP 10 to 15 times less efficiently than ATP chain of 1331 is similar to that of leucine, found in NTPDasel
(15, 27, 29—-31). NTPDase3 and -8 are described as of other species in the corresponding position. Therefore,
functional intermediates between NTPDasel and 215, these variations are most likely due to sequencing errors in
32, 33). the Genbank entry. The full length clone of rat NTPDase2
Because of their involvement in physiological processes showed the previously described variations P127L and F128L
such as blood clotting, vascular inflammation, immune (59).
reactions, and in certain types of cancef, B4—43), By multiple protein sequence alignme0f, secondary
NTPDases are now considered as potential new drug targetstructure predictionl), and hydrophobicity analysis (e.g.,
(44—46) or drugs themselves. The soluble ectodomain of TMpred) of several mammalian cell surface NTPDases,
NTPDasel from mammalian cell culture has been shown toresidues T38T477 (NTPDasel), T29S462 (NTPDase2),
inhibit platelet aggregatioim vitro andin vivo (47—52). and Q44-P485 (NTPDase3) were estimated to belong to the
However, production of large quantities of therapeutic ectodomain. Forstandard-PCR-based cloning of the ectodomains
proteins from mammalian cell culture is expensive and into the bacterial expression vector pET-45p(Novagen,
bears the risk of viral contaminatioB3, 54). Therefore and  Madison, WI), the following primer pairs were designed:
for further biochemical and structural characterization, we 5'-agt ccg gat ccacc cac aac aaa cca ttg cca g2l and
sought to establish aB. coli-based expression system for 5'-g gcc gca agdta ggt gga gtg agg gag agg cgg-§
production of enzymatically active extracellular domains of (NTPDasel), 5agt ccg gat ccacc caa gac gtc cgg gag
NTPDaset3. ccg ce3' and 3-g gcc gea agdta get gaa gtg ggt gec ctt
The motivation for the expression system described heregcg +3 (NTPDase2), and'Eagt ccg gat cceag atc cac
are the experiments of Kirley’'s groug 55), who could cac cca cag gtt ¢t3' and B-ccg cca caa caa tiip cgg cgg
refold the intracellular NTPDase5 and -6 from bacterial ctg tat ggg tag tt3' (NTPDase3). Flanking the regions
inclusion bodies and the finding of Gayle and others that coding for the ectodomain (bold) Brimers all contained a
mammalian cell surface NTPDases still display activity when restriction site (underlined) for the endonucle&sert!. 3'
they are expressed without their transmembrane regs ( primers introduced the strong stop codon taali¢) and a
30, 47, 56, 57). Hindlll (NTPDasel and 2) oMfel (NTPDase3) restriction
Here we show that all three enzyme ectodomains can besite. PCR products were digested with both endonucleases
refolded fromE. coli cytosolic inclusion bodies to active and ligated into pET-458() cut with the same enzymes.
protein with an overall yield of&#15 mg of pure protein per = Recombinant plasmids were transformed by electroporation
liter of high cell density batch fermentation medium. The into E. coli ER2566 cells (New England Biolabs, Frankfurt/
recombinantly expressed enzyme variants were purified andGermany). Positive clones were identified by colony-PCR
characterized with respect to substrate specificity and affinity, and confirmed by restriction digest analysis and DNA
metal cofactor activation, pH dependence, and product sequencing (MWG Biotech, Ebersberg/Germany) with T7
formation. The data indicate that the refolded proteins, promoter and terminator primer and two custom-synthesized
although showing differences to their wild type counterparts, internal primers.
will be amenable for inhibitor screening, crystallization, and  Fermentation of Cells Producing NTPDase Ectodomains.
even clinical application; the latter indicated that the refolding For large scale production of recombinant NTPDases, cells
conditions can be conferred from the rat enzymes studied inwere cultivatedn 5 L of glucose mineral salt medium in a
this work to the human orthologs. 13 L labfors fermenter (Infors, Bottmingen/Switzerland). The
composition of the medium was the same as used by Horn
EXPERIMENTAL PROCEDURES et al. 62) for the main culture with the exception that 30
Materials. Tri- and diphosphonucleosides as well as g/L glucose was used. Prior to sterilization, the pH was
adenosine monophosphate were obtained from Sigma-adjusted to 6.4 using 25% (v/v) aqueous ammonia. After 100
Aldrich (Steinheim/Germany), deoxynucleotides from Fer- ug/mL ampicillin was autoclaved, separately autoclaved
mentas (St. Leon-Rot/Germany). Stock solutions of nucle- glucose and MgS9were added and the pH was adjusted to
otides were adjusted to pH 7.0 with concentrated NaOH and 6.8 with 5 M NaOH. A 20 mL starter culture in LB medium
the concentration validated using specific extinction coef- containing 100ug/mL ampicillin was inoculated from a
ficients. L-Arginine was from Ajinomoto Omnichem (Lou-  frozen stock culture. After 6 to 8 h, the fermenter was
vain-La-Neuve/Belgium), guanidine hydrochloride C-grade inoculated with 1 to 3 mL of this starter culture and left
from NIGU Chemie (Waldkraiburg/Germany) and glu- unattended over night. The pH was maintained at 6.8 by
tathione from Applichem (Darmstadt/Germany). All other the implemented control unit ugin5 M NaOH and 1
chemicals were from Sigma-Aldrich. M H3PQ,. Dissolved oxygen was kept constant at4®%
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relative saturation by automatic adjustment of the inlet nondenaturing buffers. Initial optimization of the refolding
flow of pressurized air. An autoclaved 1% suspension of conditions for each of the three enzymes used only analytical
antifoam A (Sigma-Aldrich) was added when necessary. To quantities of unfolded protein in the refolding trials. Typically
further suppress foam formation, pure oxygen gas was 1.5 mL of refolding buffer of varying composition was added

mixed into the air stream, when the @pbecame greater
than 10.

Cultures grew exponentially with a growth rate of 0:58
0.01 bt to an OQy of 10. Production of the recombinant
protein was then induced by addition of 1 mM IPTG.
Cultivation of the cells was continuedrfd h oruntil glucose

to a 1.5 mL tube and cooled on ice. The protein solution
(e.g., 15uL, 5 mg/mL) was deposited as a droplet onto the
inside face of the lid. After careful closing of the tube, it
was vigorously agitated for a few seconds on a Vortex-Genie
2T (Scientific Industries, Bohemia, NY) at maximum speed
and then incubated at the indicated temperature. As prelimi-

was completely consumed (sudden decrease in oxygennary tests indicated very slow folding kinetics, the specific
consumption). Cells were harvested by centrifugation, washedactivity was measured after 7 to 10 days incubation to allow

once with ice cold 200 mM TrisHCI, 1 mM EDTA, pH 7.0,
and frozen at-20 °C.
Inclusion Body Preparation and Prepurificatiolmclusion

bodies were isolated and washed generally following the

protocol of Rudolph et al.63). Frozen cells (100 g) were
resuspended in 500 mL of 100 mM TrisHCI, 1 mM EDTA,

near end-point determinations. All screened refolding buffers
were thoroughly degassed or assembled from degassed stock
solutions.

For preparative refolding, 150 mg of the denatured protein
were adjusted to 3 mg/mi6 M GdmCI, 5 mM HCI. A5
L amount of the corresponding refolding buffer without the

pH 7.0, at room temperature. Lysozyme (50 mg) was added components of the oxido-shuffling system was sterile-filtered,

and the suspension incubated for 30 min &G4 PMSF,

degassed, and cooled4al °C. Preparative refolding batches

MgCl,, and DNase | (Roche, Mannheim/Germany) were all contained 0.1 mM PMSF, 1 mM benzamidine, and 1 mM
added to a final concentration of 0.2 mM, 3 mM, and 10 EDTA to avoid microbial growth and proteolytic degradation.
ug/mL, respectively. Cell disruption was further achieved Solid glutathione was added and dissolved only shortly
by two runs through a APV-2000 cell homogenizer (Invensys before addition of the unfolded protein. After the solution

APV, Albertslund/Denmark) with cooling in between. Inclu-

was transferred to a refolding vessel, it was stirred at 850

sion bodies were separated from the soluble fraction by rpm by a mixing paddle (70 mmne 400 mm) powered by an

centrifugation at 31 0Gffor 10 min. After resuspension they
were extensively washed twice with 500 mM NaCl, 20 mM
EDTA, 2% Triton X-100, pH 8.0 and twice with 100 mM
TrisHCI, 20 mM EDTA, pH 7.0, prior to freezing at
—20°C.

A minced inclusion body pellet containing approximately
1 g of protein was solubilized in 50 Im6 M GdmCI, 100
mM TrisHCI, 1 mM DTT, pH 8.0. Insoluble particles were
removed by centrifugation at 48 0§Cfor 20 min. The

overhead stirrer (Heidolph Instruments, Schwabach/Ger-
many). Using a syringe, the denatured protein solution was
injected within 1 min through a 0.8 mm needle into the
refolding buffer. This procedure almost completely circum-
vented the precipitation of protein and formation of foam.
Finally, the refolding solution was incubated at the indicated
temperature.
Purification of Refolded NTPDases$.or detailed bio-

chemical analysis of the refolded proteins, it was necessary

supernatant was applied to a 25 mL Ni-Sepharose columnto separate them from remaining contaminants and misfolded,
(GE Healthcare Biosciences AB, Uppsala/Sweden) equili- especially aggregated, protein. The hexahistidine tag encoded

brated with solubilization buffer without DTT at a flow rate

by the plasmid was not removed in this work. Preparative

of 2 mL/min. The column was washed with three column refolding batches were concentrated 50-fold using a UFP-

volumes of 30 mM imidazole in solubilization buffer and
the protein eluted with 300 mM imidazole. Any stripped off
Ni2* ions were removed by complexation with 1 mM EDTA,

10-C-6A hollow fiber ultrafiltration cartridge (GE Healthcare,
Buckinghamshire/UK) and then dialyzed two times against
50 volumes of 50 mM sodium acetate, 1 mM EDTA, 0.2

thereby avoiding oxidative damage caused by metal catalysismM PMSF, pH 5.0. During dialysis most of the wrongly

To completely reduce any artificial disulfide bridges, DTT

folded proteins precipitated, while the active enzyme re-

was added to a final concentration of 100 mM and the mained in solution. After 15 min centrifugation at 48 @00

solution heated to 50C for 20 min. The pH was adjusted
to <2.0 by addition 65 M HCI and the solution then
dialyzed three times 24 h against ten volumis bl GdmcCl,

the supernatant was applied to an equilibrated 1 mL CM
Sepharose Fast Flow column (GE Healthcare, Buckingham-
shire/UK) at a rate of 1 mL/min. The column was washed

5 mM HCI. Such prepurified, completely denatured and with 20 volumes of 50 mM sodium acetate, 1 mM EDTA,

reduced protein was stored until further usage-80 °C.
Determination of Protein ConcentratioRrotein concen-

pH 5.0. A linear salt gradient from 0 to 2.0 M NaCl over 20
column volumes was applied to elute the protein. Fractions

tration of the soluble fraction of bacterial cell extracts was showing the highest specific activity were pooled, diluted
determined by Bradford assay using bovine serum albumin 5-fold with 50 mM TrisHCI pH 8.5, and reconcentrated to
in cell lysis buffer as a standard. Protein content in solubilized ~5 mg/mL. Remaining aggregates and impurities were
inclusion bodies was measured spectrophotometrically usingremoved by size exclusion chromatography on a Superdex

equation ¢ (mg/mL)= (1.55 x Azgg) — (0.76 x Asgg). Ni%"
affinity purified protein was analyzed using the specific

extinction coefficients as calculated by the ProtParam tool

(64, Table 4).
Analytical and Preparatie Refolding of Recombinant

S200 26/60 pg column with 10 mM TrisHCI, 1 mM EDTA,
0.1 mM PMSF, pH 8.5 as running buffer.

Nucleotidase Actity Assay. If not stated otherwise,
recombinant NTPDase enzyme preparations were incubated
at 37°C in 1 mL of 50 mM TrisHCI, 100 mM NacCl, pH

NTPDasesConcentrated, completely denatured and reduced 7.4, with 500uM CaCk and 500uM ATP. The reaction
NTPDase was refolded by means of rapid dilution into mixture was prewarmed and the reaction started by addition
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of enzyme. After 15 s to 30 min, the released phosphate Wastape 1. composition of Buffers and Incubation Temperature Used

measured colorimetrically using a modification of the
malachite green assa§5). Product formation was restricted
to 10% orthophosphate compared to the initial nucleotide
concentration. A calibration curve made of six points from
0 to 10% orthophosphate with the same buffer composition

except for the protein was always measured and treated

identically.

pH dependence was analyzed in the presence of 2 mM
nucleotide and 50@M CacCl in a long-range buffer system
composed of 40 mM glycine, 40 mM acetic acid, and 40
mM MOPS. The ionic strength was kept constant at 156 mM
by addition of NaCl.

Native PAGE and Actiity Staining. Purified NTPDase

for Renaturation of NTPDaseB3 Ectodomains

NTPDasel NTPDase2 NTPDase3
0.6 M NACL 1.0 ML-arginine 1.0 ML-arginine
33 % (v/v) glycerol 20 % (v/v) glycerol 1.2 M NaCl
100 mM Tris-HCI 100 mM Tris-HCI 100 mM Tris-HCI
1 mM GSSG 1 mM GSSG 1 mM GSSG
2mM GSH 2mM GSH 2mM GSH
pH9.0 pH9.0 pH 9.0
9—14°C 4-9°C 4-9°C

a All buffers were sterile-filtered and thoroughly degassed. Refolding
buffers further contained 1 mM EDTA, 1 mM benzamidine and 0.2
mM PMSF. Proteins were rapidly diluted 1:100 starting from 3 mg/
mL protein n 6 M GdmCI, 5 mM HCI.

proteins were analyzed for microheterogeneity and oligo- Because of overexpression and high content of disulfide
meric state by nondenaturing gel electrophoresis. Gels (10prigges in the native protein, the NTPDase ectodomains

cm wide x 7.3 cm highx 0.75 mm thick) consisted of a
5% stacking gel (125 mM TrisHCI pH 7.5) and a 10%
separation gel (375 mM TrisHCI pH 9.0). The running buffer
(250 mM Tris/glycine pH 9.0) was precooled to °C.
Proteins were separated in a cold room witBih using a
constant current of 15 mA. When the voltage reached 150
V, it was kept constant at that level for the remaining time
to avoid excessive heating. The gel was immersed in 20 mL
of 200 mM Tris/glycine pH 8.4 with 10 mM Caghnd 10
mM ATP. After 10 min b 1 h incubation at room-
temperature, white lines of calcium phosphate appeared
indicating the presence of ATPase activity. The gels were
photographed and total protein stained with Coomassie.

Testing for Free Cysteine3.o determine the content of
free cysteine thiol groups, the ABD-F labeling method in
combination with SDS-PAGE and BSA as stand&®) (vas
applied. For a control experiment with reduced disulfide
bridges, 2 mM tributylphosphine was replaced by 5 mM tris-
(2-carboxyethyl)phosphine (TCEP). After SDS-PAGE the
gels were photographed using 366 nm UV light, stained with
Coomassie, and rephotographed.

Analysis of Nucleotidase Reaction Products by RP-HPLC.
For analysis of intermediates and products formed from
prolonged ATP-hydrolysis, nucleotidase assays were per-
formed as described above. Aliquots of 140 of reaction
mixture were taken at the indicated time points, and the
reaction was stopped with 3@L of 0.5 M ice cold
trichloroacetic acid. Samples were centrifuged for 2 min at
16 00@ and the supernatant neutralized by addition to 40
uL of ice cold 0.5 M KOH. Until separation by RP-HPLC
nucleotide samples were stored-&80 °C.

Adenosine nucleotides were separated as descrit®d (
using a 15 cmx 2.0 mm, 3um/125 A/C18 Aqua RP-HPLC
column (Phenomenex, Torrance, CA) at a flow rate of 0.2
mL/min. Eluting nucleotides were detected and quantified
by measuring the absorbance at 260 nm.

RESULTS

Cloning, Bacterial Expression, Refolding and Purification
of NTPDaset 3 Extracellular DomainsThe cDNA coding
for the ectodomain of rat NTPDaseB was cloned into the
bacterial expression vector pET45H(and expressed in
ER2566E. coli cells. All three constructs (for amino acid
sequence see Figure S1 of the Supporting Information)
showed a good overexpression of the recombinant protein.

precipitated entirely in the form of insoluble inclusion bodies
in the E. coli cytosol €7). For high level production of the
recombinant proteins, the cells were grown to high density
using a fermenter in batch mode.

Solubilized and affinity-purified inclusion body proteins
could be refolded to active enzyme by means of rapid dilution
into nondenaturing buffers. No success was achieved with
refolding by dialysis. Screening for the optimum refolding
buffer was first done with incubation at 2C and included
change of pH, variation of pH-buffer, and addition of varying
amounts of different salts and folding helpers likarginine,
glycerol, and sucrose. Refolding buffers all contained an
oxido-shuffling system, of which the optimum composition
was also determined. Furthermore, it was evaluated for
NTPDasel, how initial and final protein and denaturant
concentrations affected the specific and volumetric refolding
yield. Success of renaturation was analyzed and compared
by measurement of specific enzymatic activity.

The optimal composition of the refolding buffer was
similar for all three enzymes with respect to pH and
composition of the oxido-shuffling system (Table 1). Major
differences existed in the dependence on the concentration
of salt, I-arginine, and glycerol. Addition of known cofactors,
substrates or products, such ag C&ATP, ADP, and AMP
did not affect the refolding yield.

In the case of NTPDasel, the final denaturant concentra-
tions had to be kept as low as possible (k€30 mM, data
not shown) to allow highest yields in protein folding. On
the other hand, the initial concentration of GdmCI before
dilution of the denatured protein to the refolding buffer had
to be maintained at at least 5.5 M. It is likely that these high
concentrations of denaturant are necessary to dissolve
remaining secondary structure contacts that may lead to
unproductive folding side reactions upon removal of denatur-
ant. Together, this made a steep decrease of denaturant
concentration by the use of a large dilution step desirable.
However, the protein concentration before and after the
dilution step affected the yield in such a way that a big
dilution ratio would be disadvantageous: Not only had the
final protein concentration to be kept at a minimum to favor
first-order folding over higher order aggregation reactions
but also had the protein concentration prior to the dilution
step to remain low. Concentrating the denatured protein to
more than 5 mg/mL resulted in dramatic losses in the
subsequent refolding process. Therefore, as a compromise,
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25 - NTPDasel 2.5 - NTPDase2 16 - NTPDase3

Specific activity (nmol/min/mg)

0 2 4 6 8 10 lé 14 0 2 4 6 8 16 1'2 1'4
Refolding time (days)

Ficure 1: Refolding time course of Higagged NTPDase ectodomains at different temperaturés. affinity purified inclusion body

protein was completely denatured and reduced as described in Experimental Procedures. Renaturation was initiated by rapid mixing of 15

uL of protein solution (3 mg/mL) into 1.5 mL of ice-cold refolding buffer. Batches were then incubated at the indicated temperétires (4

(©),9°C (O), 14°C (@), 19°C (m)) without stirring. Samples were withdrawn from at least five independent refolding batches at the given

incubation time for immediate activity determination (20 ATP as substrate). Values are meansD.

the recombinant NTPDase ectodomains were diluted 1:100specific activity in activity staining, ruling out the possibility
from 3 mg/mL n 6 M GdmCl, 5 mM HCIl into the specified  of a contaminating fraction of unfolded protein. Full length

refolding buffers. expression of the three proteins could be verified by
The influence of temperature was then tested in the rangeelectrospray ionization mass spectrometry. The microhet-
from 4 °C to 19°C (Figure 1). Higher temperatures (28 erogeneity observed is therefore likely due to modifications

and 37°C) resulted in almost no production of active protein. such as deamidation caused by the long refolding process at
All proteins could be refolded at® with a slight tendency ~ high pH. A detailed analysis at this point is not possible,
to lower temperatures for NTPDase2 and -3 and to higher because no high-resolution mass spectra could be obtained.
temperatures for NTPDasel. For still unknown reasons, Despite the slight microheterogeneity, crystallization trials
refolding kinetics are very slow, rendering the recombinant were successful for the ectodomain of NTPDase2 (Figure
enzymes unsuitable for pulsed refoldirgy). S3 of the Supporting Information). This finding demonstrates
Preliminary results on the refolding characteristics of the overall structural homogeneity of the protein sample with
enzyme variants give further evidence for the disulfide respect to folding and monodispersivity and the suitability
pattern previously suggested7): two single cysteine  for structural studies.
knockout mutants C337Aand C342Aof NTPDasel ectodomain  For maximal long-term stability and constant activity, the
and their combined knockout variant C337A/C342A could NTPDase variants were stored in 20 mM TrisHCI pH 7.5, 1
also be refolded to an active state with the combined mM EDTA, 50 mM NaCl, 20Qug/mL BSA, 50% glycerol
knockout mutant attaining slightly more activity than the at—20 °C. This buffer was used for the calibration curves
single mutants (data not shown). This indicates that the in all subsequent activity assays.
cysteine bridge C337C342 stabilizes a loop formed by the Substrate Specificity and AffinityAll three NTPDase
surrounding residues that is not absolutely critical for ectodomains were able to hydrolyze a wide variety of tri-
nucleotidase activity. and diphosphonucleosides, including purine, pyrimidine, and
After preparative refolding, the active enzyme was sepa- 2'-deoxynucleotides (Table 2). Diphosphonucleosides are
rated from wrongly folded, mainly aggregated protein. The degraded at a lower rate than the corresponding triphospho-
same purification scheme consisting of a dialysis, an ion nucleosides, and no activity toward the monophosphonucleo-
exchange, and a gel filtration step could be used for all threeside AMP could be detected. The recombinant enzymes all
NTPDase variants and resulted in 95% pure, monomeric andshow a slight reactivity toward pyrophosphate. This is not
monodisperse protein as judged from native PAGE (Figure unexpected, as it is the simplest compound containing a
2), SDS-PAGE, size exclusion chromatography, and dynamic phosphoanhydride bond and likely to bind to the catalytic
light scattering (data not shown). No free cysteine residues, site. Pyrophosphate was previously described as an inhibitor
which would indicate a partially unfolded protein, could be of NTPDases9), a classification that may originate from
detected using the free sulfhydryl-specific ABD-F labeling it being a poor substrate.
reagent (Figure S2 of the Supporting Information). Bacte- For ATP and ADP, the substrates of the highest physi-
rially expressed NTPDase ectodomains lack both transmem-ological importance, the apparent values Kf and the
brane regions and are completely devoid of any N- or maximal specific activityAmax Were determined by measuring
O-linked oligosaccharide chains. Their existence as mono-initial turnover velocities at different substrate concentrations
mers is hence in good agreement with earlier reports, which (Figure 3, Table 4).
showed that oligomerization is mediated by the transmem- The bacterially expressed NTPDasel variant showed
brane regions in the case of NTPDasel and2& 80, 56) almost maximum turnover at the lowest ADP concentration
and via side chain glycosylation in the case of NTPDase3 applicable to the malachite green assay (id ADP,
(68). Native PAGE and isoelectric focusing (not shown) restriction to 1uM phosphate release). First of all, this leads
indicated a slight microheterogeneity of the three enzyme to a somewhat imprecise value for thg of ADP and to an
preparations (Figure 2). Two or three closely migrating bands underestimation of the error as calculated by the fitting
are visible. However, all separated protein bands belongingalgorithm. Second, this behavior complicates the determi-
to one of the NTPDases displayed approximately the samenation ofK, for ATP that is apparently almost 2 orders of
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A 1 2 3 4 Table 2: Substrate Specificity of NTPDase3d Refolded from
Inclusion Bodie3

relative activity (% ATP)

substrate NTPDasel NTPDase2 NTPDase3

ATP 100.0+ 8.6 100.0+5.0 100.0+ 6.7
GTP 79.0+:2.4 100.6+9.8 173.14+7.8
UTP 71.2+ 4.0 79.3+2.9 96.74+ 3.5
CTP 100.2:5.8 112.8+3.3 82.0+4.1

ITP 66.54 8.2 98.14+ 115 104.8+ 10.3
dATP 106.3+ 1.7 97.9+ 3.9 75.6+ 2.6
dTTP 106.4+ 2.7 111.2+-5.8 93.14+3.5
ADP 34.0+0.1 44.3+0.8 33.1+0.8
UDP 443+ 2.2 66.14+-7.0 19.5+:1.3
GDP 40.8+ 2.3 73.6+ 1.6 40.54+ 2.8

PR 1.64+0.7 10.4+ 0.7 1.4+ 05
AMP not detectable not detectable not detectable

a Enzyme activity was assayed in reaction buffer with GB0CaCk
and 2 mM substrate. Reactions were started by addition of enzyme
B and R release measured as described in Experimental Procedures.
Results are expressed as activity relative to ATP as the substrate and
represent meang SD from at least three independent experiments

specific ATPase and ADPase activities obtained here for the
. refolded NTPDase ectodomains are among the highest
specific activities reported for purified enzyme preparations
of mammalian cell surface NTPDase®7( 70, 71). The
- - : activity of the bacterially produced NTPDasel ectodomain
: is even slightly higher than the highest reported value for
secreted and affinity-purified NTPDasel ectodomaRs; (
47, 56). On the other hand, specific activities are substantially
. ' lower than reported for NTPDase5 and -6 produced by
- bacterial expression of the ectodomains and refoldir@y (
55). However, NTPDase5 and 6 together with NTPDase4
and -7 belong to a subclass of NTPDases (i.e., intracellular)
) o o that is distinct from the cell surface NTPDases as can be
Ficure 2: Native PAGE and activity staining. The refolded

ectodomains of NTPDaseB and BSA were subjected to nonde- shown by phylogenetic analysis of multiple sequence align-

naturing PAGE with a 10% resolving gel at pH 9.0. The stacking Ment (¢, 14). Therefore, it is possible that the specific
gel had a pH of 7.5. Lane 1: @g of NTPDasel, lane 2: 6g of activities of these enzymes are higher or that the activity of

NTPDase2, lane 3: Bg of NTPDase3, lane 4: 3g of BSA. (A) the recombinantly expressed extracellular domains of NT-
bands correspond to salcium phosphate deposiion. The lowest band, Lo~ 5 &nd © is higher since they are not affected by the
in lane 2 resuFI)ts from minor cgntanqination evith NTPDasel during qoss of two transmembrane helices and glycosylatlo'n.
preparation of the gel (cross contamination). Since NTPDasel is | N€ accordindca values of the refolded ectodomains of
much more active than NTPDase2, the band is prominent in A but NTPDase3 (Table 4) may be lower than the turnover rates
hardly visible in B. (B) The same gel as in A, Coomassie stained. of glycosylated and membrane-bound NTPDases as it was
%aTdSréoitr:gg?]es (gfﬂl:l(‘el'ierSDhairglnzsns dd%rizgn?gmg gtsag‘i%}n N?ﬁg shown that NTPDasel, 2 and -8 ectodomains lose about 90%
tst(a)lrapg)Je tF))uffer. BSA is a largely monomeric protein with a molecular of t.helr activity when expressed .WIthOUt. transmembrane
weight of 66 kDa and a calculated pl of 5.6. regions or when transmembrane interactions are dissolved
by detergents30, 56, 57). Wild type NTPDase3 loses 50%
magnitude larger. When 10% of substrate turnover from ATP of activity upon deglycosylation with peptidéglycosidase
is allowed, the released product of the first hydrolysis step, F (22, 68).
ADP, may to a substantial amount act as a competing Metal Cofactor Actiation and Affinity.First attempts to
substrate. To minimize this effect, we limited the phosphate refold the bacterially expressed NTPDase2 seemed to fail
release to &M in all measurements and restricted the ATP completely. No refolding buffer could be found, in which
concentrations to values where the initial ATPase velocity the specific activity became higher than Quinol min—*
was bigger than ADPase turnover g of released ADP ~ mg™. It was realized later that this was not due to missing
(i.e., = 60 uM ATP). refolding success as such. Rather the assay buffer, that
A direct comparison of the obtained kinetic data to included MgC} and CaCy, as used in wild type character-
previously published wild type data is difficult as values ization G, 26, 45 was not optimal for the recombinant
differ between species and the used reaction buffers vary insoluble enzyme in terms of metal cofactor composition.
ionic strength and divalent cation concentrations. In addition, While wild type NTPDasel and -2 are equally activated by
no K, values of wild type rat NTPDasesB for ADP are Mg?" and C&", and NTPDase3 shows only little preference
available. However, thK, values stated here are in the same for the bigger C& ions (14, 15, 26), the bacterially expressed
range as those reported for several other cell surfaceNTPDase ectodomains were apparently inhibited by the
NTPDases 15, 45 and references therginThe maximal presence of MgGlin the assay buffer. Therefore, we tested



NTPDase Ectodomains Biochemistry, Vol. 46, No. 42, 200711951

NTPDasel 50 NTPDase2 140 NTPDase3

[}
[
=}

W
=3
=}

120
40

[
[
(=)

100
30

_ =N
S o o
S 3 3

Specific activity (umol/min/mg)
W
(=}

=}

T T T ! 0+ T T T T ! t T T T T !
0 500 1000 1500 2000 0 200 400 600 800 1000 0 200 400 600 800 1000

Nucleotide concentration (M)

Ficure 3: Linear Michaelis-Menten-Plot for the enzymatic turnover of ATR)and ADP (J) by recombinant NTPDase13. Data points
are meang: SD from at least three independent experiments. Valuekf@and the maximal specific activitgmax (Table 4) were obtained
using nonlinear regression to a hyperbolic saturation curve.

Table 3: Divalent Metal lon Activatigh The bacterie}lly expre;sed NTPDasel ectodomain has a
neutral to alkaline pH optimum for both substrates. Refolded
NTPDase2 ectodomain is active toward ATP at acidic to
neutral pH and has a very narrow ADPase activity peak

specific activity
umol R/(min mg)

divalent

metal ion NTPDasel NTPDase2 NTPDase3 between pH 7.0 and 8.5. NTPDase3_ hydrolyzes bo_th
o2 1501220 99508 1005 04 substrates over a very broad pH range with ADPase activity
Ca+ 22384 3.0 4264 3.0 1203+ 3.0 mcreas_mg continuously from pH 4.5 to 10. o
Mnz2+ 27.6+£25 9.4+ 0.6 10.3+ 0.9 In Figure 5 (D) the ATPase:ADPase ratio is plotted
Ccfj 113.7+8.1 61.9+7.8 20.3+2.7 against pH. As can clearly be seen, all three enzymes cleave
Ni 378+ 18 13.9+13 29.1+ 1.6 ATP faster than ADP at any given pH. However, the
Cw* 26.4+3.1 27.1+£25 42.44+1.1 i L )
Zn2+ 245.24 22.9 3055+ 6.2 721+ 7.8 ATPase:ADPase ratio is strongly depending on pH.
St 198.64+ 11.7 109.7+ 11.1 182.6+ 3.8 Highest discrimination is found for all three enzymes at
C?+ 105.3+8.1 175.0+ 6.1 48.9+2.3 pH 5.5.
Bat* 7.0+£25 102+ 1.1 29.0+ 0.5 P :
EDTA 01401 01+ 01 0.4+ 05 Atphysiological pH allthree refolded NTPDase ectodomains

e i T or buft th 500 reveal only negligible preference for ATP with almost the
nzyme activity was assayed in reaction buffer wi : ; o
divalent metal chloride and 2 mM ATP. The concentration of EDTA _Same value of al_aout 2 for the ATPase:ADPase _ratlo. This is
introduced from protein storage buffer wasAM in all experiments. in contrast to wild type NTPDase2 and -3, which show a
In a control experiment 508M EDTA was added to reaction buffer ~ strong bias for ATP over ADP at physiological pH and only

without divalent metal chloride. Reactions were started by addition of wild type NTPDasel hydrolyzes both at approximately the
enzyme and Frelease measured as described in Experimental Proce- ggme speed.
dures. Values are meads SD from three independent experiments.

Product Formation ProfilesLarge differences exist in the

several divalent metal ions for their ability to activate the Product formation course from prolonged ATP hydrolysis
ATP hydrolysis of the purified NTPDase ectodomains. for wild type NTPDases. Wild type NTPDasel apparently
Table 3 shows that Gaions indeed activate the NTPDase hydrolyzes ATP directly to AMP 5, 26-28), whereas
ectodomains much more than Rgons. In addition to C#, NTPDase2 and -3 release ADP. The accumulation of ADP
also St and Zri#+ can activate all three NTPDase ectodomains 'S transient in the case of NTPDase3 but more sustained with
to a high extent. NTPDasel and -2 are further activated by NTPDase2 15). Chen and Guidotti could show that the
Co?* and C&* ions. ability of NTPDasel to retain ADP in the catalytic site
Calcium activation was further analyzed by measuring dep_ends on oligomerization via the transmembrane do-
ATP and ADP turnover at different total metal ion concen- Mains @8).
trations. Figure 4 shows that the calcium activation is The recombinant NTPDase ectodomains described here
saturable in both ATP and ADP hydrolysis. Effective lack both transmembrane domains and share the same low
concentrations of total calcium to achieve half-maximal ATPase:ADPase ratio of around 2. All three enzymes would
activation (EGo) have been calculated from a hyperbolic fit therefore be expected to transiently accumulate ADP. Figure
curve (Table 4). They are in the micromolar range with 6 shows that this is indeed the case. However, the extracel-
similar values for ATP and ADP as substrate. A comparable lular domain of NTPDasel produces considerably less ADP
behavior with effective calcium concentrations of the same as that of NTPDase2 and -3. It is likely that the higher
order of magnitude was shown for membrane-bound rat Specificity constank../Km (Table 4) of NTPDasel ectodomain
NTPDase3 expressed by CHO cells and human NTPDaselfor ADP alone is responsible, i.e., no mechanism to retain
ectodomain secreted by COS celis}(72). ADP in the active site exists. Rather, ADP is released from
Dependence of ATPase and ADPaseAgton pH.Figure the catalytic site and then, as a better substrate, competes
5 (A—C) shows how ATPase and ADPase activities are With ATP for rebinding.
affected by pH. The pH profiles are on the whole comparable  Product formation profiles have been simulated by the
to those of the membrane-bound human and mouse NTP-program Dynafit {3, data not shown). On the basis of the
Dasel-3 (15). Dependence of wild type NTPDase2-medi- k.:andKy, values of the recombinant NTPDasel ectodomain
ated ADP hydrolysis on pH has not been reported so far. for ADP and ATP, not more than 5% ADP should ac-
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Ficure 4: Calcium ion saturation curve for the enzymatic turnover of A®P énd ADP () by recombinant NTPDases. Total calcium
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independent experiments. The &®@alue for total calcium (Table 4) was calculated by nonlinear regression to a hyperbolic saturation
curve.

Table 4: Physicochemical Properties of NTDPas&Ectodomains Refolded from Inclusion Bodies

property NTPDasel NTPDase2 NTPDase3
molecular weight (kDa) 52.0 50.6 52.0
€spec(280 Nnm, ox./red.) (L gtcm™?) 1.39/1.38 1.25/1.24 1.50/1.49
pl observed/calculated 6.3/6.2 7.2[7.0 5.5/5.8
optimum pH ATP 7.5 6.0 6.5,9.0
ADP 8.5 7.5 9.0
Km (uM) ATP 125.0+ 18.4 30.3+ 3.0 22.6£ 2.0
ADP 1.9+0.3 39.0+ 4.0 118+ 14
Amax (umol mint mg~?) ATP 294.5+ 9.6 40.6+ 0.9 128.7+ 2.2
ADP 110.6+ 1.2 28.7+ 0.7 43.6+ 0.9
Keat (S71) ATP 255.2+ 8.3 34.3£ 0.8 1115+ 1.9
ADP 959+ 1.0 24.2+ 0.6 37.8+£ 0.8
kealKm (M1 s71) ATP 2.0x 1¢¢ 1.1x 10 4.9x 10°
ADP 50.5x 10° 0.6 x 10° 3.2x 10°
EGso (total C&") (uM) ATP 12.7+ 0.7 235+ 2.4 80.2+ 7.4
ADP 3.7£05 58.5+ 4.5 89.2+ 8.3

a Molecular weights, specific extinction coefficienrtdor completely aidized/reduced disulfide bridges, and isoelectric points were calculated
using the ProtParam Toob4). Experimental pl values were obtained using the PhastSystem (Amersham Biosciences, Uppsala/Sweden). Enzyme
activity was assayed in 50 mM TrisHCI, 100 mM NacCl, pH 7.4. For determinatid&.cdind the maximal specific activithmaxin ATP and ADP
hydrolysis, the C& concentration was kept constant at 300. Enzymes obeyed apparent Michaelldenten kinetics. Assuming 100% purity of
the enzymed.aWas calculated frommax by multiplication with the molecular weight of the enzymes. The&@lue for total C&" was determined
for 500uM substrate. Optimum pH was determined in a long-range pH buffer at constant ionic strength with 2 mM substrateaCa@).

Reactions were started by addition of enzyme, antelRase was measured as described in Experimental Procedures. Upltb HDTA was
introduced from protein storage buffer to the reaction buffer. Values are mie&ts from at least three independent experiments.

cumulate at any time. Thus, the high specificity constant of crystallization conditions and growth of well diffracting
recombinant NTPDasel for ADP would match the product crystals again needs concentrated protein of high quality.
formation profiles of wild type NTPDasel. The discrepancy Even more highly pure protein, preferably produced at low
to the observed 30% intermediate ADP (Figure 6) concentra- costs, is required for use of NTPDases as pharmacothera-
tion during ATP hydrolysis by recombinant NTPDasel is peutics, e.g., in antiplatelet therapy. The expression system
unclear. In contrast, the accumulation of 50 to 60% ADP by described here will provide the protein that is suitable for
recombinant NTPDase2 and -3 ectodomains is in good all of the above-mentioned applications.

agreement with the kinetic parameters of these enzymes. Al three NTPDase ectodomains could be refolded to the
active state by means of rapid dilution of denaturant-
DISCUSSION solubilized protein to nondenaturing buffers. Comparison of
Cell surface NTPDases are key regulators in purinergic specific activities before and after separation of the active
signaling. They are regarded as promising drug targets inprotein from wrongly folded protein (Figure 1 and 3)
anti-cancer and immune-disease thera@§—46). On the indicates that the refolding yield is between 5 and 15%.
other hand, administration of soluble forms of NTPDases Although these numbers look disappointing at first, one has
seems to be effective in treatment of acute thrombotic to consider that 10 cysteines have to be paired correctly and
disorders like stroke or myocardial infarctio#3 47—52). that the ectodomain is most probably composed of two
However, rapid screening of large compound libraries for structural domains. Therefore, the yield is acceptable and
subtype-selective NTPDase inhibitors will consume high together with the strong overexpression of the proteins it
amounts of active protein. Rational design of inhibitors and allowed us to produce 15 mg of active NTPDase ectodomain
elucidation of the catalytic mechanism depends on the Per liter batch culture.
availability of a high-resolution X-ray crystal structure at It can be reasoned from the high specific activities, wild
least of the catalytic ectodomain. Screening for suitable type like pH profiles and the micromolar dissociation
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40 mM MOPS. The ionic strength was kept constant at 156 mM by supplementation with NaCl. (D) ATPase:ADPase ratio. Data was
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(a)) hydrolyze ATP faster than ADP with the highest bias between pH 4.5 to 7.0 and NTPDase2 being the most discriminating
diphosphohydrolase.
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Ficure 6: Product formation profiles of recombinant NTPDases. ATP hydrolysis was initiated by addition of enzyme to reaction buffer
containing 50uM ATP and 500uM CaClk. The enzyme concentration was 250 ng/mL (NTPDasel), 1000 ng/mL (NTPDase2), and 450
ng/mL (NTPDase3). Aliquots (100L) were taken at the indicated time points and the reaction stopped by additiongdf 800.5 M

TCA. Nucleotides (ATP®), ADP (), AMP (a)) were separated using RP-HPLC. Symbols represent mie&13 from three independent
experiments.

constants for substrates and calcium that the active site ofto the concomitant lack of transmembrane regions and side
the bacterially expressed NTPDase ectodomains is intact.chain glycosylationZ2, 28, 30, 75, 76).
NTPDase ectodomains produced at milligram scale with the |t had been shown before for NTPDasel and -2 that the
described method should therefore allow successful identi- gpsence of the transmembrane helices results in altered
fication of specific inhibitors in high throughput screening  ATpase:ADPase ratios that are almost equal to the values
(45, 74), that will also be effectiven vivo. In addition, the reported here3Q, 76). The closely related human NTPDase8
presented expression system constitutes an easy method tgoes also show a decreased ATPase:ADPase ratio when only
further characterize NTPDases by determining the influence the extracellular domain is expressed. Furthermore, the
of mutations on folding and activity. NTPDase8 ectodomain is much more strongly activated by
The minor differences to wild type enzymatic properties, Ca&* than by M@" just as the variants described heb&)(
such as change in ATPase:ADPase ratio at physiological pH,To our knowledge no previous reports about eukaryotic
different metal cofactor specificity and altered product expression of NTPDase3 without transmembrane domains
formation course (especially NTPDasel) can be attributed exist. However, the knockout of the conserved glycosylation
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site N81 in human NTPDase3 reduced the ATPase:ADPase(75, 76). It is also possible that variants can be developed
ratio similarly. The mutations in the glycosylation site made which maintain the absence of ADP release despite of
the enzyme also more specific for €aas a cofactor  missing side chain glycosylation and oligomerization.

(22, 25, 68). To avoid immunogenicity upon repeated clinical applica-
Missing transmembrane interactions and lack of side chaintion, one would try to use the human form of NTPDasel
glycosylation due to the bacterial expression do not only ectodomain refolded from inclusion bodies as therapeutic
explain the change in ATPase:ADPase ratios and theagent. The high degree of sequence identity between rat and
increased Ca preference of the enzymes but also the altered human NTPDase1l of 74% (93% similarity) in the ectodomain
product formation courses. As a direct consequence of thesuggests that the human NTPDasel ectodomain produced

strongly reduced ATPase:ADPase ratio of NTPDase2 with the described method will have similar catalytic
ectodomain, the accumulation of ADP upon prolonged ATP efficiencies for ADP and ATP.

hydrolysis is becoming more transient, closer to the behavior  In conclusion, the recombinant overexpression of the three
reported for wild type NTPDase3. The release of ADP by rat NTPDases yielded active enzymes, whose catalytic
the bacterially expressed NTPDasel ectodomain is mostproperties are overall in agreement with those of the wild
likely due to the missing transmembrane interaction as wastype enzymes, taking into account the modulation of enzyme
shown before Z8). activity by the transmembrane helices and by glycosylation.

The absence of N-linked glycosylation could be expected Therefore, the recombinant enzymes will not only facilitate
to result in less soluble and much more aggregation-pronestructural studies but also the design of specific inhibitors
proteins. However, the recombinant ectodomains could be and the production of enzyme as a protein drug in antiplatelet
concentrated to several mg/mL without loss of monodisper- therapy.
sity as determined by dynamic light scattering. As glycan
side chains are a cause for microheterogeneity and oftenACKNOWLEDGMENT
interfere with protein crystallization, the bacterially expressed
ectodomains will not only be more amenable for crystal-
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