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Cell surface-located nucleoside triphosphate diphosphohydrolases
(NTPDase1, -2, -3, and -8) are oligomeric integral membrane pro-
teins responsible for signal conversion and inactivation in extra-
cellular nucleotide-mediated ‘‘purinergic’’ signaling. They catalyze
the sequential hydrolysis of the signaling molecule ATP via ADP to
AMP. Here we present the structure of the extracellular domain of
Rattus norvegicus NTPDase2 in an active state at resolutions
between 1.7 Å and 2.1 Å in four different forms: (i) apo form, (ii)
ternary complex with the nonhydrolyzable ATP analog AMPPNP
and cofactor Ca2�, (iii) quaternary complex with Ca2� and bound
products AMP and phosphate, and (iv) binary product complex
with AMP only. Analysis of the ATP (analog) binding mode explains
the importance of several residues for activity and allows sugges-
tion of a catalytic mechanism. The carboxylate group of E165 serves
as a catalytic base and activates a water molecule, which is well
positioned for nucleophilic attack on the terminal phosphate.
Based on analysis of the two product complex structures in which
AMP adopts different conformations, a substrate binding mode for
ADP hydrolysis is proposed. This allows for an understanding of
how the same hydrolytic site can be engaged in ATP and ADP but
not AMP hydrolysis.

ATP hydrolysis � CD39-like � ecto-enzyme � membrane protein �
x-ray structure

Extracellular nucleotides like ATP function as signaling mol-
ecules that affect a wide range of physiological functions such

as blood clotting, inflammation, immune reactions, pain per-
ception, smooth muscle contraction, and cell proliferation (e.g.,
in embryonic development and cancer). Cellular responses are
induced by binding to two classes of P2 receptors: G protein-
coupled P2Y receptors and ligand-gated P2X ion channels (1–6).
The ‘‘purinergic signaling’’ effects are converted and terminated
via successive dephosphorylation of the nucleotides by a cascade
of membrane-bound enzymes (7–11). Nucleoside triphosphate
diphosphohydrolases (NTPDases, EC 3.6.1.5) and more specif-
ically the cell surface-located NTPDase1–3 and -8 are the
dominant ectonucleotidases relevant to P2 receptor-mediated
signaling (10). They catalyze the sequential hydrolysis of the
terminal �- and �-phosphates from nucleoside triphosphates.
The corresponding nucleoside monophosphate product can be
further degraded to nucleoside and phosphate by ecto-5�-
nucleotidase (5�NT or CD73) (11, 12). In addition to NTPs and
NDPs also adenosine acts via specific receptors. As a result, the
signaling effects of ATP are strongly influenced by the activities
of ectonucleotidases depending on their differential expression
patterns or catalytic properties.

NTPDase1–3 and -8 are glycoenzymes bound to the cytoplas-
matic membrane by two helices close to the N and C termini (11).
The interjacent catalytic domain belongs to the structural su-
perfamily of actins, hsp70, and sugar kinases (13–15). It points
toward the extracellular space and is stabilized by five invariant
disulfide bridges (13, 16). Within the extracellular domain
(ECD) five short sequence motifs of high conservation are
noticeable among NTPDase family proteins (11). Of these
apyrase conserved regions (ACR), ACR1 and ACR4 contain a

prominent DXG motif and correspond to the �- and �-phos-
phate binding loops of soluble members of the actin/hsp70/sugar
kinase superfamily (17).

NTPDases differ significantly in product formation. This is of
considerable relevance for the regulation of nucleotide signaling.
NTPDase1, which corresponds to the lymphoid cell activation
antigen CD39, hydrolyzes ATP processively to AMP [i.e., without
release of the intermediate ADP from the active site (18, 19)]. The
ectoenzyme is expressed by cells of the immune system, quiescent
endothelial cells, vascular smooth muscle cells, and others. Because
of its ability to hydrolyze both ATP and the platelet activator ADP
to AMP, it blocks platelet aggregation and supports blood flow.
Accordingly, NTPDase1-deficient knockout mice show disordered
thromboregulation and increased infarct volumes upon experimen-
tal stroke (8, 20). NTPDase2, on the contrary, stands out for its
preference for NTPs over NDPs. Upon hydrolysis of ATP, ADP
would accumulate and only slowly be hydrolyzed to AMP. This
behavior would potentially support platelet aggregation. Control of
purinergic signaling by NTPDase2 has been implicated in the
differentiation of stem cells in the nervous system (3, 21) and was
recently shown to be responsible for initiation of embryonic eye
development (5). Both the processivity of NTPDase1 and the high
ATPase:ADPase ratio of NTPDase2 depend on native interactions
of the transmembrane domains (19, 22–24). NTPDase3 and -8,
which are expressed in brain and liver bile canaliculi, respectively,
show intermediate patterns of product formation (10, 11). Com-
pared with NTPDase1 and -2, the physiological relevance of these
two enzymes is less well established.

Recently we described the bacterial production and kinetic
characterization of soluble and active ECDs of NTPDase1–3
(24). This expression system has now led to the determination of
the x-ray crystal structure of the ECD of Rattus norvegicus
NTPDase2. This is the first structure of the Gda1/CD39 family
of nucleoside phosphatases that currently includes �300 mem-
bers. Based on the three complex structures with bound sub-
strate analog, products, and cofactor as well as modeling of ADP
into the active site, a possible catalytic mechanism is proposed,
which allows for an understanding of the specificity of NTPDases
for ATP and ADP but not AMP (11). Furthermore, the x-ray
structure will allow for a rational design of NTPDase subtype-
specific inhibitors for use in pharmacological research and as
potential drugs for the treatment of thrombotic disorders,
immune system diseases, and cancer (6, 25, 26).

Results
Overall Fold. The protein that was subjected to crystallization
trials consisted of residues T29 to S462 of R. norvegicus
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NTPDase2 and 23 additional N-terminal amino acids including
a His6 tag as described (24). Residues P36 to Q288 and S296 to
F461 are visible in the electron density. Residues R289–G295
most likely belong to a flexible loop. Proteolytical removal could
be ruled out by SDS/PAGE analysis of crystals. However, the
C-terminal amino acid S462 seems to be removed by proteolysis
in all three structures because only a terminal carboxyl group
could be modeled after F461. Between the two putative extra-
cellular ends of the transmembrane helices and the termini of the
ECD structure, only seven residues (N terminus) or one residue
(C terminus) are missing. Hence, for the orientation given in Fig.
1a, the membrane would be located below the protein. The
enzyme has a monomeric structure with dimensions of �75 Å �
60 Å � 45 Å (Fig. 1a). This is in agreement with the findings of
us and others that cell-surface NTPDases are oligomeric in their
membrane-bound form but monomeric when deglycosylated,
detergent-solubilized from membranes, or expressed without
transmembrane regions (19, 24, 27, 28).

The ECD of NTPDase2 consists of two structural domains,
each with an extended RNase H fold as expected from the
relationship to the actin superfamily (Fig. 1b) (15). Both domains
can be structurally aligned with an rmsd of 4.2 Å using 90 C�

atoms [program DALILITE (29)]. We classified the C-terminal
helices of the two RNase H folds (i.e., G and P) to belong to the
respective other structural domain based on the compactness of
the resulting domains. Domain I (P36–S161 and K427–F461) is
considerably smaller and more compact than domain II (G162–
Q426). A DALI (29) search identified two members of the
exopolyphosphatase/guanosine pentaphosphate phosphohydro-
lase (PPX/GPPA) family as closest structural homologs: 274 C�

atoms of the PPX enzyme from Escherichia coli (30) and the
PPX/GPPA from Aquifex aeolicus (31) could be superimposed
on NTPDase2 with rmsd values of 3.3 and 3.4 Å, respectively.
Based on Psi-BLAST searches and fold recognition trials, the
PPX/GPPA enzyme of A. aeolicus was previously identified as
the closest structural homolog of NTPDase3 (13).

For the PPX/GPPA enzymes of A. aeolicus (31) and E. coli
(30) open and closed forms have been analyzed, which differ by
a domain rotation of up to 22.5° (32). The domain orientation in

NTPDase2 most closely resembles the closed form of the E. coli
enzyme. In NTPDase2 the �-sheet of the second RNase H motif
is extended by the additional �-strand 10 antiparallel to �-strand
11 (Fig. 1). One short �-hairpin loop (�-strands 16 and 17) is
inserted before the second interconnecting �-helix P. Helix Q is
a left-handed 310 helix. In addition, the two-stranded antiparallel
�-sheet made of �-strands 12 and 13 as well as the long extension
that ends in a hairpin loop built from �-strands 6 and 7 do not
have equivalents in the bacterial PPX/GPPA structures. This
long extension is located close to the N and C termini and thus
also close to the membrane. In this extension a cis peptide bond
is formed between R191 and P192. Furthermore, it contains
several exposed hydrophobic side chains (Y183, W185, V186,
W189, and I190), also in the related cell-surface NTPDases
[supporting information (SI) Fig. S1]. Possibly, this region
interacts with or is inserted into the cell membrane and helps to
anchor or orient the enzyme in its membrane-bound form. The
positively charged side chains of K182, R188, and R191 could
mediate interactions with the polar lipid head groups. A second
explanation is that this structural element is necessary for
oligomerization of the full-length protein.

The five disulfide pairings found in the crystal structure (1,
C75–C99; 2, C242–C284; 3, C265–C310; 4, C323–C328; 5, C377–
C399) (Fig. 1) agree with the ones determined previously (13,
16). All of the seven possible N-glycosylation sites of NTPDase2
have Asn residues exposed to the solvent, indicating that all are
available for glycosylation. The crystal-packing interactions are
unlikely to represent oligomerization interfaces of the full-length
enzymes because either they do not form closed oligomer
symmetries or the transmembrane helices would be located on
different sides of the oligomer (data not shown). This is not
unexpected because oligomerization of NTPDases is largely
mediated by interactions of the transmembrane helices (11, 22,
23, 33).

Preparation of Ligand Complexes. To allow identification of the
substrate binding mode and elucidation of the catalytic mecha-
nism, crystals were soaked with nonhydrolyzable adenine nu-
cleotide analogs such as AMPCP, AMPPCP, ADP�S, ATP�S,

Fig. 1. Protein fold of the NTPDase2 ECD. (a) Cartoon diagram (Ca2��AMPPNP complex). Domains I and II are colored in blue and green, respectively. A model
conformation for the disordered loop (R289–S256) is indicated in dark blue. Disulfide bridges are shown in orange, Asn residues of possible N-glycosylation sites
are in purple, and the cis peptide R191–P192 is in green. �-strands are numbered from 1 to 17. Helical segments are labeled A–Q. A, D, and Q are 310 helices. Helix
Q is left-handed. Bound ligands are highlighted in red. (b) Topology diagram using the same coloring scheme as in a. �-Strands are represented by triangles, and
helices are represented by circles. Possible N-glycosylation sites are shown as hexagons, and the cis proline is shown as a pentagon. The arrangement reflects the
inner symmetry as revealed by superposition of the two domains (e.g., �-helices E and K can be superimposed whereas �-strand 10 does not have an equivalent).
The two ligands mark the relative position of the active site between the two domains.
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and AMPPNP in combination with a variety of activating
divalent metal ions [Mg2�, Ca2�, Zn2�, Sr2�, and Ba2� (24)].
When the thio-substituted analogs were used, only the divalent
metal ion, phosphate, and AMP, the final products of ATP or
ADP hydrolysis, could be modeled into the electron density.
Even with ADP�S, electron density corresponding to phosphate
but not thiophosphate was found (data not shown). Using
RP-HPLC (10, 24) it was shown that ATP�S and ADP�S are
indeed weak substrates for NTPDase2 and degraded to AMP
(data not shown). The hydrolysis of ATP�S or ADP�S in the
crystal-soaking experiments could result from activity of the
crystalline protein or from the activity of remnants of soluble
NTPDase. An in-crystal activity test that is based on calcium
phosphate deposition showed that the NTPDase2 ECD is active
in the crystalline state (see Methods).

The generally more stable methylene-bridged substrate analogs
AMPCP and AMPPCP as well as the imido-bridged ATP analog
AMPPNP were not substrates in the RP-HPLC assay. In soaking or
cocrystallization experiments with AMPCP or AMPPCP, no bind-
ing of the analogs or metal ions was observed. This indicates that
the bridging oxygen atoms are necessary for binding of both
substrates to the active site and that the metal ions do only bind to
the enzyme in complex with the substrate. Only the isopolar ATP
analog AMPPNP in complex with Ca2� was able to bind to the
active site without being hydrolyzed.

Active-Site Structure and Substrate Analog Binding. The binding site
for the ATP analog and the divalent metal ion is located in the
cleft between the two domains and well accessible from the
surface (Figs. 1a and 2e). The adenine base of AMPPNP is
sandwiched between Y350 and R394 (Fig. 2a). In the apo form
R394 is only weakly defined (i.e., f lexible), and also Y350 adopts
a different conformation upon binding (Fig. 2d). R245 and A347
complete the hydrophobic binding pocket of the adenine base.
In the Ca2��AMPPNP complex no hydrogen bonds are formed
between the adenine base and the protein. This binding mode,
which largely depends on �-stacking interactions, explains the
low base specificity of cell-surface NTPDases (14, 24).

The ribose of ATP adopts the C2� endo conformation. The 2�
hydroxyl group is hydrogen-bonded to the guanidino group of
the base-stacking R394. R245 and D246 form hydrogen bonds
with the 3� hydroxyl group. The �-phosphate does not directly
contact the protein. Several hydrogen bonds, however, are
formed between the �- and �-phosphate moieties and the
backbone amides or side-chain functionalities of several residues
belonging to the loops between strands 1 and 2 or 8 and 9: S48,
S49, H50, G204, A205, and S206. In addition, the side-chain
hydroxyl of T122 is involved in �-phosphate binding. The �,�-
bridging imido group of AMPPNP is hydrogen-bonded to the
backbone NH of G204 and the side-chain hydroxyl of S48, which
acts as hydrogen bond acceptor. In the Ca2��ATP binding
mode, which probably closely resembles the Ca2��AMPPNP
binding mode, S48 is expected to function as a hydrogen bond
donor. These two hydrogen bonds explain why the methylene-
bridged ATP analog AMPPCP could not bind to the active site.
Two nonbridging oxygens—one each from the �- and �-phos-
phate groups—do not contact the protein. Instead they com-
plete the coordination sphere of the Ca2� cofactor, which is
bound at the bottom of the cleft. The Ca2� ion displays octa-
hedral coordination by four water molecules and the phosphate
oxygens and thus has no direct contacts to the protein. Rather,
the four water molecules of the coordination sphere are posi-
tioned via interaction with D45, D201, T122, E165, and W436.

Product Binding Mode. Because of the susceptibility of ADP�S
toward enzymatic hydrolysis by the crystalline protein, the
inability of AMPCP to bind to the active site, and the lack of
commercial availability of AMPNP, no experimental ADP bind-

ing mode could yet be obtained. However, the products of the
ADPase reaction are found in the active site of the quaternary
Ca2��AMP�Pi complex structure (Fig. 2b). The free or-
thophosphate occupies the same site as the terminal phosphate
of the ATP analog and is still bound to the Ca2� ion. This is also
the site where a tungstate ion (used for phasing of the structure)
bound to the enzyme (data not shown). AMP, the second
product of ADP hydrolysis, adopts a conformation that differs
significantly from the conformation of the AMP moiety of
AMPPNP. Possibly as a result from electrostatic repulsion from
the free phosphate, the �-phosphate is oriented more to the
solvent. Hydrogen bonds are formed with two Ca2�-
coordinating water molecules, the base-stacking Y350 and H50.
Compared with the apo form and the Ca2��AMPPNP structure
H50 shows a flipped side-chain conformation (Fig. 2d). As a
result of the altered �-phosphate binding, the hydrogen bonds
from the ribose hydroxyl groups to R245 and R394 are weak-
ened. Also, despite binding to the same hydrophobic base pocket
as AMPPNP, the adenine base shows a different orientation,
allowing it to form a single hydrogen bond with Y398.

The same adenine base binding mode is also observed in the
binary AMP complex (Fig. 2c). In this complex the same
hydrogen bonds from the ribose hydroxyl groups to R245, D246,
and R394 are formed as in the Ca2��AMPPNP complex.
Without the electrostatic repulsion from the free orthophos-
phate the �-phosphate occupies a site that approximates to the
�-phosphate binding site of AMPPNP (Fig. 2d). The same
hydrogen bonds are formed with S48, S49, H50, and G204 (Fig.
2 a and c). Only the interaction with the divalent metal ion
(which is not present in this structure) is missing.

Discussion
Catalytic Mechanism of ATP Hydrolysis. Elucidation of the binding
mode for the isopolar ATP analog AMPPNP allows proposal of
the catalytic mechanism in ATP hydrolysis. From the relation to
the actin superfamily and studies on the related potato apyrase,
hydrolysis is expected to occur by attack of a nucleophilic water
on the substrate’s terminal phosphate (34, 35). A water molecule
that is positioned for direct in-line nucleophilic attack on the
terminal phosphate is found with water 1 (Figs. 2f and 3). The
position of water 1 is directed by interaction with the side-chain
hydroxyl of S206, the backbone NH of A123, and the carboxyl
group of E165. A fourth interaction is formed via water 2 with
Q208. Water 1 is only 3.11 Å away from the phosphorus atom of
the terminal phosphate. The angle formed by water 1, the
phosphorus atom, and the �,�-bridging nitrogen of AMPPNP is
168.7°. No other water or amino acid atom would be better
positioned for a nucleophilic attack. The sole functionality that
could act as a general base catalyst to activate water 1 is the
carboxylate side chain of E165, 2.6 Å away. The side chain of
E165 is positioned by forming a salt bridge to R126. The
assignment of S206 and Q208 to be involved in positioning of the
nucleophilic water, of E165 to function as catalytic base, and of
R126 to be important for positioning of E165 is consistent with
their absolute conservation among NTPDases and all other
members of the PFAM Gda1/CD39 structural family. The
importance of these residues for catalysis is also supported by
mutagenesis studies (17, 36, 37): Even conservative substitution
of the equivalents of E165 in NTPDase1 and -3 resulted in
complete loss of activity. R143 in NTPDase3, which corresponds
to R126, could be replaced by lysine but not by alanine.
Substitution of the equivalents of S206 in NTPDase1 and -3 to
alanine resulted in loss of activity. Furthermore, the residue
corresponding to E165 was also identified as the catalytic base
in the A. aeolicus PPX/GPPA enzyme after a product complex
structure was solved at 2.7-Å resolution only recently (32).

The divalent metal ion is thought to function as a catalyst by
polarizing one of the POO bonds of the terminal phosphate. The
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importance of correct coordination of the cofactor is under-
pinned by the fact that mutation of residues involved in divalent
metal ion binding (i.e., D45, D201, T122, E165, and W436) can
result in loss of activity (15, 36–38) or alteration of substrate
and/or cofactor specificity and affinity (38, 39). The negative
charge of the transition state, which develops upon nucleophilic
attack of the hydroxide ion corresponding to water 1, is stabilized
through complexation of the electron-drawing divalent metal ion
and by a series of hydrogen bonds from backbone NH groups,
side-chain hydroxyls, and the H50 imidazole ring of the two
phosphate binding loops.

Modeling of a Productive ADP Binding Mode. The finding that the
Ca2�-bound phosphate of the Ca2��AMP�Pi complex struc-
ture occupies the same site as AMPPNP’s �-phosphate suggests
that the same hydrolytic site is used in ATP and ADP hydrolysis.
To reach this hydrolytic site, the phosphate tail would have to
adopt a more extended conformation than that observed in the
ATP binding mode (Fig. 2a).

Examination of the binary AMP complex structure shows that
this is possible: In a superposition of the nucleotide complex
structures the �-phosphate of AMP is close to AMPPNP’s
�-phosphate (Fig. 1d). Thus, an ADP binding mode, which would

Fig. 2. Active-site structure. The cartoon fold is colored as in Fig. 1a. Omit electron density maps (Fo–Fc��c) of the shown ligands and waters are contoured
at 3.0�. Hydrogen bonds involved in ligand binding are shown in black. (a) Ca2��AMPPNP complex. (b) Ca2��AMP�Pi complex. (c) AMP complex. (d)
Superposition of the apo form (green/blue), the Ca2��AMPPNP complex (purple), the Ca2��AMP�Pi complex (yellow), and the AMP complex (orange). The
cartoon fold is shown only for the apo form. (e) Molecular protein surface colored by electrostatic surface potential (Ca2��AMPPNP) as calculated by PDB2PQR
software and the APBS plugin of PyMol. AMPPNP and Ca2� are shown as sticks or balls. ( f) Molecular environment of the terminal phosphate group of AMPPNP.
The putative nucleophilic water is labeled ‘‘1,’’ and its hydrogen-bonding interactions with A123, E165, S206, and Q208 are drawn in red. R126 forms a salt bridge
with E165. (g) Active site of a modeled productive Ca2��ADP complex.
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allow usage of the same hydrolytic site as in ATP hydrolysis, is
roughly outlined by AMP and the �-phosphate of AMPPNP.
Starting from the experimental coordinates a possible produc-
tive Ca2��ADP binding mode was modeled (Fig. 2g and Fig.
S2). In this model, the Ca2� is coordinated by nonbridging
oxygens of the �- and �-phosphates instead of �- and �-
phosphates of NTPs. As the �,�-bridging imido group of the
experimental Ca2��AMPPNP structure, the �,�-bridging oxy-
gen of the modeled Ca2��ADP complex is making two hydro-
gen bonds to the protein (backbone NH and side-chain hydroxyl
of S48). Thus, the model explains why, in addition to AMPPCP,
also AMPCP could not bind to the active site.

In contrast to NTPs and NDPs, NMPs are not substrates for
NTPDases because their phosphate groups cannot reach the
hydrolytic site if the base is bound to the pocket between Y350
and R394 (Fig. 2c).

Implications for an Interdomain Motion. The observation that the
NTPDase2 ECD is active in the crystalline state argues against
a large-domain motion being necessary for catalysis, because the
crystal packing would not allow for large-domain reorientations.
Apparently, the flexibility of the residues involved in substrate
binding and catalysis (e.g., H50 in Fig. 2d) is sufficient for
catalysis in the crystalline state. An interdomain motion has
been discussed based on the relationship of NTPDases to actin
and bacterial exopolyphosphatases and on the influence of the
transmembrane helices on catalytic activity (13, 40).

Because several catalytic properties of NTPDases including
the turnover rate, the ATPase:ADPase ratio, and the metal ion
specificity change upon expression of the enzymes without the
transmembrane helices (19, 23, 24, 28), it remains possible that
an opening of the interdomain cleft is directed by the move-
ment and interactions of the transmembrane regions and does
occur only in the membrane-bound wild-type proteins. From
Fig. 2 b and e it is conjecturable that the nucleotide product,
Ca2�, and phosphate have to leave in a coordinated fashion
from the active site of the NTPDase2 ECD. An opening of the
active-site cleft may allow the presumably tightly bound phos-
phate product (Fig. 2b) to leave the active site more easily and
independent of a preceding release of the nucleotide product,
thereby enhancing the catalytic rate. Furthermore, a mecha-
nism for phosphate release without loss of the nucleotide from
the active site is of special importance for membrane-bound

NTPDase1, where a processive hydrolysis from ATP to AMP
occurs (18, 19).

Determination of the first structure of the NTPDase family in
a substrate analog- and product-bound state allows a detailed
assignment of functions to the individual ACR motifs. In addi-
tion, the structure gives several implications for structural and
catalytic differences to related NTPDases and for the design of
subtype-specific inhibitors as outlined in SI Discussion and
Fig. S3.

In conclusion, with the ECD of the R. norvegicus NTPDase2
not only the first structure of cell-surface NTPDases, which
constitute an essential component of extracellular purinergic
signaling, but also of the largely membrane-bound PFAM
Gda1/CD39 nucleoside phosphatase family (41) could be
determined. The presented structure of NTPDase2 in an active
state with bound cofactor, substrate analog, and products
allows a deepened comprehension for the catalytic mechanism
of signal conversion and inactivation in nucleotide-mediated
cell signaling. Of special importance is the explanation of how
the same hydrolytic mechanism is used in ATP and ADP
hydrolysis. Experimental verification of the modeled ADP
substrate binding mode will have to await successful structure
solution of crystals soaked or cocrystallized with the imido-
bridged ADP analog AMPNP or crystallization of inactive
variants soaked with ADP.

Methods
Protein Purification and Crystallization. Active NTPDase2 ECD protein was
produced from bacterial inclusion bodies as described (24). The protein used
for crystallization was stored at 4°C in 10 mM Tris�HCl, 1 mM NaN3, and 1 mM
EDTA (pH 8.0) at a concentration of 2–3 mg/ml. Rod-like orthorhombic crystals
(space group P212121, one molecule per asymmetric unit) were obtained at 4°C
within 1 week to 1 month by hanging-drop vapor diffusion after mixing 1 �l
of protein with 1 �l of reservoir solution containing 100 mM Hepes (pH
7.0–7.4) and 1–3% (wt/vol) PEG6000.

Derivatives were produced by soaking the crystals in a new drop with the
composition of the original reservoir solution but with 5% (wt/vol) PEG6000
and the specific heavy atom salt or nucleotide. Crystals used for phasing were
soaked overnight with 2 mM BaCl2 and 1.25 mM AMPCP (phasing native) or 4
mM Na2WO4 (tungstate derivative). Nucleotide complexes were produced by
soaking the respective crystals for 1–3 h with 5 mM SrCl2 and 5 mM AMP (AMP
complex), 20 mM CaCl2 and 11 mM ATP�S (Ca2��AMP�Pi complex), or 10 mM
CaCl2 and 10 mM AMPPNP (Ca2��AMPPNP complex).

In-Crystal Activity Test. To test whether the NTPDase2 ECD is active in the
crystalline state, a protocol adopted from native PAGE activity staining (24)
was developed. Crystals were extensively washed in reservoir solution with
increasing amount of precipitant [from 2% to 20% (wt/vol) PEG6000] and 10
mM CaCl2. In the last step also 10 mM ATP was present in the crystal incubation
solution. The hanging droplet with the crystal was then incubated at 4°C in a
sealed crystal plate well. Around the crystals a slight white precipitate devel-
oped after 15 min that became very dense overnight. This precipitate is
insoluble calcium phosphate, which is generated under these conditions from
the nucleotidase activity of the crystals.

Data Collection and Structure Determination. All x-ray data sets were col-
lected at 100 K. Before cryocooling in liquid nitrogen crystals were trans-
ferred stepwise to a cryoprotection buffer. This was the reservoir solution
or soaking solution plus 30% (vol/vol) PEG200 or 30% (vol/vol) glycerol. For
structure determination, data sets were collected at beamlines ID13 and
ID14.3 at the European Synchrotron Radiation Facility (Grenoble, France),
BW7B and X12 at European Molecular Biology Laboratory/Deutsches Ele-
ktronen Synchrotron (Hamburg, Germany), and BL14.1 at Protein Structure
Factory/Berliner Elektronenspeicherring-Gesellschaft für Synchrotron-
strahlung (Berlin, Germany). X-ray data sets were processed and scaled by
using MOSFLM and SCALA (42).

The structure was determined by single isomorphous replacement with
anomalous scattering using a single-site tungstate derivative. Initial models of
the apo form, the binary AMP complex, the Ca2�� AMP�Pi complex, and the
Ca2��AMPPNP complex structure were refined to Rwork values of 17.5%,
17.0%, 16.2%, and 16.5% and Rfree values of 20.5%, 20.6%, 20.6%, and 21.0%,
respectively. A detailed description of structure determination can be found

Fig. 3. Schematic active-site representation of the Michaelis complex for ATP
hydrolysis and attack of the presumed nucleophile. The color scheme corre-
sponds to Fig. 1. Hydrogen bonds are shown as dashed lines, hydrophobic
interactions are shown as wave lines, and salt bridges are shown as electric
field lines. The respective representation of a modeled ADP complex is shown
in Fig. S2.
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in SI Text. The x-ray data, structure solution, and refinement statistics are listed
in Table S1.

Modeling of a Productive Ca2� � ADP Complex. A model for the ADP-binding
mode was built using the coordinates of AMP from the binary complex
structure and of the phosphate and calcium ions from the quaternary com-
plex. The ADP model was then copied into the structure of the quaternary
complex, from which AMP, the phosphate ion, and two water molecules were
deleted. During minimization of the whole system, the non-hydrogen protein
atoms were tethered to their positions in the crystal structure. Futhermore,
the stability of the ADP-binding mode was confirmed by a 100-ps molecular

dynamics simulation without positional restraints. For all molecular modeling,
calculations program MOE and the MMFF94x force field were used.
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