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Rotavirus, the major pathogen of infantile gastroenteritis, carries a nonstructural protein, NSP2, essential
for viroplasm formation and genome replication/packaging. In addition to RNA-binding and helix-destabiliz-
ing properties, NSP2 exhibits nucleoside triphosphatase activity. A conserved histidine (H225) functions as the
catalytic residue for this enzymatic activity, and mutation of this residue abrogates genomic double-stranded
RNA synthesis without affecting viroplasm formation. To understand the structural basis of the phosphatase
activity of NSP2, we performed crystallographic analyses of native NSP2 and a functionally defective H225A
mutant in the presence of nucleotides. These studies showed that nucleotides bind inside a cleft between the
two domains of NSP2 in a region that exhibits structural similarity to ubiquitous cellular HIT (histidine friad)
proteins. Only minor conformational alterations were observed in the cleft upon nucleotide binding and
hydrolysis. This hydrolysis involved the formation of a stable phosphohistidine intermediate. These observa-
tions, reminiscent of cellular nucleoside diphosphate (NDP) kinases, prompted us to investigate whether NSP2
exhibits phosphoryl-transfer activity. Bioluminometric assay showed that NSP2 exhibits an NDP kinase-like
activity that transfers the bound phosphate to NDPs. However, NSP2 is distinct from the highly conserved
cellular NDP kinases in both its structure and catalytic mechanism, thus making NSP2 a potential target for
antiviral drug design. With structural similarities to HIT proteins, which are not known to exhibit NDP kinase
activity, NSP2 represents a unique example among structure-activity relationships. The newly observed phos-
phoryl-transfer activity of NSP2 may be utilized for homeostasis of nucleotide pools in viroplasms during
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genome replication.

Rotaviruses are the major cause of life-threatening diarrhea
in children worldwide (13). The genome (~18 kb) of rotavirus
consists of 11 segments of double-stranded RNA (dsRNA)
encoding six structural and six nonstructural proteins (NSPs)
(13). Several studies have shown that endogenous transcription
of dsRNA segments, genome replication/packaging, and as-
sembly of subviral particles take place in specialized compart-
ments called viroplasms, which appear early during infection
(30). NSP2, along with NSP5, is essential for the formation of
these perinuclear, non-membrane-bound, electron-dense in-
clusions (14). Coexpression of NSP2 and NSP5 alone has been
shown to be sufficient for the formation of viroplasm-like struc-
tures (14). NSP2 also appears to interact directly or indirectly
with other structural proteins present in the viroplasm, such as
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VP2 (30), which forms the innermost capsid layer of the virion
(32), and VP1, which is the viral RNA-dependent RNA poly-
merase (45).

Biochemical studies on recombinant NSP2 have shown that
in addition to single-stranded-RNA (ssRNA)-binding and he-
lix-destabilizing activities (42), NSP2 exhibits nucleotide
triphosphatase (NTPase) activity (40). The protein cleaves the
terminal phosphate from nucleotide triphosphates without any
specificity for a particular base. Recent studies have shown
similar triphosphatase activity with pppRNA as a substrate,
establishing that NSP2 can be considered a 5'-RNA triphos-
phatase (RTPase) (46). How these various ligand-binding and
enzymatic activities of NSP2 are utilized in the context of
genome replication remains unclear.

Crystallographic analysis showed that NSP2, with two well-
defined domains separated by a prominent cleft, forms a donut-
shaped octamer with a 35-A central hole and deep grooves
lined by basic residues at the periphery (17). The C-terminal
domain of the NSP2 structure displays surprising similarity to
HIT (histidine friad) proteins, despite the lack of any sequence
homology and the signature HIT (His-X-His-X-His-XX) mo-
tif. The HIT proteins represent a family of ubiquitous cellular
proteins with nucleotidyl hydrolase and transferase activities
(6, 27). The central His residue in the HIT motif is important
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for catalytic activity. There are some important differences
between NSP2 and HIT proteins. NSP2 specifically hydrolyzes
the oxygen linkage between the B- and y-phosphates of the
nucleotide through a Mg?"-dependent mechanism, whereas
HIT proteins exclusively act on the linkage between the a- and
B-phosphates in a Mg?*-independent manner. These differ-
ences suggest that the mode of nucleotide binding and catalysis
by NSP2 is distinct from that of the HIT proteins. Based on a
structural comparison showing that H225 within the cleft of
NSP2 superimposes with the catalytic histidine in HIT pro-
teins, H225 was proposed as the catalytic residue of NSP2 (17).
Subsequent mutational analysis has established that this resi-
due is essential for the triphosphatase activity of NSP2 (8, 46).
In vivo complementation studies with the enzymatically defec-
tive H225A and K188A mutants failed to promote dsRNA
synthesis even though neither the octameric nature of NSP2
nor viroplasm formation (41) was affected. Thus, the triphos-
phatase activity of NSP2 is somehow linked to rotavirus ge-
nome replication.

The observation that NSP2 exhibits ssRNA-binding and he-
lix-destabilizing activities along with NTPase activity prompted
the suggestion that NSP2 might function as a molecular motor,
utilizing the energy derived from NTP hydrolysis to facilitate
rotavirus genome replication/packaging (35, 40). Several cel-
lular and viral helicases use NTP hydrolysis as a source of
energy to translocate bound nucleic acids (3, 26). For helicases,
the NTPase activity of the enzyme is typically stimulated by the
binding of nucleic acids to the protein, and NTP hydrolysis is
accompanied by large conformational changes. However, for
NSP2, binding of nucleic acid to the protein, if anything, re-
duces NTPase activity (46). Thus, how the NTPase activity of
NSP2 is used in rotavirus genome replication is unclear.

We carried out crystallographic and biochemical studies on
native NSP2 and the functionally defective H225A mutant in
the presence of nucleotides to investigate how NSP2 interacts
with nucleotides, the mechanism of NTP hydrolysis, and
whether nucleotide binding is associated with conformational
changes. These studies provide evidence that the NTPase ac-
tivity of NSP2 is associated with a phosphoryl-transfer function
similar to that seen for cellular nucleoside diphosphate (NDP)
kinases. This activity may have a role in the homeostasis of
nucleotides within the viral factories in which the rotavirus
genome is replicated.

MATERIALS AND METHODS

Expression, purification, and crystallization. NSP2 was expressed in Esche-
richia coli strain SG13009(pREP4) and purified using Ni-nitrilotriacetic acid
affinity chromatography as described previously (40). Crystals were obtained by
the hanging-drop vapor diffusion method. Crystals of NSP2-nucleotide com-
plexes were formed when protein (6 to 8 mg/ml) was mixed with nucleotides (0.6
to 1.0 mM) and then equilibrated against a reservoir solution containing 6 to 8%
polyethylene glycol 10000 and 20 mM Tris-HCI (pH 7.5). These crystals were
further soaked in 10 to 15 mM nucleotides for 2 days prior to being frozen in a
cryoprotectant solution. Crystals of the H225A mutant without nucleotides were
obtained under the conditions described earlier for preparing native NSP2 crys-
tals (17).

Data collection and processing and refi t of the structure. Diffraction
data from the frozen crystals were collected at 100 K on the ID-19 beamline at
Advanced Photon Source and were processed using d*Trek (31). Data process-
ing statistics are shown in Table 1. Structures of the NSP2-ATP-yS complex and
the H225A mutant alone and as a complex with nucleotides were determined by
molecular replacement using the software PHASER (28). Iterative cycles of
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model building and refinement were carried out using O (18) and CNS 1.1 (7),
with a portion of the data (5%) set aside for validation. Refinement statistics are
shown in Table 1.

Phosphorylation of NSP2. In vitro experiments showing the transfer of radio-
label from ATP—y->>S to NSP2 were performed using the same protocol as that
described earlier (40). Briefly, reaction mixtures containing 2.0 pM NSP2, 50
mM Tris-HCI (pH 7.5), and 2.0 uM ATP—y->>S (1,250 Ci/mmol) (Perkin-Elmer)
were incubated at 37°C for the indicated periods (see Fig. 2A). Phosphorylated
NSP2 was detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and autoradiography. As controls, identical reaction mixtures were
set up, except that they lacked ATP—y->>S. After incubation, NSP2 in the mix-
tures was resolved by SDS-PAGE and detected by immunoblotting with anti-
NSP2 polyclonal antisera (40).

Mass spectrometric analysis. Reaction mixtures containing 1.0 uM NSP2 and
either 10.0 pM ATP—y-S or 10.0 pM ATP in 10 mM Tris-HCI (pH 7.5) were
incubated at 37°C for 4 h and then injected onto a Vydac 218MS5105 C, 4 column
in a 0.02% trifluoroacetic acid-acetonitrile buffer system. The eluent from the
column was directly infused into an Agilent LC-MSD TrapSL ion-trap mass
spectrometer for electrospray ionization. Approximately 20 protonation states of
NSP2 between 600 and 1,200 m/z were used for deconvolution analysis to de-
termine the NSP2 mass after incubation with either ATP—y-S or ATP.

Measurement of NDP kinase activity. The NDP kinase activity of NSP2 was
analyzed using a real-time bioluminometric assay (19), a luciferin/luciferase
system that detects ATP generation in reaction mixtures. An ATP biolumines-
cence assay kit containing luciferin, luciferase, and dilution buffers was pur-
chased from Sigma. All reactions were carried out at either room temperature or
37°C in 20 mM Tris-HCI (pH 7.5), 4 mM MgCl,, and different concentrations of
ADP and NTPs. The pH of the solution was adjusted to 7.5 after mixing all the
components. The reaction was initiated in a volume of 500 .l by the addition of
NSP2 to a final concentration of 2 WM. One hundred microliters of this reaction
mixture was mixed with 100 wl of 500-fold-diluted ATP assay mix from the kit,
and the emitted light was measured using a Monolight 2010 luminometer (An-
alytical Luminescence Laboratory). The instrument was preset to integrate the
amount of light produced over a 10-second interval without an initial delay. The
concentration of ATP in the reaction mixture was determined from the intensity
of emitted light by preparing an ATP standard calibration curve. Initial experi-
ments showed a linear increase in the concentration of ATP over the first 60 min
(see Fig. 6A). Hence, the velocity of the reaction was obtained from the con-
centrations of ATP in the reaction mixture at 0, 10, 20, 30, and 40 min. The
control experiments showed that the recombinant NSP2 preparations were
slightly contaminated with adenylate kinase, which is typical of proteins purified
from a bacterial source. Accordingly, 5 uM of the adenylate kinase inhibitor
Ap5A [P!,P°-di(adenosine-5") pentaphosphate] was added initially to all reaction
mixtures. However, later on, NSP2 was further purified using a cation-exchange
column (Poros 20 HS; PerSeptive Biosystems) mounted on a high-performance
liquid chromatography system. NSP2 eluted at 1.0 M NaCl in 20 mM Tris-HCI (pH
7.5) as a single Gaussian peak. The purified protein was dialyzed against 20 mM
Tris-HCI (pH 7.5) and used in all kinetic experiments. The control experiments
clearly showed that purified NSP2 had no contamination of adenylate kinase, and
hence, ApSA was not added in subsequent experiments, which are shown in Fig. 6.
All of the kinetic data were analyzed using the program GraphPad Prism 4.

Protein structure accession numbers. The refined coordinates along with the
structure factors have been deposited in Protein Data Bank with identification
codes 2R7C, 2R7]J, 2R7P, and 2R8F for NSP2 plus ATP-y-S complex, H225A
NSP2, H225A NSP2 plus AMPPNP complex, and H225A NSP2 plus ATP-vy-S
complex, respectively.

RESULTS

Phosphorylation of NSP2 by ATP—vy-S. Our initial attempts
to soak nucleotides into the crystals of native NSP2 previously
grown in the presence of 100 to 200 mM magnesium were
unsuccessful. Subsequently, filter binding assays revealed that
the failure was due to the high concentrations of magnesium
used in the crystallization buffers. Notably, filter binding assays
indicated that concentrations higher than 3 to 4 mM decreased
the binding of nucleotides to NSP2 exponentially. We then
attempted to crystallize native NSP2 in the absence of any
salts. Although the native protein could not be crystallized in
the absence of salts, diffraction-quality crystals were readily
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TABLE 1. Crystallographic data collection and refinement statistics
Parameter
H225A NSP2 H225A NSP2
NSP2 plus ATP—y—S plus ATP—y—S plus AMPPNP H225A NSP2
Data collection
Space group 1422 1422 1422 1422

Cell dimenosions

a, b, c (A) 108.17, 108.17, 151.92 108.64, 108.64, 155.66 108.43, 108.43, 154.33 106.96, 106.96, 151.15
B,y (), 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution (A) 50-2.7 (2.8-2.7) 50-2.8 (2.9-2.8) 50-2.8 (2.9-2.8) 50-2.6 (2.7-2.6)
Ryerge (%) 6.6 (43.9) 8.0 (28.1) 11.2 (42.9) 6.2 (40.0)
I/ol 17.1 (3.7) 14.9 (5.1) 13.0 (5.0) 15.2(2.9)
Completeness (%) 98.2 (99.3) 99.2 (99.9) 99.9 (100) 99.9 (99.3)
Redundancy 7.55(7.37) 7.81(7.97) 13.82 (14.30) 8.01 (7.50)
Refinement
Resolution (A) 50-2.7 50-2.8 50-2.8 50-2.6
No. of reflections 11,690 11,718 11,643 13,859
Ryori/Riree 0.225/0.278 0.216/0.271 0.222/0.263 0.226/0.278
No. of atoms
Protein 2516 2498 2507 2494
Ligand/ion 4 31 21
Water 15 99 47 60
B factors
Protein 60.05 63.73 71.24 56.25
Ligand/ion 69.62 94.69 88.14
Water 55.12 52.17 52.35 47.93
RMSD
Bond lengths (A) 0.0112 0.0069 0.0074 0.0071
Bond angles (°) 1.34 1.23 1.25 1.20

“ Values in parentheses refer to the highest-resolution shell. The refined coordinates along with the structure factors have been deposited in Protein Data Bank.

obtained under salt-free conditions when the native protein
was cocrystallized with nucleotides. These crystals diffracted to
a resolution of 2.7 A. NSP2 in the presence of ATP—y-S crys-
tallized in the same space group (1422) as the native protein,

with one molecule in the crystallographic asymmetric unit
forming a donut-shaped octamer with 4-2-2 crystallographic
symmetry (Fig. 1A). Electron density maps showed a strong
extra density very close to the N-€ of His225 in both the 2Fo-Fc

FIG. 1. Crystal structure of NSP2 with ATP—y-S showing phosphorylation of His225. (A) NSP2 octamer, as viewed along the fourfold axis,
shown in ribbon representation inside a semitransparent surface. Application of 4-2-2 crystal symmetry to the asymmetric unit, consisting of one
NSP2 molecule, results in the formation of a donut-shaped octamer. For convenience of viewing, the two tetramers in the octamer are colored red
and green. The fourfold and two twofold symmetry axes of the octamer are indicated by a filled square and two arrows, respectively. (B) NSP2
protomer showing phosphorylated His225 (in stick representation inside a square), located at the base of the cleft between the N- and
C-terminal domains, which are colored magenta and cyan, respectively. (Inset) Close-up view of the phosphorylated His225 residue.
(C) 2F,-Fc map contoured at 1.2¢ (shown in light blue) and Fo-Fc map contoured at 3o (shown in red), indicating the covalent attachment
of a thiophosphoryl group to His 225.
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FIG. 2. Biochemical and mass spectroscopy analysis of NSP2 phosphorylation. (A) Transfer of radiolabel from ATP—y-*>S to NSP2 as a
function of time was analyzed by incubating 2 uM NSP2 in reaction mixtures containing 50 mM Tris-HCI (pH 7.5) and 2 uM ATP-y-**S, followed
by SDS-PAGE and autoradiography (lanes 1 to 5). As a control, parallel reaction mixtures containing NSP2 but lacking ATP—y-*>S were set up.
NSP2 in the mixtures was resolved by SDS-PAGE and analyzed by Western blot assay, using guinea pig polyclonal anti-NSP2 antiserum and goat
anti-guinea pig serum conjugated to horseradish peroxidase. Luminescence was detected with a Pierce SuperSignal West Pico chemiluminescence
kit. (B) Electrospray ionization mass spectrum of the protein region generated by incubation of NSP2 with ATP—y-S. Each peak in the protein
region was resolved into two types of species, representing the native and phosphorylated forms of NSP2. A magnified portion of the spectrum
about the +42 charge state shows the expected positions for peaks corresponding to thiophospho or phospho adducts of NSP2.

(>10) and Fo-Fc¢ (>30) maps. This extra density could be
fitted well with a phosphoryl group covalently attached to
H225 inside the cleft of NSP2 (Fig. 1B and C), forming a
thiophosphohistidine.

The formation of phosphohistidine indicates that NSP2 hy-
drolyzes ATP—y-S, even though this is generally considered to
be a nonhydrolyzable analogue of ATP. To confirm the cleav-
age of ATP—y-S and the formation of the phosphoenzyme
intermediate, we carried out biochemical and mass spectro-
metric analyses. NSP2 was incubated with radiolabeled ATP—
v->3S for various lengths of time. Analysis of the reaction
mixtures by gel electrophoresis followed by autoradiography

revealed a band corresponding to radiolabeled monomeric
NSP2 that generally increased in intensity during the 24- to
48-h incubation period (Fig. 2A). A minor amount of radiola-
beled dimeric NSP2 was also detectable by the 24- and 48-h
time points. Western blot assay indicated that NSP2 was re-
markably stable during the 48-h incubation period, with some
loss during the later times associated with the formation of
insoluble aggregates not entering the gel (Fig. 2A). In sum, the
radiolabeled moiety of ATP—y-*>S was covalently transferred
to NSP2 under Mg>*-free conditions, albeit with slow kinetics.
With both [y->*P]ATP and Mg®" in the reaction mixture, in-
stead of just ATP—y-S, the phosphate transfer to NSP2 pro-
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FIG. 3. Nucleotide binding to H225A NSP2 mutant. (A) Structure of H225A NSP2-AMPPNP complex. (B) Structure of H225A NSP2-ATP-
v-S complex. The H225A NSP2 mutant structure is shown in ribbon representation inside a semitransparent surface, with the N- and C-terminal
domains colored magenta and cyan, respectively. The nucleotides bound in the cleft of the NSP2 monomer are shown as spheres. (C) Fo-Fc map
contoured at 60 and 2.5¢ (blue and green, respectively) showing the presence of AMPPNP in the structure of the H225A NSP2-AMPPNP complex.
(D) Fo-Fc map contoured at 40 and 2.5¢ (blue and green, respectively) showing the presence of ATP—y-S in the structure of the H225A

NSP2-ATP—y-S complex.

ceeded more quickly. Specifically, whereas the y->?P moiety
was detectably transferred to NSP2 in less than an hour, trans-
fer of the y->>S label took several times longer (data not
shown). However, with time, the intensity of the y->2P label
associated with NSP2 decreased, perhaps due to hydrolysis of
the phosphohistidine (8). With ATP—y-S, the bound thiophos-
phate is retained longer because of the increased stability of
the P-N linkage (between the +y-phosphate of the thiophos-
phate contributed by ATP—y-S and the N-¢ of the histidine side
chain) due to lower electronegativity of the sulfur atom (25).
The longer retention time has been advantageous for crystal-
lographic visualization of phosphohistidine intermediates.
Further evidence showing that only the y-thiophosphate of
ATP—y-S was transferred to the protein came from electro-
spray ionization mass spectrometry. In this experiment, NSP2
was incubated with ATP—y-S and then subjected to liquid chro-
matography-mass spectrometric analysis. NSP2 eluted as a sin-
gle chromatographic peak from a reversed-phase column and
was sprayed into an ion-trap mass spectrometer. The resultant
mass spectrum displayed a group of related peaks that corre-
sponded to the different protonation states of NSP2 in the
electrospray mixture (Fig. 2B). Each of these charge states was
observed to split into a doublet, with peaks that corresponded
to the unmodified or y-thiophosphate adduct form of NSP2.
Deconvolution analysis revealed the relative abundances of
these species to be 1 to 0.7, with corresponding masses of
37,513.4 and 37,609.9 Da. The calculated mass of NSP2 from
its sequence is 37,504.6 Da, which corresponds to the mass of
one of the species (37,513.4 Da) within experimental error.
The molecular mass of the modified form was 96 Da more than
the first species, within error, and resulted from the covalent

attachment of the y-thiophosphate of ATP—y-S to the protein.
To confirm the transfer of the +y-thiophosphate, a second ex-
periment was performed using normal ATP. In this case, no
adduct could be observed to form on NSP2. The failure to
observe an adduct with normal ATP was due to the inherent
instability of phosphohistidine under the acidic conditions used
for electrospray analysis. This strongly corroborated the 96-Da
shift and mass identification of the thiophosphate as the moiety
being transferred to NSP2. Although the nonthio form of phos-
phohistidine was not detectable, and thus mass spectrometry
could not rule out transfer of the a- or B-phosphate, transfer of
either the a- or B-phosphate from ATP by NSP2 would require
a change of mechanism and stereochemistry from those ob-
served with ATP—y-S, which would be very improbable. To-
gether, these experiments and the results from crystallographic
analysis unambiguously indicate that NSP2 cleaves ATP—y-S
and that the +y-thiophosphate becomes covalently attached to
His225. The phosphohistidine intermediate thus formed could
result from the nucleophilic attack by the N-€ of His225 on the
P-y atom of ATP—y-S, leading to the cleavage of the P-y—O-
bond and the formation of the ADP product. The electron
density for ADP, however, was not clearly seen in the crystal
structure.

Nucleotide binding site in NSP2. To understand the mode of
nucleotide binding and the mechanism of histidine phosphor-
ylation, crystal structures of a mutant NSP2 protein containing
a His225-Ala mutation (H225A) and of its complexes with
ATP analogs were determined (Fig. 3). The overall structure of
the H225A mutant is very similar to that of native NSP2, with
a root mean square deviation (RMSD) of 0.42 A for the match-
ing C-a atoms. The structure of the H225A mutant shows clear
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FIG. 4. Structural changes upon nucleotide binding. The images show stereoviews of the superposition of residues in the active site from the
structures of native NSP2 (cyan), H225A NSP2 (red), H225A NSP2 plus AMPPNP (green), and H225A NSP2 plus ATP—y-S (blue). The major

changes are seen with Arg 227.

electron density for the Ala residue at position 225, confirming
the mutation. The only noticeable structural change correlat-
ing with the H225A mutation is in the side chain of Arg227 in
the active-site cleft (Fig. 4). In the native structure, the side
chain of this residue is positioned between His225 and His221,
whereas in the mutant, this side chain has moved closer to
Ala225. Comparison of electron density maps of the H225A
mutant and its complexes with either the ATP analog AMP-
PNP (Fig. 3A) or ATP—y-S (Fig. 3B) showed strong electron
density (>40) corresponding to the three phosphates of the
nucleotide. However, in both nucleotide-bound structures, the
electron density for the sugar was weak and that for the base
was absent, indicating that the base was not held in place by
any specific interactions with NSP2 and that the base has a
considerable degree of freedom in its orientation with respect
to the sugar and phosphate. This is consistent with the obser-
vation that NSP2 is a general NTPase with no specificity for a
particular base (40).

Change in protein conformation upon nucleotide binding.
Although the overall conformations of NSP2 in the phospho-
histidine and nucleotide-bound structures do not differ signif-
icantly (average RMSD of 0.6 A for matching C-a atoms),
there are small conformational changes consistently seen at
specific locations in these structures. These include a slight
movement of the C-terminal domain towards the N-terminal
domain, a more noticeable shift in the loop formed from res-
idues 12 to 18 (even though this loop is away from the active-
site cleft), and a significant conformational change in the side
chain orientation of Arg227. In the native structure, the side
chain position of Arg227 is positioned such that it would pre-
vent the y-phosphate of the nucleotide from reaching the cat-
alytic histidine. In the nucleotide-bound structure, this side
chain is reoriented, making space for the nucleotide to ap-
proach and interact with His225 (Fig. 4). At the new position,
N-g of Arg227 forms a hydrogen bond with the side chain

carboxyl oxygen of Glul86. In the case of native NSP2 as well
as the noncomplexed H225A mutant, the side chain of Arg227
is too far from Glul86 to allow such hydrogen bonding.
Nucleotide-protein interactions at the active site. In H225A
NSP2 complexes with AMPPNP or ATP—y-S, the nucleotide is
held in the active-site cleft through a series of hydrogen-bond-
ing interactions between the three phosphates of the nucleo-
tide, the side chain atoms of the protein, and a number of
water molecules (Fig. SA and B). Residues His221, Lys223,
Arg227, and Lys188 form hydrogen bonds with the oxygen
atoms of the three phosphates, thereby orienting the phos-
phate groups and positioning the y-phosphate close to residue
225. The side chain of Arg227, which undergoes a significant
change in orientation upon nucleotide binding to NSP2, is held
in place by hydrogen bonding with Glu186 so that the terminal
nitrogen atoms of Arg227 can then interact with the nucleo-
tide. The NH1 group of Arg227 forms a hydrogen bond with
one of the oxygen atoms of the +y-phosphate and a water
molecule, whereas the NH2 group forms a hydrogen bond with
an oxygen atom of the a-phosphate. The side chains of resi-
dues Lys188 and Lys223 interact with the oxygen atoms of the
v- and B-phosphates, respectively. Similar interactions are also
present in the complex with AMPPNP. However, there are
small alterations reflecting the differences in the chemical
structures of the two ATP analogues. In the H225A NSP2-
ATP—v-S structure, the N-8 atom of His221 makes a hydrogen
bond with the bridging oxygen atom between the B- and
v-phosphates, whereas in the H225A NSP2-AMPPNP struc-
ture, because this bridging oxygen atom is replaced by nitrogen
in AMPPNP, N-§ of His221 hydrogen bonds instead to the
bridging oxygen atom between the a- and B-phosphates.
NSP2 exhibits NDP kinase-like activity. These results show
that NTP hydrolysis by NSP2 involves the formation of a rel-
atively stable phosphohistidine intermediate that can be
trapped in crystals. Such an intermediate has been visualized in
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phosphotransferases such as cellular NDP kinases, by which
the transfer of y-phosphate from an NTP donor to an NDP
acceptor occurs (16, 24). This prompted us to investigate
whether NSP2 exhibited NDP kinase activity.

One of the most sensitive approaches for measuring NDP
kinase activity is the real-time bioluminometric assay (19), a
luciferin-luciferase-based system that detects the formation of
ATP in reaction mixtures containing ADP and another NTP
(e.g., GTP, UTP, or CTP) in the presence of an NDP kinase.
In initial experiments, native NSP2 and H225A NSP2 were
tested for NDP kinase-like activity in reaction mixtures con-
taining 20 mM Tris-HCI (pH 7.5), 4 mM MgCl,, 1.0 mM UTP,
1.0 mM ADP, and 2 puM of the recombinant protein. Reaction
mixtures containing native NSP2 showed a linear increase in
the concentration of ATP with time, whereas mixtures contain-
ing the active-site mutant H225A NSP2 showed no formation
of ATP with time (Fig. 6A). These results indicate that NSP2
indeed possesses NDP kinase activity, catalyzing the formation
of ATP in reaction mixtures containing ADP and UTP, and
that the activity is completely abolished when the catalytic
histidine is mutated to alanine.

To determine the kinetic parameters of this activity, we
carried out a series of experiments with ADP as the phosphate
acceptor and GTP, UTP, or CTP as the phosphate donor and
measured the rate of formation of ATP as a function of nu-
cleotide concentration. The reciprocal plot of 1/v versus
1/[GTP] at different fixed concentrations of ADP showed a set
of parallel lines (Fig. 6B) typical of a ping-pong reaction mech-
anism (36). With this type of mechanism, the apparent K,
value for one substrate increases as the other substrate ap-
proaches the saturating concentration. The true kinetic param-
eters for one substrate can thus be determined when the other
substrate is present at saturating concentrations. Therefore, to
obtain kinetic parameters with UTP as the phosphate donor,
the rate of ATP formation was measured in reaction mixtures
containing various levels of UTP and a saturating concentra-
tion of ADP (1.5 mM) (Fig. 6C). The k., and K,, values
calculated from plots of UTP concentration versus ATP for-
mation were 0.27 min~' and 215 pM, respectively. In the
experiment with a saturating concentration of UTP and vari-
ous ADP concentrations, the corresponding values for ADP
(Fig. 6D) were 0.33 min~' and 350 pM, respectively. The
kinetic parameters determined for other NTPs, such as GTP
and CTP, were similar to those for UTP (data not shown),
indicating a lack of base specificity, a feature that is generally

NDP KINASE ACTIVITY OF ROTAVIRUS NSP2 12279

observed with cellular NDP kinases. These results are consis-
tent with previous results showing that NTP hydrolysis by
NSP2 is not base specific (40).

DISCUSSION

Of the 12 proteins encoded by the rotavirus genome, NSP2
is the only one known to exhibit NTPase activity. In many viral
systems, NTPase activity is implicated in genome replication
and packaging, particularly in association with helicase activity,
in which the hydrolysis of NTP is used for energy transduction.
The structures of several viral helicases have been determined,
and they all show similarities with cellular helicases, enzymes
which are essential for processes such as DNA replication,
repair, recombination, transcription, splicing, and translation
(12, 44). Several characteristics of NSP2, such as its octameric
self-assembly, its lack of recognizable helicase motifs (e.g.,
Walker A or B motifs), its lack of significant conformational
change upon nucleotide binding and cleavage, its use of a
histidine as a catalytic residue, and its formation of a relatively
stable phosphohistidine intermediate during catalysis, clearly
distinguish NSP2 from typical helicases, suggesting that the
function of the NTPase activity of NSP2 is something other
than energy transduction.

Nucleotide binding and NTP hydrolysis—comparison with
HIT proteins. The organization and positioning of the nucle-
otide binding site and catalytic histidine in NSP2 are remark-
ably consistent with earlier predictions based on the structural
similarity of NSP2 with the HIT proteins (17). However, the
modes of nucleotide binding and hydrolysis appear to differ
significantly between NSP2 and HIT proteins. The catalytic
histidine in HIT proteins is nucleotidylated during catalysis by
covalent attachment of the a-phosphate of the nucleotide. In
contrast, the catalytic histidine (His225) in NSP2 is phosphor-
ylated by covalent attachment of the y-phosphate of the nu-
cleotide. Consequently, the disposition of residues at the active
sites of NSP2 and HIT proteins is different. In particular, the
bridging oxygen between the B- and y-phosphates of the nu-
cleotide bound to NSP2 makes a hydrogen bond with His221
that seems to play a crucial role during catalysis. In HIT pro-
teins, a serine residue performs the equivalent function to that
of NSP2 His221 in stabilizing the bridging oxygen (23). During
catalysis of both NSP2 and HIT proteins, the nucleotide phos-
phate becomes covalently attached to the N-¢ position of the
catalytic histidine. However, in the case of HIT proteins, the

FIG. 5. NSP2 is distinct from cellular NDP kinases in both structure and catalytic mechanism. (A) Ribbon diagram of NSP2, shown in rainbow
colors from N- to C-terminal residues, with a nucleotide bound in the active-site cleft. (B) Stereo diagram of active-site residues and bound
ATP—y-S in the H225A NSP2 complex structure. The base of the nucleotide (gray) was not modeled from the electron density map and is only
proposed. (C) Ribbon diagram of a prototype NDP kinase (Dictyostelium discoideum), shown in rainbow colors from N- to C-terminal residues,
with a bound nucleotide (PDB file 1mn9). (D) Stereo diagram of the active-site residues and a bound ribavirin triphosphate (RTP) in the same
NDP kinase structure (1mn9). In this particular structure, the catalytic residue His122 is mutated to Gly. (E) Sequence alignment of NSP2 proteins
from group A rotaviruses SA11-P (simian strain) and Wa (human), group B rotaviruses ADRV and CAL1 (human), and group C rotaviruses
Cowden (bovine) and Bristol (human) (GenBank accession numbers AAA47298, AAA47301, AAA47328, AAF72868, CAA46742, and AJ132205,
respectively). Residue positions correspond to those of the SA11-P sequence. (F) Sequence conservation of NDP kinases across different species.
DICDI, Dictyostelium discoideum (slime mold); STRCO, Streptomyces coelicolor; RAT, Rattus norvegicus; YEAST, Saccharomyces cerevisiae
(baker’s yeast); SOYBN, glycine max soybean; and HUMAN, Homo sapiens. Residue positions correspond to those of the D. discoideum sequence.
Strictly conserved residues across the sequences, partially conserved residues, and similar residues are shaded in green, yellow, and cyan,
respectively. Active-site residues and the catalytic histidine are denoted by black and red asterisks, respectively. Secondary structural elements are
indicated below the sequences.
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FIG. 6. NDP kinase activity of NSP2, detected using a luciferin-luciferase assay system. (A) Formation of ATP over time in reaction mixtures
containing 20 mM Tris-HCI (pH 7.5), 4 mM MgCl,, 1.0 mM UTP, 1.0 mM ADP, and 2 uM native or H225A mutant NSP2. (B) Kinetics of NDP
kinase activity. Data for a Lineweaver-Burk plot were obtained at room temperature by varying the concentration of GTP at different fixed
concentrations of ADP. (C) Enzyme kinetics at 37°C with various concentrations of UTP and a fixed concentration of ADP (1.5 mM). (D) Enzyme
kinetics at 37°C with various concentrations of ADP and a fixed concentration of UTP (1.5 mM). For panels B to D, the reactions were carried
out in 20 mM Tris-HCI (pH 7.5) containing 4 mM MgCl, and were started by the addition of NSP2 to a final concentration of 2 WM. The reaction
rate was obtained by measuring the concentration of ATP at different times (0, 10, 20, 30, and 40 min). The kinetic parameters V. and K,,, were
obtained by reciprocal (Lineweaver-Burk) plots, shown in the insets of panels C and D.

N-3 atom of the catalytic histidine is hydrogen bonded to
main-chain carbonyl oxygen, whereas in NSP2, the same atom
is hydrogen bonded to a water molecule. Another important
contrasting feature is that catalysis is a Mg?*-independent
event for HIT proteins, but for NSP2, a divalent metal ion is
essential for catalysis, a characteristic also shared with NDP
kinases. Our studies provide an example of how a viral protein
using the same fold as ubiquitous cellular proteins acquires a
functionally distinct enzymatic activity by incorporating appro-
priate changes into the amino acid sequence. A proposed
mechanism for the NTPase activity of NSP2, based on our
structural observations, is given in Fig. 7. We envisage that the
catalytic mechanism of the recently demonstrated RTPase ac-
tivity of NSP2 (46), in which the terminal phosphate is cleaved
from a pppRNA substrate, is similar to that of NTPase activity
involving the same His225 residue.

Comparison of NSP2 with cellular NDP kinases. Our stud-
ies show that NSP2 exhibits several signature features of cel-
lular NDP kinases, including the use of histidine as a catalytic
residue, formation of a relatively stable phosphohistidine in-

termediate, and the ability to transfer a covalently linked phos-
phate group to an NDP. Cellular NDP kinases are well-char-
acterized enzymes, typically consisting of ~150 residues that
display a high degree of sequence and structural conservation.
NSP2 bears no resemblance to these cellular enzymes either in
its primary sequence or in its structure (Fig. 5A to D). For
instance, the sequence surrounding the catalytic His ([H]) of
NSP2 (HGKG[H]YRIV) is very different from the sequence
surrounding the catalytic His of cellular NDP kinases
(NII[H]GSD) (Fig. 5E and F). In addition, the modes of nu-
cleotide binding are also different in these proteins. In all
cellular NDP kinases, the bound nucleotide adopts a strained
conformation in which the B-phosphate folds back toward the
sugar to facilitate a hydrogen-bonding interaction between the
3’-OH group of the sugar and the bridging oxygen atom be-
tween the - and y-phosphates (16) (Fig. SD). This interaction
with the 3’-OH group plays a crucial role in catalysis by pro-
tonating the leaving group. Modification of this group severely
hinders kinase activity (33). In NSP2, however, the phosphates
of the bound nucleotide adopt an extended conformation in
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FIG. 7. Proposed catalytic mechanism of NSP2. (A) N-3 of His225 forms a hydrogen bond with a water molecule (not shown here), and N-¢
attacks the P-y atom of the NTP. This results in the formation of a pentavalent transition state (B) which, being unstable, dissociates to form a
phosphohistidine intermediate and ADP (C). The dissociation of the pentavalent transition state is assisted by His221, which donates a proton
attached to its N-d atom to the bridging oxygen atom between the B- and y-phosphates of the nucleotide and neutralizes the charge that would
otherwise develop on the leaving group. The relatively stable phosphohistidine intermediate would allow the NDP product to diffuse out of the
active-site cleft. Subsequently, a nucleophilic oxygen atom associated with (i) a water molecule (NTPase activity), (ii) the terminal phosphate of
a second NDP (NDP kinase activity), or (iii) a serine or threonine residue of a different protein (phosphotransferase activity) attacks the P atom
of the phosphohistidine intermediate, assisted again by His221 (D). This leads to the formation of a pentavalent transition state (E) which, being
unstable, releases the product, i.e., a free phosphate in the case of NTP hydrolysis, an NTP in the case of NDP kinase activity, or a phosphoamino

acid in the case of phosphoryl-transferase activity (F).

which the same bridging oxygen atom is hydrogen bonded to
His221, an interaction that may play a role equivalent to that of
the 3’-OH group in cellular NDP kinases (Fig. 7). Another
significant difference between NSP2 and cellular NDP kinases
is in the orientation of the imidazole ring of the catalytic
histidine, a feature allowing phosphorylation to take place at
the N-3 position in cellular NDP kinases versus the N-€ posi-
tion in NSP2. In toto, these differences clearly indicate that
NSP2 is distinct from the highly conserved cellular NDP ki-
nases.

Catalytic site residues are conserved in NSP2. In addition to
His225 and His221, our structural studies implicate Lys223,
Arg227, and Lys188 in the catalytic activity of NSP2. Are these
residues conserved among different strains of rotavirus? Rota-
viruses are classified into three groups, A, B, and C, which are
antigenically and genetically distinct (13). The NSP2 species
analyzed in our study is from a group A rotavirus (simian
strain). Despite some variation in the overall sequences of
NSP2 proteins from different groups, the residues important
for catalytic activity are highly conserved (Fig. SE). A recently
determined X-ray structure of NSP2 from a human group C
rotavirus (Bristol strain) shows structural features similar to
those of group A NSP2, including the polypeptide fold, domain
organization, and disposition of the residues important for
catalytic activity (41). Thus, it is very likely that the NTPase
and associated NDP kinase activities of NSP2 are evolution-

arily conserved in rotaviruses. The highly conserved catalytic
pocket, which is distinct from that of cellular NDP kinases,
represents an excellent target for designing broad-spectrum
antiviral drugs against rotavirus infections.

Kinetic parameters of NDP kinase activity of NSP2. Al-
though the K, value for the NDP kinase activity of NSP2 is
similar to those of cellular NDP kinases, the overall catalytic
efficiency is significantly lower than that normally seen with
cellular NDP kinases. As a consequence, we considered the
possibility that the NDP kinase activity detected for NSP2
simply represents a trivial reverse reaction of its NTPase ac-
tivity. However, two observations suggest that this is not the
case. Firstly, the k., (0.27 min~') value for the NDP kinase
activity of NSP2 is an order of magnitude greater than that of
its NTPase activity (0.018 min~'), indicating that NDPs are
preferred substrates compared to water. Secondly, in our as-
says we clearly observed that the y-phosphate from an NTP
(GTP or UTP in our studies) is transferred to an NDP (ADP)
with a different base composition, thus negating the possibility
of an off-and-on movement of the y-P on the same nucleotide.

In general, the k,, values for the various enzymatic activities
of NSP2 are particularly low compared to those of typical
enzymes. Perhaps the NSP2 activities are stimulated to levels
more likely to be considered biological through its interaction
with other viral proteins, such as the phosphoprotein NSPS5,
the polymerase VP1, or the inner capsid protein VP2. The
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GTPase of the Ras superfamily of proteins is a good example
of an enzyme with a low intrinsic k.,, value (0.02 min~") that
is markedly stimulated by interaction with another protein, in
this case the GTPase-activating protein (5). Alternatively, the
low activity levels of NSP2 may be compensated by the pres-
ence of high concentrations of the protein in the viroplasm.
With a k_,, value of 0.27 min™~ ', a 1 mM concentration of NSP2
could hypothetically generate a 270 wM concentration of NTPs
per minute inside each viroplasm. Such a rate is significant
considering that the average intracellular NTP concentration is
~1,000 wM (4). Although the precise concentration of NSP2 in
the viroplasm is not known, a concentration in the millimolar
range is not unrealistic considering that NSP2 is a high-copy-
number protein accumulating nearly exclusively in viroplasms
and that the protein components are tightly packed in these
electron-dense structures, which are typically a micrometer
wide (10).

Functional role of NSP2 enzymatic activities in rotavirus
genome replication. While the ssRNA-binding and helix-desta-
bilizing activities of NSP2 have been suggested to relax posi-
tive-strand RNA templates in preparation for dsSRNA synthe-
sis (42), rationalizing the roles of the enzymatic activities of
NSP2 (i.e., NTPase, RTPase, and NDP kinase activities) in
virus replication is much more challenging. However, the im-
portance of these activities, all of which share the same cata-
Iytic site centered around the critical H225, in rotavirus
genome replication is clearly underscored by in vivo comple-
mentation experiments which show that the H225A mutant of
NSP?2 fails to support dsRNA synthesis without affecting viro-
plasm formation (41). A good example of a well-characterized
viral nonstructural protein that exhibits both NTPase and
RTPase activities is flavivirus NS3 (47). The NTPase activity of
NS3 was clearly shown to be associated with a helicase
function, and its RTPase activity is implicated in removal of
the y-P from positive-sense RNA and its subsequent cap-
ping. Despite similar enzymatic activities, NSP2, with its
HIT-like fold, appears to be both functionally and structur-
ally distinct from NS3.

An unusual aspect of the rotavirus genome is that the y-P is
missing from the 5’ end of the negative-strand RNA (15, 29).
Because NSP2 is associated with replication intermediates ac-
tively synthesizing dsRNA (2), suggestions have been made
that the y-P is removed from nascent negative-strand RNAs
via the RTPase activity of NSP2. Unlike the negative-strand
RNA, the positive strand is capped, a modification that pre-
vents its attack by the RTPase activity (46). The capping of the
positive-sense RNA in rotavirus is carried out by a minor
structural protein, VP3, during endogenous transcription (9).
Based on X-ray crystallographic studies of the reovirus poly-
merase (39), negative-strand synthesis from the positive-strand
template generates a dSRNA product within the catalytic core
of the enzyme, which then leaves the polymerase in the same
dsRNA form. Because dsRNAs are not substrates for the
RTPase activity of NSP2, it is difficult to understand how NSP2
could be responsible for the removal of the y-P from the
negative-strand RNA and how this activity per se could be
linked directly to dsRNA synthesis. Nonetheless, the different
combination of catalytic activities noted for NSP2 raises the
possibility that the protein could have multiple enzymatic func-
tions, switching from one activity to another depending on its
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interactions with ligands. Given that the functional form of
NSP2 is an octamer capable of simultaneously displaying active
sites, NSP2 may in fact be able to concurrently carry out dif-
ferent catalytic activities.

Possible role of NDP kinase activity in the homeostasis of
nucleotide pools. Although further studies are clearly required,
one use of the NDP kinase activity of NSP2 may be to regulate
nucleotide pools in the viroplasm such that they are sufficient
to support genome transcription and replication by the viral
polymerase (37). Adequate concentrations of nucleotides are
also necessary for promoting the fidelity and processivity of
viral RNA synthesis. The need for nucleotides in the viroplasm
extends beyond RNA polymerization to include a source of
hydrolyzable ATP for transcription (38), NSP5 phosphoryla-
tion, and possibly energy-demanding steps, such as RNA pack-
aging and translocation. As a result, the NDP kinase activity of
NSP2 may be vital to compensating for the drawdown of ATP
in the viroplasm by providing a mechanism for using GTP,
CTP, and UTP to convert ADP to ATP. Given such demand
for nucleotides, it may be reasoned that rotavirus, with its large
genome (~18 kilobases), may have evolved specialized biosyn-
thetic pathways to counter possible imbalances in the intracel-
lular nucleotide levels occurring during virus replication and to
regulate these levels appropriately within viroplasms. Abroga-
tion of dsRNA synthesis, as observed with the H225A mutant
(41), could be due in part to the absence of this activity.

With the data currently available, the question of whether
other proteins in the viroplasm could be substrates for the
phosphotransfer activity of NSP2 remains open. While this is a
possibility, it would require the acceptor region of the protein
to gain access to the H225 catalytic residue, a complex feat
given that this residue is positioned deep within the active-site
cleft. Potential substrates of the phosphoryl-transfer activity
could include cellular proteins, although no such proteins have
been demonstrated to exist within the viroplasm. Of the viral
proteins, the most likely substrate for the phosphoryl-transfer
activity is NSP5, the binding partner of NSP2 in viroplasm
formation. NSPS5 is a serine- and threonine-rich protein that
exists as a set of phosphorylated isomers in the infected cell,
ranging from a 28-kDa hypophosphorylated form to 32- to
34-kDa hyperphosphorylated forms (1). However, recent stud-
ies suggest that the catalytic activity of NSP2 is not involved in
the phosphorylation of NSP5. Specifically, these studies have
revealed that NSP5 expressed alone in uninfected cells under-
goes hypophosphorylation (8). However, when it is coex-
pressed with NSP2, including mutant species of NSP2 that are
NTPase defective, NSP5 undergoes hyperphosphorylation.
Thus, the phosphorylation of NSPS5, although stimulated
in vivo by NSP2, appears to proceed independently of the
NTPase activity of NSP2. Multiple lines of evidence have in-
dicated that cellular casein kinase-like enzymes mediate the
hyperphosphorylation of NSP5 (11).

In summary, in addition to providing structural insights into
nucleotide binding and the catalytic mechanism of triphos-
phatase activity in rotavirus NSP2, our studies show that NSP2
also exhibits NDP kinase-like activity. Earlier studies have
reported NDP kinase activity for replication complexes of
other viruses, such as encephalomyocarditis virus (21), reovirus
(34), and vesicular stomatitis virus (43). These studies, how-
ever, did not specifically identify the viral protein(s) responsi-
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ble for this activity. The utility of an NDP kinase activity for
homeostasis of nucleotide pools during genome replication has
been suggested for encephalomyocarditis virus (21, 22) and
needs to be examined further for rotavirus. From the perspec-
tive of structure-activity relationships, our studies on NSP2
provide a unique illustration of how the same protein fold can
be utilized to perform different enzymatic functions and, con-
versely, how the same catalytic function can be performed by
proteins with entirely different folds. An interesting question is
whether the fold similarity between NSP2 and HIT proteins is
a consequence of divergent or convergent evolution. The ab-
sence of any noticeable sequence similarity, the lack of a clas-
sical HIT motif in NSP2, and the contrasting enzymatic func-
tions of NSP2 and HIT proteins suggest that the HIT fold in
rotavirus NSP2 resulted from convergent evolution. Indeed,
this is consistent with recent suggestions that some members of
the HIT superfamily of proteins evolved their shared features
not by divergent evolution but, instead, by convergent evolu-
tion (20). However, it remains possible that all of the HIT
proteins evolved from a common ancestral smaller nucleotide
binding fold that has served as the basic building block for the
evolution of more complex and divergent structures with dif-
fering activities.
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