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Histidine Triad-like Motif of the Rotavirus NSP2 Octamer
Mediates both RTPase and NTPase Activities
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Rotavirus NSP2 is an abundant non-structural RNA-binding protein
essential for forming the viral factories that support replication of the
double-stranded RNA genome. NSP2 exists as stable doughnut-shaped
octamers within the infected cell, representing the tail-to-tail interaction of
two tetramers. Extending diagonally across the surface of each octamer are
four highly basic grooves that function as binding sites for single-stranded
RNA. Between the N and C-terminal domains of each monomer is a deep
electropositive cleft containing a catalytic site that hydrolyzes the γ-β
phosphoanhydride bond of any NTP. The catalytic site has similarity to
those of the histidine triad (HIT) family of nucleotide-binding proteins. Due
to the close proximity of the grooves and clefts, we investigated the
possibility that the RNA-binding activity of the groove promoted the
insertion of the 5′-triphosphate moiety of the RNA into the cleft, and the
subsequent hydrolysis of its γ-β phosphoanhydride bond. Our results show
that NSP2 hydrolyzes the γP from RNAs and NTPs through Mg2+-
dependent activities that proceed with similar reaction velocities, that
require the catalytic His225 residue, and that produce a phosphorylated
intermediate. Competition assays indicate that although both substrates
enter the active site, RNA is the preferred substrate due to its higher affinity
for the octamer. The RNA triphosphatase (RTPase) activity of NSP2 may
account for the absence of the 5′-terminal γP on the (−) strands of the
double-stranded RNA genome segments. This is the first report of a HIT-like
protein with a multifunctional catalytic site, capable of accommodating
both NTPs and RNAs during γP hydrolysis.
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Introduction

Rotaviruses, members of the Reoviridae family, are
the leading cause of acute gastroenteritis in young
children throughout the world.1 The rotavirus
virion is a triple-layered icosahedral particle con-
taining 11 segments of double-stranded (ds)RNA.2,3

Loss of the outer-most layer during entry give rises
to a transcriptionally active double-layered particle
(DLP) that directs the synthesis of viral (+)-strand
RNAs.4 The (+)-strand RNAs are replicated to
dsRNAs and packaged into pre-virion core particles
within large inclusion bodies (viroplasms) that
form in the cytoplasm of the infected cell.5–7 In-
teractions between two abundant non-structural
proteins, NSP2 and NSP5, are essential for the
formation of such inclusions.8–10 These proteins are
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also components of the replication intermediates
that synthesize dsRNAs in viroplasms.5,11,12 The
association of NSP2 with such intermediates may be
mediated by interaction with the viral RNA-depen-
dent RNA polymerase (RdRP), VP1.13

NSP2 is a basic protein (Mr=35,000) that self-
assembles into stable doughnut-shaped octamers,
formed by the tail-to-tail interaction of two tetra-
mers (Figure 1).14 The overall architecture of such
octamers is highly conserved even among distantly
related groups of rotaviruses.15 The octamers pos-
sess single-stranded (ss)RNA-binding activity cap-
able of destabilizing RNA–RNA duplexes by an ATP
and Mg2+ independent mechanism.16,17 In addition,
the octamers have a Mg2+-dependent nucleoside-
triphosphate phosphohydrolase (NTPase) activity
that cleaves the γ-β phosphoanhydride bond of any
nucleoside triphosphate (NTP), yielding the pro-
ducts NDP and Pi.16 Following cleavage, the γP is
transferred to NSP2, generating a short-lived phos-
phorylated form of the protein.16,18 The hydrolitic
activity of NSP2 is essential for genome
replication.15 NSP2 octamers in the presence of
NTPs undergo a conformational transition, shifting
from a relaxed to a more condensed state as is
typical of molecular motors.19 Collectively, these
properties have led to the suggestion that the NSP2
octamer may facilitate genome packaging and
replication by relaxing secondary structures in
viral template RNAs that impede polymerase
function and by assisting in the translocation of
viral RNAs into pre-virion cores.
The NSP2 monomer has two distinct domains (N

and C-terminal), separated by an electropositive
25 Å deep cleft that contains residues involved in the
binding and hydrolysis of NTPs. The location of the
NTP-binding site was initially proposed based on
the structural similarity of the C-terminal domain
with the catalytic core of protein kinase C-interact-
ing protein (PKCI), a prototypical member of the
Figure 1. Structural proximity of the NTP-binding cleft an
NSP2 octamer viewed along the 4-fold (a) and 2-fold axes ((b) a
(green and yellow). The image in (b) represents a 90° rotation a
to 76 that form part of the electropositive loops, which line the R
(b) was rotated 45° clockwise along the y-axis to allow visualiz
the active site for NTP hydrolysis are shown in purple. (d) Sur
residues selected for glutamine mutagenesis are shown in r
prepared using PyMOL [http//pymol.sourceforge.net/].
histidine triad (HIT) family of nucleotide-binding
proteins.14,20 Although lacking a precise signature
HIT motif (HØHØHØØ, where is Ø is a hydrophobic
residue), mutagenesis has indicated that conserved
basic residues in the NSP2 cleft form aHIT-like motif
(H221-G-(K/H)-Ø-H225-Ø-R-V) responsible for the
binding and hydrolysis of NTPs.18 More recently,
data obtained by co-crystallization of NSP2 with
nucleotide analogs has shown that His225 is the
catalytic residue of the motif, becoming phos-
phorylated through the covalent attachment of the
γP released during attack on the γ-β phospho-
anhydride bond of the NTP.21 In contrast, the
catalytic histidine of HIT proteins traditionally
undergoes nucleotidylation by way of an αP
linkage formed during attack of the β–α phospho-
anhydride bond of the nucleotide substrate.20

Extending diagonally across the NSP2 octamer
surface are four highly basic grooves, 30 Å wide and
25 Å deep, that function as ssRNA-binding sites.14,22

Each groove is lined by two 24-residue electroposi-
tive loops, originating between the two sub-
domains of the N terminus of each monomer (Figure
1). The location of these loops is such that they
position the electropositive residues at the entrance
of the catalytic clefts containing the HIT-like motif.
Due to the close proximity of the grooves and clefts,
binding of ssRNA in a groove may impact the
passage of NTPs into or out of the cleft and,
therefore, may influence the NTPase activity of the
octamer. On the other hand, interaction of ssRNA
with a groove may promote entry of the tripho-
sphorylated 5′ end of the bound RNA into the cleft,
an event that may be further advanced by the
strongly electropositive characteristics of the cleft
residues. Given that the interior dimensions of the
cleft are sufficient to accommodate ssRNA,14 we
investigated the possibility that the NSP2 octamer
could function as an RNA triphosphatase (RTPase),
wherein those same residues involved in NTP
d the RNA-binding grooves. Surface representation of the
nd (c)). Twomonomers have been identified in the octamer
long the x-axis with respect to the image in (a). Residues 53
NA-binding grooves, are denoted in blue. (c) The image in
ation into the cleft. Residues within the cleft that make up
face representation of one monomer as viewed in (c). The
ed (K37, K38, K58) and blue (K59, R60, R68). Images were
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hydrolysis would direct the cleavage of the γ-β
phosphoanhydride bond at the 5′ end of a ssRNA.
Herein, we show that the NSP2 octamer has

RTPase activity, and that the RTPase and NTPase
activities of the octamer utilize the same HIT-like
motif and generate indistinguishable phosphory-
lated intermediates. Our analysis also indicates that
ssRNA is preferred as a substrate over NTPs in
hydrolysis reactions, likely due to the higher affinity
of the octamer for ssRNA. Overall, the results sug-
gest that ssRNAs represent a legitimate substrate for
the hydrolytic activity of NSP2 during the rotavirus
replication cycle. This activity may account for the
absence of the γP at the 5′ end of the (−) strands that
make up the rotavirus dsRNA genome. This is the
first report of a protein using a HIT-like motif to
direct RTPase activity.

Results

RTPase activity of NSP2

The HIT-like motif of the NSP2 monomer is
contained in a cleft with dimensions adequate for
entry of a ssRNA. To explore the possibility that
Figure 2. NSP2 removes the γP from RNA. (a) Substrates a
of RNA probes used in RTPase and decapping assays. (c) Re
wtNSP2 (wt) and an NTPase-defective mutant, H225A, in rea
probe was examined by TLC. Control reactions contained no p
(d) Decapping activity was analyzed in reaction mixtures cont
labeled 5′g8 capped RNA. Control reactions contained no prote
Radiolabeled products were analyzed by electrophoresis on a
this architecture would allow NSP2 to function as
an RTPase (Figure 2(a)), we prepared [γ-32P]5′g8
RNA, a probe representing the first 21 residues of
the rotavirus gene 8 RNA radiolabeled only at the
γP position (Figure 2(b)). The RNA was incubated
with octamers of wild-type NSP2 (wtNSP2) and of
an NSP2 mutant that lacks NTPase activity due to
mutation of the catalytic H225 residue (H225A),
under reaction conditions used earlier for NTPase
assays.18 As shown by thin-layer chromatography
(TLC) of the reaction products (Figure 2(c)),
wtNSP2 but not H225A, catalyzed the hydrolysis
of the γP from the ssRNA. Like the NTPase acti-
vity of NSP2, hydrolysis of the γP from RNA was
dependent on Mg2+ in reaction mixtures (data not
shown). These results are consistent with NSP2 func-
tioning as an RTPase, potentially utilizing the same
residues in the cleft needed for NTP hydrolysis
(e.g. H225).
The 5′ cap structure of rotavirus (+)-strand RNAs

consists of an inverted methylated guanosine
bridged to the 5′-terminal G (+1) through a tripho-
sphate linkage (Figure 2(b)). To examine whether the
same activity of NSP2 responsible for hydrolyzing
the γ-phosphate from the [32P]5′g8 RNA could also
hydrolyze the triphosphate linkage of the cap, we
nd products catalyzed by different activities. (b) Sequences
moval of the γP (Pi formation) from [γ-32P]5′g8 RNA by
ction mixtures containing 7 pmol protein and 14 pmol of
rotein (lane 1) or calf intestinal phosphatase (CIP) (lane 4).
aining 10 pmol or 100 pmol of wtNSP2 and 10 pmol of 32P-
in (lane 1) or tobacco acid pyrophosphatase (TAP) (lane 4).
polyacrylamide gel containing 7 M urea.
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prepared a capped g8 RNA probe ([32P]5′g8 capped
RNA) that was radiolabeled specifically at the
phosphate group immediately adjacent to the
inverted guanosine (Gp*ppGGC…, radiolabeled
residue denoted with an asterisk). Incubation of
wtNSP2 with [32P]5′g8 capped RNA failed to
disrupt the cap structure (Figure 2(d)), even under
conditions in which the amount of protein to probe
was vastly in excess over that required to completely
remove the γ-phosphate from uncapped 32P-5′g8
RNA (10:1) (Figure 2(c)). These results indicate that
capped RNAs are not substrates of the RTPase-like
activity of the NSP2 octamer.
To determine whether the activity of NSP2 was

limited strictly to removing the γP, or included
removing all three phosphates (γ, β, α) from the 5′
end of an uncapped ssRNAs,wtNSP2 octamers were
incubated with [γ-32P]5′g8m RNA and with a
second related RNA labeled only at its 5′-terminal
αP position with 32P ( [α-32P]5′g8m RNA) (Figure
2(b)). The 5′g8m RNA is the same as the 5′g8 RNA
except that all its guanine residues but that at the +1
position were replaced with adenine, thereby
allowing labeling of only the αP of the +1G when
the RNA was made in the presence of [α-32P]GTP.
The products were assayed for the formation of 32Pi
by TLC (Figure 3(a)) and for the loss of radiolabel
from the RNA by gel electrophoresis (Figure 3(b)).
The results showed that NSP2 caused the release of
32Pi from the [γ-32P]5′g8m RNA, but did not remove
label from the [α-32P]5′g8m RNA. Its failure to
remove the αP excludes the possibility that NSP2
can cleave the 5′-terminal phosphoester bond of the
RNA, thereby indicating that NSP2 does not have
phosphatase activity.
To address whether NSP2 could cleave the 5′ β–α

phosphoanhydride bond of an RNA, [α-32P]5′g8m
RNAwas incubated in the presence and absence of
wtNSP2. Afterwards, the reaction mixtures were
incubated with RNase T1 to allow complete hydro-
lysis of the RNA to nucleotides. TLC was then used
to analyze the mixtures for 32P-labeled-derivatives
of the 5′-terminal guanosine (p*Gp, pp*Gp, and
ppp*Gp). The results showed that in the absence of
wtNSP2, only ppp*Gp was recovered from reaction
mixtures, a result consistent with the location of the
polyphosphorylated nucleoside at the +1 position of
the RNAmolecule (Figure 3(c)). In reaction mixtures
containing wtNSP2, pp*Gp was the only radiola-
beled product detected. A comparison of the
Figure 3. NSP2 targets the γ-β phosphoanhydride
bond of RNA. (a) and (b) Reaction mixtures of RTPase
assays performed with [γ-32P]- or [α-32P]5′g8m RNA (21-
mer) and wtNSP2 were analyzed for Pi formation by TLC
(a) and for 32P-labeled RNA by electrophoresis on a 7 M
urea–polyacryamide gel (b) and autoradiography. The
portion of the gel containing RNAs, stained with ethidium
bromide, is also shown (b). (c) Reaction mixtures of
RTPase assays performed with [α-32P]5′g8m RNA were
digested with RNase T1, then resolved by TLC. Markers
were prepared by partial (lane 2 and 5) or complete
(lane 6) digestion of [32P]GTP and [α-32P]5′g8m RNAwith
TAP.
products of the two reaction mixtures indicates
that wtNSP2 catalyzed the removal of the γP but not
the βP from the RNA. Thus, NSP2 is an RTPase, as
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its activity is limited to cleaving the γ-β phosphoan-
hydride bond.

Kinetics of RTPase activity

The formation of 32Pi in RTPase assays as a factor
of time and of protein concentration was analyzed
by TLC and quantified with a phosphorimager. The
results showed that in assays containing 7 pmol of
wtNSP2 monomer and 14 pmol of [γ-32P]5′g8 RNA,
near complete hydrolysis (∼90%) of the substrate
was achieved by 60 min, with a 50% value reached
by ∼15 min (Figure 4(a)).
To calculate Vmax and Km values for the RTPase

activity, reaction mixtures containing NSP2 and
increasing concentrations of [γ-32P]5′g8 RNA were
incubated for 15 min, then analyzed for the presence
Figure 4. Properties of the RTPase activity. The
formation of Pi in RTPase assays as a factor of time (a)
and substrate (b) concentration was analyzed by TLC, and
quantified with a phosphorimager. (a) Reaction mixtures
contained 7 pmol of wtNSP2 and 14 pmol of[γ-32P]5′g8
RNA. (b) Reaction mixtures (10 μl) contained 1 pmol
(0.1 μM) of wtNSP2 and increasing concentrations (0 to
0.4 μM) of [γ-32P]5′g8 RNA, and were incubated for
15 min. Initial velocities (Vo) were determined from slopes
calculated from the initial linear points of the curve
generated from plotting Pi formation versus time (a). Error
bars represent the standard deviations of two or more
experiments.
of Pi. A Michaelis-Menten plot of the RNA substrate
concentration versus rate of Pi formation indicated a
Vmax of 21 fmol/min for the RTPase activity (Figure
4(b)). This value is remarkably similar to that (18
fmol/min) reported earlier for the NTPase activity
of NSP2 (Table 1).18 In comparison, the Km value
calculated for the RNA substrate of the RTPase
activity (0.038 μM) was 17-fold lower than the Km
value reported earlier for the NTP substrate of the
NTPase activity (0.65 μM) (Table 1). Thus, NSP2 has
a significantly higher affinity for the substrate of its
RTPase activity than its NTPase activity, consistent
with the RNA-binding activity of the octamer
grooves.

RTPase mediated NSP2 phosphorylation

A characteristic of the NTPase activity of NSP2 is
that the γP cleaved from the NTP molecule is cova-
lently transferred to the catalytic His225 residue,
producing a phosphorylated intermediate.16,18,21 To
determine whether cleavage of the γP of an RNA
was likewise associated with the phosphorylation of
the protein, wtNSP2 and H225A were incubated
with [γ-32P]5′g8 RNA in RTPase assays. The reac-
tion mixtures were analyzed for radiolabeled
protein by SDS-PAGE and autoradiography. The
results showed that wtNSP2 underwent phospho-
rylation during the hydrolysis of the γ–β phos-
phoanhydride bond of the RNA, whereas the
enzymatically-inactive H225A did not (Figure 5).
These data indicate that the RTPase and NTPase
activities of NSP2 are mediated by the same
catalytic site, both employing a hydrolysis
mechanism leading to NSP2 phosphorylation.

Substrate competition between RTPase and
NTPase activities

The importance of His225 not only to the RTPase
and NTPase activities of NSP2 but also to the
phosphorylation of the protein, combined with the
similarity of the Vmax values of these activities,
suggests that the same catalytic site directs the
hydrolysis of the γ–β phosphoanyhydride bond of
RNAs and NTPs. To examine this possibility further,
we performed competition experiments that mea-
sured how the addition of GTP, GDP, or GMP to
reaction mixtures containing wtNSP2 and [γ-32P]5′
g8 RNA affected RTPase activity. The results
showed that at high molar ratios of GTP to the
RNA substrate, GTP successfully inhibited RTPase
activity in a concentration dependent manner
(Figure 6). The fact that a 50% reduction in 32Pi
formation required a ratio of RNA to GTP of 1:2500–
3000 may reflect, in part, the higher affinity of NSP2
for the RNA substrate of its RTPase activity as
compared to the affinity of NSP2 for the NTP
substrate of its NTPase activity. Competition assays
performed with GDP showed that this nucleo-
tide was approximately one-third as effective in
reducing 32Pi formation as GTP, producing a 50%
reduction in RTPase activity at a ratio of RNA to



Table 1. Kinetic parameters of viral RTPases/NTPases

Virus Protein

RTPase NTPase

ReferencesVmax (fmol min−1) Km (μM) Vmax
c,d (xmol min−1) Km

d (μM)

Alphavirus SFVa NSP2 55 2.99 2.3 pmol 90 42
Reovirus λ1 57 0.26 0.23 pmol 1 53, 54
Reovirus μ2 36 0.32 2.4 nmol 2500 46
Rotavirus NSP2 21b 0.038b 18.0 fmol 0.65 This study, 18
Vaccinia virus D1 50 pmol 1.00 0.61 nmol 800 33

a Semlike Forest virus.
b The values for Vmax and Km were determined from calculation of hyperbolic fits to the Michaelis-Menten equation by non-linear

regression using Prism 3.0 (GraphPad Software).
c xmol represents nmol, pmol, or fmol, as indicated.
d Vmax and Km values correspond to the values obtained with ATP as a substrate, except for the case of SFVwere the values correspond

to GTPase activity.
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GDP of ∼1:6000. In contrast to GTP and GDP, GMP
had little or no effect on the RTPase activity even at
very high concentrations. These results indicate
that GTP, and to a lesser extent GDP, compete with
ssRNA as substrates for hydrolysis, supporting the
concept that a common active site directs both the
RTPase and NTPase activities of NSP2. The fact that
a high concentration of nucleotide relative to RNA is
required to reduce RTPase levels supports the
concept that RNA is the preferred substrate of NSP2.

Relationship between RNA binding and
substrate preference

The four highly basic grooves that span the
periphery of the NSP2 octamer are binding sites
for ssRNA.14,22 Each groove is positioned at the
tetramer–tetramer interface such that it spans across
two catalytic clefts, each in an opposing tetramer
unit (Figure 1(b) and (c)). This structural arrange-
ment raises the possibility that binding of RNA to
the groove, enhances the RTPase activity of the
octamer by recruiting the substrate for the reaction
to a position near the catalytic site. In order to test
this possibility, two mutant species of the NSP2
octamer were prepared, in which either three (mt3Q
Figure 5. RTPase activity produces a phosphorylated
NSP2 intermediate. Reactions mixtures from RTPase
assays containing [γ-32P]5′g8 RNA and wtNSP2 or the
mutant H225A were incubated for 1 h at 37 °C. Control
reactions contained CIP or no protein. Protein in the
mixtures were resolved by gel electrophoresis and
detected by Coomassie blue staining and autoradiogra-
phy. NSP2-P, phosphorylated NSP2; M, protein marker.
(Lys59, Arg60, Arg68)) or six (mt6Q (Lys37, Lys38,
Lys58, Lys59, Arg60, Arg68)) conserved and solvent-
exposed electropositive residues along the grooves
and proximal to the catalytic clefts were replaced
with glutamine, a polar non-charged amino acid
(Figures 1(d) and 7(a)). The sedimentation proper-
ties of the charge-deletion mutants, mt3Q and mt6Q,
were indistinguishable from that of wtNSP2, an
indication that the mutant forms retained the
octamer configuration (data not shown). However,
the extent to which glutamine-mutagenesis may
have induced structural changes near the catalytic
clefts that indirectly perturbed the activities of mt3Q
and mt6Q remains unresolved.
The RNA-binding activities of mt3Q and mt6Q

were assessed by electrophoretic mobility shift assay
(EMSA) and by poly(U)-Sepharose binding assay.
EMSA performed by incubating the non-viral RNA
probe, 32P-labeled Luc200, with wild-type and
mutant proteins indicated that the mutations in
mt3Q and mt6Q, although not abolishing RNA-
binding activity, reduced their levels (Figure 7(b)).
This was most apparent in reaction mixtures
Figure 6. GTP competitively interferes with RTPase
activity. Reactions containing 50 mM Tris–HCl, 2 mM
MgCl2, 150 nM [γ-32P]5′g8 RNA, 1 pmol NSP2 and 0 to
5 mM GTP, GDP or GMP, were incubated at 37 °C for
25 min. Pi formation was detected by TLC and quantified
with a phosphorimager.



Figure 7. Relationship between the RNA-binding and RTPase activities of NSP2. (a) Partial NSP2 sequence alignment
indicating electropositive residues subjected to glutamine mutagenesis. (b) Complexes formed by incubating wild-type
and mutant forms of NSP2 with 32P-labeled Luc200 RNAwere detected by non-denaturing gel electrophoresis (EMSA)
and autoradiography. (c) Wild-type and mutant forms of NSP2 bound to poly(U)-Sepharose beads were eluted by step-
wise exposure to increasing concentrations of NaCl. Protein eluted from the beads was detected by SDS-PAGE and silver
staining. (d) RTPase assays were performed by incubating (γ-32P)- labeled g8-5′ RNAwith increasing concentrations of
wild-type and mutant NSP2 (7, 14, and 28 pmol) for 20 min. (e) NTPase assays were performed by incubating [γ-32P]ATP
with increasing concentrations of wild-type or mutant NSP2 (14, 28, and 42 pmol) for 1 h. Pi formation was detected by
TLC ((d) and (e)), and quantified with a phosphorimager. Specific activities were calculated as product formation (pmol of
Pi) per quantity of the protein in the reaction. Results are presented as a percentage of the value obtained for the reactions
containing the wild-type protein.

545RTPase Activity of Rotavirus NSP2
containing 8 pmol of protein, which showed that
mutations in mt3Q and mt6Q caused reductions in
the formation of the simplest octamer–probe com-
plex (complex I) of ∼35 and 80%, respectively.
Similarly, mutations in the mt3Q and mt6Q did not
prevent these proteins from binding to poly(U)-
Sepharose. But based on salt-elution profiles, the
mutations did decrease the strength of the interac-
tion between the octamer and RNA (Figure 7(c)).
These data suggest that the mutated residues of
mt3Q and mt6Q contribute to the RNA-binding
activity of NSP2, but in addition, point out that other
residues are involved in this activity as well.
Comparison of the RTPase activities of wtNSP2,

mt3Q, andmt6Q showed that mutation of conserved
electropositive residues along the grooves signifi-
cantly reduced formation of Pi from [γ-32P]5′g8
RNA (Figure 7(d)). In particular, glutamine muta-
genesis of the three residues Lys59, Arg60, and
Arg68 caused a five- to tenfold decrease in activity.
These mutations combined with those of Lys37,
Lys38, and Lys58 reduced the activity even further,
such that the amount of substrate hydrolyzed by
mt6Q was 20-fold or less than that hydrolyzed by
wtNSP2. These data indicate that mutation of
residues affecting the RNA-binding activity of the
octamer had a strong effect on RTPase activity,
pointing to an interdependency of these two
activities.
In NTPase assays, both mt3Q, and mt6Q showed

reduced levels of activity, but to degrees much less
than observed for their RTPase activities (Figure
7(e)). For instance, although the RTPase activity of
mt3Q was reduced by five- to tenfold, its NTPase
activity was reduced by less than twofold. And
while the RTPase activity of mt6Q was decreased
by 20-fold or more, its NTPase activity was
decreased by fourfold. The reduction in NTPase
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activity most likely stems from the decreased
affinity of NSP2 for NTPs due to the charge-
deletion mutations of mt3Q and mt6Q perturbing
the electropositive zone around the entrance to the
catalytic cleft.

Modeling of RNA interaction with the cleft

To gain further insight into the interaction of
ssRNA with the catalytic cleft, multiple RNA
docking simulations were performed using Auto-
dock 3.02 to predict the interaction of a five base
RNA (pppGGCUU) with NSP2. Among the most
favored energetic positions (lowest energy) were
those suggesting the insertion of the 5′ end of the
RNA deep within the cleft, with its 5′-terminal
triphosphate group situated in the active site. The
remainder of the RNA was oriented such that its
3′ end extended from the cleft. One representative
position was selected and subjected for molecular
dynamics simulation using CHARMM to define
possible interactions formed between the protein
and the ligand. The results suggested that several
electropositive residues in the RNA-binding loop
interacted with the 5-mer RNA, including resi-
dues shown above to be important in the RNA-
binding and RTPase activities of NSP2 (Figure
8(a)). Analysis of the RNA–protein complexes
after simulation indicated a web of interactions
(mainly hydrogen bonds) between Lys59, Arg60,
and Arg68 and the oxygen moieties present at
positions three and four of the RNA molecule
backbone (third and fourth nucleoside) (Figure
8(b)). The simulation also indicated that Lys37
interacted with the fifth position of the RNA (last
nucleoside). The simulation failed to suggest any
interaction between Lys38 and Lys58 and the
RNA. A remarkable suggestion of the simulation
was the interaction of the 5′-terminal triphosphate
group of the RNA with the catalytic residue
His225 and other residues involved in the NTPase
activity (Figure 8(c)).18 In summary, the results
obtained by the RNA simulation suggest that
Figure 8. Modeling at the interaction of RNAwith the
cleft of NSP2. One representative RNA docking position
was chosen and further subjected to molecular dynamics
for 1 ns using CHARMM. After stabilization of the system
(1 ns), the RNA–protein complex was analyzed for ligand–
enzyme interactions. Modeling of RNA docking in NSP2
predicted the binding of the 5′ end of the RNA molecule
deep inside the cleft and the rest of the molecule (third and
fourth nucleotides) interacting with the basic residues
located outside of the CLEFT ((a) and(b)). Basic residues
previously selected for mutagenesis are denoted in
cyan (K59, R60, R68) and yellow (K37, K38, K58). Colors
assigned to the RNA molecule are in CPK. (c) Close up
view of the triphosphate at the 5′ end of the RNA
molecule. Two critical residues for the NTPase/RTPase
activity located at the active site are shown. Distances
between the γP at the 5′ end of RNA and two residues
from the active site are shown in Angstrom units. The
Mg2+ is shown as a pink sphere.
several of the basic residues selected for charge-
deletion mutation in mt3Q and mt6Q may have
an effect on directing and stabilizing the 5′ end of
RNA in the cleft such that its terminal phosphate
bond is appropriately oriented for nucleophilic
attack.
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Effect of NSP5 on NSP2 RTPase activity

The charge complementarity of the basic NSP2
and the acidic NSP5 may contribute importantly to
the interaction of these proteins, and therefore, to
the formation of viroplasms. Indeed, cryo-electron
microscopy has indicated that a truncated species of
NSP5 binds to NSP2 along the same electropositive
grooves involved in the association of RNA with
NSP2.22 Given the shared affinity of RNA and NSP5
for the grooves of the octamer, NSP5 may reduce
RTPase activity by interfering with the ability of
NSP2 to recruit the RNA substrate of the reaction. To
examine this possibility, full-length NSP5 with an N-
terminal His tag was expressed in bacteria and
purified by Ni2+-affinity chromatography. The
recombinant NSP5 (wtNSP5) was combined with
wtNSP2 or the glutamine mutants mt3Q or mt6Q,
and the mixtures then incubated with [γ-32P]5′g8
RNA under RTPase assay conditions. Analysis of
the reaction products showed that the presence of
wtNSP5 did not measurably affect the amount of
32Pi formed in any of the assays (Figure 9), a result
suggesting that NSP5 did not impede the binding of
the RNA substrate to the octamer nor alter the
hydrolysis activity of the HIT-like motif.

Importance of electropositive residues on
viroplasm formation

Transient expression of NSP2 and NSP5 in
mammalian cells results in the formation of
Figure 9. NSP5 does not have an inhibitory effect on
NSP2 RTPase activity. Reaction mixtures containing
14 pmol of (γ-32P)- labeled g8-5′ RNA, 0.2 mM MgCl2,
14 pmol of NSP5 and 7 pmol of wt or mt NSP2 were
incubated for 1 h at 37 °C. Pi formation was detected by
TLC and autoradiography (a) and quantified by phos-
phorimager (b). Levels of hydrolysis were normalized
respect to the value obtained for wt NSP2 in absence of
NSP5 and set as 100%. Error bars represent the standard
deviation of two experiments.
viroplasm-like structures (VLSs).8 To examine
whether the same electropositive residues shown
above to influence the RNA-binding and RTPase
activities of NSP2, also affected the ability of NSP2
to form viroplasms, we co-expressed non-histidine
tagged versions of wtNSP2, mt3Q and mt6Q with
NSP5 in MA104 cells. Immunofluorescence analy-
sis of these cells using NSP2 and NSP5-specific
antisera revealed that the charge-deletion muta-
tions in mtQ3 had only a partial effect on the
ability of the protein to support the formation of
VLSs (Figure 10). In particular, while mt3Q
supported VLS formation, these inclusions were
generally smaller than those formed with wtNSP2,
and there was a conspicuous increase in the
amount of NSP2 and NSP5 distributed throughout
the cytosol, that failed to localize to viroplasms. In
contrast, the mutations in mtQ6 prevented this
protein from supporting the formation of VLSs.
Instead of localizing to inclusions, mtQ6 and NSP5
were distributed throughout the cytosol in a
manner that was only partially overlapping, with
mt6Q having a somewhat granular appearance.
Thus, in addition to the importance of the
electropositive residues adjacent to the groove in
the RTPase and RNA-binding activities of NSP2,
these residues have critical function in the forma-
tion of viroplasms. Most likely, the charge-deletion
mutations of mt3Q and mt6Q altered the surface
charge of NSP2 in such a way that the protein
could no longer interact appropriately with NSP5
to support viroplasm formation. Alternatively, the
charge-deletion mutations prevented NSP2 from
binding RNA, and therefore prevented the RNA-
mediated bridging of NSP2 and NSP5 that may
have a role in viroplasm formation. The failure of
viroplasms to form with the mt3Q and mt6Q
species is not due to their failure to efficiently
hydrolyze the γ–β phosphoanhydride bond of
RNA, since previous studies showed that the
NTPase and RTPase-defective mutant H225A
supported the formation of viroplasms as effi-
ciently as wtNSP2.18
Discussion

Our results show that the rotavirus NSP2
octamer can hydrolyze the γ–β phosphoanhydride
bond of an RNA, thus defining the protein as an
RTPase. This activity is indistinguishable from that
of the NTPase activity of NSP2, both representing
metal-dependent hydrolysis reactions with similar
Vmax values that require the H225 residue and that
produce a phosphorylated enzyme intermediate
and free Pi. These results and those of competition
assays indicate that hydrolysis of the RNA and
NTP substrates occur at a common active site,
located within a deep electropositive cleft of each
NSP2 monomer. The cleft includes features char-
acteristic of HIT proteins including a fold that is
similar to one present in the catalytic core of PKCI
and a HIT-like active site. Although NSP2 can



Figure 10. RTPase defective NSP2 mutants are deficient in the formation of VLS in transfected mammalian cells.
MA104 cells were transfected with pCI vectors encoding wt or mt forms of NSP2 and/or NSP5. Localization of proteins
was detected using NSP2 and NSP5 specific antisera in combination with fluorescent dye labeled secondary antibodies.
Alexa 488 (green) and Alexa 594 (red) were used to detect NSP2 and NSP5, respectively. Nuclei were visualized by
staining with DAPI. Immunostained cells were analyzed by confocal laser scanning microscopy. Co-localization of the
proteins is observed by yellow color in the superimposed images (right panel).
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remove the γP from either RNA or NTP, RNA
represents the preferred substrate due to the higher
affinity (Km) of the octamer for this molecule. In
comparison to other known viral RTPases, the Km
value indicates that the NSP2 octamer has a
remarkably strong affinity for its RNA substrate
(Table 1), suggesting that this represents a legit-
imate catalytic activity of the protein during the
viral life cycle.
The fact that NSP2 accumulates in specialized

structures (viroplasms) in the infected cell in which
viral RNAs are made and concentrated indicate
that NSP2 functions in an environment that contains
the substrates for both its NTPase and RTPase
activities.7,9 In the viroplasm, the high affinity of
NSP2 for its RNA substrate may enable the octamer
to switch readily from a default NTPase function to
an RTPase function, even in a nucleotide-rich envi-
ronment. The results of a recent study suggest that
the default (RNA-free) function of the NSP2 octamer
may be to act as an independent NTP generation
system in the viroplasm, whereby the NTPase
activity of the protein produces the Pi required by
its associated kinase activity to recycle spent NDPs
back to NTPs.21 In the presence of RNA substrate,
the low Km value of its RTPase activity could be
anticipated to induce NSP2 to switch from such an
NTPase/NDP kinase function to an alternative
function more directly linked to RNA replication,
translocation, or packaging.
During rotavirus replication, viral (+)-strand

RNAs serve as templates for (−)-strand synthesis,
yielding dsRNA products. The (+) strand of the
dsRNA products have a 5′-methylated cap, while
the (−) strand is uncapped, ending instead with a
β–α phosphorylated 5′-guanosine.23,24 The absence
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of a γP on this residue raises the possibility that
during replication, NSP2 uses nascent (−)-strand
RNAs as substrates for its RTPase activity. Indeed,
earlier studies have indicated that NSP2 is a
component of viral replication intermediates, inter-
acts with the RdRP VP1, and is bound to partially
replicated RNA, features that are consistent with
the direct participation of NSP2 in (−)-strand
synthesis.5,11–13 One possibility is that soon after
(−)-strand initiation, the nascent RNA product
interacts with NSP2 in such a way that its 5′ end
enters into one of the clefts of an octamer, where it
engages the active site. This interaction may anchor
the nascent (−) strand as the RdRP carries out
elongation. As the RdRP nears completion of the (−)
strand, the affinity of the RdRP and NSP2 for each
other, combined with the interaction of NSP2 with
the 5′ end of the (−) strand, and the interaction of
the RdRP with the 3′ end of the (−) strand may
generate a complex in which the dsRNA product is
circularized. Interestingly, the high efficiency of
transcription by DLPs has led to the suggestion
that the dsRNAs are circularized within the capsid,
an organization allowing the polymerase to move
expeditiously from the 5′ to the 3′ end of the
(−)-strand template following rounds of (+)-strand
synthesis.25,26 The NSP2–RdRP -mediated brid-
ging of the ends of the dsRNA product may be
responsible for initially establishing the circular-
ized form of the genome segments.
Through its affinity for ssRNA, NSP2 can be

expected to form complexes with the (+)-strand
RNAs that accumulate in viroplasms. Despite such
interactions, our in vitro assays indicate that NSP2
cannot use methylated capped (+)-strand RNAs as
substrates for hydrolysis. Interestingly, one of the
well-characterized HIT-family proteins, DcpS, pos-
sesses a 7-methyl guanosine specific hydrolase
activity that is responsible for mRNA decapping
during exosome-mediated decay.27 The failure of
NSP2 to utilize a methylated capped RNA as a
substrate for hydrolysis despite sharing a HIT-like
motif and a HIT-like fold similar to those of DcpS,
may have multiple explanations. Perhaps most
importantly is the observation that in the HIT site
of DcpS, side-chain interactions are established that
mediate the specific recognition of methylated gua-
nosine residue of the cap structure, and as conse-
quence, the engagement of the phosphate residues
of the cap structure with the catalytic residues of
the active site.28 It should also be noted that DcpS,
like other HIT proteins, exists as an asymmetric
dimer when bound to a cap, a conformation that
leaves its catalytic cleft in a structurally open and
solvent accessible form.28 In contrast, NSP2 is an
octamer with a 4-2-2 symmetry, in which substrate
binding and hydrolysis occur within the deep clefts
that divide each monomer. In contrast to the
openness of the HIT site of DcpS, the constrained
accessibility and rigidity of the deep clefts in the
NSP2 octamer may restrict capped RNAs from
gaining entry to the HIT site. It is also possible
that the NSP2 cleft may not have appropriate
dimensions to spatially accommodate the inverted
guanosine of the cap in such a way that the
triphosphate linkage can engage the catalytic resi-
dues needed for nucleophilic attack. The lack of a
common substrate between proteins in the large
HIT superfamily despite shared catalytic HIT motif
and a C-terminal HIT fold in their structures has
been reported.20

Interestingly, NSP2 is the only rotavirus protein
known to have an RTPase activity, an observation
that could be interpreted to mean that NSP2
participates in the capping process by removing
the γP from RNA prior to guanylylation. However,
this possibility can be excluded, since NSP2 is not a
component of the transcriptionally active DLPs that
produce the m7GpppG-capped (+)-strand RNAs.29

More likely, the capping–related RTPase activity is
provided by VP3, a protein within DLPs shown
previously to have guanylyltransferase and me-
thyltransferase-like activities.30,31 In cell-free repli-
cation assays, where VP1 can carry out (−)-strand
initiation and elongation, the γP is not removed
from the (+)-strand template, indicating that the
rotavirus RdRP lacks RTPase activity and that there
is not a direct need for an RTPase activity in the
polymerization of the (−)-strand.32
Transient expression of NSP2 and NSP5 leads to

the formation of inclusion bodies that are similar to
those that form in rotavirus-infected cells.8 In our
analysis, we found that the formation of such VLSs
was abrogated when NSP2 was replaced with the
glutamine charge-deletion mutant mtQ6. Although
mtQ6 is defective in RTPase activity, and to a lesser
extent in NTPase activity, it is unlikely that these
deficiencies contributed to the defect in VLSs
formation, given the results of an earlier study
showing that the catalytically inactive NSP2 mutant
H225A supported inclusion formation.18 Instead, it
is more likely that mtQ6 failed to support VLSs
formation because of the loss of critical electroposi-
tive charges needed to support its stable interaction
with the acidic protein NSP5 or with ssRNA, or a
combination of the two. Because NSP2 and NSP5
both have affinity for ssRNA,13,47 mutations that
reduce the RNA-binding activity of NSP2 may also
interfere with viroplasm formation by preventing
effective RNA-mediated bridging of NSP2 and
NSP5.
Cellular and viral RTPases can be divided into two

groups based on their catalytic requirement for a
divalent cation. Metal-dependent RTPases have
been described for metazoan DNA viruses (e.g.
Poxvirus, Chlorella virus), fungi, and protozoan
parasites.33,34 These RTPases are known to remove
the γP from not only RNAs, but also NTPs, via
hydrolysis reactions taking place at a common
active site. The X-ray structure of the Sacharomyces
cerevisiae Cet 1 RTPase suggests that the active site of
the fungal and Chlorella virus enzymes is contained
in an open hydrophilic tunnel formed by eight
antiparallel β-strands, in which two conserved
glutamates residues are critical for hydrolysis of
the γ-β phosphate bond.34,35 Metal-independent
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RTPases have been identified in mammals and other
metazoan organisms. Characteristically, these
RTPases undergo phosphorylation during the
hydrolysis reaction due to the transfer of the γP to
a residue at the active site (e.g. phosphotyrosine).
These RTPases are usually incapable of using NTPs
as substrates.36 The recently solved structures of
mouse Mce1 and Baculovirus BVP RTPases suggests
the existence of another class of RTPases, wherein
the active site is located at the bottom of a deep
positively charged pocket containing a conserved
cysteine residue that acts as the catalytic amino
acid.37,38 Several other enzymes with dual RTPase
and NTPase activities have been identified, includ-
ing some belonging to RNA virus families (e.g. NS3
of dengue virus, NS13 of coronavirus, Nsp2 of
alphavirus).39–42 The relationship of these dual
functioning enzymes, if any, to previously described
RTPases is uncertain, in part due to the lack of
sufficient biochemical and structural information.
Rotavirus NSP2, with its novel HIT-like fold and

motif, is the only solved RTPase/NTPase of a
dsRNA virus. Other viruses belonging to the
Reoviridae family encode non-structural proteins
with characteristics similar to that of NSP2, includ-
ing the well-studied NS2 protein of bluetongue
virus (BTV) and σNS protein of orthoreovirus.43

Like the NSP2 protein, NS2 and σNS self-assemble
into homomultimeric complexes with associated
ssRNA-binding and helix-unwinding activities
and are components of viral replication interme-
diates.43–45 Furthermore, both NS2 and σNS parti-
cipate in viroplasm formation in BTV- and reovirus-
infected cells, respectively. In contrast to the
RTPase/NTPase activity of rotavirus NSP2, BTV
NS2 has an associated phosphatase activity, allow-
ing it to remove all three phosphates from an NTP.
Unlike NSP2 and NS2, σNS has no known enzy-
matic activity. However, during assembly of vir-
oplasms in reovirus-infected cells, σNS interacts
with μ2, a non-structural protein with RTPase/
NTPase activity.46 Thus, a common feature of
Reoviridae viroplasms appears to be the presence
of non-structural proteins with catalytic activity
capable of hydrolyzing phosphate groups from
NTPs, and in at least some cases, from the 5′ end
of ssRNAs. Despite their related activity, only
rotavirus NSP2 is known to contain a HIT-like fold
and motif, and hence its mechanism of hydrolytic
attack can be expected to unlike that of NS2 and
σNS.
The unique combination of properties in NSP2,

vis-à-vis, metal-dependent hydrolysis within a
deep electropositive cleft mediated by His resi-
dues that results in the transient phosphorylation
of the enzyme, establish rotavirus NSP2 as new
class of NTPase/RTPases. Given the importance
of the catalytic activity of NSP2 in rotavirus
replication, the development of antiviral com-
pounds (e.g. nucleotide analogs) that target the
activity of NSP2 HIT site should be considered as
an avenue for preventing and treating rotaviral
disease.
Materials and Methods

Mutagenesis of NSP2

The bacterial expression vector pQE60g816 encodes
simian rotavirus SA11 NSP2 with a C-terminal His tag.
To prepare a vector (pQEg8/Q3) encoding a mutant form
of NSP2 with three amino acid substitutions in the basic
grooves of the octamer (NSP2-Q3: K59Q/R60Q/R68Q),
pQE60g8 was amplified by outward polymerase chain
reaction (PCR) using Pfu Turbo DNA polymerase (Stra-
tagene) and the primer pair, 5′-pAAGCAACAGTATAA-
TACTAATGATAATTCACAAGGCAT-3′ and 5′-pAATT-
GAGGAGGTGGTGCTATTCC-3′. A vector (pQEg8/Q5)
encoding an NSP2 mutant with five amino substitutions
in the octamer grooves (NSP2-Q5: K37Q/K38Q/K59Q/
R60Q/R68Q), was produced by PCR amplification using
as template, pQE60g8/Q3, and the primers, 5′-pAAGTA-
GACCAACAGGACATGGATAAG-3′ and 5′ pTAGCTGT-
CAGCATAGCTTTAATAG-3′. A vector (pQEg8/Q6) enco-
ding an NSP2 with six amino acid substitutions in the
octamer grooves (NSP2-Q6: K37Q/K38Q/K58Q/K59Q/
R60Q/R68Q) was produced by PCR amplification using
as template, pQE60g8/Q5, and the primers, 5′-pCAG-
CAACAGTATAATACTAATGATAATTC-3′ and 5′-pAATT-
GAGGAGGTGGTGCTATTCC-3′. Bases in primers used
to change codons in the NSP2 open reading frame (ORF)
are denoted in bold. PCR products were gel-purified,
self-ligated using T4 ligase, and transformed into
Escherichia coli DH5α. Appropriate plasmids were
identified by DNA sequencing, then transformed into
E. coli M15 (pREP4). The preparation of the expression
vector for NSP2 H225A was described.18

To produce pCI-based mammalian expression vectors
encoding SA11 NSP2 (pCIg8), NSP2-Q3 (pCIg8/Q3), and
NSP2-Q6 (pCIg8/Q6), the NSP2 ORFs in pQE60g8,
pQE60g8/Q3 and pQE60g8/Q6, respectively, were amp-
lified by PCR using the primer pair, 5′-GCTCTAGAAT-
GGCTGAGCTAGCTTGCTTTTG-3′ and 5′-TATCTAGA-
TTAAACGCCAACTTGAGAAAC-3′ (the XbaI site is
underlined). A similar procedure was used to generate
pCIg11, an expression vector encoding SA11 NSP5. The
template used in the amplification reaction, pQE30g11,47

contains a non-functional ORF for NSP6 due to a silent
mutation that removes its initiation codon. The ampli-
fication reaction included the primer pair, 5′-GCTCT-
AGATGTCTCTCAGTATTGACGTGACG-3′ and 5′-TATC-
TAGATTACAAATCTTCAATCAATTGCATT-3′ (the XbaI
site is underlined). Amplification products were gel-
purified, digested with XbaI, ligated into the XbaI-site of
the pCI vector (Promega), and transformed to E. coli
DH5α. Appropriate pCI vectors were identified by DNA
sequencing and were purified by centrifugation in CsCl/
ethidium bromide.
Preparation of recombinant NSP2 and NSP5

Bacterial-expressed NSP2 and NSP5 were purified as
described.16,18,47 Briefly,NSP2 andNSP5were expressed in
E. coli M15(pREP4) using the vectors pQE60g8 and
pQE30g11, respectively, and purified from bacterial lysates
byNi2+-nitrilotriacetic acid affinity chromatography. NSP2
was dialyzed against low salt buffer (LSB: 2 mM Tris–HCl
(pH 7.2), 0.5 mM EDTA, 0.5 mM dithiothreitol) supple-
mented with 50 mM NaCl. NSP5 was dialyzed briefly
against 50 mM phosphate buffer (NaH2PO4) (pH 8.0), and
300 mM NaCl and then extensively in LSB supplemented
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with 75 mM NaCl and 0.1% (v/v) Triton X-100. Protein
concentrations were determined by Bradford assay using
bovine serum albumin as the standard. Protein qualitywas
assessed by SDS-12% (w/v) PAGE and staining with
Coomassie blue. Recombinant NSP2 was purified to near
homogeneity under conditions previously used to demon-
strate the NTPase activity of the protein and to prepare
protein for crystallography.14,16 NSP5 contained trace
(<1%) levels of DnaK.47

RNA synthesis in vitro

32P-labeled gene 8-specific RNAs were made with a
MEGAshortscript high yield transcription kit (Ambion)
following the instructions of the manufacturer, except that
reaction mixtures (20 μl each) were modified to contain
7.5 mM each of ATP, CTP, and UTP, 1.87 mM GTP, and
50 μCi of [γ-32P] or [α-32P]GTP (6000 Ci/mmol) (American
Radiolabeled Chemicals). The following annealed oligo-
nucleotide pairs were included in reaction mixtures as
templates for synthesis of 5′g8 and 5′g8m RNAs,
respectively: 5′-GCCCTAATACGACTCACTATAGGCTT-
TTAAAGCGTCTCAGTC-3′ and 5′-GACTGAGACGCT-
TTAAAAGCCTATAGTGAGTCGTATTAGGGC-3′, and
5′-GCCCTAATACGACTCACTATAGACTTTTAAAA-
CATCTCAATC-3′ and 5′-GATTGAGATGTTTTAAAAGT-
CTATAGTGAGTCGTATTAGGGC-3′. (The T7 promoter
sequence is underlined.) The 5′g8 RNA represents the first
21-nucleotides of the SA11 gene 8 (+)-strand RNA. The 5′
g8m RNA is the same as the g8 RNA, except that all but
the G residue at the +1 position have been replaced with A
residues.
The 32P-labeled Luc200 RNA was made as described

above except reaction mixtures contained 50 μCi of [α-32P]
UTP (800 Ci/mmol) (PerkinElmer), 1.87 mM UTP, and
7.5 mM each of ATP, CTP, and GTP. The template included
in reaction mixtures was prepared by PCR amplification
of a portion of the luciferase gene in the plasmid pGL2
(Promega) using the primer pair, 5′-GGCGGACAGG-
TATCCGG-3′ and 5′-GTTGCTCTCCAGCGGTTC-3′. AT7
promoter is provided by the amplified plasmid sequence.
32P-labeled RNAs were gel-purified by electrophoresis on
and elution from polyacrylamide gels containing 7 M
urea.16

The [32P]5′g8 capped RNA probe was prepared by incu-
bating unlabeled 5′-g8 RNA with S-adenosyl methionine,
[α-32P]GTP (6000 Ci/mmol), and vaccinia-virus guanylyl-
transferase, according to the directions of the supplier
(Ambion). After incubation for 1.5 h at 37 °C, the RNAwas
purified by phenol/chloroform extraction, followed by a
size-exclusion chromatography (NucAway Spin Column;
Ambion) to remove non-incorporated nucleotides. RNA
concentrations were determined by UV absorbance at
260 nm.

RTPase assay

Unless indicated otherwise, reaction mixtures for
RTPase assays contained 50 mM Tris–HCl (pH 7.5),
0.2 mM MgCl2, 14 pmol of the [γ-32P]5′g8 RNA, and
7 pmol of NSP2, in a final volume of 10 μl. After incubation
for 1 h at 37 °C, reaction products were deproteinized by
phenol/chloroform extraction and analyzed for Pi forma-
tion by TLC. Specifically, 3 μl aliquots of reaction mixtures
were spotted onto polyethyleneimine-F cellulose (PEI-F)
plates (EM Science), which were then air-dried. After pre-
developing for 3 min in water, sheets were developed in
0.75 M potassium phosphate buffer (pH 3.4) to resolve 32Pi
and 32P-labeled RNA. 32Pi and
32P-labeled RNAwere de-

tected by autoradiography and their intensities on the PEI
sheets were quantified with a phosphorimager. Pi forma-
tion=intensity of (γ-32Pi)/(intensity of (γ-32Pi)+[γ-

32P]
RNA).
To detect protein phosphorylation in RTPase assays,

reaction mixtures were analyzed by SDS-12% PAGE
and autoradiography. To assess the effects of the
RTPase assay on the RNA component, one-half of re-
action mixtures were analyzed by electrophoresis on
12% polyacrylamide gels containing 7 M urea. The
gels were dried, and 32P-labeled RNA detected by
autoradiography.
RNase T1 treatment

RTPase assays were performed as above except reaction
mixtures contained [α-32P]g8-5′m RNA and 7 pmol of
NSP2. After incubation for 1 h at 37 °C, some mixtures
were adjusted to 5 mM EDTA, and incubated followed by
a 20 min incubation at 37 °C in the presence of 500 U of
RNase T1 (Ambion). After phenol/chloroform extraction,
hydrolysis products were resolved by TLC in 1.2 M LiCl2
and detected by autoradiography. Markers were made by
incubating [α-32P]GTP and RNase T1-treated [α-32P]5′
g8m RNA with tobacco acid pyrophosphatase (TAP)
(Epicentre) in 1× TAP reaction buffer (50 mM sodium
acetate (pH 6.0), 1 mM EDTA, 0.1% (v/v) β-mercap-
toethanol, 0. 01% (v/v) Triton X-100) for 15 min and
30 min at 37 °C, respectively. Partial hydrolysis with TAP
was achieved by adding 1 mM GTP to the reaction
mixture prior to incubation.

Decapping assays

Reaction mixtures contained 50 mM Tris–HCl (pH 7.5),
0.2 mMMgCl2, 10 pmol of the [32P]5′g8 capped RNA, and
the indicated amount ofwtNSP2, in a final volume of 20 μl.
After incubation for 1 h at 37 °C, probe in reaction
mixtures were analyzed by electrophoresis on 12%
polyacrylamide gels containing 7 M urea and by auto-
radiography. Control reactions included incubating
10 pmol of [32P]5′g8 capped RNA with 5 units of TAP
for 1 h at 37 °C.

NTPase assay

NTP hydrolysis assays were performed as des-
cribed.16,18 Reaction mixtures contained 50 mM Tris–HCl
(pH 7.5), 0.2 mM MgCl2, 10 μCi [γ-32P]ATP (3000 Ci/
mmol) (PerkinElmer), and NSP2, and were incubated for
1 h at 37 °C. After deproteinization, aliquots (1 μl) of
reaction mixtures were spotted onto PEI-F plates and the
ATP, ADP and Pi components resolved by TLC in 1.2 M
LiCl2. Radioactive spots were detected by autoradio-
graphy and quantified with a phosphorimager. Pi for-
mation= intensity of (γ-32Pi)/(intensity of (γ-32Pi)+
[γ-32P]ATP).

RNA binding assays

Electrophoretic mobility shift assay (EMSA) was per-
formed as described.16 Reactions were performed in LSB
containing the indicated amount of NSP2, 1 pmol of 32P-
labeled Luc200 RNA, and 100 mM NaCl, and were
incubated for 30 min at room temperature (RT). Mixtures
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were analyzed for RNA-protein complexes by electro-
phoresis on 6% non-denaturing polyacrylamide gels and
autoradiography. The intensity of bands representing
bound probe and free probe on dried gels were quantified
with a phosphorimager. The quantity of protein–RNA
complex represents the intensity of bound probe/intensity
of bound probe+free probe.
Poly(U)-Sepharose RNA-binding assays were carried

out in a manner similar to that described.52 Briefly, 5 μg of
NSP2 in 400 μl of LSB were incubated with 100 μl of a 50%
slurry of poly(U)-Sepharose beads for 30 min at RT with
gentle agitation. After washing twice with LSB, protein
was eluted from the beads by sequential treatment with
100 μl volumes of LSB of increasing concentration of NaCl.
The eluted fractions were analyzed for protein content by
SDS-12% PAGE and silver staining with a Silver Quest kit
(Invitrogen).

Molecular simulation of RNA

Similar to the methodology described,18 the crystal-
lographic data of rotavirus NSP2 (Protein Data Bank code
1L9V) was used for all calculations. The Autodock 3.0248

program was used to perform a docking simulation of a 5-
mer RNA molecule corresponding to the 5′ end of a
rotavirus (+)-strand RNA (5′-pppGGCUUOH) with NSP2.
The size of the RNA selected for simulation was based on
the limitation in the number of rotatable bonds imposed
by the docking program. The Mg2+ was positioned in the
cleft using distance restraint between the geometric center
of the atoms OH of Tyr171 and OE2 of Glu153, followed
by energy-minimization. This location is based on the
position proposed for Mg2+ from the crystallographic
data.14 Representations of the NSP2 structure and 5-mer
RNA were prepared using Insight II.49 The hydrogen
atoms of the protein and the RNAmolecule were assigned
by CHARMM (version 27).50 Partial charges were
assigned using the CHARMM27 Force Field. Atomic
solvation parameters and fragmental volumes were
assigned to the protein using the Addsol program. The
grid maps were calculated using Autogrid and were
centered on the ligand-binding site (NSP2 cleft). The
volume chosen for the grid maps was 110×100×100
points with a grid-point spacing of 0.375 Å. Autotors was
used to define the rotatable bonds in the RNA fragment. In
the docking simulation, the bonds between Pβ–O3B and
Pγ–O3B at the 5′ end of RNAwere restrained, emulating
the conformation in which the triphosphate group is
bound to the Mg2+. The Lamarckian Genetic Algorithm
was used for all docking calculations.
Among the ten best conformations, those with lowest

free energy, one representative conformation with a
reasonable distance between the oxygens of the γ-β
phosphate groups at the 5′ end of RNA and the Mg2+ in
the cleft was selected and used as starting point for an
RNA binding simulation using molecular dynamics. The
RNA–Mg2+–NSP2 complex was then energy-minimized
with harmonic restraint over all the backbone atoms and
further analyzed after 1 nc of simulation (CHARMm).
NSP2 and NSP5 expression in mammalian cells

pCI vectors encoding NSP2 and/or NSP5 were
transfected into MA104 cells grown to 60%–70% con-
fluency on glass coverslips. Transfection mixtures
(500 μl) consisted of OptiMEM I containing 4% (v/v)
Lipofectamine 2000 (Invitrogen) and a total of 1.6 μg of
DNA. Cells were processed for immunofluorescence at
40 h post-transfection.

Immunofluorescence microscopy

To detect expression of NSP2 and NSP5 by immuno-
fluorescence assay (IFA), MA104 cells were fixed with 4%
(v/v) paraformaldehyde, permeabilizing with 1% Triton
X-100, and then incubated in the presence of NSP2-guinea
pig polyclonal antisera (1:500)16 and NSP5-mouse mono-
clonal antibody 158G37 (1:500).51 Secondary antibodies
conjugated to fluorescent dyes (Alexa Flour 488 goat anti-
guinea pig and Alexa Flour 594 rabbit anti-mouse) were
used at a dilution of 1:1000 to detect primary antibodies.
Nuclei were stained with 4′, 6-diamidino-2-phenylindole
(DAPI) (Pierce). Fluorescence was detected on a Leica TCS
NT inverted confocal microscope and images were
processed using Adobe PhotoShop CS.
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