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ABSTRACT

Rotaviruses and orbiviruses are nonturreted Reoviridae members. The rotavirus VP3 protein is a multifunctional capping en-
zyme and antagonist of the interferon-induced cellular oligoadenylate synthetase-RNase L pathway. Despite mediating impor-
tant processes, VP3 is the sole protein component of the rotavirus virion whose structure remains unknown. In the current
study, we used sequence alignment and homology modeling to identify features common to nonturreted Reoviridae capping
enzymes and to predict the domain organization, structure, and active sites of rotavirus VP3. Our results suggest that orbivirus
and rotavirus capping enzymes share a domain arrangement similar to that of the bluetongue virus capping enzyme. Sequence
alignments revealed conserved motifs and suggested that rotavirus and orbivirus capping enzymes contain a variable N-terminal
domain, a central guanine-N7-methyltransferase domain that contains an additional inserted domain, and a C-terminal guany-
lyltransferase and RNA 5=-triphosphatase domain. Sequence conservation and homology modeling suggested that the insertion
in the guanine-N7-methyltransferase domain is a ribose-2=-O-methyltransferase domain for most rotavirus species. Our analy-
ses permitted putative identification of rotavirus VP3 active-site residues, including those that form the ribose-2=-O-methyl-
transferase catalytic tetrad, interact with S-adenosyl-L-methionine, and contribute to autoguanylation. Previous reports have
indicated that group A rotavirus VP3 contains a C-terminal 2H-phosphodiesterase domain that can cleave 2=-5= oligoadenylates,
thereby preventing RNase L activation. Our results suggest that a C-terminal phosphodiesterase domain is present in the cap-
ping enzymes from two additional rotavirus species. Together, these findings provide insight into a poorly understood area of
rotavirus biology and are a springboard for future biochemical and structural studies of VP3.

IMPORTANCE

Rotaviruses are an important cause of severe diarrheal disease. The rotavirus VP3 protein caps viral mRNAs and helps combat
cellular innate antiviral defenses, but little is known about its structure or enzymatic mechanisms. In this study, we used se-
quence- and structure-based alignments with related proteins to predict the structure of VP3 and identify enzymatic domains
and active sites therein. This work provides insight into the mechanisms of rotavirus transcription and evasion of host innate
immune defenses. An improved understanding of these processes may aid our ability to develop rotavirus vaccines and thera-
peutics.

RNA viruses have evolved a variety of transcriptional strategies,
many of which involve the addition of a cap structure to the 5=

end of viral mRNAs through the activities of viral capping en-
zymes. A cap-1 structure is typically generated by the concerted
activities of an RNA 5=-triphosphatase (RTPase), which re-
moves the �-phosphate from the 5= end of the mRNA; a gua-
nylyltransferase (GTase), which conjugates GMP to the mRNA
through a 5=-5= linkage; a guanine-N7-methyltransferase (N7-
MTase), which methylates the guanine cap; and a ribose-2=-O-
methyltransferase (2=-O-MTase), which methylates the ribose of
the initiating nucleotide (1, 2). The addition of a methylated cap
structure may help stabilize viral mRNAs, enhance their transla-
tion, and prevent their detection by cellular innate immune sen-
sors. A variety of RTPase structures have been reported, including
three distinct metal-dependent types and one metal-independent,
cysteine phosphatase type (1). The GTases of DNA viruses contain
two domains and often conserve active-site residues, including a
catalytic lysine within a KxDG(I/L) motif (where x is any residue)
(3, 4). However, the GTase domains encoded by two double-
stranded RNA (dsRNA) viruses of the family Reoviridae, mamma-
lian orthoreovirus and bluetongue virus, feature folds that differ
both from one another and from those of DNA viruses (5–7).
MTases share little sequence identity but have a common core fold

that consists of seven �-strands flanked by three �-helices on
each side of the sheet (1). Both N7- and 2=-O-MTases belong to
the class I family of S-adenosyl-L-methionine (SAM)-depen-
dent MTases. While N7-MTases are thought to catalyze methyl
transfer by optimally positioning the reacting groups and provid-
ing a favorable electrostatic environment (8, 9), 2=-O-MTases
catalyze methyl transfer through a catalytic Lys-Asp-Lys-Glu
(KDKE) tetrad (10–12). Viral capping enzymes may be found as
independent entities with discrete activities or as components of
multifunctional, multidomain proteins (1). Due to significant
variation in sequence and structure, the architecture and enzy-
matic mechanisms of many viral capping enzymes remain un-
known or poorly understood.

Reoviridae viruses are nonenveloped, icosahedral, multilayered
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particles that encapsidate segmented, dsRNA genomes and en-
zymes involved in RNA synthesis and capping. The Sedoreovirinae
subfamily comprises the nonturreted Reoviridae and contains 6
genera, including Orbivirus, Seadornavirus, and Rotavirus. Rota-
viruses are important gastrointestinal pathogens that cause the
deaths of more than 450,000 infants and young children annually
worldwide (13). Eight species of rotavirus (rotavirus species A
[RVA] to RVH) have been proposed; RVA is responsible for the
majority of human disease (14). On the basis of the alignment of
individual structural protein-encoding genome segments and
concatenated genome sequences, the eight proposed rotavirus
species resolve phylogenetically into two distinct clades (15, 16).
Clade A comprises RVA, RVC, RVD, and RVF, and clade B com-
prises RVB, RVG, and RVH. The three protein layers of a mature
rotavirus virion encapsidate 11 segments of dsRNA and several
copies each of VP1, the viral RNA-dependent RNA polymerase
(RdRp), and a 98-kDa protein, VP3. Rotavirus transcripts are
modified at the 5= end with a cap-1 structure (17, 18). VP3 binds
covalently and reversibly to GMP, which it can transfer to pyro-
phosphate or GDP (19–21). VP3 also has a nonspecific affinity for
single-stranded RNA, with a preference for the uncapped form
(22). Together, these observations suggest that the rotavirus
GTase activity is contained within VP3. VP3 also has affinity for
SAM, supporting a role for VP3 in methyl transfer (23). RTPase
activity has not yet been observed for recombinant VP3 and is
absent in hypotonically disrupted rotavirus core particles (22).
High-resolution structures of rotavirus particles and VP1 are
available (24–26). However, likely due to a low copy number and
asymmetric positioning within the rotavirus particle, as well as
difficulties in purifying the full-length recombinant protein, the
structure of VP3 remains unknown.

In addition to its capping activities, VP3 may also function as a
virulence determinant. Reassortant genetic analyses have revealed
that the VP3-encoding rotavirus genome segment contributes to
virulence in a species-specific manner in mouse and piglet models
of disease (27–29). Recently, it has been reported that the C-ter-
minal domain of VP3 antagonizes the interferon-induced oli-
goadenylate synthetase (OAS)-RNase L pathway by cleaving 2=-
5=-oligoadenylates (2-5A) (30). This VP3 domain is predicted to
resemble 2H-phosphoesterase superfamily members that form a
half-barrel structure containing two characteristic catalytic
H�(T/S)� motifs (where � is a hydrophobic residue). VP3 may
contribute to virulence by antagonizing RNase L or by methylat-
ing viral RNA at the 2=-O position, a modification that subverts
cellular innate antiviral responses against some viruses by permit-
ting escape from the effects of interferon-induced proteins with
tetratricopeptide repeats (31–33).

Since rotaviruses and orbiviruses belong to the same subfamily
of Reoviridae, VP3 may share structural features with orbivirus
capping enzymes. A structure of the capping enzyme, VP4, from
the orbivirus bluetongue virus type 10 (BTV10) has been reported
(7). This protein, described as a capping assembly line, contains
four domains. An enzymatically inactive N-terminal kinase-like
domain precedes an N7-MTase domain containing an inserted
2=-O-MTase domain. Each of the two MTase domains forms a
class I, SAM-dependent MTase fold. The VP4 C-terminal domain,
which covalently binds GTP, forms a six-helix bundle that is pro-
posed to contain both GTase and RTPase activities (7). This fold is
unlike that of any known GTase or RTPase, and its active site(s)
remains undefined.

In the current study, we used a combination of phylogenetic
analysis, sequence alignment, and homology modeling to predict
the architecture and functional domain organization of the rota-
virus capping enzyme and innate immune antagonist VP3. To-
gether, our findings suggest that the capping region of VP3 struc-
turally resembles that of BTV10 VP4. In addition to assigning
putative N7-MTase, 2=-O-MTase, and GTase/RTPase functions to
specific regions of VP3, our analyses permitted identification of
specific residues likely involved in ligand binding and catalysis. As
a proof of concept, we present biochemical evidence supporting
our identification of the VP3 GTase domain. While several of our
predictions remain to be tested empirically, they represent a sig-
nificant advance in an area of rotavirus biology that has long re-
mained a mystery.

MATERIALS AND METHODS
Phylogenetic analysis. Amino acid sequences of the predicted capping
enzymes of representatives from the Rotavirus, Orbivirus, and Seadorna-
virus genera were aligned by multiple-sequence alignment using a fast
Fourier transform program (MAFFT, v7.012b) (34) with the E-INS-i
strategy. On the basis of the Bayesian information criterion (BIC) ranking,
the best available substitution model was selected by use of the Molecular
Evolutionary Genetics Analysis (MEGA) program (v5.05) to be WAG�
��I (35). PhyML software was used to construct a maximum likelihood
(ML) tree evaluated with 1,000 bootstrap replicates (36). The ML tree was
visualized using the FigTree program (v1.4.0; http://tree.bio.ed.ac.uk
/software/figtree/). GenBank accession numbers for the aligned se-
quences, followed in parentheses by the rotavirus species and strain name
or the virus genus and species or strain name, are Q6WVH5 (RVA WA),
Q6WNV8 (RVA OSU), ADE44246 (RVA Gottfried), AEF01495 (RVA
CH-1), A4ZCW6 (RVA AU-1), ACC94314 (RVA RRV), ABC66299 (RVA
30-96), ACH97430 (RVA K9), ACH97463 (RVA Cat2), YP_002302228
(RVA SA11), ABU87836 (RVA DS1), ADJ68029 (RVA GO34),
ABU49762 (RVA OVR762), ACN18218 (RVA Lamb-NT), ACN86090
(RVA Chubut), Q6WAT6 (RVA UK), A7J3A0 (RVA NCDV), ACL27789
(RVA RC-18-08), AEH96570 (RVA L338), ACY95262 (RVA ETD_822),
Q6WNV6 (RVA Ty-2), BAA24148 (RVA PO-13), ACN22280 (RVA
02V0002G3), AFL91885 (RVF 03V0568), AAA99239 (RVC porcine rota-
virus C), P26192 (RVC Cowden), ADP76607 (RVC YNR001), ADP76606
(RVC Wu82), ADP76608 (RVC OH567), ADP76609 (RVC BK0830),
ADP76604 (RVC v508), AEJ21068 (RVC CAU_10-312), ADP76605
(RVC BS347), Q82041 (RVC Bristol), Q65526 (RVC Shintoku),
ADN06426 (RVD 05V0049), Q45UF7 (RVH J19), AFL91894 (RVG
03V0567), ADF57864 (RVB MMR-B1), ADF57872 (RVB IC-008),
ADF57884 (RVB IDH-084), ADF57896 (RVB Bang117), ACD39823
(RVB CAL-1), AAW29086 (seadornavirus, Liao ning virus), AAF78851
(seadornavirus JKT-7075), AGK29951 (seadornavirus Balaton/2010/
HUN), AAF78856 (seadornavirus JKT-6423), AY701512 (orbivirus, Yun-
nan virus), DQ248060 (orbivirus, Peruvian horse sickness virus [PHV]),
YP_052936 (orbivirus, Palyam virus), BAA76550 (orbivirus, Chuzan vi-
rus), ACH92680 (orbivirus, African horse sickness virus 1), AAA02768
(orbivirus, bluetongue virus 10), and AF145401 (orbivirus, Saint Croix
River virus).

Amino acid sequence alignment for rotavirus and orbivirus capping
enzymes. Amino acid sequences for VP3 from representative strains of
each rotavirus species and for VP4 from representative orbiviruses were
aligned using the PSI-COFFEE program, which aligns distantly related
proteins by homology extension, on the T-COFFEE multiple-sequence-
alignment server (37, 38). GenBank accession numbers for the input se-
quences, followed in parentheses by the strain or virus name, are
ABQ59570 (RRV), Q6WVH5 (WA), Q6WNW5 (DS1), Q6WAT6 (UK),
BAA24148 (PO-13), P26192 (Cowden), AAB01673 (Shintoku),
YP_392516 (Bristol), YP_003896049 (05V0049), YP_008145318 (03V0568),
YP_008126855 (Bang373), ACD39823 (CAL-1), YP_008136241
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(03V0567), A9Q1K9 (B219), YP_392493 (J19), AAA02768 (BTV10),
YP_443928 (Yunnan virus), BAA76550 (Chuzan virus), AAF61740 (Afri-
can horse sickness virus serotype 3), and YP_052945 (Saint Croix River
virus). Amino acid sequences for VP3 from 639 clade A and 20 clade B
rotaviruses and for VP4 from 151 orbiviruses were aligned by the use of
MAFFT (v7.110) (34) and the FFT-NS-i strategy. The complete align-
ment, which includes GenBank accession numbers, is available upon re-
quest.

Homology modeling. A complete three-dimensional model of BTV10
VP4 was generated from the amino acid sequence (GenBank accession
number AAA02768) by the I-TASSER online server (39–41). I-TASSER,
which generates three-dimensional models on the basis of multiple
threading alignments and iterative template fragment assembly simula-
tions, assigns each model a confidence (C) score in the range of �5 to 2 for
estimating the quality of a predicted model. The C score for the BTV10
VP4 model was 2.0, suggesting the highest confidence. An initial RVA VP3
homology model was generated by use of the Protein Homology/analogY
Recognition Engine (PHYRE; v0.2) (42) from the sequence of simian RRV
VP3 (GenBank accession number ABQ59570). On the basis of the pre-
dicted homology with BTV10 VP4 (Protein Data Bank [PDB] accession
number 2JH8), the region of VP3 spanning amino acids 39 to 634 was
modeled with an estimated precision score of 75%, suggesting a 75%
chance that BTV10 VP4 is a true structural homolog. Analysis of the RRV
VP3 sequence by PHYRE, v2.0 (PHYRE2) (42), resulted in models for
amino acids 257 to 343 based on vaccinia virus (VV) VP39 (PDB accession
numbers 1V39, 1VPT, and 1VP3) (12, 43) and for amino acids 697 to 800
based on the central domain of human protein kinase A anchoring pro-
tein 7 (AKAP7; PDB accession numbers 2VFY and 3J4R) (44). Each model
was assigned 	95% confidence. The PHYRE2 confidence score represents
the probability (0 to 100%) that the match between an input sequence and
a specific template is a true homology. To generate a threading model of
RVA VP3, we employed the threading function of I-TASSER with RRV
VP3 amino acids 1 to 688 (GenBank accession number ABQ59570) as the
input sequence and BTV10 VP4 (PDB accession number 2JH8 or 2JHP) as
the primary template. The best RRV VP3 threading model generated by
I-TASSER had a C score of �1.75. Additional homology models were
generated by PHYRE2 for VP3 sequences from the following different
rotavirus species and strains (the amino acids included in the model, the
PDB accession number for the homolog on which it was based, and the
confidence score are given in parentheses): RVB CAL-1 (664 to 746,
2VFY, 35.8%), RVC Bristol (267 to 348, 1V39, 96.9%), RVD 05V0049
(238 to 401, 1V39, 98.4%), RVF 03V0568 (256 to 415, 1V39, 97.5%), RVG
03V0567 (668 to 743, 2VFY, 46%), and RVH J19 (277 to 365, 1V39, 97%).

Structure comparison and depiction. Molecular graphics and analyt-
ical data were obtained using the UCSF Chimera package, v1.8.1 (Chi-
mera) (45). Chimera was developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Fran-
cisco (supported by NIGMS grant P41-GM103311). Structural models
and homologous structures were aligned using the MatchMaker function
of Chimera. The PDB files used in the study included those with accession
numbers 2JH8, 2JHP, and 2JHA (BTV10 VP4); 1V39 (VV VP39); and
2VFY and 2VFK (AKAP7 central domain). Structure-based sequence
alignments were generated using the Match	Align function of Chimera.
Images of BTV10 VP4 and RRV VP3 models colored by sequence conser-
vation were generated using the Render by Conservation tool with default
settings in Chimera. A corresponding color key was generated for each
rendering. For Fig. 3B, all orbivirus sequences from Fig. 2 were used. For
Fig. 4, all clade A rotavirus sequences from Fig. 2 were used. For Fig. 3D
and 4D, the complete alignment from Fig. 2 was used.

Generation of baculoviruses expressing VP3 mutants. A codon-op-
timized gene encoding the amino acid sequence of rotavirus strain RRV
VP3 was synthesized by GenScript. The VP3 open reading frame was
cloned into the Gateway vector pENTR-1A (Invitrogen) using engineered
restriction sites to make plasmid RRV VP3 pENTR-1A. Point mutations
were engineered in RRV VP3 pENTR-1A by around-the-horn PCR with

mutagenic primers (sequences are available upon request). Mutant VP3
sequences were verified by sequencing of purified plasmid DNA. Plasmids
were recombined into the baculovirus genome, and recombinant baculo-
virus stocks were generated, using a BaculoDirect C-Term transfection kit
(Invitrogen) according to the manufacturer’s guidelines. The chloram-
phenicol acetyltransferase (CAT)-expressing baculovirus was generated
using a plasmid provided in the BaculoDirect kit. Baculovirus DNA was
isolated from P3 baculovirus stocks according to protocol 7 of the Easy-
DNA isolation kit (Invitrogen), and VP3 sequences were verified by DNA
sequencing.

VP3 autoguanylation assays. To generate recombinant VP3 proteins,
Sf9 cells were infected with the P3 baculovirus stock for 72 h at 27°C.
Infected cells were pelleted, washed in 0.5 ml phosphate-buffered saline,
and resuspended in 0.25 ml 20 mM Tris, pH 8, 20 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride (PMSF). Cells were lysed in a 3-inch cup
horn twice for 5 s each time at 25% amplitude with a Q500 sonicator
(Qsonica) and stored at 4°C. VP3 expression in Sf9 lysates was normalized
by quantitation of gels stained with colloidal Coomassie using a LI-COR
Odyssey system. Covalent GTP binding by recombinant VP3 was tested in
a standard reaction volume of 10 
l containing a normalized amount of
recombinant VP3, 2.5 mM MnCl2, 1 
M ATP to reduce background, and
10 
Ci [�-32P]GTP (3,000 Ci/mmol). The reaction mixtures were incu-
bated at room temperature for 1 min, quenched with SDS sample buffer,
boiled for 2 min, loaded onto 10% polyacrylamide gels, and electropho-
resed for �18 h at 20 mA. Gels were dried and exposed to a phosphor
storage screen for 4 h. Radiolabeled VP3 was visualized and quantified
using a Typhoon Trio� variable-mode imager and ImageQuant (v5.1)
software. The results of two replicate experiments from each of two
batches of baculovirus-infected Sf9 lysates were quantified for statistical
analysis. One-sample t tests were performed using Prism (v6.0) software
(GraphPad). P values of �0.01, in comparison to the set value of 1.0 for
wild-type VP3, were considered statistically significant.

Nucleotide sequence accession number. The codon-optimized gene
encoding the amino acid sequence of rotavirus strain RRV VP3 synthe-
sized by GenScript has been submitted to GenBank and may be found
under accession number KJ869109.

RESULTS
Phylogenetic analysis. To determine the phylogenetic relation-
ships within the Sedoreovirinae, we constructed ML trees of amino
acid sequences for predicted capping enzymes from representa-
tives of the seadornaviruses, orbiviruses, and rotaviruses (Fig. 1).
Seadornavirus VP3 and orbivirus VP4 sequences clustered tightly
by genus. In contrast, rotavirus VP3 amino acid sequences resolved
into two distinct branches that were analogous to the two previously
identified clades (clades A and B) (15, 16). The phylogenetic distances
between the clade A and B rotavirus VP3 sequences were similar to
the distances between the clade B rotavirus and orbivirus capping
enzyme sequences (Fig. 1). Within each clade, rotavirus species occu-
pied distinct branches, consistent with previous phylogenetic analy-
ses (15, 16). RVA VP3 sequences, which were most highly represented
in the ML tree, clustered in distinct branches containing isolates from
either mammalian or avian hosts.

Sequence analysis. Based on their phylogenetic and functional
relatedness, we hypothesized that Sedoreovirinae capping enzymes
have similar domain architectures. We further hypothesized that
residues important for catalytic function are under strong selec-
tive pressure and may be revealed in sequence alignments. We
began to test this hypothesis by identifying conserved amino acids
in the aligned sequences of capping enzymes from representative
strains of each rotavirus species and of the Orbivirus genus, in-
cluding BTV10 (Fig. 2). Consistent with the phylogenetic analy-
ses, sequence alignment revealed that the capping enzymes of ro-
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taviruses and orbiviruses cluster into three groups that
correspond well with the viral genus and clade (Fig. 1 and 2). Of
the sequences in the alignment, clade A rotavirus VP3 proteins
shared 25 to 90% amino acid identity (39 to 95% similarity) (Ta-
ble 1). Similarly, clade B VP3 proteins shared 25 to 99% identity
(38 to 100% similarity), and orbivirus VP4 proteins shared 33 to
50% identity (50 to 67% similarity). The amino acid conservation
between these groups of capping enzymes was lower, with only 5
to 17% identity (11 to 30% similarity).

Some of the most striking differences between the capping en-
zymes are in regions that align with the BTV10 VP4 N-terminal
and 2=-O-MTase domains (Fig. 2). The N termini of clade A rota-
virus, clade B rotavirus, and orbivirus capping enzymes have
modest intragroup alignment but poor intergroup alignment,
with no residues being conserved across all sequences. This obser-
vation is consistent with the proposed function for the N-terminal
region of BTV10 VP4 as a catalytically inactive adaptor (7). Se-
quences within the 2=-O-MTase domain of BTV10 VP4 differed
significantly in length and composition between the clade B rota-
virus VP3 sequences and the other capping enzyme sequences in
the alignment, and no absolutely conserved residues were ob-
served (Fig. 2). Consistent with an accessory function, a C-termi-
nal domain present in RVA, RVB, and RVG rotaviruses was absent
from the other capping enzymes in the alignment.

Despite many differences, several regions of conservation an-
chor all of the sequences in the alignment (Fig. 2). These regions
align with the N7-MTase and GTase/RTPase domains of BTV10
VP4. Conserved sequences that align with the N7-MTase domain
include (BTV10 VP4 numbering) Arg122, a GxxxE(S/T) motif
spanning residues 134 to 139, and an LxL(S/T)NxxN motif
(where  indicates an aromatic amino acid) spanning residues
409 to 417. The LxL(S/T)NxxN motif aligns with a previously
identified region of conservation among rotavirus VP3 sequences
(15). Conserved residues are found throughout the region that
aligns with the GTase/RTPase domain of BTV10 VP4 and include
(VP4 numbering) Ser527, Arg531, Trp571, His610, and an SGH�
motif spanning residues 552 to 555. Notably, amino acids Arg122,
Arg531, and Trp571, the SGH� motif, and the GxxxE(S/T) motif
were absolutely conserved in an alignment of 810 rotavirus and
orbivirus sequences (data not shown). Ser527 and the LxL(S
/T)N of the LxL(S/T)NxxN motif were nearly completely con-
served in the larger alignment, with just a few instances of substi-
tution with similar amino acids. Although we did not choose to
analyze seadornavirus capping enzymes in detail, the SGH� and
LxL(S/T)NxxN motifs were conserved across all sequences in
the alignment used to generate the ML tree shown in Fig. 1, but the
GxxxE(S/T) motif was not conserved for the seadornavirus cap-
ping enzymes (data not shown).

FIG 1 Phylogenetic relationships among capping enzymes of the Sedoreovirinae subfamily of the Reoviridae. A tree of the amino acid sequences of rotavirus VP3,
orbivirus VP4, and seadornavirus VP3 is shown. Clade A rotavirus strain names are colored red (RVA), magenta (RVC), pink (RVD), or orange (RVF). Clade B
rotavirus strain names are colored royal blue (RVB), cornflower blue (RVG), or cyan (RVH). Seadornavirus and orbivirus strain names are colored green and
gray, respectively. Numbers on the branches indicate bootstrap support. AHV, African horse sickness virus; StCRV, Saint Croix River virus. Bar, 0.8 change per
site.
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A structural view of orbivirus and rotavirus capping enzyme
sequence conservation. After identifying residues and sequence
motifs conserved between the rotavirus and orbivirus capping en-
zymes, we wanted to map them onto the BTV10 VP4 structure.
Some loops were unresolved in the reported BTV10 VP4 struc-
ture, so we used I-TASSER to generate a high-confidence model of
the full-length protein (Fig. 3A). Coloring of the surface of the
BTV10 VP4 model on the basis of the sequence conservation
among orbivirus capping enzymes (Fig. 3B) revealed that the most
highly conserved amino acids cluster in discrete regions on the top
and in front of the molecule, and these also correspond to pre-
dicted active sites. Conserved residues on the top of BTV10 VP4
form surface-exposed loops and line a deep depression hypothe-
sized to be the GTase/RTPase active site (7). Conserved residues
on the front of the molecule primarily line two large clefts that
serve as binding sites for S-adenosyl-L-homocysteine (SAH) in the
N7-MTase domain and SAH and a cap analog in the 2=-O-MTase

domain (Fig. 3A and B). These observations suggest that orbivirus
capping enzymes share a common domain architecture.

To identify the locations of residues and motifs conserved be-
tween the rotavirus and orbivirus capping enzymes, the surface of
the BTV10 VP4 model was colored on the basis of the sequence
conservation across all aligned capping enzymes (Fig. 2 and 3C
and D). Although conservation in general was much lower across
all sequences than across orbivirus VP4 sequences, the most highly
conserved residues again mapped primarily to the top of the mol-
ecule, near the predicted GTase/RTPase active site; to the SAH-
binding cleft in the N7-MTase domain; and, to a lesser extent, to
the SAH-binding and cap analog-binding clefts of the 2=-O-
MTase domain (Fig. 3D). The three sequence motifs identified in
the alignment (Fig. 2) correspond to an �-helix that lines the deep
depression in the GTase/RTPase domain (SGH�) and the major
SAH-binding surface in the N7-MTase domain [GxxxE(S/T) and
LxL(S/T)NxxN] (Fig. 3C). Arg122, which is conserved among

FIG 2 Sequence conservation among rotavirus and orbivirus capping enzymes. Amino acid alignment of rotavirus (VP3) and orbivirus (VP4) capping enzymes.
The rotavirus species, strain name, and clade are indicated; orbivirus (Orbi) strain names are indicated. Aligned residues are colored according to their
conservation in the alignment: red, identical for all viruses; orange, similar for all viruses; green, identical for all rotaviruses; and cyan, identical for all clade A
rotaviruses. The colored bar above each row of the alignment indicates a structural domain of BTV10 VP4 (gray, N terminus; green, N7-MTase; purple,
2=-O-MTase; blue, GTase/RTPase) or a predicted structural domain of RVA RRV VP3 (cyan, PDE). Asterisks indicate motifs or residues discussed in the text.
Black squares highlight residues of the BTV10 VP4 2=-O-MTase KDKE motif. Predicted H�(T/S)� motifs in the PDE domain of rotavirus VP3 are outlined.
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all sequences in the alignment (Fig. 2), is also located in the N7-
MTase domain and contributes to SAH binding by BTV10 VP4
(Fig. 3C) (7). While their contributions to activity remain un-
known, residues Ser527, Arg531, Trp571, and His610, proximal to
the SGH� motif in the BTV10 VP4 GTase/RTPase domain (Fig.
3C), are conserved among all sequences in the alignment (Fig. 2).
However, a proposed RTPase active-site cysteine (Cys518) in
BTV10 VP4 that is conserved among orbiviruses is not conserved
among rotavirus VP3 proteins (Fig. 2). Together, these findings
suggest that rotavirus and orbivirus capping enzymes share a sim-
ilar GTase/RTPase domain structure and a disrupted N7-MTase
domain with a conserved SAH-binding site.

Predicted structure of RVA VP3. To gain additional insight
into the RVA VP3 structure and domain organization, we input-
ted the sequence of simian RVA strain RRV into PHYRE (42),
which uses the sequence and predicted secondary structure to
search for homologs within a fold library generated from entries in
the Structural Classification of Proteins (SCOP) database (46) and
Protein Data Bank (PDB) (47). We obtained an extensive VP3
homology model (amino acids 39 to 634) based on the BTV10
VP4 sequence (PDB accession number 2JH8) (7) (Fig. 4A). De-
spite a modest confidence score (75%), the phylogenetic related-
ness of RRV and BTV10 (Fig. 1) and the conservation of predicted
active-site residues in sequence alignments (Fig. 2) suggest that
the model is biologically relevant. Thus, to generate a more com-
plete model of the capping region of RRV VP3, we used the
threading function of I-TASSER with the BTV10 VP4 sequence
(PDB accession number 2JH8) as the template and RVA RRV VP3
amino acids 1 to 688 as the input sequence (Fig. 4C). Both struc-
tural models resembled BTV10 VP4 in terms of overall architec-
ture, and the domain boundaries suggested by each model were
consistent with those predicted from the sequence alignment (Fig.

2 and 4A and C). When we generated alignments based on the
structure of BTV10 VP4 and each RRV VP3 model, we observed
conserved residues in each predicted domain, with several cluster-
ing in regions that align with the N7-MTase SAH-binding site and
predicted GTase/RTPase active sites of BTV10 VP4 (Fig. 4B and
D). For the RRV VP3 PHYRE homology model, the GxxxE(S/T)
motif and LxL(S/T)N of the LxL(S/T)NxxN motif that to-
gether form the major SAH-binding surface in the N7-MTase do-
main of BTV10 VP4 were structurally conserved, but the SGH�
motif in the predicted GTase/RTPase active site was shifted C
terminally by one amino acid relative to the BTV10 VP4 structure,
and Arg117 did not align precisely with a conserved arginine in the
VP3 model (Fig. 4B and data not shown). For the RRV VP3 I-
TASSER threading model, the position of the LxL(S/T)NxxN
motif was conserved, the GxxxE(S/T) motif was shifted from the
BTV10 VP4 structure toward the N terminus by one amino acid,
and the SGYI sequence (residues 586 to 589) aligned structurally
to SGHL (residues 552 to 555) in BTV10 VP4 (Fig. 4D and data
not shown). Amino acid conservation in the predicted N-terminal
and 2=-O-MTase domains was notably higher in structure-based
(Fig. 4B and D) versus sequence-based (Fig. 2) alignments of the
BTV10 VP4 and the RRV VP3 models.

To locate residues and motifs that are highly conserved within
clade A rotavirus capping enzymes or between rotavirus and or-
bivirus capping enzymes, the surface of the RRV VP3 threading
model was colored on the basis of sequence conservation (Fig. 4E
and F). The more conserved sequences mapped primarily to re-
gions that align with the BTV10 VP4 predicted GTase/RTPase
active site at the top of the molecule, the N7-MTase SAH-binding
cleft, and the 2=-O-MTase SAH- and cap analog-binding clefts. An
additional region of conservation on the underside of the N-ter-
minal domain was also observed for clade A rotavirus VP3, and

TABLE 1 Percent amino acid identity and similarity matrix based on the alignment in Fig. 2a

a Values for intragenus (orbivirus) and intraclade (rotavirus) comparisons are shaded.
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the conservation on the top of the model for these viruses was
more extensive than that observed for the orbiviruses (Fig. 3B and
4E). These findings support the idea that rotavirus and orbivirus
capping enzymes share a similar GTase/RTPase domain structure
and a disrupted N7-MTase domain with a conserved SAH-bind-
ing site.

We also searched for RRV VP3 homologs using PHYRE2 (42).
Despite the low sequence identity (�20%) with predicted ho-
mologs, high-confidence models (	95%) were generated for two
distinct regions of RRV VP3. Amino acids 257 to 343 are homol-
ogous to the 2=-O-MTase of vaccinia virus (VV), VP39 (PDB ac-
cession numbers 1V39, 1VPT, and 1VP3) (12, 43) (Fig. 5A). As

previously reported (30), the C-terminal region (amino acids 697
to 800) is homologous to the central domain of human AKAP7
(PDB accession number 2VFY) (44), a 2H-phosphoesterase su-
perfamily member (Fig. 6A).

Predicted structure of the rotavirus VP3 2=-O-methyltrans-
ferase domain. The region of RRV VP3 (residues 257 to 343) that
was modeled on the basis of VV VP39 is contained within a region
of VP3 that is homologous to the 2=-O-MTase domain of BTV10
VP4 (Fig. 4 and 5A). When VP3 sequences from representative
strains of rotavirus were inputted into PHYRE2, high-confidence
(	95%) homology models based on VV VP39 were also generated
for a central region of the RVC, RVD, RVF, and RVH VP3 (Fig. 5B

FIG 3 Predicted structure and conservation for BTV10 VP4. (A) Ribbon drawing of a front view of the BTV10 VP4 model homology with the ligands SAH
(yellow; PDB accession number 2JHP) and GpppG (light blue; PDB accession number 2JHA) overlaid. Domains are colored gray (N terminus), green (N7-
MTase), purple (2=-O-MTase), or blue (GTase/RTPase). (B) Four views of a surface representation of the BTV10 VP4 homology model colored by the degree of
amino acid conservation across all orbivirus sequences from the alignment in Fig. 2, with ligands overlaid as described for panel A. The most highly conserved
positions are colored maroon, and the least conserved are colored cyan, as indicated by the scale bar. (C) Ribbon drawing of the BTV10 VP4 homology model
onto which residues that are identical (red) or similar (orange) for all sequences in the alignment in Fig. 2 have been mapped. The locations of sequence motifs
conserved among rotavirus and orbivirus capping enzymes and identified by sequence alignment (Fig. 2) are indicated. (D) Four views of a surface representation
of the BTV10 VP4 homology model colored by the degree of amino acid conservation across all sequences from the alignment in Fig. 2.
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to E). Structure-based sequence alignments of these homology
models with VV VP39 (PDB accession number 1V39) were gen-
erated to identify conserved amino acids (Fig. 5I). The position of
residues in the VP39 KDKE catalytic tetrad was conserved for all
modeled rotavirus VP3 sequences, with the exception of the first
lysine for RVC VP3 and the aspartic acid for RVD VP3. Additional
residues that interacted with SAM in VP39 structures and that
were identical or similar for the VP3 models included Gln39,
His74, and Phe115 (Fig. 5I) (12, 43). VP39 residues Gly68, Pro71,
and Arg139 were also identical in the VP3 models and are located
within the SAM-binding pocket. Structure-based sequence align-
ments of the RRV VP3 homology and threading models with
BTV10 VP4 (PDB accession number 2JH8) revealed that residues
in the KDKE catalytic tetrad were similarly conserved (Fig. 5J).
Although the first lysine in the threading model failed to align
precisely, Lys260 (Fig. 5J, RVA I-TASSER) is quite close to the first

lysine in the BTV10 VP4 catalytic tetrad and may function simi-
larly (Fig. 5H). Together, these findings suggest that, despite a lack
of overall sequence conservation, clade A rotavirus VP3 and RVH
VP3 contain a 2=-O-MTase domain.

Predicted structure of the rotavirus VP3 2H-PDE domain.
Two H�(T/S)� motifs are the hallmark used to identify potential
2H-phosphoesterase superfamily members, as they form the li-
gand-binding and catalytic site (48). Mutation of one or both
histidines in these motifs resulted in the loss of 2=-5=-phosphodi-
esterase (2=-5=-PDE) activity for the RVA VP3 C-terminal domain
(30). While the PDE domain is absent from orbivirus VP4 and
RVC, RVD, RVF, and RVH VP3, it is present in RVB and RVG
VP3 (Fig. 2) (30). Sequence alignments revealed two potential
H�(T/S)� motifs in the RVB and RVG VP3 C terminus. How-
ever, the spacing between the motifs differed somewhat from that
of RVA VP3, and the second motif was actually H�N� for RVG

FIG 4 Predicted structure and conservation for RRV VP3. (A to D) Ribbon drawings of front views of the RRV VP3 PHYRE homology (A and B) and I-TASSER
threading (C and D) models, based on BTV10 VP4 (PDB accession number 2JH8). Predicted domains are colored as described in the legend to Fig. 2. BTV10 VP4
ligands SAH (yellow; PDB accession number 2JHP) and GpppG (light blue; PDB accession number 2JHA) have been overlaid as sphere (A and C) or stick (B and
D) representations. Residues that are identical (red) or similar (orange) in structure-based alignments with BTV10 VP4 are indicated in panels B and D. Motifs
identified in Fig. 2 or discussed in the text are indicated. (E and F) Four views of a surface representation of the VP3 I-TASSER threading model colored by the
degree of amino acid conservation across clade A rotavirus (E) or all (F) sequences from the alignment in Fig. 2. The most highly conserved positions are colored
maroon, and the least conserved are colored cyan, as indicated by the scale bar. The first nine amino acids of the model are shown as a ribbon.
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VP3. Thus, it is unclear whether these domains function similarly
to the PDE domain of RVA VP3. To gain insight into the function
of this domain for RVB and RVG VP3, we inputted the C-terminal
sequences into PHYRE2. In both cases, the AKAP7 central domain
(PDB accession number 2VFY) was identified as a homolog, but
the confidence scores were only 46% (RVG 03V0567) and 35.8%
(RVB CAL-1). Nonetheless, the homology models for RVB and
RVG C-terminal domains aligned the predicted H�T� (or
H�N�) motifs with those of AKAP7 (Fig. 6B and C). On the basis
of the structural alignment, residues conserved between the pre-
viously published RVA VP3 PDE model (Fig. 6A) (30), the RVB
and RVG VP3 C-terminal models (Fig. 6B and C), and the AKAP7

central domain cluster primarily in the groove responsible for
ligand binding and catalysis (Fig. 6D and E) (44). Residues that are
identical across the four models include the catalytic histidines in
both H�T� motifs, the threonine in the first H�T� motif, and
Arg219, a component of the AKAP7 R loop that forms a cation-�
interaction with the adenine moiety of its AMP and CMP ligands.
While confidence in the RVB and RVG VP3 C-terminal domain
models is fairly low, they provide support for the idea that these
regions adopt a fold resembling 2H-phosphoesterase superfamily
members and, like RVA VP3, function as 2=-5=-PDEs.

Mutational analysis of the predicted VP3 guanylyltrans-
ferase domain. Autoguanylation, the covalent binding of GMP

FIG 5 Predicted 2=-O-methyltransferase domain of RRV VP3. (A to E) Overlay of ribbon drawings of VV VP39 (white; PDB accession number 1V39) and the
VP39-based VP3 homology models for RVA RRV (A), RVC Bristol (B), RVD 05V0049 (C), RVF 03V0568 (D), or RVH J19 (E). The VP39 ligands SAH (yellow)
and 7N-methyl-8-hydroguanosine-5=-diphosphate (light blue) are shown as stick representations. (F to H) Overlay of the 2=-O-MTase domain of the BTV10 VP4
homology model (white) with the VP4-based RVA RRV VP3 homology model (light blue; F), I-TASSER RVA RRV VP3 threading model (green; G), or both (H).
The VP4 ligands SAH (yellow; PDB accession number 2JHP) and 7N-methyl-8-hydroguanosine-5=-diphosphate (blue; PDB accession number 2JH8) are shown.
Side chains of residues in the KDKE motif are shown (A to H) and indicated (H). (I to J) Structure-based alignment of sequences from the VP3 models shown
in panels A to E with VV VP39 (I) or from the RRV VP3 models shown in panels F and G with BTV10 VP4 (J). Identical (red) and similar (orange) residues are
colored. Residues of the KDKE motif are outlined.
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and release of pyrophosphate by a GTase, is the first step in the
ping-pong reaction of guanylyl transfer (3, 49). Toward testing the
validity of our predictions about VP3 structure and function, we
engineered baculoviruses expressing RRV VP3 with mutations in
the predicted GTase domain and quantified their capacity to co-
valently bind [32P]GMP. Lysine typically serves as the site of au-
toguanylation, but arginine or histidine can also form phospho-
amide bonds and might theoretically serve this function (50).
Although none of the lysines in the predicted GTase domain was
highly conserved in sequence alignments of orbivirus and rotavi-
rus capping enzymes (Fig. 2), we engineered individual isoleucine
substitutions of each lysine in this region of RRV VP3. We also
engineered isoleucine substitutions of conserved arginine and his-
tidine residues in the predicted GTase domain of RRV VP3 (Fig. 2)
and of Lys541, which is part of a KxxGNNH motif (RRV VP3
residues 541 to 545) previously proposed to be the VP3 GTase
active site (51). This residue is conserved among clade A rotavirus
VP3 sequences but resides in the predicted N7-MTase domain
(Fig. 2). We found that several mutations in the predicted GTase
region of RRV VP3, including K559I, R577I, H612I, K639I, K663I,
and K687I, diminished autoguanylation, consistent with the pre-
dicted function of this domain (see Fig. 8). However, only the
R591I and H650I mutations resulted in undetectable autoguany-
lation levels. Although lysine is capable of forming a phosphoam-
ide bond, lysine substitutions of Arg591 and His650 failed to re-

store covalent GMP binding. The K541I substitution had a
modest effect on VP3 autoguanylation, excluding the possibility
that Lys541 is the VP3 catalytic lysine. These findings provide
support for our predictions about VP3 domain architecture and
identify two potential noncanonical sites of VP3 autoguanylation,
Arg591 and His650.

DISCUSSION

In keeping with the description of BTV10 VP4 as a capping assem-
bly line (7), the patterns of amino acid conservation among orbi-
viruses suggest an order of events and a potential pathway for
newly synthesized RNA (Fig. 3B). The C-terminal domain of
BTV10 VP4 has been unambiguously identified as the GTase do-
main and is also thought to serve as the RTPase domain (7). The
poorly conserved BTV10 VP4 N-terminal domain is proposed to
interact with the viral polymerase. Such an interaction could po-
sition newly synthesized viral mRNAs in proximity to the RTPase
and GTase active site(s) (Fig. 2 and 3B). Winding down the front
of the molecule, a viral mRNA would next encounter the con-
served SAH-binding pocket of the N7-MTase domain, followed
by the conserved SAH- and cap analog-binding clefts of the VP4
2=-O-MTase domain. This order of events is consistent with the
canonical mRNA capping pathway (1). The pattern of VP3 amino
acid conservation observed among clade A rotaviruses, when
mapped onto the threading model of RVA RRV VP3, is similar to
that of orbiviruses, which suggests that these enzymes also func-
tion as capping assembly lines, with viral mRNAs potentially fol-
lowing a similar path (Fig. 4E). It remains to be seen whether
conservation of this enzymatic domain arrangement extends to
other Sedoreovirinae capping enzymes.

Our findings suggest candidate catalytic regions and residues
in the RRV VP3 and BTV10 VP4 GTase/RTPase domains. The
SGH� motif is extremely well conserved among rotavirus and
orbivirus capping enzymes, contains a proposed BTV10 VP4
GTase active-site histidine (His554), and is located on an �-helix
in the deep depression at the top of the BTV10 VP4 GTase/RTPase
domain (Fig. 2 and 3) (7). Residues in this motif may contribute to
GTase, RTPase, or both activities. Our biochemical data show that
His612, which is contained within the RRV VP3 SGH� motif,
contributes to but is not required for the first step in guanylyl
transfer (Fig. 2 and 7). This motif occupied divergent locations in
the RRV VP3 I-TASSER model and the BTV10 VP4 structure (Fig.
4B and D), which may indicate true structural differences between
BTV10 VP4 and RVA VP3 in this region or may simply reflect the
quality of the models. In our biochemical studies, the three most
highly conserved RRV VP3 residues that we mutated, Arg577,
His612, and His650, all contributed significantly to autoguanyla-
tion; Arg591 and His650 were required for this activity (Fig. 2 and
8). RRV VP3 His612 aligns with BTV10 VP4 His554, which is part
of the SGH� motif (Fig. 2) (7). RRV VP3 Arg591 fails to align
precisely with a BTV10 VP4 residue but aligns with a region of
BTV10 VP4 comprising a flexible surface loop adjacent to the
�-helix containing the SGH� motif. The BTV10 VP4 residue cor-
responding to RRV VP3 His650, His610, is located in a different
surface-exposed loop, adjacent to the depression containing the
SGH� motif. The BTV10 VP4 residue corresponding to RRV VP3
Arg577 is located in an �-helix adjacent to the one containing the
SGH� motif and preceding the flexible loop that encompasses
His610. Together, these observations suggest that the deep depres-
sion containing the SGH� motif and the surrounding external

FIG 6 2H-phosphodiesterase domain of rotavirus VP3. (A to C) Ribbon
drawings showing the overlay of an RVA RRV (A), RVB CAL-1 (B), or RVG
03V0567 (C) VP3 homology model (cyan) onto the AKAP7 central domain
structure (white; PDB accession number 2VFY). The side chains of histidine
and threonine (or asparagine) residues in the H�T� motifs and the AKAP7
ligand AMP (green; PDB accession number 2VFK) are shown. (D) Structure-
based alignment of the AKAP7 central domain and the three models shown in
panels A to C. Residues that are identical (red) or similar (orange) for all
sequences in the alignment are colored. H�T� motifs are outlined. (E) Rib-
bon drawing of the AKAP7 central domain, with conserved residues colored as
in the alignment in panel D.
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loops of BTV10 VP4 house residues important for catalytic activ-
ity. Although Arg591 or His650 could theoretically bind GMP
covalently (50), His650 is the more likely candidate for two rea-
sons. First, His650 is more highly conserved among Sedoreovirinae
capping enzymes (Fig. 2). Second, while covalent bonds with his-
tidine occur as part of the capping process for the vesicular sto-
matitis virus L protein, the L-A virus Gag protein, and, likely, the
bamboo mosaic virus capping enzyme, we can find no similar
examples of phosphoamide bond formation with arginine (52–
55). Cys518, which was proposed to form part of the RTPase cat-
alytic site in BTV10 VP4 (7), is not conserved for rotavirus VP3
(Fig. 2). While BTV10 VP4 exhibits RTPase activity (56), this ac-
tivity has not been observed for hypotonically disrupted rotavirus
subviral particles (22); it is possible that another viral protein
(VP1 or VP2) or its interaction with VP3 is required. Additional
studies are needed to unambiguously identify the sites of autogua-
nylation and RTPase mechanisms for both orbivirus and rotavi-
rus. Since the fold adopted by the BTV10 VP4 GTase/RTPase do-
main has not previously been observed, such studies may also
reveal novel enzymatic mechanisms (1, 7).

Conserved sequences in the BTV10 VP4 N7-MTase domain
served as anchor points to align orbivirus and clade A and B rota-
virus capping enzyme sequences, which differed in some cases by
more than 90% (Fig. 2 and Table 1). The strong sequence conser-
vation of BTV10 VP4 Arg122 and the GxxxE(S/T) and LxL(S/T)
NxxN motifs, combined with their observed interactions with
SAH in VP4 structures, provides strong evidence that the N7-
MTase architecture is conserved among orbivirus and rotavirus
capping enzymes (Fig. 2 and 3). The positional conservation of
LxL(S/T)N or the entire LxL(S/T)NxxN motif in both BTV10
VP4-based VP3 models and the GxxxE(S/T) motif in the RVA
VP3 homology model, as well as the presence of amino acids con-
served among clade A rotavirus VP3 proteins in the predicted
catalytic cleft of the RVA VP3 threading model, provide addi-
tional evidence that the RVA VP3 N7-MTase domain architec-
ture and the included SAH-binding site resemble those of
BTV10 VP4 (Fig. 4).

Despite a lack of conservation in sequence alignments, the 2=-

O-MTase domain was the VP3 capping domain most consistently
modeled with high confidence (Fig. 5). The shorter models (for
RVA, RVC, and RVH VP3) included four of the seven �-strands
typical of the class I SAM-dependent MTase fold and conserved
the two modeled residues of the KDKE catalytic tetrad, with the
exception of the first lysine for RVC VP3. The more extensive
models (for RVD and RVF VP3) included all seven �-strands and
conserved the four residues of the KDKE catalytic tetrad, with the
exception of the aspartic acid for RVD VP3. Notably, the second
lysine in the tetrad, the catalytic lysine, was structurally conserved
for all VP3 models that encompass this region (Fig. 5) (57). VP3
Gly68, a small residue conserved among various methyltrans-
ferases (12), was also conserved across all of the modeled struc-
tures (Fig. 5) and BTV10 VP4 (Gly197). These findings strongly
support the notion that each of the RVA, RVC, RVD, RVF, and
RVH VP3 proteins contains a functional 2=-O-MTase domain and
reinforce the utility of homology modeling to predict the func-
tions of proteins that share little sequence identity.

Our findings suggest an overall domain architecture for rota-
virus VP3 (Fig. 7). A combination of sequence analysis, homology
modeling, and mapping of conserved amino acids suggests that
the VP3 N-terminal domain, whose function remains unknown,
is followed by a predicted N7-MTase domain that contains an
insertion, which is usually a 2=-O-MTase domain (Fig. 2 to 5 and
7). A patch of conserved amino acids on the underside of the
predicted VP3 N-terminal domain and adjacent to the predicted
N7-MTase SAH-binding cleft of clade A rotaviruses (Fig. 4E) is
consistent with either a catalytic function for this domain or in-
teraction with a conserved region of the viral RdRp, VP1. The first
three predicted domains of VP3 are followed by a putative GTase/
RTPase domain and, in some cases, a PDE domain (Fig. 2 to 7).
On the basis of the sequence alignment and structure prediction,
the domain architecture for the capping region of VP3 is likely
well conserved among clade A rotaviruses (Fig. 2 to 5 and 7). A
surprising finding for the clade B rotaviruses was the absence of a
predicted 2=-O-MTase domain in RVB and RVG VP3 and its pres-
ence in RVH VP3. The insertion in the N7-MTase domain of RVB
and RVG VP3 is �120 amino acids long, whereas it is �180 amino
acids for the other rotavirus species. It is unknown whether RVB
and RVG synthesize mRNAs with cap-0 or cap-1 structures. If
they synthesize cap-1, their 2=-O-MTase domains may be too dif-

FIG 8 Autoguanylation of mutant VP3 proteins. Lysates of Sf9 cells infected
with baculoviruses expressing CAT, wild-type RRV VP3 (VP3), or RRV VP3
point mutants were incubated with [�-32P]GTP, boiled, resolved by SDS-
PAGE and autoradiography, and quantified by phosphorimage analysis. The
graph shows the quantified signal from radiolabeled mutant VP3, normalized
on the basis of the input protein and plotted relative to that of wild-type VP3.
Point mutations in VP3 are indicated. Error bars represent SDs. *, P � 0.01.

FIG 7 Predicted domain organization for VP3 from different rotavirus spe-
cies. Amino acid domain boundaries, based on the alignments in Fig. 2, are
indicated. Domains are labeled and colored by predicted function: gray, un-
known (UN); green, N7-MTase; purple, 2=-O-MTase; blue, GTase/RTPase;
cyan, PDE. A patterned color suggests a reduced confidence in domain
identity.
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ferent for homologs to be identified, or a single MTase domain
may perform both methylation activities, as observed for flavivi-
rus NS5 proteins (58). The presence of a C-terminal PDE domain
in some members of each rotavirus clade (Fig. 2 and 6) is consis-
tent with the notion that it is a nonessential virulence determi-
nant. The PDE domain maintained in a common ancestor may
have been lost from some rotavirus species over time, perhaps
because its innate immune antagonist function is somewhat re-
dundant with the function of other molecules encoded in the viral
genome, such as NSP1 (59), or because it is more important for
infection of some hosts or cell types than of others, as is the case for
coronavirus ns2 (60).

The combination of phylogenetic analysis, sequence align-
ment, and homology modeling provides a powerful predictive
tool. While it is possible that none of the structural models gener-
ated in this study is an entirely accurate representation of VP3,
they have permitted prediction of structural and functional do-
mains and active sites. The findings reported herein provide in-
formation useful for the design of VP3 protein expression con-
structs and targets for mutational and biochemical analysis. An
improved understanding of the enzymatic mechanisms that gov-
ern rotavirus transcription may inform strategies to recover fully
recombinant rotaviruses, and a broader knowledge of the mecha-
nisms by which rotaviruses evade innate immune defenses, in-
cluding the PDE and 2=-O-MTase activities of VP3, may provide
ideas for the rational design of attenuated vaccines in the future.
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