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Rotavirus is a major cause of acute infantile diarrhoea
worldwide. The virus genome consists of 11 segments
of double-stranded RNA that codes for six structural
proteins (VP1-6) and six non-structural proteins (NSP1-
6). NSPs are proteins expressed from the virus genome
in the infected cell, but are not incorporated into the
mature virus particle. NSPs play an essential role in
virus replication, morphogenesis and pathogenesis, and
most of them exhibit multifunctional properties. Struc-
ture—function analysis of the NSPs is essential for un-
derstanding the molecular mechanisms by which the
virus circumvents host innate immune responses,
inhibits cellular protein synthesis, hijacks the protein
synthetic machinery for its own propagation and
manifests the disease process. Because of their essen-
tial roles in virus biology, NSPs represent potential
targets for the development of antiviral agents. Deter-
mination of the three-dimensional structure of NSPs
has been hindered due to low-level expression and ag-
gregation. To date, the complete three-dimensional
structure of only NSP2 has been determined. The
structures of the N- and C-terminal domains of NSP3
and the diarrhoea-inducing domain of NSP4 have also
been determined. This review primarily covers the
structural and biological functions of the NSPs whose
three-dimensional structural aspects have been fully
or partially understood, but provides a brief account
of other NSPs and the structural features of the
mature virion as determined by electron cryomicro-
scopy.
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Introduction

ROTAVIRUS belongs to the family Reoviridae whose
members contain segmented double-stranded RNA as
genome'. It is a major etiological agent of severe acute
gastroenteritis in children below five years of age and is
estimated to be responsible for about 600,000 deaths
worldwide®, Rotaviruses are large (100 nm) non-enveloped
viruses and contain a genome of 11 double-stranded RNA
segments' (Figure 1a). The 11 gene segments encode six
structural (VP1-VP6) and six non-structural (NSP1-
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NSP6) proteins with the gene segment 11 encoding both
NSP5 and NSP6 from two overlapping out-of-frame open
reading frames'”. Structure analysis by electron cryo-
microscopy (cryoEM) revealed that rotavirus consists
of three concentric icosahedral protein capsid layers™’
(Figure 1 b—d). The virions possess icosahedral symmetry
with the two outer layers having a 7= 13 [ icosahedral
surface lattice. The virion structure also exhibits three
types of 132 large aqueous channels that are about 140 A
deep spanning the outer two capsid layers™’ which are
distinguished by their position and size. There are 12 type
I channels that run down the icosahedral five-fold axes,
60 type II channels located at the quasi-six-fold position
close to type I channels and 60 type III channels located
at the quasi-six-fold position near the icosahedral three-
fold axis. The type I channels serve as conduits for the
export of viral mRNAs into the cytosol (Figure 1 e and f).

The outer capsid consists of two proteins that deter-
mine two antigenic specificities, the G serotype-determin-
ing major glycoprotein VP7 and the P serotype-specifying
minor component VP4 that forms 60 spikes of the virion®.
The intermediate layer consists of subgroup-specific pro-
tein VP6 which accounts for about 50% of the virion
protein. The inner layer composed of VP2 encloses the
core consisting of the ordered genome, VP3 and the viral
RNA-dependent RNA polymerase7. Rotavirus architecture
at subnanometer resolution® and the structural organiza-
tion of the outer capsid proteins have been recently
reported” .

Rotavirus infection is a multi-step process in which the
virus particle sequentially interacts with several cell surface
molecules that include sialic acid, integrins and heat
shock cognate protein Hsc70 (refs 15-17). Rotavirus rep-
lication and assembly of the immature double-layered
particles (DLPs) occur in the electron-dense cytoplasmic
structures called viroplasmsl. However, maturation of the
DLP into triple-layered particle (TLP) requires budding
of the DLP into the lumen of the endoplasmic reticulum
(ER) where it attains the outer layer consisting of VP7 and
VP4. Though the virus is transiently enveloped in the ER,
the mature virion released from the cell is non-enveloped'®.

Viruses have evolved a multitude of strategies to over-
come the cellular defense mechanisms and promote their
growth in the infected cells. These include selective sub-
version of essential cellular functions such as translation,
transcription and DNA replication, and hijacking these
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Figure 1.

Rotavirus architecture as determined by electron cryomicroscopy. a., Polyacrylamide gel showing the

11 dsRNA segments and their protein coding assignments. b, Cryo-EM reconstruction of rotavirus triple-layered
particle (TLP). The outer capsid proteins VP4 and VP7 are shown in orange and yellow respectively. ¢, A cut-
away representation of the TLP showing the three capsid layers. The intermediate layer consisting of VP6 is
shown in blue and the inner layer of VP2 is shown in green. d, Schematic depiction of the core showing the RNA
as conical spirals surrounding the transcriptase (red) anchored to the VP2 layer at the five-fold axes. d and e,
Cryo-EM reconstruction model of the transcriptionally active DLP showing release of the transcribed RNA
through channels located at the five-fold vertex. Figure reproduced from Jayaram et al. (2004) with permission

from B. V. Prasad.

processes for its own advantage by manipulation of key
cellular factors by proteolytic cleavage or modification,
suppression of antiviral innate immune responses and
altering the intracellular environment conducive for virus
growth. Structural proteins determine the virion architec-
ture, host and cellular tropism, antigenic specificities and
pathogenicity whereas the non-structural proteins play
crucial roles in selective modification and directing essen-
tial cellular processes for viral protein synthesis and repli-
cation leading to pathogenesis. Understanding the structure
and function of NSPs is important as they could serve as
potential targets for intervention against viral diseases.

Of the six non-structural proteins encoded by the viral
genome, the complete three-dimensional structure of only
one protein NSP2 has been determined. Whereas the
structure of NSP3 has been determined in two parts; the
central tetrameric coiled coil region of NSP4 containing
the diarrhoea-inducing, VP4- and Ca*'-binding domains
has been determined. Poor expression, aggregation and
insolubility of the recombinant NSPs hindered their cry-
stallization. In this review, we primarily focus on the
structural and functional aspects of the rotavirus NSPs
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whose three-dimensional structural features have been
fully or partially understood, but provide only a brief
description of the properties of other NSPs.

NSP1, encoded by genome segment 5, is least conser-
ved among the strains and contains cysteine-histidine-
rich zinc-binding domain'®. It was recently shown to
function as E3 ubiquitin ligase and mediate suppression
of cellular innate immune responses by targeting inter-
feron regulatory factors IRF3, IRFS5 and IRF7 to protea-
some-mediated degradation® >, It also inhibits NF 83
activation by preventing the degradation of inhibitor of
kB (kB a) through proteasome-mediated degradation of
the Mtransducin repeat containing protein (STrCP), a
component of the E3 ubiquitin ligase complex®. NSP1
from different strains differ in their abilities to suppress
innate immune responses and hence influence the replica-
tion efficiency of the virus in the infected cell®. Thus,
mutants of NSP1 are viable but replicate slowly*”.

NSP5, the major product coded by segment 11, is a
20 kDa polypeptide that undergoes phosphorylation and
glycosylation yielding isoforms ranging in size from 26
to 37 kDa*®*. It is a serine-threonine-rich protein and
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contains target sites for multiple cellular kinases. However,
the cellular kinases that are required for its phosphoryla-
tion have yet to be identified. NSP5 appears to undergo
hyperphosphorylation and dephosphorylation, and the
hyperphosphorylated forms are found in the insoluble
viroplasm fractions®®*'. Its phosphorylation is modulated
by interaction with other non-structural protein NSP2
(ref. 31). It also possesses ATPase activity®>. NSP5 inter-
acts with NSP2 and the two proteins are the major com-
ponents of the viroplasm structures in the infected cell®.
It also interacts with NSP6 (ref. 34), the viral RNA-
dependent RNA polymerase VP1 (ref. 35) and the inner
capsid protein VP2 (ref. 36). Using RNA interference,
NSP5 was shown to be essential for virus replication and
encapsidation®®, The C-terminal region binds calcium
and the C-terminal 68 residues appear to direct NSP5
hyperphosphorylation, insolubility and calcium-dependent
viroplasm-like structure formation®”.

NSP6 is a minor product encoded by an alternative
open reading frame in gene segment 11 which is out-of-
frame with that of NSP5 (ref. 3). NSP6 interacts with
NSP5 (ref. 34). The biological function of NSP6 in the
infected cell is yet to be elucidated.

NSP3

Efficient initiation of translation of most cellular mRNAs
requires circularization of the mRNA mediated by bring-
ing together of the translation initiation factor elF-4E
bound to the cap structure at the 5" end and the poly(A)-
binding protein (PABP) bound to the poly(A) tail at the 3’
end by the scaffold protein eIF-4G™ . Rotavirus mRNAs
lack a poly(A) tail but instead contain a consensus
sequence at their 3’ ends'. NSP3 is a sequence-specific
RNA binding protein and binds the tetranucleotide
sequence that is conserved at the 3 ends of all rotaviral
mRNAs™* NSP3 interacts at the same site on elF-4GI
as that is used by PABP'" NSP3 also interacts with
RoXaN, a cellular protein of unknown function, and
mediates nuclear localization of PABP-C1 in rotavirus-
infected cells™*”. This competition between NSP3 and
PABP for elF-4G1 was believed to facilitate virus RNA
translation and shut-off of host protein synthesis'**!,
However, recent studies indicate that NSP3 is not
required for viral RNA translation, but could be impor-
tant for inhibition of cellular mRNA translation™. NSP3
has also been implicated in the extraintestinal spread of
the virus in the infected host’**, but the mechanism is
not understood.

NSP3 is a 36 kDa protein encoded by genome segment
7 (refs 55, 56). The protein occurs as a dimer and consists
of two separable domains with the N-terminal RNA-
binding domain consisting of residues 1-170 and the elF-
4G1-interacting domain formed by the last 107 residues
of the C-terminus. These two domains are separated by the
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dimerization domain lying between amino acids 150 and
206 (ref. 47). The crystal structures of the RNA-binding
and elF-4Gl-interacting domains of NSP3 from Simian
rotavirus strain SA11 have been determined separately””**
and that of the region corresponding to residues 165-205
of the dimerization domain is yet to be determined.

Crystal structure of the N-terminal RNA-binding
domain of NSP3 (NSP3-N) was determined at a resolu-
tion of 2.45 A in complex with a hexanucleotide®” (Figure
2). The heart-shaped homodimer of NSP3-N (residues 4—
164) is formed by intertwining of the two subunits with
structurally similar N-terminal segments but rather dis-
similar C-terminal segments. The crystal structure
revealed that the mRNA binding takes place in the deep
cleft formed at the extensive dimeric interface which is
largely polar in nature. Five bases (5'-U-G-A-C-C-3’) are
visible in the electron density. One end of the cleft where
the 3’-terminal nucleotide binds is completely blocked
thus preventing any internal mRNA binding. NSP3-N is
involved in extensive hydrogen bonds, van der Waals
contacts, salt bridges, stacking and water bridges with the
consensus tetranucleotide segment at the 3’ end of the
ligand. Involvement of all the 2’-hydroxyl groups of these
four nucleotides in hydrogen bonds with the protein sug-
gests the preference of RNA sequence to that of DNA.
Though NSP3-N exists in dimeric state both in native and
mRNA-bound forms, mRNA binding was shown to in-
crease its stability.

The structure of the C-terminal domain of NSP3 (NSP3-
C) in complex with a 30 residue fragment of elF-4G (resi-
dues 132-160) that also interacts with PABP was deter-
mined at 2.38 A resolution™, NSP3-C (residues 206-315)
is a symmetric homodimer with a rod-like structure hav-
ing two identical binding sites for elF-4G at the dimeric
interface (Figure 3). The binding pockets have predomi-
nantly hydrophobic character. Each subunit has 3« heli-
ces and a terminal Astrand which forms a 3-stranded

Figure 2. Dimer of NSP3-N with bound RNA (pdb code: 1knz).
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[f-sheet with the two N-terminal strands of the elF-4G
fragment. Both NSP3-N and NSP3-C use dimerization as
a strategy for the creation of a highly specific binding
sites with high affinity. The structure of these complexes
provides valuable insights into the mechanism by which
NSP3 preferentially recognizes the conserved sequence at
the 3" end of the viral mRNA and competes with PABP
for binding to the same site on the translational initiation
factor elF-4G leading to hijacking of the host cell trans-
lation machinery for selective translation of viral
mRNAs”".

NSP2

The 35-kDa NSP2 is a major component of virus repli-
case complexes™ and along with NSP5 forms viroplasm
structures that are sites of viral RNA replication, packag-
ing and assembly'. Co-expression of NSP2 and NSP5 in
uninfected cells results in upregulation of NSP5 hyper-
phosphorylation and formation of viroplasm-like struc-
tures™®’. NSP2 possesses single-stranded RNA binding®,
nucleic acid helix destabilizing and Mg*'-dependent
nucleoside triphosphatase (NTPase)®*, nucleoside diphos-
phate kinase (NDP kinase)® and RNA triphosphatase
(RTPase)® properties. NSP2 can catalyse the removal of

Figure 3. Dimer of NSP3-C (cyan and green) in complex with elF-4G
fragment (pink and yellow) (pdb code: 11j2).
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the y phosphate from either RNA or NTP, but RNA is a
better substrate. It is proposed that NTPase and the asso-
ciated NDP kinase activities promote the conversion of
spent NDPs into NTPs within the viroplasms®. In pres-
ence of RNA, because of the low Km value of its RTPase
activity, it is thought to switch to an alternative activity
linked to RNA replication, translocation and packaging.

The biological unit of this highly basic protein is a
doughnut-shaped octamer formed by tail-tail interaction
of two tetramers. In the crystal structure of NSP2 from
group A and group C rotaviruses determined at a resolu-
tion of 2.6 A and 2.2 A, the octamer is formed by the
crystallographic 422 symmetry®*® (Figure 4). Each
monomer in the asymmetric unit consists of two domains:
the N-terminal domain with a new fold and the C-terminal
domain with a histidine-triad (HIT)-like fold observed in
the active site of cellular nucleotidyl hydrolases (Figure
5). A 25 A-deep and 30 A-wide cleft lies between these
two domains which are separated by a 10 residue loop.
Nucleoside triphosphate-binding sites are located on
either side of the groove (Figure 5).

The C-terminal domain of NSP2, though structurally
similar to the HIT family proteins, lacks the typical sig-
nature HIT motif (HxHxHxx: the second H is the cata-
lytic residue and x is a hydrophobic residue), but exhibits
a HIT-like motif (H**'-G-(K/H)-X-H**-X-R) responsible
for binding and hydrolysis of NTPs®*® Other striking
differences are that HIT proteins function as dimers and
hydrolyse at the o~phosphate, whereas NSP2 is an
octamer and hydrolyses at the p~phosphate. His225 of
NSP2 has been identified as the catalytic residue by a
comparison with the structure of PKCI (protein kinase C

Figure 4. NSP2 octamer viewed down the four-fold axis. Subunits
are shown in different colours (pdb code: 119v).
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interacting protein). This study suggests that the hydro-
lytic mechanism of NSP2 is significantly different from
that of cellular enzymes. The four grooves lined pre-
dominantly with basic residues that extend across the
octamer surface function as the ssRNA-binding regions®®’,

Structural studies on the complexes of NSP2 and the
H225A mutant with nucleotide analogues not only pro-
vided many interesting details of the mode of nucleotide
binding and catalytic mechanism but also revealed the
nucleoside diphosphate kinase-like activity of NSP2
which was not reported before®.

NSP4

NSP4, encoded by genome segment 10, is a 175 amino
acid long-multifunctional protein, and is essential for
virus morphogenesis and pathogenesis'. It is the first
virus-encoded enterotoxin to be identified®. It exists in
multiple forms in the infected cell. The full-length protein
is anchored in the ER through the N-terminal hydropho-
bic domains and the C-terminal region of about 131 resi-
dues attains cytoplasmic orientation®’" (Figure 6). It
contains an uncleaved signal sequence at the N-terminus
followed by three hydrophobic domains H1-H3 (Figures
6 and 7). The region from residue 45 to 175 constitutes
the cytoplasmic tail (CT) that exhibits all the known im-
portant biological properties associated with the protein
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Figure 5. A subunit of NSP2. N- and C-terminal domains are shown
in different colours (pdb code: 119v).
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which include intracellular calcium mobilization®™”",

membrane penneabilizationn'”, Ca*'- and VP4-binding',
double-layered particle-binding’*”"" and diarrhoea induc-
tion in newborn mouse pups®’®’® (Figure 7). The region
encompassing H3 to residue 137 exists as an ohelical
tetrameric coiled coil domain (CCD) whereas the
C-terminal region is highly flexible’”. Though NSP4
was considered to be a tetramer™®, our studies demon-
strated that the CT forms highly ordered multimeric
structures with both the N-terminal amphipathic helix
(residues 73-85) and the extreme C-terminus being im-
portant for multimerization’®. Our results also showed
that the multimerizing abilities differed widely among
NSP4s from different strains (unpublished results). The
flexible C-terminus is also an important determinant of
the biological functions of the protein®. A secreted form
of NSP4 containing residue 112-175 has also been identi-
fied that exhibited diarrhoea-inducing ability similar to
that of full-length protein®. A synthetic peptide corre-
sponding to residues 114-135 also exhibited diarrhoea-
inducing activity, but was about 100-fold less efficient
than the full-length protein®. Because of the multimeriza-
tion properties of the CT and the highly flexible nature of
the C-terminus, the complete CT was not amenable for
crystallization® ***! Solution of the structure of the
cytoplasmic domain of NSP4 should throw light on its
diverse functions.

Though the structure of a synthetic peptide that con-
tains residues 95-137 of NSP4 was reportedss, we were
successful in crystallizing the 95-145 residue segment of
the recombinant protein from a number of different viral
strains®>® (Figure 8). Two of these structures showed a
tetrameric coiled-coil, calcium-binding domain similar to
the one observed in the synthetic peptide®. The domain is
formed by four parallel orhelices with a calcium ion
located inside the helical bundle coordinating with four Gln
and two Glu side chains. The extra C-terminal residues
corresponding to the inter-species variable region could
not be located in the electron density in spite of the reso-
lution of one of the structures being 1.7 A, indicating the

ER Lumen A

Cytoplasm

Figure 6. Schematic representation of the ER-anchored NSP4 and its
role in the budding of DLP into the ER lumen during morphogenesis of
DLP into mature triple-layered particle.
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Figure 8. Two views of the tetrameric coiled-coil structure of NSP4
(pdb code:201k). The two dimers (one shown in grey and the other in
colour) are related by a two-fold rotation.

inherent flexibility of this region. The tetramer is formed
by a two-fold rotation of a dimer having two chains
related by an angle of rotation of 81°. Differences between
the structures of the recombinant protein segments and
the synthetic peptide are confined to a few residues at the
C-terminus of the helix and in crystal packing owing to
the extra residues present in the recombinant proteins®"®’.
Our recent studies on NSP4 from other strains indicate
considerable variation in their oligomeric states and it
would be of interest to investigate if the structural differ-
ences correlate with differences in biological activities.
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