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Abstract
The replication of rotavirus is a complex process that is orchestrated by an exquisite interplay
between the rotavirus non-structural and structural proteins. Subsequent to particle entry and
genome transcription, the non-structural proteins coordinate and regulate viral mRNA translation
and the formation of electron-dense viroplasms that serve as exclusive compartments for genome
replication, genome encapsidation and capsid assembly. In addition, non-structural proteins are
involved in antagonizing the antiviral host response and in subverting important cellular processes
to enable successful virus replication. Although far from complete, new structural studies, together
with functional studies, provide substantial insight into how the non-structural proteins coordinate
rotavirus replication. This brief review highlights our current knowledge of the structure-function
relationships of the rotavirus non-structural proteins, well as fascinating questions that remain to
be understood.

1. Introduction
The rotavirus genome consists of 11 double-stranded (ds)RNA segments, and each segment
encodes one protein with the exception of segment 11, which in some rotavirus strains codes
for 2 proteins, NSP5 and NSP6 [1,2]. Of these proteins encoded by the viral genome, six are
structural (VPs) and the remaining are non-structural (NSPs). The complex architecture of
the mature rotavirus particle, with three concentric capsid layers, elegantly integrates the
necessary elements required for cell entry and endogenous transcription of viral mRNAs
[3,4]. Removal of the outer layer during the process of cell entry triggers the endogenous
transcriptase activity of the resulting double-layered particles [1]. The capped transcripts are
released through aqueous channels at the 5-fold axes of these intact particles [5]. Once these
initial transcripts are translated, the rotavirus NSPs then coordinate various stages of genome
replication and viral assembly by adapting and modifying the cellular machinery, which
leads to productive release of mature particles through cell lysis. A brief overview of the
rotavirus replication cycle is provided in Figure 1

Although the functional roles served by NSP2, NSP3, NSP4, and NSP5 during rotavirus
replication are relatively well characterized and are discussed below, the roles of NSP1 and
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NSP6 remain less clear. Due to the lack of structural studies on NSP1 and NSP6, only a
brief description of their function is included in this review. Early studies indicated that
NSP1, which exhibits significant sequence variation among rotavirus strains, is not essential
for rotavirus replication in cultured cells; however, more recent studies implicate NSP1 in
host-range restriction, in countering innate host antiviral response, and in suppressing
induction of apoptosis during early stages of infection, to promote viral growth [6–9] (See
article by Angel, Franco and Greenberg). Unlike the other rotavirus NSPs, NSP6 is not
encoded by all rotavirus strains. For those strains that do express NSP6, it is translated from
an open reading frame out-of-phase with that of NSP5 in segment 11 [2]. This 12-kDa
protein has a high turnover rate and is degraded within 2 hours of synthesis [10]. NSP6 has
shown sequence independent nucleic acid binding, with similar affinities for ssRNA and
dsRNA [10]. Although some studies have suggested that this protein localizes to the
viroplasm [10], the precise role of NSP6 in rotavirus replication remains to be characterized.

2. Structural studies of rotavirus NSPs
Rotaviruses comprise seven distinct groups (A to G) based on the seroreactivity of the inner
capsid protein VP6 (See article by Matthijnssens and van Ranst). Groups A–C are found in
both humans and animals, whereas rotaviruses of groups D–G have been found only in
animals to date [1]. Structural aspects of several group A rotavirus NSPs have been analyzed
using X-ray crystallography and/or electron cryomicroscopy (cryo-EM) techniques. We
briefly review the current status of these studies in the context of their function in the
rotavirus replication cycle.

NSP3
NSP3, a 36.4 kDa basic protein encoded by segment 7 of rotavirus strain SA11, is proposed
to facilitate translation of the rotaviral mRNA transcripts and to suppress host protein
synthesis through antagonism of the poly A binding protein (PABP) [11–15] (Also see
article by Lopez and Arias). Rotaviruses rely on the host translation machinery to produce
the viral proteins encoded by their genome. In host cells, only capped and polyadenylated
mRNA are efficiently translated. This process involves recognition of the 5' cap (m7GpppN)
by eIF4E, and of the poly-A tail by PABP. PABP binds to cellular factor eIF4G, a
scaffolding protein that physically links PABP and eIF4E, to facilitate circularization of the
cellular mRNA, which is important for efficient initiation of translation [16]. For
rotaviruses, although the transcripts are capped during endogenous transcription by the
structural protein VP3, they are not polyadenylated [17,18]. Rotaviruses overcome the lack
of a poly-A tail on their mRNAs by using a consensus sequence (5'-GUGACC-3') for group
A rotaviruses at the 3' ends. This is specifically bound by NSP3, which serves as a
functional analogue of PABP. While the N-terminal domain of NSP3 (NSP3-N) binds to the
3' consensus sequence [**19], the C-terminal domain (NSP3-C) interacts with eIF4G,
resulting in circularization of the viral mRNA through the cap binding protein eIF4E [**20].
During viral infection, NSP3 binds to eIF4G with greater affinity than does PABP, which
supports the model that PABP is evicted from eIF4G thereby increasing the translation of
viral transcripts [**20]. Cellular protein synthesis may be arrested as a consequence of
NSP3 hijacking PABP from cellular mRNA. The structural basis for NSP3 activity is
demonstrated by crystallographic studies of NSP3-N in complex with the consensus 3'
mRNA sequence [**19] and of NSP3-C bound to a peptide corresponding to its binding site
on eIF4G [**20] (Figure 2A and 2B). NSP3-N forms a heart-shaped asymmetric dimer with
an extensive dimeric interface consisting of structurally similar N-terminal fragments, and
structurally different C-terminal fragments. These intertwine to create a highly basic tunnel
that is ideally suited for specific recognition of the rotaviral 3' consensus sequence. The C-
terminal domain of NSP3 is predominantly α-helical and forms a symmetric dimer with two
hydrophobic pockets for eIF4G binding (Figure 2B). Thermal denaturation and filter binding
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studies indicate that apo-NSP3 likely exists in a metastable structure that forms a highly
stable complex upon binding to the consensus sequence [**19]. Such a tight interaction not
only promotes translation of the rotavirus mRNA but also prevents degradation of the
rotavirus mRNA by cellular nucleases [**19]. This observation raises an interesting
question as to how the 3'-end of the viral RNA is freed for priming negative-strand synthesis
by VP1 during replication. One possibility is that VP1 binds to an overlapping sequence at
the 3'-end of the mRNA and displaces NSP3. A more likely possibility, given that
replication takes place exclusively in the viroplasm, is that separate pools of transcripts are
utilized for translation and replication [21]. Although the role of NSP3 in viral translation
and the model involving its simultaneous interactions with viral mRNA and eIF4G (Figure
2A and 2B) are widely accepted, recent studies using selective silencing of NSP3 and eIF4G
in permissive cell lines have questioned this model [**22]. These studies suggest that NSP3
interaction with eIF4G is not obligatory for viral translation but is required for shut-down of
cellular protein synthesis, and that the tight interaction between NSP3 and the 3' consensus
region serves to protect viral mRNA from degradation and prevent it from entering the
replication pool [**22].

NSP2
Critical roles for NSP2 in the formation of the viroplasm and in genome replication/
encapsidation are well established. In addition to its interactions with NSP5 in the formation
of viroplasms [23], NSP2 also appears to interact directly or indirectly with other structural
proteins present in the viroplasm, such as VP2 [24], which forms the innermost capsid layer
of the virion [25], and VP1, the viral polymerase [26]. NSP2 is a multi-functional enzyme:
along with sequence-independent ssRNA binding and nucleic acid helix destabilizing
activities [*27], it exhibits Mg2+22 -dependent nucleoside triphosphatase (NTPase) [*28],
RNA triphosphatase (RTPase) [29], and nucleoside diphosphate (NDP) kinase activities
[*30].

X-ray crystallographic and cryo-EM studies have revealed a structural basis for some of
these activities [*30, **31, *32] (Figure 2C–2G). NSP2 has two distinct domains that are
separated by a deep cleft for nucleotide binding and hydrolysis of γ-phosphate [**31].
Inside the cleft, a highly conserved H225 functions as a catalytic residue for the observed
enzymatic activities. Both in the crystal structure and in solution, NSP2 forms a doughnut
shaped octamer with a 35 Å-wide central hole and four grooves on the sides, which are
predominantly lined by basic residues [**31,*32]. As shown by cryo-EM studies, both
NSP5 (residues 66–188) and RNA bind to the basic grooves of the NSP2 octamer [*32].
Consistent with this structural observation, competition experiments show that NSP5
competes with ssRNA for binding to NSP2 [*32]. These observations suggest that one of the
functions of NSP5 is to regulate NSP2-RNA interactions during genome replication. More
recently, it has been shown in vitro that tubulin directly interacts with NSP2, which may
account for the observations that viroplasm formation during rotavirus infection disrupts the
microtubule network and that tubulin granules co-localize with the viroplasm [*33,34].
Cryo-EM studies indicate that tubulin binds to the same basic grooves on the octamer as do
NSP5 and RNA, and binding studies show that tubulin competes with the binding of NSP5
and RNA [*33]. Although the role of microtubule depolymerization during rotavirus
infection remains unclear, it is possible that this is a mechanism to disrupt cellular functions
to the advantage of the virus.

The ssRNA-binding and helix-destabilizing activities of NSP2, neither of which depends
upon the NTPase activity of NSP2, are likely required for relaxing mRNA templates in
preparation for dsRNA synthesis [*27]. However, the roles for the observed NTPase,
RTPase, and NDP kinase activities of NSP2 during rotavirus replication remain unclear.
These enzymatic activities all rely on a single highly conserved H225 residue.
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Complementation assays have shown that an H225A mutation abrogates genome
replication/encapsidation but not viroplasm formation, indicating an essential role of these
enzymatic activities for replication [*35]. Initially, it was proposed that NSP2 functions as a
molecular motor, akin to a helicase, by making use of the energy derived from NTP
hydrolysis to assist in genome replication/encapsidation. However, several characteristics of
NSP2, such as its octameric self-assembly, absence of any recognizable helicase motifs, lack
of significant conformational change upon nucleotide binding and hydrolysis, use of
histidine as a catalytic residue, and formation of a relatively stable phosphohistidine
intermediate during NTP hydrolysis, clearly distinguishing NSP2 from typical helicases and
suggests the role for its NTPase activity is not in energy transduction.

An unusual aspect of the rotavirus genome is the absence of a γ-phosphate at the 5′-end of
the minus-strand RNA [17,18]. It is possible that removal of the terminal phosphate is
necessary as a defense against the antiviral retinoic acid inducible gene I (RIG-I) pathways,
which are triggered by RNA-triphosphates [36], and the RTPase activity of NSP2 may be
used in this context. The role for the NDP kinase activity of NSP2, which inherently relies
on NTPase activity, may be to regulate nucleotide pools in the viroplasm such that they are
sufficient to support genome transcription and replication by the viral polymerase [*30].
Altogether, these studies reveal that NSP2 is a multi-functional enzyme. It is possible that
NSP2 uses a different combination of catalytic activities or switches between activities
depending on its interactions with ligands.

NSP5
Despite various properties that are attributed to NSP5 from in vivo and in vitro studies, the
only role firmly established for this protein is as a binding partner of NSP2 in the formation
of viroplasms (Figure 2F). NSP5 is a dimeric phosphoprotein, rich Ser and Thr residues, that
undergoes O-linked glycosylation [37–40]. It exists in multiple isoforms, from a 28-kDa
hypophosphorylated form to 32-kDa hyperphosphorylated form, during the course of
rotavirus replication [38,39]. However, the mechanism(s) by which NSP5 is phosphorylated
during infection is unclear; self-phosphorylation through autokinase activity and the possible
involvement of cellular kinases such as casein kinases I and II and a role of phosphorylated
NSP5 in viroplasm formation have been suggested [41–43]. Viroplasm formation requires
components of lipid droplets, however, the mechanism and proteins of such droplets
involved in viroplasm formation have not been elucidated [44]. The formation of viroplasm-
like structures by expressing NSP2 and NSP5 alone is calcium regulated and directed by a
C-terminal helical domain within NSP5 [45]. In addition to NSP2, NSP5 has been shown to
interact with other rotavirus proteins such as VP1 [46], VP2 [47] and NSP6 [48], and also
with single and double-stranded RNA in a sequence-independent manner [49]. These studies
reveal NSP5 is involved in many processes such as the dynamics and regulation of
viroplasms and an adapter to integrate the various functional properties of NSP2 with other
rotavirus proteins during viral genome replication/encapsidation [50].

Unlike for NSP3 and NSP2, detailed structural characterization of NSP5 using x-ray
crystallography has so far been unsuccessful. The only three-dimensional structural analysis
reported to date is a cryo-EM of a deletion construct of NSP5 (residues 68–188) in complex
with NSP2, which indicates that the N-terminal 68 residues are dispensable for NSP2
binding [32]. The deletion was necessary to avoid precipitation upon mixing of full-length
NSP5 with NSP2. More recent studies using a variety of biophysical techniques on various
NSP5 recombinant full-length and deletion constructs provide further insight into its
structural characteristics. These studies indicate that full-length NSP5 forms decamers,
comprised of five dimers in which the C-terminal residues interact with each other at the
center with projecting dimeric arms [**51]. Based on these studies, it is suggested that such
a quaternary organization of NSP5 would allow simultaneous interactions with various
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binding partners. While only some of the dimeric arms in the decameric organization
interact with the NSP2 octamer due to structural constraints, the other protomers are free to
interact with other binding partners, VP1, VP2 and RNA, to perform functions
complementary to viroplasm formation. However, this idea needs to be validated by further
in vitro and in vivo studies.

NSP4
NSP4, encoded by gene segment 10, is a 175 amino acid, multifunctional protein and many
of the NSP4 functions have been mapped to distinct domains within the protein (Figure 3A).
NSP4 is synthesized as an ER transmembrane glycoprotein and consists of three
hydrophobic domains (H1–H3) with two N-linked high mannose glycosylation sites oriented
to the luminal side of the ER in the H1 domain [52,53], the H2 transmembrane domain
traverses the ER bilayers and serves as an uncleaved signal sequence, a viroporin domain
formed by a cluster of positively charged residues and an amphipathic α-helix (H3) [**54]
followed by an extended cytoplasmic domain containing a coiled-coil region and a flexible
C-terminus [1]. Relatively little is known about the N-terminus, likely due to the
hydrophobic and membrane associated properties of this region. The H3 domain is highly
amphipathic and was recently shown to disrupt cellular calcium homeostasis by viroporin-
mediated release of ER calcium stores [**54]. A number of functional and protein binding
sites have been mapped to the NSP4 cytoplasmic coiled-coil domain, including integrin I
domains, caveolin, and VP4 [**55, 56, 57]. A secreted form of NSP4, which contains the
integrin I domain binding site, is involved in diarrhea induction through interaction with
cellular plasma membrane integrin I domains and possibly other receptors, signaling a
phospholipase C-dependent increase in intracellular calcium and subsequent release of
chloride through the calcium activated chloride channel transmembrane protein 16A
(TMEM16A) [**55,*58,**59]. Finally, the NSP4 C-terminal flexible region binds
microtubules [60] and acts as an intracellular receptor for DLPs to facilitate infectious
particle assembly [61]. Other NSP4 activities for which the functional sites have not been
fully mapped include disruption of plasma membrane integrity [62], inhibition of sodium
absorption by epithelial sodium channels (ENaC) and sodium glucose transporter 1 (SGLT1)
[*58], and remodeling of the cellular microtubule and actin networks [63,64].

RNAi-mediated knockdown of NSP4 demonstrates NSP4 is essential for rotavirus
replication, transcription, and morphogenesis [65–67] yet how NSP4 contributes to these
processes remains poorly understood. The ability of NSP4 to differentially interact with
multiple viral and cellular proteins, including calnexin [68], laminin-3, fibronectin [69],
caveolin [56], integrin I domains [**55], and tubulin [60] (Figure 3A) may be attributed to
localization of NSP4 to different cellular compartments (ER [70], the ER-Golgi intermediate
compartment (ERGIC), LC3-positive autophagosomes surrounding viroplasms [71],
microtubules [60,63], membrane rafts [72,73], the exofacial surface of the plasma membrane
[74], and the extracellular matrix [**55,69]) during different stages of infection and possibly
to distinct forms or conformations of this multifunctional protein.

Although NSP4 has been found in dimeric, tetrameric, pentameric and higher ordered
multimeric structures, including heterooligomeric complexes with VP4 and VP7, structural
data are limited to the highly conserved region from amino acids 95–135 [75, *76,**77].
This region, which encompasses the enterotoxigenic peptide 114–135, which elicits diarrhea
in neonatal mice, forms a parallel, tetrameric coiled-coil (Figure 3B), with the hydrophobic
core interrupted by three polar amino acids (Gln109, Glu120, Gln123) and two of the four
Glu120 residues and four Gln123 residues coordinating a central calcium ion [*76,**77].
When this NSP4 fragment is purified in acidic conditions, it forms a concentration-
dependent pentameric coiled-coil structure (Figure 3C) without the bound calcium ion at
Glu120/Gln123 [**77]. These results suggest that NSP4 is pleomorphic and that pH,
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calcium, and protein concentration may influence the NSP4 conformation and oligomeric
state. Structural data are needed on the different intracellular and extracellular forms of
NSP4 to augment biochemical and functional studies addressing the many functions that
NSP4 performs during rotavirus infection.

3. Conclusions and future perspectives
Together with functional studies, structural studies on the NSPs have provided significant
insight into mechanistic aspects of rotavirus replication and have revealed novel molecular
mechanisms of regulation of protein function. However, many questions remain about how
these proteins interact, coordinate and modulate both viral and cellular function. 1) What is
the structure of NSP1? How does NSP1 antagonize the host antiviral response and target
IRFs for proteasome degradation? What is the structural basis for the suggested E3-like
ligase activity of NSP1? 2) Although individual domain structures of NSP3 are known, what
is the structure of the full-length NSP3? Is NSP3 interaction with the elongation factor
complex required only for translation of viral mRNA or does this interaction play a role in
shut-off of host protein synthesis? 3) The structure of NSP2 and the structural basis for its
enzymatic activities are relatively well understood, but what is the precise role for its
enzymatic activities in viroplasm dynamics and genome replication/encapsidation? The
atomic details of NSP2 interactions with its binding partners during viral replication should
clarify new mechanisms of the multiple activities of this protein during replication. 4) What
is the structure of full-length NSP5, and will this support the proposed decameric model and
reveal the mechanistic basis for its role in the viroplasm and in replication? 5) The current
structures of small fragments of NSP4 that indicate alternate tetramer and pentamer
oligomeric conformations stimulate interest in having the structure of the full-length protein
to answer: what is the structural basis of NSP4’s intriguing properties as a viral enterotoxin,
viroporin, intracellular-receptor for DLP binding and subsequent budding into the ERwhere
the outer capsid proteins are acquired and infectious particles lose their transient envelope
and mature? 6) What is the structure and function of NSP6? Finally, do the complex
combinations of interactions of NSPs with each other and with specific cellular proteins
explain the emerging concept that human rotavirus transmission and spread may require
particular constellations of non-outer capsid genes? (See article by Matthijnssens and Van
Ranst). Continued structural studies using X-ray crystallography and cryo-EM, including
single particle reconstructions and possibly electron tomography of infected cells, may
provide answers to these questions. Further molecular insight should help explain how this
model enteric virus with a segmented genome orchestrates the complex process of
replication, including encapsidation of a correct set of 11 dsRNA segments into each
particle. It will be fascinating to explore the unique processes of enveloped to non-
enveloped particle maturation, including interactions with intracellular membranes and
production of infectious rotavirus particles.
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Highlights

1. NSP3 structures provide mechanistic insight into its function during translation.

2. NSP2 octamers integrate enzymatic and ligand binding activities during
replication.

3. NSP2 shows a novel NDP kinase activity through a phospho-histidine
intermediate.

4. Biophysical studies suggest a novel decameric model for multifunctional NSP5.

5. Observed tetrameric and pentameric states of NSP4 may be relevant for its
function.
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Figure 1. The rotavirus replication cycle
The rotavirus triple layered particles (TLPs) first attach to sialo-glycans [78] or histo-blood
group antigens (HBGAs) [79] on the host cell surface, followed by interactions with other
cellular receptors, including integrins and Hsc70 [80]. Virus is then internalized by receptor-
mediated endocytosis. Removal of the outer layer, triggered by the low calcium of the
endosome, results in the release of transcriptionally active double-layered particles (DLPs)
into the cytoplasm. The DLPs start rounds of mRNA transcription and these mRNAs are
used to translate viral proteins. Once enough viral proteins are made, the RNA genome is
replicated and packaged into newly made DLPs in specialized structures called viroplasms,
which require lipid droplet components for formation [44]. The newly made DLPs bind to
NSP4, which serves as an endoplasmic reticulum (ER) receptor, and bud into the ER.
During this process, transient enveloped particles are seen in the ER. Removal of the
transient membrane and assembly of the outer capsid proteins VP4 and VP7 result in the
maturation of the TLPs. The progeny virions are released through cell lysis. In polarized
epithelial cells, particles are released by a non-classical vesicular transport mechanism. IFN:
interferon; PM: plasma membrane.
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Figure 2. NSP3 and NSP2 structures
(A) The homodimer of the N-terminal RNA binding domain of NSP3 (residues 4–164) is
shown in ribbon diagram in blue and golden yellow with a transparent surface. The 3'
consensus sequence of rotavirus mRNA (5'-GUGACC-3') bound by NSP3 is shown in a
yellow ball-and-stick representation, with oxygen atoms shown in red, and is indicated by an
arrow (PDB ID: 1KNZ). (B) The structure of the NSP3 C-terminal domain (residues 206–
315) homodimer in complex with eIF4G peptides is also presented in ribbon diagram with
transparent surface. The NSP3 C-terminal domain homodimer is shown in blue and golden
yellow, and the bound eIF4G peptides (in red and green) are indicated with arrows (PDB ID:
1LJ2). Structures of NSP2 (C–E) and its complexes with NSP5 (F) and RNA (G). The
NSP2 monomer is shown in ribbon diagram, with its N- and C-terminal domains colored in
purple and brown, respectively (PDB ID: 1L9V) (C). The catalytic cleft between two
domains is indicated by an arrow. NSP2 self-assembles into octamers, as shown. The N-and
C-terminal domains of one NSP2 molecule are colored and the remaining subunits in the
functional octamer are shown in gray. The NSP2 octamer is shown as viewed along the 4-
fold axis (D) and along one of the two 2-fold axes (E). Cryo-EM reconstructions of NSP2
with bound NSP5 (F, with NSP5 in blue) or RNA (G, with RNA in green) are shown as
transparent surfaces with NSP2 (red ribbon) fitted into the density map.
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Figure 3. NSP4
(A) Schematic of NSP4 functional domains and cellular and viral protein interaction
domains. Oligomeric domains are mainly in the alpha amphipathic helix (H3) and the
coiled-coil region. (B) Ribbon representation of the tetramer of SA11 NSP495–146 with a
transparent surface (PDB ID: 2O1K). Two NSP4 molecules in an asymmetric unit are
shown in blue and green, respectively. The red dot indicates the location of a divalent metal
binding site, possibly binding Ca2+. (C) The pentameric structure of ST3 NSP495–146 is
shown as a ribbon diagram with a transparent surface (PDB ID: 3MIW). Each NSP4 chain is
colored differently [**77].
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