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Abstract

Rotavirus, a cause of pediatric gastroenteritis, has a genome consisting of 11 segments of double-
stranded (ds)RNA surrounded by a triple-layered protein capsid. The rotavirus RNA-dependent
RNA polymerase, VP1, synthesizes both dSRNA and plus-strand RNA (+RNA) within subviral
particles. Structural analyses of the rotavirus capsid and polymerase, combined with functional
studies of purified capsid proteins, indicate that the inner capsid protein controls the initiation of
RNA synthesis by VP1. Whether VP1 directs dSRNA versus +RNA synthesis may be regulated by
the impact of the viral RNA capping enzyme on the position of the polymerase plug, a flexible
element that inserts into one of the polymerase’s RNA exit tunnels. This review discusses recent
findings and ideas into the mechanisms used by rotavirus capsid proteins to control the activities
of its viral polymerase and to coordinate RNA synthesis with the assembly of virus particles.

Keywords
RNA-dependent RNA polymerase; rotavirus; capsid protein; dsRNA virus; RNA chaperone

Introduction

In the life cycle of RNA viruses, the activity of the viral RNA-dependent RNA polymerase
(RARP) must be carefully regulated to ensure that RNA products are made at levels and in
appropriate sites to support genome replication and protein translation. Such regulation is
particularly intriguing in the case of rotavirus, as its RARP (VVP1) has a dual role, sometimes
acting as a replicase and, at other times, as a transcriptase. The observation that rotavirus
dsRNA genome segments are made at equimolar levels, while the viral transcripts are not [1,
2], makes the question of how RARP activity is regulated even more interesting. A critical
discovery made by analysis of intracellular subviral particles [3, 4] and by in vitro assays
with recombinant proteins [5ee] is that rotavirus dSRNAs and +RNAs are only made by
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particle-associated VVP1 [6ee, 7]. These findings have established that rotavirus inner capsid
proteins are essential for VP1 polymerase activity and determine whether VP1 acts as a
replicase or transcriptase. Regulation of VVP1 activity by capsid proteins allows the
coordination of genome replication with the packaging of newly made dsRNAs into progeny
particles and likely prevents the induction of host antiviral responses to exposed dsRNAs.
Here we review insights gained from structural and functional studies into the mechanism by
which VVP1 polymerase activity is regulated by the virion capsid protein.

Virion architecture

Rotavirus, a member of the Reoviridae family, is a non-enveloped icosahedral triple-layered
particle (TLP) with a genome consisting of 11 segments of dsSRNA (Figure 1). The outer and
intermediate protein layers are formed by trimers of VP7 and VP6, respectively, each
organized with T=13 symmetry [8, 9]. Anchored into the VP6 layer and projecting out of the
VP7 layer is the viral attachment protein VVP4. The inner layer defines the core shell and is
composed of 60 VP2 dimers, organized with T=1 symmetry [9, 10]. Twelve VP2 decamers
interact to form the core, with the VP2 components of each decamer present in either of two
conformers, VP2-A or VVP2-B. Five VP2-A conformers meet at the center of each decamer
(five-fold axis), while five VP2-B conformers are pulled back, interdigitating between the
A-forms [10]. Three types of channels (I, 11, and I11) pass through the core shell and serve as
conduits for the translocation of substrates and products in and out of the core [11]. The
Type | channel is positioned at the center of each decamer.

Inside of the core, copies of VVP1 and the RNA capping enzyme (VP3) are bound near the
fivefold axes formed by the VP2 decamers (Figure 1d) [12¢¢]. Each genome segment is
believed to interact with one specific VP1-VP3 complex. Since the rotavirus genome
consists of 11 segments of dSRNA, but 12 decamers are present in the core, one decamer
may lack a VP1-VP3 complex. Estrozi and colleagues revealed the position and orientation
of VP1 in the core [13e¢]. Their analysis indicates that VVP1 is anchored to the VP2 decamer
at a position slightly offset from the exact five-fold axis, barely covering the Type I channel.
The VP1 footprint on the VP2 decamer is quite large, covering portions of at least four VP2
conformers, of both A and B forms [13e¢]. Modeling suggests that \VP3 has a structure
similar to the RNA capping enzyme of bluetongue virus, another member of Reoviridae
[14]. Although the orientation and location of VP3 within the core is unknown, it is believed
to reside adjacent to, and possibly bound to, VVP1.

The VP2 molecule (880 amino acids, aa) consists of two domains: the C-terminal scaffold
domain that forms the core shell (126-880 aa) and the N-terminal tether domain (1-125 aa)
[12¢<]. The tethers extend across the interior face of the VP2 decamers, generally running
towards the five-fold axes, with the tethers of the VP2-B conformers crossing over onto the
face of the VP2-A conformers (Figure 1d). In the crystal structure solved for the rotavirus
particle, the first 99 residues of the VVP2-A tethers and the first 80 residues of the VP2-B
tethers were not resolved [12¢¢], but these missing regions are predicted to extend around
VP1 and VP3, forming a cradle that helps stabilize the enzymes in position. This concept is
supported by studies showing that deletion of the tethers prevents encapsidation of VP1 and
VP3 into virus-like particles [15, 16ee, 17]. The tethers also have RNA-binding activity, a
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property that may be important for organization and movement of RNA around VP1 and
VP3 [18].

Genome organization within the core remains poorly understood, although high-resolution
structural studies indicate that en masse the 11 segments are arranged in concentric rings,
reminiscent of other RNA viruses (Figure 1e) [12¢, 13+, 19]. Given that the genome
segments differ markedly in size, from 0.7 —3.1K base pairs, the contribution of individual
segments to ring architecture must vary. The rings are interrupted at the five-fold axis by the
presence of VP1 and VP3, and the VP2-A and VP2-B tethers become disordered upon
reaching the outer most ring [12ee, 13ee].

Viral life cycle

During rotavirus entry, the virion VP4-VP7 outer capsid is disrupted, yielding a double-
layered particle (DLP) [20, 21]. Through the activity of its VP1 and VP3 components, the
DLP synthesizes 11 capped, nonpolyadenylated +RNAs. These are translated, giving rise to
six structural proteins (VP1-VP4, VP6-VP7) and six nonstructural proteins (NSP1-NSP6).
Transcriptionally-active DLPs become embedded within viral inclusions (viroplasms)
formed by NSP2 and NSP5, and containing the core proteins VP1, VP2, and VP3, and the
intermediate capsid protein VVP6 (reviewed in [22]). Within viroplasms, the 11 viral +RNAs
undergo assortment and interact with assembling progeny cores; the VP1 components of
these cores then direct minus-strand synthesis to form dsRNA. The fact that the 11 viral
dsRNAs are made in equimolar levels [2] but the +RNA transcripts are not, suggests that
assortment is precise and RNA specific, and that the dsSRNA genome is synthesized only
after the complete complement of +RNAs is packaged into progeny cores. The association
of VP6 with progeny cores occurs in association with viroplasms, forming DLPs that then
migrate to the endoplasmic reticulum where virus particles mature into TLPs [23].

Polymerase activities

Several earlier studies provided evidence of a link between VP1 activity and the presence of
the viral inner capsid proteins. Among these were results showing that rotavirus replicase
and transcriptase activities were only detectable in isolated subviral particles that contained
VP1 and VP2, or VP1, VP2, and VP6, respectively [3, 21, 24, 25]. Moreover, analysis of the
rotavirus temperature-sensitive mutants, tsk and tsG, indicated that the formation of subviral
particles with replicase activity requires VP2 (and not VVP6), while the formation of particles
with transcriptase activity is dependent on both VP2 and VVP6 [26e, 27]. More recently, in
vitro assays performed with recombinant core proteins have established that VP1 lacks
replicase activity unless VP2 is present [See, 6¢¢]. Indeed, such assays have indicated that for
optimal replicase activity, VP1 and VP2 must be present at a molar ratio of 1:10 [5ee],
suggesting that VP1 activity is triggered by its interaction with a VP2 decamer.
Interestingly, DLPs lose transcriptase activity when their VVP6 layer is removed, despite
retaining a structurally intact core [26¢]. The activity is restored when such cores are
reconstituted with VVP6, suggesting that VVP6 and the integrity of the DLP has a critical role
in the ability of VP1 to function as a transcriptase [3, 21, 25]. The need for VP6 may stem
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from its contribution to the formation and function of channels that help to translocate
nucleotides and nascent transcripts into and out of the core.

VP1 structure and function

Studies reporting atomic structures for VP1, both in its apo form and in complex with short
viral RNAs, have provided important insights into the mechanism by which VP2 affects
rotavirus polymerase activity. These analyses revealed that VP1 has a closed cage-like
structure consisting of a central polymerase domain that is sandwiched in between large N-
terminal and C-terminal (bracelet) domains (Figure 2) [28e¢]. The polymerase domain has
the classical “right-handed” polymerase architecture that includes fingers, palm, and thumb
subdomains and the canonical polymerase motifs, A—F [29]. Four tunnels lead to the
catalytic center of the polymerase; one operates as the template entry tunnel, another as the
nucleotide/pyrophosphate (NTP/PP;) exchange tunnel, and two others as RNA exit tunnels
(Figure 2) [28ee, 30+¢]. Only one RNA exit tunnel is believed to operate during replication;
this tunnel extends through the bracelet domain and represents the pathway for release of
newly made dsRNA (Figure 3a) to the core interior. During transcription, both RNA exit
tunnels of the polymerase are expected to function. One is used for release of the minus-
strand template RNA from the polymerase and is the same tunnel used for release of the
dsRNA product during replication (dsSRNA/-RNA exit tunnel). The other is used for release
of newly made +RNAs (Figure 3b) and represents a conduit that directs nascent transcripts
out of the core. An unusual feature of VVP1 is the presence of a shallow cleft near the
template entry tunnel that represents an RNA cap-binding site (Figure 2a) [28e¢]. This site
may help to recruit capped +RNA templates during replication and/or provide an anchoring
point for the capped 5’-end of the +RNA of viral genome segments during multiple rounds
of transcription.

Regulation of replication

Even when incubated with NTPs and viral +RNAs, rotavirus VVP1 lacks polymerase activity
unless VP2 is present [5ee, 6¢¢]. However, VP1 alone can specifically bind +RNAS [6ee,
31e], an interaction mediated by an extensive network of hydrogen bonds formed between
residues lining the template entry tunnel of VVP1 and the conserved 3’-terminal UGUGACC
element of the RNA [28e¢]. The polymerase forms hydrogen bonds with the bases of the
UGUG residues and the ribose-phosphate backbone of the ACC residues [32, 33].
Importantly, the UGUG interaction allows the polymerase to specifically recognize viral
+RNAs. However, analysis of complexes formed by VP1 and a UGUGACC
polyribonucleotide revealed the 3’-end of the RNA to be stabilized in a position that is one
nucleotide past initiation register and, thus, not opposite of the catalytic priming (P) site of
the polymerase (Figure 2c) [28e¢]. The 1+ overshot register suggests that the presence of
VP2 induces conformational changes within the polymerase that repositions the 3’-end of
+RNA relative to the P site. Such re-positioning would ensure that dsSRNA synthesis begins
at the very first residue of the template strand.

Rotavirus VP1 supports the initiation of dsSRNA synthesis through a process that is
independent of a priming RNA or a nucleotidylated protein. Based on earlier studies of the
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structurally similar reovirus RARP (A3), initiation of dSRNA synthesis by VP1 is likely
supported by the activity of a specialized flexible element, termed a priming loop (Figure
2c—e) [30e¢]. This loop (10 aa) is located at the junction of the fingers and palm subdomains
and roughly extends from the base of the polymerase cage in a direction towards the P site.
As shown for A3, the priming loop probably exists in multiple conformations, including
retracted and extended forms. In its extended form, the loop stabilizes a priming nucleotide
into the P site. In its retracted form, the loop is too far removed from the P site to support
such a function, yielding a polymerase that is catalytically inactive. Analysis of VP1 crystals
soaked with a UGUGACC oligoribonucleotide and NTPs have revealed that both P and N
sites are unoccupied [28¢]. Such VP1-UGUGACC complexes are characterized by a
retracted priming loop, probably explaining the lack of VVP1 polymerase activity. Given that
the polymerase becomes catalytic active in the presence of VP2, the core capsid protein is
expected to trigger the extension of the priming loop to support a priming GTP in the P site,
thereby allowing a another GTP to occupy the N site and, ultimately, the formation of the
initial phosphodiester bond of the dsSRNA product. Subsequently, the priming loop retracts,
allowing passage of the elongating dsRNA product out of the polymerase.

Based on structural analysis of DLPs, Estrozi et al [13+¢] established that the surface region
of VVP1 that comes in contact with the VP2 decamer includes residues located at or near the
retracted priming loop (Figure 2e). Thus, VP1-VP2 contacts may induce electrostatic
changes that promote a conformational shift in the priming loop to an extended form. Based
on cell-free replication assays, VP2-mediated activation of VP1 polymerase activity
represents a specific process that is only possible when VP1 and VP2 of the same rotavirus
species are combined. For example, VP2 proteins of group C rotaviruses cannot activate the
VP1 polymerase of group A rotaviruses [16ee, 34], a result that may explain the failure of
group A and C rotaviruses to successfully reassort with one another. Mutational studies have
determined that both the scaffold and tether domains of VP2 are required for optimal
polymerase activity [16+¢]. However, such studies have shown that it is the scaffold domain,
and not the tether, that is responsible for the species specificity of VP2-dependent
polymerase activation [16ee].

Regulation of transcription

Structural analysis has revealed the presence of a flexible element (plug) at the C-terminus
of VP1 that extends from the surface of the bracelet domain into the dSRNA/-RNA exit
tunnel (Figure 3) [28¢]. Although the plug was observed within this tunnel in crystal
structures of VVP1, successful purification of VP1 using a C-terminal polyhistidine affinity
tag indicates that the plug can also extend outside the tunnel [28e¢]. Deletion mutagenesis
has indicated that while the plug is not required for VP1 catalytic activity [28e¢], its affect on
the diameter of the dSRNA/-RNA exit tunnel suggests that the plug may regulate the
polymerase’s function as a replicase or a transcriptase. Specifically, when the plug is out of
the tunnel, the tunnel’s diameter is sufficiently wide to accommodate dSRNA. However,
when the plug is present, the tunnel’s diameter is reduced to the point that only single-
stranded RNA can be accommodated [28¢¢]. Thus, the presence of the plug may cause
separation of the duplex product formed by the minus-strand template and nascent +RNA
during transcription, resulting in the release of the two RNAs from different tunnels of the
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polymerase. How the position of the plug is controlled is unknown. However, as the
predicted heterodimeric complex of VP1 and VP3 is bound to the interior face of VP2
decamers within the DLP, VP3 may prevent the release of the plug from the dSRNA/-RNA
exit tunnel, promoting transcription by VP1. When VVP3 is not present, or is not stably bound
to VP1, the nascent dsRNA product likely pushes the plug out of the exit tunnel, allowing
the polymerase to operate as a replicase.

Conclusion

Rotavirus polymerase activity requires the inner capsid proteins, a connection that links
genome replication with core assembly and transcription with DLP assembly. For either
replicase or transcriptase activity, VP1 likely requires the movement of the polymerase’s
priming loop from a retracted form to an extended form, thereby allowing RNA initiation.
Because such movement is dependent on assembled VP2, VVP1 alone lacks polymerase
activity, even though it can bind viral template RNA. Whether VP1 functions as a replicase
or transcriptase may be regulated through the polymerase’s C-terminal plug, an element
affecting the diameter of the dsSRNA/-RNA exit tunnel. The interaction of VP3 with VP1 in
the core may stabilize the plug in the dSRNA/-RNA exit tunnel, causing the polymerase to
operate as transcriptase and not as a replicase. The VP6 capsid shell is also required for
transcriptase activity, probably supporting in part the activities of channels that translocate
+RNAs out of the core. Further insights into the importance of the VP1 priming loop and
plug await determination of atomic structures for VP1 in enzymatically-active states. A
model incorporating our current knowledge and ideas into the assembly of the VP1-VP2-
VVP3 decamer complex and its functions is illustrated in Figure 4.
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Figure 1. Architecture of the rotavirus virion
(a) The mature rotavirus TLP is shown with the VP7 glycoprotein (yellow) and VP4

attachment spike protein (red) coating the surface. The virion contains 132 channels that
enable small molecule exchange: 12 Type | channels, 60 Type Il channels, and 60 Type IlI
channels. (b) Removing the outermost VP7/VP4 protein layer and the intermediate VP6
(green) from half of the particle reveals the innermost VP2 layer (light blue) (a—b, PDB:
3IYU and 3NQ9). (c) The inner core shell is formed by 12 decamers of VP2. Each decamer
assembles from two VP2 conformers: A (light blue) and B (gray). The Type | channel sits at
the center of the five VP2-A conformers (yellow asterisk), while the Type Il channel sits at
the inner tip of the five VP2-B conformers (dark blue asterisk) (PDB: 4F5X). (d) Packaged
within the core, just offset from the fivefold axis, is the RARP, VP1 (pink), and the RNA
capping enzyme, VP3 (purple) (VP2-VP1, PDB: 4F5X; VP3, modeled). The VP2 tethers
(yellow ribbons) are 80-100 residues in length and extend into the core. Residues 1-80, or
1-100, of VP2-B and VP2-A, respectively, are too flexible to be resolved. The tethers are
required to encapsidate VP1 and VVP3 [16e¢¢], but their role in RNA synthesis, if any, is
unknown. (e) A slice of a cryoelectron microscopy image of the TLP, colored to identify the
three protein layers (yellow, VP7; green, VP6; blue, VP2). The dsRNA viral genome is
organized in concentric rings within the TLP. Part of the VP2 tethers are observed (red
arrows), oriented towards the five-fold axes (dashed line). The extra density beneath the
five-fold axes belongs to VP1 and VP3, after five-fold averaging.
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Figure 2. Features of VP1 that contribute to RNA initiation
(a) A surface representation of VP1 is shown colored by domain: N-terminal (khaki), fingers

(blue), palm (red), thumb (light green), and C-terminal bracelet (light pink) (PDB: 2R7R,
2R7W). The C-terminal plug (cyan) can be seen inside the tunnel formed by the C-terminal
bracelet. The cap-binding site on VP1-located to the right of the template entry tunnel-is
indicated by a dashed circle. (b) A cutaway representation of VP1 in complex with a
ribonucleotide representing the 3’ consensus sequence (3’CS) of rotavirus +RNA and
nucleotides modeled into the N and P sites. This cutaway representation reveals the four
tunnels to the active site: template entry, dSRNA/-RNA exit, NTP/PP; exchange, and +RNA
exit (PDB: 2R7R). (c) Similar to panel b, with a transparent view of the clipped VP1
surface. The priming loop (yellow) is extended away from the P site, unable to support
initiation (PDB: 2R7R). (d) Magnification of the polymerase active site reveals details of
initiation (polymerase domains colored as in panel a). The active site residues from motifs A
and C (red) in the palm domain are represented as sticks and motif F (dark blue) encloses the
top of the active site. In the absence of VP2, VVP1 exists in an inactive conformation. The
priming loop (yellow ribbon) is retracted away from the priming nucleotide (P) and the
template RNA is one nucleotide past the initiation register (C1) [PDB: 2R7R (VP1), 1IN1H
(nucleotides)]. (e) Estrozi and colleagues determined the orientation of VP1 (pink) within
the DLP [12¢], finding that the polymerase is offset from the five-fold axis (yellow asterisk)
at the center of the VP2 decamer (blue and gray). The position of VP1 revealed that the
priming loop (yellow surface on VVP1) and neighboring regions of VP1 likely interact
directly with the VP2 decamer. It is probable that the interaction between VP1 and VP2
within the core particle forces the priming loop further into the active site to support a
priming nucleotide for initiation.
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Figure 3. Regulation of replication versus transcription in VP1
(a-b) A cutaway of VP1 (PDB: 2R7R), colored as in Figure 2, reveals the four tunnels to the

active site. Template -RNA/+RNA and the C-terminal plug were modeled on top of VP1.
(a) During replication, +RNA templates enter the polymerase through the template entry
tunnel, the complementary —RNA is synthesized, and the resulting dsRNA product is
thought to exit through the dSRNA/-RNA exit tunnel into the virion core. The C-terminal
plug (cyan) must extend out (“plug out™), allowing dsRNA to pass through. (b) During
transcription, —RNA templates enter the polymerase through the template entry tunnel, and
+RNA is synthesized. In this reaction, the template ~-RNA is thought to exit through the
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dsRNA/-RNA exit tunnel. The C-terminal plug may be stabilized by interactions with the
surface of the tunnel (“plug in™), reducing its diameter. +RNA products are thought to exit
through the fourth tunnel and out of the DLP.
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Figure 4. Formation of core particles
(a) VP2 decamers (blue) with open tethers (yellow) associate with VP1/+RNA complexes

(pink) and VP3 (purple). The five-fold axis is indicated with a light green asterisk. (b) The
specific interaction of the VP1/+RNA complex with the VP2 scaffold domain triggers RNA
initiation. Elongation of dSRNA displaces the plug (cyan) from the exit tunnel and releases
dsRNA into the core interior. (c) Interaction of VP3 with VP1 and VP2, along with closure
of the tethers, stabilizes the plug within the exit tunnel. The intermediate VVP6 layer (green)
begins to assemble on top of VP2. (d) Assembly of the VVP6 capsid shell promotes formation
of channels that allow transcription and release of nascent transcripts. The positive-strand of
the dsSRNA segment likely remains associated with VVP1, bound at the cap-binding site, to
facilitate multiple rounds of transcription within the DLP.
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