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Determinants of Core Shell Dependent Rotavirus Polymerase Activity 
 

Courtney Long Steger 
 

ACADEMIC ABSTRACT 
 
 

Rotaviruses (RVs) are medically significant gastrointestinal pathogens and are a leading 

cause of childhood mortality in many countries.  The RV RNA-dependent RNA polymerase, 

VP1, synthesizes RNA during viral replication only in the presence of another RV protein, VP2, 

which comprises the innermost core shell layer of the virion.  Though these VP1-VP2 

interactions are essential for RV replication, the mechanism by which the core shell regulates 

polymerase activity remains incompletely understood.  Here, we sought to identify and 

characterize specific regions of both VP1 and VP2 that are required for core shell dependent 

polymerase activity.  First, we used bioinformatics approaches to analyze VP1 and VP2 

sequence diversity across many RV strains and identify positional locations of critical amino 

acid changes within the context of known structural domains and motifs.  We next tested how the 

identified sequence differences influenced VP2-dependent VP1 activity in vitro.  These data 

revealed that VP1 and VP2 protein diversity correlates with functional differences between avian 

and mammalian RV strains.  Then, we used these sequential and functional incompatibilities to 

map key regions of VP1 important for mediating RNA synthesis.  To pinpoint critical interacting 

regions of VP1 and VP2, we used site directed mutagenesis to engineer several modified VP1 

and VP2 proteins.  Then, we employed an in vitro RNA synthesis assay to test how the 

introduced mutations influenced VP2-dependent VP1 activity.  Altogether, our results revealed 

several functionally important VP1 residues critical for in vitro VP2-dependent VP1 activity, 

either individually or in combination with neighboring residues, including E265/L267, R614, and 

D971/S978/I980.  Structural analyses show VP2 interactions at these surface-exposed VP1 sites, 



 

which altogether supports a direct contact model of core shell dependent RV polymerase activity.  

Moreover, recombinant VP1 proteins containing multiple mutations at buried residues were 

incapable of facilitating RNA synthesis in vitro under the assay conditions, indicating that an 

extensive intramolecular signaling network exists to mediate VP1 activity.  Taken together, these 

results suggest that VP2 binding at the VP1 surface may induce intramolecular interactions 

critical for VP1 activity.  Overall, results from these studies provide important insight into VP1-

VP2 binding interface(s) that are necessary for RV replication.  
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GENERAL AUDIENCE ABSTRACT 
 
 

Rotaviruses (RVs) are clinically-significant gastrointestinal pathogens that cause severe 

diarrhea and dehydration in children.  RVs encode a specialized polymerase enzyme, called VP1, 

which functions to synthesize RNA during viral replication.  RNA synthesis activities of VP1 are 

tightly regulated by another RV protein, VP2, which comprises the innermost core shell layer of 

the virion.  Though these VP1-VP2 interactions are essential for viral replication, the mechanism 

by which the core shell supports polymerase activity remains poorly understood.  Here, we 

sought to identify and characterize specific regions of both VP1 and VP2 that are essential for 

polymerase activity in a test tube (i.e., in vitro).  First, we analyzed VP1 and VP2 sequence 

diversity across many RV strains.  Then, we tested how the identified sequence differences 

influenced VP2-dependent VP1 activation in vitro.  To pinpoint critical regions of VP1 and VP2, 

we next engineered and assayed several mutant proteins.  Altogether, our results revealed several 

functionally important residues of VP1 and VP2, which raises new ideas about VP1-VP2 binding 

interface(s) that are important for viral replication.  Moreover, results from these studies may 

provide a scientific platform for the rational design of next-generation RV vaccines or antiviral 

therapeutics. 
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 1 

CHAPTER 1:  

BACKGROUND AND LITERATURE REVIEW 

 

Section 1.1 Public Health Considerations of Rotavirus  

Diarrheal disease is a leading cause of malnutrition and death in children under five years 

old and causes >525,000 child deaths per year globally, according to latest surveillance data from 

the World Health Organization (WHO) in 2017 (1-3).  Various bacterial, viral, and parasitic 

organisms including, but not limited to, campylobacter, Escherichia coli, rotavirus, norovirus, 

and cryptosporidium can produce symptoms of diarrhea in an infected individual (4).  By 2017 

WHO estimates, there are approximately 1.7 billion cases of diarrheal disease in children 

worldwide (4).  If left untreated, severe dehydration and fluid loss can lead to death.  Fortunately, 

most diarrheal disease can be effectively treated using rehydration therapies via oral rehydration 

solution (i.e., a mixture of water, salt, and sugar) or intravenous fluids, zinc supplements, and 

nutrient-rich diets.  However, diarrheal disease remains a significant cause of childhood 

mortality in developing countries wherein access to adequate healthcare is limited and children 

who die from diarrhea also suffer from underlying malnutrition (5).   

Rotaviruses (RVs) are prominent enteric pathogens that cause acute watery diarrhea in 

infants and young children around the world and are responsible for an estimated 215,000 deaths 

in children per year (6).  RVs are ubiquitous and highly environmentally stable pathogens; 

subsequently, RV transmission is difficult to prevent and/or control via adequate sanitation and 

hygiene (7-9).  RVs are shed in the stool of an infected host and are transmitted between hosts 

primarily via a fecal-oral route (10, 11).  One or two days after exposure, RV infection spreads to 

the small intestine, wherein most RV infection and replication localizes within villus enterocytes 
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lining the ileum (12).  In contrast to pathogenic bacterial-induced diarrhea, RV-induced diarrhea 

is characterized by relatively little intestinal inflammation, however diarrheal disease 

manifestation in RV infected hosts is multifactorial, and likely the result of several contributing 

mechanisms that ultimately disrupt small intestine function and homeostasis (13).  For example, 

malabsorption as a consequence of impaired RV-infected villus enterocytes, activation of the 

enteric nervous system, and hypersecretion of an RV-induced enterotoxin (NSP4, see Section 

1.5G) have all been implicated in diarrheal disease manifestation and severity (12, 14-17).  

Symptoms of RV-induced diarrheal disease are easily alleviated in individuals living in 

developed countries with adequate medical infrastructure and access to rehydration therapies, 

however untreated RV infections in neonates and young children commonly lead to severe 

dehydration and death in less developed areas of the world. 

Several prophylactic RV vaccines are available internationally and four orally-

administered, live, attenuated RV vaccines are currently prequalified by the WHO and 

implemented in national immunization programs in >80 countries (RotarixTM, GSK Biologics; 

RotaTeqTM, Merck and Co; RotavacTM, Bharat Biotech; and RotaSiilTM, Serum Institute of 

India).  RV vaccines are primarily aimed to prevent severe gastroenteritis in infants and young 

children <3 years old because RV disease is most acute and life-threatening within this 

population.  RotarixTM is a monovalent vaccine containing an attenuated version of the most 

widely circulated RV strain (G1P[8], see Section 1.2 for details on nomenclature and 

classification) and is administered to infant children in two doses within the four months of life 

(18).  RotaTeq, however, is a pentavalent vaccine comprised of five human-bovine reassortant 

virus strains that is administered to infants in a 3-dose series within the first six months of life 

(19).  Both RotaRixTM and RotaTeqTM vaccines are used interchangeably in the United States 
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and worldwide, and there are no significant differences in efficacy (20).  The use of vaccines has 

yielded significant reductions in RV-related hospitalizations and deaths since their approval and 

distribution in 2008, with RV childhood mortality rates dropping from ~453,000 deaths/year in 

2008 to 215,000 deaths/year in 2013 (6, 21).  Although vaccine efficacy ranges from 84-98% in 

developed countries, significantly reduced vaccine efficacy ranging from 40-60% has been 

demonstrated in some low-income settings where the vaccines are needed the most (22).  

Unfortunately, severe disease also occurs at disproportionately high levels in developing 

countries, with 90% of RV-related deaths occurring in Asian and African countries and >50% of 

RV-related deaths occurring in just four countries (Democratic Republic of Congo, India, 

Nigeria, and Pakistan) (6).  Although the reasons for these geographic inconsistencies in vaccine 

efficacy are undoubtedly multifaceted, malnutrition, diverse and variable gut microbiota, co-

occurring infections with other pathogens, and unreliable vaccine administration most likely 

contribute to these outcomes (23).  Nevertheless, continued research to increase our 

understanding of RV replication and pathogenesis is critical to inform the design of improved 

vaccines. 

 

Section 1.2 History and Classification of Rotavirus 

 RVs were among the first viruses to be identified as causes of acute viral gastroenteritis 

in humans, second only to Norwalk virus (now called norovirus) discovered in 1972 (24, 25).  

After the discovery of RV particles in human duodenal mucosa and feces in 1973, several 

previously described animal viruses identified in the decade preceding this discovery were also 

identified as RVs (26).  In the last ~50 years, RVs have been identified in >35 different 

mammalian and avian host species including, but not limited to, humans, pigs, cows, mice, 



 4 

monkeys, dogs, cats, horses, bats, chickens and ducks.  Early electron microscopic images of RV 

particles revealed that RVs are nonenveloped, triple-shelled particles that encapsidate eleven 

double-stranded (ds) RNA genome segments within the virion core (27, 28).  The distinctive 

“wheel-like” morphology of RV particles, which forms a smooth outer rim decorated with short 

spokes, is what inspired the name RV (from the Latin rota, meaning “wheel”) (29). 

 RVs are prototypic members of the Reoviridae family of viruses in which all family 

members share morphological properties including one, two, or three concentric, icosahedral 

protein layers that surround and enclose 9-12 linear dsRNA genome segments.  According to the 

International Committee on Taxonomy of Viruses (ICTV), there are 15 genera delineated within 

the Reoviridae family, including two subfamilies Spinareovirinae (classified by the presence of 

spikes or turrets) and Sedoreovirinae (classified by the absence of turrets).  The Rotavirus genus 

is included within the Sedoreovirinae subfamily, along with the Orbivirus genus, which includes 

notable species like bluetongue virus, which is a triple-shelled, 10-segmented dsRNA virus that 

infects sheep and other ruminants.  Spinareovirinae include notable genera such as 

Orthoreovirus, Aquareovirus, and Cypovirus, which have 10-11 dsRNA genome segments 

enclosed within 1-2 icosahedral protein layers.  Studies using mammalian orthoreovirus, another 

prototypic species in the Reoviridae family, have been particularly useful in inspiring advances 

in the RV field due to overlaps in morphology, protein function, and viral replication. 

 The Rotavirus genus can be divided into at least eight species, Groups A-H, with 

tentative Groups I and J (30-32).  Group A rotaviruses (RVAs) represent the most well-studied 

RV species, as they account for the vast majority of disease in humans and many other animals, 

and are the focus of most of the information detailed in this dissertation, unless otherwise noted.  

Even within this species, RVAs are incredible genetically diverse, with some viral genome 
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segments sharing <45% nucleotide sequence identity. Historically, a binary classification system 

based on antigenic reactivities of two outer capsid proteins: VP7, a glycoprotein comprising the 

outermost protein layer of the RV virion, and VP4, a protease-sensitive spike protein that 

decorates the VP7 protein shell (see Section 1.4) (33).  Thus, RVA strains were classified into 

VP7- and VP4-derived serotypes (G-type and P-type, for glycoprotein and protease-sensitive 

protein, respectively), which is similar to influenza H- and N-type classification systems.  In 

2008, a more extensive genotyping system was developed for RVAs, wherein each individual 

genome segment of a given RVA strain is assigned a genotype based upon its nucleotide 

sequence and percent identity cut-off values (34).  In the classification system, each segment is 

designated by a single letter (defined by the function of the encoded protein) and the assigned 

genotype is listed as a number based on an established nucleotide percent identity cut-off value.  

There are currently 20-51 assigned genotypes described for RVA genome segments, summarized 

in Fig. 1-1 (35). 

 

Section 1.3 Rotavirus Genome Structure and Organization 

 The RV genome totals ~23 kilobases (kb) and is comprised of eleven linear dsRNA 

genome segments, numbered (i.e., g1-g11) according to their migration in polyacrylamide gels 

(Fig. 1-1).  While the genome segments range in length (0.5-3.3 kb) and composition, they are 

conserved in their structure and organization.  The intra-particle structural organization of the 

genome is highly ordered and appears to be conserved among other Reoviridae viruses including 

aquareovirus, cypovirus, orthoreovirus, and bluetongue virus (36-39).  Structural data of intact 

virion particles suggest that the dsRNA genome segments are tightly packed and maintain rigid, 

rod-like morphologies that extend tangentially from each polymerase complex and form parallel 
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striations (36, 38).  Connections between multiple concentric layers of genomic RNA within the 

core may indicate the presence of complex inter-segment interactions that contribute to, or are 

the outcome of, whole genome organization (36, 38).   

The positive-sense (+) RNA strand of all eleven RV genome segments (+RNA, see 

Section 1.5C) are arranged with a central coding region in the open reading frame (ORF), which 

is flanked by 5’ and 3’ noncoding untranslated regions (UTRs) of varying lengths (5’ UTR 

ranges from 9-48 nucleotides; 3’ UTR ranges from 17-182 nucleotides) (40).  Noncoding regions 

vary between RV genome segments, but are highly conserved between homologous strains (41) 

and contain terminal consensus sequences that are important signals for gene expression and 

genome replication (42-44).  Each +RNA is monocistronic, with the possible exception of g11, 

dsRNA
Encoded 
Protein

g1

g2
g3, g4

g5

g6

g7
g8, g9

g10

g11

VP1

VP2

VP3

VP4

NSP1

VP6

VP7

NSP2

NSP3

NSP4

NSP5

Genotypes

R1-R22

C1-C20

M1-M20

P[1]-P[51]

A1-A31

I1-I26

G1-G36

N1-N22

T1-T22

E1-E27

H1-H22

Protein
Function(s) %CO

83

84

81

80

79

85

80

85

85

85

91

RNA-dependent RNA polymerase

Core shell protein

Methyltransferase, phosphoesterase

Protease-sensitive attachment

Innate immune Antagonist

Intermediate protein layer

Glycoprotein, outer protein shell

NTPase, viroplasm formation

Translational enhancer

Enterotoxin, glycoprotein, viroporin

pHosphoprotein, viroplasm formation

Figure 1-1.  Rotavirus gene segments, protein functions, and classification nomenclature.  
Eleven dsRNA gene segments (rotavirus strain SA11) are shown electrophoresed on a 1% agarose 
gel with encoded proteins and key protein function(s) labeled.  Genetype acronyms are derived 
from protein function and highlighted in underlined bold font.  Genotype numbers are assigned 
based on percent nucleotide identity cut-off values (%CO), whereby genes that share    < %CO 
value are assigned to a novel genotype.
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which encodes for a second protein in some select RV strains (45).  Thus, each RV genome 

segment is considered to encode one viral gene and one viral protein.  The eleven distinct RV 

genome segments are encased within the core of the virion and encode for 6 structural proteins 

(VP1-VP4, VP6 and VP7) that comprise the infectious RV particle structure, as well as 5 or 6 

non-structural proteins (NSP1-NSP6) that have various functions in viral replication, assembly of 

new virions, and evasion of host antiviral responses (Fig. 1-1). 

 

Section 1.4 Rotavirus Particle Structure 

The fully infectious RV virion is a non-enveloped, triple-layered particle (TLP) that is 

~100 nm in diameter (Fig. 1-2).  Many structural studies of RV particles have revealed detailed 

images of particle morphology (46-51).  Each concentric protein layer of the RV virion occupies 

icosahedral symmetry; the outer and middle protein layers possess T=13 icosahedral surface 

lattice, whereas the innermost core shell layer is organized as a T=1 icosahedron.  Near-atomic 

resolution structures of the TLP also revealed 132 large aqueous channels that penetrate the inner 

core: 12 Type I channels located at the icosahedral fivefold axes and two sets of 60 Type II or 

Type III channels located at twofold and threefold axes, respectively (52).  Since RV particles 

remain intact during +RNA synthesis, it is likely that these channels allow for nucleotide 

exchange and extrusion of nascent transcripts (see Section 1.5C).  

The smooth outermost shell of the TLP is comprised of 260 homotrimers of the 

glycoprotein VP7 (37 kDa monomer) embedded with 60 trimeric VP4 spikes positioned at the 

fivefold icosahedral axes.  The VP4 spikes radially project ~120 Å from the surface of the VP7 

shell and also extend inwards ~80 Å to be stabilized by interactions with both the outer and 

intermediate layers of the TLP, formed by trimers of VP7 or VP6, respectively (50).  Exposure 
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of the TLP to proteases in the intestinal lumen (or trypsin in cell culture), cleaves VP4 (88 kDa) 

into fragments designated VP8* (28 kDa) and VP5* (60 kDa), which facilitates viral membrane 

penetration (53).  The VP7 protein layer also undergoes significant conformational changes 

following endocytosis of the RV virion, whereby calcium-dependent VP7 trimer structures are 

disassembled and the outermost layer of the TLP is shed (see Section 1.5B).   VP7 glycoproteins 

and VP4 spikes, specifically VP5* fragments, are targets for neutralizing antibodies, and thus are 

important mediators of RV infectivity (see section 1.6B) (54). 

The outer VP7 shell directly encloses an intermediate protein layer comprised of 260 

homotrimers of VP6 (45 kDa).  At 70 nm in diameter, the VP6 protein shell is >20 times thicker 

that either the outermost VP7 layer or innermost VP2 layer and encompasses the majority of the 

RV virion.  Thus, the VP6 protein layer is important for stabilization of the fragile core particle 

and maintaining the integrity of the virion structure (46, 49, 51).  Additionally, maintaining the 

VP1g1 1088

VP2g2 881

VP3g3 835

VP4g4 776

NSP1g5 491

VP6g6 397

VP7g7 326

NSP2g8 317

NSP4g10 175

NSP5g11 198

NSP3g9 315315

(A) (B)

Figure 1-2.  Schematic diagrams of rotavirus virion and genome structure.  (A) The infectious 
rotavirus virion is composed of VP4 (red), VP7 (yellow), VP6 (green), VP2 (blue), VP3 (purple), 
VP1 (pink) and genomic dsRNA (gray).  (B)  Encoded proteins (in amino acids) of the dsRNA 
gene segments, with structural proteins colored as in panel A and nonstructural proteins shown in 
white.  
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structural integrity of the uncoated TLP (i.e., double-layered particle, or DLP) during 

transcription is a critical feature of the intermediate protein shell. 

Directly beneath the VP6 layer resides the core shell layer, comprised of 120 copies of 

the VP2 monomer (102 kDa).  In order to achieve T=1 icosahedral symmetry, VP2 molecules 

arrange as dimers, wherein one structural isoform converges tightly around fivefold vertices 

(VP2-A), and molecules adopting a slightly different conformation (VP2-B) intercalate between 

adjacent VP2-A monomers to form flower-like decameric structures surrounding each fivefold 

icosahedral axis (46, 47, 49, 51).  The VP2 monomer is comprised of two domains: a principal 

scaffold domain that creates the thin, comma-like, core shell, and an N terminal domain 

extension (~100 residues) (49).  The principal scaffold domain of VP2 maintains extensive 

interactions between structural isoforms and is organized into three subdomains (apical, 

carapace, and dimer-forming) (49).  The VP2 NTD forms a flexible ‘arm’ that is not fully 

resolved in any known structures, but presumably extends down into the core.  Given the non-

specific RNA-binding affinity and dynamic mobility of the VP2 NTD, it is likely that the VP2 

NTD has a role in RNA synthesis (e.g., transcription and/or genome replication), particle 

assembly, and encapsidation of viral RNA or proteins.  Eleven copies of the viral polymerase 

(VP1, 125 kDa) and capping enzyme (VP3, 98 kDa) are enclosed within the VP2 core shell 

layer, along with the dsRNA genome.  VP1s are positioned slightly off-center from the fivefold 

axes (i.e., beneath Type I channels), tethered to the VP2 core shell (55).  Atomic resolution 

structures for a recombinant VP1 molecule revealed the polymerase structure in fine detail (see 

Section 1.5F) (43), whereas the structure of VP3, which assumedly located adjacent to VP1, 

remains mostly unsolved (56-58).   

 



 10 

Section 1.5 Rotavirus Replication Cycle 

 1.5A.  Attachment of the Rotavirus Particle.  RV attachment to intestinal epithelial 

cells is a complex and incompletely understood area of RV biology.  Available data suggests that 

attachment of the RV particle to host cell receptors is broadly mediated by initial binding to a 

common glycan receptor, followed by more specific interactions with co-receptors that facilitate 

virus entry (59).  Both VP7 and VP4 are clear drivers of attachment through initial contacts with 

host cells, however, the precise interactions and mechanistic insights of attachment and 

penetration are still active areas of investigation.  Following protease-mediated VP4 cleavage 

events, sialic acid-binding residues are exposed on the surface of VP8* fragments noncovalently 

bound to the TLP (60).  Early work indicated that VP8 interactions with sialic acid residues was 

the key determinant for RV entry and infectivity (61-63).  But more extensive analysis 

demonstrated that although some animal RV strains require sialic acid for attachment, most 

human and animal strains do not hemagglutinate red blood cells and are neuraminidase-resistant; 

thus, most RV strains tested to date do not require sialic acid residues for host cell entry (64-66).  

More recent data has shown that some sialic acid-independent VP8* fragments bind to 

nonsialylated histo-blood group antigens, which are common cellular receptors for other 

gastrointestinal pathogens including noroviruses (67).  Still, there is considerable strain-

specificity in glycan binding, which may have important implications for interspecies 

transmission, strain susceptibility, and vaccine response (68).   

In addition to cellular glycan interactions, coordinated interactions with multiple co-

receptors on the cell surface have been proposed to facilitate virus attachment.  For instance, 

VP5* and VP7 glycoproteins are involved in putative binding interactions with various integrins 

post-attachment (e.g., a2b1, avb3, axb2, a4b1) (69-72).  Heat shock cognate protein 70 (hsc70) 
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and the tight junction protein JAM-A are also implicated as possible RV co-receptors in some 

strains (73, 74), however the order of interaction(s) is not yet known.  It also remains to be 

determined whether some or all of the implicated molecules work in tandem or represent 

alternative binding footprints.  Knowledge of these co-receptor interactions is limited by a lack 

of structural data for protein-receptor complexes and unknown binding affinities for receptor 

molecules.  However, all known co-receptors are associated with detergent-resistant lipid rafts, 

which are required to facilitate efficient interactions between the RV particle and host cell 

receptor(s) (65, 66).   

Interactions between the RV particle and cellular receptor(s) are extensive and 

indisputably complex.  In fact, inhibiting or silencing the interaction of RV with each of the 

proposed receptors or co-receptors reduces RV infectivity by less than one log, suggesting that 

there may be additional entry factors that have not yet been described, and/or that RVs have 

evolved to accommodate more than one entry mechanism (75).  Additionally, studies analyzing 

different receptors using different RV strains on different cell types have yielded conflicting 

results that are difficult to interpret.  A major limitation of many of these studies using non-

polarized, lab-adapted cell types (e.g., MA104 cells) is that the complex morphologies 

characteristic of the natural RV host cells are not fully captured.  Future studies will benefit from 

a human intestinal organoid system that recapitulates the microenvironment of the small intestine 

in a biologically-relevant ex vivo system (76, 77).  

1.5B.  Entry and Uncoating of the RV Virion.  Following attachment to a susceptible 

intestinal epithelial cell, multiple coordinated processes facilitate entry of a RV virion entry into 

the host cell.  Recent studies indicate that, similarly to attachment mechanisms, the mode by 

which RVs enter the cell may differ based on RV strain (78).  Though the mechanism of 
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penetration is largely unknown, efficient RV entry is dependent upon post-attachment 

conformational changes of VP5*.  Specifically, the VP5* cleavage fragment undergoes structural 

rearrangements to expose lipophilic domains of VP5* that facilitate membrane penetration (79).  

Once the RV virion is internalized, diverse endocytic pathways have been suggested as 

mechanisms of RV entry, though most human and animal RV strains enter cells via clathrin-

mediated endocytosis (78, 80).   Unsurprisingly, strain-specific variation in the VP4 spike protein 

regulates the method by which RV enters the cell (e.g., receptor-mediated endocytosis or 

clathrin- or calveolin-independent endocytosis).  Regardless of entry method, RV particles 

within calcium-deficient endosomal vesicles undergo a second morphological change wherein 

the outermost VP7 shell dissociates and solubilizes (81, 82).  The precise mechanism of 

endosomal membrane penetration remains unclear, though initial data suggests that solubilized 

VP7 proteins can permeabilize cellular membranes and lyse the endosomal vesicle (82) and more 

recent structural data showing membrane disruption and gross morphological changes supports 

this model (83).  Ultimately, a transcriptionally-active uncoated virion (i.e., DLP) is deposited 

into the cytosol. 

1.5C.  Transcription and Translation of Viral +RNAs.  Transcription is triggered soon 

after the DLP is released from the endosome and delivered into the cytosol.  Although 

transcriptional activation is associated with detachment of the outer virion layer, which allows 

the DLP to expand, it remains mechanistically unclear how uncoating of the TLP induces 

transcription and if the increase in particle diameter is sufficient to initiate RNA synthesis (48, 

84).  Nevertheless, within the confines of the fully-formed DLP, each dsRNA genome segment 

associates with an endogenous RNA-dependent RNA polymerase (VP1) and a viral RNA 

capping enzyme (VP3), both of which are presumed to be anchored against the innermost core 
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shell layer beneath each fivefold icosahedral axis.  VP1 synthesizes viral +RNAs that are 

subsequently capped with an m7GpppG structure on the 5’ end via activities of VP3.  It is not 

currently known if the polymerases transcribe dsRNA genome segments simultaneously, or if 

they function independently, though evidence suggests that transcription of the RV genome is 

asymmetric in that the amount of +RNAs produced from the dsRNA genome is not equimolar 

(85, 86).  Regardless, newly-synthesized +RNAs are extruded from the core via Type I channels 

that permeate the VP2 and VP6 layers at fivefold vertices (46, 87).  Noncoding regions at the 5’ 

and 3’ termini of the +RNAs are partially-inverted complements that confer long-range 

interactions and create modified panhandle structures (88).  Each RV gene lacks 3’ 

polyadenylation signals, but instead contain a highly conserved, single-stranded consensus 

sequence (5’-UGUGACC-3’) that contains important signals for gene expression and genome 

replication (42-44).   

Nascent capped +RNAs released into the cytosol serve as templates for translation by 

host cell translation machinery, or as templates for genome replication (see Section 1.5F) (Fig. 1-

3).  Both structural (VP) and nonstructural (NSP) RV proteins are synthesized on free ribosomes 

in the cytosol.  Additionally, RV glycoproteins VP7 and NSP4 are synthesized by host cell 

ribosomes bound to the endoplasmic reticulum (ER), then co-translationally inserted into the ER 

membrane, during a process that aids in virion maturation and egress (see Section 1.5G).  

Although viral proteins are synthesized by cellular translation machinery, translation of non-

polyadenylated viral +RNAs is facilitated by actions of NSP3 (36 kDa), a functional homolog of 

cellular poly(A)-binding protein (PABP).  More specifically, the NSP3 N-terminus recognizes 

the highly conserved 3’ consensus sequence (3’-GACC) characteristic of all RV +RNAs, and the 

NSP3 C-terminus binds eIF4G (eukaryotic translation initiation factor 4G) with higher affinity 
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than PABP to induce translation (89, 90).  Thus, competitive binding of NSP3 to eIF4G 

simultaneously inhibits host cell translation and enhances translation of viral proteins.  

Additionally, the ssRNA binding capacity of NSP3 has also been proposed as a possible 

Figure 1-3.  Overview of the intracellular rotavirus lifecycle.  Fully infectious rotavirus virions 

enter an infected cell via endocytic processes following attachment of VP4 (red) cleavage prod-

ucts to various surface receptors.  Low calcium concentrations within the endosome trigger the 

triple layered rotavirus particle to shed its outermost layer of VP7 (yellow) and VP4.  The double 

layered particle is deposited into the cytosol and VP1s (pink) contained within the core transcribe 

the dsRNA genome.  Viral +RNA transcripts are capped by the activities of VP3 (purple) and 

subsequently used as templates for viral protein synthesis in the cytosol or the transcripts are 

trafficked to the viroplasm (formed by NSP2 and NSP5) and serve as templates for dsRNA 

synthesis.  +RNA templates are packaged within concurrently assembling viral cores and replica-

tion of each gene by VP1s occurs in a coordinated and synchronized mechanism within a subviral 

assembly-replicase intermediate particle that includes VP2 (blue) and possibly VP6 (green) 

protein layers.  Through interactions with NSP4 and VP4, the newly-formed double layered parti-

cle buds through the ER membrane and acquires a transient envelope that is displaced by the 

ER-resident VP7 glycoprotein.  Finally, the triple-layered progeny virion exits the cell via lysis or 

exocytosis.  
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mechanism to traffic newly synthesized viral +RNAs to viral factories called viroplasms, 

wherein +RNAs are assorted and packaged with newly forming RV particles and genome 

replication occurs (91, 92).  

1.5D Viroplasm Formation.  Virus-induced inclusion bodies known as viroplasms are 

formed in a concentration-dependent manner regulated by accumulation of two virally-encoded 

proteins: NSP2 (35 kDa) and NSP5 (26-35 kDa).  Although several other viral protein entities 

localize to these sites (including VP1, VP2, VP3, and VP6), abundant expression of NSP2 and 

NSP5 only are sufficient to induce self-assembly of viroplasms within an RV infected cell (93).  

Cellular components including microtubules, lipid complexes, and proteasomes have also been 

implicated in viroplasm formation (94-96).  Altogether, these data suggest that formation of the 

viroplasm concurrently enhances viral replication and inhibits cellular mechanisms as a 

consequence of hijacking the cytoskeletal infrastructure.  In addition to usurping cellular 

pathways to promote RV replication, viroplasms function to sequester viral RNAs to stimulate 

assembly (97).  Viroplasmic functions during genome replication are largely mediated by RNA-

protein and protein-protein interactions involving NSP2 and NSP5.  NSP2, which is the most 

abundant protein species found in the viroplasm, is a multifunctional protein with enzymatic 

activities (e.g., NTPase, NDP kinase, RTPase, and helicase activities) and ssRNA-binding 

capabilities (98-101).  Doughnut-shaped, octameric formations of NSP2 create charged grooves 

that critically engage ssRNA and other proteins including, but not limited to, VP1, VP2, NSP5 

and tubulin (102-104).  In fact, NSP5 and ssRNAs competitively bind the same site, which may 

represent a mechanism of functional regulation during genome replication and virus assembly 

(102).   
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1.5E +RNA Assortment and Early Particle Assembly.  RV +RNA assortment and 

encapsidation, particle assembly, and genome replication are highly coordinated processes that 

remain poorly understood due to limited in vitro assays and only recent availability of a reverse 

genetics system.  Nevertheless, the available data suggests a model in which cis-acting elements 

between +RNAs encoding the eleven distinct RV genome segments engage each other to form a 

supramolecular complex, which subsequently gets encapsidated via interactions with core viral 

proteins (105, 106).  More recent in vitro data has supported this ‘supramolecular’ model and 

moreover identified sequence-specific inter-segment interactions between RV +RNAs that are 

mediated by structural changes induced by NSP2 binding (107).  Packaging signals that facilitate 

encapsidation of these +RNA interaction networks into the viral core are remain to be 

determined, though segment-specific packaging signals are predicted to reside, at least in part, 

within 5’ and 3’ UTR flanking the ORF of each +RNA.  Sequences within these terminal regions 

differ for each of the eleven +RNAs, but are highly conserved among homologous gene 

segments from various RV strains and likely contain structural elements involved in assortment 

and packaging (47, 108). 

Though the RV packaging efficiency has not been experimentally calculated, all 

naturally-occurring RV strains that have been isolated to date contain eleven genome segments 

that are present at equimolar amounts at the population level (109).  Moreover, there have been 

no reports of strains that lack one or more gene segment(s), despite the nonessential role of NSP1 

in the RV replication cycle in culture (97, 110-112).  Altogether these data provide convincing 

evidence that there are strong RNA-RNA and/or RNA-protein interactions among the +RNA 

segments that contribute to an all-or-nothing packaging system wherein a total of eleven genome 

segments (i.e., one copy of each gene) are invariably packaged within an assembling RV particle 
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(107, 109, 113 2015).  In this model, encapsidation of a supramolecular RNA complex 

containing all eleven +RNA gene segments is required for genome replication to take place.  

Once packaged within a nascent viral core particle, each +RNA associates with a distinct 

polymerase complex that functions in concert with ten other polymerase complexes to form the 

complete dsRNA genome.   

Coordinated synthesis of eleven dsRNA segments occurs within the confines of a 

subviral assembly-replicase intermediate (RI) particle, presumably to sequester the rigid dsRNAs 

within a newly forming virion (114).  Although the order of assembly and replication is still 

debated, several distinct RI particles have been identified and characterized.  Coupled assembly-

replication processes have been difficult to study in the context of infected cells because they 

occur within electron-dense viroplasmic inclusion bodies that cannot be resolved using 

transmission electron microscopy (EM).  However, subcellular fractions containing RV RIs 

capable of mediating in vitro dsRNA synthesis have been isolated biochemically and visualized 

by EM, which revealed a heterogeneous population of particles ranging in size (30-nm to 80-nm) 

and morphology (smooth versus rough borders) (87, 106, 115, 116).  Altogether, these data 

suggest a stepwise model of assembly (shown in Fig. 1-3) wherein small, smooth particles 

representing viral cores (i.e., +RNAs bound to VP1/VP3 polymerase complex within a partially-

formed VP2 capsid layer) acquire an incomplete VP6 layer visually represented by larger, rough 

particles that display a honeycomb surface (114, 116).  A more detailed review of these 

processes and the proposed model of RV particle assembly can be found in Chapter 2 of this 

dissertation.   

1.5F Synthesis of dsRNA Genome Segments.  Replication of the dsRNA genome is 

precisely regulated by complex interactions that are incompletely understood.  However, insight 
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into how VP1 mediates both transcription and genome replication have been gleaned from high-

resolution structural analysis of the recombinant (r) VP1 structure in addition to structures of the 

RV DLP.  VP1 assumes a compact and globular morphology that creates a cage-like structure 

with a buried catalytic core (43).  The tri-domain organization of VP1 contributes to the 

formation of four distinct tunnels that permeate the buried catalytic core and allow for separate 

entry and exit of +RNA templates, extrusion of nascent dsRNA genome segments, and exchange 

of essential nucleotides and metal ions (43).  Analyses of DLP structures suggest that VP1 is 

positioned directly beneath the core shell such that the +RNA exit tunnel is oriented against VP2, 

which creates several overlapping regions at this interface (55).  Such an orientation would 

facilitate extrusion of newly-formed +RNAs out of the DLP via adjacent Type I channels at the 

fivefold vertices and is similar to proposed orientations of polymerase complexes of other 

Reoviridae members (37, 38, 117).  However, the functional significance of these interaction 

interfaces in the context of transcription have yet to be fully explored, though we provide insight 

into the importance of these overlapping residues during genome replication within Chapter 4 of 

this dissertation.   

Interestingly, VP2 is required for polymerase activation during both transcription and 

genome replication (42, 118-120).  In fact, the crystal structure of rVP1 in complex with +RNA 

template revealed an auto-inhibited, inactive polymerase (43).  Comparisons to the enzymatically 

active orthoreovirus polymerase crystal structure distinguished several structural elements 

including a misaligned +RNA template and a malpositioned priming loop that inhibit initiation 

(Fig 1-4) (43).  A leading hypothesis in the field posits that VP2 binding to VP1 may trigger a 

signaling cascade within the VP1 enzyme that resolves the aforementioned structural anomalies 

and ultimately triggers polymerase activation.  Biochemical details of VP1 activation during 
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genome replication have been resolved using in vitro replication systems (118, 121).  Early 

studies using a cell-free open core replication system and an in vitro RNA synthesis assay 

revealed that dsRNA synthesis is +RNA template-dependent and also requires GTP and divalent 

metal cation co-factors in addition to the VP2 activator protein (42, 122-124).  More specifically, 

(A)  λ3 apoenzyme   VP1 apoenzyme

(B)  λ3 polymerase domain VP1 polymerase domain

Extended
priming loop

Retracted
priming loop

Figure 1-4.  Comparison of rotavirus and reovirus RdRp structures.  (A) Ribbon diagram of 
the reovirus λ3 (PDB accession no. 1N1H) and rotavirus VP1 (PDB accession no. 2R7Q) RdRp 
apoenzymes.  The N- and C-terminal domains are in yellow and pink, respectively.  The subdo-
mains of the polymerase domain are in light blue (fingers), red (palm), and green (thumb).  (B) 
The polymerase domains are shown alone for each enzyme and the priming loops are labeled and 
shown in cyan.
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VP1 recognizes the highly conserved, single-stranded 3’ terminal region of RV +RNAs (5’-

UGUGACC-3’), which form an asymmetric panhandle structure that is not conserved in -RNAs, 

and thus only +RNAs are used as templates for dsRNA synthesis (42, 122, 124).  VP1 

recognition signals are distinct, however, from cis-acting RNA elements that promote dsRNA 

synthesis and there are additional recognition signals located upstream of the 3’ terminal 

consensus sequence (42). Although VP1 can recognize and specifically bind +RNAs, these 

interactions alone are not sufficient to initiate dsRNA synthesis (42, 43).  Moreover, addition of 

exogenous nucleotides, specifically GTP, is sufficient to form phosphorylated dinucleotide 

‘primers’ (pGpG or ppGpG) that mediate dsRNA synthesis (123).  Incubation with divalent 

cations, specifically magnesium or manganese, is essential for stabilization of newly-forming 

phosphodiester bonds during catalysis and also required for activation of all polymerases, 

including VP1 (125-127).  Interestingly, initiation of dsRNA synthesis is salt-sensitive, in that 

replicase activity of VP1 is inhibited by low concentrations of salt, however the elongation phase 

of dsRNA synthesis was not affected and the mechanism underlying this salt-sensitivity is not 

well understood (121, 123).  In all of these studies, however, VP2 remains an essential activator 

that is required for dsRNA synthesis, though the precise VP1-VP2 interactions have yet to be 

fully elucidated.  Although poorly understood, VP2-dependent VP1 activation is an active and 

significant area of research that will be discussed in depth throughout this dissertation. 

 1.5G Rotavirus Virion Maturation and Egress.  Nascent RV DLPs, which assemble 

in cytoplasmic viroplasms, traffic through the ER to acquire the outermost layer of the particle 

(Fig. 1-3).  Newly-formed DLPs encounter cytoplasmic VP4 en route to the ER, whereby VP4 

spikes associate with the VP6 shell (128).  Then, interactions with NSP4 (20 kDa), a 

multifunctional virally-encoded ER membrane-bound receptor, facilitate budding of the particle 
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into the ER (129-131).  NSP4-mediated budding through the ER membrane creates a unique, 

transient envelope surrounding the maturing RV particles.  As the engulfed particles are 

trafficked into the interior of the ER, the envelope is quickly lost and replaced with a continuous 

layer of ER-resident VP7 trimers.  The integrity of the outermost VP7 layer is calcium-

dependent, and NSP4 additionally functions as an intracellular calcium agonist that facilitates 

release of calcium from intracellular stores and enables diffusion of calcium ions across the ER 

membrane (132, 133).   

In addition to stabilizing the VP7 layer, the viroporin activities of NSP4 also trigger 

autophagy-related signaling cascades (134, 135).  Accumulation of autophagosomes or 

autolysosomes at late stage infection has been associated with disruption of cellular structure, 

leading to lysis.  However, RV virion release from infected cells is not well understood and in 

vitro studies indicate that newly-formed RV virions are capable of utilizing more than one 

mechanism of egress.  For example, studies using nonpolarized kidney epithelial cells indicated 

that RVs are released via direct cell lysis (136, 137), whereas studies conducted with more 

biologically relevant polarized intestinal epithelial cell lines suggest that RVs are released by 

exocytosis secretion pathways (138).  Regardless of egress mechanism, release of the RV virion 

from the infected cell exposes the particle to trypsin-like proteases in the gastrointestinal tract, 

which results in VP4 cleavage to produce the fully infectious RV virion.   

 

Section 1.6 Host Cell Response to Rotavirus Infection  

 1.6A Innate Immune Response.  Though the virus has evolved ways to evade or 

hinder immune responses by the host cell (see below), a RV-infected host cell will detect the 

presence of foreign viral RNA and trigger an innate immune response (139).  More specifically, 
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differentially expressed pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs), 

nucleotide-oligomerization domain (NOD)-like receptors, and retinoic acid-inducible gene 1 

(RIG-I)-like receptors (RLRs) recognize pathogen-associated molecular patterns (PAMPs) 

commonly found in viruses and other intracellular microbes (140-142).  PRR-PAMP interactions 

trigger complex signaling cascades that induce secretion of Type I interferon (IFN) cytokines 

and trigger antiviral interferon stimulated gene expression.  Secreted IFN bind to receptors 

within the infected cell and on adjacent uninfected cells, and thus, interferon regulatory factors 

(IRFs) stimulate both autocrine and paracrine antiviral responses.   

 RV infection specifically triggers secretion of IFN-b and interferon stimulated gene 

expression of MAVS (mitochondrial antiviral signaling protein, also known as IPS-1, VISA, or 

Cardif) (143).  MAVS signaling is induced following activation of either RIG-I and/or MDA-5 

(melanoma differentiation-associated protein 5) RLRs (143-145).  Although the RV-specific 

PAMPs recognized by RIG-I and MDA-5 are not yet known, current findings suggest that 

products of RV replication, rather than entering or exiting RV particles, activate RIG-I and 

MDA-5 (144).  These cytoplasmic RLRs recruit MAVS to simultaneously activate transcription-

mediated interferon regulatory factors and nuclear factor-kappa B (NF-kB) to promote interferon 

expression.  More specifically, direct phosphorylation of cytoplasmic IRFs or phosphorylation of 

an NF-kB inhibitor, IkB, results in translocation of both transcription factors to the nucleus 

where interferon production occurs.  Although IRF and NF-kB transcription factors are activated 

simultaneously within an RV-infected cell, they activate distinct downstream target genes: IRFs 

activate IFN-b pathways whereas NF-kB signaling pathways induce pro-inflammatory cytokine 

production (146-148).   



 23 

 Another cellular mechanism involved in RV-induced innate immune responses includes 

the 2’-5’ oligoadenylate synthetase (OAS)/RNase L pathway wherein viral RNAs are degraded 

(149).  OAS is a cytoplasmic PRR that recognizes viral dsRNA genomes and transient dsRNA 

replicative intermediates and subsequently synthesizes 2’-5’ oligoadenylate (2-5A) products that 

bind and activate RNase L.  RNase L subsequently cleaves viral RNAs, thereby directly 

inhibiting viral function.  Additionally, cleaved, cytoplasmic RNAs produced by the activities of 

the OAS/RNase L pathway also stimulate other interferon-producing RLRs. Thus, IFN signaling 

induces transcription of OAS genes, which contribute to the IFN antiviral host cell environment 

though a positive feedback mechanism.  

Though interferon production is universal in virus-infected cells, RVs have evolved 

immune defense mechanisms for inhibiting steps in the IFN activation pathway.  For example, a 

virus-encoded interferon antagonist, NSP1 (59 kDa), suppresses interferon production via 

proteasomal degradation of IRFs (specifically IRFs 3, 5, and 7) and/or degradation of an NF-kB 

activator protein called b-TrCP (beta-transducin repeat containing E3 ubiquitin protein ligase) 

(150, 151).  Moreover, VP3 antagonizes the OAS/RNase L pathway by cleaving the 2-5A OAS 

products, thereby precluding RNAse L activity (57, 152).  Data indicates that PRR-PAMP 

recognition may vary based on cell type and RV strain, and there is additional, albeit 

incompletely understood, evidence that other PRRs such as TLR3, TLR7, and TLR9 may also be 

implicated in host cell response to RV infection (153, 154).  In order to more completely 

understand the complex cell- and strain-specific roles of these factors, additional studies are 

warranted.  

 1.6B Adaptive Immune Response.  Although currently licensed vaccines have shown 

high efficacy in preventing acute gastroenteritis, the mechanistic basis for generation of serotype 
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cross-reactive immunity to RV infection and disease is a poorly understood area of RV biology.  

Protection against RV disease is inconsistently correlated with the homotypic or heterotypic 

antibodies and the significance of innate immune responses for protection is unclear (155).  Viral 

targets of protective humoral immunity are primarily directed towards VP7 and VP4 surface 

proteins, with some evidence for neutralizing antibodies directed towards VP6 (156-158).  A 

near-atomic level structure of a Fab monoclonal antibody fragment binding neutralizing epitopes 

on VP7 has been solved, indicating that neutralizing antibodies against VP7 stabilize VP7 

trimers, thus inhibiting uncoating during the RV replication cycle (159).  Additional studies have 

revealed several other epitope binding sites on VP4 and VP7, though no high-resolution 

structures depicting these interactions exist yet (160-163).  VP7 and VP4 elicit IgG and IgA 

neutralizing antibodies which react in a serotype-specific manner and correlate with protection 

from disease.  In general, high levels of circulating serum antibody (IgG and IgA) are associated 

with protection, presumably via active transport mechanisms to move systemic antibody into the 

intestinal lumen (164, 165).  Moreover, high levels of RV-specific IgA antibodies in the 

intestinal lumen have been associated with protection, though only a small subset are 

neutralizing antibodies (165, 166).  In vivo studies in animal models have demonstrated that 

long-term, high-level protective immunity is dependent upon the presence of B cells, and thus 

antibodies, whereas cytotoxic T cells mediated short-term, low-level protection following 

reinfection (167, 168).  Intestinal tract homing receptors for B and T cells, including a4b7 

integrin, CCR9, and CCR10, are also important for RV clearance and protection (169-171). 

Altogether these data suggest that correlates of RV immunity are inherently complex and may 

vary between species. 
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Section 1.7 Summary and Significance 

 Despite >4 decades of research, many areas of RV biology are incompletely understood.  

Though current vaccines have yielded significant decreases in RV-related disease burden, 

additional research aimed at elucidating fundamental mechanisms governing RV replication and 

disease are essential for the development of novel therapeutics and next-generation vaccines.  

Antiviral therapies targeting the RV polymerase are particularly lucrative, given that an RNA-

dependent RNA polymerase (RdRp) is both virus-specific (i.e., not encoded by an uninfected 

host) and essential for viral replication.  RV represents an ideal structurally- and functionally-

controlled experimental system to gain mechanistic insight into RdRp activation and regulation 

due to the availability of high-resolution structures of RV particles and recombinant proteins, in 

addition to several well-established in vitro replication systems.   

Synthesis of viral RNA is exquisitely regulated by a complex amalgamation of 

interactions that regulate VP1 activity.  First, the globular VP1 structure conceals the buried 

catalytic core within a cage-like morphology that restricts polymerase function in the absence of 

specific co-factors that permeate the core through four distinct tunnels (43).  For example, VP1 

specifically recognizes and binds consensus sequences of RV +RNAs through an extensive 

network of hydrogen bonds lining the +RNA template entry tunnel (42, 43).  However, even 

after incubation with exogenous NTPs and divalent magnesium cations, which access the buried 

VP1 active site via a separate exchange tunnel, the VP1/+RNA complex remains enzymatically 

inactive (42, 43, 118).  Structural and functional studies have revealed that VP1 activity is 

strictly particle associated, and that the VP2 core shell is essential for VP1 activation (42, 118, 

119, 172-175).  Structural analyses of RV particles have revealed that VP1 is positioned off-

center from the fivefold icosahedral vertices of the core shell and orientated with the +RNA exit 
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tunnel of VP1 abutting the core shell (55).  Though it has long been confirmed that VP1 

activation requires VP2, the precise mechanisms that govern VP2-dependent VP1 function are 

not well understood.  It is not yet known if VP1 and VP2 directly bind each other to trigger VP1 

activity; it is possible that VP2 binds +RNA, rather than VP1, to indirectly induce VP1 activation 

downstream.  If VP1 and VP2 do engage each other in this context, it is not known whether these 

interactions are transient or stable, strong or weak.  Furthermore, the VP1-VP2 interaction 

interface proposed by structural analyses has yet to be biochemically tested and characterized, 

thus it is unknown if VP1-VP2 contacts within the DLP are important for RNA synthesis.  Given 

that VP1 functions dually as both a transcriptase and a replicase, it is possible that VP2-

dependent transcriptase activity requires a different interaction interface than VP2-dependent 

replicase activity.  Structural insights into the enzymatically inactive VP1 apoenzyme indicate 

that several conformational rearrangements are required for VP1 activation, though the 

mechanism by which these conformational changes are induced has not yet been discovered.  

The work described in this dissertation addresses some of these critical gaps in 

knowledge and sheds light on essential regulatory mechanisms of RV polymerase function.  

More specifically, we investigated intergenotypic diversity of RV proteins and the effects of 

amino acid variability on strain-specific polymerase activity (120).  Additionally, we used site 

directed mutagenesis and in vitro RNA synthesis assays to assess the functional consequences of 

mutating VP1-VP2 interaction interface(s) critical for RV RNA synthesis (see Chapters 3 and 4).  

Altogether, the results of these studies contribute valuable knowledge to the RV field and may 

stimulate similar analyses of RNA-dependent RNA polymerases encoded by other viruses with 

RNA genomes. 
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CHAPTER 2:  

ROTAVIRUS GENOME REPLICATION: SOME ASSEMBLY REQUIRED 

 

Courtney P. Long and Sarah M. McDonald 

 

The published article is cited in reference #114 and may be accessed as follows: 

https://doi.org/10.1371/journal.ppat.1006242.   

CPL (now known as CLS) and SMM wrote the article and generated the figures. 

 

Introduction 

Viruses are obligate intracellular parasites comprised of a nucleic acid genome (RNA or 

DNA) that is encased within a proteinaceous capsid particle and/or lipid envelope.  Genome 

replication and virion assembly are central processes in the lifecycles of all viruses.  In many 

cases, a virus will first make multiple copies of its genome and then subsequently package those 

copies into newly formed viral capsids or envelopes.  However, rotaviruses and other members 

of the Reoviridae family differ in that they replicate their genomes in concert with virion 

assembly.  Specifically, the segmented, double-stranded (ds) RNA rotavirus genome is copied 

within a subviral assembly intermediate that goes on to become a mature, infectious virion.  A 

key feature of this replicase-assembly process is that the rotavirus polymerase (VP1) is only 

active when tethered to the core shell protein (VP2) within the confines of an assembly 

intermediate.  Yet several gaps in knowledge exist about the structure and composition of early 
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assembly intermediates for rotavirus, and the mechanism by which VP2 engages and activates 

VP1 is not completely understood. 

 

Main Text 

What are the structures and functions of rotavirus triple- and double-layered 

particles?  The rotavirus virion is a triple-layered particle (TLP), ~85-nm in diameter, and it is 

made up of a VP2 core shell, a middle VP6 layer, and an outer VP7 layer that is embedded with 

VP4 spike attachment proteins (Fig. 2-1A) (47, 50).  It is thought that the VP1 polymerase forms 

a complex with the VP3 RNA capping enzyme, and that VP1-VP3 heterodimers are tethered to 

VP2 beneath each of the 12 icosahedral fivefold axes (36).  The rotavirus genome is made up of 

11 dsRNA segments, coding for 6 structural proteins (VP1-VP4, VP6, and VP7) and 6 

nonstructural proteins (NSP1-NSP6) (176).  The TLP is the infectious form of the virus that 

attaches to and enters into host cells.  However, during the cell entry process, the outer VP4-VP7 

layer of the TLP is shed, depositing a double-layered particle (DLP) into the cell cytoplasm.  

VP1 polymerases within the DLP synthesize single-stranded, positive-sense (+) RNAs, which 

acquire a 5’ cap structure (m7GpppG) by the activities of VP3 (105).  These +RNAs serve as 

mRNA templates for protein synthesis, and they are also selectively assorted and packaged into 

an early assembly intermediate where they serve as templates for genome replication by VP1 

(109) (see details below).  The mechanism by which rotavirus acquires one of each of its 11 

genome segments remains to be determined, yet studies of other Reoviridae members suggest 

that this assortment process is mediated by RNA-RNA interactions among the single-stranded 

transcripts (109, 113).   
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What are the structures and functions of early rotavirus assembly intermediates?  

Atomic resolution structures have been determined for rotavirus TLPs and DLPs, revealing 

exquisite details about capsid protein organization (47, 49, 50).  In contrast, much less is known 

about the structures of early, replicase-competent assembly intermediates for rotavirus.  One 

reason for our lack of knowledge about these particles is due to the fact that they are encased 

within viroplasms, which are discrete, cytoplasmic inclusions ~1-3 µm in diameter (Fig. 2-1B) 

(177).  At <100-nm in diameter, assembly intermediates are too small to be seen using 

conventional light microscopy, and unfortunately, viroplasms are so electron-dense that internal 

features can’t be resolved by higher-resolution electron microscopic (EM) imaging (Fig. 2-1C).  

Subviral particles capable of mediating in vitro dsRNA synthesis can be isolated from rotavirus-

infected cells using biochemical approaches (87, 106, 115, 116).  These putative early assembly 

intermediates contain VP1, VP2, VP3, and VP6 as well as NSP2, a multi-functional viral 

nonstructural protein critical for viroplasm formation and genome replication (178).  When 

viewed using negative-stain EM, the isolated particles are heterogeneous in their sizes and 

features (Fig. 2-1D) (116).  Specifically, the smaller particles (~30-40 nm in diameter) exhibit 

smooth borders, whereas the larger particles (~50-70 nm in diameter) show a rough, honeycomb 

pattern on their surface, which is reminiscent of 80-nm DLPs.  Unlike DLPs, however, the 

isolated assembly intermediates are very fragile and highly permeable to metal stains and 

RNases, suggesting that they do not have fully-formed capsid layers. One hypothetical model of 

the rotavirus replicase-assembly pathway is that the smaller, smooth particles turn into the larger, 

rough particles and ultimately into DLPs (Fig. 2-1D).  For instance, the ~30-nm, smooth particle 

could represent the earliest rotavirus assembly intermediate, within which genome replication is 

initiated by VP2-bound VP1.  Biochemical data suggest that each VP1 polymerase functions 
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independently within an assembly intermediate, but that 11 polymerases act in synchrony with 

each other so that the genome segments are synthesized at the same time (106).  It is not known 

how the activity of one polymerase is coordinated with those of the other polymerases.  

Nevertheless, as the polymerases convert the +RNAs into dsRNAs, the particle presumably 

expands and begins to acquire a VP6 layer, forming a larger, rough particle.  Prior to final DLP 

assembly, the non-structural protein NSP2 must be removed.  Nascent DLPs egress from the 

viroplasm and bud into the adjacent endoplasmic reticulum where they are converted into TLPs 

by addition of VP4 and VP7 (179, 180).  Further studies are required to elucidate higher 

resolution structures, compositions, and activities of isolated rotavirus assembly intermediates 

and to test this hypothetical model of early morphogenesis.  

 

How does the VP2 core shell engage the VP1 polymerase during early particle 

assembly?  To initiate genome replication (i.e., dsRNA synthesis) the VP1 polymerase must be 

bound by the core shell protein VP2.  In DLPs or TLPs, VP2 is organized as 12 interconnected, 

decameric units (Fig 2-2A), but its structural organization in assembly intermediates is not 

known (47, 49, 50).  The VP2 monomers in each decamer unit adopt one of two slightly different 

conformations (VP2-A and VP2-B).  One conformation, VP2-A, converges tightly around the 

icosahedral axis, whereas the other conformation, VP2-B, intercalates between adjacent VP2-A 

monomers.  The extreme N-terminal region of VP2 (residues ~1-100) protrudes inward and 

makes contact with VP1 (Fig. 2-2B).  Estrozi et al. predicted that VP1 is positioned against the 

inner surface of the VP2 core shell off-center from the five-fold axis and that it is stabilized 

against the core shell by VP2 N termini (55).  The regions of VP2 that contact VP1 in the DLP 

structure are the same as those shown to be important for VP2-mediated VP1 enzymatic 
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activation in vitro (119).  This observation suggests that the VP1 and VP2 binding interaction 

during the early replicase-assembly process may be similar to the VP1 and VP2 binding 

interaction during transcription.   
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VP1 is a globular, cage-like enzyme comprised of a central polymerase domain (with 

canonical finger, palm, and thumb subdomains) that is flanked by extended N- and C-terminal 

domains (43).  Together, these three domains create four distinct tunnels within VP1 that support 

NTP entry, +RNA entry, +RNA exit, and dsRNA exit (Fig. 2-2C).  Within the DLP, VP1 is 

proposed to be oriented with its +RNA exit tunnel facing towards the VP2 core shell; such an 

orientation would facilitate the egress of +RNAs from the DLP capsid layers during transcription 

(Fig. 2-2C) (105).  This orientation of VP1 is also similar to that proposed for the polymerases of 

other Reoviridae family members (38, 117).  However, the importance of VP2 binding to the 

VP1 +RNA interface for VP1 replicase function has yet to be biochemically tested.  It also 

remains unclear how VP2 engagement of VP1 leads to enzymatic activation of the polymerase.  

The structure of VP1 in complex with template +RNA—but in the absence of VP2—reveals an 

auto-inhibited, inactive polymerase with at least two mal-positioned elements: (i) the so-called 

‘priming loop’ of VP1, which stabilizes the initiating NTP during genome replication, is bent too 

far forward, and (ii) the +RNA template is bound out-of-register with the active site (Fig. 2-2C) 

(43).  Thus, VP2 engagement of VP1 may trigger a series of conformational changes in the 

polymerase interior including repositioning the priming loop and +RNA template to allow for the 

initiation of dsRNA synthesis.  Further studies seeking to test this hypothesis will benefit from a 

robust in vitro assay that recapitulates VP2-dependent VP1 activation (42, 181). 

 

Perspectives 

 During their intracellular lifecycles, viruses make numerous copies of their nucleic acid 

genomes and package them into nascent particles.  Viral genome replication and particle 

assembly are often highly coordinated within the infected cell to maximize efficiency.  



 34 

Rotaviruses and other Reoviridae family members may very well exhibit the utmost level of 

coordination, as they replicate their genomes concurrent with assembly of new virions.  The 

mechanism of this concerted replicase-assembly process is incompletely understood.  Isolated 

rotavirus subviral particles that can perform dsRNA synthesis in vitro are just beginning to be 

characterized in terms of their structure and composition, and there is much to be learned about 

how the activity of the rotavirus VP1 polymerase is regulated via interaction(s) with the core 

shell protein VP2 in the context of the assembling particle.  Although other viruses do not 

perform this same multi-tasking feature of replicating their genomes while assembling particles, 

it is apparent that they also must regulate the activities of their polymerases.  The vast majority 

of viral polymerases do not function as sole polypeptides during infection (182).  Instead, they 

are components of multi-subunit complexes, and interactions among the protein constituents 

dictate the polymerase activity.  Thus, studies of rotavirus polymerase regulation during particle 

assembly may broadly inform an understanding of how other viruses ensure that genome 

replication occurs at the right place and time in the infected cell.    
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Abstract  

Group A rotaviruses (RVAs) are classified according to a nucleotide sequence-based 

system that assigns a genotype to each of the 11 double-stranded (ds) RNA genome segments.  

For the segment encoding the VP1 polymerase, 22 genotypes (R1-R22) are defined with an 83% 

nucleotide identity cut-off value.  For the segment encoding the VP2 core shell protein, which is 

a functional VP1-binding partner, 20 genotypes (C1-C20) are defined with an 84% nucleotide 

identity cut-off value.  However, the extent to which the VP1 and VP2 proteins encoded by these 
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genotypes differ in their sequences or interactions has not been described.  Here, we sought to (i) 

delineate the relationships and sites of variation for VP1 and VP2 proteins belonging to the 

known RVA genotypes and (ii) correlate intergenotypic sequence diversity with functional VP1-

VP2 interaction(s) during dsRNA synthesis.  Using bioinformatic approaches, we revealed which 

VP1 and VP2 genotypes encode divergent proteins and identified the positional locations of 

amino acid changes in the context of known structural domains/subdomains.  We then employed 

an in vitro dsRNA synthesis assay to test whether genotype R1, R2, R4, and R7 VP1 

polymerases could be enzymatically-activated by genotype C1, C2, C4, C5, and C7 VP2 core 

shell proteins.  Genotype combinations that were incompatible informed the rational design and 

in vitro testing of chimeric mutant VP1 and VP2 proteins.  The results of this study connect VP1 

and VP2 nucleotide-level diversity to protein-level diversity for the first time, and they provide 

new insights into regions/residues critical for VP1-VP2 interaction(s) during viral genome 

replication. 

 

Importance 

Group A rotaviruses (RVAs) are widespread in nature, infecting numerous mammalian 

and avian hosts and causing severe gastroenteritis in human children.  RVAs are classified using 

a system that assigns a genotype to each viral gene according to its nucleotide sequence.  To 

date, 22 genotypes have been described for the gene encoding the viral polymerase (VP1) and 20 

genotypes for the gene encoding the core shell protein (VP2).  Here, we analyzed if/how the VP1 

and VP2 proteins encoded by the known RVA genotypes differ from each other in their 

sequences.  We also used a biochemical approach to test whether the intergenotypic sequence 

differences influenced how VP1 and VP2 functionally engage each other to mediate RNA 
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synthesis in a test tube.  This work is important because it increases our understanding of RVA 

protein-level diversity and raises new ideas about VP1-VP2 binding interface(s) that are 

important for viral replication.  

 

Introduction 

Rotaviruses are members of the Reoviridae family that package an 11-segmented double-

stranded (ds) RNA genome within a non-enveloped, icosahedral particle (176).  More than 8 

species of rotavirus have been identified in nature (groups A-H, and tentative groups I and J), 

though the vast majority of human and animal disease is caused by group A rotavirus (RVA) 

strains (30-32).  RVAs are economically and medically significant gastrointestinal pathogens that 

remain important causes of childhood diarrhea, leading to ~215,000 deaths each year (6).  RVAs 

also infect a wide range of mammalian and avian hosts including, but not limited to, cows, pigs, 

dogs, cats, chickens, turkeys, pigeon, mice, bats, horses, monkeys, and rabbits (176).  Individual 

RVA strains are classified according to a system that assigns a specific genotype to each of the 

11 genome segments according to its sequence and established nucleotide percent identity cut-off 

values (34) (Table 3-1).  In most strains, each genome segment is a gene that encodes a single 

viral protein.  Thus, 6 genes encode the structural proteins VP1-VP4, VP6, and VP7 and 5 genes 

encode the non-structural proteins NSP1-NSP5(176).  In the classification system, each gene is 

designated by a single letter (defined by the encoded protein function), and the assigned 

genotype is listed as a number (Table 3-1).  To date, 20-51 different genotypes have been 

described for RVA genes (35), indicating a high degree of nucleotide-level strain diversity 

(Table 3-1).  However, the extent to which this diversity is reflected in the sequences, structures, 

or functions of the encoded proteins has not yet been described.   
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The rotavirus RNA-dependent RNA polymerase, VP1, is the largest protein encoded by 

RVAs (125-kDa; ~1090 amino acids in length).  Currently, 22 different VP1 genotypes (R1-

R22) have been defined for RVAs based upon an 83% nucleotide identity cut-off value for the 

gene (34) (Table 3-1).  While previous studies have investigated the amino acid sequence 

conservation and variation for VP1 proteins belonging to different rotavirus groups (i.e., RVA-

RVD and RVF-RVH), much less is known about if or how the RVA VP1 proteins encoded by 

genotypes R1-R22 differ from each other (44, 183).  The structure of a genotype R2 VP1 protein 

(strain SA11) has been solved to atomic resolution, revealing a globular, cage-like enzyme with 

an N-terminal domain (NTD; amino acids ~1-332), a central polymerase domain (amino acids 

~333-778), and a C-terminal ‘bracelet’ domain (CTD; amino acids ~779-1089) (Fig. 3-1A) (43).  

The catalytic center resides within the polymerase domain and is comprised of several 

Gene/Protein  % NT 
Identity Genotypes Function(s) 

VP1 83 R1-R22 RNA-dependent RNA polymerase 

VP2 84 C1-C20 Core shell protein 

VP3 81 M1-M20 Methyltransferase 

VP4 80 P[1]-P[51] Protease-sensitive attachment 

VP6 85 I1-I26 Intermediate capsid layer 

VP7 80 G1-G36 Glycoprotein 

NSP1 79 A1-A31 Innate immune Antagonist 

NSP2 85 N1-N22 NTPase; viroplasm formation 

NSP3 85 T1-T22 Translation enhancer 

NSP4 85 E1-E27 Entertoxin; assembly 

NSP5/6 91 H1-H22 PHosphoprotein; viroplasm formation 

 
Table 3-1:  Genotype Classification of Individual RVA Genome Segments 
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structurally-conserved motifs, all of which are buried in the hollow interior of the enzyme.  Four 

tunnels permeate VP1 and allow for the entry of single-stranded RNA templates, NTPs, and 

divalent cations, as well as the exit of RNA templates and positive-sense (+) RNA transcripts or 

dsRNA products of genome replication (Fig. 3-1B).  Despite having all the necessary structural 

features for catalysis, VP1 is not active as an apoenzyme.  Instead, VP1 function is dependent 

upon its interaction(s) with VP2, the core shell protein that comprises the innermost layer of the 

triple-layered virion (179, 184).   

VP2 is the second largest protein encoded by RVAs (102-kDa; ~900 amino acids in 

length), and 20 different genotypes (C1-C20) have been defined based upon an 84% nucleotide 

sequence identity cut-off value for the gene (34) (Table 3-1).  Yet, the extent to which VP2 

proteins encoded by the 20 different genotypes differ has not yet been described.  Atomic 

structures of VP2 in the context of triple-layered virions and double-layered particles (DLPs) 

have been solved for strain SA11 (genotype C5) and strain UK (genotype C2) (47, 49, 50).  All 

structures reveal a smooth, T=1 icosahedral shell comprised of 120 VP2 monomers, arranged 

into 12 decameric units (Fig. 3-1C).  VP2 monomers adopt two slightly different conformations, 

with one conformation (VP2-A) tightly enclosing the fivefold axis and the other (VP2-B) sitting 

further away from the fivefold and interdigitating VP2-A.  The principal scaffold domain of VP2 

(amino acids ~101-900) is made up of apical, carapace, and dimer-forming subdomains (Fig. 3-

1D).  The extreme N-terminal domain (NTD) of VP2 (amino acids ~1-100) is not fully resolved 

in any of the structures.  However, all available data indicates that the VP2 NTD protrude into 

the core interior (49, 50, 119).   

The RVA polymerase, VP1, performs both transcription (+RNA synthesis) and genome 

replication (dsRNA synthesis) in connection with the VP2 core shell (43, 114, 183).  Yet, the 
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manner in which these proteins engage each other during each stage of RNA synthesis is not 

fully understood.  Transcription occurs in the context of a DLP, wherein VP1 monomers are 

oriented beneath the fivefold icosahedral vertices such that their +RNA exit tunnels abut the VP2 

capsid layer (55, 105) (Fig. 3-1E).  Estrozi et al. showed that regions of the VP1 NTD and CTD 

are contacted by both the VP2 NTD and principal scaffold domain in the DLP structure of the 

bovine strain UK (VP1 genotype R2 and VP2 genotype C2) (55).  Less is known about the 

position and orientation of VP1 during genome replication, which occurs within subviral, 

assembly-replicase intermediates (87, 106, 115, 116).  There are currently no high-resolution 

structures of VP1 and VP2 within these subviral particles.  The little that we do know about the 

VP1-VP2 interaction(s) during genome replication is based upon the results of in vitro dsRNA 

synthesis assays mostly using recombinant proteins of strain SA11 (genotype R2 VP1 and 

genotype C5 VP2) (119).  These results suggest that an intact VP2 NTD is essential for 

supporting robust rVP1 activity and also that regions of the VP2 principal scaffold domain 

mediate VP1 interaction(s) in a group-specific manner (119, 183).  More specifically, it was 

shown that residues in the VP2 apical and/or carapace subdomain, but not the NTD, allow the 

core shell protein to differentiate between a VP1 from RVA (strain SA11) vs. RVC (strain 

Bristol) (119).  In vitro assays have also been used to probe regions/residues of VP1 that are 

important for dsRNA synthesis, particularly those involved in template binding and catalysis (44, 

185, 186).  Still, the regions of VP1 that functionally interact with VP2 during in vitro dsRNA 

synthesis are not known.  
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In this study, we sought to investigate the sequences and in vitro functions of genetically-

diverse RVA VP1 and VP2 proteins.  Specifically, we used bioinformatic approaches to 

determine how similar/different are VP1 and VP2 proteins encoded by the known RVA 

genotypes, thereby connecting nucleotide-level diversity to protein-level diversity for the first 

time.  Furthermore, we mapped regions of conservation and variation within the polymerase and 

core shell proteins as well as identified amino acid positions that distinguish certain VP1 and 

VP2 genotypes/lineages.  Moreover, using in vitro dsRNA synthesis assays, we tested the 

functional compatibility of wildtype and mutant VP1 and VP2 proteins belonging to several 

different genotypes.  Our results provide a comprehensive description of RVA VP1 and VP2 

intergenotypic amino acid sequence diversity and shed light on how this diversity might correlate 

with functional VP1-VP2 interactions during genome replication.   

 

Results 

Intergenotypic relationships among RVA VP1 genes and proteins.  Currently, 22 

different VP1 genotypes (R1-R22) have been defined for RVAs based upon an 83% nucleotide 

identity cut-off value (34) (Table 3-1).  We first sought to determine the relationships among 

these VP1 genotypes at the nucleotide level.  To do this, VP1 open-reading frame (ORF) 

nucleotide sequences were retrieved from public databases, and representatives of each genotype 

were used to construct a maximum-likelihood phylogenetic tree (Appendix A and Fig. 3-2A).  

Sequences for genotypes R17, R21, and R22 were not available at the time of the study.  The 

results of this analysis revealed two major lineages (I and II) of VP1 genotypes that were 

differentiated by mammalian vs. avian hosts.  More specifically, lineage I was comprised of 16 

VP1 genotypes (R1-R3, R5, R7-R13, R15, R16, and R18-R20), which were exclusively found in 
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strains isolated from mammals (Appendix A and Fig. 3-2A).  Lineage II, on the other hand, was 

comprised of 3 VP1 genotypes (R4, R6, and R14), which were mostly found in strains isolated 

from avian hosts (turkey, pheasant, chicken, duck, pigeon, and gull).  One exception for the 

avian-specificity of lineage II was a single R4 genotype from a strain that was isolated from a 

fox, possibly following an inter-species transmission event (187) (Appendix A).   

For mammalian RVA lineage I, genotypes R7, R13, R15, R16, R19, and R20 were 

cleanly delineated in the phylogenetic tree with strong bootstrap support values (Fig. 3-2A).  

Genotype R7 has been found exclusively in murine RVA strains that are commonly used in 

laboratory studies (188) (Appendix A).  Genotypes R15, R16, R19, and R20 were all found in 

modern RVAs isolated from bats (189, 190) (Appendix A).  Genotype R13 also likely originated 

from a bat RVA, but the only representative was isolated from a 2-yr old child in Suriname, 

presumably via an interspecies transmission event (191) (Appendix A).  The remaining lineage I 

genotypes (R1-R3, R5, R8-R12, and R18) formed distinct phylogenetic groupings but lacked 

strong bootstrap support values (Fig. 3-2A).  Genotype R1 was found in strains isolated from 

humans and pigs, with only a few exceptions (Appendix A).  Genotype R2 was found in strains 

isolated from humans and numerous other animal hosts including, but not limited to, cows, 

sheep, cats, giraffes, pigs, deer, rabbits, horses, camels, goats, antelopes, monkeys, and bats 

(Appendix A).  These two genotypes (R1 and R2) are typically associated with human strains 

that cause pediatric gastroenteritis (176, 192, 193).  Genotype R3 was also found in strains 

isolated from humans; however, this genotype is only rarely associated with gastroenteritis in 

children.  Genotype R3 is most likely of animal RVA origin, and it was found in strains isolated 

from several different hosts including, but not limited to dogs, rabbits, horses, bats, and monkeys 

(Appendix A).  Genotypes R5 and R9 are additional animal RVA genotypes that show  
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Fig. 3-2. Intergenotypic relationships among VP1 genes and proteins.  (A) An intergenotypic 
maximum-likelihood phylogenetic tree was inferred from the aligned ORFs of 158 sequences 
representing genotypes R1-R16 and R18-R20.  Horizontal branch lengths are drawn to scale 
(nucleotide substitutions per base) with bootstrap values shown as percentages for key nodes.  
Monophyletic groupings were collapsed and are shown as colored, cartooned triangles represent-
ing a single genotype.  Genotypes are indicated for each branch/triangle, and the animal host of the 
corresponding RVA is listed in parentheses.  Brackets indicate two phylogenetically-distinct 
lineages of VP1 proteins (I and II).  Amino acid positions and residue changes that differentiate 
key branch points are overlaid on the tree (gray boxes).  In all cases, the amino acid change(s) is 
listed in the same directionality as the tree (i.e., amino acid(s) of left branches>amino acids of right 
branches.  Position number is based upon that of the longest gene.  (B) Pairwise amino acid 
sequence distances are represented in an MDS plot.  X- and Y- axes are arbitrary coordinates in 2D 
space that allowed proper visualization of genotypes.  Colors of genotypes are the same as in panel 
A, and clusters are indicated by dotted lines.
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phylogenetic relationships with each other and with the R2 genotype.  Genotypes R8, R10-12, 

and R18 were found in various animal hosts, and human strains with genotypes R8 and R12 are 

suspected inter-species transmission events (194, 195) (Appendix A).  Genotypes R8, R10-12, 

and R18 seem to share a phylogenetic relationship with each other and with the R3 genotype.  

Having observed the relationships of VP1 genotypes at the nucleotide level, we next 

sought to determine if and/or how these relationships are reflected in the sequences of the 

encoded proteins.  To do this, we constructed an intergenotypic amino acid sequence alignment 

and calculated all pairwise sequence identity values.  This data was then used in a multi-

dimensional (MDS) scaling analysis, which is a multi-variate procedure designed to visualize 

and identify patterns in a distance matrix (196) (Fig. 3-2B).  In MDS, sequences are represented 

as points whose respective pairwise sequences distances are approximated when projected onto a 

two-dimensional (2D) plane.  Thus, clusters of closely-spaced points represent sequences that 

cannot be readily distinguished from each other based upon their pairwise distances.  In contrast, 

points that are spread far apart in planar space represent proteins that are more divergent in their 

pairwise sequence distances.  The MDS results for VP1 show that the points representing avian 

RVA lineage II proteins clustered distinctly from those of mammalian RVA lineage I proteins 

(Fig. 3-2B).  Within the avian RVA lineage II cluster, there was also strong intragenotypic point 

overlap (e.g., all the R4 pink triangles formed a tight overlapping cluster) and intergenotypic 

point differentiation (e.g., the R4 pink triangles did not overlap with the R6 light green triangles) 

(Fig. 3-2B).  This result suggests that the VP1 proteins encoded by avian RVA lineage II 

genotypes R4, R6, and R14 are sufficiently different from each other and from those of 

mammalian RVA lineage I (R1-R3, R5, R7-R16, and R18-R20).  In contrast, points representing 

the mammalian RVA lineage I VP1 proteins did not mutually cluster, and there was strong 
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overlap among several of the genotypes.  More specifically, a cluster containing the common 

genotypes R1, R2, and R3 also included several rare genotypes (R5, R8-12, and R18) (Fig. 3-

2B).  Points representing genotypes R1 and R2 (green and red circles, respectively) remained 

cleanly separated from each other and from those of other genotypes in this cluster, suggesting 

strong genotype-specific definition for these VP1 proteins in regard to their sequence identities.  

In contrast, points representing genotype R3 (orange circles) showed more diffuse clustering 

with points that spatially-overlapped with those for R5, R8-12, and R18 genotypes.  This result 

suggests that R3, R5, R8-12, and R18 VP1 proteins are not easily distinguishable from each 

other based upon pairwise amino acid sequence distances.  On the other hand, points 

representing mammalian RVA lineage I genotypes R7, R13, R15, R16, R19, and R20 were 

spatially separate from each other and from those the other avian/mammalian RVA genotypes 

(Fig. 3-2B).  Thus, these VP1 proteins are highly divergent in their amino acid sequences.  

Given the observation that some, but not all, of the genotypes could be differentiated by 

pairwise distance in the MDS analysis, we next sought to determine whether any of the VP1 

genotypes exhibit specific amino acid signatures that can be used to identify them (Fig. 3-2A).  

In particular, we wanted to identify amino acid positions that change in concordance with 

phylogenetic groupings, which in this case includes genotypes (197).  The results for VP1 show 

that only R1 and R4 had genotype-specific amino acid signatures in their VP1 proteins (Fig. 3-

2A).  All other amino acid positional changes were shared among several different genotypes.  In 

particular, 32 amino acid positions were identified that differentiated mammalian RVA lineage I 

vs. avian RVA linage II VP1 proteins.  Also, 5 branch points that fall within lineage I correlated 

with amino acid signatures, suggesting that these residues are shared among several different 

mammalian RVA VP1 genotypes (Fig. 3-2A).      
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Intergenotypic relationships among RVA VP2 genes and proteins.  We next used the 

same approaches described above to determine the relationships among the VP2 genotypes C1-

C20.  ORF nucleotide sequences for genotypes C16, C19, and C20 were not available in the 

databases at the time of this study.  Similar to what was found for VP1, two major lineages (I and 

II) were seen in the intergenotypic maximum-likelihood phylogenetic tree for VP2 (Fig. 3-3A).  

Lineage II was comprised of genotypes C4, C6, and C14, which were mostly found in strains 

isolated from avian hosts (turkey, pheasant, chicken, duck, pigeon, and gull), with the exception 

of a C4 VP2 genotype from the same fox strain that had an R4 VP1 genotype (187) (Appendix 

A).  Lineage I was comprised of the remaining 14 VP2 genotypes (C1-C3, C5, C7-C13, C15, 

C17, and C18), which were exclusively found in strains isolated from mammalian hosts 

(Appendix A and Fig. 3-3A).  C13 was the only mammalian RVA lineage I genotype that could 

be cleanly delineated in the phylogenetic tree with strong bootstrap support (Fig. 3-3A).  This 

genotype was found from the same bat RVA-like human strain that contained R13 (191).  The 

remaining VP2 genotypes formed separate groupings in the tree, but they did not show strong 

bootstrap support values (Fig. 3-3A).  Genotype C1 VP2 was found mostly along with R1 VP1 

in strains isolated from humans and pigs, with only a few exceptions (Appendix A).  Genotype 

C2 VP2 was associated with R2 or R3 VP1 in strains isolated from humans and numerous other 

animal hosts (Appendix A).  Genotype C3 VP2 was associated with R2 or R3 VP1 and also 

found in strains of likely animal RVA origin (Appendix A).  Genotype C7 was found associated 

R7 VP1 in murine RVA strains (188) (Appendix A).  Genotypes C8, C15, and C18 were found 

in modern RVAs from bats along with R16, R15, and R19 VP1 genotypes, respectively (189, 

190) (Appendix A).  VP2 genotypes C9, C10, C11, and C12 were from various animals and 

associated with R9, R10, R11, R12, VP1 genotypes, respectively (Appendix A).  
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maximum-likelihood phylogenetic tree was inferred from the ORF data for 158 sequences repre-
senting genotypes C1-C15 and C17-C18.  Horizontal branch lengths are drawn to scale (nucleotide 
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The MDS analysis for VP2 revealed that the points representing avian RVA lineage II 

genotypes (C4, C6, and C14) clustered distinctly from those representing the mammalian RVA 

lineage I VP2 genotypes (C1-C3, C5, C7-C13, C15, C17, and C18) (Fig. 3-3B).  However, 

unlike the tight differentiation that was seen with avian RVA VP1 genotypes, the points 

representing avian RVA VP2 genotypes C4 (pink triangles) and C6 (light green triangles) 

mutually colocalized with each other, suggesting that they are indistinguishable based upon their 

pairwise sequence distances.  Likewise, there was relatively close clustering among the 

mammalian RVA lineage I genotypes with the exception of C1, C7, and C18, which showed 

strong separation (Fig. 3-3B).  In particular, the points representing C2, C3, C8-C13, C15, and 

C17 showed spacing that was not congruent with genotype designation, suggesting that these 

proteins are not easily differentiated from each other.  The branch-specific amino acid analysis 

for VP2 revealed genotype-specific amino acid signatures for C1 and C4 (Fig. 3-3A).  Moreover, 

96 amino acid signatures were found to differentiate lineage I vs. II VP2 proteins, and 2 

positional changes appeared to be shared among several mammalian RVA lineage I genotypes 

(i.e., C18 branch split) (Fig. 3-3A).  

Conserved and variable regions of RVA VP1 and VP2 proteins.  Having investigated 

the intergenotypic relationships among RVA VP1 and VP2 proteins from a bioinformatics 

perspective, we next sought to analyze the domains, subdomains, and motifs, thereby identifying 

regions/residues of conservation and variation among genotypes.  To do this, we generated 

amino acid sequence alignments using consensus sequences for each available genotype of VP1 

or VP2 (Figs. 3-4, 3-5 and Appendices B-C).  The VP1 alignment revealed that sequence 

variation was distributed across the entire protein (Fig. 3-4 and Appendix B).  Although R20 

clustered phylogenetically with mammalian RVA lineage I genotypes, the amino acid sequence  
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Fig. 3-4. VP1 genotype consensus amino acid sequence alignment.  The schematic shows an 

amino acid sequence alignment of RVA VP1 consensus sequences for genotypes R1-R16 and 

R18-R20.  The VP1 domains and subdomains are represented by a line above the sequence and are 

colored as in Fig. 3-1A-B. Motifs A-F, the priming loop (PL), and the VP1-VP2 interaction sites 

predicted by Estrozi et al. (EC1, EC2, and EC3) are outlined in boxes.  The active site is indicated 

with asterisks.  Amino acid positions are listed.  Dashes indicate gaps in the protein sequence, light 

gray shading indicates conservation of amino acid identity, and black shading represents variation 

in amino acid identity.  Genotypes are listed on the left and lineages are defined by brackets.  R20 

(lineage I) is positioned at the bottom of the alignment due to its amino acid similarities with 

lineage II genotypes (R4, R6, and R14).  Percent identity is shown as a colorized graph above the 

alignment; green bars represent residues with a high degree of intergenotypic conservation, red 

bars represent residues with little intergenotypic conservation, and yellow bars are intermediary.  

The enlarged alignment showing amino acid residues is available in Appendix B.

Fig. 3-5. VP2 genotype consensus amino acid sequence alignment.  The schematic shows an 

amino acid sequence alignment of RVA VP2 consensus sequences for genotypes C1-C15 and 

C17-C18.  Dashes indicate gaps in the protein sequence, light gray shading indicates conservation 

of amino acid identity, and black shading represents variation in amino acid identity.  Genotypes 

are listed on the left and lineages are defined by brackets.  Percent identity is shown as a colorized 

graph above the segment that corresponds to the sequence below; green bars represent residues 

with a high degree of intergenotypic conservation, red bars represent residues with little intergeno-

typic conservation, and yellow bars are intermediary.  The VP2 domains and subdomains are repre-

sented by a line above the sequence and are colored as in Fig. 3-1D, and the VP1-VP2 interaction 

sites predicted by Estrozi et al. (EC) is outlined in a box.  Amino acid positions are indicated.  The 

enlarged alignment showing amino acid residues is available in Appendix C.
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alignment revealed that it has more similarities to avian RVA lineage II proteins (Fig. 3-4 and 

Appendix B).  This genotype is clearly an outlier that has unique residues at otherwise 

conserved positions.  For the rest of the genotypes, we found that two of the three sites on VP1 

that are predicted to engage VP2 in the context of the DLP (i.e., Estrozi contacts; ECs) were 

highly conserved, while another showed a greater degree of variation, especially when 

comparing between lineage I vs. II VP1 proteins.  More specifically, the VP2 contact site on VP1 

at residues 267-270 (EC1) showed only a single amino acid change when comparing lineage I vs. 

II proteins, and the site at VP1 residues 1025-1028 (EC3) was 100% conserved (Fig. 3-4 and 

Appendix B).  However, the VP2 contact site spanning VP1 CTD residues 971-983 (EC2) 

varied more drastically, showing as low as 40% sequence identity between some genotypes (e.g., 

R1 vs. R4) (Fig. 3-4 and Appendix B).   

Not surprisingly, the catalytic center of the polymerase (motifs A-F and priming loop) 

showed a higher degree of sequence conservation than did the NTD and CTD (Fig. 3-4 and 

Appendix B).  Residues directly implicated in catalysis, including active site aspartates of motif 

C (SA11 residue D631 and D632), were 100% conserved among the VP1 genotypes (183).  

However, motif D, which is implicated in polymerase fidelity, was highly divergent when 

comparing among all the VP1 genotypes and there were several distinguishing residues between 

lineage I v. lineage II proteins (Fig. 3-4 and Appendix B).  The R20 VP1 genotype was also an 

exception to the conservation seen for motifs, showing variable residues at what are otherwise 

exclusively-conserved positions (Appendix B).  Specifically, motif B contains a number of 

residues that anchor the 3’ terminus of the RNA template inside the enzyme (G592, E593, K594, 

and K597 in SA11) or aid in NTP selection and stabilization at the active site (G592, E593, 

K594, and K597 in SA11); these key residues all differed for the R20 VP1 genotype (Appendix 
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B).  Moreover, motif F includes a conserved arginine residue that is positioned to interact with 

nucleosides in the active site (residue R452 in SA11), which also differed for R20 VP1 

(Appendix B).  

The VP2 genotype consensus alignment revealed a generally more conserved protein 

compared to VP1, with the dramatic exception of the NTD (Fig. 3-5 and Appendix C).  More 

specifically, NTD residues 10-105 showed 28-89% intergenotypic amino acid pairwise sequence 

distance values and several large insertions/deletions (Fig. 3-5 and Appendix C).  The VP2 

NTD is predicted to engage VP1 in the context of the DLP, but the precise points of contact are 

unknown because the region is not resolved in the structure (55).  Sequence variation in the VP2 

principal scaffold domain was less than that seen with the NTD, and it was most dramatic 

between lineage I v. II core shell proteins (Fig. 3-5 and Appendix C).  The region of the VP2 

apical subdomain that contacts VP1 in the DLP structure (i.e., EC, residues 377-403 of strain 

UK) is highly conserved among all genotypes. For genotypes C1, C12, and C17 a variable 

insertion occurred at position 379, just before the contact site (Fig. 3-5 and Appendix C).   

In vitro dsRNA synthesis and functional compatibility of VP1 and VP2 proteins 

from various genotypes.  We next sought to determine whether the observed intergenotypic 

variation correlated with VP1 and VP2 protein function.  Specifically, we sought to test which of 

the VP1/VP2 genotypes could functionally substitute for each other in an in vitro dsRNA 

synthesis assay.  Proteins that were able to functionally substitute for each other in vitro were 

hypothesized to share sequence features in regions important for VP1-VP2 interaction(s).  In 

contrast, proteins that lacked cross-functionality were expected to be divergent in their 

sequences.  For this analysis, we focused on strains that represent mammalian RVA lineage I 
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[strain SA11 (R2/C5), strain DS-1 (R2/C2), strain Wa (R1/C1), and strain ETD (R7/C7)], as well 

as a single strain representing avian RVA lineage II [strain PO-13 (R4 and C4)].   

The rVP1 proteins of strains SA11 (R2), DS-1 (R2), Wa (R1), ETD (R7), and PO-13 

(R4) were expressed in insect cells as 6X histidine-fusions, purified from the soluble fraction of 

cell lysates using metal affinity resin, and visualized following SDS-polyacrylamide gel 

electrophoresis (PAGE) and Coomassie Blue staining (Fig. 3-6A).  In general, the expression 

and solubility profiles of the rVP1 proteins were similar, with the exception of strain PO-13 (R4) 

rVP1 for which there was a lower relative recovery after affinity purification (data not shown).  

The rVP2 proteins of strains SA11 (C5), DS-1 (C2), Wa (C1), ETD (C7), and PO-13 (C4) were 

expressed in insect cells as untagged proteins, purified from the cell lysates using different 

centrifugation, and also visualized following SDS-PAGE and Coomassie Blue staining (Fig. 3-

6B).  The expression and recovery of intact rVP2 was generally similar for all strains, with some 

exceptions.  For example, DS-1 (C2) rVP2 showed lower expression levels compared to the 

other 4 core shell proteins and had a banding pattern in gels that was consistent with NTD 

cleavage (46, 198) (Fig. 3-6B).  As seen in previous studies, additional protein bands migrating 

between ~35-75-kDa in size were observed at varying concentrations in the rVP2 preparations 

and may represent co-purifying contaminants (119).  Reasons underlying the observed variation 

in levels of co-purifying proteins and cleavage products in rVP2 protein preparations is not 

currently well understood, albeit not unprecedented (119, 183).  

First, to test whether cognate rVP1 and rVP2 protein sets were functional for in vitro 

dsRNA synthesis, they were incubated together along with an RVA +RNA template, divalent 

cations, NTPs, and trace amounts of 32P-UTP at 37°C for 3 hours.  The 32P-labeled dsRNA 

products of the reactions were resolved by SDS-PAGE and visualized using a phosphorimager  
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Fig. 3-6. In vitro dsRNA synthesis by rVP1 and rVP2 proteins of several genotypes.  Approxi-

mately 2 pmol purified rVP1 (A) or 8 pmol purified rVP2 (B) were electrophoresed in 4-15% 

SDS-polyacrylamide gels and visualized by Coomassie Blue stain.  Molecular mass (in kilodal-

tons) is shown to the left of each gel.  Strain name and genotype of the recombinant proteins are 

specified above the corresponding lane.  (C) In vitro dsRNA synthesis assays were performed 

using 2 pmol of rVP1, 8 pmol of rVP2, and 16 pmol of an RVA +RNA template.  Radiolabeled 

dsRNA products made by rVP1/rVP2 proteins of SA11 (R2/C5), DS-1 (R2/C2), Wa (R1/C1), ETD 

(R7/C7), and PO-13 (R4/C4) were resolved in 4-15% SDS-polyacrylamide gels and detected with 

a phosphorimager.  Experiments were repeated three times with four distinct protein batches and 

representative images are shown.
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(Fig. 3-6C).  The results showed strong dsRNA product bands for the reactions containing 

cognate rVP1 and rVP2 proteins of strains SA11 (R2/C5) and PO-13 (R4/C4), suggesting that 

both of these polymerases and their core shell proteins were properly folded and functional.  In 

contrast, faint dsRNA product bands were detected for reactions containing rVP1 and rVP2 

proteins of strains DS-1 (R2/C2) and Wa (R1/C1); no reproducibly detectable products were 

observed for reactions containing strain ETD (R7/C7) proteins (Fig. 3-6C).  These latter results 

suggest that one or both of the protein binding partners (i.e., rVP1 and/or rVP2) for strains Wa, 

DS-1, or ETD were not functional in vitro under the assay conditions. 

To determine which individual rVP1 and/or rVP2 proteins were functional in vitro and 

which ones could substitute for each other, we next performed ‘mix-n-match’ reactions (Fig. 3-

7).  More specifically, each rVP1 was assayed for the capacity to support in vitro dsRNA 

synthesis in the presence of each rVP2.  The results showed strong dsRNA product bands for 

reactions containing rVP1 proteins of the mammalian RVA lineage I genotype proteins from 

strains SA11 (R2), DS-1 (R2), and Wa (R1) in the presence of strain SA11 (C5) rVP2 (Fig. 3-

7A-C).  Faint, but reproducibly-detectable, dsRNA product bands were also seen for reactions 

containing these same rVP1 proteins in the presence of strain ETD (C7) rVP2 (Fig. 3-7A-C).  

Thus, these 3 mammalian RVA polymerases [i.e., SA11 (R2), DS-1 (R2), and Wa (R1)] and 

these 2 mammalian RVA core shell proteins [i.e., SA11 (C5) and ETD (C7)] were functional for 

in vitro dsRNA synthesis and were functionally compatible with each other.  In contrast, there 

were little or no detectable dsRNA products for reactions containing mammalian RVA lineage I 

ETD (R7) rVP1, suggesting that this polymerase was not functional under the assay conditions 

for reasons that are not understood at this time (Fig. 3-7D).  Likewise, little or no dsRNA 

products were detected in reactions containing lineage I rVP2 proteins from human strains DS-1 
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(C2) and Wa (C1), even in the presence of functional cognate polymerases [i.e., DS-1 (R2) rVP1 

and Wa (R1) rVP1] (Fig. 3-7A-C).  The reason for the lack of activity with these 2 mammalian 

RVA core shell proteins is not understood but might be due to proteolysis or contaminant 

proteins in the preparations (Fig. 3-6B).  For the reactions containing the avian RVA lineage II  
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Fig. 3-7.  In vitro functional compatibility of rVP1 and rVP2 proteins.  In vitro dsRNA synthe-
sis assays were performed using 2 pmol of SA11 (R2) rVP1 (A), DS-1 (R2) rVP1 (B), Wa (R1) 
rVP1 (C), ETD (R7) rVP1 (D), or PO-13 (R4) rVP1(E) in the presence of 8 pmol of rVP2 protein 
from strains SA11 (C5), DS-1 (C2), Wa (C1), ETD (C7), and PO-13 (C4) in a ‘mix-n-match’ 
format.  All reactions contained 16 pmol of RVA +RNA template and were incubated at 37°C for 
180 minutes.  Radiolabeled dsRNA products (indicated with arrowheads) were resolved in 4-15% 
SDS-polyacrylamide gels and detected with a phosphorimager.  Radiolabeled dsRNA from three 
independent experiments using at least two independent protein batches was quantified and 
expressed as relative units (RUs).  Averages are shown as bar graphs below each gel, and error bars 
represent standard deviation from the mean.
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PO-13 (R4) rVP1 protein, robust dsRNA product bands were detected in the presence of its own 

cognate PO-13 (C4) rVP2 and also in the presence of the mammalian SA11 (C5) rVP2 (Fig. 3-

7E).  None of the other mammalian RVA rVP2 proteins, not even the functional ETD (C7) 

rVP2, were able to support activity with PO-13 (R4) rVP1. Importantly, none of the functional 

rVP1 proteins [i.e., strains SA11 (R2), DS-1 (R2), Wa (R1), and PO-13 (R4)] produced 

detectable dsRNA product in the absence of rVP2, supporting the essential nature of the VP1-

VP2 interaction during genome replication (data not shown).  Together, the results of this ‘mix-

n-match’ experiment raise several questions about the precise determinants of rVP1 activation by 

rVP2 and how intergenotypic sequence diversity plays a role in functional compatibility.   

Mapping regions of rVP1 that are important for activation by rVP2.  We next sought 

to follow up on the observed differences in in vitro dsRNA synthesis for the rVP1/rVP2 proteins 

of strains SA11 (R2/C5) and PO-13 (R4/C4).  Specifically, we used the lack of functional 

compatibility of SA11 (R2) with PO-13 (C4) as a basis for mapping key regions of the 

polymerase that might be important for recognition by the avian RVA lineage II core shell 

protein.  We first generated a sequence alignment to identify regions of variation between SA11 

(R2) and PO-13 (R4) (Fig. 3-8A).  Then, we plotted these differences onto the atomic structure 

of SA11 (R2) VP1 to determine their three-dimensional (3D) locations (Fig. 3-8B-E).  While a 

total of 257 residues differ between SA11 (R2) and PO-13 (R4) VP1, for this study, we focused 

on regions of sequence diversity that were surface-exposed and located on the side of VP1 that 

includes the +RNA exit tunnel.  This is the region of VP1 that interacts with VP2 in that context 

of the DLP (i.e., transcription complex) (55).  Since the enzymatic function of VP1 is VP2-

dependent for both transcription and genome replication, we posited that this VP1 region might  
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also be important for binding/activation by VP2 during in vitro dsRNA synthesis.  Thus, the 

regions of VP1 that were targeted for mutagenesis included: (i) two divergent +RNA exit 

interface regions of the polymerase domain (PRE1, SA11 VP1 residues 474-547) or the VP1 

CTD (PRE2, SA11 VP1 residues 886-1016) were exchanged individually or together (Fig. 3-8A, 

C-D) and (ii) two surface-exposed, variable helix-loop regions in the VP1 NTD (VL1 and VL2, 

SA11 VP1 residues 149-161 and 306-320, respectively) were exchanged individually (Fig. 3-8A 

and E).  We generated chimeric rVP1 proteins in which the aforementioned regions of SA11 

(R2) sequence were swapped with corresponding sections of PO-13 (R4) sequence.  We 

predicted that the chimeric rVP1 proteins would maintain their capacity to produce dsRNA in 

reactions containing by SA11 (C5) rVP2 but that they would now also gain functional activity 

and produce dsRNA in reactions containing PO-13 (C4) rVP2.  Molecular dynamics (MD) 

simulations of the SA11 (R2) atomic structure vs. a PO-13 (R4) homology model revealed that 

VL1 is the only region predicted to be differentially flexible, with the exception of a modeled 

flexible loop (SA11 VP1 residues 346-358) that is missing from the SA11 (R2) atomic structure 

(Fig. 3-9A).  Residues 155-161 of VL1, in particular, show greater backbone mobility in PO-13 

(R4) VP1 vs. SA11 (R2) VP1 as measured by B-factors calculated from the root mean square 

fluctuation of a residue’s alpha-carbons over the course of an MD simulation (Fig. 3-9B).  The 

other surface-exposed regions surrounding the +RNA exit tunnel of VP1 (e.g., VL2, PRE1 and 

PRE2), however, do not display such changes in local flexibility across the different polymerase 

variants, although they differ in their primary sequence.    

The chimeric rVP1 proteins (PRE1, PRE1+2, VL1, and VL2) were expressed alongside 

wildtype control proteins [SA11 (R2) rVP1 and PO-13 (R4) rVP1] in insect cells as 6X histidine-

fusions, purified from the soluble fraction of cell lysates using metal affinity resin, and visualized  
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Fig. 3-9.  Molecular dynamics simulation of VP1 protein structures.  Molecular dynamics 
simulations were performed using GROMACS v5.1.347 on the atomic structure of the SA11 (R2) 
VP1 (PDB accession no. 2R7R) or on a homology model of PO-13 (R4) VP1 (PDB file available 
upon request) as described in McKell et al., 2017.  Three trajectories initiated with different 
random seeds were run for each protein structure.  The RMSF of alpha-carbons from each of the 
three trajectories was calculated. B-factors for each residue were calculated from the RMSF 
values.  Average B-factors are shown for (A) the entire VP1 proteins and (B) the VL1 regions (resi-
dues 146-168).  In both panels A and B, residue position numbers are shown on the X-axis, SA11 
(R2) VP1 B-factors are plotted as gray boxes and PO-13 (R4) VP1 B-factors are plotted as black 
boxes.  Error bars represent standard deviation from the mean following three independent simula-
tions.  In panel A, the % amino acid sequence identity values are shown in graphical representation 
and the domains and regions of interest according to Fig. 3-8 for VP1 are indicated.
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following SDS-PAGE and Coomassie Blue staining (Fig. 3-10A-B).  The expression and 

solubility profiles of the chimeric rVP1 proteins were indistinguishable from that of SA11 (R2) 

rVP1, suggesting that mutant polymerases folded well enough so as to remain soluble and 

expose their epitope tags.  In contrast, we attempted to express/purify additional chimeric 

proteins that included a swap of motif D (residues 642-668) or several different regions of the 

VP1 NTD; these proteins were insoluble, suggesting they were grossly misfolded (data not 

shown).  

The purified chimeric mutant rVP1 (PRE1, PRE1+2, VL1, and VL2) and wildtype 

counterpart rVP1 were then assayed for the capacity to synthesize dsRNA in vitro in the 

presence of either SA11 (C5) rVP2 or PO-13 (C4) rVP2 (Fig. 3-10C-D).  The results with SA11 

(C5) rVP2 show that PRE1 rVP1 and VL1 rVP1 produced detectable, but substantially 

diminished, dsRNA products as compared to the control proteins (Fig. 3-10C).  Thus, the 10 PO-

13 (R4)-specific amino acid changes that were introduced into the SA11 (R2) rVP1 protein (i.e., 

to create PRE1 rVP1) caused a loss-of-function phenotype in the polymerase.  Even more, 

PRE1+2 showed no detectable dsRNA products, suggesting that the 39 additional PO-13 (R4)-

specific mutations to account for PRE2 [i.e., 49 total changes in SA11 (R2) rVP1] completely 

ablated enzyme activity.  VL1 also showed reduced activity compared to the controls, suggesting 

the 13 PO-13 (R4)-specific residues in this surface loop also caused a loss-of-function phenotype 

for SA11 (R2) rVP1.  In contrast, VL2 rVP1 produced dsRNA products at levels comparable to 

both control proteins, suggesting that this chimera was fully functional and that the 12 PO-13 

(R4)-specific amino acid changes had no effect on SA11 (R2) rVP1 function.  Unfortunately, 

none of chimeric proteins, not even VL2, produced dsRNA products in reactions containing    
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PO-13 (R4) rVP2 (Fig. 3-10D), suggesting that the 12 PO-13 (R4)-specific amino acids were not 

sufficient to swap the core shell specificity of the polymerase.  

Mapping regions of rVP2 that are important for rVP1 activation.  We next turned 

our attention toward the differences in sequences and in vitro functions of the mammalian SA11 

(C5) and avian PO-13 (C4) core shell proteins.  Specifically, we sought to determine which core 

shell protein regions are important for supporting in vitro dsRNA synthesis from either a 

mammalian SA11 (R2) polymerase or avian RVA (R4) polymerase.  To understand the extent of 

sequence variation between the SA11 (C5) and PO-13 (C4) VP2 core shell proteins, we first 

created an amino acid sequence alignment (Fig. 3-11).  Altogether, the proteins differ by 219 

residues, with 64 of them being changes in the NTD (residues 1-117 in the alignment) and 155 

being changes in the principal scaffold domain (residues 118-897 in the alignment).  Based upon 

previous work with RVA and RVC polymerases and core shell proteins, we hypothesized that (i) 

the specificity of PO-13 (C4) rVP2 for its cognate PO-13 (R4) rVP1 would reside in the principal 

scaffold domain and that (ii) divergent SA11 (C5) vs. PO-13 (C4) NTDs would not be able to 

functionally substitute for each other (119).  To test this hypothesis, we engineered a chimeric 

rVP2 containing the SA11 (C5) NTD (residues 1-102) fused to the PO-13 (C4) principal scaffold 

domain (residues 118-897) (i.e., SA:PO rVP2) or the reverse chimera (i.e., PO:SA rVP2) (Fig. 3-

12A).  The chimeric rVP2 proteins were expressed alongside a wildtype PO-13 (C4) rVP2 

control in insect cells, purified from the cell lysates by centrifugation, and visualized following 

SDS-PAGE and Coomassie Blue staining (Fig. 3-12B).  Both the SA:PO and PO:SA core shell 

proteins expressed and purified in a manner indistinguishable from the wildtype PO-13 (R4) 

rVP2 control.  However, additional bands were detected on the gel for SA:PO rVP2 and may 

represent proteolysis products.   
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Fig. 3-11.  Amino acid differences between SA11 (C5) VP2 and PO-13 (C4) VP2.  (A) Primary 
amino acid sequence alignment of SA11 (C5) VP2 and PO-13 (C4) VP2 is shown.  Dashes indicate 
gaps in the protein sequence, colored shading represents variation in amino acid identity.  The VP2 
domains and subdomains are represented by a line above the sequence and are colored as in Fig. 
3-1D.  The VP1-VP2 interaction site predicted by Estrozi et al. (EC) is outlined with a box.  Amino 
acid position is indicated above the alignment.
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The purified, chimeric mutant rVP2 (SA:PO and PO:SA) and wildtype PO-13 (C4) rVP2 

were then assayed for the capacity to support dsRNA synthesis in vitro by either the SA11 (R2) 

rVP1 or PO-13 (R4) rVP1 (Fig. 3-12C-D).  The results with SA11 (R2) rVP1 show that robust 

dsRNA products were made in reactions containing PO:SA rVP2, but not SA:PO rVP2, 

suggesting that the SA11 (C5) NTD is not sufficient to mediate activation specificity and 

consistent with the hypothesis that residues critical for the specific recognition of this 

mammalian RVA polymerase reside in the principal scaffold domain (Fig. 3-12C)  The results 

with PO-13 (R4) rVP1 show that robust dsRNA products were made in reactions containing 

PO:SA rVP2 and that lower levels of dsRNA products were made in the presence of SA:PO 

rVP2 (Fig. 3-12D).  The loss-of-function phenotype for SA:PO rVP2 relative to PO-13 (C4) 

rVP2 indicates that the SA11 (C5) NTD cannot functionally substitute for that of PO-13 (C4) 

rVP2.  Thus, the avian RVA polymerase prefers an avian PO-13 (C4) rVP2 NTD, indicating that 

this unstructured and highly-variable region of the core shell protein (and the 64 amino acid 

differences wherein) might facilitate interaction of VP1 with the principal scaffold domain. 

 

Discussion 

RVAs are widespread in nature, infecting numerous mammalian and avian hosts and 

causing severe gastroenteritis in human children (6, 176).  To classify the diversity and genetic 

relationships among RVA strains, a system was developed that assigns a specific genotype to 

each of the 11 genome segments according to its sequence and established nucleotide percent 

identity cut-off values (34) (Table 3-1).  To date, 20-51 different genotypes have been described 

for RVA genes, and these genotypes can combine in a variety of different ways due to segment 

reassortment (34, 109).  Some genotype combinations seem to be favored in certain host species,  



 68 

 

(D) Replicase Assay
w/ PO-13 (R4) rVP1

PO-13 
(C4)

SA:
PO

PO:
SA

dsRNA

100-
80-

120-

40-
20-
0-

60-

ds
R

N
A

 (R
U

s) **

**

(B)
PO-13 

(C4)
SA:
PO

rVP2 Proteins

rVP2

PO:
SA

150-

75-

100-

0-

(C) Replicase Assay
w/ SA11 (R2) rVP1

PO-13 
(C4)

SA:
PO

PO:
SA

dsRNA

100-
80-

120-

40-
20-

60-

ds
R

N
A

 (R
U

s)

** **

SA:PO

PO:SA

1 117 896

PO-13

SA11 VP2 ORF

(A)

Fig. 3-12.  In vitro dsRNA synthesis by chimeric rVP2 proteins.  (A) Linear schematics of 
recombinant VP2 proteins are shown as boxes.  For all genes, SA11 sequence is shown in gray and 
PO-13 sequence is shown in black.  Amino acid numbers are listed above the schematic and gener-
al locations of mutated regions are shown.  (B) Approximately 8 pmol purified PO-13 (C4) rVP2, 
SA:PO rVP2, or PO:SA rVP2 were electrophoresed in a 4-15% SDS-polyacrylamide gel and visu-
alized by Coomassie Blue stain.  Molecular mass (in kilodaltons) is shown to the left.  Radiola-
beled dsRNA was synthesized by 2 pmol of either SA11 (R2) rVP1 (C) or PO-13 (R4) rVP1 (D) 
in the presence of 8 pmol of each rVP2.  All reactions contained 16 pmol of an RVA +RNA 
template and were incubated at 37°C for 180 minutes.  Radiolabeled dsRNA products were 
resolved in 4-15% SDS-polyacrylamide gels and visualized using a phosphorimager.  Radiola-
beled dsRNA from three independent experiments using at least two protein batches was quanti-
fied and expressed as relative units (RUs).  Averages are shown as bar graphs below each gel, and 
error bars represent standard deviation from the mean.  Double asterisks indicate P values of 
<0.005.



 69 

perhaps because the encoded proteins function better when they are kept together and not 

unlinked by reassortment (109, 193).  However, the extent to which nucleotide-level 

intergenotypic diversity is reflected in the sequences, structures, or functions of the encoded 

proteins has not yet been fully described for RVAs.  For instance, 22 different genotypes have 

been defined for the gene encoding the VP1 polymerase based upon an 83% nucleotide identity 

cut-off value.  Thus, VP1 genes must differ by at least 17% in their nucleotide sequences to be 

considered distinct genotypes.  Due to redundancy in the genetic code, however, ORF nucleotide 

sequences can differ by ~30% and still translate the same amino acid sequence.  Therefore, it is 

theoretically possible that some VP1 genotypes encode identical or nearly identical polymerase 

proteins.  The same idea holds true for the 20 different genotypes that are defined for the gene 

encoding the VP2 core shell protein based upon an 84% nucleotide cut-off value.  For that 

reason, one goal of this study was to determine the level of divergence among RVA VP1 and 

VP2 proteins that are encoded by the currently-recognized genotypes. 

 We employed several complementary approaches to study the intergenotypic diversity 

and relationships of the VP1 and VP2 at the protein level.  MDS was used to visualize the 

relationships among VP1 and VP2 genotypes based upon their pairwise amino acid sequence 

distances (Fig. 3-2B and 3-3B).  For both VP1 and VP2 proteins, the results showed that the 

avian RVA lineage II genotypes (i.e., R4, R6, R14, C4, C6, and C14) were distinct from the 

mammalian RVA lineage I genotypes.  This result was consistent with our ORF nucleotide 

sequence-based phylogenetic analyses, which showed strongly-supported branch separation for 

lineage I vs. II genes, as well as with our identification of numerous lineage-specific amino acid 

signatures for VP1 and VP2 (Fig. 3-2A and 3-3A).  Thus, the data suggest that the polymerase 

and core shell proteins of avian RVAs are quite different from those of mammalian RVAs at 
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both the nucleotide and amino acid sequence level.  However, the within lineage results were not 

as straight-forward, especially regarding to the similarities among the mammalian RVA lineage I 

proteins.  For example, many of the mammalian RVA VP1 genotypes (i.e., R2, R3, R5, R8-12, 

and R18) and VP2 genotypes (i.e., C2, C3, C5, C8-13, C15, and C17) could not be differentiated 

from each other based upon pairwise amino acid sequence distances in the MDS analysis nor did 

they show any defining signature sequences (Fig. 3-2 and 3-3).  Still, other mammalian RVA 

genotypes (e.g., R1 and C1) showed stronger definition by both by MDS and branch-specific 

amino acid analysis (Fig. 3-2 and 3-3).  One caveat to our analysis is that we had limited 

sequence information for several of the more recently-identified genotypes (i.e., R8-R12, R14-

18, C8-14, C17-18).  It is possible that defining features will be more apparent once additional 

sequences are available for these genotypes.  It is also important to note that 6 genotypes (R17, 

R21, R22, C16, C19, and C20) were not included in our analysis because their sequences were 

not available in the database when this study began.  Future studies in our laboratories will 

continue to assess VP1 and VP2 sequences as new genotype sequences become available, with 

the overall goal of understanding the impact of this naturally-occurring sequence diversity on 

VP1/VP2 structure, function, and interactions.  Even more, our long-term goal is to extend this 

analysis to the other 9 viral proteins, thereby providing a comprehensive understanding of 

protein-level RVA diversity in nature.  

As an extension of our intergenotypic bioinformatic analyses, we also wanted to identify 

which regions on the VP1 and VP2 proteins tolerated amino acid changes vs. which regions 

remained largely invariant, so as to inform an understanding of functional and interactional 

domains.  To do this, we created genotype consensus amino acid sequence alignments and 

interpreted the conserved/variable regions in light of known protein domains, subdomains, and 



 71 

motifs (Fig. 3-4, 3-5 and Appendices B-C).  Somewhat to our surprise, the variation in VP1 was 

fairly distributed throughout the protein sequence and was seen even in some of the catalytic 

motifs of the polymerase domain (Fig. 3-4 and Appendix B).  Motif D, which is implicated in 

polymerase fidelity, was highly variant in sequence among all of the genotypes (Fig. 3-4 and 

Appendix B).  Also, R20 showed several deviations from consensus for motifs B and F, 

implying that more evolutionary plasticity can occur within the catalytic core than what was 

previously thought (183) (Fig. 3-4 and Appendix B).  However, there is only a single 

representative of the R20 genotype, which was derived from a metagenomic analysis of bat 

feces; therefore, it is possible that these R20-specific changes are sequencing errors (189).  In 

general, the VP2 contact points on VP1 that are predicted by Estrozi et al. in the DLP structure 

were conserved across all of the genotypes, with the exception of the site spanning CTD residues 

971-983 (i.e., EC2) (55) (Fig. 3-4 and Appendix B).  This region showed several amino acid 

changes, especially when comparing the mammalian RVA lineage I vs. avian RVA lineage II 

VP1 proteins (Appendix B).  

The VP2 alignment was generally more conserved than that of VP1 with the dramatic 

exception of the NTD (residues ~1-100), which showed minimal sequence similarities among the 

genotypes (Figs. 3-4 and 3-5).  This result confirms and extends previous studies and suggests 

that the VP2 NTD can tolerate a vast amount of variation, including large insertions and 

deletions in its sequence (119, 199).  The VP2 NTD is non-essential for formation of the T=1 

core shell, but it does play an important role in VP1 engagement and activation (46, 119, 183, 

198, 200).  However, this region does not seem to mediate sequence-specific VP1 interactions; 

instead, it may play a structural role in supporting VP1 contacts with the principal scaffold 

domain of VP2 (119).  More specifically, the results using NTD chimeras in this study (Fig. 3-
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12) and in a report by McDonald et al. show that strain-specific VP1 activation correlates with 

the VP2 principal scaffold domain, not the NTD (119).  Interestingly, the VP1 contact points 

within principal scaffold domain that are predicted from the DLP structure (EC; residues 377-

403 of strain UK) are >99% conserved among the genotypes (55) (Appendix C).  Indeed, if this 

was the key site of VP1 binding for enzymatic activation during dsRNA synthesis, one would 

expect that all of the different VP2 genotype proteins would functionally substitute for each other 

(see also below).  

Having observed the regions of amino acid sequence variation among the VP1 and VP2 

genotypes, our next goal in this study was to determine if/how this variation correlated with in 

vitro functional interactions between the proteins.  More specifically, we employed an 

established in vitro assay in which rVP1 performs minus-strand RNA synthesis on a +RNA 

template (to produce dsRNA) only when it is engaged/activated by rVP2.  We reasoned that if 

different genotypes could functionally substitute for each other in vitro, they must show 

conserved sequences at their binding interfaces.  In contrast, those genotype that do not substitute 

for each other would show sequence variations at binding interfaces.  For this analysis, we chose 

to use the rVP1 and rVP2 proteins of five different RVA strains (SA11, DS-1, Wa, ETD, and 

PO-13) that include representatives of mammalian RVA lineage I genotypes (R1, R2, R7, C1, 

C2, C5, and C7), as well as a single strain representing avian RVA lineage II genotypes (R4 and 

C4).  We tested all rVP1 genotypes for the capacity to synthesize dsRNA in the presence of all 

rVP2 genotypes (Fig. 3-7).  Unfortunately, the ETD (R7) polymerase and the DS-1 (C2) and Wa 

(C1) VP2 proteins were not fully functional in vitro under the tested conditions.  Still, the results 

from the ‘mix-n-match’ reactions with the 4 functional polymerases [SA11 (R2), DS-1 (R2), Wa 
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(R1), and PO-13 R4)] and the 3 functional core shell proteins [SA11 (C5), ETD (C7) and PO-13 

(C4)] yielded several important observations. 

The first observation is that lineage I rVP1s seem to prefer lineage I rVP2s.  More 

specifically, we observed that the mammalian RVA lineage I rVP1s [SA11 (R2), DS-1 (R2) and 

Wa (R1)] were only activated by mammalian RVA lineage I rVP2 proteins [SA11 (C5) and ETD 

(C7)] and NOT the avian RVA lineage II PO-13 (R4) genotype (Fig. 3-7).  This result supports 

the notion that lineage I rVP1s may have evolved interaction specificity for lineage I rVP2s and 

lost the capacity to interact with lineage II rVP2.  Still, it will be important to test this notion in 

future studies using other lineage II rVP2 genotypes (e.g., C6 and C14).  If the observation holds 

true, however, the lineage-specific amino acid signatures that we identified via our analysis will 

be useful in mapping the activation specificity determinants (Figs. 3-1A and 3-2A). 

The second observation is that SA11 (C5) rVP2 seems to be a ‘promiscuous’ core shell 

protein.  In particular, the result that SA11 (C5) rVP2 robustly activated both the mammalian 

RVA rVP1 proteins [SA11 (R2), DS-1 (R2), and Wa (R1)] as well as the avian PO-13 (R4) rVP1 

suggests that this is a broadly-functional core shell protein that can engage many divergent 

polymerases.  At this time, we do not know why SA11 (C5) rVP2 is so active in vitro or whether 

this is a general characteristic of C5 genotype proteins.  Nevertheless, this result indicates that 

SA11 (C5) rVP2 might engage the polymerases via a conserved region(s) and in a manner that is 

different from how PO-13 (C4) rVP2 engages its cognate polymerase (see below).  

The third observation is that PO-13 (C4) rVP2 seems to be ‘faithful’ to its own 

polymerase.  For instance, the result that PO-13 (C4) rVP2 specifically activated the avian PO-13 

(R4) polymerase, but not the mammalian RVA polymerases [SA11 (R2), DS-1 (R2), or Wa 

(R1)] suggests that this core shell protein is specific to its cognate polymerase.  In the future, it 
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will be interesting to assay the additional lineage II genotype proteins (R6, R14, C6, and C14) to 

see if this result is simple a reflection of avian RVA lineage II specificity.  Still, the current result 

indicates that residues differing between PO-13 (R4) and SA11 (R2) are important for 

binding/activation by the avian RVA core shell protein.  We were especially intrigued by these 

results and wanted to use the differences between these polymerase proteins as a platform to map 

VP1-VP2 interaction regions that are critical for in vitro dsRNA synthesis.  Specifically, we 

attempted to engineer an SA11 (R2) rVP1 protein that contained enough PO-13 (R4) residues 

that it would gain the capacity to be activated by PO-13 (C4) rVP2 (Figs. 3-8 and 3-10).  We 

focused on swapping out surface-exposed residues that lie at the +RNA exit interface of VP1, 

which is the proposed side of VP2 contact in the DLP structure (55).  The chimera PRE1+2 

included the divergent EC2 site; both EC1 and EC3 were conserved between the polymerases 

and, thus, there was no rationale for altering them (Fig. 3-8).  Unfortunately, none of the 

engineered rVP1 chimeras were active in the presence of PO-13 (C4) rVP2.  If fact, three of the 

chimeras actually lost their capacity to be activated by the ‘promiscuous’ SA11 (C5) rVP2, 

indicating that the polymerases might adopt conformations that no longer are capable of 

interacting with VP2 in the manner necessary for activation (Fig. 3-10).  This result was 

surprising to us because most of the residues we changed are surface-exposed and not implicated 

in supporting the intramolecular VP1 structure.  For instance, the VL1 chimera swapped out a 

flexible helix-loop element on the surface of the VP1 NTD (Figs. 3-8, 3-9, 3-10).  The PO-13 

(R4) VL1 surface element is clearly functional in the context of a PO-13 (R4) backbone, but not 

on the SA11 (R2) backbone, at least in regard to activation by SA11 (C5) rVP2 (Fig. 3-10).  The 

one chimera that did retain functionality with SA11 (C5) rVP2 (i.e., VL2 rVP1) also swapped 

out a non-flexible, surface-exposed helix-loop element (Fig. 3-10).  However, this particular 
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swap (and the 12 amino acid changes wherein) was not sufficient to allow recognition by PO-13 

(C4) rVP2.  Ongoing experiments in our laboratories are assessing the role of VP1 +RNA exit 

tunnel interface residues by performing single and clustered point mutagenesis (see Chapter 4).  

Such work will further our understanding of whether or not the VP1-VP2 contact points 

observed in the DLP structure play important roles during dsRNA synthesis.     

We also engineered chimeric rVP2 proteins that have swapped either the NTD or 

principal scaffold domains between SA11 (C5) rVP2 and PO-13 (C4) rVP2 (i.e., PO:SA and 

SA:PO).  Consistent with a previous study using an RVA vs. RVC proteins, our results with 

PO:SA and SA11 (R2) rVP1 show that the specificity of rVP2 for a particular rVP1 lies in the 

principal scaffold domain, not the NTD (Fig. 3-12) (119).  Yet, the result with SA:PO also shows 

that rVP2 proteins with a ‘mismatched’ NTD and principal scaffold domains are less robust in 

supporting polymerase activation than are those with matched domains (i.e., wildtype PO-13 

(C4) rVP2).  This result indicates that there are as of yet unknown intramolecular interactions 

between the NTD and the principal scaffold domain.  It is possible that the presence and 

sequence of the NTD is important for proper folding of the principal scaffold domain, at least in 

regions that mediate VP1 binding.  Because the VP1 contact sites on VP2 that are predicted in 

the DLP (EC; residues 377-403 of strain UK) are completely conserved among all genotypes, it 

is unlikely that they are involved in dictating polymerase specificity in the context of genome 

replication.   

Altogether, the combined results of these bioinformatic analyses and in vitro assays raise 

questions about the possibility that VP1-VP2 contact points differ during transcription and 

replication and might even differ depending upon the precise genotype/strain combinations 

tested.  Still, a limitation of our study is that we are using the in vitro dsRNA synthesis assay as 
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an indirect readout of functional rVP1-rVP2 interactions.  At this time, we cannot exclude the 

possibility that enzymatic activation of rVP1 by rVP2 occurs via a mechanism that is 

independent of direct interactions between these proteins.  For example, it is possible that rVP2 

binds to the +RNA template, rather than to rVP1, and induces structural changes within the 

+RNA that allow it to bind to the polymerase in a manner that is ‘in-register’ with the catalytic 

site.  In this case, polymerase activation would still depend upon the presence of the core shell 

protein but it would occur independent of direct rVP1-rVP2 protein interactions.  Unfortunately, 

due to the natural propensity of the core shell protein to asymmetrically multimerize and the 

presence of co-purifying contaminants/proteolysis products, the rVP2 preparations are not 

amenable to standard protein-protein interaction assays (46, 198, 200).  Future experiments in the 

lab will employ a virus like particle (VLP) approach, which relies on the co-expression of rVP1, 

rVP2, and rVP6 in insect cells and the formation of double-shelled capsids containing the 

polymerase, to detect rVP1-rVP2 interactions (46, 198, 201).  We have previously used this 

approach to show that the RVC rVP1 (strain Bristol) failed to be efficiently packaged into VLPs 

made with RVA rVP2 (strain SA11) (201).  For this protein pair set, the lack of VLP interaction 

correlated with a lack of in vitro activation in the dsRNA synthesis assay (119, 201).  Indeed, 

future investigation into how the activity of the RVA polymerase is regulated by the core shell 

protein and whether or not VP1 activation requires VP2 binding are warranted and will enhance 

our understanding of a critical step in the viral replication cycle.   

 

Materials and Methods 

Intergenotypic bioinformatics analyses of VP1 and VP1.  A total of 158 nucleotide 

sequences representing all available VP1 and VP2 genotypes (R1-R22 and C1-C20) were 
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obtained from NCBI (www.ncbi.nlm.nih.gov/nuccore) and trimmed to ORF boundaries 

(Appendix A).  ORF nucleotide sequences were translated, aligned as amino acids using 

MAFFT with default settings, and untranslated using Python scripts 

(http://www.github.com/jbpease/mixtape) (202).  At the time of the study, genotypes R17, R21, 

R22, C16, C19, and C20 had no available sequences in the database and were thus excluded 

from the study.  However, most genotypes had 1-9 VP1 and VP2 ORF sequences available 

(Appendix A).  For genotypes with >10 available full-length sequences (i.e., R1-R3, C1-C3), 

preliminary intragenotypic neighbor-joining phylogenetic trees were created using Geneious Pro 

v10.2.3 (BioMatters) to identify representative strains to use in intergenotypic analyses 

(Appendix A).  Final, maximum-likelihood phylogenies were inferred from the aligned 

nucleotide ORF data using RAxML v.8.2 with the GTRGAMMA model and Rapid 

Bootstrapping (203).  Monophyletic groupings were collapsed using FigTree v1.4.2 

(http://tree.bio.ed.ac.uk/software/figtree/).  

Python scripts were used to calculate pairwise distances between sequences and 

multidimensional scaling plots were calculated using the scikit.sklearn module for Python (196).  

Python scripts were also used to determine amino acid alleles that were exclusively found in 

specific genotypic groups for each gene (scripts are available upon request).  For visual 

representations of amino acid sequence alignments, Geneious Pro v10.2.3 (BioMatters) was used 

with the CLUSTALW plug-in and the BLOSUM cost matrix.  Consensus sequences were 

derived using 0% majority threshold for translated intragenotypic amino acid alignments.  Figure 

images were generated and colorized using Adobe Illustrator CS6 (Adobe Systems).   

Cloning VP1 and VP2 genes and generation of recombinant baculoviruses.  To 

create entry vectors for the generation of baculoviruses expressing DS-1 (R2) rVP1, Wa (R1) 
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rVP1, and ETD (R7) rVP1, cDNAs corresponding to the ORFs were codon-optimized for insect 

cell expression and the sequence for C-terminal 6XHis tags were added.  The cDNAs were then 

synthesized de novo by GeneArt (Regensburg, Germany) and subcloned into pENTR-1A.  The 

amino acid sequences of the DS-1 (R2) rVP1, Wa (R1) rVP1, and ETD (R7) rVP1 proteins 

exactly match sequences in the GenBank database (accession numbers DQ870505, DQ490539, 

and GQ479947, respectively).  To create entry vectors for the generation of a baculovirus 

expressing PO-13 (R4) rVP1, outward PCR was performed to modify the pENTR-1A-PO-13 

VP1 clone generated by McDonald and Patton (119), so that it would contain a Arg-Gly-Ser-

Arg-Gly-Ser linker immediately preceding the 6XHis tag on the extreme C terminus.  The 

addition of this linker improved the binding of PO-13 (R4) rVP1 to the metal affinity resin 

during purification.  To create entry vectors for the generation of baculoviruses expressing DS-1 

(C2) rVP2 and Wa (C1) rVP2, previously generated pCI vectors were used PCR templates for 

subcloning into the pENTR-1A (199).  To create entry vectors for the generation of 

baculoviruses expressing the rVP1 chimeras (PRE1, PRE1+2, VL1, and VL2), blunt-end PCR 

was used.  The vector sequence was amplified using nonphosphorylated primers and pENTR-

SA11-VP1 as a template.  The insert sequence was amplified using 5’-phosphorylated primers 

and pENTR-PO-13-VP1 as a template.  In all PCR reactions Accuprime Pfx Supermix 

(Invitrogen) was used as the enzyme, PCR products were treated with DpnI (New England 

BioLabs), and cDNAs were gel purified prior to ligation using T4 DNA ligase (New England 

BioLabs).  To create entry vectors for expression of rVP2 NTD-swap chimeras (SA:PO rVP2 

and PO:SA rVP2), the cDNAs were codon-optimized for expression in insect cells, synthesized 

de novo by GeneArt (Regensburg, Germany), and subcloned into pENTR-1A.  All final pENTR-
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1A entry vector clones were all sequenced across the VP1/VP2 ORF prior to the generation of 

baculoviruses. 

The BaculoDirect Expression System (Life Technologies) was used in accordance with 

the manufacturer’s protocol to create recombinant baculoviruses expressing rVP1 or rVP2.  

Briefly, the VP1- and VP2-encoding genes in the pENTR-1A entry vectors were individually 

inserted into BaculoDirect C-Term linear DNA by recombination with LR Clonase II.  The 

baculovirus DNA was then transfected into Spodoptera frugiperda (Sf9) cells using Cellfectin 

reagent (Life Technologies) and recombinant baculovirus was harvested from selective medium 

containing 100 µM ganciclovir.  Sf9 cells were maintained at 28°C in complete Grace’s medium 

(Life Technologies) supplemented to contain 10% fetal bovine serum, 100 U/mL penicillin, 100 

µg/mL streptomycin, 0.5 µg/mL amphotericin B, and 1% Pluronic F-68 (Life Technologies).  

Baculoviruses expressing SA11 (R1) rVP1, SA11 (C5) rVP2, ETD (C7) rVP2, and PO-13 (C4) 

rVP2 were generated previously (119, 183). 

Purification of rVP1 and rVP2 and in vitro dsRNA synthesis assays.  His-tagged 

rVP1 and untagged rVP2 proteins were expressed as described previously (119) with some 

modifications.  Briefly, Sf9 cells (2.5 ´ 107) were infected with the recombinant baculovirus and 

incubated in complete Grace’s insect medium (Invitrogen) supplemented to contain 10% fetal 

bovine serum, 100 U/mL penicillin, 100 µg/mL streptomycin, 0.5 µg/mL amphotericin B, and 

1% Pluronic F-68 (Life Technologies) while shaking at 115 rpm for 96 hours at 20°C or 25°C 

(VP1 or VP2, respectively).  The rVP1 and rVP2 proteins were then purified from the Sf9 cells 

as described previously (119, 186).  Purified rVP1 and rVP2 proteins were assessed for quality 

and relative quantity versus Precision Plus Protein Kaleidoscope Prestained Protein Standards 
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(Bio-Rad) in 4-15% SDS-PAGE gels (Protean) and Coomassie Blue staining (Thermo 

Scientific). 

In vitro dsRNA synthesis assays were performed as described previously (118).  Briefly, 

each 20-µL reaction mixture contained 2 pmol rVP1; 8 pmol rVP2; 16 pmol SA11 gene 8 

+RNA; 50 mM Tris-HCl (pH 7.5); 1 µL 30% polyethyleneglycol 8000; 20 mM magnesium 

acetate; 1.6 mM manganese acetate; 2.5 mM dithiothreitol; 1.25 mM (each) ATP, CTP, and 

UTP; 5 mM GTP; 1 µL RNasin (Promega); and 1 µCi [a-32P]UTP (3,000 Ci/mmol; 

PerkinElmer). Reactions proceeded at 37°C for 3 hours.  The [32P]-labeled dsRNA products of 

the reaction were electrophoresed in 4-15% SDS-PAGE gels (Protean) and visualized using a GE 

Healthcare Storm 860 phosphorimager or autoradiography.  A minimum of 3 replicate 

experiments were performed from 2-4 batches of independently purified recombinant proteins 

(n=6-12 replicates total).  Quantification of images obtained using the phosphorimager was 

completed using ImageQuant 5.2 software.  For experiments including autoradiographs, ImageJ 

1.49v was used to quantify band intensity of TIF images.  One-sided t tests of the mean versus 

wildtype dsRNA levels set to hypothetical value of 100% were performed for quantified 

replicase assay data sets with Smith’s Statistical Package, version 2.80.  P values of <0.05 were 

considered statistically significant.  

Molecular dynamics simulations of VP1 proteins.  Molecular dynamics simulations 

were performed using GROMACS v5.1.3 on a modified atomic model of strain SA11-4F VP1 

(PDB accession no. 2R7Q) or on a homology model of PO-13 VP1, which was created using the 

MODELLER interface to UCSF Chimera (43, 204, 205).  Previously described modifications to 

the SA11-4F VP1 structure include a modeled flexible loop (residues 346-358) that is missing 

from the atomic structure (186).  The PDB files of the modeled structures are available upon 
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request.  Simulations were performed as described previously (206).  Three trajectories initiated 

with different random seeds were run for both protein structures and the RMSF of a-carbons 

from each of the three trajectories was calculated using gmx rmsf command in GROMACS.  B-

factors (i.e., Debye-Waller factor) for each residue were calculated from the RMSF values using 

an established equation [B-factor=8π2/3 ´ (RMSF2].  One-way ANOVA analyses were 

performed using StatPlus and p values <0.05 were considered statistically significant. 
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Abstract 

The rotavirus polymerase (VP1) mediates all stages of viral RNA synthesis within the 

confines of subviral particles and while associated with the core shell protein (VP2).  

Transcription [positive-strand (+) RNA synthesis] by VP1 occurs within double-layered particles 

(DLPs), while genome replication [double-stranded (ds) RNA synthesis] by VP1 occurs within 

assembly intermediates.  VP2 is critical for the enzymatic activation of VP1; yet the mechanism 

by which the core shell protein triggers polymerase function remains poorly understood.  

Structural analyses of transcriptionally-competent DLPs show that VP1 is located beneath the 

VP2 core shell and sits slightly off-center from each of the icosahedral fivefold axes.  In this 

position, the polymerase is contacted by VP2 at five distinct surface-exposed regions, comprising 

VP1 residues 264-267, 547-550, 614-620, 968-980, and 1022-1025.  Here, we sought to test the 
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functional significance of these VP2 contact sites on VP1 activity using recombinant (r) proteins 

and an in vitro dsRNA synthesis assay.  Specifically, we engineered 19 rVP1 proteins that 

contained single- or multi-point alanine mutations within each of the five sites.  We assayed the 

mutant rVP1 proteins for the capacity to synthesize dsRNA in vitro in the presence of rVP2 and 

compared the results to those using wildtype controls.  Our results identified one single-point 

mutant (R614A) and two multi-point mutants (E265A/L267A and D971A/S978A/I980A) that 

showed decreased rVP2-dependent polymerase activity.  These results suggest that core shell 

protein binding to these three sites on the polymerase may be necessary for its activation during 

particle-associated RNA synthesis.    

 

Importance 

Rotaviruses are important pathogens that cause severe gastroenteritis in the young of 

many animals.  The rotavirus VP1 polymerase mediates all stages of viral RNA synthesis, and it 

requires the VP2 core shell protein for its enzymatic function.  Yet, there are several gaps in 

knowledge about how VP2 engages and activates VP1.  Here, we probed the functional 

significance of five distinct VP2 contact sites on VP1 that were revealed through previous 

structural studies.  Specifically, we engineered mutations within each of the five regions and 

assessed the mutant VP1 proteins for the capacity to synthesize RNA in the presence of VP2 in a 

test tube.  Our results identified three surface-exposed VP1 regions that are critical for robust 

VP2-induced polymerase activity.  These results are important because they enhance an 

understanding of a critical aspect of the rotavirus replication cycle and may inform disease 

treatment and prevention measures. 
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Introduction 

Rotaviruses (RVs) are segmented, double-stranded (ds) RNA viruses that cause severe, 

life-threatening gastroenteritis in children and other animals (6, 176).  The RV RNA-dependent 

RNA polymerase (VP1) catalyzes both the transcription of positive-strand (+) RNAs and the 

replication of dsRNA genome segments in a particle-associated manner (176).  Specifically, VP1 

is a structural protein, and 11-12 copies are tethered beneath the innermost icosahedral core shell 

of the triple-layered RV particle (Fig. 4-1A-B) (46, 47, 49, 51, 55).  A single VP1 monomer is 

located just off-center from each of the core shell’s icosahedral fivefold axes (Fig. 4-1B) (55).  

The core shell itself is comprised of 120 copies of VP2 that are arranged as asymmetric dimers, 

wherein one structural conformer (VP2-A) converges around the fivefold axes, and a different 

conformer (VP2-B) interdigitates between adjacent VP2-A proteins (Fig. 4-1A-B) (46, 47, 49, 

51).  At least three individual VP2 monomers of a fivefold decameric unit (i.e., VP2-A1, VP2-

A2, and VP2-B1) make contacts with VP1 in this position (Fig. 4-1B-C) (55).  It is largely 

thought, albeit not experimentally proven, that VP1 functions as a polymerase while tethered to 

the VP2 core shell at this site.  However, the role of the core shell protein goes beyond merely 

serving as a structural scaffold for the polymerase.  In particular, the capacity of recombinant (r) 

VP1 to synthesize dsRNAs in vitro is dependent upon the presence of rVP2 in reactions mixtures 

(42, 118, 119).  The current hypothesis is that VP2 engages VP1, thereby triggering structural 

changes within the enzyme that allow it to function as a polymerase.  However, the mechanistic 

details of VP1-VP2 interaction(s) that culminate in polymerase activation and particle-associated 

RNA synthesis are poorly understood.    

 VP1 mediates synthesis of +RNA transcripts as well as dsRNA genome segments while 

in conjunction with VP2 and within the confines of subviral particles (207).  More specifically,  



 85 

 



 86 

during transcription, VP1 synthesizes +RNAs in the context of double-layered particle (DLPs), 

which are virions that have shed their outermost layer.  The +RNA transcripts are extruded from 

the DLP via aqueous pores at the fivefold axes (46, 87).  In contrast, genome replication (dsRNA 

synthesis) by VP1 occurs in tandem with the early stages of virion particle assembly.  It is 

thought that +RNAs are packaged into VP1/VP2-containing subviral assembly intermediates 

where they are subsequently converted to dsRNAs via minus-strand RNA synthesis (87, 106, 

116).  Although relatively little is known about the structure and composition of these assembly 

intermediates, all available data suggests that multimeric units of VP2 could engage VP1 

monomers in this context (116, 119, 120).  Core shell-dependent dsRNA synthesis by the RV 

polymerase can be recapitulated in vitro using rVP1 and rVP2, providing a robust platform for 

mapping the enzymatic activation determinants within both proteins (42, 118-120).   

The crystal structure of a simian RV VP1 (strain SA11) has been solved to atomic 

resolution, revealing a globular, cage-like enzyme 1089 amino acids (aa) in length.  VP1 is 

comprised of an amino-terminal domain (NTD: aa 1-332), a central right-handed polymerase 

domain (PD: aa 333-778), and a carboxy-terminal domain (CTD: aa 779-1089) (Fig. 4-2A) (43).  

The PD is structurally and functionally conserved across diverse viral RNA-dependent RNA 

polymerases, and it contains several orthologous subdomains (fingers, palm, and thumb) and 

motif elements (motifs A-F) (43, 182).  The active site is buried within the hollow center of the 

globular enzyme, and it is comprised of invariant ‘Glu-Asp-Asp’ residues of the PD (43, 208).  

Four tunnels permeate VP1 and allow for the entry of single-stranded RNA templates, the entry 

of NTPs and divalent metal cations, the exit of +RNA transcripts, and the exit of newly formed 

dsRNA genome segments (Fig. 4-2B-C) (43).  In the structure of the DLP (i.e., transcriptase 

complex), VP1 is oriented such that its +RNA exit tunnel borders the VP2 core shell.  This  
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position and orientation for the RV polymerase is consistent with that of other Reoviridae family 

members (orthoreovirus, cypovirus, and aquareovirus) (37, 38, 117).  For RV, Estrozi and 

colleagues identified three regions of VP1 that clash with (i.e., overlap) VP2 in the DLP structure 

(55).  For clarity, we will refer to these regions as Estrozi Contact (EC) sites 1, 2, and 3.  EC1 is 

located within the VP1 NTD (SA11 aa 264-267), while EC2 and EC3 are located in the VP1 

CTD (SA11 aa 968-980 and 1022-1025, respectively) (Fig. 4-2A and D).  Two additional 

regions within the VP1 PD are surface-exposed and proximal to the core shell; we refer to these 

as PD Contact sites 1 and 2 (PDC1 and PDC2).  PDC1 is positioned within the fingers 

subdomain of the PD (SA11 aa 547-550), whereas PDC2 is situated in the palm subdomain of 

the PD (SA11 aa 614-620) (Fig. 4-2A and D).  On the VP2 side of the interaction, two VP2-A 

subunits (A1 and A2) and one VP2-B subunit (B1) make contacts with VP1 (Fig. 4-1C and Fig. 

4-2E) (55).  The most extensive overlap occurs within a region of VP2 that encompasses aa 337-

370 (bovine strain UK) within the principal scaffold domain of the core shell.  Moreover, the 

extreme amino-terminal domain of VP2 (aa 1-100) is predicted to protrude downward into the 

core and contact VP1, but this region is not fully-resolved in the existing structures.  Still, 

residues 73-100 of a single VP2-B conformer (B1) converge towards VP1 EC1 in the DLP 

structure (Fig. 4-1C and Fig. 4-2E). 

In the current study, we probed the functional importance of the five VP2 contact sites on 

VP1 that were identified from the DLP structure (i.e., EC1, PDC1, PDC2, EC2, and EC3) using 

alanine mutagenesis and the in vitro dsRNA synthesis assay.  Our results show that alanine 

mutations at some residues in VP1 regions EC1, PDC2, and EC2 reduce the capacity of rVP1 to 

synthesize dsRNA in the presence of rVP2.  These results support the notion that core shell 

binding to these sites may be critical for VP1 enzymatic activation.  Based on these results, we 
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speculate that the manner in which VP2 binds to VP1 during transcription (i.e., in the DLP) may 

be identical to that during genome replication (i.e., in assembly intermediates). 

 

Results 

EC1 residues mediate in vitro dsRNA synthesis.  EC1 (SA11 VP1 aa 264-267: NEEL) 

is located in the VP1 NTD, and it contains two consecutive negatively-charged glutamic acid 

residues, flanked on either side by a polar residue (Fig. 4-3A).  In general, these amino acids are 

conserved among group A RV strains with the exception of asparagine at position 264, which is 

threonine in some avian strains (Fig. 4-3A).  The glutamic acid side chain at position 265 is both 

surface-exposed and points outwards towards the VP2 core shell, making contacts with aa 337-

339 of a single VP2-A2 monomer (Fig. 4-3A).  The structurally-resolved portion of the amino-

terminal domain of a neighboring VP2-B1 monomer (aa 73-100) also protrudes towards EC1 and 

is predicted to clash with the polymerase at/near this site (Fig. 4-3A) (55).  To investigate the 

significance of residues within EC1 on VP2-dependent VP1 polymerase activity, we engineered 

single and double alanine mutations at positions 265 and/or 267 (i.e., E265A and E265A/L267A) 

in the backbone of SA11 rVP1.  The His-tagged E265A and E265A/L267A rVP1 and wildtype 

(WT) control rVP1 proteins were expressed in insect Sf9 cells using baculovirus, purified by 

metal-affinity chromatography, and visualized following SDS-PAGE and Coomassie Blue 

staining (Fig. 4-3B). The rVP1 proteins were then assayed for their capacity to synthesize 

dsRNA in vitro in reactions containing SA11 rVP2, SA11 +RNA template, divalent cations, 

NTPs, and trace amounts of 32P-UTP.  The newly synthesized 32P-labeled dsRNA products of the 

reactions were resolved by SDS-PAGE and then visualized/quantified using a phosphorimager 

(Fig. 4-3C-D).  The results showed that E265A rVP1 synthesized dsRNA at levels that were 
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 indistinguishable from WT rVP1.  However, the E265A/L267A rVP1 double-alanine mutant 

synthesized significantly-reduced levels of dsRNA product, yielding only ~25% of WT levels 

(Fig. 4-3D).  These results indicate that mutating the highly conserved, surface-exposed, 

electrically-charged glutamic acid amino acid residue to a hydrophobic alanine residue alone was 

not sufficient to abrogate rVP2 interactions and/or diminish enzymatic activity of rVP1.  

However, combining this E265A mutation with another more modest leucine-to-alanine changed 

at position 267 (i.e., L267A) was sufficient to decrease in vitro enzymatic activity of rVP1 in the 

presence of rVP2.   

PDC1 residues are not critical for in vitro dsRNA synthesis.  PDC1 (SA11 VP1 aa 

547-550: NMTN) is located in the fingers subdomain of the PD, and it maintains highly 

conserved amino acid chemistry at each position (Fig. 4-4A).  In particular, this region contains 

three polar residues (N547, T549, and N550), and one hydrophobic residue (M548) in the middle 

(Fig. 4-4A).  The asparagine at position 547 is conserved among most group A RV strains, but 

can be threonine in some avian and/or murine strains (Fig. 4-4A).  Also, some murine RV strains 

show a unique methionine-to-leucine mutation at position 548 (Fig. 4-4A).  Residues M548 and 

N550 have side chains that are pointed outwards towards the VP2 core shell, specifically towards 

aa 373-370 of VP2-B1, though they do not directly clash with any of the VP2 monomers in the 

DLP structure (Fig. 4-4A).  To investigate whether these PDC1 residues were critical for VP2-

dependent VP1 polymerase activity, we engineered and purified rVP1 mutants with individual 

alanine mutations at each position (i.e., N547A, M548A, T549A, and N550A) (Fig. 4-4B).  Our 

rationale for making only single-alanine mutations was that this region lies in a subdomain that is 

important for a catalysis; thus, multiple mutations in this region would be expected to negatively 

impact the enzymatic activity of the polymerase in a manner that is independent of VP2 contacts.  
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The results showed that the in vitro dsRNA levels produced by PDC1 rVP1 mutants were 

comparable to WT rVP1 (Fig. 4-4C-D), suggesting that these rVP1 mutants were properly 

folded, interacted with rVP2, and were fully functional under the assay conditions.  These data 

suggest that the uncharged polar or hydrophobic amino acid side chains within PDC1 

individually are not critical for VP2 interaction(s) and enzyme function. 

A single PDC2 residue mediates in vitro dsRNA synthesis.  PDC2 (SA11 VP1 aa 614-

620: RISNKHS) is located within the palm subdomain of the PD, and it contains two 

electrically-charged residues (i.e., R614 and K618), two hydrophobic residues (i.e., I615 and 

Y619), one highly conserved polar residue (i.e., N617) and several positions that accommodate 

variable amino acid chemical propensities (Fig. 4-5A).  Most strikingly, position 618 contains a 

positively-charged lysine in most strains, but adopts a negatively-charged glutamic acid residue 

in a murine ETD RV strain (Fig. 4-5A).  Additionally, the highly conserved hydrophobic 

tyrosine residue at position 619 is a positively-charged histidine residue in simian RV strain 

SA11, thereby altering the chemical properties of the residue, but maintaining the bulky ring 

structure in the amino acid side chain (Fig. 4-5A).  Amino acids at positions 616 and 620 are not 

conserved, but rather they toggle between polar, uncharged serine residues or hydrophobic 

alanine amino acid residues for various RV strains (Fig. 4-5A).  PDC2 contains some amino 

acids with electrically-charged side chains that are directed outwards towards the VP2 core shell, 

such as R614 and K618 (Fig. 4-5A).  PDC2 residues do not make direct contact with the VP2 

core shell in the structure, but are located adjacent to the loop-helix-loop regions of VP2-B1 (aa 

373-370) in the DLP (Fig. 4-5A).  To investigate whether these PDC2 residues were important 

for VP2-dependent VP1 polymerase activity, we engineered SA11 rVP1 mutants with single- or 

double-alanine mutations at positions that were highly conserved and/or electrically-charged  
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(i.e., R614A, N617A, K618A, and S616A/S620A).  Since PDC2 is located within the palm 

subdomain and neighbors the buried active site (SA11 aa residues 630-632), we reasoned that 

multiple mutations in this region could inhibit enzymatic activity in a VP2-independent manner 

(e.g., local conformational changes that disrupt the active site) and thus made single point 

mutants, with the exception of S616A/S620A rVP1. The rVP1 point mutants were expressed and 

purified alongside WT rVP1 control protein and assayed for in vitro dsRNA synthesis (Fig. 4-

5B-C).  The results showed that dsRNA levels produced by the mutants were comparable to that 

of WT, with the exception of R614A rVP1; this single alanine mutant produced dsRNA at levels 

that were only ~50% of WT rVP1 (Fig. 4-5C-D).  These results suggest that mutating a highly 

conserved, surface-exposed, electrically-charged arginine amino acid residue to a hydrophobic 

alanine residue at position 614 was sufficient to diminish enzymatic activity of rVP1.  Since the 

arginine side chain is surface-exposed and outward-facing, it is likely that rVP1 activity may be 

inhibited due to disrupted intermolecular interactions with rVP2.  In contrast, dsRNA product 

levels from K618A rVP1, a position that is not completely conserved, were not significantly 

different from WT dsRNA levels (Fig. 4-5C-D).  These results suggest that amino acid 

conservation within regions that are both surface-exposed and located on the VP1-VP2 interface 

is indicative of residues that are critical for maintaining enzyme function.  Given that N617A 

rVP1, wherein a conserved, polar, uncharged asparagine side chain was mutated to alanine, or 

S616A/S620A rVP1, with hydrophobic serine residues changed to alanine, showed no significant 

loss of function phenotype, we conclude that mutating uncharged, albeit highly conserved, amino 

acids is not sufficient to disrupt rVP1 function during dsRNA synthesis.  

Multiple EC2 residues are required for in vitro dsRNA synthesis.  EC2 (SA11 VP1 aa 

968-980: PKIDADTYVGSKI) is located in the VP1 CTD, and it directly clashes with aa 340-
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370 of VP2-A1 in the structure of the DLP (Fig. 4-6A).  EC2 is the largest of the VP2 contact 

regions and contains four electrically-charged residues (i.e., K969, D971, D973, and K979), two 

polar residues (i.e., T974 and S978) and many hydrophobic and/or nonpolar residues (Fig. 4-

6A).  Interestingly, several positions within EC2 show amino acid signatures unique to avian 

strains, including two residues at positions 969 and 979, which exhibit negatively-charged 

residues in avian strains, but maintain either positively-charged or nonpolar residues in other RV 

strains (Fig. 4-6A).  Several amino acids within EC2 have highly conserved identity across all 

RV strains (i.e., P968, D971, Y975, S978, and I980) and even more display conserved amino 

acid similarity (Fig. 4-6A).  Yet only one residue, at SA11 VP1 position D971, is both conserved 

and electrically-charged (Fig. 4-6A).  Unfortunately, SA11 rVP1 proteins with a single point 

mutation substituting D971A were expressed at very low levels in insect cells and could not be 

purified at levels high enough to test for functional activity in the dsRNA synthesis assay (data 

not shown).  Nonetheless, we generated SA11 rVP1 mutants with single alanine point mutations 

at conserved positions P968, I970, and S978 and assayed for the capacity to synthesize dsRNA 

in vitro (Fig. 4-6B-C).  The results showed that the mutants produced dsRNA at levels 

comparable to WT rVP1, suggesting that they were all properly folded, interacted with rVP2, 

and were functional under the assay conditions (Fig. 4-6C-D).  These data indicate that, 

individually, the amino acid side chains of conserved residues within this region are not critical 

for VP2 interactions or VP1 activity.  Alternatively, it is possible that multiple amino acids 

within this region engage VP2 in a combinatorial mechanism to maintain enzyme function.   

We next generated SA11 rVP1 multi-point mutants wherein 2-4 clustered, conserved, and 

surface-exposed amino acid residues within EC2 were switched to alanine (Fig. 4-6B).  We 

hypothesized that clustered alanine substitutions would diminish functional capacity of SA11  
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rVP1 mutants if the changed amino acids were involved in maintaining enzymatic function via 

interactions with rVP2.  Most of the multi-point mutant rVP1 proteins purified at levels 

comparable to SA11 rVP1 WT, with the exception of the quadruple point mutant (i.e., 

D971A/Y975A/S978A/I980A), which yielded lower levels of purified protein, possibly due 

misfolding (Fig. 4-6B and data not shown).  Results of in vitro functional assays showed that 

mutants S978A/I980A rVP1 and P968A/D973A/T974A rVP1 produced dsRNA at levels 

comparable to WT rVP1 (Fig. 4-6C-D).  In contrast, mutant D971A/S978A/I980A rVP1 showed 

significantly-reduced dsRNA levels, compared to WT rVP1, yielding only ~20% of the product 

(Fig. 4-6C-D).  These results suggest that the addition of a D971A mutation in combination with 

S978A and I980A is sufficient to decrease dsRNA synthesis by rVP1 under the in vitro assay 

conditions.  These results indicate that electrically-charged amino acid side chains of EC2, with 

or without combinatorial effects from surrounding amino acids, may be critical for maintaining 

functional capacity of rVP1 via interactions with rVP2 and/or for supporting enzyme function. 

Fig. 4-6.  Characterization of VP1 region EC2.  (A) A ribbon drawing of VP1 (PDB accession 

no. 4AU6 and 4F5X) is shown on the top in the same orientation and coloration as in Fig. 4-2C.  A 

ribbon drawing of VP2-A1 (UK VP2 aa 337-370) is shown in the image on the bottom left in the 

same orientation and coloration as in Fig. 4-2E.  A black box outlines the area that is magnified in 

the image on the top.  For clarity, some regions of VP1 and VP2 have been removed and P968 is 

shown in the inset.  Side chains are shown in black for region EC2 (SA11 VP1 aa 968-980: PKI-

DADTYVGSKI) and residues mutated in this study are labeled.  Amino acid sequence conserva-

tion for EC2 is shown as an alignment in which strain name is listed to the left, with species of 

origin in parentheses; gray shading indicates conservation of amino acid identity and variable 

amino acids are highlighted in white. (B) Approximately 2 pmol purified wildtype SA11 rVP1 or 

rVP1 mutants  were electrophoresed in a 4-15% SDS-polyacrylamide gel and visualized by 

Coomassie Blue stain.  A molecular mass (in kilodaltons) marker is shown to the left.  (C) Radiola-

beled dsRNA synthesis products synthesized by 2 pmol of each rVP1 in the presence of 8 pmol of 

rVP2 from strain SA11 rVP2.  All reactions contained 8 pmol of an RVA +RNA template and were 

incubated at 37°C for 180 minutes.  Radiolabeled dsRNA products were resolved in 4-15% 

SDS-polyacrylamide gels and visualized using a phosphorimager.  Radiolabeled dsRNA from 6 

independent experiments using at least 3 protein batches was quantified and expressed as relative 

units (RUs).  Averages are shown as bar graphs below each gel, and error bars represent standard 

deviations from the mean. A double asterisk indicates a P value of <0.001. 
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EC3 residues are not necessary for facilitating in vitro dsRNA synthesis.  EC3 (SA11 

VP1 aa 1022-1025: FKGK) is located in the VP1 CTD, and all four of its amino acid residues are 

completely conserved across group A RV strains (Fig. 4-7A).  EC3 contains two positively-

charged lysine residues with long amino acid side chains that extend out toward the VP2 core 

shell and overlap with aa 354-370 of VP2-A1 (Fig. 4-7A).  We hypothesized that a multi-point 

mutant that contained a lysine-to-alanine substitution in combination with other alanine 

substitutions of surrounding amino acids would disrupt intermolecular interactions between rVP1 

and rVP2, and thus decrease dsRNA synthesis levels.  To test whether double or triple alanine 

point mutations were sufficient to diminish functional activity of the enzyme, we generated 

mutants with 2 or 3 alanine substitutions within EC3 (Fig 4-7B).  Surprisingly, all of the rVP1 

mutants produced dsRNA at levels indistinguishable from WT rVP1 (Fig. 4-7C-D).  These 

results suggest that EC3 is not vital for rVP2 interactions or in vitro dsRNA synthesis by rVP1. 

 

Discussion 

RV RNA synthesis is mediated by the VP1 polymerase and occurs within the confines of 

subviral particles.  The VP2 core shell protein serves as an internal scaffold for the polymerase 

and critically regulates VP1 function (42, 105, 118-120, 185, 186, 208).  Specifically, it is 

hypothesized that VP2 directly engages surface-exposed residues of VP1, thereby inducing 

conformational changes that activate the polymerase to initiate RNA synthesis.  This core shell-

dependent polymerase regulatory mechanism serves to coordinate RNA synthesis with virion 

disassembly/assembly.  However, there are several gaps in knowledge about how VP2 binds to 

and activates VP1.  High-resolution structures of transcriptionally-competent DLPs have 

identified several surface-exposed sites on the VP1 +RNA exit tunnel interface that are contacted  
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by VP2 (55).  In this study, we employed an in vitro dsRNA synthesis assay and a loss-of-

function mutagenesis approach to investigate whether these VP2 contact sites are important for 

polymerase activation.  First, we used the available structural information for VP1 in the DLP to 

visualize five regions of the polymerase (i.e., EC1, PDC1, PDC2, EC2, and EC3) that were both 

surface-exposed and located on the side of VP1 that borders the VP2 core shell.  Then, we used 

sequence analyses to assess the conservation of amino acids within these five contact sites to 

guide our mutagenesis studies.  We posited that VP1 amino acid residues that (i) maintained a 

high degree of amino acid conservation and (ii) contained surface-exposed, electrically-charged 

side chains would be essential for VP2 interactions.   

Interesting, rVP1 mutants with lesions in two of the five regions tested in these studies, 

specifically PDC1 and EC3, were fully functional and showed dsRNA synthetic activities that 

were comparable to WT rVP1.  Residues within PDC1 were generally highly conserved across 

RV strains and contained mostly polar amino acids with one hydrophobic residue in the middle 

(Fig 4-4A).  Although some amino acids within PDC1 have outward facing side chains that 

neighbor the VP2 core shell, they do not directly clash with any of the VP2 monomers in the 

DLP structure (Fig. 4-4A).  Alanine point mutations at each individual amino acid residue 

yielded four single-point rVP1 mutants that maintained the capacity to synthesize dsRNA at 

levels that were indistinguishable from WT rVP1 (Fig. 4-4C-D).  Given that PDC1 lacks 

electrically-charged residues and that mutating any one PDC1 residue is not sufficient to effect 

rVP1 functionality, it is unlikely that PDC1 is involved in mediating VP1-VP2 interactions that 

are critical for polymerase activation.  Likewise, EC3, which contains four completely conserved 

amino acids including two positively charged lysine residues, is also not important for activation 

(Fig. 4-7).  Within EC3 we made rVP1 mutants with two or three consecutive alanine residues, 
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including an obtrusive lysine to alanine substitution (Fig. 4-7B).  Since several EC3 residues 

contained long amino acid side chains that extended toward the VP2 core shell and directly clash 

with VP2 in the DLP, we were surprised to observe that mutations within EC3 were not 

sufficient to effect rVP1 functionality in dsRNA synthesis assays (Fig. 4-7C-D).  Thus, it is 

likely that EC3-VP2 contacts are not important for VP1 activation.  However, our current results 

do not rule out the possibility that EC3-VP2 contacts could be important for mediating 

transcriptase VP1 functions, but not replicase functionality.  

Our data revealed three VP1 regions (i.e., EC1, PDC2, and EC2) with surface-exposed 

residues important for VP2-dependent dsRNA synthesis.  EC1 includes two consecutive-

negatively charged glutamic acid residues within the region that directly overlaps with VP2 in 

the DLP (Fig. 4-3A).  Interestingly, a drastic glutamic acid to alanine substitution within EC1 

was only sufficient to reduce rVP1 functionality in the presence of an additional, albeit more 

modest, leucine-to-alanine mutation (i.e., E265A/L267A rVP1) (Fig. 4-3C-D).  These results 

suggest that combinatorial effects from residues surrounding a prominent electrically-charged, 

outward facing amino acid are necessary to support interactions with VP2.  In contrast, an 

R614A rVP1 single-point mutant within PDC2 showed significantly reduced dsRNA synthesis 

levels in comparison to WT, indicating that a similarly dramatic arginine to alanine substitution 

within PDC2 is sufficient to effect rVP1 functionality (Fig. 4-5C-D).  Although PDC2 does not 

directly intersect VP2 in the context of the DLP, this region is proximally located to a loop-helix 

VP2 structure (aa 337-373) that protrudes downwards towards PDC2 (Fig. 4-5A).  Based on 

these data, it is likely that diminished R614A rVP1 function can be attributed to inhibited VP2 

contacts at this site.  EC2, on the other hand, directly clashes with VP2 in the DLP (55).  Though 

there are several electrically-charged amino acids within EC2, D971 was particularly interesting 
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because the negatively-charged aspartic acid is highly conserved in group A RV strains, and the 

amino acid side chain extends outward toward the VP2 core shell (Fig. 4-6A).  We engineered 

three rVP1 mutants including an D971A mutation and 1-3 additional alanine substitutions for 

surrounding amino acids within EC2 (Fig. 4-6B).  Expectedly, rVP1 proteins containing the 

D971A mutation synthesized significantly less dsRNA product (Fig 4-6C).  We attempted to 

express and purify an rVP1 protein containing a single D971A mutation, but unfortunately this 

protein was not expressed at high enough levels to assay for replicase activity (data not shown).  

Nevertheless, these results support our original findings for EC1 and PDC2 that confirm the 

importance of highly conserved, electrically-charged and surface-exposed amino acid residues 

within EC2. 

 Structural analyses suggest that EC1, PDC2, and EC2 each interact with a distinct VP2 

monomer to mediate dsRNA synthesis (Fig. 4-8).  More specifically, EC1 is presumed to interact 

with VP2-A2 (UK VP2 aa 337-339: KEL), PDC2 is presumed to interact with VP2-B1 (UK VP2 

aa I370), and EC2 is presumed to interact with VP2-A1 (UK VP2 aa L353, Q365, F366 and 

I370) (Fig. 4-8).  Our results suggest that these interaction interfaces are critical for maintaining 

VP1 functionality, though it is possible that loss-of-function mutants described herein mediate 

dsRNA synthesis in a VP2-independent manner.  Specifically, the in vitro RNA synthesis assays 

employed in this study do not explicitly measure VP2 binding, but rather detect an outcome of 

supposed interactions.  Since rVP1 function is also template-dependent, it is possible that RNA-

protein interactions mediate rVP1 function rather than protein-protein interactions.  Future 

experiments in our lab will employ additional protein-RNA and protein-protein interaction 

assays to strengthen our conclusions that direct VP1-VP2 interactions are necessary for 

polymerase activation and that the engineered alanine mutations abrogated VP2 binding.  Also,  
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at this time, we cannot exclude the possibility that a single point mutation could cause local 

conformational changes or intramolecular interactions within VP1 that inhibit polymerase 

activation independent of VP2 binding.  Additional studies will benefit from more extensive 

structural analyses including molecular dynamics simulation of loss-of-function homology 
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models in order to compare predicted enzyme conformations and putative flexibility of mutated 

regions.   

Future studies in our laboratory will also continue to assess these specific interaction 

interfaces using complementary mutational analyses of putative VP2 contact sites.  Moreover, 

Estrozi and colleagues also identified two additional contact sites involving the amino-terminal 

domain of VP2 and regions of VP1 distal to the priming loop, which stabilizes the initiating 

nucleotide during RNA synthesis, and the catalytic center (55).  The VP2 amino terminus 

domain (amino acids ~1-100) is predicted to protrude towards VP1 in the core, but remains 

incompletely resolved, with only a portion (amino acids ~80-100) resolved for VP2-B in the 

DLP structure (49, 55).  Nonetheless, our results support a model in which VP2 engages VP1 at 

surface-exposed contact sites surrounding the +RNA exit tunnel, which triggers VP1 activation 

via an unbeknownst mechanism.  Interestingly, we also uncovered amino acid signatures unique 

to avian RV strains, particularly within EC2, which may explicate previously reported strain-

specific functionalities of rVP2-dependent rVP1 activity (119, 120).  More specifically, previous 

data showed that rVP2-dependent rVP1 activation was inhibited by functionally incompatible 

avian and mammalian RV VP1 and VP2 proteins, but not within various mammalian RV strains 

(120).  Thus, amino acid differences between avian and mammalian RV strains within EC2 could 

mediate interactions with VP2 that are critical for VP1 function, though additional experiments 

are required to validate these predictions.  

 Altogether, these data suggest that VP2-dependent VP1 function is mediated by some 

amino acid residues that overlap with VP2 contacts revealed from the DLP structure.  More 

broadly, our results indicate that the polymerase may maintain its overall position and orientation 

against the VP2 core shell for both transcription and genome replication.  Given that VP2-
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dependent VP1 activation is a regulatory mechanism characteristic of both transcription and 

genome replication, it is possible that there are a single set of interacting VP1-VP2 residues that 

mediate VP1 activation during both transcription and genome replication.  Thus, these challenges 

can be circumvented by using known structural data for the VP1-VP2 transcriptase complex to 

inform in vitro dsRNA synthesis assays.   

 

Materials and Methods 

Generation of recombinant VP1- and VP2-expressing baculoviruses.  To create entry 

vectors for the generation of a baculovirus expressing single and multi-point rVP1 mutants, 

outward PCR and site directed mutagenesis was performed to modify the His-tagged pENTR-

1A-SA11 VP1 clone generated by McDonald et al (183).  In all PCR reactions Accuprime Pfx 

Supermix (Invitrogen) was used as the enzyme and the sequence was amplified using 5’-

phosphorylated primers and pENTR-1A-SA11 VP1 as the template.  Mutagenic primer 

sequences are available upon request.  PCR products were treated with DpnI (New England 

BioLabs), and cDNAs were gel purified prior to ligation using T4 DNA ligase (New England 

BioLabs).  To create an entry vector for the expression of SA11 rVP2, the cDNA was codon-

optimized for expression in insect cells, synthesized de novo by GeneArt (Regensburg, 

Germany), and subcloned into pENTR-1A.  The amino acid sequence of SA11 rVP2 protein 

directly matches the sequence in the GenBank database (accession no. DQ838631).  All final 

pENTR-1A entry vector clones were all sequenced across the VP1/VP2 ORF prior to the 

generation of baculoviruses. 

The BaculoDirect Expression System (Life Technologies) was used in accordance with 

the manufacturer’s protocol to create recombinant baculoviruses expressing rVP1 or rVP2.  
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Briefly, the VP1- and VP2-encoding genes in the pENTR-1A entry vectors were individually 

inserted into BaculoDirect C-Term linear DNA by recombination with LR Clonase II.  The 

baculovirus DNA was then transfected into Spodoptera frugiperda (Sf9) cells using Cellfectin 

reagent (Life Technologies) and recombinant baculovirus was harvested from selective medium 

containing 100 µM ganciclovir.  Sf9 cells were maintained at 28°C in complete Grace’s medium 

(Life Technologies) supplemented to contain 10% fetal bovine serum, 100 U/mL penicillin, 100 

µg/mL streptomycin, 0.5 µg/mL amphotericin B, and 1% Pluronic F-68 (Life Technologies).  

Baculoviruses expressing wildtype SA11 rVP1 was generated previously (183). 

Purification of rVP1 and rVP2 and in vitro dsRNA synthesis assay.  His-tagged rVP1 

and untagged rVP2 proteins were expressed and purified as described previously (119, 186).  

Purified rVP1 and rVP2 proteins were assessed for quality and relative quantity versus Precision 

Plus Protein Kaleidoscope Prestained Protein Standards (Bio-Rad) in 4-15% SDS-PAGE gels 

(Protean) and Coomassie Blue staining (Thermo Scientific).  In vitro dsRNA synthesis assays 

were performed as described previously (118, 120).  Briefly, each 20-µL reaction mixture 

contained 2 pmol rVP1; 8 pmol rVP2; 8 pmol SA11 gene 8 +RNA; 50 mM Tris-HCl (pH 7.5); 1 

µL 30% polyethyleneglycol 8000; 20 mM magnesium acetate; 1.6 mM manganese acetate; 2.5 

mM dithiothreitol; 1.25 mM (each) ATP, CTP, and UTP; 5 mM GTP; 1 µL RNasin (Promega); 

and 1 µCi [a-32P]UTP (3,000 Ci/mmol; PerkinElmer). Reactions proceeded at 37°C for 3 hours.  

The [32P]-labeled dsRNA products of the reaction were electrophoresed in 4-15% SDS-PAGE 

gels (Protean) and visualized using a GE Healthcare Storm 860 phosphorimager.  A minimum of 

3 replicate experiments were performed from 2-4 batches of independently purified recombinant 

proteins (n=6-12 replicates total).  Quantification of images obtained using the phosphorimager 

was completed using ImageQuant 5.2 software or ImageJ 2.0v.  One-sample t tests of the mean 
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were performed for each data set using Smith’s Statistical Package 2.80v.  P values of <0.005, in 

comparison to the set value of wildtype SA11 rVP1, were considered statistically significant.  

Visual analyses of VP1 sequence variation and structure.  Several representative full-

length amino acid sequences were obtained from NCBI (www.ncbi.nlm.nih.gov/nuccore) 

including simian (si) strains SA11 (accession no. AFK09589) and RRV (accession no. 

ACC94312), human (hu) strains DS-1 (accession no. AEG25322), Wa (accession no. 

AFR77806), and Au-1 (accession no. ABF67540), bovine (bo) strains UK (accession no. 

P21615) and RF (P17468), murine (mu) strain ETD (accession no. AEA30040), and avian (av) 

strain PO-13 (accession no. BAA24146).  Amino acid alignments were created using Geneious 

Pro v10.2.3 (BioMatters) and the BLOSUM matrix of the ClustalW algorithm. Structure images 

were generated using UCSF Chimera molecular modeling system v1.13 and Protein Data Bank 

files 4AU6 and 4F5X.  
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CHAPTER 5:  

CONCLUSIONS AND DISCUSSION 

 

Section 5.1 Summary of Results and Future Directions 

RNA-dependent RNA polymerases (RdRps) are critical mediators of virus transcription 

and genome replication, yet they rarely act alone.  The type, timing, and total amount of RNA 

synthesis is regulated by precise interactions between components of higher-order multisubunit 

polymerase complexes (182).  Interactions with other cellular and/or viral proteins, nucleic acid, 

nucleotides, and ions, coordinate RNA synthesis with other events in the viral lifecycle and 

facilitate a productive viral infection.  The rotavirus (RV) RdRp, VP1, is no exception.  A myriad 

of co-factors is required for activation of VP1 and specific interactions among some of these co-

factors may dictate whether VP1 functions as a transcriptase (i.e., mediates synthesis of +RNA) 

or a replicase (i.e., mediates synthesis of genomic dsRNA).  Moreover, the VP2 core shell 

protein is an activator that triggers initiation of RNA synthesis during transcription and genome 

replication.  High-resolution structures of the transcriptase complex have revealed a binding 

interface that overlaps regions surrounding the VP1 +RNA exit tunnel with the apical subdomain 

and N-terminal domain projections of VP2 (55).  In vitro analyses confirmed that VP2 regions 

included in the binding footprint of the transcriptase complex were also involved in VP1 

enzymatic activity during in vitro genome replication, indicating that these regions may be 

important for mediating RNA synthesis (119).  In our studies, we sought to investigate the 

determinants of VP2-dependent VP1 activation using complementary bioinformatics and 

biochemical approaches.  The results of these studies provide insight into how VP1 is 

functionally regulated by interactions with VP2 during dsRNA synthesis.  
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 First, we sought to assess group A RV (RVA) strain diversity for VP1 and VP2 proteins, 

and consequently how the observed diversity affects VP2-dependent VP1 enzymatic function.  

Specifically, we used phylogenetic analyses and multi-dimensional scaling plots to compare VP1 

and VP2 proteins encoded by genetically diverse RVA strains.  We observed strong delineation 

of a subset of RVA strains that correlated with host species, such that VP1 and VP2 strains 

derived from avian hosts clustered distinctly from mammalian counterparts (120).  To examine 

the extent to which VP1 and VP2 diversity is correlated with function, we assayed the functional 

compatibility of select recombinant (r) VP1 and VP2 proteins using an established in vitro 

dsRNA synthesis assay (118).  We hypothesized that rVP2-dependent rVP1 activation would be 

maintained in reactions containing RVA strains from the same host type, but that host type-

specific sequence factors would preclude rVP1 activity in dsRNA synthesis assays containing 

proteins derived from non-cognate host types (i.e., avian versus mammalian).  Our results 

suggest that differences in rVP2-dependent rVP1 activation are not necessarily constrained by 

strain-specific sequence factors (120).  However, additional studies are needed to completely 

characterize the capacity of divergent rVP1 and rVP2 proteins to functionally substitute.  More 

comprehensive future studies should test the functional compatibility of additional representative 

RVA strains to expatiate on the functional differences between avian- versus mammalian-

derived rVP1 and rVP2 proteins.  However, such studies would require the development of a 

high-throughput functional assay, as the in vitro dsRNA synthesis assay described herein is time-

intensive and laborious.  Additionally, conclusions from the dsRNA synthesis assays are limited 

in scope, in that rVP2-dependent rVP1 function is assayed using an artificial and minimalistic in 

vitro replication system (118).  Since the recent development of a robust fully-plasmid reverse 

genetics system (209), a more biologically significant experimental system would involve 
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synthesis of recombinant viruses containing VP1 and VP2 genes from varying RVA strains.  

However, recombinant viruses with incompatible VP1-VP2 proteins will most likely debilitate 

virus production; thus, it will be difficult to deduce whether absence of viral infection is due to 

inhibited RNA synthesis or a multitude of other factors, including segment mismatch, packaging 

inefficiency, or immune response.  Therefore, an ideal research approach would involve the 

following pipeline: (i) comprehensive bioinformatic analyses, (ii) high-throughput assays to 

determine enzyme functionality, and (iii) analysis of recombinant virus phenotype using reverse 

genetics. 

 We next sought to determine which specific residues of VP1 are critical of VP2-

dependent VP1 activation using site-directed mutagenesis and an in vitro dsRNA synthesis 

assay.  First, we utilized these approaches in an attempt to engineer chimeric rVP1 mutants with 

a gain-of-function phenotype by exploiting functional incompatibilities between a mammalian-

derived RVA strain rVP1 and an avian-derived RVA strain rVP2.  Though we were not 

successful in synthesizing gain-of-function chimeric VP1 proteins, our results suggest that there 

are intricate intramolecular signaling pathways within rVP1 that are sensitive to amino acid 

changes, even at the protein surface, and that rVP2-dependent rVP1 activation may occur via an 

allosteric mechanism (120).  Next, we made a series of single- and multi-point rVP1 mutants 

specifically targeting the VP1-VP2 binding interface identified in the structure of the 

transcriptase complex (55).  Interestingly, the regions of VP1 and VP2 that comprise the binding 

footprint are highly conserved across divergent RVA strains, with the exception of one contact 

region, EC2 (SA11 VP1 aa 968-980), within the VP1 CTD (120).  Thus, if VP1 function is 

mediated by interactions at the EC2 interface, then these observations indicate that (i) all VP2 

proteins should functionally substitute for one another, and (ii) strain-specific functionality is 
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mediated by the CTD region of VP1.  Our results do not show that all rVP2 proteins are 

functionally compatible (120).  However, one single point mutant (R614A rVP1) and two multi 

point mutants (E265A/L267A rVP1 and D971A/S978A/I989A rVP1) showed loss of enzymatic 

function in vitro, which suggests that some amino acid residues within the transcriptase complex 

binding interface are important for RNA synthesis.  These preliminary data that suggest that the 

interaction interface between VP1-VP2 during transcription may be similar during genome 

replication, though the absence of an in vitro transcription assays limits the strength of these 

conclusions.  Given that these conclusions are derived from an in vitro functional assay, rather 

than a direct binding assay, future studies should aim to directly measure protein binding affinity 

and kinetics in order to elucidate this interaction(s) more completely.  Studies investigating this 

interaction to date have been limited by sub-optimal purification of recombinant VP2, resulting 

in a population of heterogeneous multimers contaminated with proteolysis products, thereby 

precluding standard protein-protein interaction assays (46, 198, 200).  Future studies would 

benefit from improved VP2 purification protocols, which could be achieved by optimizing buffer 

compositions or using an alternative expression system.  Indeed, the multimerization status of the 

VP2 molecule that supports VP1 activation is not yet know and moreover, the molecular 

formation of VP2 may differ in vitro versus in vivo.  As an alternative to direct protein binding 

assays, future investigators could employ a virus-like particle (VLP) approach whereby 

encapsidation of rVP1 into double-shelled particles comprised of rVP2 and rVP6 is indicative of 

rVP1-rVP2 binding interactions (46, 198, 201).   
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Section 5.2 Comparison of RdRp Structure and Mechanism 

Even though VP1 contains all necessary catalytic motifs and has the capacity to bind 

template RNA, VP1 lacks polymerase activity in the absence of its activator protein, VP2.  Given 

that diverse polymerases share common mechanisms of catalysis, conserved structural features, 

and are ubiquitously modulated by interactions with various co-factors, it is possible that the 

mechanisms by which VP2 interactions modulate VP1 function may be shared with other RNA 

viruses.  For example, RNA and DNA polymerases alike catalyze phosphodiester bond reactions 

using a two-metal-ion mechanism of catalysis.  In fact, two metal ions have consistently been 

found in the active sites of every DNA and RNA polymerase complexed with template and 

dNTP/NTPs (210-214).  In this approach, two consecutive, highly conserved aspartate residues 

coordinate two metal ions (usually divalent magnesium cations) in the catalytic cleft.  Both 

divalent cations are necessary for phosphodiester bond formation: one metal ion is important for 

formation of the nucleophile, whereas the other metal ion is involved in transition state 

stabilization (125, 127).  VP1 maintains invariant Glu-Asp-Asp residues within its active site and 

these residues are directly implicated in catalysis, presumably via interactions with divalent 

cations in the catalytic pocket (207, 208).  Additionally, polymerase structures remain strikingly 

conserved, especially across disparate groups of RNA viruses (182, 215).  For example, RdRps 

of RV, Pseudomonas phage j6, vesicular stomatitis virus, influenza virus, norovirus, and Zika 

virus all adopt a closed structure comprised of a canonical right-handed conformation with 

fingers, palm, and thumb subdomains (43, 216-220) (Fig 5-1).  Though some structural 

variations are accommodated, mostly within the thumb subdomain and depending on mode of 

initiation of replication (e.g., primer-dependent versus de novo initiation), the subdomains are 

largely involved in template recognition and binding, selection and stabilization of NTPs and  
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Rotavirus (2R7Q) φ6 (1HHS)

Fig. 5-1.  Conserved three-dimensional architecture of RdRps from disparate RNA viruses.   
Ribbon representations of RdRp polymerase domains of: rotavirus (PDB accession no. 2R7Q, VP1 
residues 333-778), Pseudomonas phage φ6 (PDB accession no. 1HHS, P2 residues 1-600), influ-
enza B virus (PDB accession no. 4WRT, PB1 residues 36-616), vesicular stomatitis virus (PDB 
accession no. 5A22, L residues 360-865), norovirus RdRp (PDB accession no. 1SH0, residues 
59-487), and zika virus RdRp (PDB accession no. 5U0C, NS5 residues 305-903).  The fingers, 
palm, and thumb subdomains are shown in light blue, red, and light green, respectively.
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metal ions, and facilitation of polymerization (221).  Six conserved structural motifs (A-F) are 

also shared among RdRps and impart various functional roles during RNA synthesis, including 

Motif C which contains the Glu-Asp-Asp active site residues within the palm subdomain (222).  

Though VP1 contains two accessory domains (NTD and CTD) in addition to the central 

polymerase domain, many structural elements critical to catalysis are maintained, such as the 

formation of tunnels that extend into the catalytic core (43, 207).  Moreover, high-resolution 

structures of particle-bound Reoviridae polymerase complexes have demonstrated analogous 

orientation and position of RdRps within a capsid (37, 38, 55).   

Interestingly, compartmentalization of genome replication is not limited to Reoviridae, 

and, in fact, has emerged as a common theme for several disparate classes of RNA viruses and 

reverse transcribing viruses (223).  For example, reverse-transcribing hepatitis B viruses also 

employ a capsid-dependent strategy of genome replication wherein pre-genomic RNA is 

selectively packaged into progeny capsids and polymerase activity of the co-packaged reverse 

transcriptase (P protein) is modulated by interactions with the capsid (224).  Additionally, 

viruses have evolved other mechanisms for polymerase regulation.  For instance, viruses that 

encode a +RNA genome typically employ a polyprotein expression strategy whereby activity of 

the RdRp is regulated by proteolysis.  For instance, enzymatic activity of the poliovirus RdRp 

(3D) is dependent upon viral protein-induced cleavage from the 3C protein (225-227).  

Conversely, RNA synthesis by influenza A virus is dependent upon formation of a heterotrimeric 

polymerase complex including the RdRp, PB1, and two viral activator proteins, PB2 and PA, 

that are stably linked head-to-tail in the order PA-PB1-PB2 (228).  Another commonly employed 

polymerase regulation strategy involves modulation of template binding.  Members of the 

Rhabdoviridae family including rabies virus and vesicular stomatitis virus utilize this strategy 
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whereby the viral RdRp (L) does not directly engage the RNA template, but rather requires the 

viral phosphoprotein (P) as a co-factor ‘bridge’ (217, 229).  Certainly, it is possible (and likely) 

that the RV has developed a polymerase regulatory mechanism that shares features with some of 

these strategies (Fig. 5-2).  In combination with biochemical analysis, high-resolution structures 

and novel imaging technologies are providing unprecedented insight into complex structure-

function relationships and will be instrumental in expatiating these interactions.   

Though the mechanism by which VP1 and VP2 interact to coordinate RNA synthesis are 

not yet fully understood, VP2-dependent regulation of VP1 activation is advantageous in that the 

dsRNA RV genome will only be synthesized within a nascent particle that is a precursor to a 

mature virion.  Thus, the dsRNA genome, which is a potent trigger of the host antiviral response, 

is concealed within a particle and protected from host cell degradation processes.  All available 

data suggest that VP2 binds VP1 and triggers initiation of RNA synthesis (42, 118, 119), though 

direct VP1-VP2 binding has not been experimentally validated and it is not yet known whether 

VP1-VP2 interactions are transient (i.e., smack-release) or stable (e.g., reminiscent of the 

influenza A polymerase complex).  The leading hypothesis in the field posits that VP2 engages a 

surface-exposed binding site on VP1, which prompts an intramolecular signaling cascade that 

results in conformational changes that facilitate RNA synthesis (Fig 5-2A) (58, 114, 182).  This 

hypothesis is supported by analyses of the catalytically inactive VP1 apoenzyme that possesses 

several misaligned elements characteristic of a pre-initiation state (43).  For example, analysis of 

complexes formed by VP1 and short oligoribonucleotide strands containing the conserved 3’ 

terminus (i.e., 5’-UGUGACC-3’) revealed that the +RNA strand binds one nucleotide out-of-

register at the initiation site (43).  Moreover, in these complexes the so-called VP1 priming loop 

exists in a retracted position, which inhibits binding of the first nucleotide (43).  Given that VP1 
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 becomes enzymatically active in the presence of VP2, it is proposed that interactions between 

VP1 and VP2 generate intramolecular structural rearrangements that cause ‘in-register’ 

positioning of the +RNA template in the template entry tunnel and extension of the priming loop, 

thereby supporting nucleotide binding in the priming site and allowing phosphodiester bonds to 

form.  However, the dynamic capacity of VP1 is not well understood; VP2 binding to surface-

RNA Bridge Model
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Intramolecular
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Fig. 5-2.  Putative models of rotavirus polymerase activation.  Several hypothetical models of 
VP1 activation are summarized in cartoon form.  At minimum, enzymatic activity requires VP2 
and/or +RNA to interact directly (A) or indirectly (B) with VP1.  If VP1 and VP2 bind directly, 
several mechanisms could result trigger initiation of RNA synthesis.  For example, VP2 interac-
tions with surface-exposed VP1 residues may prompt an intramolecular signaling cascade that 
causes a series of conformational changes within the VP1 enzyme that culminate at the active site 
to initiate catalysis (i).  Conversely, it is possible that VP2 binding at the VP1 surface causes 
conformational changes that increase accessibility of the active site, for example by widening the 
NTP entry tunnel to allow for initation of RNA synthesis (ii).  In contrast, VP2 may interact direct-
ly with the catalytic center of VP1 via flexible N-terminal protrusions that may stimulate synthetic 
activities of VP1 (iii).  It is also possible that VP1 and VP2 do not directly contact, but rather inter-
act via an RNA “bridge” model wherein VP2 binds +RNA, which causes rearrangements to the 
secondary structure of +RNA and confers proper binding of +RNA to VP1 (B).

+RNA
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exposed residues of VP1 could cause internal signaling cascades that ultimately cumulate at the 

active site and trigger catalysis, or VP2 interactions with the VP1 surface may cause 

conformational shifts that increase accessibility of the active site, for example by expanding the 

diameter of the NTP entry tunnel (Fig 5-2A).  Moreover, the structure, function, location, and 

orientation of the VP2-N terminal domain (NTD) is largely unidentified, but it is possible that 

the flexible N-terminal extensions of VP2 may protrude into the catalytic core and directly 

stimulate catalysis (Fig 5-2A).  Additionally, current findings do not rule out the possibility that 

VP1 function is regulated by a mechanism independent of direct interaction with VP2, 

reminiscent of the RNA bridge model of VSV RdRp activation.  For example, it is possible that 

VP2 binds the +RNA template, rather than VP1, and induces structural changes within the 

+RNA structure that facilitates binding to VP1 and induction of RNA synthesis (Fig 5-2B).  

Additional insights into VP1-VP2 interactions and mechanistic foundations of RNA initiation are 

dependent upon high-resolution structures for the VP1 polymerase complex in an enzymatically-

active, post-initiation state (e.g., a co-crystal structure of VP1, VP2, and +RNA), though such 

studies have so far been hindered by challenges in obtaining highly pure, homogenous VP2 

preparations. 

 

Section 5.3 Significance of Results 

Regardless of regulatory mechanism, nearly all RNA viruses are dependent upon 

functions of a virally-encoded RdRp to enable virus replication and establish a productive 

infection.  Since RdRps are specialized enzymes that function to replicate viral RNA genomes, 

there are no cellular homologs present in an uninfected host.  Since no functional equivalent to 

the RdRP exists in uninfected mammalian cells, RdRPs are a particularly attractive antiviral drug 
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target because it is likely that specific inhibitors can block viral replication with minimal 

associated toxicity and reduced side effects in comparison with corresponding orthosteric drugs 

(230).  In fact, RdRps are the leading target for antiviral therapeutic drugs.  For example, 

sofosbuvir (Sovaldi), a ribonucleoside analog, has been approved and has been successful in 

treating hepatitis C virus.  Additionally, >13 drugs have targeted the HIV reverse transcriptase 

(231) and promising allosteric RdRP inhibitors have been identified for poliovirus (232), dengue 

virus (233), and norovirus (234).  But, given that current RV vaccines are so effective, RV 

antiviral development is unlikely.  It is more likely, however, that results from these studies may 

apply broadly to other RdRps, due to shared structural and functional features of RdRps encoded 

by divergent viruses.   

 While advances have been made in elucidating the roles of VP1 and VP2 in RV 

replication, the functional milieu of the active polymerase complex has yet to be fully revealed.  

Though the research described herein contributes important data to the RV field, many questions 

remain unanswered.  What are the interaction interfaces required for catalysis?  Is VP1 activated 

by VP2, or is VP1-VP2 the active polymerase complex?  Is the mode of VP1-VP2 interaction the 

same during transcription and genome replication?  If so, what triggers differentiation between 

single- versus double-stranded RNA synthesis?  Additional studies investigating mechanisms of 

RV replication and RdRp biology are needed to describe these processes in detail.  Indeed, such 

fundamental research will be essential in the quest to alleviate the effects of devastating viral 

diseases worldwide. 
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Appendix A.  Table of GenBank Accession Numbers for VP1 and VP2 Sequences. Appendix A: Table of GenBank Accession Numbers for VP1 and VP2 Sequences

Full Strain Name Full Strain Name
RVA/Human-wt/BEL/B4633/2003/G12P[8] DQ146638 R1 DQ146639 C1 RVA/Human-wt/USA/LB1562/2010/G9P[4] KC782519 R2 KC782520 C2
RVA/Human-tc/JPN/YO/1977/G3P[8] DQ870497 R1 DQ870498 C1 RVA/Horse-tc/JPN/OH-4/1982/G6P[5] KC815658 R2 KC815659 C2
RVA/Human-wt/BEL/B3458/2003/G9P[8] DQ870501 R1 DQ870502 C1 RVA/Horse-tc/JPN/HH-22/1989/G3P[12] KC815669 R2 KC815670 C2
RVA/Human-wt/DEU/GER126-08/2008/G12P[8] FJ747613 R1 FJ747614 C1 RVA/Horse-tc/JPN/BI/1981/G3P[12] KC815680 R2 KC815681 C2
RVA/Human-wt/DEU/GER172-08/2008/G12P[6] FJ747625 R1 FJ747626 C1 RVA/Human-tc/KOR/CAU12-2-51/2012/G3P[9] KJ187599 R2 KJ187600 C2
RVA/Pig-wt/IND/RU172/2002/G12P[7] GU199191 R1 GU199192 C1 RVA/Human-wt/CMR/MA109/2011/2010/G3P[6] KM660256 R2 KM660287 C2
RVA/Human-wt/NPL/KTM368/2004/G11P[25] GU199492 R1 GU199493 C1 RVA/Deer-wt/SLO/D38-14/2014/G6P[15] KU708259 R2 KU708260 C2
RVA/Human-wt/BGD/Matlab36/2002/G11P[8] GU199503 R1 GU199504 C1 RVA/Deer-wt/SLO/D110-15/2015/G8P[14] KY426809 R2 KY426810 C2
RVA/Human-wt/BEL/BE00030/2008/G1P[8] HQ392245 R1 HQ392254 C1 RVA/Cow-tc/JPN/Dai-10/2007/G24P[33] AB573070 R2 AB573071 C2
RVA/Panda-tc/CHN/CH-1/2009/G1P[7] HQ641297 R1 HQ641294 C1 RVA/Human-wt/VNM/1149/2014/G8P[8] LC074734 R2 LC074735 C2
RVA/Pig-tc/KOR/PRG9235/2006/G9P[23] JF796701 R1 JF796702 C1 RVA/Horse-wt/ARG/E3198/2008/G3P[3] JX036365 R3 JX036366 C3
RVA/Pig-tc/KOR/PRG921/2006/G9P[23] JF796712 R1 JF796713 C1 RVA/Human-tc/CHN/L621/2006/G3P[9] JX946159 R3 JX946160 C3
RVA/Pig-tc/KOR/PRG942/2006/G9P[23] JF796723 R1 JF796724 C1 RVA/Human-wt/CHN/E2451/2011/G3P[9] JX946168 R3 JX946169 C3
RVA/Pig-tc/KOR/PRG9121/2006/G9P[23] JF796734 R1 JF796735 C1 RVA/Human-wt/AUS/RCH272/2012/G3P[14] KF690125 R3 KF690126 C3
RVA/Human-tc/THA/Mc323/1989/G9P[19] JN104619 R1 JN104620 C1 RVA/Human-wt/PRY/1471SR/2006/G12P[9] KJ412575 R3 KJ412576 C3
RVA/Human-wt/USA/2008747288/2008/G1P[8] JN258375 R1 JN258385 C1 RVA/Human-wt/PRY/1701SR/2009/G1P[9] KJ412620 R3 KJ412621 C3
RVA/Human-wt/CMR/MRC-DPRU1424/2009/G9P[8] JN605404 R1 JN605405 C1 RVA/Human-wt/PRY/1093A/2007/G12P[4] KJ412721 R3 KJ412722 C3
RVA/Human-wt/THA/CU460-KK/2009/G12P[8] JN706453 R1 JN706468 C1 RVA/Human-wt/PRY/985A/2006/G12P[8] KJ412808 R3 KJ412809 C3
RVA/Human-wt/THA/CU938-BK/2011/G3P[8] JN706459 R1 JN706474 C1 RVA/Human-wt/PRY/1259A/2009/G12P[9] KJ412819 R3 KJ412820 C3
RVA/Human-tc/CHN/Y128/2004/G1P[8] JQ087423 R1 JQ087424 C1 RVA/Human-wt/US/2012841174/2012/G8P[14] KJ411432 R3 KJ411433 C2
RVA/Human-wt/Croatia/CR2006/2006/G8P[8] JQ988899 R1 JQ988900 C1 RVA/Human-wt/BRA/PE18974/2010/G12P[9] KF907277 R3 KF907284 C3
RVA/Human-wt/BEL/BE2001/2009/G9P[6] JQ993321 R1 JQ993322 C1 RVA/Human-wt/BRA/PE15776/2008/G12P[9] KF907278 R3 KF907283 C3
RVA/Human-wt/AUS/CK00100/2010/G1P[8] JX027974 R1 JX027977 C1 RVA/Human-tc/BRA/R55/1997/G3P[9] KJ820847 R3 KJ820848 C3
RVA/Human-tc/USA/Wa/1974/G1P[8] JX406747 R1 JX406748 C1 RVA/Human-tc/BRA/R57/1997/G3P[9] KJ820858 R3 KJ820859 C3
RVA/Pig-wt/ITA/2CR/2009/G9P[23] KC610678 R1 KC610679 C1 RVA/Cat-tc/JPN/FRV317/1994/G3P[9] LC328226 R3 LC328232 C3
RVA/Human-wt/BRB/CDC1133/2012/G4P[14] KF035107 R1 KF035108 C1 RVA/Cat-tc/JPN/FRV303/1993/G3P[3] LC328222 R3 LC328228 C2
RVA/Human-wt/CMR/MRC-DPRU1417/2009/G9P[8] KF636289 R1 KF636290 C1 RVA/Human-tc/THA/T152/1998/G12P[9] DQ146699 R3 DQ146700 C3
RVA/Human-wt/HUN/BP271/2000/G4P[6] KF835889 R1 KF835897 C1 RVA/Human-tc/JPN/AU-1/1982/G3P3[9] DQ490533 R3 DQ490536 C3
RVA/Human-wt/IND/B08299/2007/G11P[25] KJ501692 R1 KJ501693 C1 RVA/Rhesus-tc/USA/TUCH/2002/G3P[24] EF583010 R3 EF583011 C3
RVA/Human-wt/PRY/954SR/2005/G4P[8] KJ559301 R1 KJ559302 C1 RVA/Human-tc/ITA/PA260-97/1997/G3P[3] HQ661112 R3 HQ661113 C3
RVA/Human-wt/BFA/MRC-DPRU2862/2009/G1P[8] KJ751823 R1 KJ751824 C1 RVA/Dog-tc/ITA/RV52-96/1996/G3P[3] HQ661123 R3 HQ661124 C2
RVA/Human-wt/GMB/MRC-DPRU3174/2010/G1P[8] KJ752284 R1 KJ752285 C1 RVA/Dog-tc/ITA/RV198-95/1995/G3P[3] HQ661134 R3 HQ661135 C2
RVA/Human-wt/COD/KisB332/2008/G4P[6] KJ870900 R1 KJ870901 C1 RVA/Human-tc/JPN/K8/1977/G1P[9] JQ713645 R3 JQ713646 C3
RVA/Pig-tc/BEL/RV277/1977/G1P[7] KM820701 R1 KM820708 C1 RVA/Bat/MSLH14/G3P[3] KC960619 R3 KC960620 C3
RVA/Human-wt/ETH/MRC-DPRU4970/2010/G12P[8] KP752790 R1 KP752791 C1 RVA/Bat-wt/CHN/LZHP2/2015/G3P[3] KX814945 R3 KX814946 C3
RVA/Pig-wt/UGA/KYE-14-A047/2014/G3P[13] KX988264 R1 KX988265 C1 RVA/Human-tc/Ro1845/ISR/1985/G3P[3] EU708890 R3 EU708891 C2
RVA/Pig-wt/UGA/KYE-14-A048/2014/G3P[13] KX988275 R1 KX988276 C1 RVA/Human-tc/USA/HCR3A/1984/G3P[3] EU708901 R3 EU708902 C2
RVA/Simian-wt/KNA/08979/2015/G5P[X] KY053144 R1 KY053145 C1 RVA/Dog-tc/USA/CU-1/1980/G3P[3] EU708912 R3 EU708913 C2
RVA/Pig-wt/UGA/BUW-14-A008/2014/G12P[8] KY055416 R1 KY055417 C1 RVA/Dog-tc/USA/K9/1979/G3P[3] EU708923 R3 EU708924 C2
RVA/Rabbit-tc/NLD/K1130027/2011/G6P[11] KC488885 R2 KC488886 C2 RVA/Dog-tc/USA/A79-10/1979/G3P[3] EU708934 R3 EU708935 C2
RVA/Camel-wt/SDN/MRC-DPRU447/2002/G8P[11] KC257091 R2 KC257092 C2 RVA/Human-wt/XXX/CU365-KK/2008/G3P[9] JN706445 R3 JN706480 C3
RVA/Human-wt/GHA/GH018-08/2008/G8P[6] KJ748465 R2 KJ748466 C2 RVA/Rabbit-tc/CHN/N5/1992/G3P[14] JQ423902 R3 JQ423903 C3
RVA/Human-wt/PRY/492SR/2004/G8P[1] KJ803835 R2 KJ803836 C2 RVA/Bat-tc/CHN/MYAS33/2013/G3P[10] KJ020891 R3 KJ020892 C3
RVA/Human-wt/US/09US7118/2009/G3P[24] KF541281 R2 KF541282 C3 RVA/Human-wt/KOR/CAU14-1-262/2014/G3P[9] KR262149 R3 KR262150 C3
RVA/Human-wt/BRA/MS11142/2005/G2P[4] KJ721726 R2 KJ940055 C2 RVA/Bat-wt/CHN/BSTM70/2015/G3P[3] KX814924 R3 KX814925 C3
RVA/Cow-wt/ZAF/MRC-DPRU456/2009/G6P[11] KP752877 R2 KP752878 C2 RVA/Chicken-tc/xxx/BRS/115/xxx/G7P[35] KJ725017 R4 KJ725018 C4
RVA/Pig-tc/THA/P343/1991/G10P[5] AB972856 R2 AB972857 C2 RVA/VelvetScoter-tc/JPN/RK1/1989/G18P[17] LC088096 R4 LC088097 C4
RVA/Human-wt/THA/PCB-180/2013/G1P[8] LC066639 R2 LC066640 C2 RVA/Turkey-tc/IRL/Ty-1/1979/G17P[38] LC088107 R4 LC088108 C4
RVA/Human-wt/THA/LS-04/2013/G2P[8] LC086736 R2 LC086737 C2 RVA/Turkey-tc/IRL/Ty-3/1979/G7P[35] LC088115 R4 LC088116 C4
RVA/Cow-tc/THA/A5-13/1988/G8P[1] LC133525 R2 LC133526 C2 RVA/Turkey-tc/GER/03V0002E10/2003/G22P[35] JX204822 R4 JX204823 C4
RVA/Bat-wt/ZMB/LUS12-14/2012/G3P[3] LC158119 R2 LC158120 C2 RVA/Pheasant-tc/GER/10V0112H5/2010/G23P[37] JX204811 R4 JX204812 C4
RVA/Human-wt/TUN/17237/2008/G6P[9] JX271001 R2 JX271002 C2 RVA/Fox-wt/ITA/288356/2011/G18P[17] KT873808 R4 KT873809 C4
RVA/Human-wt/BEL/BE5028/2012/G3P[14] KP258398 R2 KP258399 C2 RVA/Pheasant-wt/HUN/216/2015/G23P[37] KU587853 R4 KU587854 C4
RVA/Human-wt/USA/2012741499/2012/G24P[14] KT281120 R2 KT281121 C2 RVA/Pigeon-tc/JPN/PO-13/1983/G18P[17] AB009629 R4 AB009630 C4
RVA/Rabbit-tc/ITA/30-96/1996/G3P[14] DQ205221 R2 DQ205222 C2 RVA/Goat-wt/ARG/0040/2011/G8P[1] KF577838 R5 KF577839 C2
RVA/Human-tc/USA/DS-1/1976/G2P[4] HQ650116 R2 HQ650117 C2 RVA/Alpaca-wt/PER/356/2010/G3P[14] KT878995 R5 KT878996 Cx
RVA/Cow-tc/USA/NCDV/1967/G6P6[1] DQ870493 R2 DQ870494 C2 RVA/Alpaca-wt/PER/562/2010/G8P[14] KT887520 R5 KT887521 Cx
RVA/Human-tc/AUS/MG6/1993/G6P[14] EF554093 R2 EF554094 C2 RVA/Guanaco-wt/ARG/Chubut/1999/G8P[14] FJ347100 R5 FJ347101 C2
RVA/Human-wt/HUN/Hun5/1997/G6P[14] EF554104 R2 EF554105 C2 RVA/Cow-wt/ARG/B383/1998/G15P[11] FJ347111 R5 FJ347112 C2
RVA/Human-tc/ITA/PA169/1988/G6P[14] EF554126 R2 EF554127 C2 RVA/Guanaco-wt/ARG/Rio_Negro/1998/G8P[1] FJ347122 R5 FJ347123 C2
RVA/Sheep-tc/ESP/OVR762/2002/G8P[14] EF554148 R2 EF554149 C2 RVA/Chicken-tc/DEU/02V0002G3/2002/G19P[30] FJ169853 R6 FJ169854 C6
RVA/Simian-tc/USA/RRV/1975/G3P[3] EF583006 R2 EF583007 C3 RVA/Chicken/KOR/D62/2013/G19P[31] KM254178 R6 KM254179 C6
RVA/Antelope-wt/ZAF/RC-18-08/G6P[14] FJ495126 R2 FJ495127 C2 RVAMouse/Stanford/EB/1995/G16P[16] HQ540507 R7 HQ540508 C7
RVA/Cat-wt/ITA/BA222/2005/G3P[9] GU827406 R2 GU827407 C2 RVA/Mouse-tc/USA/ETD_822/XXXX/G16P[16] HQ540509 R7 HQ540510 C7
RVA/Horse-wt/ARG/E30/1993/G3P[12] JF712566 R2 JF712567 C2 RVA/Human-tc/KEN/B10/1987/G3P[2] HM627553 R8 HM627554 C5
RVA/Horse-wt/ARG/E4040/2008/G14P[12] JN872865 R2 JN872866 C2 RVA/Horse-tc/L338/GBR/1991/GxP[18] JF712555 R9 JF712556 C9
RVA/Horse-wt/IRL/04V2024/2004/G14P[12] JN903527 R2 JN903525 C2 RVA/SugarGlider-tc/JPN/SG385/2012/G27P[36] AB971760 R10 AB971761 C10
RVA/Simian-tc/ZAF/SA11-N2/1958/G3P[2] JN827244 R2 JN827245 C5 RVA/Rat-wt/XXX/KS/11/0573/G3P[3] KJ879448 R11 KJ879449 C11
RVA/Simian-tc/ZAF/SA11-N5/1958/G3P[2] JQ688673 R2 JQ688674 C5 RVA/Human-xx/ITA/ME848/2012/G12P[9] KR632623 R12 KR632624 C12
RVA/Human-wt/USA/12US1134/2012/G3P[9] KF500519 R2 KF500520 C2 RVA/Human-wt/SUR/2014735512/2013/G20P[28] KX257410 R13 KX257409 C13
RVA/Human-wt/GTM/2009726790/2009/G8P[14] KP006506 R2 KP006507 C2 RVA/CommonGull-wt/JPN/Ho374/2013/G28P[39] LC088218 R14 LC088219 C14
RVA/Cow-tc/VEN/BRV033/1990/G6P[1] EF560612 R2 EF560613 C2 RVA/Bat-wt/CMR/BatLi10/2014/G30P[42] KX268743 R15 KX268744 C15
RVA/Human-wt/IND/N155/2003/G10P[11] EU200793 R2 EU200794 C2 RVA/Bat-wt/CMR/BatLi09/2014/G30P[42] KX268754 R15 KX268755 C15
RVA/Macaque-tc/USA/PTRV/1990/G8P[1] FJ422131 R2 FJ422132 C2 RVA/Bat-wt/CMR/BatLi08/2014/G31P[42] KX268765 R15 KX268766 C15
RVA/Sheep-tc/CHN/Lamb-NT/2007/G10P[15] FJ031024 R2 FJ031025 C2 RVA/Bat-wt/CMR/BatLy17/2014/G31P[47] KX268787 R15 KX268788 C15
RVA/Giraffe-wt/IRL/GirRV/2007/G10P[11] GQ428141 R2 GQ428142 C2 RVA/Bat-wt/CMR/BatLy03/2014/G25P[42] KX268776 R16 KX268777 C8
RVA/Human-tc/KEN/B12/1987/G8P[1] HM627542 R2 HM627543 C2 RVA/Shrew-wt/CHN/LW9/2013/G32P[46] KU243542 R18 KU243571 C17
RVA/Horse/IRL/FI-14/2003/G3P[12] JN903528 R2 JN903526 C2 RVA/Bat-wt/CHN/GLRL1/2005/G33P[48] KX814935 R19 KX814936 C18
RVA/Goat-wt/CHN/XL/2010/G10P[15] JQ004970 R2 JQ004971 C2 RVA/Bat-wt/CHN/YSSK5/2015/G3P[3] KX814956 R20 KX814957 C2

VP1 accession # VP2 accession # VP1 accession # VP2 accession #
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Appendix B.  VP1 genotype consensus amino acid sequence alignment. Page 3 of 4 
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Appendix B. VP1 genotype consensus amino acid sequence alignment. The schematic shows 

an amino acid sequence alignment of RVA VP1 consensus sequences for genotypes R1-R16 and 

R18-R20. The VP1 domains and subdomains are represented by a line above the sequence and are 

colored as in Fig. 3-1A-B. Motifs A-F, the priming loop (PL), and the VP1-VP2 interaction sites 

predicted by Estrozi et al. (EC1, EC2, and EC3) are outlined in boxes. Surface-exposed regions 

surrounding the +RNA exit tunnel (PRE) and two surface-exposed loops (VL) are indivated in 

thick blacklines above the sequence. The active site is indicated with asterisks. Amino acid posi-

tions are indicated to the right.  Dashes indicate gaps in the protein sequence, light gray shading 

indicates conservation of amino acid identity, and white shading represents variation in amino 

acid identity. Genotypes are listed on the left.  R20 (lineage I) is positioned at the bottom of the 

alignment due to its amino acid similarities with lineage II genotypes (R4, R6, and R14).
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Appendix C. VP2 genotype consensus amino acid sequence alignment. The schematic shows 
an amino acid sequence alignment of RVA VP2 consensus sequences for genotypes C1-C15 and 
C17-C18. Dashes indicate gaps in the protein sequence, light gray shading indicates conservation 
of amino acid identity, and white shading represents variation in amino acid identity. Genotypes 
are listed on the left. The VP2 domains and subdomains are represented by a line above the 
sequence and are colored as in Fig. 3-1D, and the VP1-VP2 interaction sites predicted by Estrozi 
et al. (EC) is outlined in a box. Amino acid positions are indicated on the right.  
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Protein Strain Name Mutated 
Residue(s) Notes 

VP1 SA11 PDC1 N547A No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 PDC1 M548A No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 PDC1 T549A No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 PDC1 N550A No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11  T644A Low expression in Sf9 cells 

VP1 SA11  N640A No loss of function in presence of SA11 VP2 
(co-op) compared to WT 

VP1 SA11 PDC2 R614A Significant loss of function in presence of 
SA11 VP2 (co-op) compared to WT (Chap. 4) 

VP1 SA11 PDC2 N617A No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 PDC2 K618A No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 PDC2 S616A/ 
S620A 

No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 PDC2 
R614A/S616A/ 
N617A/K618A/ 

S620A 
Low expression in Sf9 cells (Chapter 4) 

VP1 SA11 EC2 P968A No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 EC2 I970A No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 EC2 S978A No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 EC2 D971A Low expression in Sf9 cells 

VP1 SA11 EC2 K969A/D973A/ 
T974A 

No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 EC2 S978A/I980A No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 
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Protein Strain Name Mutated 
Residue(s) Notes 

VP1 SA11 EC2 D971A/S978A/ 
I980A 

Significant loss of function in presence of 
SA11 VP2 (co-op) compared to WT (Chap. 4) 

VP1 SA11 EC2 D971A/Y975A/ 
S978A/I980A 

Low expression in Sf9 cells 
Significant loss of function in presence of 

SA11 VP2 (co-op) compared to WT (Chap. 4) 
VP1 SA11  N264A Glycerol stock in -80, BV not made 
VP1 SA11  E266A Glycerol stock in -80, BV not made 

VP1 SA11 EC1 E265A No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 EC1 E265A/L267A Significant loss of function in presence of 
SA11 VP2 (co-op) compared to WT (Chap. 4) 

VP1 SA11  K1025A Glycerol stock in -80, BV not made 

VP1 SA11 EC3 F1022A/ 
G1024A 

No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 EC3 F1022A/K1023
A/G1024A 

No loss of function in presence of SA11 VP2 
(co-op) compared to WT (Chapter 4) 

VP1 SA11 WT  Published in McDonald and Patton 2011 
VP1 DS1 WT co-op for Sf9 Published in Steger et al 2019 
VP1 WA WT co-op for Sf9 Published in Steger et al 2019 
VP1 ETD WT co-op for Sf9 Published in Steger et al 2019 
VP1 PO-13 WT  Published in McDonald and Patton 2011 

VP1 PO-13  + 3’ terminal 
RGSRGS link Published in Steger et al 2019 

VP1 Bristol WT  Published in McDonald and Patton 2011 
VP1 SA11 Av:Si PO-13 9-320 Not expressed in Sf9 cells 

VP1 SA11 R456 
PO-13 residues 
47-106, 146-
171, 293-320 

Not soluble in current purification protocol 

VP1 SA11 PRE1 PO-13 474-547 Published in Steger et al 2019 

VP1 SA11 PRE 
1+2 

PO-13 474-547, 
886-1016 Published in Steger et al 2019 

VP1 SA11 R123 
PO-13 474-547, 

587-700,  
886-1016 

Not active in the presence of SA11 VP2 (co-
op) or PO-13 VP2 

VP1 SA11 
PO-13 
NTD+ 
R123 

PO-13 9-320, 
474-547, 587-
700, 886-1016 

Not expressed in Sf9 cells 
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Protein Strain Name Mutated 
Residue(s) Notes 

VP1 SA11 R123 
456 

PO-13 47-106, 
146-171, 293-
320, 474-547, 
587-700, 886-

1016 

Not expressed in Sf9 cells 

VP1 SA11 VL2 PO-13 306-320 Published in Steger et al 2019 
VP1 SA11 VL1 PO-13 149-161 Published in Steger et al 2019 

VP1 SA11 Motif 
D PO-13 642-668 Low expression in Sf9 cells 

VP2 SA11 WT  Published in McDonald and Patton 2011 
VP2 SA11  co-op for Sf9 Chapter 4 
VP2 DS1 WT  Published in Steger et al 2019 
VP2 WA WT  Published in Steger et al 2019 
VP2 ETD WT  Published in McDonald and Patton 2011 
VP2 PO-13 WT  Published in McDonald and Patton 2011 
VP2 Bristol WT  Published in McDonald and Patton 2011 

VP2 SA11 
NTD Si:Av PO-13 residues 

1-103 Published in Steger et al 2019 

VP2 PO-13 
NTD Av:Si SA11 residues 

1-103 Published in Steger et al 2019 

VP2 SA11 
NTD Si:Br Bristol residues 

1-103 Published in McDonald and Patton 2011 

VP2 Bristol 
NTD Br:Si SA11 residues 

1-103 Published in McDonald and Patton 2011 

VP2 SA11  C628A Total loss of function in presence of SA11 
co-op and PO-13 VP2s 

VP2 SA11  C1138A Some loss of function in presence of SA11 
and PO-13 VP1s 

VP2 SA11  C1285A Significant loss of function in presence of 
SA11 and PO-13 VP1s 

VP2 SA11  C1684A Significant loss of function in presence of 
SA11 and PO-13 VP1s 

VP2 SA11  C1759A Some loss of function in presence of SA11 
and PO-13 VP1s 

VP2 SA11 Cys-
less 

C628A/C1138A/ 
C1285A/C1684A/ 

C1759A 

Total loss of function in presence of SA11 
and PO-13 VP1s 
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Genetic determinants restricting 
the reassortment of heterologous 
NSP2 genes into the simian 
rotavirus SA11 genome
Rebecca Mingo1, Shu Zhang1, Courtney P. Long1,2, Leslie E. W. LaConte1 &  
Sarah M. McDonald1,3

Rotaviruses (RVs) can evolve through the process of reassortment, whereby the 11 double-stranded 
RNA genome segments are exchanged among strains during co-infection. However, reassortment 
is limited in cases where the genes or encoded proteins of co-infecting strains are functionally 
incompatible. In this study, we employed a helper virus-based reverse genetics system to identify NSP2 
gene regions that correlate with restricted reassortment into simian RV strain SA11. We show that SA11 
reassortants with NSP2 genes from human RV strains Wa or DS-1 were efficiently rescued and exhibit 
no detectable replication defects. However, we could not rescue an SA11 reassortant with a human 
RV strain AU-1 NSP2 gene, which differs from that of SA11 by 186 nucleotides (36 amino acids). To 
map restriction determinants, we engineered viruses to contain chimeric NSP2 genes in which specific 
regions of AU-1 sequence were substituted with SA11 sequence. We show that a region spanning AU-1 
NSP2 gene nucleotides 784–820 is critical for the observed restriction; yet additional determinants 
reside in other gene regions. In silico and in vitro analyses were used to predict how the 784–820 region 
may impact NSP2 gene/protein function, thereby informing an understanding of the reassortment 
restriction mechanism.

A shared feature of viruses with segmented RNA genomes is their capacity to undergo reassortment during host 
cell co-infection1. When two or more viral strains co-infect the same cell, they can exchange their genome seg-
ments. This process results in reassortant progeny with genes derived from multiple parental strains. In some 
cases, the new combination of genes confers a selective advantage to the virus, for instance by allowing it to evade 
the host immune response or infect a new host species1–4. Because of its substantial impact on viral evolution, 
reassortment is thought to occur frequently for segmented RNA viruses, such that heterogeneous pools of viruses 
exist with seemingly random gene combinations. However, the prevalence of reassortants in most viral popula-
tions tends to be much lower than what is expected based upon chance combination alone, and some strains are 
incapable of reassorting genome segments with each other even during experimental co-infection of cultured 
cells or animals. These observations suggest that reassortment requires genetic and biochemical compatibility. 
Therefore, nucleotide and/or amino acid differences between parental (i.e., co-infecting) strains may function 
as determinants of reassortment restriction. Studies seeking to identify and characterize these determinants for 
a given segmented RNA virus will not only enhance an understanding of the factors tempering or promoting its 
evolution, but they will also shed light on the basic biology of its replication cycle.

Rotaviruses (RVs) are 11-segmented, double-stranded (ds) RNA viruses that infect a wide array of mamma-
lian and avian hosts5. More than 8 genetically-divergent species of RVs have been identified in nature (groups 
A–H, and tentative group I), though the vast majority of human disease is caused by group A strains5–8. While 
inter-species reassortment (e.g., between group A and B strains) has never been documented, it was generally 
assumed that reassortment occurs readily among group A strains9. However, this notion has been challenged in 
the past decade, mainly by the results of large-scale comparative genomic studies of wildtype group A human 
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and animal strains10–21. Together, these studies demonstrate that group A RVs maintain very specific and sta-
ble genome segment constellations (i.e., gene sets) despite co-circulating in the same communities and even 
co-infecting the same host. For instance, group A human strains generally belong to one of two major geno-
groups (Wa-like or DS-1-like) or to the minor AU-1-like genogroup22. Inter-genogroup reassortants are rarely 
identified in clinical fecal specimens from normal, otherwise healthy children presenting symptoms of gastro-
enteritis. Reassortants between group A human and animal strains are also rarely identified in clinical speci-
mens, though there are reports of such strains isolated sporadically from humans, often those with confounding 
medical conditions, such as an immune-compromised status2. Low co-infection rates could certainly contribute 
to the low frequency of reassortants in nature. Genetic and biochemical incompatibilities between the genes (or 
encoded proteins) of parental strains also plays an important role. In support of this notion, the number of reas-
sortants is consistently lower than what is expected based upon unrestricted combination following experimental 
co-infection of cultured cells with group A human and animal strains, and there is a non-random association of 
genome segments in the reassortants that do arise23–25. Thus, nucleotide and/or amino acid differences between 
group A parental strains are putative determinants of reassortment restriction.

Each of the 11 dsRNA genome segments of RV is organized as a central open-reading frame (ORF) flanked 
by 5′ and 3′ untranslated regions (UTRs)5. The mechanism of reassortment for RV is a natural by-product of the 
manner in which the genome segments are selectively packaged during the viral replication cycle. While this 
process is poorly understood, the evidence to date is most consistent with a model wherein one of each of the 11 
genome segments is packaged into an assembling virion as a single-stranded, positive-sense RNA (+RNA) pre-
cursor26. More specifically, the 11 distinct RV +RNAs are thought to engage with each other via RNA-RNA inter-
actions to form an assortment complex. The cis-acting packaging signals required for these selective RNA-RNA 
interactions are predicted to reside in the 5′ and 3′ termini of each segment but have not been determined in 
detail27, 28. During or subsequent to encapsidation of the assortment complex, the 11 +RNAs are converted into 
11 dsRNA genome segments by the VP1/VP2 viral polymerase complex29. Reassortment, therefore, occurs when 
the +RNAs of one parental strain are displaced by cognate +RNAs of another parental strain in the assortment 
complex. Given this mechanism, it is not surprising that strain-specific nucleotide differences in the genome 
segments (i.e., +RNAs) of co-infecting parental strains might restrict reassortment at the level of assortment 
complex formation, encapsidation, or dsRNA synthesis. Such direct restrictions on reassortment within the 
co-infected cell may explain why strains belonging to different RV groups do not seem to reassort with each 
other. There is little to no inter-group sequence homology at the 5′ and 3′ termini of genome segments, which 
may contribute to failure of RNA-RNA interactions during assortment complex formation. However, for the 
more closely-related group A RVs with conserved 5′ and 3′ termini, reassortment restriction is more likely to 
occur in a different, indirect manner. Most group A RV reassortants are likely generated during co-infection, but 
they would not emerge at appreciable levels in the viral population if they contain gene/protein sets that interact 
sub-optimally and function poorly together.

In the current study, we sought to investigate determinants of reassortment restriction by employing a 
previously-described, helper virus-based reverse genetic system30, 31. This system allows for the targeted reas-
sortment of the NSP2 genome segment (hereafter referred to as the NSP2 gene) into the genetic backbone of 
simian RV strain SA11. Using this approach, we rescued SA11 reassortants containing NSP2 genes from human 
RVs Wa or DS-1. However, we could not rescue an SA11 reassortant containing an NSP2 gene from the human 
strain AU-1, which differs from that of SA11 by 183 nucleotides (36 amino acids). A gain-of-function chimeric 
mutagenesis approach was used to show that at least some of the key restriction determinants map to a region of 
the NSP2 gene ORF spanning nucleotides 784–820. We show that the 12 nucleotide differences in this region did 
not alter the predicted folding of the NSP2 + RNA nor did they affect its capacity to serve as an efficient replica-
tion template in vitro. Yet, the 7 amino acid differences in this region were predicted to cause changes in NSP2 
protein structural dynamics. Altogether, the results of this manuscript inform an understanding of RV reassort-
ment restriction determinants and functional domains within the NSP2 + RNA/protein.

Results and Discussion
Rescue of simian RV reassortants with NSP2 genes derived from human RVs Wa and DS-1. To 
investigate determinants of RV reassortment restriction, we employed a helper virus-based reverse genetics sys-
tem that was developed by Trask et al.30 (Fig. 1). Specifically, we tested whether simian RV strain SA11 reassor-
tants could be rescued with NSP2 genes derived from human RV genogroup prototype strains Wa, DS-1, or 
AU-1 (Fig. 2a). Monkey kidney Cos-7 cells were transfected with plasmids expressing the cloned human RV 
NSP2 genes as +RNAs (Fig. 1). The cells were then infected with simian RV strain SA11-tsE for 24 h at 31 °C 
to allow the cDNA plasmid-derived +RNAs to reassort into the viral genome. The cloned NSP2 +RNAs were 
engineered to be resistant to the g8D small hairpin (sh) RNA, and they encode a non-temperature-sensitive NSP2 
protein. In contrast, the SA11-tsE NSP2 + RNA is g8D shRNA-sensitive and encodes a protein that is non-func-
tional at high temperature32. Recombinant reassortant viruses generated in Cos-7 cells were selected for by two 
rounds of growth at 39 °C in g8D shRNA-expressing monkey kidney MA104 cells (Fig. 1). Plaque assays were 
then performed to isolate individual viral clones, and % rescue efficiency was calculated from the ratio of the 
number of clones identified as recombinant over the total number of clones investigated by RT-PCR and nucle-
otide sequencing.

We found that recombinant SA11 reassortants containing the wildtype SA11 NSP2 gene (rSA11SA11) and those 
containing the NSP2 genes from human RVs Wa or DS-1 (rSA11Wa and rSA11DS-1, respectively) were rescued 
with 85% efficiency (Fig. 2a). In contrast, we were unable to rescue an SA11 reassortant with the human RV 
AU-1 NSP2 gene (rSA11AU-1), despite screening 100 plaques (Fig. 2a). The reassortant clones that we did rescue 
(rSA11SA11, rSA11Wa, and rSA11DS-1) were triple plaque-purified, amplified by two rounds of growth in MA104 
cells, and their identities were confirmed by electropherotyping and complete NSP2 gene sequencing (Fig. 2b and 



 161 

Appendix E.  Genetic Determinants restricting the reassortment of heterologous NSP2 
genes into the simian rotavirus SA11 genome. Page 3 of 12 

 
  

www.nature.com/scientificreports/

3Scientific RepoRts | 7: 9301  | DOI:10.1038/s41598-017-08068-w

data not shown). The sequences of the NSP2 genes from the rescued viruses were identical to the cDNA clones, 
suggesting that the recombinant viruses were genetically stable for at least ~5 passages (data not shown). To test 
whether rSA11Wa or rSA11DS-1 exhibit replication defects, single cycle growth kinetic assays were performed in 
MA104 cells (Fig. 2c). The results show that both rSA11Wa and rSA11DS-1 replicated as well as the isogenic control 
virus, rSA11SA11, with no statistically-significant differences in peak titers (Fig. 2d). When compared to the SA11 
NSP2 gene, that of Wa differs by 198 nucleotides (41 amino acids) and that of DS-1 differs by 225 nucleotides 
(45 amino acids) (Fig. S1). Based on the efficient rescue and growth of rSA11Wa and rSA11DS-1, we conclude 
that these differences do not represent reassortment restriction determinants into the SA11 genetic backbone. 

Figure 1. Overview of helper virus-based reverse genetics for the NSP2 gene. Cos-7 cells expressing T7 
polymerase were transfected with the pBS plasmid that encodes an NSP2 + RNA. Following infection of the 
cells with the temperature-sensitive (ts) helper RV (SA11-tsE) at 31 °C, the plasmid-derived NSP2 + RNA 
(red) is reassorted into some of the viral progeny, making them recombinant (rSA11). Recombinants viruses 
are engineered to have an NSP2 gene that is resistant to shRNA degradation and encodes a non-temperature 
sensitive (ts) protein. Following two rounds of growth at 39 °C in shRNA-expressing MA104g8D cells, growth of 
SA11-tsE is suppressed and rSA11 is selected for with an efficiency of ~85% for the wildtype control.
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However, the lack of rSA11AU-1 rescue suggests that (i) the AU-1 NSP2 + RNA was not efficiently packaged/repli-
cated by the SA11-tsE helper virus and/or that (ii) the AU-1 NSP2 + RNA/protein is not functionally compatible 
with the other SA11 +RNAs/proteins during the subsequent de novo viral replication that is required for plaque 
formation.

Mapping reassortment restriction determinants in the AU-1 NSP2 gene. The AU-1 NSP2 gene 
differs from that of SA11 by 183 nucleotides (36 amino acids) (Fig. S1). To narrow down which of these differ-
ences correlate with AU-1 NSP2 gene reassortment restriction into SA11, we employed a gain-of-function chi-
meric mutagenesis approach. Specifically, we cloned AU-1 NSP2 genes that contained the SA11 5′ and 3′ UTRs as 
well as SA11 sequence fragments in various ORF regions (Fig. 3a). We tested whether we could rescue SA11 reas-
sortants using these chimeric NSP2 genes. We found that we were unable to rescue reassortant rSA11CH1, despite 
the fact that this NSP2 gene has authentic SA11 UTRs. This result suggests that at least some of the restriction 
determinants map within the gene ORF. Likewise, we could not rescue rSA11CH2, which contains SA11 UTRs as 
well as SA11 sequence in an ORF region spanning nucleotides 47–481. Thus, the downstream region of 482–1000 
must contain important restriction determinants. In support of this notion, we were able to rescue rSA11CH3 and 
rSA11CH4 with efficiencies of 85% and 15%, respectively. The reassortant rSA11CH3 virus contains an AU-1 NSP2 
ORF in which nucleotides 482–1000 were replaced with SA11 sequence. The reassortant rSA11CH4 virus contains 
an AU-1 NSP2 ORF in which only a smaller sub-region (SR) corresponding to nucleotides 784–820 was replaced 
with SA11 sequence. That rationale for changing only the SR was based upon the observation that 36% of the 
coding changes clustered in this 37-nucleotide stretch of the NSP2 ORF.

The reassortant clones (rSA11CH3 and rSA11CH4) were triple plaque-purified, amplified by two rounds of 
growth in MA104 cells, and their identities were confirmed by electropherotyping and complete NSP2 gene 
sequencing (Fig. 3b and data not shown). The sequences of the NSP2 genes from the rescued viruses were iden-
tical to the cDNA clones, suggesting that the recombinant viruses were genetically stable at least for ~5 passages 
(data not shown). To test whether rSA11CH3 or rSA11CH4 exhibit replication defects, single cycle growth kinetic 
assays were performed in MA104 cells (Fig. 3c). The results show that both rSA11CH3 and rSA11CH4 had lower 

Figure 2. SA11 reassortants with human RV NSP2 genes. (a) NSP2 genes of recombinant reassortant viruses 
rSA11SA11, rSA11Wa, rSA11DS-1, and rSA11AU-1 are shown as boxes (not drawn to scale) and colored grey, green, 
red, and orange, respectively. Nucleotide numbers are listed at the top and the general locations of untranslated 
regions (UTRs) and open-reading frame (ORF) in the NSP2 gene are shown. The results of the rescue 
experiments, including % recombinant plaques, are listed to the right of each gene. (b) Electropherotyping. 
Viral dsRNA was extracted from rescued reassortants rSA11SA11, rSA11Wa, rSA11DS-1 and visualized following 
SDS-PAGE and SYBER Gold staining. The positions of the 11 viral genome segments are labeled to the right of 
the gel. The asterisk (*) shows the location of the reassorted NSP2 gene in each virus. (c) Single cycle growth 
kinetic assay. MA104 cells were infected at an MOI of 5 PFU per cell with rSA11SA11, rSA11Wa, or rSA11DS-1 
and viral titers were determined at various hours (h) p.i. by plaque assay. The results of a single representative 
experiment are shown. Error bars represent standard deviation from the mean calculated from 3–4 plaque 
assay wells. (d) Peak viral titers. The graph shows average peak viral titers for rSA11SA11, rSA11Wa, or rSA11DS-1. 
Error bars represent standard deviation from the mean from two experiments (6–8 plaque assay wells). The 
differences in peak titers of rSA11SA11, rSA11Wa, or rSA11DS-1 were not statistically significant.
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titers than the control rSA11SA11 virus at several times p.i. and both had statistically-significant lower peak viral 
titers (approximately 1 log10 step) compared to rSA11SA11 (Fig. 3d). This result suggests that both rSA11CH3 and 
rSA11CH4 have modest replication defects. However, the observation that that rSA11CH4 was rescued at all, despite 
its replication defect, indicates that the SR (nucleotides 784–820) contains important determinants of AU-1 NSP2 
gene reassortment restriction. Still, the higher rescue efficiency of rSA11CH3 compared to rSA11CH4 (i.e., 85% v. 
15%) indicate that additional residues outside the SR but within the larger 482–1000 region are important for 
robust NSP2 gene reassortment. When comparing the NSP2 gene sequences of SA11 vs. AU-1, we found a total 
of 95 nucleotide (19 amino acid) differences in the 482–1000 region, and only 12 nucleotide (7 amino acid) differ-
ences reside within the SR (Fig. 4). At this time, we cannot exclude the possibility that the UTRs of the AU-1 NSP2 
gene also contain restriction determinants when appended to the SA11 ORF. This is especially true for the 3′ UTR 
of the AU-1 NSP2 gene, which shows 7 nucleotide differences when compared to that of SA11; the 5′UTR only 
has a single nucleotide change and is unlikely to have a dramatic impact on reassortment restriction (Fig. S1).

Predicting the contributions of the 12 SR nucleotide changes on the NSP2 + RNA. We next 
sought to gain insight into how the 12 SA11-specific nucleotides in the SR might have increased the efficiency of 
the AU-1 NSP2 gene reassortment into the SA11 genetic backbone in the context of rSA11CH4 allowing rescue 
using the reverse genetics system. We reasoned that the NSP2 gene + RNA of rSA11CH4 (CH4 + RNA) might show 
differences in its folding or function relative to that of rSA11CH1 (CH1 + RNA), which was not rescued in our 
experiments and lacks the 12 SA11-specific SR nucleotides, but maintains the SA11 UTRs (Fig. 3a). To assess this 
possibility, we predicted the minimum free energy secondary structures and base pair probabilities of the +RNAs 
in silico (Fig. 5a). The results show that CH1 and CH4 +RNAs are predicted to have similar overall folds with only 

Figure 3. SA11 reassortants with chimeric NSP2 genes. (a) NSP2 genes of recombinant reassortant viruses 
are shown as boxes (not drawn to scale). For all genes, SA11 sequence is shown in grey and AU-1 sequence is 
shown in orange. Nucleotide numbers are listed at the top and the general locations of untranslated regions 
(UTRs) and open-reading frame (ORF) in the NSP2 gene are shown. The result of the rescue experiments, 
including % recombinant plaques, are listed to the right of each gene. (b) Electropherotyping. Viral dsRNA 
from was extracted from rescued reassortants rSA11SA11, rSA11CH3, rSA11CH4 visualized following SDS-PAGE 
and SYBER Gold staining. The positions of the 11 viral genome segments are labeled to the right of the gel. The 
asterisk (*) shows the location of the reassorted NSP2 gene in each virus. (c) Single cycle growth kinetic assay. 
MA104 cells were infected at an MOI of 5 PFU per cell with rSA11SA11, rSA11CH3, or rSA11CH4 and viral titers 
were determined at various hours (h) p.i. by plaque assay. The results of a single representative experiment 
are shown. Error bars represent standard deviation from the mean calculated from 3–4 plaque assay wells. 
(d) Peak viral titers. The graph shows average peak titer for rSA11SA11, rSA11CH3, or rSA11CH4. Error bars 
represent standard deviation from two experiments (6–8 plaque assay wells). Asterisks (*) indicate statistically 
significant differences (p < 0.05).
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minor energetic changes in the SR. To test whether CH1 and CH4 +RNAs have differences in their capacity to 
serve as templates for replication, we employed an in vitro dsRNA synthesis assay (Fig. 5b). We found that CH1 
and CH4 NSP2 +RNAs were efficiently converted into dsRNA products by SA11 VP1/VP2 at levels comparable 
to the wildtype SA11 NSP2 + RNA control. Thus, the NSP2 + RNA of the non-rescued rSA11CH1 virus is indis-
tinguishable in its predicted folding and in vitro replicative capacity from that of the rescued rSA11CH4 virus. 
This result suggests that the difference in rescue efficiency/viral growth between rSA11CH1 and rSA11CH4 cannot 
be easily explained at the + RNA level. Still, it remains possible that the CH1 + RNA has defects in RNA-RNA 
interactions required for assortment/packaging into SA11, which we are unable to experimentally test using this 
helper virus-based reverse genetics system.

Predicting the contributions of 7 SR amino acid changes on NSP2 protein structural dynam-
ics. NSP2 is a 35-kDa viral protein that forms a stable, donut-shaped octamer32, 33. NSP2 interacts with viral 
RNA and four viral proteins (VP1, VP2, NSP5 and NSP6), and it is essential for RV particle assembly and dsRNA 
synthesis34–39. One possible reason for the lack of rescuable AU-1 and CH1 NSP2 gene reassortants in our 
reverse genetics experiments could be that the AU-1 NSP2 protein does not functionally interact or interacts 
only sub-optimally with its viral binding partners (or with as of yet unknown cellular binding partners). In this 
case, even if the reassortment event occurred in the transfected-infected Cos-7 cells, the rSA11AU-1 and rSA11CH1 
viruses would not replicate to detectable levels in MA104g8D cells. By changing the 7 AU-1-specific amino acid 
residues of the SR to match those of SA11 in the context of rSA11CH4, we may have restored the capacity of the 

Figure 4. Nucleotide and amino acid differences between SA11 NSP2 and AU-1 NSP2 in the 482–1000 region. 
(a) NSP2 genes of recombinant reassortant viruses with wildtype SA11 or chimeric NSP2 genes are shown 
as boxes (not drawn to scale). For all genes, SA11 sequence is shown in grey and AU-1 sequence is shown in 
orange. Nucleotide numbers are listed at the top and the general locations of untranslated regions (UTRs) and 
open-reading frame (ORF) in the NSP2 gene are shown. The results of the rescue experiments, including % 
recombinant plaques, are listed to the right of each gene. (b) The sequence of nucleotides 482–1000 of SA11 
NSP2 are shown in grey. The nucleotides that differ for AU-1 NSP2 are shown below the SA11 sequence and are 
colored orange. Amino acid changes are listed beneath the corresponding codon with the SA11 residue shown 
in grey and the AU-1 residue shown in orange. The SR (nucleotides 784–820) is outlined with a box and labeled.
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NSP2 protein to better interact with its binding partners, thereby improving replication enough to rescue the 
virus.

To gain insight into possible differences in the NSP2 protein as a result of the 7 SR amino acid changes, we 
performed unrestrained molecular dynamics simulations. Specifically, the monomeric structures of SA11 NSP2, 
AU-1 NSP2, and CH4 NSP2 were each simulated for 20 nanoseconds at 300 K. Root mean square fluctuations 
(RMSFs) of the α-carbons were used to calculate B-factors, thereby providing an estimate of the degree of flex-
ibility at each position of the protein. Several regions of flexibility were predicted in all three NSP2 proteins 
(Fig. 6a). In particular, the SR (positions 247–258) is a flexible loop element, and it is followed by a flexible 
C-terminal region (CTR; positions Change “258” to “275”–311). The extreme C-terminus (positions 312–317) 
showed dramatic, but consistent, movement for all three protein structures. Movement of residues in and around 
the SR (i.e., positions 235–243 and 251–256) have been described to occur following RNA binding of NSP234. 
Moreover, flexibility of the NSP2 C-terminus has been previously reported, and it is suggested to be important for 
domain-swapping interactions that link NSP2 octamers together37.

We reasoned that the structural dynamics of CH4 NSP2 would largely match those of AU-1 NSP2, except at 
sites that were functionally restored due to the 7 SR amino acid changes. We thought that those restored sites of 
CH4 NSP2 would show flexibility similar to that observed for SA11 NSP2. In particular, we predicted that the 
relative flexibility of the SR would be the same for CH4 NSP2 and SA11 NSP2 because they are the same sequence. 
Surprisingly, we found that most SR positions exhibited lower B-factors for CH4 NSP2 compared to both SA11 
and AU-1 NSP2 proteins (Fig. 6b). The flexibility at only SR positions 255–258 were similar between CH4 NSP2 
and SA11 NSP2, but differed for that of AU-1 NSP2 (Fig. 6b). We also identified 12 positions in the CTR (278–
279, 293–296, 301, and 305–309) for which CH4 NSP2 flexibility matched that of SA11 NSP2, but not AU-1 
NSP2 (Fig. 6c). While general trends in the data were observed, only positions 305 and 306 showed statistically 
significant differences in B-factors for both SA11 v. AU-1 NSP2 as well as AU-1 v. CH4 NSP2. Still, the decreased 
B-factors observed at all 16 positions in AU-1 NSP2, which did not allow for rescue of an SA11 reassortant, are 
indicative of a more ordered structure that is potentially restricted in interacting with binding partners or under-
going conformational change. Thus, the restoration of motion in CH4 NSP2 in the SR and CTR may be essential 
for optimal NSP2 interactions with binding partners, thereby contributing to the rescue of the rSA11CH4 virus.

Using the homology model of CH4 NSP2 (Fig. 7a), we determined the three-dimensional location of the 16 
positions that exhibited restored flexibility. These 16 positions comprise a large surface-exposed patch on the 
side of the octamer (Fig. 7b). The location of this patch is amenable to protein/RNA interactions, though it does 
not significantly overlap with any of the known or predicted binding sites on NSP234–39. The molecular dynamics 
simulations and modeling results suggest that that amino acid changes in the NSP2 SR can alter the structural 
dynamics of the NSP2 CTR. Thus, this data raises questions about whether altering amino acids as a result of the 
SR swap alleviated proximal structure-based determinants of gene reassortment restriction for AU-1 NSP2 into 
SA11.

Summary and conclusions. It has long been observed that reassortment is restricted among some group 
A RV strains; yet the genetic determinants that mediate such restriction are completely unknown. In the current 
study, we employed a helper virus-based reverse genetics system and attempted to engineer simian RV strain 

Figure 5. Predicted folding and in vitro replication of NSP2 +RNAs. (a) The predicted secondary structures of 
SA11, CH1, and CH4 +RNAs are shown and colored according to base-pair probabilities (warmer color = more 
favorable, cooler color = less favorable). The nucleotides comprising the SR of CH1 and CH4 + RNA is outlined 
with a box. (b) In vitro replicase assays. The SA11, CH1, and CH4 + RNA templates were electrophoresed in 
a 7M-urea-acrylamide gel and visualized following ethidium bromide staining (top gel panel). Gel image was 
cropped to show only the + RNA bands. These +RNAs were then assayed for their capacity to serve as templates 
for dsRNA synthesis by SA11 VP1/VP2 in vitro. The nascent minus-strands of the dsRNAs were radiolabeled 
using [32P]αUTP and detected following SDS-PAGE and autoradiography (bottom gel panel, representative 
experiment). Gel image was cropped to show only the dsRNA bands. The dsRNA levels were quantified for 4 
independent experiments and shown as a % relative to SA11 dsRNA. The differences in CH1 and CH4 dsRNA 
levels relative to SA11 are not statistically significant.
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Figure 6. Molecular dynamics simulations of NSP2 proteins. (a) Average B-factors are shown for each position 
of SA11 NSP2 (grey), AU-1 NSP2 (orange), and CH4 NSP2 (black). The regions corresponding to the SR, 
CTR, and extreme C-terminus of the NSP2 protein are labeled. Dynamics of the (b) SR positions and (c) select 
CTR positions. The graphs indicate relative flexibility at individual positions for SA11 NSP2 (grey), AU-1 
NSP2 (orange), and CH4 NSP2 (black). Error bars represent standard deviation from the mean following 3 
independent simulations. The positions numbers in bold-italic type are those in which the predicted B-factors 
of CH4 NSP2 are similar to those of SA11 NSP2. Positions 305 and 306 (black box outline) showed statistically-
significant differences (p < 0.05) when comparing B-factors for SA11 v. AU-1 NSP2 and AU-1 v. CH4 NSP2.
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SA11 reassortants containing NSP2 genes from prototypic human RV strains Wa, DS-1, and AU-1 (rSA11Wa, 
rSA11DS-1, and rSA11AU-1, respectively). We showed that rSA11Wa and rSA11DS-1 were efficiently rescued and 
exhibited no detectable growth defects. In contrast, rSA11AU-1 was not rescuable in this system. This result was 
surprising and led us to test whether we could overcome the observed reassortment restriction by replacing 
regions of the AU-1 NSP2 gene (i.e., that contain restriction determinants) with SA11 sequence (i.e., that lack 
restriction determinants). Using this approach, we found that restriction determinants map to the SR (nucleotides 
784–820) within the AU-1 NSP2 gene ORF. However, it is important to note that the SR is not the only region 
containing restriction determinants; there are certainly other regions that contributed to the lack of rescuable 
rSA11AU-1 virus. In support of this notion, we found that rSA11CH3 had modest a replication defect, indicating 
that determinants of robust reassortant viral growth reside within ORF nucleotides 47–481. While not tested 
here, the 3′UTR of the AU-1 NSP2 gene may also contain restriction determinants. Nevertheless, the molecular 
details of exactly how any of these regions influence reassortment restriction is not understood. For the SR, we 
hypothesize that the restriction determinants do not prevent packaging of the AU-1 NSP2 + RNA into SA11 
during the assortment process in Cos-7 cells. Instead, we think that it is more likely that the AU-1-specific SR 
nucleotides/amino acids reduced replication of the reassortant virus, thereby preventing its detection following 
growth in MA104g8D cells. Our in vitro and in silico analyses of the CH1 vs. CH4 +RNAs, which differ by 12 
nucleotides, did not reveal any obvious differences that could account for the restriction being mediated at the 
RNA-level. In contrast, our in silico analyses of the NSP2 protein showed that the SR encodes a highly flexible and 
surface-exposed loop element. The 7 amino acid changes that resulted from the SR sequence swap are predicted 
to alter the local flexibility of the AU-1 NPS2 SR and CTR in a way that more closely resembles the that of SA11 
NSP2. It is possible, albeit not experimentally validated, that this change in flexibility allowed the chimeric NSP2 
protein, but not the AU-1 NSP2 protein, to engage viral or cellular binding partners, improving its replicative 
fitness. The SR is a highly variable site on the NSP2 protein (<50% sequence identity among group A RV strains). 
When comparing the SR sequences of strains SA11, Wa, DS-1, and AU-1, we find that AU-1 has unique residues 
at positions 249, 253–255, and 258, which may be the primary determinants for restriction in this case (Fig. S1). 
Ongoing and future work in our laboratory is employing biochemical approaches to test the hypothesis that 
restriction is mediated by sub-optimal NSP2-protein or NSP2-RNA interactions due to the identified amino acid 
changes.

During the writing of this manuscript, a plasmid only-based reverse genetics system was reported by Kanai 
et al., which allows for the targeted manipulation of any SA11 gene and rescue in the absence of a helper virus40. 
Without a doubt, this new system will provide an improved experimental platform for detailed investigations 
of RV gene reassortment restriction mechanisms, including the study of genetic epistasis among multiple seg-
ments. However, one advantage of the helper virus-based system that we used here is that it more closely mimics 
co-infection conditions. Much like in nature, only reassortants with at least a moderate degree of fitness will be 
rescued using the helper virus-based approach, because it requires that recombinant +RNAs successfully com-
pete with those of the helper virus. It is possible that replication-defective reassortants will be rescued using the 
plasmid-only reverse genetic system because there is no competition of wildtype +RNAs during the assortment 
step; these same reassortants would not emerge from co-infected cells. On the other hand, the fully plasmid-based 
system will allow for the differentiation of direct restrictions (i.e., failure of + RNA packaging) vs. indirect restric-
tions (i.e., failure of +RNAs/proteins to interact during de novo replication). In essence, non-rescuable reassor-
tants from the fully-plasmid system must represent a direct restriction that prevents the generation of hybrid 
progeny. Regardless of the genetic system used, studies seeking to uncover the molecular details that prevent 

Figure 7. Location of dynamically-restored residues on the CH4 NSP2 protein structure. (a) Homology 
model of CH4 NSP2 is shown as an octamer (surface-filled and viewed from the front). Regions of the protein 
corresponding to AU-1 NSP2 sequence are shown in orange and those of SA11 sequence (i.e., the SR) are 
shown in grey. (b) Left: The CH4 NSP2 octamer is shown in the same position as panel A but colored white. The 
4 restored positions that map to the SR are shown in blue and the 12 restored positions that map to the CTR 
are shown in red. Middle: These 16 positions form a large patch on the side of the octamer structure. Right: 
The restored positions are shown in stick representation and labeled on a single CH4 NSP2 monomer ribbon 
structure.
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reassortants from emerging in the RV population are warranted because they will inform rational infection con-
trol measures and elucidate new aspects of virus biology.

Materials and Methods
Cells and viruses. Monkey kidney cell lines (MA104 and Cos-7) were obtained from American Type Cell 
Culture and maintained as described by Arnold et al., 2009 in medium (Life Technologies) that was supple-
mented to contain 5–10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin, 
and 0.5 µg/ml Amphotericin B41. MA104g8D cells stably expressing a short hairpin RNA (shRNA) against the 
NSP2 gene were obtained from Dr. John Patton (University of Maryland, College Park) and cultured in the same 
manner as MA104 cells30. RV strains Wa, DS-1, and AU-1 were obtained from Dr. John Patton (University of 
Maryland, College Park). RV strain SA11-tsE (clone 1400) was obtained from Dr. John Patton with permission 
from Dr. Frank Ramig (Baylor College of Medicine)42. RV infections were performed as described previously41. 
Replication-defective vaccinia virus expressing T7 polymerase (strain rDI-T7pol) was obtained from Dr. John 
Patton (University of Maryland, College Park) with permission from Dr. Koki Taniguchi (Fujita Health University 
School of Medicine, Japan) and was propagated as described previously31, 32.

Plasmid construction. A plasmid expressing the full-length, shRNA-resistant NSP2 gene from simian RV 
strain SA11 (pBS-SA11g8R) was obtained from Dr. John Patton (University of Maryland, College Park)31. To 
construct similar plasmids expressing the full-length NSP2 genes from human RV strains Wa (pBS-Wag8R), DS-1 
(pBS-DS-1g8R), or AU-1 (pBS-AU-1g8R) RT-PCR and molecular cloning was used. Specifically, viral RNA was 
extracted from MA104 cells infected with Wa, DS-1, or AU-1 and used as template in RT-PCR reactions to pro-
duce cDNA. Primer-generated restrictions sites 5′ NcoI and 3′ AfeI allowed the cDNA products of the Wa, DS-1, 
or AU-1 NSP2 genes to be individually ligated into the pBS-SA11g8R plasmid in place of the SA11 NSP2 gene. 
Site-directed mutagenesis was then used to engineer shRNA resistance in the AU-1 NSP2 gene. The cloned Wa 
and DS-1 NSP2 gene sequences are identical to what is reported in GenBank (accession numbers RO1NS35F and 
EF672580, respectively). The AU-1 NSP2 gene sequence is identical to what is reported in GenBank (accession 
number DQ490534) with the exception of a single G-to-A nucleotide change at position 40 in the 5′ UTR and 
the 6 nucleotide changes in the shRNA target site (nucleotides 655–673). The NSP2 proteins encoded by all three 
cloned genes are identical to GenBank sequences. To engineer the chimeric NSP2 genes, PCR was used to amplify 
specified regions (Fig. 3a) from the pBS-SA11g8R and pBS-AU-1g8R plasmids. The Golden Gate Assembly kit 
(New England Biolabs) was then used to seamlessly ligate the amplified cDNAs together, creating plasmids 
pBS-CH1g8R, pBS-CH2g8R, pBS-CH3g8R, and pBS-CH4g8R. Final plasmids were sequenced to ensure integrity 
of the gene and absence of PCR-induced mutations. All primers used for cloning are available by request.

Generation and recovery of recombinant SA11 reassortants. Recombinant SA11 reassortants 
were generated as described previously31, 32. Briefly, Cos-7 cells in 6-cm tissue culture dishes (~1.25 × 106 cells/
well) were inoculated with rDI-T7pol at a multiplicity of infection (MOI) of 3 plaque-forming units (PFU) 
per cell and then transfected with 2.5 µg of plasmid DNA (pBS-SA11g8R, pBS-Wag8R, pBS-DS-1g8R, pBS-AU-
1g8R, pBS-CH1g8R, pBS-CH2g8R, pBS-CH3g8R, or pBS-CH4g8R) using Trans-IT LT1 (Mirus). The cells were 
incubated at 37 °C for 24 hours to allow for + RNA expression from the plasmids, and then they were infected 
with the helper virus SA11-tsE at an MOI of 5 PFU per cell at 31 °C for 24 hours. Cells were harvested by 3 
rounds of freeze-thaw, and then the clarified supernatant (P0 stock) was passaged in MA104g8D cells at 39 °C 
for two rounds (P1 and P2 stocks) in the presence of 10 µM AraC (Fisher) to inhibit rDI-T7pol replication31. 
Recombinant reassortants were detected in the P2 stocks by RT-PCR and sequencing of the NSP2 gene. For 
rSA11-NSP2SA11, rSA11-NSP2Wa, rSA11-NSP2DS-1 and rSA11-NSP2CH3, 17/20 plaques each were identified as 
recombinant (85% rescue efficiency). For rSA11-NSP2CH4, 3/20 plaques were identified as recombinant (15% res-
cue efficiency). For rSA11-NSP2AU-1, rSA11-NSP2CH1, and rSA11-NSP2CH2 no recombinant viruses were detected 
in the P2 stocks by RT-PCR/sequencing, nor from screening 20–100 individual plaques. Rescued recombinants 
were subjected to three rounds of plaque-purification in MA104 cells to isolate viral clones41. Final high-titer 
SA11 reassortant stocks were grown for two passages in MA104 cells, and they were verified by RT-PCR, sequenc-
ing of the NSP2 gene, and electrophoretic analysis of viral dsRNA as described previously31.

Single cycle growth kinetic assays. MA104 cells were infected with the recombinant wildtype con-
trol virus (rSA11-NSP2SA11) or a rescued reassortant (rSA11-NSP2Wa, rSA11-NSP2DS-1, rSA11-NSP2CH3, or 
rSA11-NSP2CH4) at an MOI of 5 PFU per cell. At the indicated times p.i., cells were harvested by 3 rounds of 
freeze-thaw, and infectious virus in the clarified lysate was quantitated by plaque assay41. Titers at 4, 8, 12, 16 and 
24 hours p.i. were normalized based upon the titers at 0 hours p.i. for each virus. Two-tailed tests were performed 
using Smith’s Statistical Software, and p values < 0.05 were considered to be statistically significant.

Modeling of NSP2 + RNA folding and in vitro replicase assays. Minimum free energy secondary 
structure and base pair probabilities were calculated for SA11, CH1, and CH4 NSP2 +RNAs using the RNAfold 
webserver (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi)43. The + RNA templates used in the in vitro replicase 
assays were prepared using the reverse genetic plasmids (pBS-SA11g8R, pBS-CH1g8R, and pBS-CH4g8R) and the 
protocol described by McDonald et al.44. Template quantity was determined by using a UV spectrophotometer 
(optical density at 260 nm [OD260]) and quality was assessed by electrophoresis in 7 M urea-5% polyacrylamide 
gels stained with ethidium bromide. SA11 VP1 and VP2 purifications and in vitro replicase assays were per-
formed as described by McKell et al.45. Two-tailed tests were performed using Smith’s Statistical Software, and p 
values < 0.05 were considered to be statistically significant.
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Molecular dynamics simulations of NSP2 proteins. Molecular dynamics simulations using a standard 
approach46 were performed using GROMACS v5.1.347 on the atomic structure of the SA11 NSP2 (PDB#1L9V) 
monomer or on homology models of AU-1 NSP2 or CH4 NSP2 monomers, which were created using UCSF 
Chimera48. The PDB files of the modeled structures are available upon request. Prior to performing the simula-
tions, the complete structures were explicitly solvated with a three-point water model (TIP3P) in rhombic dodec-
ahedron water box (solute-box distance of 1.0 nm) under periodic boundary conditions, with charges neutralized 
by chloride ions. The AMBER99SB-ILDN force field was used for all simulations49. Starting structures were 
energy minimized until convergence at Fmax < 1000 kJ/mol/nm. A 100-picosecond position-restrained NVT 
equilibration simulation was run for water relaxation at 300 K using a modified Berendsen (velocity rescaling) 
thermostat, followed by a 100-picosecond NPT equilibration simulation using the Parrinello-Rahman barostat 
for pressure coupling. After equilibration, an unrestrained 20-nanosecond NPT molecular dynamics simulation 
was run at 300 K. Three trajectories initiated with different random seeds were run for each protein structure. 
The RMSF of α-carbons from each of the three trajectories was calculated using the gmx rmsf command in 
GROMACS. B-factors (i.e., Debye-Waller factors) for each residue were calculated from the RMSF values using 
an established equation [B-factor = (8Π2/3) × (RMSF)2]50, 51. One-way ANOVA analyses were performed using 
StatPlus, and p values < 0.05 were considered to be statistically significant.

Data availability. The datasets generated during and/or analyzed during the current study are available from 
the corresponding author upon request.
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