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ABSTRACT 

 The rotavirus virion is comprised of three distinct protein layers, surrounding a 

segmented, double-stranded (ds) RNA genome. The innermost layer is a T=1 icosahedron 

formed by the core shell protein (VP2). Tethered beneath VP2 are 11-12 copies of the viral 

polymerase (VP1), which mediate genome replication within an assembling particle. 

Specifically, VP1 is bound by VP2 during early stages of rotavirus assembly, thereby (i) 

packaging the polymerase into nascent particles and (ii) triggering the polymerase to 

mediate intra-particle dsRNA synthesis. The VP2 N-terminal domain (NTD; residues 1-

102) protrudes into the particle interior and plays key roles in polymerase interactions. 

Previous work has shown that a recombinant (r) VP2 protein lacking the first 10 NTD 

amino acids (D10) maintains its ability to package rVP1 into virus-like particles (VLPs), 

but it is unable to activate the polymerase in the context of an in vitro RNA synthesis assay. 

In contrast, a mutant lacking the entire NTD (D102) is defective for both polymerase 

packaging and activation. This work sought to delineate which of the extreme NTD 

residues (1-10) mediate polymerase activation and to map downstream NTD regions 

important for polymerase packaging. To do this, rVP2 NTD proteins were engineered with 

either alanine substitutions or internal deletions in their NTDs and were tested for the 

capacity to support in vitro dsRNA synthesis and to form VLPs. Results showed that a 

rVP2 mutant with alanine mutations at NTD residues R4, K5, and R6 supported very little 

dsRNA synthesis from rVP1. In contrast, rVP2 containing a deletion of residues 11-36 

robustly activated rVP1 dsRNA synthesis. Both of these mutants formed VLPs that 

contained rVP1, suggesting that they are properly folded core shell proteins and capable of 

polymerase packaging. The rVP2 proteins were expressed in Spodoptera frugiperda insect 
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cells using baculovirus vectors and purified using centrifugation. Vast experimental 

variation in rVP2 protein expression was observed as well as differing levels of co-

purifying contaminant proteins in the preparations. Thus, through this project, rVP2 

expression protocols were optimized by identifying new cell lines and baculovirus titering 

methods, thereby stream-lining future work on this project. Altogether, this work has 

helped inform a mechanistic understanding of VP1-VP2 interactions during rotavirus 

assembly and genome replication, as well as developed critical protocols for the McDonald 

Esstman Lab.
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INTRODUCTION 

Rotavirus as a Pathogen 

 The World Health Organization (WHO) estimates that there are 1.7 billion cases of 

diarrheal disease in children worldwide, causing the death of  >525,000 children under the 

age of five per year (Crawford et al., 2017; Troeger et al., 2017). Mortalities from diarrheal 

disease are typically caused by dehydration; and while most diarrheal disease can be treated 

by rehydration therapies, it remains a significant cause of death among children in 

developing countries where access to appropriate intervention is limited (Nunan et al., 

2017). 

 One of the leading etiological agents known to cause diarrheal disease is rotavirus 

(RV) a member of the Reoviridae family. RVs are ubiquitous and infect almost every child 

globally by the ages of 3 to 5 years old (Crawford et al., 2017). Not only do RVs infect 

humans, but they are also known to infect a wide variety of other mammalian and avian 

hosts. RV replicates within the intestinal tract of the host and are shed in the stool, 

propagating transmission via the fecal-oral route (Ramig, 2004). RV particles are 

extremely stable in the environment, and therefore spread of the virus is not controlled well 

by sanitation (Parashar et al., n.d.). Four oral, live-attenuated vaccines have been 

recommended for RV prophylaxis by WHO, and national immunization programs in more 

than 90 countries and have adopted RV vaccine regimens (RotarixTM, GSK Biologics; 

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

of India) (Burnett et al., 2018; World Health Organization, 2018). These vaccines are 

highly efficacious; and when comparing RV-induced hospitalizations and direct medical 

costs between pre- and post-vaccine eras, it was estimated that 382,000 RV-induced 
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hospitalizations and $1.228 billion in medical costs were prevented between 2008 and 2013 

(Leshem et al., 2018). However, most of these benefits are observed in more developed 

nations, where vaccine delivery and access to health care are more abundant. In 2013, RVs 

were still responsible for over 215,000 deaths worldwide (Crawford et al., 2017). Although 

most current problems with RV infection are associated with unvaccinated children; since 

vaccines are live-attenuated strains, vaccinated children have the potential to spread 

vaccine strains. RVs shed in fecal specimens of babies vaccinated with the pentavalent RV 

vaccine, RotaTeqTM, were detected up to 9 days post-vaccination and could be cultivated, 

leading credence to this hypothesis (Yen et al., 2011). Another problem with the live-

attenuated vaccine is that it poses a threat of reassorting with existing, virulent strains of 

RV. In fact, it has been shown in Brazil that the monovalent RV vaccine, RotarixTM, 

reassorted with a circulating RV, introducing a vaccine derived gene segment (Rose et al., 

2013). Despite these problems being in the minority, and vaccines being largely effective, 

continued study of this virus is still critical should new, vaccine-resistant strains arise.  

 

RV Life Cycle 

 RV virions are composed of three-concentric protein layers with large spiked 

attachment proteins on the outermost layer (Figure 1A) (Jenni et al., 2019). RV contains 

11 dsRNA genome segments, which are typically monocistronic meaning each segment 

only encodes one protein (Figure 1B). As such, the viruses express six structural proteins 

(VP1-VP4, VP6, and VP7) and five nonstructural proteins (NSP1-NSP5) all of which are 

involved in the RV life cycle at various stages (Figure 2) (Crawford et al., 2017; Hu et al., 

2012; Trask et al., 2012).   
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The RV life cycle begins with viral attachment to intestinal epithelial cells. 

However, RVs are not infectious until trypsin-like proteases within the host digestive tract 

cleave the attachment protein VP4 into two fragments, VP5* and VP8*. The VP8* 

fragment of VP4 mediates cell surface attachment which occurs via binding of different 

cell surface glycans like sialic acid and histo-blood group antigens in a strain specific 

manner (Ciarlet et al., 2001; Dormitzer et al., 2001; Huang et al., 2012). Once attached, a 

second viral protein, VP7, initiates entry into cells.  

 
 
Figure 1: RV virion structure and genome composition. (A) Mature, RV triple-layer 
particle with the front of the virion removed to expose the interior. Missing from the image 
of the interior are the 11 dsRNA segments for clarity. All structural proteins are listed with 
the exception of VP3 (Jenni et al., 2019) (PDB 6OJ3). (B) Non-denatured dsRNA genome 
segments electrophoresed on SDS-PAGE with protein and protein function listed to the right. 
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 VP7, the RV outer capsid protein, interacts with various co-receptors, and, 

depending on the strain, will initiate one of several endocytosis pathways (Díaz-Salinas et 

al., 2014). Regardless of the exact pathway, vesicles containing virus particles fuse with 

the early endosome (EE). VP7 requires calcium ions to remain stable, and the calcium-

depleted environment of the EE induces shedding and solubilization of VP7 (Gerasimenko 

et al., 1998; Ludert et al., 1987). This shedding exposes the intermediate layer of the virion, 

VP6. This forms a structure called the double-layered particle (DLP) which is the  

transcriptionally active complex (Ludert et al., 1987; Trask et al., 2012). Lysis of the 

endosomal membrane may occur via VP7, but the exact mechanism that releases DLPs 

into the cytosol is not completely understood (Abdelhakim et al., 2014; Ruiz et al., 1997).  

 Once DLPs are released, transcription begins. The RdRp, VP1, within the DLP 

utilizes the –RNA of the dsRNA genome to synthesize +RNA or mRNA. Conformational 

changes in VP6 expose five-fold openings in the protein layer beneath which allow for 

release of nascent +RNA following the addition of a 5¢ m7GpppG cap (Ding et al., 2019; 

Jenni et al., 2019; Lawton et al., 1997; Lu et al., 2008). Once viral +RNAs enter the cytosol, 

some are translated by host ribosomes with the aid of NSP3. While 5¢ caps are present in 

RV transcripts, the +RNAs lack polyadenylation, which is typically required for eukaryotic 

translation. NSP3 facilitates translation of these unique viral transcript by binding an RV 

3¢ consensus sequence and interacting with eukaryotic initiation factor 4G. This protein-

protein interaction evicts the poly(A)-binding protein simultaneously enhancing RV +RNA 

translation and weakening cellular transcript translation (Piron et al., 1998). Untranslated 

+RNAs are trafficked into viroplasms, or viral replication factories, where nascent virions 

begin assembly. Viroplasms are formed by two non-structural proteins: NSP2 and NSP5 



5 
 

(Hu et al., 2012). NSP2 and NSP5 are thought to accumulate around DLPs, nucleating the 

formation of these viroplasms. These proteins then traffic newly synthesized viral proteins 

and +RNA into viroplasms (Silvestri et al., 2004; Trask et al., 2012). However, the 

coordination involved in synthesizing new viral particles is extremely involved.  

 The complications arise due to the segmented nature of the genome. A single copy 

of VP1 will bind one of the 11 viral +RNAs in preparation for synthesizing its dsRNA 

genome. dsRNA is very rigid compared to its single stranded counterpart, therefore in order 

for all of the segments to be incorporated into the virion, dsRNA synthesis of all of the 

segments must occur simultaneously in conjunction with particle assembly. The first step 

in understanding this process, is understanding how the virus “knows” when all 11 

segments are present. For some segmented RNA viruses, segments are randomly packaging 

into defective interfering (DI) particles incapable of propagation (Dimmock and Easton, 

2014; Luque et al., 2009). Reoviridae family members are thought to have evolved a more 

sophisticated packaging mechanism, supported by reports of infectious RVs encapsidating 

only the 11 full-length segments (Sarah M. McDonald and Patton, 2011). While specific 

assortment signals remain unclear, available data supports a model in which +RNA 

untranslated regions (UTRs) form supracomplexes among the segments (Borodavka et al., 

2017; Chen and Patton, 1998; Desselberger, 1996). However, simple recognition of all 11 

+RNAs in conjunction with their respective VP1 monomers is not enough for replication 

to begin. The final viral protein necessary is the core shell protein VP2. In vitro assays have 

demonstrated the necessity of VP2 for dsRNA synthesis by VP1 which will be discussed 

in more depth in following sections (Lu et al., 2008; S. M. McDonald and Patton, 2011; 

Patton et al., 1997). It is unclear the exact order in which these events happen and the extent 
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at which VP6 plays in this coordinated particle assembly (Trask et al., 2012). It has been 

demonstrated that NSP5 binds VP2, but not in the presence of VP6; suggesting that NSP5 

may engage VP2 as a control mechanism to prevent premature DLP and transcriptase 

complex formation during dsRNA synthesis (Berois et al., 2003). In a similar manner, the 

TLP cannot be formed until the DLP assembles and encounters the outer-capsid 

glycoprotein, VP7, at the endoplasmic reticulum (ER) lumen, the site of mature RV virion 

formation (Trask et al., 2012). This process relies on NSP4, which serves as a viral ER 

membrane-bound receptor (O’Brien et al., 2000; Taylor et al., 1993). Thought to act as a 

chaperone, NSP4 traffics not only nascent DLPs, but also cytosolic VP4, into the ER lumen 

(Trask and Dormitzer, 2006). VP7 outer-capsid formation and stabilization is dependent 

on elevated calcium concentrations, which NSP4 is thought to elevate through unknown 

mechanisms (Tian et al., 1994). RV egress appears to occur via multiple mechanisms such 

as cell lysis or use of secretory exocytosis pathways (Jourdan et al., 1997; Musalem and 

Espejo, 1985). Regardless of pathway, the almost mature virion leaves the cell, and upon 

proteolysis, is ready to infect a new cell and start the cycle over. 
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Figure 2: RV life cycle. The RV life cycle begins with attachment and endocytosis of the 
virion via VP4. After endocytosis the vesicle merges with the early endosome causing the 
outer most layer to shed and releasing the double-layered particle (DLP) into the cytoplasm. 
The DLP will then synthesize lots of +RNA which will either be translated or trafficked into 
viroplasms. Once in the viroplasm, dsRNA synthesis occurs in conjunction with particle 
assembly and eventually new DLPs move through the endoplasmic reticulum where they 
gain the outermost layer VP7 and the attachment protein VP4. After this the RV virion exits 
the cell either by cell lysis or exocytosis pathways (Trask et al., 2012). 
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Structure of the RV Polymerase and Core Shell 

 The RV polymerase, VP1, is an RNA-dependent RNA polymerase (RdRp) which 

performs all stages of RNA synthesis in the virus life cycle. VP1 is a globular, cage-like 

125-kDa enzyme organized into three distinct domains: the N-terminal domain (residues 1 

to 332); the central polymerase domain with canonical fingers, palm, and thumb 

subdomains (residues 333 to 778); and the C-terminal “bracelet” domain (residues 779 to 

1089) (Figure 3A) (Lu et al., 2008). The N- and C-terminal domains enclose the central 

polymerase domain to create a buried active site. This is a highly conserved structure, not 

only among all other members of Reoviridae, but also among all RNA viruses (McDonald 

et al., 2009). For RVs, as well as all members of Reoviridae, the RdRp functions only in 

the presence of the core shell protein, therefore the polymerase is found closely associated 

with the core shell. To better understand the orientation of VP1 against the core shell, VP2, 

the core shell structure must first be discussed.   

The RV core shell is composed of the viral protein VP2 and forms a T=1 

icosahedron. However, this is somewhat of a misnomer as the asymmetric unit is actually 

a dimer, leading many to refer to the core shell as a T=2 icosahedron, an exception to the 

quasi-equivalence theory (Caspar and Klug, 1962). The entire core shell is composed of 

120 monomers of VP2. Ten of these monomers make up a flower shaped unit called a 

decamer, and it is this structural subunit that VP1 is found to associate with (Figure 3B) 

(Ding et al., 2019). There are 12 decamers in the entire VP2 core shell, and 11-12 of these 

decamers have a copy of VP1 bound slightly off-center of the five-fold axis. Most data on 

Reoviridae members indicate that the number of RdRp copies correlates with genome 

segment number (Liu and Cheng, 2015; Zhang et al., 2015). If this is the case, then RV 
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would have 11 copies of VP1. However, it has recently been shown that one Reoviridae 

member has one more RdRp than segment number (Kaelber et al., 2020). Although some 

structural data suggests RV has only 11 copies of VP1, the data are not clear (Ding et al., 

2019; Jenni et al., 2019).  

Despite debate about the number of copies of VP1 in a single RV virion, it is still 

obvious that VP1 is only found at the five-fold axis of a VP2 decamer. The VP2 decamer 

is composed of two different conformers of VP2 that are chemically identical. The first is 

called VP2 type A (VP2-A), which converges tightly around the five-fold axis; and the 

second conformer is VP2 type B (VP2-B) which intercalates between VP2-A monomers. 

A single VP2-A and VP2-B make up the asymmetric unit of the VP2 core shell and are the 

components of a VP2 dimer. A monomer of VP2 can be further broken down into its two 

different domains: the N-terminal domain (NTD) and the scaffold domain. The NTD makes 

up approximately the first 100 residues of a VP2 monomer. Each monomer only has, at 

most, 40 residues resolved in the known structure. This leaves at least 60 residues for each 

120 monomers of VP2 unaccounted for structurally. The scaffold domain, on the other 

hand is well resolved and makes up the thin plate-like structure that forms the shell of the 

VP2 capsid. Both of these domains of VP2 make extensive contacts with VP1, which is 

the topic of the next section (Figure 4) (Ding et al., 2019). 
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Figure 3: RV RdRp VP1 structure and organization against VP2. (A) Shows a linear 
cartoon schematic of the domains and subdomains of VP1. Below shows the structure of 
VP1, colored the same at the linear schematic (PDB 2R7Q, made in Chimera). (B) 
Decameric view of VP2 with a single VP1 slightly off center of the five-fold axis (PDB 
6OGY, made in Pymol).  
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Figure 4: RV VP2 domains and orientation against VP1. (A) Shows a linear cartoon 
schematic of the domains of VP2. (B) Shows the structure of VP1, colored in grey, with 
portions of four VP2 NTDs colored in yellow. Above indicates the amino acids (aa) visible 
for each monomer. (C) Same as (B) only with four scaffold domains visible (PDB 6OGY, 
made in Chimera). 
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Known Polymerase and Core Shell Interactions of RV 

There are many VP1-VP2 contacts that can be seen in the known structures of RV, 

some of which appear to be conserved among all Reoviridae members. These interactions 

are thought to be closely associated with function since the RdRp is inactive without the 

core shell. Therefore, these structures lead to hypotheses of potential functions of the core 

shell in regulating RdRp activity. For example, the C-terminal bracelet domain of the RdRp 

has been shown to interact with the core shell in multiple Reoviridae members, as well as 

change conformations between transcribing and non-transcribing structures. For RV, the 

non-transcribing subunit exhibits interactions between an amphipathic helix in the VP2 

NTD and extreme C-terminus of VP1, known as the C-terminal plug (Figure 5A) (Ding et 

al., 2019). When the VP2 NTD helix is present, the C-terminal plug of VP1 is stabilized 

inside the template exit channel. It is hypothesized that this could hinder RNA synthesis 

since the template exit channel is blocked. However, in transcribing subunits, the VP2 NTD 

helix is disordered and the C-terminal plug no longer blocks template exit, theoretically 

allowing RNA synthesis to begin (Figure 5B) (Ding et al., 2019). This same helix of a 

different VP2 monomer also interacts with the N-terminal domain of VP1; in the non-

transcribing unit, the helix is absent from the structure, but appears in the transcribing unit 

near the VP1 N-terminal domain (Ding et al., 2019). It should be noted though, that in other 

studies, this VP2 helix is interpreted as residues of the capping enzyme (Jenni et al., 2019). 

Despite the questionable role of interactions between the VP2 NTD and the VP1 N-

terminal domain, those between the VP2 NTD and the VP1 C-terminal domain are concrete 

and lend credence to the hypothesis that the VP2 NTD regulates the activity of VP1 both 

by activating and inhibiting. There are also global conformational changes in the VP1 C-
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terminal helix bundle which appear to help split the nascent +RNA and the –RNA template 

during transcription, however the role of the core shell protein in this is unclear (Ding et 

al., 2019; Jenni et al., 2019).  

Despite the great deal of structural evidence, there are limited in vitro assays 

currently available to study the functional role of the core shell proteins and their 

interactions. However, the RV field is fortunate to have the only highly regulated in vitro 

assay emulating the replication activity of VP1. The RV replicase assay is an in vitro assay 

that consists of the minimal components necessary for dsRNA synthesis by recombinant 

(r) VP1, including the purified, recombinant core shell protein, rVP2 with the quantifiable 

output of this assay being radioactive dsRNA. Other purified RdRps like orthoreovirus, 

blue-tongue virus, and cytoplasmic polyhedrosis virus have shown the ability to synthesize 

RNA, but all in an unregulated fashion. The RV assay recapitulates core shell mediated 

RdRp activation, such that rVP1 requires the rVP2 core shell to synthesize dsRNA in vitro, 

making this assay an invaluable platform to perform mutagenic studies on both the core 

shell and the RdRp. To date, chimeric and truncation mutagenesis have shown that the 

rVP2 NTD is necessary for rVP1 activation, while the scaffold domain is important for 

strain specificity (S. M. McDonald and Patton, 2011). Three truncation mutants of the rVP2 

NTD were synthesized. The first mutant had residues 1-10 deleted (D10), the second 

deleted residues 1-36 (D36), and the last deleted the entire NTD (D102). When these mutant 

rVP2 proteins were used in the replicase assay, D10 showed a significant reduction in its 

ability to activate the dsRNA synthesis activity of rVP1. The dsRNA was even lower for 

D36 and completely ablated for the D102 mutant. This showed that the rVP2 NTD is 

necessary for rVP1 dsRNA synthesis activity (S. M. McDonald and Patton, 2011). 
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However, the loss of dsRNA synthesis seen following truncation of the entire core shell 

NTD could be attributed to ablated rVP1 binding. In order to test whether or not rVP1 

binding was the cause of lowered rVP1 enzymatic activity, virus-like particles (VLPs) were 

used. VLPs in the context of RVs are formed by rVP6 and rVP2, appearing similar to DLPs 

but without a genome. VLPs are formed through over-expression of recombinant viral 

proteins and can be purified on a CsCl gradient. These truncation mutants were then tested 

for their ability to encapsidate rVP1 into VLPs. The D10 mutant retained its ability to 

encapsidate rVP1, while the D102 mutant lost this ability. While downstream elements of 

the rVP2 NTD are important for encapsidation and could account for some of the ablated 

rVP1 enzymatic activity, this is not the case for the D10 mutant. While this mutant activated 

rVP1 significantly less than wild type rVP2, it was clearly still able to bind rVP1, meaning 

this loss of function phenotype must be caused by other reasons than simple lack of binding. 

It has been proposed that this region of the rVP2 NTD may somehow cause conformational 

changes in rVP1, allowing it to become active. However, the rVP2 NTD has been shown 

to strongly bind RNA, therefore the role of this region in RNA binding cannot be eliminated 

as a possibility for this loss of function (Labbe et al., 1994).  
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Figure 5: VP2 NTD interaction changes in non-transcribing versus transcribing structures. 
Shows VP1 colored in grey and multiple copies of the VP2 NTD colored in yellow. (A) The structure 
of the non-transcribing unit. VP2 NTD helix highlighted in red box which potentially blocks template 
exit (PDB 6OGY, made in Chimera). (B) Shows same region for the transcribing unit, but with the 
same helix no longer present to block template exit (PDB 6OGZ, made in Chimera). 
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In vitro replicase assay to study VP1-VP2 functions 

 In order to study the protein-protein interactions of RV VP1 and VP2, multiple in 

vitro assays are utilized. Both the in vitro dsRNA synthesis assay as well as assembly of 

VLPs all require recombinant baculoviruses and their protein expression system. Unlike 

all of the viruses discussed in earlier sections, baculoviruses are circular, dsDNA viruses. 

This diverse group of viruses infects a variety of insect hosts, the most common of which 

are larva from the order Lepidoptera (moths and butterflies) (Clem and Passarelli, 2013). 

Initially baculoviruses were studied for their applications in agriculture and pest control, 

but these viruses were quickly employed for their utility as molecular biology tools 

(Summers, 2006). One of the most common uses of baculoviruses are their use as a 

eukaryotic protein expression vector. Insect cell cultures can be infected with baculoviruses 

containing genes of interests in order to over express the foreign protein (Airenne et al., 

2013). The most commonly used cells in this system originate from the ovary of fall army 

worms, Spodoptera frugiperda, of which one clonal isolate, Sf9, are commonly used. 

Expression of recombinant baculoviruses in Sf9 cells is an efficient way of purifying 

eukaryotic proteins (Arunkarthick et al., 2017). However, a great deal of modification to 

this system was required before it could be robustly utilized like it is now. The first 

adaptation was linearizing the circular baculovirus DNA using endonucleases, which 

enhanced recombination events (Kitts et al., 1990). Other adaptations were added later on 

in order to select against non-recombinant baculoviruses. For example, the BaculoDirect 

system used in this study introduced both lacZ and a herpes virus negative selection 

cassette. This allowed for non-recombinants to be selected against using ganciclovir, while 

lacZ provided a means for visualizing the efficacy of negative selection (Kost et al., 2005). 
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This cell culture system still comes with some pitfalls. One such issue is the creation of 

defective interfering (DI) particles. Studies show that upon multiple passages of 

recombinant baculovirus stocks, inserted genes of interest become spontaneously deleted 

(Pijlman et al., 2003, 2001). Accumulation of these DI particles interfere with recombinant 

protein expression. Understanding baculovirus biology is critical for troubleshooting 

difficulties experienced in the protein expression system. 

      

Research Aims 

 The goals of this body of work were to: (i) identify amino acid residues in the rVP2 

NTD required for rVP1 activation and dsRNA synthesis in vitro, and (ii) optimize methods 

for expressing and purifying rVP2 using baculoviral vectors. The information gleaned from 

this project not only shows a more in-depth comprehension of which residues of the rVP2 

NTD are important for rVP1 activation, but it optimizes methods, leading to a stream-lined 

and more efficient system by which to quickly collect these data. Understanding the 

mechanism by which the RV polymerase is activated by its core shell could inform the 

mechanisms of other members of the Reoviridae family with less established in vitro 

methods of testing. Overall, this body of work not only adds to the tool kit of the McDonald 

Esstman lab, but also fills gaps in knowledge of the field as a whole.       
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METHODS 

Amino Acid Sequence Alignment 

 In order to determine conserved amino acid residues in the VP2 NTD to target for 

mutagenesis, multiple amino acid sequence alignments were generated. Sequences of 

group A rotaviruses (RVAs) were obtained using the National Center for Biotechnology 

Information (NCBI)’s amino acid database for at least one representative strain from each 

genotype. Accession numbers for strain sequences used can be found in the appendix. 

Geneious Pro v10.2.3 (BioMatters) software was used to align amino acid sequences using 

the CLUSTALW cost matrix. Residues conserved across mammalian strains were chosen 

as candidates for mutagenesis.   

 

Cell Culture 

 Four different insect cell lines were used, all of which were modified Spodoptera 

frugiperda 9 (Sf9) cells from different companies. The first Sf9 line was obtained from 

Invitrogen and maintained in complete Grace’s medium (Gibco) supplemented with 10% 

heat-inactivated fetal bovine serum (HI-FBS) (Atlanta Biologicals), 100 U/mL penicillin, 

100 µg/mL streptomycin (Gibco), and 0.5 µg/mL amphotericin B (Gibco). The second Sf9 

line was Sf9 TriEx cells (Millipore). TriEx cells were maintained in TriEx medium 

(Millipore) containing no extra supplements. The third Sf9 line were Sf9 Novagen cells 

(Millipore). Novagen cells were maintained in SF900 III SFM (Gibco) medium 

supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, and 0.5 µg/mL 

amphotericin B. All three of the aforementioned lines were maintained in both adherent 

and shaker flasks. In adherent flasks cells were split at a dilution of 1:2 once reaching 
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approximately 90% confluence every 4-5 days. Cells maintained in shaker flasks were 

assessed for density and viability every day using CountessTM II FL Automated Cell 

Counter (Life Technologies) with EVETM disposable cell counting slides (NanoEnTek). 

Cells were split to a density of 0.8 × 106 cells/mL every 3-4 days and supplemented with 

1% Pluronic F-68 (Invitrogen) to reduce cell shearing.  

  The final Sf9 line was Sf9 easy titer (Sf9-ET) cells containing a stably transfected 

eGFP plasmid. Sf9-ET cells were maintained in accordance with the manufacturer’s 

protocol (Kerafast) in SF900 III SFM supplemented with 0.15 M trehalose and 50µg/mL 

of Geneticin (G418) (ThermoFisher). Cells were maintained in shaker only. Density and 

viability were assessed as described above for Sf9 cells. Cells were split to a density of 1.0 

× 106 cells/mL every 5-6 days. After approximately three passages cells were grown to a 

density of 5.0 × 106 cells/mL and frozen down in 90% growth media, 10% DMSO, and 

0.15 M trehalose. 

 

Generation of Mutant rVP2 Entry Vector Constructs 

 Mutant entry vectors were generated as described in Steger, et al. utilizing a 

previously created pENTR-1A vector containing the non-codon optimized wild type 

rVP2 insert. Single- and multipoint rVP2 mutants were synthesized using outward PCR 

and site-directed mutagenesis. 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 non-codon optimized rVP2 as the 

template. Mutagenic primers are listed in Table I. PCRs were treated with DpnI (New 

England BioLabs) to remove methylated template, and cDNAs were gel purified prior 
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to ligation using T4 DNA ligase (New England BioLabs and Invitrogen). All final 

pENTR-1A entry vector clones were sequenced across the entire rVP2-coding regions 

prior to generation of recombinant baculovirus. 

Table I. Primer sequences for SA11 rVP2 NTD mutagenesis 

Primer Sequence 
R4A-Forward 

 

GCGCGTCGTGAGACGAATCTA 
 

R4A-Reverse  
 

TCCACGTTTTGCATACGCCAT 
 

K5A-Forward 
 

GGCGTATCGAGCACGTGGA 
 

K5A-Reverse 
 

ATTGAGCCTTTAATAGCCTATAGTG 
 

R6A-Forward 
 

GGCGTATCGAAAAGCTGGAGCG 
 

R6A-Reverse 
 

ATTGAGCCTTTAATAGCCTATAGTG 
 

R4A/K5A-Forward 
 

GGCGTATGCAGCACGTGGAGC  
 

R4A/K5A-Reverse 
 

ATTGAGCCTTTAATAGCCTATAGTG 
 

K5A/R6A-Forward 
 

GGCGTATCGAGCAGCTGGAGCGC 
 

K5A/R6A-Reverse 
 

ATTGAGCCTTTAATAGCCTATAGTG 
 

R4A/R6A-Forward 
 

GGCGTATGCAAAAGCTGGAGC 
 

R4A/R6A-Reverse 
 

ATTGAGCCTTTAATAGCCTATAGTG 
 

R4A/K5A/R6A-Forward 
  

GCGTCGTGAGACGAATCTAAAACAAGATGA 
 

R4A/K5A/R6A-Reverse 
 

GCTCCTGCTGCTGCATACGCCAT 
 

11D36-Forward 
 

CAATTATCAGAAAAAGTATTATCTAAGAAAGAA 
 

11D36-Reverse 
 

ACGACGCGCTCCACGTTTTCGATACGCCAT 
 

Q73A-Forward 
 

GAATCGAAAGCGTTGTTAGAAGTACTTAAA 
 

Q73A-Reverse 
 

AACTTCTTTTTGATGTTCCTCTTTTGT 
 

L78A-Forward 
 

AGAAGTAGCTAAAACAAAAGAGGAACATCAAA 
 

L78A-Reverse 
 

AACAACTGCTTCGATTCTTCTTTATTA 
 

Q73A/L78A-Forward* 
 

GAAGAATCGAAAGCGTTGTTAGAAGTA 
 

Q73A/L78A-Reverse* 
 

TTTATTAGATTTTTTTACCTCATCAGATAT  
 

L78A/E81A-Forward 
 

AGAAGTAGCTAAAACAAAAGAGGCACATCAAA 
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L78A/E81A-Reverse 
 

AACAACTGCTTCGATTCTTCTTTATTA 
 

Q73A/L78A/E81A-Forward* 
 

GAAGAATCGAAAGCGTTGTTAGAAGTA 
 

Q73A/L78A/E81A-Reverse* 
 

TTTATTAGATTTTTTTACCTCATCAGATAT 
 

*Indicate primers used on vectors already containing at least one mutation 

 

Sequencing of rVP2 Mutant Vectors 

 Following the site-directed mutagenesis protocol listed above, ligated vectors were 

transformed into Top 10 chemically competent E. coli (Invitrogen) using heat shock. 

Bacteria were then plated on media containing Luria Broth (LB) base (Invitrogen), 

bacteriological agar (Millipore), and the selective antibiotic kanamycin 50 µg/mL 

(Invitrogen). Colonies were picked and grown out in 3 mL of a media suspension composed 

of LB and kanamycin 50 µg/mL overnight. Entry vectors in the culture were purified using 

the Promega Mini Prep Kit (ThermoFisher) and DNA content was analyzed using the 

NanoDrop 2000c spectrophotometer. Vector and primers were sent to Eton BioScience for 

Sanger sequencing. Three independent reads over the entire open reading frame of rVP2 

mutants was required before created a recombinant baculovirus.  

 

Generation of Recombinant Baculoviruses 

 The BaculoDirect expression system (Life Technologies) was used in accordance 

with the manufacturer’s protocol to prepare recombinant baculoviruses expressing mutant 

rVP2. Briefly, the rVP2-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 Invitrogen Sf9 cells using Cellfectin reagent 



22 
 

(Life Technologies), and recombinant baculovirus was harvested from selective medium 

containing 100 μM ganciclovir.  

 

Growth of High Titer Viral Stocks 

High titer stocks (HTS) of recombinant baculoviruses were obtained by infecting 

TriEx or Invitrogen Sf9 shaker cells at a density of 1.0 × 106 cell/mL with 1 mL of 

baculovirus stock (at least passage 2) for every 25 mL of cells. Infections continued for 

approximately 4-6 days or until cell count viability was below 50%. Once below 50% 

viable, cell suspensions were collected in 50 mL conical tubes and centrifuged for 5 

minutes at 2,000 ´ g to pellet cell debris. The supernatant containing the baculovirus was 

then transferred to a fresh 50 mL conical tube and supplemented with 10% HI-FBS (TriEx 

cells only) for long term storage at 4°C. All samples were also covered in aluminum foil 

due to the light sensitivity of baculoviruses.    

 

b-Galactosidase Staining of Infected Sf9 Cells 

 To test whether baculovirus stocks contained non-recombinant contaminating 

viruses, a b-Galactosidase staining assay was developed. First, a positive control, non-

recombinant baculovirus was synthesized using a slightly modified version of the 

BaculoDirect expression system manufacturer’s protocol. Briefly, BaculoDirect C-term 

linear DNA was transfected using Cellfectin ointo Invitrogen Sf9 cells without being 

treated with LR II clonase or 100 µM ganciclovir. HTS were created as described above. 

A negative control was also prepared for this assay by growing stocks from the non-

recombinant positive control in the presence of 100 µM ganciclovir. For staining assays, 1 
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mL of TriEx Sf9 cells at a density of 0.2 × 106 cells/mL were plated on 24-well plates 

(Falcon) and allowed to adhere for 20 minutes. Next, 2.5 µL of either media, positive 

control, negative control, or recombinant baculovirus stocks were added to each well. The 

plate was then placed in a bag with a damp paper towel to prevent cell drying, and infection 

proceeded for 3 days at 28°C. After 3 days, 150 µg/mL of X-Gal solution 

(ThermoScientific) was added to the media and color documented after 1 hour. 

 

Quantification of Viral Stocks via Sf9-ET Cells 

 In order to determine the titer of baculovirus stocks, serial dilutions were performed 

on baculovirus stocks of interest. For each stock, a dilution series of 10-1 to 10-9 was 

conducted in at least 5 replicates. Dilutions were then added to Sf9-ET cells plated at a 

density of 0.5 ´ 106 cells per well of a 24-well plate (Falcon). Infections proceeded for 72 

hours and wells were then scored as either positively or negatively expressing GFP. 

Infected cells were imaged using an Echo Revolve microscope. More than one cell had to 

be expressing GFP for a well to be scored positive. Using a similar method as end-point 

dilution, the dilution at which 50% of the wells were positive and 50% were negative for 

GFP was the dilution used to calculate approximate plaque forming units (PFUs) per mL 

to yield an approximate titer.   

 

Purification of rVP1 and rVP2 

 His-tagged rVP1 and untagged rVP2 proteins were expressed and purified as 

described in McDonald and Patton, 2011. Briefly, rVP1 was first expressed in Sf9 cells in 

T150 adherent flasks (Corning and CellStar). Sf9 cells were plated at a density of 2.0 × 107 
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cells/flask and allowed to adhere for approximately 20 minutes. Excess media was then 

aspirated off the cells and replaced with 3 mL of SA11 rVP1 HTS which was rocked over 

the cells for 1 hour. After 1 hour 17 mL of complete Grace’s media was added and flasks 

were placed at 20°C for 4 days to allow recombinant protein expression. After expression, 

infected cells were then scraped and transferred into 50 mL conical tubes (Corning). Cells 

were spun down at 470 × g and washed twice with 10 mL of 1 ´ PBS (Invitrogen). Next, 

the cells were resuspended in 10 mL of VP1 lysis buffer (25 mM NaHPO4, 200 mM NaCl 

[pH7.8]) with EDTA-free protease inhibitor cocktail (Roche), and sonicated. The insoluble 

fraction was removed by centrifugation at 15,000 × g for 10 min at 4°C, and His-tagged 

rVP1 was recovered from the soluble fraction by incubation with cobalt resin (Talon) for 

1.5 h at 4°C. The purified rVP1 proteins bound to resin were washed using lysis buffer and 

then eluted in 250 μL lysis buffer containing 300 mM imidazole. Purified rVP1 

preparations were dialyzed against low-salt buffer (LSB) (2 mM Tris-HCl [pH 7.5], 0.5 

mM EDTA, 0.5 mM dithiothreitol) using Slide-A-Lyzer® Dialysis Cassettes (Thermo 

Scientific). 

 rVP2 was expressed in Sf9 cells in shaker flasks (Corning and ThermoFisher). Sf9 

cells were split to a density of 1.0 × 106 cells/mL in 62.5 mL. Then 6.5 mL of either SA11 

rVP2 or mutant rVP2 HTS was added to the cells. The cells were then left in a 28°C 

incubator shaking at 115 rpm for 3 days to express protein. During each day of expression 

aprotinin and leupeptin were added at a concentration of 100 µg/mL to each sample. To 

prepare VP2 proteins, infected cells were washed twice with cold 1 ´ PBS (Invitrogen) and 

resuspended in 25 mL of cold LSB. Cells were lysed by the addition of deoxycholic acid 

(DOC) to a 1% final concentration and by sonication. The rVP2 proteins were pelleted 
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through a 5-ml cushion of 35% sucrose in LSB by centrifugation at 80,000 × g for 90 min 

at 10°C. Purified rVP2 proteins were resuspended in 500 µL of LSB containing 1 × 

complete protease inhibitor (Roche) and stored at 4°C.  

Purified rVP1 and rVP2 proteins were maintained at 4°C in LSB until their use, and 

they were assessed for quality and relative quantity versus Precision Plus protein 

kaleidoscope prestained protein standards (Bio-Rad) in 10% SDS-PAGE Coomassie blue 

stained (Thermo Scientific). 

  

Synthesis of g8 +RNA Template 

 To generate cDNA templates containing authentic 5′ and 3′ ends for T7 promoter-

driven in vitro transcription, PCR was performed by using Accuprime Pfx Supermix 

(Invitrogen) and pSP65g8R as a template. The PCR-amplified cDNA was extracted twice 

with phenol-chloroform-isoamyl alcohol and once with chloroform and precipitated using 

isopropanol, prior to serving as a template for the T7 MEGAscript transcription system 

(Ambion) according to the manufacturer’s instructions. The SA11 gene 8 products of 

transcription reactions were cleaned by using phenol-chloroform-isoamyl alcohol 

extraction and Quick Spin RNA minicolumns (Roche and Invitrogen). The RNA quantity 

and quality was assessed by electrophoresis in 7 M urea-5% polyacrylamide gels stained 

with SYBR-Gold (Invitrogen) and compared to standards with known concentrations. 

 

In Vitro dsRNA Synthesis Replicase Assays 

In vitro replicase assays were performed as described previously (Steger et al., 

2019). Briefly, each 20 μL reaction mixture contained 2 pmol rVP1, 8 pmol rVP2, 
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8 pmol SA11 gene 8 +RNA, 50 mM Tris-HCl (pH 7.5), 1 μL of 30% polyethylene glycol 

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 0.5 μCi 

[32P]aUTP (3,000 Ci/mmol; PerkinElmer). Reactions proceeded at 37°C for 3 h. The 

32P-labeled dsRNA products of the reaction were electrophoresed in 10% SDS-PAGE 

and visualized using a GE Amersham Typhoon phosphorimager. A minimum of 2 

replicate experiments were performed from 3 batches of independently purified 

recombinant proteins (n = at least 6 replicates total). Quantification of images obtained 

using the phosphorimager was completed using ImageJ 2.0v. One-sample t tests of the 

mean were performed for each data set using Smith’s Statistical Package 2.80v. P values 

of < 0.005, in comparison to the 100% set value of wild-type SA11 rVP2, were 

considered statistically significant. Figure images were generated by using Adobe 

Photoshop 9.0 and Adobe Illustrator 12.0. 

 

Centrifugal Filtrations of rVP2 Protein Preps 

 To clarify rVP2 protein preps Amicon® Ultra -4 Centrifugal Filters 

(ThermoFisher) were utilized with both 50 kDa and 100 kDa molecular cut off weights. 

For initial screening, heterogeneous rVP2 proteins in low salt buffer (250 µL) were added 

to the 50 kDa centrifugal filters. Next, each sample had an extra 250 µL of low salt buffer 

added to speed up the centrifugation as well as to ensure the same concentration of proteins 

post centrifugation. Samples were spun at 2000 × g for approximately 20 minutes for 

samples to spin back to the original sample volume of 250 µL. Samples were removed 
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from centrifugal filters and assessed for quantity and quality of proteins on a 10% SDS-

PAGE and stained via Coomassie blue.  

 Centrifugal filtration was then performed in conjunction with different detergents 

and heat in an attempt to solubilize contaminating bands. In this case, 100 kDa centrifugal 

filters were utilized. One rVP2 prep was separated into eight individual 1.5 mL 

microcentrifuge tubes of equal volume. Treatments were first divided into two groups: 

those incubated at room temperature and those incubated at 37°C. Each of these two groups 

contained four subgroups of treatment: untreated (LSB), 2 M NaCl, 10% CHAPS, or 1% 

DOC/0.1% SDS. All eight samples were pelleted at max speed (16000 × g) for 10 minutes. 

The supernatant was removed, and each pellet was resuspended in 500 µL of one of the 

four treatments. Half of the samples were incubated at room temperature, while the other 

half was incubated at 37°C for 30 minutes. All samples were inverted approximately every 

5 minutes. Finally, samples were added to the centrifugal filters and spun in the same 

manner as above, but samples were spun down to approximately 50 µL. Samples remaining 

above the filter were extracted and placed in fresh 1.5 mL microcentrifuge tubes. These 

samples were pelleted as before and resuspended in low salt buffer. Samples of the flow 

through were also collected for protein analysis. Quantity and quality of proteins were 

analyzed via 10% SDS-PAGE and Coomassie staining.  

 

Virus Like Particle (VLP) Synthesis 

 SA11 VLPs were generated as described by Boudreaux et al. VLPs were generated 

by Sf9 cell expression of rVP1, rVP2, and rVP6 (1/2/6 VLPs) in TriEx cells. Wild type 2/6 

and wild type 1/2/6 VLPs were generated along with the following 1/2/6 mutant rVP2 
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VLPs: D102, 11D36, R4A/K5A/R6A, and R4A/K5A. Briefly, VLPs that were released into 

the medium following a 5-day baculovirus infection were first concentrated by pelleting 

through a 35% sucrose cushion in TNE buffer (20 mM Tris [pH 7.4], 50 mM NaCl, 1 mM 

EDTA) for 2 h at 80,000 × g at 4°C. The protein pellet was resuspended in TNE buffer 

containing complete protease inhibitor tablets (Roche), and VLPs were further purified by 

isopycnic centrifugation in cesium chloride (density, 1.28 to 1.31 g/cm3) for at least 16 h 

at 110,000 × g and 10°C. Visible protein bands were collected in 500 µL fractions from 

each gradient and repelleted for 2 h at 80,000 × g and 4°C. VLP preparations were 

electrophoresed in 10% SDS-PAGE and silver stained as well as immunoblotted.  

 

Immunoblotting 

Immunoblotting was performed on purified recombinant proteins denatured 1:1 in 

2 × Laemmli Sample Buffer (Bio-Rad) with 5% 2-mercaptoethnaol at 95°C for 10 minutes. 

Proteins were separated on 10% SDS-PAGE at 135 V for 75 minutes. Proteins were 

transferred to nitrocellulose membranes at 100 V for 2 hours in cold transfer buffer (25 

mM Tris, 190 mM glycine, and 20% methanol). Membranes were blocked in Tris-

buffered saline with Tween 20 (TBST) (20 mM Tris, pH 7.5; 150 mM NaCl; and 0.1% 

Tween-20) with 5% dry, non-fat Carnation milk at room temperature for 1 hour on a 

platform rocker. Primary antibodies differed for each experiment. For the immunoblot 

of rVP2, the primary antibodies used were guinea pig antibodies against rVP2 and open 

cores either generously provided by John Patton (Indiana University) or purchased 

online. For VLPs, primary guinea pig antibodies against open cores and VP6, were either 

generously provided by John Patton (Indiana University) or purchased online. These 
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primary antibodies were used at a 1:1,000 dilution in TBST with 5% milk and incubated 

with respective membranes for 1 hour on a platform rocker. Membranes were washed 3 

× for 5 minutes with TBST at room temperature on a platform rocker. An anti-guinea 

pig horseradish peroxidase-conjugated secondary antibody (ThermoFisher) was used at 

1:10,000 in TBST with 5% milk and incubated with membranes at room temperature for 

30 minutes on a platform rocker. Membranes were again washed 3 × for 5 minutes with 

TBST at room temperature on a platform rocker prior to a 5-minute incubation with 1:1 

mixtures of Pierce ECL Detection Reagents 1 Peroxide Solution and 2 Luminol 

Enhancer Solution (Invitrogen) and subsequent imaging using an Amersham Imager 600 

(GE Healthcare). For VLPs, there appeared to be a non-specific band at the size of rVP1, 

therefore the blot what stripped and reprobed with a primary guinea pig antibody against 

rVP1. To strip the immunoblot, the membrane was incubated in stripping buffer (100 

mM Beta-Mercaptoethanol; 2% SDS; and 62.5 mM Tris-HCL, pH 6.8) at 50ºC for 1 

hour total, with the membrane flipped in the middle of the incubation. The membrane 

was then blocked and antibodies were added and imaged the same way as listed above.  

 

Coomassie Staining 

 All samples prepared for Coomassie staining were denatured 1:1 in 2 × Laemmli 

Sample Buffer (Bio-Rad) with 5% 2-mercaptoethnaol at 95°C for 10 minutes and run in 

10% SDS-PAGE electrophoresed at 135 V for 75 minutes. Next, gels were fixed for 20 

minutes in gel fixative (40% 200 proof molecular grade ethanol, 10% glacial acetic acid, 

50% H2O). Gels were then washed for 5 minutes 3 times with warm ultrapure water. 

Then, the Coomassie stain, GelCodeTM Blue Stain (Thermo Scientific), was added for at 
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least 1 hour. Gels were then destained with ultrapure water until background gel was 

clear. All steps were conducted while gently rocking the gel at room temperature. Gels 

were analyzed using the Amersham Imager 600 or taking pictures of gels on a light box.  

 

Silver Staining 

 For silver staining, the SilverQuest kit (Thermo Fisher) was used on 10% SDS-

PAGE gels that were electrophoresed at 135 V for 75 minutes. The gels were then fixed 

with gel fixative (40% 200 proof molecular grade ethanol, 10% glacial acetic acid, 50% 

H2O) for 20 minutes with gentle rotation. Fixative was then removed, and the gels 

washed in 30% ethanol for 10 minutes. Ethanol was decanted, and 100 mL of Sensitizing 

solution washed the gel for 10 minutes. This solution was removed and new 30% ethanol 

was added again for 10 minutes. Next, the gels were washed in ultrapure water for 10 

minutes, and then incubated with 100 mL of Staining solution for 15 minutes. Then the 

Staining solution was removed, and the gels were washed with ultrapure water for no 

more than 1 minute. Gels were then incubated with 100 mL of Developing solution for 4-

8 minutes or until bands begin to appear at the desired intensity. 10 mL of Stopper was 

then immediately added directly to gels still immersed in Developing solution. Gels were 

gently agitated for 10 minutes in this solution, and solution was decanted after the 

solution turned from pink to colorless. Finally, the gels were washed for 10 minutes in 

ultrapure water and imaged using the Amersham Imager 600.    
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RESULTS 

Conserved Residues of VP2 NTD Among Disparate RV Strains 

 In order to understand specific residues of the VP2 NTD that are involved in 

supporting dsRNA synthesis by VP1, mutagenesis was employed. However, in order to 

rationally design single- and multi-point mutants, the first step was identifying conserved 

residues. To determine these sites, a multiple amino acid sequence alignment was 

generated using mammalian RVA strains. Amino acid sequences of representative 

genotypes were downloaded from the NCBI protein database, and these sequences were 

aligned using Geneious software. Areas of interest were separated into three different 

regions of the VP2 NTD based on truncation mutants previously published on the simian 

RV strain SA11 (S. M. McDonald and Patton, 2011). Region 1 consists of the first 10 

amino acids, Region 2 was amino acids 11 to 36, and Region 3 was the rest of the NTD 

amino acids 37 to 102. There were many highly conserved residues in Region 1 and 3, 

while Region 2 was hypervariable among strains (Figure 6). For Region 1, completely 

conserved, positively charged residues were chosen to mutate to alanine: R4, K5, and R6. 

All single, double, and triple alanine mutant variations of these residues were generated. 

Since Region 2 was a hypervariable region, and therefore not amenable to site-directed 

mutagenesis, an internal deletion of this region was constructed. For Region 3, high 

resolution in situ structural data was used to design these mutants (Ding et al., 2019; Estrozi 

et al., 2013; Jenni et al., 2019). Three conserved residues that appeared to be close to the 

viral polymerase in the known structure of Region 3 were chosen to mutate to alanine both 

alone and in combination: Q73, L78, and E83 (Figure 7) (Ding et al., 2019). It is important 
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to note that Q73 and L78 are part of the amphipathic helix that appears to function as a 

transcriptional regulator in the known structure (Ding et al., 2019).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6: Amino acid sequence alignment of representative RV strains demonstrating strain conservation 
and variability. RV host strain is listed to the left of the alignment. The first sequence is the wild type backbone 
utilized throughout figures. Residues in black denote conserved residues. Red residues indicate residues chosen 
to either be mutated to alanine, or internally deleted.  
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Figure 7: Sites of structure-based alanine point-mutagenesis. VP1 is colored in grey, and 
yellow residues correspond to the structurally resolved portions of three separate VP2 NTDs. 
Residues chosen to mutate to alanine are colored in black and labeled (PDB 6OGY, made in 
Chimera).  
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Thirteen rVP2 NTD Mutants Successfully Made into Recombinant Baculovirus 

 Once sites of interest were determined by the above methods, site-directed 

mutagenesis was carried out. The previously created entry vector, pENTR-1A SA11 VP2 

non-codon optimized, was used as a template for the generation of all mutant vectors. In 

the case of some double and triple mutants, single mutant vectors were used as the template. 

5¢-phosphorylated, non-overlapping primers were generated, and outward PCR was 

conducted utilizing the high fidelity Accuprime Pfx polymerase. The mutant entry vectors 

were then sequenced across the entire open reading frame of rVP2 to ensure the proper 

mutation was introduced, as well as verifying no other mutations had been incorporated 

due to PCR error. Those entry vectors were then recombined with linear baculovirus DNA 

to create a recombinant baculovirus expressing the mutant rVP2. The following table lists 

the recombinant baculoviruses that were synthesized for this project (Table II). 

 

Table II. Mutant rVP2 NTD recombinant baculoviruses synthesized 

Region 1 R4A K5A R6A R4A/
K5A 

K5A/
R6A* 

R4A/
R6A 

R4A/
K5A/
R6A 

Region 2 11D36       

Region 3 Q73A L78A Q73A/
L78A 

L78A/
E83A 

Q73A/
L78A/
E83A 

  

*Indicate baculovirus that did not express rVP2 
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Initial rVP2 NTD Mutants Replicase Phenotypes  

 Once recombinant baculoviruses were created, mutant rVP2 was purified to screen 

for any differences in rVP1 dsRNA synthesis. These two recombinant proteins are purified 

in different ways (Figure 8). For protein expression, Sf9 cells are infected with a 

recombinant baculovirus either containing wild type rVP1 or wild type/mutant rVP2. 

Infections proceed for several days, after which the infected Sf9 cells are lysed via 

sonication. rVP1 has an engineered 6X histidine tag on its C-terminus and is purified using 

affinity chromatography and is found in the soluble fraction. All rVP2 constructs are 

untagged and purified via differential centrifugation through a sucrose cushion. Due to the 

ability of rVP2 to form multimers de novo, the recombinant protein is purified in the 

insoluble protein pellet. Once wild type rVP1 and all rVP2 proteins of interest are purified, 

the ability of the rVP2 prep to mediate rVP1 dsRNA synthesis can be assessed. The assay 

used to measure rVP1 dsRNA synthesis activity is the replicase assay.  
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Figure 8: Overview of protocol for purifying rVP1 and rVP2. First, recombinant 
baculoviruses are created using a pENTR-1A entry vector and LR clonase in the 
presence of BaculoDirect linear DNA. The recombinant virus is used to infect Sf9 cells 
for several days, and then cells are lysed via sonication. After lysis proteins are purified 
in two different ways. For rVP1, affinity chromatography is used to purify the soluble, 
tagged protein. For rVP2, the untagged protein is purified in the insoluble pellet via 
differential centrifugation.   
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The replicase assay consists of the minimal components necessary for rVP1 to 

synthesize –RNA from a +RNA template; and one of those key components is rVP2 

(Figure 9). An initial screen of only four rVP2 NTD mutants was conducted: R4A, 

R4A/K5A/R6A, 11D36, and Q73A. The mutant rVP2 proteins purified like wild type non-

codon optimized rVP2 and were used in this assay. The intensity of the radiolabeled 

dsRNA that resulted was quantified and normalized to the amount of dsRNA produced 

from the prep containing wild type rVP2 (Figure 10). Seven overall replicates from three 

different biological replicates were quantified using ImageJ. These quantifications 

demonstrated a significant decrease in dsRNA synthesis for preps containing 

R4A/K5A/R6A rVP2 (p < 0.001). Therefore, residues R4, K5, and R6 in combination are 

important for rVP1 capacity to synthesize dsRNA.  

Another interesting mutant was 11D36. This rVP2 mutant was hypothesized to have 

a loss of function phenotype because this hypervariable region was thought to be important 

for spacing Region 1 and Region 2. However, the results showed there was no loss of 

function in this mutant’s ability to activate rVP1 dsRNA synthesis. The two single mutants, 

R4A and Q73A, did not show any significant difference when compared to wild type.  

It is important to note that some rVP2 preps had poor expression. Because rVP2 is 

insoluble, it is easy to concentrate proteins by spinning down protein pellets and removing 

some of the buffer the prep is suspended in. This method was used to normalize some rVP2 

preps. However, this simultaneously concentrates co-purifying (i.e. background) proteins. 

These differences in background protein intensities can be seen in Figure 10A. However, 

despite these differences, clear patterns between biological replicates could be seen and 

were quantifiable for these four mutants. 
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Figure 9: Overview of in vitro replicase assay and experimental rationale. (A) SDS-
PAGE of purified wild type rVP1 and rVP2. (B) Table of minimal reagents required 
for synthesis of dsRNA by rVP1. SDS-PAGE showing 32P-labeled dsRNA in the 
presence of rVP2; no dsRNA is made in the absence of rVP2. (C) Cartoon schematic 
illustrating proposed mechanism of rVP2 activation of rVP1. Wild type rVP2 NTD is 
in yellow, while mutations in this region are represented with black lines. In the absence 
of rVP2 there is no dsRNA synthesis, but with wild type rVP2 there is robust 
production of dsRNA. It is hypothesized that mutated rVP2 NTD will reduced dsRNA 
synthesis (PDB 6OGY, made in Pymol).  
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Figure 10: Initial replicase assay results for four rVP2 NTD mutants. (A) Approximately 
8 pmol purified WT SA11 rVP2 or mutant rVP2 were electrophoresed in a 10% SDS-
polyacrylamide gel and visualized by Coomassie blue stain. A molecular mass (in 
kilodaltons) marker is show to the left. Individual gels represent different biological 
replicates. (B) Radiolabeled dsRNA synthesis products synthesized by 2 pmol of WT rVP1 
in the presence of 8 pmol of WT or mutant rVP2. All reactions contained 8 pmol of RV gene 
8 +RNA template and were incubated at 37ºC for 180 minutes. Radiolabeled dsRNA 
products were resolved in 10% SDS polyacrylamide gels and visualized using a 
phosphorimager. (C) Radiolabeled dsRNA quantified. The results are means from 7 
independent experiments using 3 protein batches seen in (A) and are normalized to WT 
(100%). Error bars represent standard deviations from the mean. A double asterisk indicates 
a P value of <0.001. Non Coop refers to non-codon optimized wild type rVP2. 
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Replicase Assay Variability  

Despite some moderate variability among biological replicates, initial results were 

promising. Thus, the rest of the Region 1 mutants were purified and used in the replicase 

assay. However, these protein preps showed even lower rVP2 expression, coinciding with 

higher background proteins (Figure 11). When these proteins were used in the replicase 

assay, there were highly variable results between biological replicates (Figure 12). In 

particular, non-codon optimized wild type rVP2, K5A, and R4A/K5A showed the ability 

to activate rVP1 in some protein preps but not in others. It was especially problematic that 

the non-codon optimized wild type rVP2 was showing variable results since quantification 

involves comparison to wild type. If wild type rVP2 poorly activates rVP1, it is possible to 

not detect loss of function mutants with a subtler defect. This wild type rVP2 was also 

expressing at a low level, necessitating concentration of the protein prep, increasing 

background proteins. Previous experiments in the McDonald Esstman lab have shown 

these background proteins can hamper the replicase activity of rVP1, which can be 

overcome by adding increasing amounts of +RNA template (unpublished data). Because 

background proteins have been known to cause issues, the first course of action was to 

identify a way to reduce overall background proteins compared to rVP2 in our preps. 
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Figure 11: Two biological replicates of Region 1 rVP2 NTD proteins.  
Non Coop refers to non-codon optimized wild type rVP2, while Coop 
refers to codon optimized wild type rVP2. (A) and (B) show two 
different, non-normalized biological replicates of rVP2 preps that 
correspond to the following replicase assays. Preps were electrophoresed 
on 10% SDS-polyacrylamide gels and stained with Coomassie blue.  
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Figure 12: Replicase assay results of two biological replicates of rVP2 NTD 
mutants.  Radiolabeled dsRNA synthesis products synthesized by 2 pmol of WT rVP1 
in the presence of 8 pmol of WT or mutant rVP2. All reactions contained 8 pmol of 
rotavirus gene 8 +RNA template and were incubated at 37°C for 180 minutes. 
Radiolabeled dsRNA products were resolved in 10% SDS-polyacrylamide gels and 
visualized using a phosphoimager. (A) and (B) show replicase assay results from two 
separate biological replicates of the same proteins. Red stars indicate samples that 
demonstrated the highest variability between replicates. Non Coop refers to non-codon 
optimized wild type rVP2, while Coop refers to codon optimized wild type rVP2. 
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Heterogeneous Background Proteins in rVP2 Protein Preps  

Since background proteins were most likely causing the problem with 

reproducibility, the first step was to attempt to clean up rVP2 protein preps post-

purification. Amicon® Ultra -4 Centrifugal Filters with a 50 kDa molecular weight cut off 

were used to try and filter out smaller contaminating proteins. Theoretically, any proteins 

less than 50 kDa in size would go through the filter and be removed from the recombinant 

protein preps. This was conducted for wild type rVP2 as well as two rVP2 mutants: K5A 

and R4A/K5A. This did not result in any loss of background contaminating proteins 

(Figure 13).  
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Figure 13: Heterogeneous background proteins and centrifugal filtration results. 
Respective rVP2 prep indicated above, and size indicated to the right. (A) Biological 
replicates of 3 rVP2 proteins utilized in centrifugal filter experiments in (B) and (C). (B) 
and (C) show rVP2 preps spun through 50 kDa centrifugal filters either zero, one, two, or 
three times. Coop refers to codon optimized wild type rVP2. 
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Retention of background bands could have been due to multimerization of 

contaminants either with each other or with rVP2. Because background bands are also 

insoluble, one solution was to try and solubilize the background proteins. Previous 

experiments in the lab were conducted in an attempt to solubilize rVP2 but were 

unsuccessful. However, it is possible these treatments could solubilize other contaminating 

bands allowing them to become amenable to centrifugal filters. For this experiment 100 

kDa filters were used. Even though the rVP2 monomer is approximately 102 kDa, it is 

unlikely that rVP2 protein preps contain monomeric VP2 and would therefore not filter 

through. First, one of the dirtier mutant rVP2 preps (K5A) was separated into eight 

different tubes and subjected to different treatments. Proteins were either treated with: 

LSB, 2 M NaCl, 10% CHAPS, or 1% DOC/0.1% SDS. After treatment in respective 

solutions, protein preps were either incubated for 30 minutes at room temperature or 37°C. 

After these treatments, samples were applied to the centrifugal filters and spun down to 

approximately 50 µL and removed from the filters. All protein preps were then resuspended 

in equal amounts of LSB. Both the pellet and the flow through from the filter were analyzed 

via SDS-PAGE (Figure 14). None of the treatments resulted in a significant difference in 

background bands. The 1% DOC/0.1% SDS treatment did result in solubilizing a portion 

of rVP2 which can be seen in the soluble flow through fraction. However, for rVP2 to have 

passed through the filter, it would have had to have been in its monomeric state. If this is 

the case, it is likely that the SDS in the solution denatured some of the protein. Attempts 

were made to buffer exchange this prep to use in the replicase assay, but this resulted in 

the protein prep becoming insoluble again. Together, these data conclude that it is difficult 

to remove co-purifying contaminants once they are in the rVP2 preps.  
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Figure 14: Attempted solubilization of background proteins in 
conjunction with centrifugal filtration. (A) and (B) show mutant 
K5A rVP2 proteins preps with respective treatments run through 100 
kDa centrifugal filters. Pel refers to the insoluble “pellet” portion of 
the protein prep, and flo refers to samples taken from the soluble 
solutions that flowed through the filters. Incubation temperatures are 
indicated above. 
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Since rVP2 protein prep contaminants could not be removed, understanding what 

proteins made up the background was vital. Were the background proteins cellular, 

baculovirus, or rVP2 degradation products? To test whether rVP2 degradation was 

occurring, a Western blot was conducted using two different wild type rVP2 protein preps: 

non-codon optimized (Non Coop) and codon optimized (Coop) (Figure 15A). The Western 

blot utilized three different primary antibodies: two against rVP2 and one against open 

cores. Because the first two antibodies were polyclonal sera raised against rVP2 preps, it 

was possible some of the proteins it responded to were not VP2 degradation but 

background proteins of a different origin. To address this, antibodies against open cores 

were also utilized. Open cores are viral replicase intermediates composed of VP1, VP2, 

and VP3 (Mansell and Patton, 1990). Because open core polyclonal sera were against non-

recombinant viral proteins, it should only react to rVP2 degradation and not to the other 

background proteins. The immunoblot shows multiple bands at just about 50 and 20 kDa, 

suggesting that they are rVP2 degradation products (Figure 15B). However, intense 

background bands, such as those found at 40 and 15 kDa, on the Coomassie stained gel did 

not correspond to the large immuno-reactive bands in the western blot. These data lead to 

the conclusion that there are rVP2 degradation products, but they make up a minority of 

the background protein population.   
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Figure 15: Background bands due to rVP2 degradation. (A) rVP2 wild type protein 
preps electrophoresed in a 10% SDS-polyacrylamide gel and visualized by Coomassie 
blue stain. (B) Western blot analysis of the protein preps in (A) using three different 
primary antibodies listed above. Non Coop refers to non-codon optimized wild type 
rVP2, and Coop is codon optimized wild type rVP2. 
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Titering Baculovirus Stocks Using Fluorescence 

 Since reducing background proteins could not be accomplished after protein 

purification, the next step was trying to increase expression of rVP2 on a baculovirus and 

insect cell level. Theoretically, if rVP2 was expressed by Sf9 cells more robustly, the ratio 

of rVP2 in the protein prep to background contaminants would be higher. One possible 

reason for low rVP2 expression could be low titers of baculovirus stocks. Traditional lab 

protocols call for infecting each sample with the same volume of baculovirus HTS. 

However, if some stocks have a lower titer, that sample is infected with less baculovirus; 

and would therefore express less of the intended protein.  

Previous attempts to titer baculovirus stocks in the McDonald Esstman lab were 

unsuccessful. Traditional plaque assays proved difficult because Sf9 cells do not make an 

adherent monolayer. Determining whether a clearing of cells was due to baculovirus 

infection or cell sloughing was unreliable. Because of this, the precise titer of each virus 

stock is unknown. To remedy this, Sf9 Easy Titer (Sf9-ET) cells (Kerafast) were utilized. 

Sf9-ET cells contain a stably transfected plasmid with an eGFP behind the baculovirus 

polyhedrin promoter. In essence, only when cells are expressing baculovirus proteins will 

a GFP molecule be produced and fluoresce green. In order to titer stocks in this fashion, 

serial dilutions of viral stocks were conducted and plated onto Sf9-ET cells in 24-well 

plates. At least 5 serial dilution replicates were performed per viral stock. 72 hours post 

infection, cells were imaged and scored as either virus positive (> 1 green cell) or virus 

negative (£ 1 green cell) (Figure 16). Viral titers were determined in a similar fashion to 

end-point dilutions. End-point dilutions quantify how much virus is required to kill 50% 

of infected cells. This assay determines the dilution at which 50% of the samples 
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demonstrate cytopathic effect (CPE) and the other 50% do not. That dilution is termed the 

50% tissue culture infective dose (TCID50). The TCID50 can then be used to calculate 

approximate plaque forming units per mL (PFU/mL); the more traditional way to titer viral 

stocks. The assay using Sf9-ET cells is similar in that it determines a TCID50, but the 

number is determined not by CPE but by green cells.   
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Figure 16: Representative imaging of Sf9-ET cells infected with baculovirus. Wells 
of a 24-well plate imaged both with light field and green fluorescence. Above lists the 
baculovirus stock each well was infected with. Mock shows no green foci, while wells 
infected with rVP2 and rVP1 show many bright green foci indicating infected cells.  
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To see the range of viral stock titers, recombinant baculovirus stocks containing 

wild type rVP1 and wild type non-codon optimized rVP2 were titered using this method. 

The TCID50 for both stocks was 1.0 ´ 106 (Table III). This number was then used to 

calculate the approximate titer of 1.45 ´ 106 PFU/mL. According to the baculovirus user 

manual, stocks at this passage should be at a titer between 5 ´ 107 and 1 ´ 108 PFU/mL. 

This demonstrates the stocks that were being used for protein expression were more than 

one log lower in titer than what the manual suggested.  

 

Table III. Sf9-ET Cell Titering Results for Two Baculovirus Stocks 

Virus Dilution rVP1 Baculovirus rVP2 Baculovirus 

10-1 + + + + + + + + + + 

10-2 + + + + + + + + + + 

10-3 + + + + + + + + + + 

10-4 + + + + + + + + + + 

10-5 + + + + + + + + + + 

10-6 - - + - + - - - + + 

10-7 - - - - - - - - - - 

10-8 - - - - - - - - - - 

10-9 - - - - - - - - - - 
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Screening for Non-Recombinant Contaminating Viruses Using b-Galactosidase Staining 

 Low titers of viral stocks could be a main factor in low expression of recombinant 

proteins, but what about viral stocks that have high titers and still have low expression? 

One explanation is a mixed viral population. When creating recombinant baculoviruses, 

the linear, non-recombinant baculovirus DNA has the potential to be transfected into Sf9 

cells as well as baculovirus DNA that has recombined with the gene of interest. This is 

typically mitigated via ganciclovir. Non-recombinant baculovirus DNA from the 

BaculoDirect expression system harbors a negative selection cassette which contains the 

Herpes Simplex Virus Thymidine Kinase (HSV-TK). HSV-TK phosphorylates 

ganciclovir, activating it as a DNA chain terminator thereby stopping non-recombinant 

baculovirus replication. Although this selective agent is used in the first passage of 

synthesizing recombinant baculoviruses, it is not used in any passage thereafter. This 

makes it entirely possible that some non-recombinant viruses escaped initial selection and 

took over the stock, giving low yields of recombinant protein expression. In order to 

determine whether or not viral stocks contained non-recombinant baculoviruses, a second 

cassette from the BaculoDirect linear DNA was used. The second cassette is lacZ which is 

a gene that encodes for the enzyme b-galactosidase. b-galactosidase hydrolyzes the b-

glycosidic bond in galactose (Juers et al., 2012). This enzyme can be given the modified 

substrate X-gal which, when cleaved, dimerizes and forms a blue product.  

 Before using X-gal to determine non-recombinant contaminants, a positive control 

was created. Briefly, BaculoDirect C-term linear DNA was directly transfected using 

Cellfectin onto Sf9 cells and allowed to grow in the absence of ganciclovir. This non-

recombinant baculovirus contained both the HSV-TK and lacZ cassette. Next, a negative 
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control was generated, by growing the positive control virus in the presence of ganciclovir. 

This stopped replication of non-recombinant virus but allowed viruses with the selection 

cassettes deleted to take over the population, thereby creating an empty vector baculovirus 

or DI particles. Once the positive and negative controls were created, Sf9 cells were plated 

on a 24-well plates and treated with all HTS created (Table IV). Three days post infection, 

cells were treated with 150 µg/mL of X-Gal. At 1 hour post treatment the wells were 

imaged and either scored as positive or negative for non-recombinant virus based on the 

color of the media compare to the mock, positive, and negative control (Figure 17). Before 

X-Gal treatment, cells were visually inspected under a microscope to determine that cells 

were infected. It is important to note that the negative control is not yet a true negative. As 

can be seen by the green color, this sample most likely still has a mixed population of non-

recombinant virus. However, it is likely that upon a few more passages in the presence of 

ganciclovir, this mixed population will completely lose the non-recombinant viruses. None 

of the mutant viral stocks contained any non-recombinant virus. 
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Table IV. Assessment of Baculovirus HTS for Non-Recombinant Contaminants 

Virus Stock Infected Cells Non-Recombinant 

Mock - - 

LacZ + + 

LacZ + gan + + 

WT VP1 + - 

WT VP2 + - 

WT VP6 + - 

R4A + - 

K5A + - 

R6A + - 

R4A/K5A + - 

R4A/R6A + - 

R4A/K5A/R6A + - 

11D36 + - 

Q73A + - 

L78A + - 

Q73A/L78A + - 

L78A/E83A + - 

Q73A/L78A/E83A + - 

D10 + - 

D102 + - 

VP2 NTD only + - 
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Figure 17: Non-recombinant baculovirus screening. Wells of a 24-
well plate with the respective viral stocks used listed above. The mock 
was “infected” with regular media. LacZ served as a positive control 
viral stock containing only non-recombinant virus. LacZ + Gan indicates 
the negative control which was LacZ virus treated with ganciclovir. All 
recombinant viruses visually appear like mock, meaning there are no 
non-recombinant contaminants. The green color of LacZ + Gan appears 
to indicate a mixed population of non-recombinant viruses and empty 
vector virus. Non Coop is non-codon optimized wild type rVP2. 
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Testing Different Sf9 Cell Lines for Recombinant Protein Expression 

 Since low titer baculovirus stocks were observed, but no non-recombinant 

contaminants were seen, low titer was the most likely culprit for the low expression 

observed. This begged the question, why were titers so much lower than they had been 

historically? While pursuing this line of thought, it was discovered that the McDonald 

Esstman lab was using different lines of Sf9 cells interchangeably. The cell line that had 

been used for the first four mutants that yielded quantifiable data were Sf9 cells purchased 

from Invitrogen. The protein purifications that were used for the rest of the Region 1 

mutants were Novagen Sf9 cells, which upon investigation into the user’s manual stated 

that this Sf9 line was adapted for transfection and not HTS growth or protein expression. 

According to previous McDonald Esstman lab members, another cell line was also used 

for protein expression called TriEx Sf9 cells. In order to untangle this, HTS growth and 

protein expression were tested in a controlled way.  

First wild type rVP1 and non-codon optimized rVP2 HTS were grown in both 

Invitrogen and TriEx Sf9 cells. Novagen cells were excluded from the HTS portion of the 

experiment because current stocks with known low titer were grown in these cells. Once 

HTS were obtained from these two different cell lines, they were used to infect all three 

Sf9 cell lines for protein expression: Invitrogen, TriEx, and Novagen (Figure 18). For rVP2 

preps, it appeared that there was no difference in rVP2 expression from HTS grown in 

Invitrogen versus TriEx Sf9 cells between all three cell lines. However, there was a clear 

difference in protein expression. Novagen cells expressed rVP2 extremely poorly, while 

Invitrogen and TriEx cells expressed rVP2 at levels historically seen. For rVP1, like rVP2, 

the origin of the HTS did not seem to matter; but cell line was extremely important for 
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protein expression. Unlike rVP2, though, rVP1 was expressed the best in Invitrogen Sf9 

cells and relatively poorly in TriEx and Novagen cells. Based on these data and previous 

titering experiments, it is important to grow HTS in either Invitrogen or TriEx cells, but 

HTS should not be grown in Novagen cells. These experiments also demonstrate that Sf9 

cell lines used for protein expression are crucial for high protein yields. rVP2 can be 

expressed in either Invitrogen or TriEx cells but not Novagen cells. rVP1, on the other 

hand, should only be expressed in Invitrogen cells but not TriEx or Novagen cells. Utilizing 

the cell lines best suited to express each protein could help with the low expression and 

background proteins disrupting the replicase assay.         
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Figure 18: Expression of rVP2 and rVP1 in different Sf9 cell lines. Shows 10% SDS-
polyacrylamide gels stained with Coomassie blue with either rVP2 (A) or rVP1 (B) 
proteins electrophoresed. (A) Cell lines that HTS were grown in are indicated by IVP2 
(Invitrogen) or TVP2 (TriEx). Cell lines in which protein expression was performed is 
listed above HTS labels. (B) Labeled the same as (A) but for rVP1.                                                                                                             
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Mutant VLP Encapsidation Capacity 

 Once it appeared that protein expression was back to historical levels, the next 

experiment done was testing interesting preliminary rVP2 mutants’ capacity to encapsidate 

rVP1 into VLPs. Six VLPs were synthesized. The first VLP was created using wild type, 

non-codon optimized rVP2 and wild type rVP6, termed wild type 2/6 VLPs. This served 

as a negative control for rVP1. The next control was wild type rVP1, non-codon optimized 

rVP2, and rVP6, termed wild type 1/2/6VLPs. This sample served as a positive control for 

rVP1 encapsidation. Next, 1/2/6 VLPs using different mutant rVP2 proteins were used. 

The first mutant used was D102, which serves as a negative control for rVP1 encapsidation, 

and shows the background levels of non-specific encapsidation. Then 11D36 and 

R4A/K5A/R6A rVP2 mutant 1/2/6 VLPs were synthesized since these mutants produced 

interesting phenotypes in the replicase assay. Finally, the R4A/K5A rVP2 mutant 1/2/6 

VLP was synthesized due to its variable nature in different protein batches. These VLPs 

were synthesized by infecting Sf9 TriEx cells with high titer baculovirus stocks containing 

each viral protein indicated. Five days post infection, VLPs were harvested from the media 

and isolated on a CsCl gradient (Figure 19A and B). These VLPs were then run on 10% 

SDS-PAGE and either immunoblotted (Figure 19C) or silver stained (Figure 19D). From 

both of these images it appears that all rVP2 mutants encapsidate rVP1, although whether 

this occurs above non-specific encapsidation seen in the D102 mutant is unclear. More 

replicates should be performed in order to better understand the nuanced data. Also, 

although there is no band seen in the immunoblot for rVP2 D102, this is because the 

antibody used detects the rVP2 NTD which is missing in this mutant. This mutant did have 

a visible band on the CsCl gradient at the proper density, indicating VLPs were formed. As 
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can be seen in the silver stain, rVP1 bands were extremely faint. This could potentially be 

due to the use of TriEx cells, which do not express rVP1 as well as Invitrogen cells. Future 

experiments should be done, comparing which cell line best expresses VLPs. 

 

 

 

 
Figure 19: Mutant VLP capacity to encapsidate rVP1. (A) and (B) show 
representative VLP bands on a CsCl gradient for VLPs with only rVP2 and rVP6 (A) and 
VLPs with rVP1, rVP2, and rVP6 (B). (C) An immunoblot using primary antibodies 
against rVP1, VP2, and VP6 with the samples listed above. (D) Shows the same VLP 
samples used in the immunoblot, this time silver stained on an SDS-PAGE. 
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DISCUSSION 

 The main goals of this research were to (i) identify amino acid residues in the rVP2 

NTD required for rVP1 activation using an in vitro dsRNA synthesis assay and (ii) 

optimize baculovirus rVP2 protein expression and purification protocol to ensure 

reproducibility. The pursuit of the former is backed by a great deal of prior data in the field, 

most of which was generated by the McDonald Esstman lab. Truncation mutagenesis has 

shown that deletion of Region 1 (amino acid 1 to 10) of the rVP2 NTD results in a dramatic 

loss of the ability of rVP1 to synthesize dsRNA in an in vitro replicase assay (S. M. 

McDonald and Patton, 2011). However, despite the necessity of this region for rVP1 

enzymatic activity, this portion of the rVP2 NTD is not required for encapsidating rVP1 

into particles (Boudreaux et al., 2013). Because encapsidation capacity was retained, it can 

be inferred that deleting Region 1 does not grossly inhibit the ability of rVP2 to bind to 

rVP1. Both of these pieces of data together lead to the hypothesis that this region potentially 

works as an allosteric activator, meaning this region could cause conformational changes 

in rVP1 distal to the catalytic site, but ultimately leading to the activation of the enzyme. 

This hypothesis makes these first 10 amino acids extremely interesting and is what inspired 

more nuanced study. Despite this portion of the rVP2 NTD being unresolved in any of the 

known structures (probably due to its inherent flexibility), it is highly conserved among 

other RVs. To pinpoint which of the specific residues within Region 1 were contributing 

to this phenotype, alanine site-directed mutagenesis was employed.  

Using multiple amino acid sequence alignments, three positively charged and 

completely conserved residues were chosen to mutate to alanine: R4, K5, and R6. Every 

single-, double-, and triple-mutant variation of these three residues was constructed in the 
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pENTR-1A entry vector containing wild type rVP2 and used to create recombinant 

baculoviruses for all of these alanine mutants. Of these seven mutants, two were used in 

the replicase assay with quantifiable results: R4A and R4A/K5A/R6A. The triple mutant 

showed significantly less dsRNA produced from rVP1 as compared to wild type. This 

showed that these three mutations together are extremely important for the dsRNA 

synthesis activity of rVP1. However, any time site-directed mutagenesis is employed, it 

begs the question: is the protein grossly misfolded? Currently, the best way to test this is 

determining whether mutants can form virus-like particles (VLPs). VLPs are structures that 

look like a virion but lack a genome. In the case of RV, VLPs consist of rVP2 and the 

intermediate layer rVP6. These VLPs can simultaneously be used to test rVP1 

encapsidation. Preliminary VLPs were assembled, testing both the ability of this mutant 

rVP2 to form core shells and also its ability to encapsidate rVP1. R4A/K5A/R6A was both 

able to form VLPs as well as encapsidate rVP1, although more replicates need to be done 

to confirm this as it appeared expression of rVP1 was globally low. However, since it 

appears that this mutant encapsidates rVP1, it is probable that the loss of function 

phenotype observed is also not due to a lack of rVP1 binding. One of the future experiments 

that should be done is comparing the replicase assay results of R4A/K5A/R6A to the 

truncation of Region 1 to determine if these mutants are activation phenocopies of one 

another. If this is the case, it is likely that these three residues in combination are what 

causes this loss of function activation phenotype of the truncation mutant. The reduction 

in activation but retention of encapsidation capacity gives evidence towards the allosteric 

activation hypothesis. It shows that rVP1 can be bound by rVP2 and found in its normal 

place, but still cannot be activated meaning these residues are only important in “turning 
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on” the polymerase. However, there is an alternative hypothesis that could also explain 

both of these phenotypes. This is the RNA-binding hypothesis. Region 1 is a highly 

positively charged region (pI = 11.88), making it effective at non-specifically binding the 

negatively charged backbone of RNA. In fact, the entire rVP2 NTD has been called an 

RNA-binding domain (Labbe et al., 1994). Therefore, it is entirely possible that the loss of 

function phenotype seen in the triple mutant can be attributed to a loss in RNA-binding 

since three positively charged residues are mutated to alanine. One way to test this, would 

be titrating in progressively higher concentration of +RNA template into the in vitro 

replicase assay. If mutant phenotypes increase with increasing RNA concentrations, then 

this would point to a deficit in RNA-binding and not an activation phenotype. If activity is 

not recovered by this method, though, that does not exclude the possibility of RNA-binding 

deficits. Future experiments using methods like gel shift assays would need to be employed 

to completely rule out RNA-binding as the reason for loss of function phenotypes.  

The second mutant in this region with quantifiable results was the single mutant 

R4A. This mutant did not show any significant difference from wild type in the in vitro 

replicase assay. However, as the other Region 1 mutants were being purified for the second 

round of replicase assays, it became clear that wild type non-codon optimized rVP2 was 

expressing poorly. In an effort to mediate this, codon optimized rVP2 began to be used as 

the wild type rVP2 protein prep. Codon optimized rVP2 contains changes in all of the 

wobble positions of the VP2 open reading frame to better match the pool of tRNAs found 

in Sf9 cells. With these changes rVP2 is expressed much more robustly in Sf9 cells than 

its non-codon optimized counterpart. With this high expression comes much lower 

amounts of background proteins, which will be discussed at length in later parts of the 
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discussion. Briefly, this lack of background led to more dsRNA in the replicase assay than 

was documented for non-codon optimized rVP2. Although the background bands for the 

quantified data were less than those just referred to, it is possible that the non-codon 

optimized rVP2 used to compare to R4A was not expressed at optimal levels and therefore 

showed lower activation than what it has historically shown. If the wild type rVP2 is not 

activating at its maximum level, then mutants with a subtler loss of function phenotype 

could be overlooked. Visual inspection of the R4A replicates lead to the suspicion that this 

mutant may have a subtle loss of function that will be revealed upon better expression of 

wild type rVP2. Therefore, it is important to retest this mutant once wild type rVP2 

expression is back to historical levels. 

The next interesting mutant that was quantified in the replicase assay is in Region 

2 (amino acid 11 to 36) of the VP2 NTD. Truncation of Region 1 and Region 2 was 

performed previously, and showed a reduction in its capacity to activate rVP1 dsRNA 

synthesis (S. M. McDonald and Patton, 2011). However, it has clearly been established 

that Region 1 is important for this in vitro activation and is most likely what contributed to 

this loss of function phenotype. Region 2 is interesting because it is a hypervariable region 

among different RVs. However, because of this fact, it was not conducive to make alanine 

point mutants in this region. Instead, an internal deletion was created, keeping the vital 

Region 1 intact. It is unlikely that Region 2 serves no purpose though, so it was 

hypothesized that this mutant (11D36) would still show some loss of function potentially 

because it was important for spacing Region 1 and Region 3. This was not the case when 

11D36 was used in the in vitro replicase assay. In fact, 11D36 showed a significant gain of 

function when compared to wild type rVP2 (P < 0.005). It should be noted though, that this 
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mutant consistently expressed the highest among all rVP2 protein preps. Because of this, 

it had the least amount of background proteins which potentially lead to higher activation 

phenotypes. Therefore, there is probably not a gain of function, but 11D36 simply activates 

rVP1 just as well as wild type rVP2. This is still a surprising phenotype though, as it was 

hypothesized to have a loss of function phenotype. This implies that Region 2 is not 

important for spacing Region 1 and 3, however, to fully rule out this hypothesis one more 

experiment must be done. The multimeric status of the rVP2 protein preps is unknown, 

therefore the spacing may be important in the context of a VP2 core shell that may not be 

formed in the rVP2 prep. To test this, VLPs can be utilized. Other McDonald Esstman lab 

members have shown that VLPs can be used in the replicase assay as a source of rVP2. 

The benefit of using these preps, is that the multimeric status of rVP2 is known. If the 

replicase assay phenotype using VLPs containing 11D36 rVP2 shows a loss of function 

that was not seen using the recombinant protein prep, then it can be better concluded that 

spacing of Region 1 and 3 is important for dsRNA synthesis. However, if the VLP replicase 

assay has no loss of function like the recombinant protein prep, then other hypotheses need 

to be considered. VLP encapsidation was tested using this mutant, and preliminary data 

show that rVP1 is encapsidated by this mutant rVP2, therefore, it is unlikely that this 

mutant cannot bind rVP1. One hypothesis of what this region is doing, is that it negatively 

regulates dsRNA synthesis. dsRNA synthesis should not occur unhampered, since dsRNA 

is a strong trigger for the innate immune response (Perry et al., 2005). Therefore, it stands 

to reason that some regions of rVP2 inhibit rVP1 dsRNA synthesis to keep the enzyme 

from prematurely synthesizing the genome outside of the context of a particle. Region 2 

could be involved in this negative regulation, so when it is deleted, more dsRNA is 
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synthesized by rVP1. Another explanation is that this region is not important for replication 

(dsRNA synthesis) but is actually required for transcription (+RNA synthesis). Although 

there is currently no in vitro assay to test transcription defects, there is the possibility of 

rescuing recombinant RVs containing this deletion utilizing the plasmid based reverse 

genetics system. If the virus were to rescue, DLPs (the transcriptionally active subunit) 

could be purified and tested. In fact, other members of the McDonald Esstman lab have 

attempted to rescue this virus. Unfortunately, both individual attempts showed initial 

success (transfected cell CPE), but when the virus was attempted to be grown to high titer, 

it would not grow. This result is interesting in and of itself, since that clearly indicates some 

issue with either the mutant protein or the mutant RNA. Future experiments could create 

cell lines stably expressing wild type rVP2 in an effort to trans-complement and allow 

propagation of the mutant virus to high titer for further study. All of this taken together, it 

can be concluded that Region 2 is not necessary for rVP1 dsRNA synthesis in vitro, but it 

could be important for other parts of the RV life cycle. 

Finally, this leaves Region 3 (amino acid 37 to 102). Previous work involving 

Region 3 employed truncation of Region 1, 2, and 3 or the entire rVP2 NTD. Deletion of 

the entire NTD lead to ablating rVP1 activity in the replicase assay as well as ablation of 

rVP1 encapsidation into VLPs (Boudreaux et al., 2013; S. M. McDonald and Patton, 2011). 

Taken together, a good hypothesis for the ablation of replicase activity could be a lack of 

overall binding of rVP1 indicated by VLP encapsidation data. Since Region 1 and 2 are 

not required for encapsidation of rVP1, it stands to reason that Region 3 makes up the 

majority of the contacts with rVP1 required for its encapsidation (Boudreaux et al., 2013; 

unpublished data). This is also supported by recent high resolution in situ structures of the 
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transcribing subunit (Ding et al., 2019; Jenni et al., 2019). These structures show multiple 

VP2 NTDs reaching down and cradling VP1 close to the VP2 five-fold axis. All of the 

resolved residues reside within Region 3. In order to understand specific residues that 

potentially contribute to this, three highly conserved residues that appeared close to VP1 

in the known structure were chosen mutated to alanine: Q73, L78, and E83. Two single, 

two double, and the one triple alanine mutant of these three residues were generated and 

made into recombinant baculoviruses for protein expression. The only mutant with 

quantifiable replicase data though is Q73A. This mutant showed no significant difference 

in its ability to activate rVP1 dsRNA synthesis as compared to wild type rVP2. However, 

as can be seen by the large error bars, the replicase assay results for this mutant were highly 

variable. Unlike the other mutants, this variability did not seem to correlate with differences 

in background proteins. One possible explanation for this variability, is that this residue 

works as both an activator and an inhibitor. The high-resolution structures show these 

residues in both the transcribing and non-transcribing DLP. Q73 is part of an amphipathic 

helix that changes positions in the transcribing versus non-transcribing structure (Figure 

5). In the transcribing structure, one copy of this amphipathic helix appears to interact with 

the N-terminal domain of VP1, while another copy of this helix is missing in the structure 

close to the C-terminal plug of VP1. For the non-transcribing structure, the opposite is true. 

A copy of this amphipathic helix is missing close to the N-terminal domain of VP1, but 

another copy of the helix is present close to the C-terminal plug of VP1 (Ding et al., 2019). 

The authors of this paper describe this amphipathic helix as transcriptional regulators, 

which both inhibit and activate the ability of VP1 to synthesize +RNA. Although these 

structures are for the transcription complex and not for replication which is what is being 
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tested in the replicase assay, it is still a good basis for what is potentially happening in the 

replicase assay. Q73A could have such variable replicase assay results because it is 

involved in both activating and inhibiting rVP1. Future experiments will need to test the 

rest of the mutants created to screen for any loss of function phenotypes. Any loss of 

function mutants will then need to be tested for their ability to encapsidate rVP1 into VLPs. 

Should those mutants still encapsidate, it gives credence to the transcriptional regulator 

hypothesis. However, if the mutants do not encapsidate rVP1, it is more likely that these 

residues are strongly involved in binding VP1 and properly positioning it against the core 

shell. The triple alanine mutant was screened in a very preliminary replicase assay and 

appeared to have no defects, however this purification occurred when rVP2 expression 

problems started occurring and therefore needs validation.  

This leads to the second part of this research project which involves trouble-

shooting the baculovirus protein expression system. After data were collected for the four 

mutants discussed above, the other mutants were then created and the rVP2 protein 

purified. This time, rVP2 expression was extremely low, even for wild type non-codon 

optimized rVP2. In order to normalize rVP2 preps to approximately 2 pmols, most protein 

samples had to be concentrated. While concentrating rVP2, background proteins in the prep 

were simultaneously concentrated. This led to not only higher background than has been 

seen historically, but also differential background levels between mutants. Previous studies 

in the McDonald Esstman lab have shown that high levels of background proteins poison 

the replicase assay. Since this background has been shown to be detrimental to in vitro 

assay results, it is difficult to attribute loss of function phenotypes to mutations as opposed 

to high background. In support of this concern, when Region 1 mutants were used in the 
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replicase assay, biological replicates demonstrated dramatically different replicase 

phenotypes despite technical replicates looking almost identical. This was the first 

demonstration that variability between protein preps was causing non-reproducible 

phenotypes for not only mutant rVP2 preps but also for wild type. In an attempt to tackle 

this problem, rVP2 protein preps were subjected to centrifugal filters in order to get rid of 

background proteins. Unfortunately, this treatment was unsuccessful in removing any of 

the background contaminating bands. Since the background bands are also insoluble, it is 

probable that the contaminating proteins were forming multimeric complexes that were too 

large to run through the centrifugal filters. Because of this, it was attempted to solubilize 

the background bands. Multiple attempts have been made in the McDonald Esstman lab to 

solubilize rVP2. Most attempts have failed, and those that have not resulted in an rVP2 

prep that does not activate rVP1 in vitro. Therefore, solubilizing the background proteins 

seemed more feasible. If the background bands could be made soluble, they could then run 

through the centrifugal filters and thereby be removed from the protein prep. However, all 

attempts to solubilize background proteins failed. Since background proteins could not be 

removed post-purification, it was important to understand the origin of the background 

proteins in order to proceed with trouble-shooting. Using Western blot analysis, it was 

ruled out that a majority of the background bands were attributed to rVP2 degradation. 

Although there was moderate rVP2 degradation, they did not correspond with the larger 

bands seen on Coommassie stained gels. Ruling out rVP2 degradation, the background 

proteins must originate either from Sf9 cells or baculovirus proteins. Later expression 

experiments show very different bands between mock and rVP2 protein preps, so it is most 

likely baculovirus proteins or Sf9 proteins induced by baculovirus expression. Therefore, 
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to deal with contaminants on the Sf9 cell and baculovirus level, trouble-shooting 

commenced here.  

The first issue that was seen in rVP2 preps was low expression. If expression of 

rVP2 could be increased, the ratio of background bands to rVP2 would decrease. One 

potential explanation for low expression was that the amount of virus in the infecting stock 

was also low. Viruses are quantified via titration, which can be done in multiple ways. The 

simplest way for the McDonald Esstman lab was determined to be using Sf9-ET cells and 

quantifying green fluorescing wells versus non-fluorescing wells. Using this method, viral 

titer was calculated for wild type rVP1 and wild type non-codon optimized rVP2. Results 

demonstrated that titers were nearly one log lower than expected based on the user manual. 

Traditional protocol not only for making HTS but also for protein expression, call for 

infection with the same volume of viral stock. Infecting with the same volume traditionally 

used, but with a stock that is a log lower in titer than expected could definitely lead to lower 

expression. Since titers can be calculated in the McDonald Esstman lab now, future 

experiments should titer rVP2 baculovirus stocks and infect Sf9 cells with the same 

multiplicity of infection (MOI). MOI refers to the number of virions added per cell during 

an infection. Infecting cells for protein expression with a controlled MOI should not only 

help with protein expression, but it should also help with variability of background proteins 

between mutants. By controlling all of these variables, it is possible to increase 

reproducibility between protein batches. 

However, viral titer does not consider a mixed viral population. The method of 

titering above does not differentiate between recombinant baculoviruses expressing rVP2 

and non-recombinant contaminants. Non-recombinant contaminants are baculoviruses that 
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survived the negative selection of ganciclovir and grow alongside the recombinant virus 

containing the protein of interest. It is possible that these viruses have a selective advantage 

and outcompete their recombinant counterpart. If this is the case, titering stocks and 

performing infections with controlled MOIs would not matter because the viruses in that 

stock do not contain the gene insert with the protein of interest. In order to rule out non-

recombinant contaminants, the lacZ cassette in non-recombinant viruses was utilized. The 

gene product of lacZ is b-galactosidase, which will break down a substrate homolog, X-

gal, resulting in a visibly blue byproduct. All recombinant baculovirus stocks were tested 

by adding X-gal alongside a positive and negative control. The positive control was non-

recombinant baculovirus DNA that was transfected onto Sf9 cells and allowed to grow to 

high titers. The negative control was obtained by treating positive control stocks with 

ganciclovir, thereby selecting for baculoviruses that had deleted the negative selection 

cassette. Unfortunately, the negative control was not a true negative control as there 

appeared to be a mixed population of viruses which could be seen by the green color. 

However, this result does reveal that mixed stocks can be detected as well as differentiated 

from the positive control, non-recombinant only stock. It was determined that all 

recombinant baculovirus stocks contained zero non-recombinant baculoviruses. Therefore, 

low expression of rVP2 stocks could not be attributed to non-recombinant baculovirus 

contaminants.  

Since titers of baculovirus stocks were low, it is most likely that this was the cause 

of low rVP2 expression. However, despite not being directly tested, baculoviruses HTS 

created using the same protocol historically had high enough titers to yield appropriate 

rVP2 expression. Therefore, why were recent HTS so low in titer? Upon investigation into 
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previous lab students’ notes, it became clear that multiple Sf9 cell lines were being used 

interchangeably. Low titer stocks were grown and purified in Novagen Sf9 cells that are 

adapted for transfection, but not HTS growth and protein expression. Stocks that yielded 

reproducible replicase data were grown and purified in Invitrogen Sf9 cells which was the 

cell type classically used by members of the McDonald Esstman lab. Also, TriEx cells had 

once been tested for protein expression, but had been kept in a media the cells were not 

adapted to grow in. In addition to Novagen cells not being adapted for high titer growth, 

these cells are also maintained without fetal bovine serum (FBS). This is advantageous 

overall for lab use since FBS is expensive, however baculoviruses unsupplemented with 

FBS are known to decay faster, which could have led to even lower titer stocks. This 

variability necessitated testing in a controlled way which cells were best for HTS growth 

and which were best for recombinant protein expression. Since known low titer stocks were 

made using Novagen cells, this line was left out of testing which cell line best propagates 

HTS. High titers of wild type rVP1 and wild type non-codon optimized rVP2 were grown 

in either TriEx cells or Invitrogen cells. TriEx cells were grown in completely 

unsupplemented media whereas, Invitrogen cells were grown in media supplemented with 

FBS, penicillin/streptomycin, and amphotericin B. After cells fell below 50% viable, stocks 

were clarified via centrifugation. HTS grown in TriEx cells were then further supplemented 

with 10% FBS to mitigate virus degradation. HTS were not titered due to contamination of 

Sf9-ET cells, therefore traditional methods of HTS growth and protein expression were 

used. These HTS were used to infect for protein expression in all three of the 

aforementioned Sf9 cell lines. The main results that occurred from this experiment were 

that growth of HTS in TriEx versus Invitrogen cells was indistinguishable for both rVP1 
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and rVP2. However, there was a pronounced difference in protein expression based on the 

cell line the HTS was expressed in. For rVP2, TriEx or Invitrogen cells express this protein 

well, but Novagen cells do not. This is different from rVP1 which was expressed well in 

only Invitrogen cells and not well in TriEx and Novagen cells. It is clear that cell line is 

important for both growing HTS as well as expressing protein. Since these cells have been 

used interchangeably, a great deal of the low expression problems the McDonald Esstman 

lab has been experiencing is most likely due to the use of incorrect cell lines. Since it is 

cheaper to use cells that are unsupplemented with serum, all HTS growth and rVP2 

expression in the future will be performed in TriEx cells. However, it is clear that 

Invitrogen cells must also be used if only to purify wild type rVP1 at usable levels.  

Although using the proper cells for protein expression will most likely clear up the 

reproducibility problems seen in the replicase assay, it is possible that differential 

background proteins will still occur, confounding replicase data. If this is the case, there 

are two different avenues that can be pursued. The first is using VLPs for replicase data. It 

may initially seem like the best avenue to pursue, considering not only are VLPs replicase 

active, but they also have a known multimeric structure. However, the time, resources, and 

skill required to purify them are immense, accompanied by an extremely low yield. 

Purification involves a large volume of Sf9 cells and media, a much longer infection time, 

many multi-hour spins in the ultracentrifuge, and expensive cesium chloride all to only 

purify one mutant and one wild type VLP at a time. It is not feasible to use VLP replicase 

assays as a screen for interesting mutants and should only be used for mutants with 

phenotypes that have proved interesting with the recombinant protein preps. However, due 

to the laborious purification protocol, there are hardly any background proteins in this prep. 
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One way to utilize the VLP protocol for mass screening is to use proteins that are not spun 

through a CsCl gradient. One of the reasons the VLP preps are so clean are because of 

rVP6. rVP6 stabilizes rVP2 in its core shell form. A more uniform rVP2 may pull down 

less insoluble background proteins, leading to overall cleaner preps. In the future, VLP 

samples before CsCl centrifugation will be taken to analyze the quality and quantity of the 

protein prep. 

Should experiments using VLPs prove unsuccessful, the second course of action 

would be normalizing background proteins. Since differences in background protein levels 

is such a concern, it is possible to normalized background proteins from prep to prep. The 

negative control created in the non-recombinant screening assay is an empty baculovirus 

that should theoretically contain all of the same background proteins but no rVP2. This 

prep could be purified and then titrated into rVP2 preps to normalize background. 

However, the more background protein, the less dsRNA is produced by rVP1. By adding 

more background, this could limit the range of detection for all rVP2 mutants and make it 

difficult to determine loss of phenotype mutants. Although the solutions seem difficult, 

results showing high expression of wild type rVP2 seem promising that high expression of 

mutant rVP2 is attainable. These results will hopefully lead to quantifiable replicase data 

that will demonstrate the nuanced phenotype of each rVP2 mutant created in this project.  

Overall, this project has contributed to knowledge in the field in a few ways. The 

first is by identifying three positively charged, conserved residues in the extreme N-

terminus of rVP2 that are critical for rVP1 replicase activity, but not important for 

packaging rVP1 into core shells. The implication of this finding is that these residues could 

be involved in shifting rVP1 from an inactive to an active state, such as by an allosteric 
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mechanism. The second finding identified a hypervariable region of the rVP2 NTD which 

is expendable for both rVP1 replicase activity and rVP1 packaging. This new information 

implicates this region as a potential negative regulator of rVP1 activity. Without this 

negative regulator, in the context of and actual viral infection, rVP1 could replicate the 

genome unhindered, allowing the innate immune response to act quickly and stop 

infections. This new in depth understanding of how the RV polymerase is regulated could 

not only lead to insights into the mechanisms of other, conserved Reoviridae members, but 

could also make valuable targets for future antiviral drugs against RVs.     
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APPENDIX 

Accession numbers for VP2 NTD amino acid sequence alignment are as follows: 

AEA30039, AEH96569, AFK09578, AKS48897, BAP91302, KX257409, DQ838631, 

DQ870494, GU199192, FJ422132, GU199493, HQ661124, JX271002, and KC488886 
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