


Abstract 

During the replication cycle of double-stranded (ds) RNA viruses, the viral RNA-

dependent RNA polymerase (RdRP) replicates and transcribes the viral genome from 

within the viral capsid. How these RdRPs molecules are packaged within the virion and 

how they function within the confines of an intact capsid are intriguing questions that 

have highly variable answers depending on the virus family being examined. In this 

study, we have determined a 2.4 Å resolution structure of an RdRP from a human 

infecting strain of picobirnavirus (PBV). In addition to a conserved polymerase fold, the 

PBV RdRP possesses a unique, highly flexible 24-aa loop structure (aa495-518) 

located near the C-terminus of the protein that, in its native conformation, would 

sterically hinder a template from reaching the protein’s active site. In vitro RNA 

polymerization assays have shown that the wild-type RdRP is capable of initiating RNA 

synthesis using a de novo mechanism, while a mutant RdRP lacking the loop structure 

could only synthesize RNA through back-priming, suggesting that the loop likely 

functions as a platform for the priming nucleotide to bind. Overexpression of the PBV 

capsid protein (CP) resulted in the spontaneous formation of icosahedral VLPs that 

were ~35 nm in diameter. Unexpectedly, co-expression of the PBV RdRP with its 

respective CP indicated that the PBV RdRP could not be incorporated into recombinant 

capsids in the absence of the viral genome.  Additionally, the PBV RdRP exhibited a 

high affinity towards the conserved 5’-terminal sequence of the viral genome, 

suggesting that PBV RdRP molecules are likely packaged through their specific binding 

to viral RNA during assembly.
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Chapter 1 Introduction 

1.1 dsRNA Viruses 

Encapsidated viruses that have dsRNA as their genetic material include 

members from at least nine virus families (Table 1.1) comprising 33 genera, with many 

of them being pathogens of health, agricultural, and environmental importance such as 

the rota, bluetongue, infectious bursal disease, bacteriaphage 6, and rice dwarf viruses 

(Fields et al., 2007). The genomes of dsRNA viruses comprise 1 to 12 dsRNA 

segments, depending on the complexity of the virus. These genome segments may 

possess one or more open reading frames (ORFs) encoding one or more protein 

products. Overall, dsRNA viruses have one to three capsid layers that surround its 

genome, with a few also possessing an envelope comprised of portions of the host cell 

membrane as well as glycoproteins of viral origin (Prasad and Schmid, 2012). Although 

amongst dsRNA viruses there is little sequence similarity at either the genomic or 

protein level, there is a great deal of structural and functional similarity amongst their 

innermost viral capsids as well as their capsid associated enzymes. Most known dsRNA 

viruses share structural similarity by having a characteristic, icosahedrally symmetric 

capsid surrounding the genome that remains intact throughout the viral life cycle. An 

icosahedron is a polyhedron composed of 20 triangular faces that possesses five-fold 

symmetry around each of its 12 vertices, three-fold symmetry around each of its 20 

faces, and two-fold symmetry around each of its 30 edges (Fig. 1.1). Such a capsid 

provides protection for the genome and enzymes involved in RNA synthesis and may 

also contribute to the packaging of the viral genome and RdRP molecules.  
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Table 1.1: List of the eight dsRNA virus families and their respective virion size, number of 
genome segments, and host species. (Poranen and Bamford, 2012) 

 

 

 

Figure 1.1: Illustration of the icosahedral axes of symmetry. Icosahedrons are displayed with one 
of the a) five-fold axes labeled at a vertex, b) three-fold axes labeled at a face, and c) two-fold axes 
labeled on an edge. (Prasad and Schmid, 2012)  
 
 

Intact dsRNA virus particles are transcriptionally active, with newly synthesized 

transcripts extruded through specific channels in the capsid shell (Lawton et al., 1997). 

The viral RdRP molecules, which are likely tethered to the capsid through non-covalent 

interactions (Gridley and Patton, 2014; Prasad et al., 1996; Sen et al., 2008; Zhang et 

al., 2003), in addition to synthesizing the RNA transcripts also catalyzes the synthesis of 

minus-strand RNA from a plus-strand precursor to generate the dsRNA genome in 

assembling particles. Transcription and genome replication are both carried out within 

the confines of the viral capsid to prevent the activation of host antiviral mechanisms 
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such as RNA silencing, induction of apoptosis, interferon production, or modification of 

the host translational mechanisms (Gantier and Williams, 2007; Gitlin and Andino, 2003; 

Goldbach et al., 2003; Jacobs and Langland, 1996). In the recent years, the dsRNA 

virus field has seen tremendous progress in our understanding of the structure and 

function of dsRNA viral particles. However, how the viral genome segments, RdRP 

molecules, and capsid protein molecules interact to ensure specific packaging of the 

viral RNA and RdRP is an intriguing question that has remained unanswered after years 

of extensive studies. 

 

1.2 dsRNA Virus Capsid Architecture 

Most known dsRNA viruses package their genomes within an inner core that is 

composed of 120 copies of the inner CP arranged as 60 dimers with T=1 icosahedral 

symmetry (Harrison, 2007). High resolution structures have been solved for the 

outer/inner capsids of many dsRNA viruses including the reovirus (Reinisch et al., 2000; 

Zhang et al., 2010), rotavirus (Estrozi et al., 2012; McClain et al., 2010), rice dwarf virus 

(Nakagawa et al., 2003), bluetongue virus (Grimes et al., 1998), infectious bursal 

disease virus (IBDV) (Coulibaly et al., 2005), penicillium stoloniferum virus F (PsV-F) 

(Pan et al., 2009), picobirnavirus (PBV) (Duquerroy et al., 2009), and the yeast L-A virus 

(Naitow et al., 2002) (examples of such structures are presented in Fig. 1.2). Such 

structures have revealed that the primary building block of the inner capsid is either a 

nonsymmetrical CP dimer that interacts laterally near the five-fold icosahedral axes or a 

diamond shaped dimer of dimer (tetramer). Such capsid architecture is a hallmark of 

dsRNA viruses and has not been observed for any other viral family to date. It is 

believed that this unique organization helps to properly orientate the transcription 
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machinery packaged inside as well as organize the packaged viral genome to facilitate 

endogenous transcription (Bamford and Wickner, 1994; Nason et al., 2004; Prasad and 

Schmid, 2012; Prasad et al., 1996; Zhang et al., 2003). For dsRNA viruses from the 

cystoviridae and reoviridae families, the inner capsid is further coated by a second 

icosahedral capsid layer composed of 780 copies of a second CP species arranged with 

T=13 icosahedral symmetry. The rotavirus possesses an additional third capsid layer 

also with T=13 icosaheral symmetry composed of 780 copies of a third CP species. This 

third layer is utilized for cell entry to deliver a transcriptionally active double layered 

particle into the cytoplasm of the host cell (Pesavento et al., 2006). Such complex 

structural organization has evolved to enable both host cell interaction as well as the 

ability to transcribe multiple genome segments from within the capsid. A notable 

exception is IBDV, a member of the birnaviridae family, that lacks a T=1 core and as 

such only possess a single layer capsid with T=13 icosahedral symmetry (Coulibaly et 

al., 2005).  
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Figure 1.2: Crystal structures of the inner core particles of multiple dsRNA viruses. All structures 
are centered around the five-fold symmetry axis except for PsV-F that is centered around the two-
fold symmetry axis. The PsV-F capsid structure is from Pan et al., 2009, the reovirus capsid 
structure is from Reinish et al., 2000, the rotavirus capsid structure is from McClain et al., 2010, 
and the IBDV capsid structure is from Coubaly et al., 2005. 
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Other viral proteins are often associated with the inner surface of the capsid. The 

most prominent such protein is the viral RdRP that has been shown to be localized at 

the five-fold symmetry axes of the 6, reovirus, and rotavirus capsids through direct 

protein-protein interactions (Fig. 1.3) (Gridley and Patton, 2014; Prasad et al., 1996; 

Sen et al., 2008; Zhang et al., 2003). For rotavirus and blue tongue virus, the 

encapsidated RdRP is in complex with a guanylyl transferase that attaches a 5’ cap to 

newly synthesized RNA transcripts (Gridley and Patton, 2014; Nason et al., 2004; 

Prasad et al., 1996). No such complex is formed in the case of orthoreovirus and 

aquareovirus however, as the capping enzymes instead form pentameric, turret-like 

structures located at the five-fold symmetry axes of the capsid (Luongo et al., 2002; 

Nason et al., 2000). The blue tongue virus also contains an RNA helicase as another 

minor structural component of its capsid that functions to assist in RNA packaging, to 

unwind dsRNA molecules during transcription, and to aid in the extrusion of mRNA 

following transcription (Matsuo and Roy, 2009; Stäuber et al., 1997). In the case of 

cystovirus, the helicase molecules instead form turret-like structures that extend from 

the five-fold vertices on the outside of the capsid (Huiskonen et al., 2007) and in 

rotavirus this function is performed by non-structural protein (NSP) 2, which is not 

associated with the viral capsid (Jayaram et al., 2002; Taraporewala and Patton, 2004). 

Inside orthoreovirus capsids are nodular clamp proteins that bind at three distinct 

positions within each icosahedral asymmetric unit and play an important role in capsid 

assembly and stability (Kim et al., 2002; Reinisch et al., 2000). Similar clamp proteins 

have also been observed in aquareovirus and cypovirus capsids (Cheng et al., 2010; 

Hill et al., 1999).  
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Infectious dsRNA virus particles contain between 1 and 12 segments of genomic 

dsRNA depending on the complexity of the virus in question (Bamford, 2000). This 

genomic material has been observed to be packaged as spirals around the transcription 

complexes located at the five-fold vertices of the capsid (Gouet et al., 1999) (Fig. 1.4).  

It is believed that each genome segment is associated with a single transcription 

complex that repeatedly replicates that segment (Mertens, 2004). This would limit the 

number of genome segments that can be packaged within a single virus to 12 as there 

are 12 five-fold vertices in an icosahedron. This would at the same time enable the 

simultaneous replication of multiple genome segments from a single capsid. 
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Figure 1.3: Encapsidation of transcription machinery within dsRNA virus particles. a) External 
view of the rotavirus inner capsid. The inner capsid is formed by 12 decamers of VP2 with each 
decamer assembled from two VP2 molecules in different conformations A (light blue) and B 
(gray). Channels in the capsid are at the five-fold symmetry axes (yellow star) and at the inner tip 
of the five VP2-B conformers (blue star). b) Packaged within the core, near the fivefold axis, are 
the RdRP (pink) and the RNA capping enzyme, VP3 (purple). VP2 tethers (yellow ribbons) extend 
into the core and are required to encapsidate both VP1 and VP3. (c) A slice of a cryoelectron 
microscopy image of the rotavirus triple layered particle, colored to identify the three layers 
(yellow, VP7; green, VP6; blue, VP2). The dsRNA genome is organized in concentric rings within 
the particle. Part of VP2 tethers are observed (red arrows) and are oriented toward the fivefold 
axes (dashed line). The extra density beneath the fivefold axes belongs to VP1 and VP3. (Gridley 
and Patton, 2014) b) Close up of the five-fold symmetry axis (5f) of a cryo-EM map of a native 
reovirus particle (10 Å thick) with X-ray models of the inner CP (black C  backbone) and the RdRP 
(dark orange, blue, orange, magenta and green C  backbones) fitted into the cryo-EM map. 
(Zhang et al., 2003) 
 

b) a) 

c) 

d) 
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Figure 1.4: Cartoon representation of how the dsRNA genome is arranged inside the viral capsid. 
The genomic material is displayed in blue, the transcription complex is displayed in green, and 
the inner and outer capsid layers are displayed in pink and orange respectively. Each 
transcription complex is displayed at one of the five-fold vertices of the iscosahedral capsid. 
(Gouet et al., 1999) 
 
 

1.3 RNA-Dependent RNA Polymerases 

1.3.1 Structure 

The RdRPs of dsRNA viruses are a unique class of enzymes in that they perform 

both of their viral functions, acting on both ssRNA and dsRNA, within the confines of the 

virus capsid. The crystal structures of the RdRPs from multiple dsRNA viruses (i.e. 6, 

reovirus, rotavirus, and birnavirus) have been determined and revealed that the central 

polymerase domain of these proteins is highly conserved and possess a right hand 

shape that is composed of a fingers, palm, and thumb subdomains (Butcher et al., 
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2001; Graham et al., 2011; Lu et al., 2008; Pan et al., 2007; Tao et al., 2002). Such 

structural conservation is independent of sequence similarity or host organism. 

Additionally, viral RdRPs from several dsRNA viruses are found to possess extensive 

N- and C-terminal domains that sandwich the majority of the polymerase domain. This 

creates a cage like structure with a hollow center that contains the catalytic region with 

multiple channels leading in and out of the active site at the center of the molecule 

(McDonald et al., 2009). These channels leading to the catalytic center allow for the 

uptake of the RNA template, NTP, the egress of the dsRNA product, and the egress of 

(+) RNA transcripts in the case of RdRPs that replicate their genome using a 

conservative mechanism. The tunnel allowing for the uptake of NTP is present in the 

finger subdomain and is often positively charged in order to interact with the negatively 

charged NTP’s (Butcher et al., 2001). Previous studies have found that the palm 

subdomain is responsible for catalyzing nucleotidyl transfer and that the fingers and 

thumb subdomains are involved in template and nucleotide binding, elongation 

processivity, and accuracy (O’Reilly and Kao, 1998; Steitz, 1998). In some cases, the 

C-terminal domain, due to it being structurally similar to the clamps of DNA 

polymerases, plays a role in binding the RNA template and directing its movement as it 

is acted upon by the RdRP (McDonald et al., 2009). RdRP activity is often regulated 

through interactions with the inner CP to prevent the RdRP from synthesizing dsRNA 

before it is packaged within the capsid (Bamford and Wickner, 1994; Gridley and 

Patton, 2014; Prasad et al., 1996; Zhang et al., 2003) In addition, the RdRP has also 

been shown to form complexes with other viral proteins that are involved in such 

functions as capping the RNA transcripts as well as enabling the RdRP to bind to the (+) 
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RNA transcripts in the cytosol of the host cell and perhaps to help unwind the dsRNA 

genome inside the viral capsid (Ho et al., 1996; Reinisch et al., 2000; Shuman and 

Hurwitz, 1981; Stäuber et al., 1997). 

RdRPs that initiate RNA synthesis using a de novo mechanism, such as those 

utilized by the phage6, reovirus, and rotavirus, also possess a distinct loop structure 

near the C-terminus of the protein that functions as a structural platform for the binding 

of a single priming nucleotide (Laurila et al., 2002, 2005; Lu et al., 2008; Tao et al., 

2002). The functions of this initiation platform include: 1) interacting with the priming 

nucleotide to stabilize the initiation complex, 2) reducing the volume of the active site to 

prevent back-priming initiation from taking place, and 3) regulating the switch from 

initiation to elongation (Butcher et al., 2001; Laurila et al., 2002, 2005; Wright et al., 

2012).  

 
1.3.2 Terminal Nucleotidyl Transferase Activity 

 
In addition to replicating and transcribing the viral genome, several viral RdRPs 

from both +ssRNA and dsRNA viruses have also been shown to exhibit terminal 

nucleotidyl transferase (TNTase) activity, which involves the addition of single 

nucleotides to the 3’ end of an RNA molecule. Such activity has been observed for the 

RdRPs from a wide variety of viral families including the hepatitis C virus (HCV), the 

bovine viral diarrhea virus (BVDV) (Ranjith-Kumar et al., 2001), GB virus G (Ranjith-

Kumar et al., 2003a), norovirus (Rohayem et al., 2006), sapovirus (Fullerton et al., 

2007), poliovirus (Neufeld et al., 1994), Wuhan nodavirus (Wang et al., 2013), Flock 

house virus (Wu et al., 2014), and 6 (Poranen et al., 2008a). It is hypothesized that 

TNTase activity by a viral polymerase may play a role in repairing the 3’ end of viral 
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genomes that have been degraded by cellular exonucleases (Ranjith-Kumar et al., 

2001). Additionally, it has also been hypothesized that such activity could be used by 

the RdRP as a mechanism to terminate the synthesis of nascent RNA strands (Poranen 

et al., 2008a). In Poranen et al., 2008, the mechanism proposed for TNTase activity by 

the 6 RdRP involves a highly flexible sub-domain located at the C-terminus of the 

protein that was believed to be undergoing a transient conformational change that helps 

form the exit channel during dsRNA egress. The authors proposed that while the RdRP 

was in this conformation following dsRNA synthesis, the acceptor RNA could dock near 

the catalytic site allowing for terminal nucleotidyl addition (Fig. 1.5). 
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Figure 1.5: Cartoon representation of the proposed 6 RdRP-catalyzed TNTase reaction. The 

template/acceptor RNA is colored in green, the daughter RNA strand in red, the Mn
2+

 ion is 
displayed as a dark blue sphere, and the Mg

2+
 ion is displayed as a sky blue sphere. a) (I) Cartoon 

of the apoenzyme. (II) An incoming nucleotide (red), and a template ssRNA having its 3′ end 
positioned in the specificity pocket, well past the catalytic site. (III) After the catalysis of the 
dinucleotide product, the C-terminal subdomain moves to create the exit channel to allow for 
dsRNA egress. b) Cartoon of the TNTase reaction with ss/ds RNA acceptors. (I) Apoenzyme with 
the exit path open. (II) dsRNA and (III) ssRNA acceptor molecules reaching the catalytic site via 
the exit route of the polymerase for terminal nucleotidyl addition. The donor NTP molecule to be 
added at the 3′ end of the acceptor RNA is colored in yellow. c) Termination of the RNA-dependent 
RNA polymerization reaction by nontemplated terminal nucleotidyl addition. (I) The last 
complementary nucleotide is added to the dsRNA. (II) A donor NTP is bound by the catalytic site 
and is transferred to the 3′ end of the newly synthesized strand. (III) The dsRNA product is then 
released from the polymerase. (Poranen et al., 2008a) 
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1.4 Viral Life Cycle 

The life cycle of dsRNA viruses is a highly variable process depending on the 

complexity of the virus as well as its particular host organism. The basic steps of the 

viral replication process are as follows: cell entry, (+) RNA synthesis, transcript egress, 

translation of the viral proteins, packaging of the viral genome and the enzymes 

involved in RNA synthesis, capsid assembly, dsRNA synthesis, and lastly viral shedding 

(Fig. 1.6).  While the mechanism utilized by a particular virus to perform each of these 

steps varies, certain similarities have been observed amongst particular viral families.   

 

Figure 1.6: Overview of the life cycle of dsRNA viruses. The inner capsid protein is represented as 
a green oval, the outer enevelope as a brown rectangle, the RdRP molecules as yellow circles, the 
(+) RNA as a solid red line, and the (-) RNA as a dashed black line. The host receptor utilized for 
cell entry is displayed in brown. (Ahlquist, 2006)  
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1.4.1 Cell Entry 

Even viruses that are closely related in terms of capsid organization and host 

organism can often have significantly different cell entry mechanisms (Fig. 1.7). Some 

viruses, such as those that infect plants, fungi, or protozoa, have no active means of 

infecting cells and thus can only replicate vertically during cell division or horizontally 

during hyphal anastomosis or cell mating. Mammalian and avian infecting reoviruses 

often possess a surface-fiber protein complex that extends from the five-fold 

icosahedral axis of the capsid that mediates attachment to surface receptors, such as 

integral tight junction proteins, on the host cell membrane (Barton et al., 2001; Bassel-

Duby et al., 1985; Chandran et al., 2001; Chappell et al., 2002; Furlong et al., 1988; 

Zhang et al., 2005). Aquareoviruses such as the baboon reovirus or the broome virus, 

however, appear to lack this fibrous protein and must therefore utilize a different cell 

entry mechanism that is currently unknown (Thalmann et al., 2010; Yan et al., 2011). 

Beyond cell attachment, several species of orthoreoviruses have been shown to 

facilitate cell entry by their second layer CP undergoing autoproteolytic cleavage during 

maturation to generate a myristoylated N-terminal peptide that has been shown to be 

essential for cell entry (Odegard et al., 2004).  IBDV has also been shown to generate 

an N-terminal peptide through autoproteolytic cleavage that has been shown to possess 

membrane perforation properties (Galloux et al., 2007). 

Several genera of totiviridae that infect insects, fish, or crustaceans, such as the 

infectious myonecrosis virus or the piscine myocarditis virus, possess a fibrous proteins 

similar to that observed in orthoreoviruses attached to its capsid surface that is believed 

to mediate cell entry  (Tang et al., 2008; Tengs and Böckerman, 2012).  In the case of 
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the piscine myocarditis virus, its fibrous protein is believed to interact with chemokine 

receptors on the cell membrane to facilitate entry. The vast majority of totiviruses 

however lack any kind of surface protein to facilitate cell entry and must therefore rely 

on passive means for transmission. In the case of PBV, neither the host cell receptor 

nor the host attachment protein has been identified. It is hypothesized that the N-

terminal region of the PBV CP may play a role in membrane penetration (Duquerroy et 

al., 2009). Despite PBV sharing a great deal of structural similarity with fungal infecting 

partitiviruses, partitiviruses can only transmit themselves passively while PBV has 

evolved an active means of transmission.     

 

Figure 1.7: Structures of multiple dsRNA viruses. A legend describing the different components is 
displayed to the right. For orthoreovirus and aquareovirus, the outer-clamp protein of is displayed 
in grey with the turret protein represented by a pair of blue bars at each vertex. For 
picobirnaviruses and partitiviruses, the protruding domain of the CP is displayed in teal. The large 
arrow in each section reflects possible evolutionary pathways. (Nibert and Takagi, 2013) 
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1.4.2 RNA Transcription 
 

During cell entry, multilayered dsRNA virus capsids sense the change in the ionic 

environment and uncoat, leaving only a single layered, transcriptionally active virus 

particle that is delivered into the host cytosol. For single-layered dsRNA viruses, like 

PBV, the only requirement for the virus particles to become transcriptionally active is the 

presence of an rNTP substrate. During transcription, (+) ssRNA transcripts, which can 

be directly translated into protein, are synthesized in the capsid by the RdRP proteins 

present and are released into the cytosol through channels in the capsid located near 

the 5-fold axes (Diprose et al., 2001; Gouet et al., 1999; Grimes et al., 1998; Lawton et 

al., 1997). The (+) RNA transcripts are synthesized by the RdRP utilizing either a 

conservative or semi-conservative mechanism, which utilizes strand displacement, 

using the minus sense (-) strand of the dsRNA as the template (Fig. 1.8). The capsid 

itself remains intact throughout this process.  

The RNA template to be transcribed is recognized by the RdRP utilizing either 

conserved structural or sequence motifs located at either the 5’ or 3’ end of the viral 

dsRNA molecules. The reovirus and rotavirus RdRPs recognize their templates by 

binding to their 5’ N7-methyl-GpppG cap structures on the (+) RNA that are added 

following transcription (Furuichi and Shatkin, 2000; Lu et al., 2008; Nibert, ML and 

Schiff, LA, 2001; Tao et al., 2002) , while the 6 RdRP recognizes their templates 

through conserved sequence motifs located at the 3’ end of the (-) RNA (Mindich et al., 

1994). The two strands of the dsRNA template are then separated either by viral 

helicases, as in the case of blue tongue virus or rotavirus (Jayaram et al., 2002; Matsuo 

and Roy, 2009; Stäuber et al., 1997; Taraporewala and Patton, 2004),  or by negatively 
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charged surface groves on the exterior of the RdRP (Butcher et al., 2001; Sarin et al., 

2009). The 3’ end of the template strand is then guided into the template entry channel 

by a positively charged patch on the outside of the channel before being directed to the 

active site of the protein by two positively charged patches on either side of the channel 

(Sarin et al., 2009). During transcription, if the RdRP utilizes a conservative replication 

mechanism, the (+) RNA strand is held stationary allowing the dsRNA molecule to 

reform following transcription, while if the RdRP utilizes a semi-conservative replication 

mechanism, the (+) RNA strand is directed to a nearby pore located at the five-fold 

symmetry axis of the capsid where it is emitted into the host cell (McDonald et al., 2009) 

(Fig. 1.8). The nascent RNA strand then forms a dsRNA molecule with the parent (-) 

RNA strand.  
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Figure 1.8: Illustration describing the a) conservative and b) semi-conservative mechanisms of 
RNA transcription. The (+) RNA template strand is designated in blue, the (-) RNA strand in red, 
and the daughter strand in green. (McDonald et al., 2009) 
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RdRPs initiate RNA transcription utilizing either a de novo or primer dependent 

mechanism. De novo transcription utilizes the first nucleotide as the initiation primer, 

while primer dependent initiation utilizes either an oligonucleotide or a protein primer as 

the initiation primer (Ranjith-Kumar et al., 2002). De novo initiation has been shown to 

be utilized by a wide range of viruses including the dsRNA viruses 6 (Butcher et al., 

2001) and rotavirus (Chen and Patton, 2000), (+) ssRNA viruses of the flaviviridae 

family (Ackermann and Padmanabhan, 2001; Kao et al., 1999; Luo et al., 2000),  and (-) 

ssRNA viruses like the vesicular stomatitis virus (Testa and Banerjee, 1979). The RNA 

transcription process is displayed in its entirety for the 6 RdRP in Fig. 1.9. Prior to the 

initiation of RNA synthesis, viral RdRPs bind to divalent cations utilizing noncatalytic ion 

sites (Butcher et al., 2001; Lu et al., 2008; Ng et al., 2002; Poranen et al., 2008b; Tao et 

al., 2002). The binding of Mn2+ ions have been shown to increase the structural fluidity 

of the RdRP, while Mg2+ ions have been shown to increase structural rigidity. During de 

novo initiation, the initial nucleotide (D1) binds to the i site of the RdRP located near the 

protein’s active site where it is base paired to the 3’-most nucleotide of the template 

strand (T1). D1 then provides the 3’-hydroxyl group for nucleotidyl transfer to a second 

nucleotide (D2) that binds to the RdRP’s i+1 site where it is based paired with the next 

nucleotide in the template (T2). The phosphodiester bond is then synthesized between 

D1 and D2 utilizing three highly conserved aspartic acid residues located in a β-sheet in 

the palm domain and two metal ions (Joyce and Steitz, 1995; Steitz, 1998). Either the 

template or the RdRP is then translocated and the i+1 site is used to incorporate the 

next nucleotide into the daughter strand.   
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Once the first two nucleotides have been bound to the template strand, a 

conformational change in the RdRP forms the product exit channel of the RdRP (Wright 

et al., 2012). During this conformational change, the bound Mn2+ ion is lost due to the 

reformation of the divalent cation binding site. An exogenous Mn2+ ion is then bound by 

the RdRP to establish the correct geometry for the incorporation of D3 into the template. 

Elongation is then carried out through repeated cycles of base pairing of an NTP to the 

template, followed by the formation of a phosphodiester bond with the previously added 

nucleotide, followed by the translocation of either the template or the RdRP. During the 

elongation process, the bound Mn2+ ion remains in complex with the RdRP.  
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Figure 1.9: Cartoon model for 6 RdRp-catalyzed polymerization. Key steps have been 

characterized crystallographically and are displayed in order from step I to step VII (relevant PDB 
accession numbers are displayed in the bottom left hand corner of each box). Step II* illustrates 
that NTPs can be stabilized in the i site by the presence of divalent cations in the absence of the 
template. The Template molecule is displayed in green, the daughter strand is displayed in red, 
Mn

2+
 ions are displayed as magenta spheres, and Mg

2+
 ions are displayed as purple spheres. The 

specificity pocket is displayed as site S, the priming platform is displayed as site P, and the NTP 
binding site is displayed as site C. The first two nucleotides of the template strand as displayed as 
T1 and T2 respectively, and the first two nucleotides of the daughter strand are displayed as D1 
and D2 respectively. (Wright et al., 2012) 
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A potentially deleterious obstacle to successful RNA synthesis is whenever the 3’ 

end of the daughter strand loops back to form a hair-pin like structure that is  then 

extended by the RdRP (Laurila et al., 2002). This is known as back-priming and results 

in the daughter strand being covalently bound to the initial template. Such an 

occurrence prevents further RNA replication of the back-primed RNA. This phenomenon 

has been observed in vitro for several RdRP mutants including those of HCV (Behrens 

et al., 1996; Luo et al., 2000; Zhong et al., 2000), BVDV (Zhong et al., 1998), and the 6 

bacteriaphage enzymes (Laurila et al., 2002, 2005). This 6 mutant was lacking a 

primer mimicking loop located near the C-terminus of the protein that included a Tyr 

residue that is involved in base stacking between the template and incoming 

nucleotides. This structure has also been shown to be involved in controlling the switch 

from initiation to elongation during viral replication. In HCV, a similar initiation platform is 

formed by a β-hairpin that extends from the thumb domain and a C-terminal 

hydrophobic pocket (Hong et al., 2001; Ranjith-Kumar et al., 2003b).  

 
1.4.3 Translation and Capsid Assembly 

The host cellular machinery is then utilized to translate the constituent viral 

proteins. To ensure mRNA stability and efficient translation by the ribosome, eukaryotic 

mRNA is capped at the 5′ end by a 7-methyl GMP moiety via an inverted 5′-5′ 

triphosphate linkage (m7GpppX) (Muthukrishnan et al., 1975). For viral transcripts to be 

efficiently translated they must either possess a similar cap structure or contain an 

internal ribosome entry site (IRES) in their 5’ untranslated region (UTR) (Kanamori and 

Nakashima, 2001; Kolupaeva et al., 2000; Liu et al., 1999; Malygin et al., 2013). Several 

viral species possess capping enzymes located near the 5-fold axes of the capsid, 
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sometimes in complex with the RdRP, that cap the newly synthesized transcripts before 

they are exported into the cytosol (Ho et al., 1996; Reinisch et al., 2000; Shuman and 

Hurwitz, 1981). Another method employed by virus such as the Yeast L-A virus is “cap 

snatching”, where some or all of the 5’ cap is transferred from a host mRNA strand to 

the viral transcript (Fujimura and Esteban, 2011). To date, no cap structures have been 

observed on the mRNAs of cystovirus, partitivirus, PBV, and birnavirus. While this is 

expected for cystovirus as it infects prokaryote hosts where the addition of a 5’ cap is 

not part of the mRNA maturation process, it is quite unexpected for partitivirus, PBV, 

and birnavirus as they infect eukaryotes. While no RNA capping has been observed for 

birnavirus, the 5’ termini of the RNA has been shown to be covalently bound to the viral 

polymerase (Calvert et al., 1991).  Once the viral proteins have been synthesized, the 

CP molecules begin to spontaneously assemble into new virus particles with the ssRNA 

transcripts and RdRP proteins packaged inside either during or following capsid 

assembly. In the case of viruses from the Reoviridae family, this assembly takes place 

in inclusion bodies located in the perinuclear area or cytoplasm in the host cell, termed 

viroplasms (Patton et al., 2006; Touris-Otero et al., 2004; Wei et al., 2008). 

Currently there are two prevailing theories regarding the assembly pathway for 

dsRNA virus capsids. One involves the assembly of pentamers of CP dimers 

(decamers) that then assemble into capsids, while the other involves the assembly of 

dimers of CP dimers (tetramers) that then combine to form viral capsids (Fig. 1.10). 

Evidence exists that supports both proposed assembly pathways and it is commonly 

believed that different dsRNA virus species many employ different assembly methods. 

Viruses from the cystoviridae, partitiviridae, and picobirnaviridae families are all believed 
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to assemble using the dimer of dimer assembly pathway. Evidence supporting the dimer 

of dimer assembly model for viruses from the cystoviridae family include that the CP of 

the phage 8 has been isolated as a stable tetramer (Kainov et al., 2003) and that 

kinetic analysis of 6 assembly has revealed that the that the rate limiting step during 

nucleation is the bridging of two hexamers of the 6 helicase (P4) between neighboring 

five-fold vertices by a CP tetramer (Poranen et al., 2001). For  the capsid structures of 

the partitiviruses PsV-F and PsV-S, the buried surface area between the dimer pair 

related by the two-fold axis is almost twice that which is observed between the dimer 

pairs related by the three-fold or five-fold symmetry axes (Pan et al., 2009; Tang et al., 

2010). In the case of the Picobirnavirus capsid structure, there is a significant amount of 

buried surface area that exists between the dimer pair that connects the two decamer 

structures at the five-fold symmetry position (Duquerroy et al., 2009). Such results 

suggest that the capsids of the partitividiae and picobirnaviridae families also assemble 

using a dimer of dimer assembly pathway.  

Evidence suggests that viruses from the reoviridae family assemble using the 

pentamer of dimer assembly method. High resolution structures of the inner capsids 

from the rotavirus, reovirus, and blue tongue virus have revealed extensive interactions 

between the CP decamers (Grimes et al., 1998; McClain et al., 2010; Reinisch et al., 

2000). Additionally, the expression of a mutant blue tongue virus CP with a deleted 

dimerization domain resulted in the assembly of dimers, pentamers, and decamers (Kar 

et al., 2004).  
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Figure 1.10: Proposed assembly pathways for the inner capsid shell of dsRNA viruses. The two 
different conformations of the CP are displayed in red and blue. a) The pentamer of dimer 
assembly method. b) The dimer of dimer assembly method. (Poranen and Bamford, 2012)   
 
 

1.4.4 RdRP and Genome Encapsidation 

During viral replication, dsRNA viruses have been shown to encapsidate up to 

twelve RdRP molecules in each virus particle (Estes and Kapikian, 2007; Schiff et al., 

2007). To date, several different mechanisms of incorporating RdRP molecules into the 

capsid have been identified for different dsRNA virus species. Those that possess multi-

layered capsids, such as6, rotavirus, and reovirus, have been shown to attach their 

viral polymerase molecules to the inner surface of the capsid through direct protein-

protein interactions (Bamford and Wickner, 1994; Prasad et al., 1996; Zhang et al., 

2003). Simpler dsRNA viruses, such as the Yeast-LA virus, express their polymerase as 

a CP-RdRP (cap-pol) fusion protein, which is then incorporated into viral particles as a 

minor structural component during capsid assembly (Dinman et al., 1991). This 

localization of the RdRP suggests that the RNA genome must move relative to the 

RdRP during replication and transcription. With few exceptions, polymerases from 

(b) 

(a) 
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dsRNA viruses are not fully active when their respective capsid proteins are not present. 

Examples include the rotavirus RdRP that exhibits no catalytic activity in the absence of 

its respective CP (Patton et al., 1997), the reovirus RdRP that is only capable of 

synthesizing small oligonucleotides from a poly C template (Starnes and Joklik, 1993), 

and the blue tongue virus RdRP that only displays low levels of activity (Boyce et al., 

2004). It has been proposed that the dependence of polymerase activity on the 

presence of capsid proteins may help to ensure that dsRNA products are produced only 

within a capsid enclosure (Patton et al., 2006). The 6RdRP on the other hand is 

capable of synthesizing large quantities of dsRNA products in the absence of other viral 

proteins (Makeyev and Bamford, 2000). However, during the viral replication process of 

6, the RdRP is only exposed to the viral genome after first being incorporated into a 

procapsid structure preventing the RdRP from synthesizing dsRNA outside of the 

capsid (Bamford and Wickner, 1994). 

The viral genome is packaged within the viral capsid either during or following 

capsid assembly. In the case of phages, like 6, the three genome segments are 

packaged into a procapsid structure composed of the inner CP, the RdRP, an NTPase 

protein responsible for genome packaging, and an accessory protein that plays a role in 

genome packaging and RNA synthesis (Mindich, 2004). The NTPase protein hydrolyzes 

NTPs to package the viral genome within the procapsid (Frilander and Bamford, 1995; 

Gottlieb et al., 1992). Each genome segment has a packaging site located on the 5’ end 

that is recognized by the procapsid to ensure specific packaging (Gottlieb et al., 1994; 

Pirttimaa and Bamford, 2000). To ensure that all three genome segments are packaged 

within a single procapsid, the viral mRNAs are packaged in a specific order from 
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smallest to largest with RNA synthesis initiating only after the final genome segment has 

been packaged (Frilander and Bamford, 1995; Frilander et al., 1995; Poranen and 

Bamford, 1999). This sequential packaging is accomplished using RNA binding 

surfaces on the exterior of the procapsid that undergo conformational changes as each 

genome segment is packaged (Fig. 1.11) (Huiskonen et al., 2006; Mindich, 2004). 

 

Figure 1.11: Genome packaging model for the bacteriophage 6. The small genome segment is 
colored in red, the medium genome segment in green, and the large genome segment in purple. 
The procapsid surface region that binds to the small RNA segment is designated S, that which 
binds to the medium genome segment is designated M, and that which binds to the large genome 
segment is designated L. The empty procapsid can only package the short genome segment 
using site S. After the short segment has been packaged, site S disappears and site M appears 
enabling the packaging of the medium genome segment. After the medium segment has been 
packaged, site M disappears and site L appears enabling the packaging of the large genome 
segment. After the large genome segment has been packaged, dsRNA synthesis is initiated. 
(Mindich, 2004)  
   

The genome packaging mechanism utilized by the members of the Reoviridae 

family is not currently well understood. For rotavirus, it is believed that specific 

interactions between the RdRP and the 3’ end of the genome segments would enable 

specific packaging of the viral mRNAs (Ogden et al., 2011). The RdRP and mRNA in 

complex with the capping enzyme would then bind with inner CP molecules to form a 

five-fold vertex that then assembles with eleven other such vertices to form a complete 
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capsid (McClain et al., 2010). Each vertex would contain ten copies of the inner CP. 

Specific interactions between the genome segments would drive the formation of the 

capsid to ensure that each capsid would contain only one copy of each genome 

segment (Patton and Spencer, 2000). Examination of rotavirus assembly intermediates 

has suggested that the viral ssRNAs are largely exposed to the inner capsid surface 

and are reeled into the capsid during assembly (Patton and Gallegos, 1990). The 

rotavirus protein NSP2 has been shown to possess ssRNA and NTPase activity, 

suggesting that this protein may function as a motor protein to facilitate genome 

packaging (Taraporewala and Patton, 2004). A functional homolog of rotavirus NSP2 

has was also identified for the blue tongue virus and has been termed VP6 (Matsuo and 

Roy, 2009; Taraporewala et al., 2001). Blue tongue virus VP6 forms a complex together 

with the virus’ RdRP, capping enzyme, and a viral genome segment that is then 

packaged within the inner capsid with VP6 acting as a helicase to assist in the packing 

of the genome segment (Matsuo and Roy, 2009; Roy, 2008).     

 
1.4.5 dsRNA Synthesis and Virus Shedding 

After genome packaging has taken place, the 3’ ends of the packaged (+) ssRNA 

molecules are then directed towards the template entry channel of the RdRP to initiate 

the synthesis of their (-) RNA complements resulting in the synthesis of a dsRNA 

molecule (McDonald et al., 2009). RNA replication is carried out utilizing a similar 

mechanism as was previously utilized for RNA transcription. Following dsRNA 

synthesis, the virus is now in a position to begin transcribing its genome for the 

synthesis of progeny viruses. Most species of dsRNA viruses that possess an active 

means of cell entry also possess a means to induce viral shedding. Once the viral titer 
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reaches a certain level, shedding of the viral progeny is carried out through the lysis of 

the host cell. Lysis is carried out either through the induction of apoptosis, as is the case 

for the reovirus (Oberhaus et al., 1997) and rotavirus (Chaïbi et al., 2005), or through 

the degradation of the host membrane/cell wall by viral proteins, as is the case for 6 

whose NSP p5 is an mureine endopeptidase that lyses its host cell wall once it reaches 

a high enough concentration (Bamford and Palva, 1980; Mindich and Lehman, 1979). 

Progeny viruses are then released and can go on to infect additional cells and further 

spread the virus. Recently, evidence has come to light that suggests that reovirus may 

also be capable of egressing from the host cell using a non-lytic mechanism that is 

currently unknown (Lai et al., 2013). 

 
1.5 Picobirnavirus 

1.5.1 Overview 

PBV, the subject of this thesis, is a small, non-enveloped dsRNA virus that was 

originally discovered in the late 1980s in Sao Paulo, Brazil during the screening of the 

native rat population for rotavirus infection (Pereira et al., 1988). PBV has since been 

shown to infect a wide range of mammalian and avian species including humans 

(Browning et al., 1991; Buzinaro et al., 2003; Day et al., 2010; Gallimore et al., 1993; 

Haga et al., 1999; Ludert and Liprandi, 1993; Ludert et al., 1991; Malik et al., 2011; 

Volotäo et al., 2001; Wang et al., 2007). Human PBV has been associated with acute 

gastroenteritis primarily in children and the immunocompromised and has been 

identified in patients on almost every continent (Bhattacharya et al., 2007; Finkbeiner et 

al., 2008; Giordano et al., 2008). PBV has also been identified in seemingly healthy 

individuals who have exhibited prolonged shedding of the virus (Ganesh et al., 2012). 
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The strain being investigated in this study is strain Hy005102 that was originally 

isolated from a young infant in Thailand that was admitted to the hospital with acute, 

non-bacterial gastroenteritis. This strain is the only human infecting PBV strain to have 

been fully sequenced and has revealed that PBV possesses a bi-segmented genome 

that encodes three proteins (Wakuda et al., 2005). Segment one possesses two open 

reading frames: one encoding a CP and the other a protein of unknown function and 

segment two encodes an RdRP (Fig. 1.12).  So far, the characterization of PBV has 

been hampered, largely due to the lack of an available system to culture the virus either 

in cells or experimental animals. However, in 2009 Duquerroy et al., was able to 

determine the structure of a PBV virus like particle (VLP) by overexpressing the CP of a 

rabbit infecting strain of PBV (Duquerroy et al., 2009). Despite the immense amount of 

information that this structure has provided, a large amount of the biology of PBV still 

remains to be discerned. In this study, we have determined the first ever RdRP 

structure from the Picobirnaviridae family to begin to elucidate the mechanisms that are 

utilized by this largely uncharacterized viral family during transcription, genome 

replication, and RdRP encapsidation. 
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Figure 1.12: Illustration of the genome of the Hy005102 strain of PBV. The gene encoding the gene 
of unknown function is displayed in dark green, the gene encoding the CP (the second open 
reading frame of genome segment 1) is displayed in pink, and the gene encoding the RdRP is 
displayed in grey. The untranslated regions are displayed in faint teal. (© 2008 Swiss 
Bioinfomatics Institute) 
 
 

1.5.2 Capsid Structure  

Overexpression of the CP of a rabbit infecting strain of PBV in Spodoptera 

frugiperda ovarian cells (sf9) has been shown to result in the spontaneous formation of 

icosahedral VLPs (Duquerroy et al., 2009). These VLPs were found to be ~35 nm in 

diameter with a size and morphology similar to that previously observed for PBV virions 

isolated from swine (Ludert et al., 1991). The crystal structure of the PBV VLP was 

determined to 3.4 Å resolution and revealed that the VLP is composed of 60 symmetric 

CP dimers with the first 55 aa exchanged between the two subunits (Fig. 1.13). The 

overall architecture of the capsid is that of a spherical tricontrahedron made of parallel 

dimers. Such an organization most closely resembles that of enveloped flaviviruses 

(Kuhn et al., 2002). The PBV CP structure is made up of two domains: a shell domain 

composed primarily of α-helices and two β-sheets and a protruding domain composed 

entirely of β-sheets. The protruding domain forms spikes structures that were observed 

on the relatively smooth capsid surface. On the capsid surface, there were small 

depressions around each five-fold symmetry axes and flat regions around the three-fold 

http://en.wikipedia.org/wiki/Spodoptera_frugiperda
http://en.wikipedia.org/wiki/Spodoptera_frugiperda
http://en.wikipedia.org/wiki/%C3%85
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symmetry axes. The determined structure of the PBV CP most closely resembled that of 

fungal infecting partitiviruses (Pan et al., 2009; Tang et al., 2010).  

The PBV dimer mixes subunits from two adjacent decameric caps (AB' and BA'), 

indicating that its assembly pathway is likely different from other dsRNA viruses. The 

intricate interface between the dimers suggests that dimerization takes place during the 

folding of the polypeptide chain resulting in a significant amount of buried surface. This 

would suggest then that dimerization is the first step of particle assembly.  

The first 65 aa of the CP were found to be removed via autoproteolytic cleavage 

during capsid maturation, creating a 7 kDa peptide. In other non-enveloped animal 

viruses, similar CP maturation processes have been shown to prime the viral particle for 

the release of a penetration peptide that has been shown to possess membrane 

disruption activity (Johnson, 1996; Odegard et al., 2004). In the case of PBV, the 

purified VLPs were shown to induce the leakage of liposome encapsulated fluorescent 

dyes suggesting that its N-terminal peptide may also be involved in membrane 

disruption during host cell entry. Mass spectroscopy analysis of the 7 kDa peptide 

revealed that the peptide had undergone post-translational acetylation on a varying 

number of lysine residues. Such modifications would increase the hydrophobicity of the 

lysine side chain and may play a role in the membrane disruption capability of the 

peptide. The fact that the 7 kDa peptide contained a large number of positively charged 

amino acids (~23%) and that the presence of the peptide was only observed for VLPs 

that were found to package cellular nucleic acid suggests that the N-terminal peptide 

may also play a role in packaging the viral genome.  
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Figure 1.13: Structure of the Rabbit PBV VLP. (a) Structure of the PBV VLP as viewed down one of 
the 5-fold symmetry axes. The secondary structure elements are colored as follows: α-helices 
blue, β-sheets red, and random coil orange/light brown. (b) Molecular surface representation of 
the PBV VLP as viewed down one of the 2-fold symmetry axes, with chain A colored blue and 
chain B colored grey. For clarity, a yellow contour outlines two CP dimers related by 2-fold 
symmetry. The red symbols indicate icosahedral axes (triangle for I3 and ellipse for I2).  
(Duquerroy et al., 2009) 
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Chapter 2 Methods 

In order to characterize the structure and functional parameters of a target 

protein on interest, the gene encoding said protein must first be cloned into an 

expression vector before being expressed in the expression system of choice. The 

parameters of said expression must then be optimized in order to maximize the amount 

of protein produced per batch of culture. Structure determination using X-ray 

crystallography requires a large amount of protein at a very high degree of purity (> 

95%), so after expression, the target protein must be carefully purified in order to 

separate it from contaminating proteins that originate from the cells used for expression. 

After purification is complete, biochemical and biophysical assays can be conducted on 

the protein to characterize its structure and functional behavior. To determine the 

structure of the protein, commercial screening trays (e.g. Hampton Research and 

Qiagen) are first set up to test a wide variety of chemical conditions in order to obtain a 

general idea of the types of conditions under which the protein of interest will crystallize. 

Using these conditions as a starting point, the conditions are further optimized in order 

to obtain crystals that are larger, more regularly shaped in appearance, and diffract to a 

higher resolution. Once satisfactory crystals have been obtained, data sets are acquired 

by recording the X-ray diffraction of the crystal as it is slowly rotated along a single axis. 

The required phase information is then obtained and both the intensity and phase 

information is utilized to create an interpretable electron density map of the protein. An 

initial model of the protein is then built to fit the electron density map and gradually 

refined in order to develop a model that best fits the diffraction data. 
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2.1 Plasmid Construction 

The gene encoding the PBV RdRP was commercially obtained from Geneart and 

cloned into a pET28b(+) vector backbone (Novagen) to enable expression using a 

Rosetta 2 (DE3) strain of E. coli (Novagen). The UTR of the PBV genome segment that 

encodes the PBV RdRP was not included in the commercially purchased gene. Primers 

for the polymerase chain reaction (PCR) experiments were obtained from Integrated 

DNA Technologies (IDT) with the forward primer containing a 5’ NcoI site and the 

reverse primer containing a 3’ XhoI site for gene insertion into the vector backbone.  An 

N-terminal 6xHis tag was added by inserting a CATCACCATCACCATCAC sequence 

after the start codon in the forward primer. PCR was carried out using PFU Ultra II 

polymerase (Agilent Technologies) with the commercially obtained genes serving as the 

template. The composition of the 50 μL reaction is as follows: 1 μL PFU Ultra II 

polymerase, 1 μL template, 1  μL dNTP mix (10 mM, Promega), 5 μL of a 10X PFU 

Ultra II reaction buffer (Agilent Technologies), 1 μL of the forward and reverse primers 

(1 mM), and 40 μL of milli-Q water. PCR experiments were carried out using a 96-well 

thermal cycler (Mastercycler® pro, Eppendorf) for 35 cycles of denaturation (95°C for 30 

seconds), annealing (55°C for 30 seconds), and extension (72°C for 135 seconds), 

following by a final extension step at 72°C for 600 seconds. PCR products were then 

analyzed by electrophoresis on a 1% agarose gel to ensure that the gene of interest 

had been adequately replicated.  

The salts in the solution were then removed using a commercial PCR cleaning kit 

(Qiagen) before the PCR products were digested with the restriction enzymes NcoI and 

XhoI (New England Biolabs) in the presence of the CutSmart reaction buffer (New 
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England Biolabs). The PCR products were digested alongside the vector backbone for 4 

hrs. at 37 °C. The digest products were then run on a 1% agarose gel and the 

appropriate bands were excised and extracted from the agarose using a commercial gel 

extraction kit (Qiagen). The PCR products and vector backbone were then mixed at a 

3:1 molar ratio in the presence of the T4 DNA Ligase buffer and ligated together using 

T4 DNA ligase (New England Biolabs) for 8 hrs. at 16 °C. The ligation reaction was then 

transformed into a DH5α cell line, plated onto agar plates that contained Kanamycin (50 

μg/ml), and incubated over night at 37 °C. Single colonies were then picked the next 

day and placed into liquid LB cultures that contained Kanamycin (50 μg/ml) and shaken 

over night at 37 °C. The following day a commercial miniprep kit (Promega) was then 

used to isolate the expressed plasmids. An aliquot of the obtained plasmids were then 

digested with NcoI and XhoI and run on a 1% agarose gel to verify the presence of the 

gene of interest. Plasmids that were shown to contain the gene of interest were then 

sent out for sequencing (Lone Star Labs). 

To create the PBV RdRP ΔLOOP mutant a BamHI restriction site was introduced 

via site-directed mutagenesis before and after the internal loop region (495-518). 

Digestion with BamHI removed this section of the gene and ligation with T4 DNA ligase 

fused the two cleaved ends together to reform the circular plasmid. The specifics of the 

PCR, PCR clean up, restriction enzyme digestion, gel extraction, ligation, 

transformation, and sequencing experiments were carried out in exactly the same way 

as previously described for the PBV RdRP construct. 

In addition, the gene encoding the PBV CP was commercially obtained from 

Geneart and cloned into a pET19b(+) vector for expression in E. coli. Primers were 
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obtained from IDT with the forward primer containing a 5’ NdeI and the reverse primer 

containg a 3’ XhoI restriction site. The specifics of the PCR, PCR clean up, restriction 

enzyme digestion, gel extraction, and ligation experiments were carried out in exactly 

the same way as previously. Following ligation, the ligation reaction was transformed 

into a DH5α cell line, plated onto agar plates that contained Ampicillin (100 μg/ml), and 

incubated over night at 37 °C. Single colonies were then picked the next day and placed 

into liquid LB cultures that contained Ampicillin (100 μg/ml) and shaken over night at 37 

°C. The following day the plasmids were minipreped and the presence of the gene of 

interest was verified by digestion with NdeI and XhoI. The Plasmids that were shown to 

contain the gene of interest were then sent out for sequencing to verify that the gene 

had been accurately placed into the vector.  

2.2 Protein Expression 

After the sequence of the gene of interest had been verified, the plasmid was 

transformed into a Rosetta 2 strain of E. coli for protein expression. The Rosetta 2 cell 

line is derived from the BL21 cell line, with the addition of a plasmid that encodes the 

tRNAs of seven rare codons (i.e. AGA, AGG, AUA, CUA, GGA, CCC, and CGG) to 

enhance protein expression. This plasmid confers chloramphenicol resistance to the 

Rosetta cells. The transformed cells were then plated on an agar plate that contained 

kanamycin (50 μg/ml) and chloramphenicol (40 μg/ml) and incubated overnight at 37 

°C. The next day single colonies were be picked and placed in 5 ml liquid LB cultures 

that contained kanamycin (50 μg/ml) and chloramphenicol (40 μg/ml) and shaken 

overnight at 37 °C. The following day, these small cultures were added to larger LB 

cultures (1 L) that also contained kanamycin (50 μg/ml) and chloramphenicol (40 μg/ml). 
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These cultures were then grown at 37 °C until their optical density measured at 600 nm 

(OD600) reached 0.6-0.8. Once the cultures had reached an appropriate OD, the 

temperature of the shaker was reduced to 15 °C and protein expression was induced by 

the addition of a 1 mM concentration of Isopropyl β-D-1-thiogalactopyranoside (IPTG). 

The cultures were then shaken at 15 °C for ~24 hrs to allow for protein expression.  

Both the pET28b(+) and the pET19b(+) vector contain a T7 promoter followed by 

a lac operator to regulate the expression of the gene of interest. LacI is a naturally 

occurring protein that binds to the lac operator and inhibits the transcription of the genes 

that follow the operator. Normally in cells, lactose is converted to allolactose which then 

binds to LacI and inhibits its DNA binding ability, thus allowing for the expression of the 

genes that follow the lac operator. IPTG is a structural analog of allolactose that also 

inhibits LacI binding. The advantage of using IPTG is that it does not undergo hydrolysis 

nor is it consumed by the host cell. This allows the concentration of IPTG to remain 

constant in the cell culture enabling consistent protein expression. This described 

system allows for protein expression to only begin once the cells have reached an OD 

that is appropriate for protein expression enabling larger quantities of protein to be 

obtained from a single culture. 

 
2.3 Protein Purification 

Following protein expression by IPTG induction, the Rosetta cells were pelleted 

by centrifugation (Beckman Coultier) at 5,600 g for 30 min. The cell pellets were then 

resuspended in a buffer composed of 50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 10% 

glycerol, and 5 mM imidazole. 50 μg/ml of RNase A, 10 μg/ml of DNase 1, and 1 mM of 

phenylmethylsulfonyl fluoride (PMSF) were then be added to the cell solution. The 
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resuspended cells were then lysed by sonication using a Branson Sonifier 250 for 6 

cycles of 5 minutes. The lysate was then clarified by centrifugation at 20,000 g for 1 hr. 

to separate the soluble fraction from the insoluble. The purification method used would 

then diverge depending on the protein being purified. For the RdRP constructs, the 

protein was purified using a Ni-NTA batch column, followed by a prepacked HiTrap 

Heparin HP column (GE Healthcare Life Sciences), and finally a Superdex 200 size 

exclusion column (GE Healthcare Life Sciences). Purification using the Heparin and 

Superdex columns were carried out using an ÄKTA Fast Performance Liquid 

Chromatography (FPLC) system from GE Healthcare Life Sciences.  

Ni-NTA resin contains immobilized nickel ions that can bind to the histidine 

residues contained in a 6xHis tag. To purify the RdRP constructs that contained an N-

terminal 6xHis tag, three milliliters of the Ni-NTA resin was incubated with the clarified 

lysate containing the target protein for 2 hrs. at 4 °C with slight agitation. The solution 

was then passed through a batch column that separated the resin and the proteins 

bound to it from the unbound contaminating proteins. Imidazole is an organic compound 

with a molecular structure closely resembling the side-chain group of the histidine 

residue and can thus competitively inhibit histidine’s interaction with the Ni ions in the 

resin. A wash solution containing 50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 10% glycerol, 

and 10 mM imidazole was first passed through the column to remove any weakly bound 

proteins from the resin. The proteins that remained bound to the resin were then eluted 

in a solution composed of 50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 10% glycerol, and 

250 mM imidazole.  
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The presence of PBV RdRP in the eluted fractions was then verified by SDS-

PAGE and western blot using a primary antibody directed against the 6xHis tag. The 

fractions that were shown to contain the PBV RdRP were then pooled together and 

dialyzed against a buffer that contained 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10% 

glycerol, 5 mM β-mercaptoethanol, 1 mM NaN3, and 1 mM Ethylenediaminetetraacetic 

acid (EDTA). The protein solution was then passed through a prepackaged column of 

Heparin resin. Heparin is a polymer of sulfated disaccharide, whose chemical properties 

resembles that of nucleic acids. After binding to the Heparin resin, the PBV RdRP was 

eluted using a NaCl gradient at ~350 mM NaCl. In addition to NaCl, the elution buffer 

also contained 50 mM Tris-HCl (pH 7.5), 10% glycerol, 5 mM β-mercaptoethanol, 1 mM 

NaN3, and 1 mM EDTA. The fractions that were shown to contain RdRP were then 

concentrated to ~2 ml and applied to a Superdex 200 column that had been equilibrated 

with a buffer composed of 50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 10% glycerol, 5 mM 

β-mercaptoethanol, 1 mM NaN3, and 1 mM EDTA. Based upon the elution profile, it was 

observed that all of the PBV RdRP constructs appear to exist in solution as a monomer.  

For the PBV VLP, protein expression, lysis, and clarification were carried out in 

exactly the same manner as for the PBV RdRP. Following clarification, the supernatant 

was applied to a CsCl density gradient (1.1-1.4 g/ml) and the VLPs were isolated by 

ultracentrifugation (Beckman Coultier) using a SW41 rotor at 35,000 RPM for 6hrs at 4 

°C. A light-scattering band corresponding to the VLPs were observed at a density 

between 1.3 and 1.35 g/ml and extracted via a syringe. The extracted VLP samples 

were then dialyzed against a buffer containing 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 

10% glycerol, 5 mM β-mercaptoethanol, 1 mM NaN3, and 1 mM EDTA. Following 
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dialysis, the VLP sample was applied to two ion exchange columns, a HiTrap S and a 

HiTrap Q column. While the PBV VLP itself did not bind to either column, the ion 

exchange columns were found to remove contaminating proteins. Finally, the flow-

through from the ion exchange columns was concentrated to ~2 ml, applied to a 

Superdex-200 column, and eluted in a buffer composed of 50 mM Tris-HCl (pH 7.5), 

300 mM NaCl, 10% glycerol, 5 mM β-mercaptoethanol, 1 mM NaN3, and 1 mM EDTA. 

 
2.4 Crystallization 

Following purification, the RdRP construct to be crystallized was concentrated to 

~10 mg/ml using a 30 kDa molecular weight cut off Centricon (Millipore) and placed into 

screening trays to determine the conditions under which it would crystallize. Initially, 96 

well screening trays (Hampton, Promega) were set up utilizing a Gryphon crystallization 

robot (Art Robbins Instruments). This setup utilized vapor diffusion between the protein 

solution and a nearby reservoir (mother liquor) in order to grow protein crystals (Fig. 

2.1a). The contents of the mother liquor were varied in order to test a wide variety of 

crystallization conditions. Its contents typically included a salt, a buffer that maintained 

the solution at a predefined pH, and a chemical precipitant. The protein solution was 

combined with the mother liquor at a three to one, one to one, and one to three ratio for 

each crystallization condition. After the trays were set up, the two wells, one containing 

the mix of protein solution and mother liquor (drop) and the other containing just the 

mother liquor (reservoir), were sealed together such that vapor diffusion could only take 

place between the two. At this point the concentration of protein in the drop would have 

been most likely too low for crystallization (under-saturated). However, because the 

initial concentration of precipitant in the drop was lower than that in the reservoir water 
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escaped from the drop until the water vapor pressure between the drop and the 

reservoir reached equilibrium. This water vapor diffusion increased the concentration of 

protein until it reached a concentration corresponding to its “nucleation zone” (Fig. 

2.1b). Under the right conditions, crystal nucleation would then place and the protein 

began to go from a liquid phase to a solid phase (crystal). Crystal growth would then 

continue as more protein molecules were added to the existing crystals until the 

sequestration of protein in crystals decreased the concentration of protein in solution 

such that the protein concentration reached the “metastable zone”, where crystal growth 

slowed, and finally the “undersaturated zone” where crystal growth ceased. 

After an initial crystallization condition was determined using the screening trays, 

24-well manual trays were set up to optimize the condition. Aspects of the crystallization 

condition including salt, buffer, and precipitant concentration, pH, temperature, initial 

protein concentration, and initial protein to mother liquor ratio were varied in order to 

determine an optimal environment for crystal formation and growth. Additionally, 

additives such as salts or detergents were tested to improve crystallization.  

 



44 
 

 
 

 

Figure 2.1: Diagram illustrating the process of protein crystallization. a) Illustration of the sitting-
drop and hanging-drop set-ups of the vapor diffusion method. b) A schematic drawing of a protein 
crystallization phase diagram based on the protein concentration and the precipitant 
concentrations. (Russo Krauss et al., 2013) 
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2.5 Data Collection and Structure Determination 

2.5.1 Diffraction Data Collection 

X-ray diffraction experiments were carried out at cryogenic temperatures (~100 

K) in order to reduce the damage to the crystal from the incident X-ray beam (Alcorn 

and Juers, 2010). Due to the fact that the protein crystals contained ~50% water, they 

were first soaked in a “cryo-protectant” solution before being flash-cooled prior to data 

collection (Kriminski et al., 2002). The use of cryo-protectant prevented the water in the 

crystals from forming ice crystals and damaging the internal lattice of the protein 

crystals. Wide varieties of cryo-protectants are available and include glycerol, xylitol, 

high molar salt concentrations, and small molecular weight polyethylene glycol 

solutions. For the experiments presented in this thesis a 30% glycerol solution was used 

as the cryo-protectant.  

Flash-cooled protein crystals were mounted on a rotating goniometer and 

exposed to an X-ray beam. The diffracted X-rays were then collected by a CCD detector 

located on the other side of the crystal. The observed “spots” were due to constructive 

interference between the electromagnetic waves of the X-rays.  A well order crystal is 

composed of constituent molecules that are arranged in a three-dimensional lattice in 

an ordered pattern in all three spatial dimensions. According to Bragg’s law constructive 

interference can only occur when the following equation is satisfied: 

               

Where dhkl is the spacing between the adjacent lattice planes in the crystal lattice,   is 

the wave-length of the incident X-ray beam,   is the angle between the incident beam 

and the scattering X-ray, and n is an integer. Under Bragg’s law, the collected diffraction 
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data should yield a reciprocal space representation of the protein crystal lattice. During 

data collection, the crystal is rotated around the goniometer spindle axis by a small 

degree (~1°) for every frame. A diffracted beam would be produced whenever the 

reciprocal lattice points intersect with its sphere of reflection, called Ewald’s sphere. 

Since the reciprocal lattice rotates at exactly the same rate as the crystal, the crystal 

oscillation ensures that the Ewald’s sphere intersects with as many reciprocal lattice 

points as possible. Therefore, the oscillation of the crystal maximizes the number of 

unique reflections produced. During data collection, 180° of reflections were obtained in 

order to ensure that a complete data set was obtained.   

 
2.5.2 Phasing 

The ultimate goal of crystallography is to utilize the collected diffraction data to 

calculate an electron density map for the protein of interest. An atomic model of the 

protein in then fitted to the map in order to obtain a 3-dimensional structure of the 

protein. The electron density map is build utilizing the following formula: 

          
 

 
          

                      α 

   

 

where V is the volume of the unit cell, h, k, l are the Miller indices of a reflection hkl, 

while |Fhkl| and α are the amplitude and phase angle, respectively, of the Fourier 

transform of the electron density. The indices and amplitude can be determined based 

upon the location and intensity of the reflections observed in the previously described X-

ray diffraction experiments, however the phase angle cannot. Therefore, additional 

experiments must be carried out to determine this information. For the experiments 
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discussed in this thesis, single-wavelength anomalous diffraction (SAD) experiments 

were used to determine the initial phase information (Hendrickson et al., 1990).     

 
2.5.2.1 Single-Wavelength Anomalous Diffraction 

The initial step in performing SAD experiments was the production of 

selenomethionine (SeMet) labeled protein using the methionine inhibition pathway 

method (Doublié, 1997). The protein was expressed in M9 minimal media that was 

supplemented with 50 μg/ml kanamyacin and 40 μg/ml chloramphenicol. Prior to 

inducing protein expression, 50 mg/L of L-SeMet, 100 mg/L of leucine, isoleucine, and 

phenylalanine, and 50 mg/L of threonine, lysine, and valine were added to the media. 

Protein expression was then carried out as usual. During protein expression, the high 

concentration of the added amino acids inhibits the expression of aspartokinases that 

are responsible for the initial step in the methionine biosynthesis pathway (Benson et 

al., 1995; Doublie et al., 1996  Ducruix and Gieg , 1999; Hendrickson et al., 1990; 

McPherson, 1999; Van Duyne et al., 1993). This lack of normal methionine meant that 

SeMet would be incorporated into the synthesized protein in the places of methionine. 

The SeMet labeled protein was then harvested, purified, and crystallized using the 

same protocol as for the native protein.  

In the SAD experiments, diffraction data was collected from a single crystal of 

SeMet labeled protein using X-rays with a wavelength of ~0.98 Å, which corresponds to 

the absorption edge of selenium. An absorption edge is a sharp discontinuity in the 

absorption spectrum of a material. These discontinuities occur at wavelengths where 

the energy of an absorbed photon corresponds to an electronic transition. At incident 

wavelengths other than those near the absorption edges, the intensities of (h,k,l) and (-

http://en.wikipedia.org/wiki/%C3%85
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h,-k,-l) (a Friedel pair) are equal. However, if the wavelength of the incident X-rays is 

near one of the absorption edges then the intensities of the two reflections belonging to 

a Friedel pair would differ due to anomalous diffraction. By comparing the diffraction 

intensities for the two reflections from a Friedel pair collected at a wavelength near the 

absorption edges, the positions and occupancies of the atoms producing the anomalous 

signal can be calculated. This information can then be used to estimate the initial phase 

information that is then used to compute an initial electron density map. In this thesis, 

SAD was utilized for phasing to determine the structure of the apo-PBV RdRP. 

 
2.5.2.2 Molecular Replacement   

 If the protein of interest has a homolog with sufficient sequence similarity whose 

structure has been previously solved (search model), molecular replacement (MR) may 

be used to determine the initial phase information. To utilize MR, the search model first 

has to be placed into the unit cell determined from the diffraction data. To do this, the 

Patterson map, which is an interatomic vector map created by squaring the structure factor 

amplitudes and setting all phases to zero, of the search model is computed and 

compared to the Patterson map calculated from the diffraction data. A rotation function 

is first computed to determine the orientation of the search model, followed by a 

translation function that is used to determine its best position in the asymmetric unit. 

The correctly oriented search model is then used as a phasing model in conjuncture 

with the intensities from the diffraction data to compute an initial electron density map. 

This initial electron density map is used to compute and refine an atomic model of the 

protein of interest. In this thesis, MR was utilized to determine the structure of the PBV 

RdRP ΔLOOP mutant using the apo-WT RdRP structure as the search model. The 
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ΔLOOP structure was then used as the search model to determine the halo-WT RdRP 

structures presented in this thesis.  

 
2.5.3 Structure Determination and Refinement 

After the diffraction data had been collected, the software suite HKL2000 

(Otwinowski and Minor, 1997)  was used to index, integrate, and scale the data. 

HKL2000 consists of three programs: XdisplayF, which is used to visualize the 

diffractions images, Denzo, which is used for auto-indexing, crystal diffraction parameter 

refinement, data reduction, and integration, and Scalepack, which is used for merging 

and scaling reflections from individual frames to generate a complete data-set.  

After the diffraction data had been successfully processed with HKL2000, the 

program suite Python-based Hierarchical ENvironment for Integrated Xtallography 

(Phenix) (Adams et al., 2010) was utilized for phase determination, structure building, 

and model refinement. For the apo- WT RdRP structure, the phasing pipeline AutoSol 

was used for structure determination. Initially, AutoSol ran a program called Xtriage to 

check for potential problems such as twinning, translational pseudo-symmetry, or weak 

anomalous signal. If no problems were detected, a program called Hybrid Substructure 

Search (HySS) was then used to perform a heavy-atom search to determine the initial 

positions of the selenium atoms. Phasing was then performed using the program 

Phaser after which an initial electron density map was computed by the program 

Resolve. Autobuild was then utilized to determine the best fit of the amino acid 

sequence of the PBV RdRP to the electron density map. This created the initial 

structure of the RdRP. In the case of the RdRP ΔLOOP mutant and the halo-RdRP 

structures, the Phenix program Phaser was utilized to perform maximum-likelihood 

http://www.phenix-online.org/
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molecular replacement to generate an initial model. The initial structures were then 

displayed using the Crystallographic Object-Oriented Toolkit (COOT) (Emsley and 

Cowtan, 2004) before being refined by hand in order to best fit the visible electron 

density. Multiple iterations of refinement by phenix.refine followed by modifications by 

hand in COOT were required in order to determine the final structures. The quality of 

the final structures was judged based on their R-work and R-free values that were 

determined by phenix.refine. The structural figures displayed in this thesis were then 

prepared using the program PYMOL (The PyMOL Molecular Graphics System, Version 

1.2r3pre, Schrödinger, LLC).   

2.6 Biochemical Characterization Experiments 

A variety of biochemical experiments were carried out to characterize how the 

PBV RdRP recognizes, replicates, and transcribes the PBV genome as well as 

examining its interaction with the PBV CP. Such biochemical experiments included 

polymerase activity assays, backpriming activity assays, TNTase activity assays, and 

gel shift assays. Additionally, protein co-expression experiments were to examine the 

interaction between the RdRP and the CP. The polymerase activity assays, backpriming 

activity assays, and TNTase activity assays were performed by Dr. Minna Poranen and 

Outi Lyytinen from the University of Helsinki as part of an ongoing collaboration. Section 

2.6.1 provides a brief description of the experiments they performed. Chapter 6 

discusses the results of these experiments. 

 
2.6.1 RdRP Activity Assays 

Polymerase activity assays are performed in order to ascertain if a protein of 

interest is capable of replicating a DNA/RNA template, and if so, to determine how the 
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enzymatic activity of the protein is affected by different conditions such as substrate or 

cofactor concentration. During such an assay, the protein of interest is incubated with 

the DNA/RNA template, DNTPs/rNTPs, and the other cofactors that are necessary to 

support polymerase activity. A fraction of the DNTPs/rNTPs is labeled beforehand with 

either a radioactive or fluorescent label. Should the protein of interest display 

polymerase activity, these labeled nucleotides will be incorporated into the nascent 

strands. The reaction products are then run on an agrose gel and the detection of 

labeled oligonucleotides indicates that the protein of interest does in fact possess 

polymerase activity.    

The ssRNA and dsRNA templates utilized for the polymerase, backpriming, and 

TNTase activity assays were produced using the plasmids presented in Table 2.1. The 

full-length PBV genome segment 2 (PBV2) in a pMA-RQ-plasmid was synthesized by 

Life Technologies. 6 and PBV specific ssRNAs were then prepared by in vitro 

transcription using T7 RNA polymerase and PCR amplified cDNA templates. The 

primers used for PBV2 specific cDNA production were PBV2_Forward (5’ 

CGCGTAATACGACTCACTATAGTAAAATTTTCGAATTTTATAATAATTAAG) and 

PBV2_Reverse (5’ GCAGTTGGGACTGTTAGTCCCAATG) and for 6 specific cDNA 

production T7-1 and 3’end (Yang et al., 2001). The produced ssRNAs were then 

purified using chloroform extraction and successive precipitations with 4 M LiCl and 0.3 

M sodium acetate, pH 6.5. The 6 and PBV specific dsRNA templates were synthesized 

from their respective ssRNAs using the 6 RdRP as described in (Yang et al., 2001). 

Reactions were incubated for 1 - 3 hours at 30°C and dsRNA was purified from ssRNA 

by stepwise precipitation with 2 M and 4 M LiCl as described in (Romanovskaya et al., 
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2013). 6 genomic dsRNA was purified using Trizol/chloroform (5:1) extraction followed 

by precipitation with 44% (v/v) isopropanol, and lastly precipitation with 4 M LiCl and 0.3 

M sodium acetate pH 6.3. Purified RNA was washed with cold 70 % (v/v) ethanol and 

dissolved into sterile Milli-Q water. 

Table 2.1: List of the plamids used to express the RNA segments that were utilized for the 

biochemical experiments to examine the transcription and genome replication activity of the PBV 

RdRP.  

Plasmid1 Description of the T7 transcript Reference 

PBV2_pMA-
RQ 

PBV wt segment 2 starting with 5’-GUA This study 

pLM659 6  WT s+-segment starting with 5’-GGA  Gottlieb et al., 1992 

pLM656 6  WT m+-segment starting with 5’-GGA Olkkonen et al., 1990 

pLM687 6  WT l+-segment starting with 5’-GUA Mindich et al., 1994 

pMP3 6  s+-segment starting with 5'-GUA Frilander et al., 1995 

pMP4 6  m+-segment starting with 5’-GUA Frilander et al., 1995 

pLM682 6  l+-segment starting with 5’-GGA Gottlieb et al., 1992 

pEM15 
6  sΔ+, s+-segment with deletion 593 – 
2830 nt 

Makeyev and Bamford, 
2000 

1
All the plasmids containing 6 specific sequences are derivatives from the pT7T319U vector and 

the viral cDNA is placed under T7 polymerase promoter. PBV2_pMA-RQ is a derivative of pMA-RQ 

vector. 

 

The replication and transcription activity of the PBV RdRP was assayed in 10 µl 

reaction volumes in a buffer composed of 6% (w/v) PEG 4000, 20 mM NH4Ac, 0.1 mM 

EDTA, 2 mM MgCl2, 0.1 % (v/v) Triton X-100, 50 mM HEPES-KOH pH 7.5 and 0.4 U/µl 

RNase inhibitor RiboLock (Thermo Scientific). 35 ng of either the WT or ΔLOOP 

polymerase was included in each reaction along with equimolar amounts of the RNA 

template as well as 0.2 mM NTPs. For the identification of newly synthesized RNAs the 

reactions were supplemented with either [α-33P] labeled UTP (0.1 µCi/µl reaction, 

Perkin-Elmer, 3000 Ci/mmol) or [γ-32P] labeled GTP (0.2 µCi/µl reaction, Perkin-Elmer, 

6000 Ci/mmol). The reactions were incubated for 1 hour at 37°C before the reaction 

was stopped by the addition of two reaction volumes of loading buffer (8 M Urea, 10 mM 
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EDTA, 0.2 % (w/v) SDS, 6 % (v/v) glycerol, 0.05 % (w/v) bromophenol blue, 0.05 % 

(w/v) xylene cyanol). When determining if back-priming had taking place, the reactions 

were then boiled for 3 minutes to denature the sample. The reaction mixtures were 

analyzed by gel electrophoresis in 0.8 or 1.2 % (w/v) agarose gels. The gels were then 

dried and the signals were collected on imaging plates (Fujifilm), which were 

subsequently scanned using Typhoon TRIO Imager (GE Healthcare). Equivalent 

experiments were carried out to determine if the WT PBV RdRP or the ΔLOOP mutant 

possessed TNTase activity except that the initial reaction contained 35 ng of either the 

WT or ΔLOOP polymerase, equimolar amounts of the RNA template, and 0.03 μM [α-

33P] labeled UTP. 

 

2.6.2 Co-expression Experiments 

Co-expression experiments were carried out between the PBV RdRP and CP to 

determine if these two proteins were capable of forming a complex in the absence of the 

full PBV genome. The gene encoding the PBV CP in a pET19b(+) vector (ampicillin 

resistant) was co-transformed along with a pET28b(+) plasmid (kanamyacin resistant) 

that contained the gene encoding the PBV RdRP into a Rosetta 2 strain of E. coli. The 

cells were then plated onto LB agar plates that contained 50 µg/ml kanamyacin, 100 

µg/ml ampicillin, and 40 µg/ml chloramphenicol before being grown overnight at 37 °C. 

The next day single colonies were picked and grown in 5 ml liquid LB cultures that 

contained the same concentration of antibiotics as the agar plates over night at 37 °C. 

The following day these cultures were added to 1 liter cultures of LB that also contained 

kanamyacin, ampicillin, and chloramphenicol. The cells were then grown to an O.D.600 

of 0.6-0.8 at 37 °C before the simultaneous production of both proteins was induced by 



54 
 

 
 

the addition of 0.5 mM IPTG. Protein production proceeded for ~20 hrs at 15 °C. The 

cells were then harvested, resuspended, sonicated, and clarified using the same 

protocol as was used for the PBV RdRP. After clarification, the supernatant was run 

through a Nickel-NTA column to remove any unsequestered RdRP. The VLPs were 

then purified using density gradient ultracentrifugation in a CsCl gradient (density 1.1-

1.4 g/ml). Ultracentrifugation was performed using a SW41 Ti rotor (Beckman Coulter) 

at 35,000 rpm for 6hrs, after which the light-scattering VLP-zone was collected.  Two 

parallel western blot experiments were then carried out: one using an anti-PBV CP 

antibody obtained from Pacific Immunology (Ramona, CA, US) as the primary antibody 

and the other utilizing an anti-6xHis antibody obtained from Thermo-Fisher (Houston, 

TX, US) as the primary antibody.  

 
2.6.3 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a microscopy technique where a 

focused beam of electrons is transmitted through a thin sample. The electrons interact 

with the specimen forming an image that is then magnified and focused onto an imaging 

device. Often times though, the contrast between the protein sample and the carbon 

film onto which it is adhered is too weak to obtain high quality images.  Negative 

staining uses heavy metal salts to improve the contrast between the sample and the film 

by adhering to the film while being repelled by the sample. Protein molecules deflect 

electrons to a much lesser degree than heavy metals. Therefore, a larger number of the 

electrons that pass through the objective aperture and reach the imaging device have 

passed through the sample than through the surrounding grid. This results in the protein 

sample appearing white while the grid appears much darker. 
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In this thesis, TEM was utilized here at Rice to verify that the overexpression of 

the PBV CP result in the assembly of VLPs. Formvar carbon 400 mesh cooper grids 

(Electron Microscopy Sciences) were glow discharged at 5 mA for 1 min. 3 µl of a 0.1 

mg/ml sample of the VLPs were then added to the grids and incubated for 30 sec. to 

adhere the VLPs to the grids. Afterwards, the grids were washed sequentially twice with 

water, once with a 1.5% w/v uranyl formate solution, and finally stained in a 1.5% w/v 

uranyl formate solution for 30 sec. Images were taken on a JEOL 2010 electron 

microscope (JEOL USA, Inc.).  

 
2.6.4 Gel Shift Assays 

A Gel shift assay is an affinity electrophoresis technique that is commonly used 

to characterize the affinity of a protein of interest for a particular DNA or RNA sequence 

(Fried and Crothers, 1981; Garner and Revzin, 1981). The DNA or RNA “probe” is first 

labeled with a radioactive, fluorescent, or biotin label that is used to quantitate the 

amount of the probe present. The probe is then incubated with the protein of interest 

before being run on a polyacrylamide or agarose gel. A control lane consists of the 

labeled probe without the addition of protein that runs on the gel as a single band. The 

other lanes of the gel each contain the same amount of probe that has been incubated 

with increasing amounts of the protein of interest. If the protein of interest possesses the 

ability to interact with the probe then two bands should be observed in the gel, one 

corresponding to the unbound probe and the other corresponding to the probe in 

complex with the protein of interest. The protein:probe complex should possess 

significantly less mobility than the unbound probe. The total signal of the two bands 

should be approximately equal to the total signal observed in the single band of the 
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control lane. The fraction of the probe that is bound is then calculated by taking the 

signal observed for the band corresponding to the complex divided by the sum of the 

two signals corresponding to the complex and the unbound probe.  This value is the 

plotted versus the concentration of protein present to determine the disassociation 

constant (Kd) of the binding reaction.  

In the gel shift assays presented in this thesis, radioactive 20-mer RNA 

oligonucleotides were used as the probe to study the interaction of the PBV RdRP with 

different sections of a PBV genome segment. RNA oligonucleotides were commercially 

purchased from Sigma-Aldrich and labeled with 32P from a (γ-32P) ATP molecule. 

Labeling was performed by incubating 50 pmol of the RNA oligo with 1.5 µl of T4 

Polynucleotide Kinase (NEB), 5 µl of the provided 10x T4 Polynucleotide Kinase buffer, 

10 µl of 0.25 mCi (γ-32P) ATP (MP Biomedicals), 26.5 µl of water that had been treated 

with Diethylpyrocarbonate, and 2 µl of the RNase inhibitor Superase In (Ambion) at 37 

°C for 30 min. Labeling was then halted by the addition of 5 µl of 500 mM EDTA. The 

labeled oligonucleotides were then purified and desalted using a Sephadex G-50 Nick 

column (GE Life Sciences).  

A 1 nM concentration of 5’- 32P-labeled RNA was then incubated with increasing 

concentrations of either the WT PBV RdRP or the RdRP ΔLOOP mutant for 30 min. at 

room temperature. This incubation was carried out in a buffer that contained 50 mM 

Tris-HCl pH 7.5, 50 mM KCl, 1mM NaN3, 5 mM β-mercaptoethanol, and 10% v/v 

glycerol. The samples were then loaded onto a 15% native polyacrylamide gel and run 

at 50V for 4 hrs. The polyacrylamide gel setup was placed in an ice bath during the 

experiments to minimize heating. The radioactive RNA was visualized by 
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phosphorimaging using the FujiFilm FLA-5000 imager and quantified using the program 

ImageGuage v4.0. The amount of bound RNA was then plotted against the protein 

concentration to obtain the Kd of the binding interaction. The Kd was calculated using 

the following Hill equation: 

  
    

       
 

where Y is the fraction of bound RNA, L is the concentration of protein, Kd is the 

disassociation constant, and n is the Hill coefficient that describes the cooperativity of 

the interaction. The three RNA segments used for these experiments were the PBV 

5’(+)- UTR (GTAAAATTTTCGAATTTTAT), the PBV 3’(+)- UTR 

(GGACTAACAGTCCCAACTGC), and a CA Repeat (CACACACACACACACACACA).  

 

 

 

 

 

 

 

 

 

 

 



58 
 

 
 

Chapter 3 Production and Structure Determination   of 
the PBV RdRP 

 
3.1 Cloning, Protein Expression, Purification, and Crystallization 

 
The gene encoding the RdRP of the PBV Hy005102 strain (534 aa, ~61 kDa) 

was cloned into a pET 28b(+) vector with an N-terminal 6xHis tag. The corresponding 

UTR was not included in the cloned sequence. The resulting construct was transformed 

into a Rosetta 2 strain of E. coli and expressed by IPTG induction. The cells where then 

pelleted before being resuspended and sonicated/lysed by pressure in Buffer A. The 

lysate was clarified by centrifugation at 20,000 × g for 60 minutes. The PBV RdRP was 

purified using a nickel-NTA, HiTrap Heparin HP, and a Superdex 200 size exclusion 

column. The RdRP was eluted from the Superdex column in Buffer C. The identity of 

the PBV RdRP in the eluted fractions was then confirmed by western blot using an anti-

6xHis antibody as the primary antibody (Fig. 3.1). The Purified PBV RdRP appears to 

exist in solution as a monomer, based upon its elution profile from the Superdex-200 

column (Fig. 3.2). The Purified RdRP was then concentrated to 10 mg/mL for 

crystallization.  

Crystals of the PBV RdRP were obtained by the hanging drop vapor diffusion 

method. The crystallization drop contained 1.5 μL of the RdRP solution and 0.5 μL of 

the mother liquor solution composed of 200 mM sodium acetate, 100 mM sodium 

cacodylate pH 6.5, and 30% (w/v) PEG 8000. Crystals appeared after incubation at 

20°C for about 3 days and grew to full size (80 x 200 x 70 μm3) after about a week (Fig. 

3.3).  
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Figure 3.1: Western blot confirming the expression of the PBV RdRP (M.W. ~61 kDa). The lane M 
contained the prestained protein ladder. The other lanes contained the various fractions from the 
eluted peak from the Superdex-200 column. The arrows on the left of the gel display the sizes of 
the protein marker bands. The position of the PBV RdRP is indicated on the right.  

 
Figure 3.2: Gel filtration chromatogram. The elution profile of the WT PBV RdRP is shown in red. 
The elution positions of three reference proteins and their relative molecular weights are indicated 
above. An SDS-PAGE gel displaying the contents of the major peak in the chromatogram is 
displayed to the right. The arrows to the left of the gel display the sizes of the corresponding 
protein marker band. The arrows to the right of the gel indicate the band corresponding to the 
PBV RdRP. 
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Figure 3.3: Crystals of the PBV RdRP. The crystallization condition contained 200 mM sodium 
acetate, 100 mM sodium cacodylate, and 30% w/v PEG 8000. 
 
 

3.2  Data Collection 
 

Before diffraction experiments were carried out, the crystals were transferred into 

a cryoprotectant solution (30% v/v glycerol, 200 mM sodium acetate, 100 mM sodium 

cacodylate pH 6.0-7.5, 30-35% PEG 8000) and flash frozen in liquid nitrogen. The 

Rigaku/Raxis IV++ X-ray diffractometer located at Rice was then used to obtain a 180° 

native data-set at 2.7 Å resolution (Fig. 3.4).  
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Figure 3.4: 2.7 Å resolution diffraction image obtained from a crystal of the PBV RdRP. The 
diffraction data was collected from our in house X-ray diffraction facility.  
 

SeMet labeled RdRP was obtained by expressing the protein in M9 minimal 

media containing SeMet and a mixture of six other amino acids to prevent methionine 

synthesis (Doublié, 1997). The SeMet labeled protein was expressed and purified using 

the same protocol as the native protein. The best crystals of the SeMet labeled RdRP 

were obtained using a mother liquor that was composed of 200 mM sodium acetate, 

100 mM sodium cacodylate pH 7.0, and 35% PEG 8000 (Fig. 3.5). 
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Figure 3.5: Crystals of SeMet labeled PBV RdRP. The crystallization conditions contained- 200 mM 
sodium acetate, 100 mM sodium cacodylate, and 35% w/v PEG 8000. 
 

The crystals were then soaked in a cryo-protectant solution containing the 

mother liquor plus 30% (v/v) glycerol, frozen in liquid nitrogen, and sent to the Advanced 

Light Source at the Lawrence Berkeley National Laboratory, where SAD experiments 

were performed. The best crystal diffracted to 2.4 Å resolution from which 180 frames of 

data were collected and processed.  
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3.3 Structure Determination 

The collected data was then indexed, integrated, and scaled using the program 

suite HKL2000 (Otwinowski and Minor, 1997).  The crystal was determined to belong to 

the space group P21. The Autosol program from the Phenix suite was then utilized to 

build an initial model for the PBV RdRP. A total of 18 Se sites were located out of 21 

methionine residues in the total sequence suggesting excellent SeMet incorporation. 

The fact that the PBV RdRP contained an atypically large number of methionine 

residues in its sequence and that these residues were fairly evenly disbursed 

throughout the molecule helped greatly in building the initial model. Out of a possible 

534 amino acids, Autosol was able to build a model that consisted of 496 residues (2-

484, 523-534). Visualization of the model and the corresponding electron density using 

the program COOT revealed that no density for the initial methione and the 6xHis tag 

could be detected. Additionally, only a small amount of density could be detected 

between residues 484 and 523, most likely due to this region being highly flexible. This 

region included methionine residues Met496 and Met497 for which no anomalous signal 

could be detected. Utilizing the limited amount of electron density that was found 

between residues 484 and 523, the model was gradually expanded through multiple 

rounds of manual manipulation and refinement. The final model of the PBV RdRP was 

comprised of residues 2-495, 499-514, and 519-534. The diffraction and refinement 

statistics for this structure are displayed in Table 3.1. 
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Table 3.1: Data collection and refinement statistics for the apo-form of the WT PBV RdRP.    
 Apo WT RdRP 

Space Group P21  

Unite Cell Dimensions, Å a=75.7  
b=78.8  
c=101.8 
α=γ=90° 
β=91.4 ° 

 

Resolution, Å 50-2.4  

Number of frames 180  

Number of reflections 165,949  

Completeness 
I/σ 
Rmerge 

Wavelength 
Molecules per Asymmetric Unit 
SeMet Sites 
 
Refinement 

99.4%(96.5%) 
10.4(2.4) 
0.11(0.369) 
0.979 Å 
2 
36 

 

Rfree 

Rwork 

Ramachandran Favored 
RMS of bond lengths and angels 
 

0.229 
0.169 
97.5% 
0.008 Å, 1.095° 
 

 

The numbers in parenthesis are for the highest resolution shell 
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Chapter 4 Structure of the PBV RdRP 

 

 

Figure 4.1: PBV RdRP crystal structure. a) Ribbon diagram of the PBV RdRP crystal structure as 
viewed from the downstream end of the active site. The N- and C-terminal domains are colored in 
yellow and magenta, respectively. The central polymerase domain is shown in three different 
colors with the fingers in blue, the palm in red, and the thumb subdomains in green. The flexible 
loop structure is displayed in orange. Grey arrows are used in indicate secondary structures that 
could not be easily labeled. b) Ribbon diagram of the PBV RdRP as viewed through the product 
exit channel. c) Ribbon diagram of the PBV RdRP superimposed with the surface view of the RNA 

from the 6 RdRP initiation structure (1HIO) as viewed from the downstream end of the active 

site. The RNA molecule is colored in pink and the Mn
2+

 ion is colored grey. The 6 RdRP and 
sections of the palm and fingers domains of the PBV RdRP have been made transparent to allow 
for better visualization. 

(a) 

(b) (c) 
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Figure 4.2: Secondary structure assignment of the PBV RdRP. Cylinders and arrows represent α-
helices and β-strands, respectively. Disordered regions are shown by dashed lines. The seven 
polymerase motifs are boxed in the order G,F,A,B,C,D,E. The color scheme is the same as in the 
previous ribbon diagram. 
 
 

4.1 Overview of the PBV RdRP Structure 

The PBV RdRP has an overall oval shape, is ~50 x 60 x 60 Å3 in size, and is 

composed of 24 α-helices and 14 β-sheets. The polypeptide can be divided into three 

domains: an N-terminal domain (aa 1-84), a core polymerase domain (aa 85-470), and 

a C-terminal domain (aa 471-534) (Fig. 4.1a and c). The polymerase domain, which is 

highly conserved amongst RNA viruses, has a right-hand configuration with three 
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subdomains: the fingers (aa 85-230, 268-324), palm (aa 231-267, 325-414), and thumb 

(aa 415-470) (Fig. 4.1a). The palm subdomain hosts the three key aspartic acid 

residues, D261, D359, and D360, of the active site. The PBV RdRP was found to 

contain all seven of the canonical RdRP motifs (A-G) (Fig. 4.2). The assignment of 

these motifs was based upon a sequence comparison of the PBV RdRP with other viral 

polymerases from dsRNA and ssRNA viruses (Fig 4.3). The structural elements formed 

by the residues that comprise each RdRP motif were examined for PBV and other viral 

polymerases (Fig. 4.4).  

The PBV RdRP contains three channels leading to the active site of the protein 

that are believed to allow for template uptake, NTP uptake, and dsRNA export. The first 

two of the channels, located near the interface between the fingers and thumb 

subdomains, are heavily lined with positively charged residue. The distance from the 

surface of the RdRP to the active site along the putative template entry channel could 

be spanned by 5-6 nucleotides. A patch of negatively charged residues is located near 

the putative template entry channel. Similar configurations have been observed in the 

structures of RdRPs from multiple ssRNA and dsRNA viruses and is believed to play a 

role in separating the two strands of a dsRNA molecule allowing the (-) RNA to enter the 

template entry channel, while the (+) RNA slides over the negatively charged patch and 

is directed away from the RdRP (Butcher et al., 2001; Choi et al., 2004; Ng et al., 2002; 

O’Farrell et al., 2003  Sarin et al., 2009). 

In PBV, motif A forms a β-strand turn α-helix structure with the β-strand making 

up part of the active site of the protein along with a β- hairpin formed by motif C and 

another β-strand. The key aspartic acid residue D261 is contained in motif A, while the 
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other two key aspartic acids residues D359 and D360 are contained in motif C. Motif B 

forms an extended loop structure that transitions to form a long α-helix near the 

intersection between the fingers and palm subdomains. Motif D forms a α-helix that 

extends into a long loop and is located near the product exit channel of the protein. 

Motif E forms a β-hairpin structure that helps form the primer grip structure near the 

intersection between the palm and thumb subdomains.  

Close inspection shows that the fingers subdomain of PBV is composed of eight 

α-helices and seven β-sheets (Fig. 4.1a).  A twisted, four-stranded β-sheet (β4, β5, β7, 

and β8) forms the fingertip structure that does not interact directly with the thumb 

subdomain. The fingertip region includes an extended loop, that together with β5 is 

denoted as RdRP motif F (Fig. 4.2). Structural studies involving the HCV and 6 RdRPs 

established that motif F is involved in rNTP binding utilizing basic residues in the rNTP 

binding loop to interact with phosphates on the incoming nucleotide (Bruenn, 2003; 

Butcher et al., 2001; Lesburg et al., 1999). The structurally homologous region of PBV 

that is expected to function as the rNTP binding loop is residues 199-205 (Fig. 4.3). The 

fingers subdomain also contains the RdRP motif G (Gorbalenya et al., 2002) that forms 

a loop structure that faces the template entry channel and is located near β1, β2, and 

β3 (Fig. 4.2). This region of the polymerase appears to be highly conserved both 

structurally and spatially across all examined viral RdRPs (Fig. 4.4). Structural studies 

of the 6 and reovirus RdRPs have revealed that the residues in motif G interact with 

the RNA template at its 5′ -end and forms part of the template entry channel (Butcher et 

al., 2001; Tao et al., 2002). Given the high structural and spatial conservation of motif 

G, it is possible that motif G serves a similar functional in the PBV RdRP as it does for 
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the 6 and reovirus RdRPs. The PBV RdRP fingers subdomain, including motifs F and 

G, heavily resembles that of HCV and the rabbit hemorrhagic disease virus (RHDV), 

with the exception of the three-stranded antiparallel β-sheet formed by β1, β2, and β3 

(Fig. 4.1a), as both the HCV and RHDV RdRPs have  long α-helix in this region instead 

(Fig. 4.4) (Behrens et al., 1996; Ng et al., 2002). 

The thumb subdomain, which is comprised of three α-helices and one β-strand, 

helps to enclose the active site of the protein. The initial β-strand (β14) forms part of the 

“primer grip” along with a β-hairpin (β12 and β13) from the palm subdomain (Fig. 4.1a). 

The “primer grip” motif is commonly observed in other viral RdRPs and has been shown 

to interact with the primer strand during RNA synthesis (Jacobo-Molina et al., 1993). 

The thumb subdomain of the PBV RdRP heavily resembles that of the RHDV, HCV, and 

Norwalk polymerases (Behrens et al., 1996; Ng et al., 2002, 2004). The primer grip 

region of the PBV RdRP more closely resembles that of the RHDV and Norwalk 

polymerases as it is located near the active site of the RdRP extending away from the 

thumb subdomain. In HCV, the primer grip region is located further away from the active 

site directly below the thumb subdomain.    

The highly conserved palm subdomain is composed of four α- helices and six β-

sheets and contains motifs A-E (Fig. 4.2 and Fig. 4.3). The PBV RdRP active site is 

composed of four anti-parallel β-sheets, two from a β-hairpin that contains motif C, and 

the other two are β-strands from motifs A and D, which both form strand turn helix 

structures. Motif B folds into a strand-turn-helix structure at the interface between the 

fingers and palm domains. For the polymerases of multiple ssRNA viruses, motif B has 

been found to interact with the RNA template to guide it into the active site of the 
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polymerase (Ago et al., 1999; Ng et al., 2002). Motif E folds into a β-hairpin at the 

interface between the palm and the thumb subdomains, and forms part of the “primer 

grip” as discussed above. 

The L-shaped N-terminal domain of the PBV RdRP is quite extended and 

appears to interact substantially with the core polymerase domain. The N-terminal 

domain is composed of four α- helices with its long and short arms wrapping around the 

fingers and thumb subdomains, respectively (Fig. 4.1a). I hypothesize that this 

interaction allows the RdRP to maintain its active site in a closed conformation similar to 

what has been observed for the polymerases of IBDV, reovirus, and RHDV despite the 

N-terminal domains of the first two polymerases having little structural similarity with the 

N-terminal domain of PBV (Ng et al., 2002; Pan et al., 2007; Tao et al., 2002). Future 

experiments will need to be conducted to verify this hypothesis. The short C-terminal 

domain of the PBV RdRP is composed of three α-helices and lies adjacent to the thumb 

subdomain (Fig. 4.1a). 

Based upon a pairwise comparison using the program Dali (Holm and 

Rosenström, 2010), the core polymerase domain of the PBV RdRP closely resembles 

that of the RdRPs from members of the Caliciviridae (i.e. RHDV and the Norwalk virus) 

(Ng et al., 2002, 2004) and Flaviviridae (i.e. hepatitis C virus (HCV) and the bovine viral 

diarrhea virus (BVDV)) (Behrens et al., 1996; Choi et al., 2004) families, suggesting a 

potential evolutionary relationship between the RdRPs of PBV and those from members 

of these two viral families. 
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Figure 4.3: Structure based sequence alignment of the seven RdRP motifs for a mixture of dsRNA 

and ssRNA viral polymerases. Residues that are highlighted in green, yellow, and blue are strictly 

conserved, highly conserved, and generally conserved respectively. The viral polymerase 

structures that were utilized for this alignment were that of the PBV, IBDV (2PGG), reovirus (1N35), 

6 (1HHT), rotavirus (2R70), RHDV (1KHW), BVDV (1S49), HCV (1GX5), rhinovirus (1TP7), and 

norwalk viruses (1SH3). The alignment was performed based on the alignment described in Pan et 

al., 2007. 
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Figure 4.4: The seven canonical motifs of viral polymerases. The structures of the PBV, IBDV 

(2PGG), reovirus (1N35), 6 (1HHT), rotavirus (2R70), RHDV (1KHW), BVDV (1S49), HCV (1GX5), 
rhinovirus (1TP7), and norwalk viruses (1SH3) are displayed in white with each polymerases’ motif 
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A displayed in red, motif B displayed in yellow, motif C displayed in green, motif D displayed in 
cyan, motif E displayed in blue, motif F displayed in magenta, and motif G displayed in pink.  

 
4.2 Insertion Loop Structure 

The PBV RdRP possesses a highly flexible, 24-aa insertion loop structure (aa 

495-518) that extends from the C-terminal domain towards the catalytic active site (Fig. 

4.1a; orange). This feature bears a strong resemblance to the stabilizing loop that is 

used as an initiation platform by the RdRP of the bacteriophage 6 (Laurila et al., 2002, 

2005). The structure of the 6 RdRP in complex with an ssRNA template (PDB ID 1HI0) 

was superimposed onto the PBV RdRP structure in order to model RNA binding by the 

PBV RdRP. In this model, the 3’-end of the ssRNA template collides with the PBV 

insertion loop structure, suggesting that the insertion loop in its current position would 

sterically hinder the template from reaching the active site of the RdRP. Therefore, the 

PBV polymerase insertion loop structure must undergo a significant conformational 

change in order for RNA binding and replication to take place. Such a scenario is 

reminiscent of the structural change observed in the β-hairpin structure that serves as 

an initiation platform for the HCV RdRP following RNA binding (O’Farrell et al., 2003). 

For the 6 polymerase, the loop that serves as the initiation platform remains in place 

during the assembly of the initiation complex, but undergoes a conformational change at 

the onset of the elongation process (Wright et al., 2012). Similar structural 

rearrangement of the PBV polymerase insertion loop is likely required for dsRNA egress 

during both transcription and genome replication. 
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Chapter 5 PBV RdRP Deletion Mutant (ΔLOOP) 

 
5.1 Structural Determination and Comparison with the WT PBV RdRP 

To determine the exact biological function of the insertion loop structure, a 

mutant version of the PBV RdRP (i.e. ΔLOOP) lacking the loop structure was 

synthesized and expressed. Gel filtration chromatography showed that ΔLOOP eluted 

at a slightly later position than the WT protein, which is to be expected given its slightly 

smaller size (Fig. 5.1). The protein was then concentrated to ~10 mg/ml and used to set 

up trays at conditions similar to those at which the WT RdRP crystallized. Crystals of 

ΔLOOP were then obtained that were of sufficient size and quality for crystallization 

studies (Fig. 5.2).  
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Figure 5.1: Gel filtration chromatogram of the PBV RdRP ΔLOOP mutant. The elution profiles of 
the WT and ΔLOOP PBV RdRP are shown in red and blue, respectively. The elution positions of 
three reference proteins and their relative molecular weights are indicated above. 
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Figure 5.2: Images of crystals of the ΔLOOP mutant. The crystallization condition contained 200 
mM sodium acetate, 100 mM sodium cacodylate pH 6.5, 30% PEG 8000. 
 

Diffraction experiments were then carried out at the Argonne National 

laboratories Advanced Photon Source using a similar protocol as was used for the 

crystals of the WT RdRP. The best crystal of ΔLOOP was found to diffract to ~ 2 Å 

resolutions and belonged to the space group P212121.  After a full data set was collected 

and molecular replacement was carried out using the WT RdRP structure as the 

phasing model. The structure of ΔLOOP was then solved using the Phaser MR program 

contained within the Phenix software suite.  The diffraction and refinement statistics are 

displayed in Table 5.1. 
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Table 5.1: Data collection and refinement statistics for the apo- structure of the PBV RdRPΔLOOP.    
 RdRP ΔLOOP  

Space Group P212121 

Unite Cell Dimensions, Å a=77.534 
b=77.534 
c=183.858 
α=β=γ=90° 

Resolution, Å 50-2.0 

Number of frames 180 

Number of reflections 505,891 

Completeness 
I/σ 
Rmerge, Å 

Wavelength 
Molecules per Asymmetric Unit 
Refinement 

99.9%(98.8%) 
19.6(2.5) 
0.093(0.235) 
0.979 
1 
 

Rfree 

Rwork 

Ramachandran Favored 
RMS of bond lengths and angels 
 

0.201 
0.169 
98.2% 
0.007 Å, 1.032° 

      The numbers in parenthesis are for the highest resolution shell 

 

The overall structure of ΔLOOP appears to be essentially the same as the WT 

RdRP (root-mean-square deviation in distance = 0.4 Å for 3275 common atoms), except 

for the deleted insertion loop as well as residues 491-493 which became unstructured 

after previously being part of an α-helix (Fig. 5.3). Given this structural information, we 

are confident that the removal of the insertion loop should not affect the overall folding 

or the active site configuration of the polymerase, and that the ΔLOOP mutant should 

provide an excellent tool to study the function of the insertion loop structure using in 

vitro assays.  

 

 

http://en.wikipedia.org/wiki/%C3%85
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Figure 5.3: RdRP ΔLOOP mutant. (a) Ribbon diagram of the PBV RdRP crystal structure as viewed 
from the downstream end of the active site. The color scheme is the same as that used for the WT 
RdRP. (b) Structural alignment between the WT PBV RdRP and the RdRPΔLOOP mutant. The WT 
RdRP is displayed in cyan and the RdRPΔLOOP is displayed in magenta. 
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Chapter 6 RdRP activity assays of the WT PBV RdRP 
and ΔLOOP Mutant 

 
6.1 Polymerase Activity Assays 

Polymerase activity assays were first performed to determine if the WT RdRP 

and the ΔLOOP mutant could synthesize dsRNA from an ssRNA template in the 

absence of the PBV CP. Both RdRPs were found to replicate a PBV specific ssRNA 

template (PBV2 corresponding to the full length PBV genome segment 2) as well as 6 

specific templates (6 S, M, and L corresponding to the three full length6 genome 

segments) with approximately equal efficiency, with the ΔLOOP mutant displaying 

slightly greater activity than the WT RdRP (Fig. 6.1). Such a result indicates that the 

PBV RdRP alone is enzymatically active and does not require the presence of the viral 

CP to perform RNA synthesis. This finding rules out the scenario where the loop 

structure functions as a regulatory element to prevent premature dsRNA synthesis by 

the capsid-free polymerase. 

 

 

Figure 6.1: Polymerase activity assays using different ssRNA templates. Substrate RNAs and the 

RdRPs applied are indicated at the bottom. The mobility of the 6 and PBV-specific dsRNAs are 
marked on the left. 
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To test whether the insertion loop structure plays a role in the initiation of RNA 

synthesis, aliquots of the dsRNA products previously generated were heat denatured 

before being analyzed by electrophoresis in a native agarose gel (Fig. 6.2a). After 

denaturation, the dsRNA products generated by the WT RdRP were converted to 

ssRNA, while the dsRNA products of the ΔLOOP RdRP retained the same mobility as 

dsRNA. This result indicates that back-priming was taking place during RNA synthesis 

by the ΔLOOP mutant, thus producing a product that was covalently linked to the 

ssRNA template (Fig. 6.2b). Additionally, label incorporation from [γ-32P] GTP into the 

dsRNA product was only detected for reactions containing the WT RdRP, further 

indicating that this protein utilizes a de novo initiation mechanism (Fig. 6.2c). Taken 

together, these results show that the insertion loop structure of the PBV RdRP can 

effectively block template back-priming and facilitates initiation via a primer-independent 

mechanism, possibly by providing a docking site for the 3’-end of the RNA template and 

a binding site for the priming nucleotide. This finding is consistent with that obtained for 

the 6 RdRP whenever its equivalent stabilizing platform was removed (Laurila et al., 

2002, 2005). Further structural inspection of the PBV RdRP revealed that residue Y509 

in the insertion loop is positioned so that it may form a base-stacking interaction with an 

RNA nucleobase to facilitate the assembly of a stabilized initiation complex.  
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Figure 6.2: RNA synthesis by the PBV RdRP. (a) Native gel electrophoresis of the dsRNA reaction 
products before and after denaturation. The RdRP and whether or not the sample was denatured 
are indicated at the bottom. The respective mobility of ssRNA and dsRNA is indicated on the left. 
(b) Schematic representation of the de novo and back-priming initiation mechanisms for 
synthesizing dsRNA from an ssRNA template. (c) Polymerase activity assays using [γ-

32
P] GTP to 

examine de novo initiation by WT and ΔLOOP RdRPs. 
 
 
 
 
 
 
 

(a) 

(b) 

(c) 
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Further polymerase assays showed that the WT PBV RdRP and ΔLOOP are 

both able to use dsRNA templates to carry out transcription (Fig. 6.3). Transcription 

activity was observed whenever homologous (i.e. PBV RNA segment 2) or heterologous 

dsRNAs (i.e. 6 RNA segments L, M, or S) were used as the template. The radioactive 

labeling of the dsRNA molecule indicates that PBV uses a semi-conservative 

transcription mechanism (Fig. 6.3). We also found that, under the applied reaction 

conditions, the PBV RdRP has a preference for dsRNA templates in which the (+)-

strand starts with 5’-(+)GUA over those that starts with 5’-(+)GGA. Both of the (+)-

strands of the PBV genome segments begin with 5’-GUA as well as the 6 L segment, 

while the (+)-strands of the 6 S and M segments begin with 5’-GGA. When the terminal 

5’(+)-GGA sequence in the 6 gene segments M and S were mutated to 5’-(+)GUA, the 

amount of product synthesized by the PBV RdRP increased considerably (Fig. 6.3). 

Additionally, whenever the terminal 5’-(+)GUA sequence of 6 segment L was mutated 

to 5’-(+)GGA, the amount of product synthesized decreased considerably. Interestingly, 

this template preference is only observed for the WT RdRP but not for the ΔLOOP 

mutant, suggesting that the insertion loop may mediate base specific interactions with 

the template RNA. 

 
 
Figure 6.3: Transcription activity of the WT and the ΔLOOP RdRPs. The template dsRNAs (PBV2, 

the three 6 genomic segments (S, M, and L), and the mutant 6 segments), their 5'(+)-terminal 
sequences (GUA for PBV2, WT L, mutant M, and mutant S and GGA for WT M, WT S, and mutant 
L), and the RdRPs applied are indicated at the bottom. The mobility of the dsRNA products is 
marked on the left. 



83 
 

 
 

 

6.2 Terminal Nucleotidyl Transferase Activity Assays 

TNTase activity was also observed for both the WT and ΔLOOP RdRPs when 

ssRNA was used as the substrate. TNTase activity involves the addition of single 

nucleotides to the 3’-end of an RNA or DNA molecule.  While there was no clear 

preference for the PBV-specific RNA substrate, the removal of the insertion loop 

appeared to significantly increase the TNTase activity of the RdRP (Fig. 6.4). Given our 

TNTase activity data and the fact that the insertion loop structure is located near the C-

terminus of the PBV RdRP, we propose that the removal of the insertion loop structure 

leaves the exit channel of the protein permanently open, thus allowing the 3’-end of the 

RNA molecules to reach the active site in an orientation that facilitates a nucleotidyl 

transferase reaction. 

 
 
Figure 6.4:  TNTase activity of the PBV RdRP. (a) Schematic drawings showing radiolabeled 
products expected from terminal nucleotidyl transfer reactions (using both ss- and dsRNA 
substrates). (b) TNTase activity assays for the WT RdRP and the ΔLOOP mutant. The assays were 
conducted in the presence of [α-

32
P] UTP and either a ssRNA template (left) or a dsRNA template 

(right). The RdRP and substrate are indicated at the bottom. The mobility of the RNA products is 
marked on the left. 
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Chapter 7 PBV RdRP Complex Structures 

7.1 PBV RdRP in Complex with a ssDNA Oligonucleotide 

The full length PBV RdRP was expressed and purified using the methodology 

previously outlined. Following purification, the RdRP sample was concentrated to 10 

mg/ml in a buffer composed of 50 mM Tris-HCl pH 7.5, 50 mM KCl, 10% v/v glycerol, 5 

mM β-mercaptoethanol, 1 mM NaN3, and 8 mM MgCl2. The protein solution was then 

incubated with a 750 μM concentration of a 7-nt long synthetic deoxyoligonucleotide 

corresponding to the 3’ end of the (-) strand of PBV genome segment 1 (5’-TTTTTAC-

3’) and 8 mM Mg2+. The incubation was carried out over-night at 4°C. Trays were then 

set up using the RdRP/DNA mixture and mother liquor conditions similar to that at which 

the PBV RdRP had previously been found to crystallize (200 mM sodium acetate, 100 

mM sodium cacodylate ph6.5, 30% PEG 8000).  Crystals of the complex were obtained 

at 20°C three days after the trays were set up. The crystals were then sent to the 

synchrotron where diffraction experiments were carried out. Phasing was carried out 

using molecular replacement with the ΔLOOP structure as the search model. The 

diffraction and refinement statistics are displayed in Table 7.1. Of the seven nucleotides 

included in the template, four were visible in the structure (5’-TTTT-3’).       

This complex structure illustrates how the PBV RdRP binds to an ssRNA 

template before replication is initiated (Fig. 7.1a). During ssDNA binding, the internal 

loop structure appears to undergo a significant conformational change to stabilize the 

template in the entry channel. During template binding, residues 503-508, which existed 

previously as an α-helix in the apo- structure, was converted into an extended loop. This 

change creates a tunnel lined with basic amino acids leading to the active site. 
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Specifically, arginine residues 187, 400, 401, 421, 425,431, and 446 appear to interact 

with the template and help guide it to the active site of the protein (Fig. 7.1b). Y509 from 

the internal loop structure appears to form a base stacking interaction with the second 

nucleotide (T2) of the oligonucleotide, which may serve as the basis for stabilizing the 

initiation complex (Fig. 7.2).  

Table 7.1: Data collection and refinement statistics for the PBV RdRP in complex with ssDNA and 
Mg

2+
.    

 WT RdRP+7-nt DNA+Mg
2+

 

Space Group P212121  

Unite Cell Dimensions, Å a=61.877 
b=88.325 
c=116.01 
α=β=γ=90° 
 

 

Resolution, Å 50-2.0  

Number of frames 180  

Number of reflections 317,558  

Completeness 
I/σ 
Rmerge 

Wavelength 
Molecules per Asymmetric Unit 
 
Refinement 

99.9%(99.2%) 
10.1(2.5) 
0.093(0.332) 
0.979 
1 
 

 

Rfree 

Rwork 

Ramachandran Favored 
RMS of bond lengths and angels 

0.182 
0.154 
98.7% 
0.007, 1.092° 

 

The numbers in parenthesis are for the highest resolution shell 
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Figure 7.1: RdRP in complex with an oligonucleotide. (a) Ribbon diagram of the PBV RdRP-7-nt 

3’(-)-Mg
2+

 crystal structure as viewed from the downstream end of the active site. The color 

scheme is the same as that used for the WT RdRP. (b) Close up view of the 4-nt DNA segment 

(teal) bound in the template entry channel of the RdRP. The residues that directly interact with the 

nucleotides are colored as in part (a), while the rest of the residues are color white. The grey mesh 

represents the ordered electron density into which the template was built.  

(a) 

(b) 
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Figure 7.2: Close up view of the base stacking interaction between Y509 in the internal loop 

structure (orange) and the second nucleotide of the DNA oligonucleotide (teal). The yellow dashed 

line displays the distance between the two molecules (3.4 Å). 

 

7.2 PBV RdRP in Complex with GTP and Mn2+ 
 

The full length PBV RdRP was expressed, purified, and crystallized utilizing the 

protocol previously discussed. Crystals of the RdRP were soaked in a cryoprotectant 

solution that contained the mother liquor, 30% (v/v) glycerol, 8 mM Mg2+, 2 mM Mn2+, 

and 2 mM GTP. The crystals were then sent to the synchrotron where diffraction 

experiments were carried out. Phasing was carried out using molecular replacement 

with the ΔLOOP structure as the search model. The diffraction and refinement statistics 

are displayed in Table 7.2. 

 Two GTP molecules were visible in the single determined structure. The first 

GTP binding site is located near the active site of the protein and interacts with residues 
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R400, R401, R421, and R425 (Fig. 7.3a). This region is commonly referred to as site C 

and has been shown to align the NTP molecule for addition into the nascent RNA strand 

(Butcher et al., 2001; Lu et al., 2008; Tao et al., 2002). A second NTP binding site was 

located in the substrate pore near the RdRP motif F (Fig. 7.3b). The triphosphate 

moieties of the GTP molecule were ordered by interacting with residues K199, R201, 

K264, and K388. A similar motif has been observed in the structures of 6 and HCV, 

and it is currently believed that this site is utilized for NTP uptake (Butcher et al., 2001; 

Lesburg et al., 1999). A Mn2+ ion was bound to the second GTP molecule and was 

centered between D261 and D359 in the active site.      

Table 7.2: Data collection and refinement statistics for the structure of the WT PBV RdRP in 
complex with Mn

2+
, Mg

2+
, and GTP.   

 WT RdRP+Mg
2+

+Mn
2+

+GTP 

Space Group P21  

Unite Cell Dimensions, Å a=61.5 
b=80.49 
c=102.89 
α=γ=90° 
β=91.5° 
 

 

Resolution, Å 50-1.99  

Number of frames 180  

Number of reflections 593,468  

Completeness 
I/σ 
Rmerge 

Wavelength 
Molecules per Asymmetric Unit 
 
Refinement 

99.9%(99.8%) 
22.2(2.9) 
0.068(0.392) 
0.979 
2 
 

 

Rfree 

Rwork 

Ramachandran Favored 
RMS of bond lengths and angels 

0.260 
0.224 
97.2% 
0.009, 1.21° 

 

The numbers in parenthesis are for the highest resolution shell 
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Figure 7.3: PBV RdRP-GTP complex structure. (a) (a) Ribbon diagram of the PBV RdRP crystal 
structure as viewed from the downstream end of the active site. The color scheme is the same as 
that used in Figure 7.1a. The GTP molecules are denoted in pink. (b) Close up view of the GTP 
molecule bound in site C of the RdRP. (c) Close up view of the GTP molecule bound near RdRP 
motif F. The residues that directly interact with the nucleotides are colored as in 7.1a, while the 
rest of the residues are colored white. The key aspartic acid residues are colored teal and the Mn

2+
 

ion is displayed as a black sphere.  

(a) 

(b) 

(c) 
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Chapter 8 PBV Assembly 

8.1 PBV VLP Isolation and Visualization 

The gene encoding the Hy005102 strain of PBV’s CP (552 aa, ~62 kDa) was 

purchased from Geneart and cloned into a pET19b(+) vector for protein expression. 

Protein expressed was induced by 0.5 mM IPTG for ~24 hrs before the cells were 

pelleted, resuspended  in Buffer A, lysed by sonication, and clarified. The PBV VLPs 

were then isolated from the resulting supernatant by ultracentrifugation in CsCl gradient 

(1.1-1.4 g/ml). The sequestered VLPs had a density of ~1.3 g/ml. The VLP sample was 

then further purified using a HiTrap Q, HiTrap S, and a Superdex 200 column. 

TEM images of the isolated sample revealed that overexpression of the PBV CP 

resulted in the formation of icosahedral VLPs with a ~35 nm diameter (Fig. 8.1a). Such 

VLPs were similar in appearance to those previously observed due to the 

overexpression of the rabbit infecting PBV CP (Duquerroy et al., 2009). While the N-

terminus of the rabbit PBV CP is proteolytically removed by self-cleavage after particle 

assembly, this does not seem to be the case for PBV. We found that a PBV CP mutant 

without the N-terminal peptide, Δ45 (aa 46-552), was also capable of self-assembly, 

and that the N-terminally truncated CP migrated faster than the full-length protein in a 

denaturing SDS-PAGE gel (Fig. 8.1b). This result was further confirmed by N-terminal 

sequencing of the WT CP. Additionally, unlike the rabbit PBV VLPs that were found to 

encapsidate cellular nucleic acid, very little nucleic acid was found to be packaged 

within the PBV VLPs. In Duquerroy et al., 2009, it was determined that the cleaved N-

terminal peptide of the rabbit infecting PBV CP, which had been expressed in 

Spodoptera frugiperda 9 cells, had undergone lysine acetylation. Since the human 

http://en.wikipedia.org/wiki/Spodoptera_frugiperda
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infecting PBV CP was expressed in E. coli it did not undergo any such post translational 

modifications. This suggests the possibility that post translation acetylation of the N-

terminal peptide may play a role in the packaging of the viral genome and/or the capsid 

maturation process. It is also possible that the lack of proteolytic cleavage and 

nonspecific nucleic acid packaging may be due to differences between the two PBV 

strains. 

 

 

Figure 8.1: PBV VLPs. (a) Transmission electron microscope images of the purified PBV VLPs. 
The scale bar represents 50 nm and is located at the bottom left hand corner of the image. (b) 
SDS-PAGE gel of the recombinant capsids of both the full-length and Δ45 CP. Their respective 
molecular weights are indicated to the left. 
 
 

(a) 

(b) 
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8.2 Genomic Material is Required for the Encapsidation of the RdRP During PBV 

Particle Assembly 

The PBV RdRP and CP were co-expressed to determine if the encapsidation of 

the RdRP is mediated through direct protein-protein interactions with the CP, as has 

been previously observed for the majority of dsRNA viruses characterized so far 

(Bamford and Wickner, 1994; Gridley and Patton, 2014; Prasad et al., 1996; Zhang et 

al., 2003). The gene encoding the PBV RdRP in a pET28b(+) vector (kanamyacin 

resistant) was co-transformed along with the gene encoding the PBV CP in a pET19b(+) 

vector (ampicillin resistant) into a Rosetta 2 cell line. The Rosetta 2 cells were then 

grown in the presence of both kanamyacin and ampicillin to select for those that 

contained both plasmids. Expression of both proteins was then induced by the addition 

of 0.5 mM IPTG for ~24 hrs. The cells were pelleted, resuspended , lysed, and clarified 

as previously described. Any unpackaged RdRP molecules that may have been present 

in the clarified cell lysate were removed by affinity chromatography using a Ni-NTA 

column. The VLPs were then isolated using ultracentrifugation and liquid 

chromatography before being denatured, and a Western blot was performed to test for 

the presence of RdRP utilizing an antibody directed against the 6xHis tag located at the 

N-terminus of the protein (Fig. 8.2a). While RdRP could be clearly detected in the 

clarified lysate, no RdRP could be detected in the VLPs. To verify that the RdRP would 

have been detected if present, even if only one copy was packaged per virion, samples 

of the RdRP and CP were combined in vitro and western blots were performed (Fig. 

8.2b). The RdRP was combined at 10 mg/ml, 1 mg/ml, 0.16 mg/ml, and 0.08 mg/ml 

concentrations with 10 mg/ml concentrations of the CP. At all tested concentrations, the 
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RdRP could still be detected by the western blot. This supports the conclusion that the 

PBV RdRP was not packaged by the VLPs during the co-expression experiment. 

Therefore, we hypothesize that viral genomic material must be present for RdRP 

incorporation to occur and that the interplay between the CP, RdRP, and the viral 

genome is needed for the encapsidation of the RdRP during virion assembly. The fact 

that the constructs used to express the CP and RdRP contained only the protein-coding 

sequence of the two ORFs suggests that the region of the PBV genome required for 

RdRP encapsidation is likely located in the UTRs. Another possibility is that the non-

viral sequence added to the 5’ and 3’ ends of the mRNAs that encoded for the PBV CP 

and RdRP from the plasmid may have interfered with the interaction between the CP, 

RdRP, and mRNAs.    
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Figure 8.2: Co-expression of the PBV CP (m.w. ~62 kDa) and RdRP (m.w. ~61 kDa). (a) Results of 
the co-expression experiment involving the PBV RdRP and CP. Samples included are a prestained 
protein marker (lane 1), the soluble fraction of the cell lysate (lane 2), the Ni-NTA bound fraction 
(lane 3), and the purified VLPs (lane 4). (b) Verification that the RdRP can be detected at low 
concentrations in the presence of high concentrations of the CP. Lane 1 contains a prestained 
protein marker (L), lane 2 contains the VLPs isolated from the co-expression experiment (Co), lane 
3 contains a 10 mg/ml sample of the RdRP combined with a 10 mg/ml samples of the CP (1:1), lane 
4 contains a 1 mg/ml sample of the RdRP combined with a 10 mg/ml samples of the CP (1:10), lane 
5 contains a 0.16 mg/ml concentration of the RdRP combined with a 10 mg/ml concentration of the 
CP (1:60), and lane 6 contains a 0.08 mg/ml concentration of the RdRP combined with a 10 mg/ml 
concentration of the CP (1:120). In these experiments, the proteins were separated by SDS-PAGE 
and detected by Western blot using either anti-His or anti-CP antibodies (two upper panels) or 
staining with Coomassie blue (lower panel in part a). The numbers on the left show the sizes of 
the pre-stained marker bands in kDa.  
 

(a) 

(b) 
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8.3 Recognition of the PBV Genome by the RdRP 

Gel shift assays were conducted to further examine the interaction between the 

RdRP and the PBV genome. Three 20-nt long RNA oligonucleotides were probed, one 

containing a non-specific “CA” repeat (CACACACACACACACACACA) and the other 

two bearing the terminal sequences of the 5’- and 3’-untranslated regions of the positive 

strand of PBV gene segment 2 (i.e. 5’-(+)UTR and 3’-(+)UTR), 

GTAAAATTTTCGAATTTTAT and GGACTAACAGTCCCAACTGC respectively. These 

three oligonucleotides were purchased from Sigma-Aldrich, labeled with 32P from (γ-32P) 

ATP using T4 polynucleotide kinase, and purified using a Sephadex G-50 Nick column. 

A 1 nM concentration of 5’- 32P-labeled RNA was then incubated with increasing 

concentrations of either the WT PBV RdRP or the ΔLOOP mutant before the solution 

was run on a native polyacrlamide gel. It was determined that the RdRP has 

approximately a 10-fold higher affinity for the first 20 nucleotides of the 5’-(+)UTR of the 

PBV genome as compared to the last 20 nucleotides of the 3’-(+)UTR or to a 

nonsensical 20-mer (Fig. 8.3a). Additionally, deleting the insertion loop appeared to 

have a minimal effect on the overall RNA binding of the RdRP (Fig. 8.3b). Notably, both 

segments of the PBV genome have an AU-rich (~80%) sequence at the 5’-end of their 

(+)RNA that begins with a conserved 5-nt motif 5’-GUAAA-. The AU-rich terminal 

sequence is predicted to form a RNA stem-loop structure (Fig. 8.4) according to the 

program ViennaRNA Package 2.0 (Lorenz et al., 2011).  
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Figure 8.3: RNA binding by the PBV WT (a) and ΔLOOP (b) RdRPs analyzed by gel shift assays. 
The fraction of RNA bound was quantitated and plotted as a function of protein concentration. The 
values were normalized by the total amount of RNA. Three distinct RNA oligonucleotides were 
used, including: (1) the first 20 nucleotides of the 5’-(+)UTR of PBV gene segment 2 (black); (2) the 
last 20 nucleotides of the 3’-(+)UTR of the PBV gene segment 2 (red); and (3) a 20-mer nonsensical 
CA repeat (blue). The obtained dissociation constants (Kd) for the different RNA oligonucleotides 
are indicated on the right. 
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Figure 8.4: Secondary structure predictions of the 5’ and 3’ ends of the two PBV genome 

segments by the program Vienna 2.0. (a) Secondary structure prediction for genome segment one. 

(b) Secondary structure prediction for genome segment two. 

 

(a) 

(b) 
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Chapter 9 Major Conclusions 
 

The PBV RdRP possesses a core polymerase domain, which closely resembles 

those from members of the Caliciviridae and Flaviviridae families. A unique structural 

feature of this RdRP is the presence of a 24-aa loop structure that extends from near 

the C-terminus of the protein to just above the active site (Fig. 4.1a). Through site-

directed mutagenesis, we determined that the loop structure functions as a priming 

platform to support the binding of a single priming nucleotide (Fig. 6.1 and 6.2). Various 

forms of structural motifs that perform a similar function have been observed in the viral 

RdRPs from 6, reovirus, rotavirus, and HCV (Butcher et al., 2001; Laurila et al., 2002, 

2005  Lu et al., 2008  O’Farrell et al., 2003; Tao et al., 2002). For the 6 loop structure, 

a tyrosine residue forms a base stacking interaction with the priming nucleotide (Butcher 

et al., 2001). Unlike in the case of 6, reovirus, and rotavirus, the position of the 

insertion loop in the PBV apo structure would prevent a template from reaching the 

active site due to steric hindrance (Fig. 4.1a). Therefore, we expect the insertion loop to 

undergo a significant conformational change in order to accommodate an RNA 

template, similar to the conformational change observed for the HCV polymerase 

priming loop upon template binding (O’Farrell et al., 2003). In vitro, the PBV RdRP is 

able to catalyze RNA synthesis using both ssRNA and dsRNA templates in the absence 

of the viral CP (Fig. 6.1 and 6.3). The enhanced activity observed for the WT protein in 

the presence of PBV specific dsRNAs (Fig. 6.3) may be explained by the lower melting 

temperature associated with the 5’-GUA sequence and/or by the PBV insertion loop 

mediating base-specific interactions.  
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Structural elements that support priming by a single nucleotide are also known to 

prevent back-priming by spatially restricting access to the active site. Back-priming 

occurs during RNA synthesis when the 3’-end of the template strand loops back to form 

a hair-pin like structure that is then extended by the RdRP (Laurila et al., 2002) (Fig. 

6.2a). This results in the daughter strand being covalently linked to the initial template 

preventing further replication of the back-primed RNA. This phenomenon has been 

observed in vitro for HCV, BVDV, and a 6 RdRP lacking the priming loop (Behrens et 

al., 1996; Laurila et al., 2002, 2005; Luo et al., 2000; Zhong et al., 1998, 2000). 

Likewise, our results indicate that the insertion loop structure from the PBV RdRP can 

effectively prevent back-priming from taking place during dsRNA synthesis, consistent 

with the expected functionality for a priming loop based on previous observations in 

other RdRPs. 

We also observed TNTase activity for both the WT and ΔLOOP PBV RdRPs, 

with the mutant possessing significantly greater activity than the WT (Fig. 6.4). RNA 

TNTase activity involves the addition of a single, nontemplated nucleotide to the 3’ end 

of an RNA molecule, and has previously been observed for a number of RdRPs 

including those from HCV, BVDV, norovirus, poliovirus, and 6 (Neufeld et al., 1994; 

Poranen et al., 2008a; Ranjith-Kumar et al., 2001; Rohayem et al., 2006). Template-

independent TNTase activity may be used by the RdRP as a mechanism to terminate 

the synthesis of nascent RNA strands, which would acquire one or more extra 

nucleotides at the 3’ end (Poranen et al., 2008a). Alternatively, TNTase activity may 

function to repair the 3’ ends of viral genomes that have been partially degraded 

(Ranjith-Kumar et al., 2001). The results of our experiments support the notion that the 
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RNA substrate for the TNTase activity likely enters the active site through the product 

exit channel, as removing the insertion loop would leave the product exit channel of the 

protein permanently open, thus explaining why the ΔLOOP mutant displayed 

significantly higher TNTase activity than the WT (Fig. 6.4). 

The structure of a PBV RdRP:DNA complex has been solved and revealed that 

upon the polymerase binding to the template the insertion loop undergoes a significant 

conformational change forming a tunnel that directs the template to the active site of the 

RdRP (Fig. 7.1). Of particular note is residue Y509 in the insertion loop that appears to 

engage in a base stacking interaction with the second nucleotide in the template, 

stabilizing the template near the active site (Fig. 7.2). Such a result would suggest that 

the insertion loop mediates base-specific interactions with the template, which is a 

possible explanation for the enhanced activity observed for the WT protein in the 

presence of PBV specific dsRNAs. 

All dsRNA viruses enclose RdRP molecules within infectious particles. In the 

case of PBV, our results suggest that the RdRP and CP do not directly interact, which 

proposes the hypothesis that the RdRP cannot be incorporated into the capsid in the 

absence of the viral genome (Fig. 8.2). This finding is surprising because several other 

dsRNA viruses have been found to package their RdRP molecules through direct 

protein-protein interactions or by expressing a CP-RdRP fusion protein that is then 

incorporated into viral particles as a minor structural component (Bamford and Wickner, 

1994; Dinman et al., 1991; Icho and Wickner, 1989; Prasad et al., 1996; Zhang et al., 

2003). We propose that PBV RdRP molecules get encapsidated as a complex with the 

viral genomic RNA, as we found that the PBV polymerase preferably interacts with the 
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5’-end of the (+) RNA (Fig. 8.3). Interestingly, our recombinant PBV capsid expressed in 

E. coli contained very little host-derived RNA materials, indicating that PBV RNA 

packaging is a selective process that is able to discriminate against heterogeneous 

RNAs. It is likely that the co-packaging mechanism applies not only to PBV but also to 

partitiviruses, another family of dsRNA viruses with a small capsid that is arranged in a 

manner similar to PBV (Pan et al., 2009; Tang et al., 2010). Such a co-packaging model 

is consistent with the observation that in small dsRNA viruses, such as partitiviruses, 

the number of RdRP molecules packaged during assembly is similar to the number of 

packaged genome segments (Buck and Kempson-Jones, 1973). 

A secondary structure prediction of both segments of the PBV genome by the 

program ViennaRNA Package 2.0 (Lorenz et al., 2011) predicted that both (+)RNA 

segments begin with an AU-rich (~80%), RNA stem-loop structure (Fig. 8.4). The low 

melting temperature associated with the AU-rich 5’-(+)UTR should facilitate the 

denaturation of the dsRNA genome into an ssRNA template during transcription 

initiation. We speculate that the specific binding of the PBV polymerase to the 5’-(+)UTR 

may play two critical roles during replication. First, the 5’-(+)UTR may function as a 

recognition element to ensure specific packaging of RNAs during virus assembly. 

Second, in mature virion, this binding could help to direct the 3'-end of the (-) genomic 

RNA into the template entry channel of the RdRP to initiate transcription (Fig. 9.1). It 

has been reported that polymerases from members of the Reoviridae family utilize a 5’-

cap binding activity to gain access to the 3’-end of the (-)RNA template during 

transcription initiation (Lu et al., 2008; Tao et al., 2002). PBV does not encode a capping 

enzyme, and its genomic (+) RNA is not expected to have a cap. Nevertheless, the 5’-
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(+)UTR sequence of PBV could play a similar role as the reovirus mRNA cap to facilitate 

transcription initiation and also to ensure that only the (-)RNA template is selectively 

copied during transcription. 

It is also worthwhile to point out that our recombinant PBV capsid does not 

undergo proteolytic cleavage as was previously reported for the rabbit PBV capsid, in 

which the first 65 residues were removed from assembled particles presumably due to 

self-cleavage (Duquerroy et al., 2009). Expression of a mutant PBV CP without the 

structurally flexible N-terminal peptide (corresponding to the first 65 residues in rabbit 

PBV CP) produced recombinant capsids that were indistinguishable from the WT capsid 

(Fig. 8.1b). As the cleavage site residues are conserved in the human PBV CPs, it is 

unclear whether the lack of proteolytic cleavage is due to strain difference or perhaps 

the use of a different expression host (i.e. E. coli vs. insect cells). 

Our findings lead us to propose a model for PBV assembly and genome 

replication in which the RdRP first binds to one of the PBV (+) RNAs utilizing the AU-

rich sequence located at the 5'-(+)UTR (Fig. 9.1). The same genome segment is also 

acted upon by the PBV CP that is in the process of forming a virus capsid, most likely 

utilizing the highly flexible N-terminal region of the protein (Duquerroy et al., 2009). The 

capsid then assembles around the two genome segments which are bound to two 

separate RdRP molecules. Conversion of ssRNA to dsRNA occurs either in partially or 

fully assembled capsids resulting in transcriptionally active particles. Within the capsid 

the 5’-(+)UTR binding to the RdRP facilitates template strand selection and recognition 

during repeated transcription events. Transcription of the PBV genome segments 

proceeds in a semi-conservative manner as the parental (+) RNA is replaced by the 
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newly synthesized RNA. To fill in the gaps in our model, further experiments are needed 

to elucidate how RdRP recognize the 5’-(+)UTR and to map the molecular signals 

responsible for the specific packaging of the PBV genome by the viral CP. We expect 

that future studies of PBV will help to define a new paradigm for the assembly and 

replication of small dsRNA viruses in which the viral RdRP likely functions 

independently of the viral capsid. 
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Figure 9.1: Proposed model for PBV RdRP replication (a) and transcription (b). The PBV RdRP 
molecules are displayed in green. Blue lines and red lines correspond to (+) and (-) RNA 
respectively with the nascent (+) RNA strand represented in purple (right). The 5’-terminal stem 
loop structure is displayed in yellow. The parental (+) RNA strand is separated from the template 
RNA during transcription and directed towards a pore in the viral capsid. How exactly the two 
ssRNA molecules interact with each other and also with the viral CP during assembly and 
replication is not yet clear, as indicated by the questions marks in the figure on the left. 
 

(a) 

(b) 
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Chapter 10 Future Work 
 
10.1 PBV RdRP Initiation and Elongation Complexes 
 

X-ray crystallography experiments are currently being carried out to determine 

the PBV RdRP transcription initiation and elongation structures. Such structures would 

illustrate the mechanism utilized by the PBV RdRP to initiate replication following 

substrate binding as well as how subsequent nucleotide addition is carried out. Such 

experiments involve the use of non-hydrolyzable nucleotide analogs that prevent 

additional nucleotide addition into the nascent strand once they have been incorporated. 

For the PBV RdRP initiation complex, either crystal soaking or co-crystallization will be 

utilized to determine the structure of the RdRP in complex with either a DNA or RNA 

template in addition to the nucleotide analog and metal ions. During the initiation 

process, 1-2 nucleotide analogs will be utilized by the RdRP to form the beginning of a 

nascent strand. The elucidated structure will then reveal the mechanism utilized by the 

PBV RdRP to initiate nascent strand synthesis. The elongation complex will be 

determined by first utilizing either crystal soaking or co-crystallization to obtain a crystal 

lattice of the RdRP in complex with a DNA or RNA template. Soaking will then be 

utilized to introduce nucleotides corresponding to the complement of the initial two 

nucleotides of the template. These nucleotides will be utilized by the RdRP to form the 

beginnings of a nascent strand. Additional nucleotides will then be added to the nascent 

strand until a nucleotide analog is incorporated at a desired position to halt the 

elongation process. The structure of this complex will then be determined. If in-crystal 

catalysis causes damages to the crystal, the elongation complex can be obtained by co-

crystallization of the RdRP with a partial dsDNA or dsRNA with a 5’-overhang.  
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To date, attempts have been made to determine both of these structures, but 

such attempts have been so far unsuccessful. While the nucleotide or nucleotide analog 

can clearly be seen in both the nucleotide binding site and fingertip regions, no 

discernible density has been observed for the template. The reasons for this are 

currently unknown. Efforts have thus far utilized two 7 nucleotides long templates that 

corresponded to the first 7 nucleotides of the PBV2 5’(+)UTR and the last 7 nucleotides 

of the PBV2 3’(-)UTR. Soaking experiments have been carried out using both DNA and 

RNA templates and variables such as soaking time, template concentration, nucleotide 

concentration, divalent cation concentration, and the order in which the substrates were 

soaked into the crystal have all been varied to no effect. 

In the future, efforts will be made to vary the soaking and co-crystallization 

conditions further in hopes of being able to obtain structures of the desired complexes. 

Templates that are 8, 9, and 10 nucleotides long will be utilized and conditions involving 

these new templates such as the template concentration, nucleotide and nucleotide 

analog concentrations, the concentrations of the divalent cations, and the order in which 

these substrates are soaked into the crystal will be varied. Additionally, screening trays 

will be set up for the RdRP:template complex to look for new crystallization conditions, 

in hopes that a new condition might be determined that is more favorable for discerning 

the electron density of the template.  

 
10.2 PBV Assembly Model Validation 

Experiments will also be conducted to elucidate additional aspects of the PBV 

assembly process. To date it has been determined that the PBV RdRP cannot be 

packaged within the capsid in the absence of the viral genome. In the future, RNA 
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expression plasmids will be utilized to express ssRNA transcripts, that include the 5’ 

and 3’ UTR regions of the two PBV genome segments to coincide with the expression 

of the PBV RdRP and CP. Agarose gel electrophoresis, Western blot, and Northern blot 

analyses will then be utilized to determine if the subsequently isolated VLPs contain 

both RdRP molecules as well as copies of the PBV genome. Modifications to the 

transcripts will then be introduced to determine whether or not the 5’ UTR is in fact 

required for RdRP recognition as we have previously proposed. If this is found to not be 

the case, additional mutants will be tested to determine the regions of the genome that 

are important for packaging. Additionally, such co-expression experiments will be 

carried out involving CP mutants to determine the regions of the CP that are utilized for 

genomic packaging. Of particular interest would be the truncation mutant Δ45 CP that is 

lacking its N-terminal region that is currently believed to be involved in genome 

packaging.   
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Chapter 11 Supplemental Information 
 

11.1 Structure Determination of the PBV VLP 
 

Attempts have been made, thus far unsuccessfully, to determine the structure of 

the human PBV VLP. PBV VLP samples were expressed and purified using the 

methodology previous outlined in Chapter 2 of this thesis. Samples of the PBV VLP 

could thus be obtained at sufficient concentration and purity as to be suitable for 

crystallization studies. Screening trays were then set up using a VLP sample 

concentrated to 10 mg/ml. The trays were then kept at 20°C for three days to allow for 

crystal growth. Crystals were obtained at a variety of conditions with the best looking 

obtained using a mother liquor composed of 200 mM ammonium sulftate, 100 mM 

sodium acetate pH 5.0, and 30% PEG 2000 mono-methyl-ether (MME) at a three to one 

protein to mother liquor ratio. Manual trays were then set up to optimize the salt 

concentration, pH, precipitant concentration, temperature, protein to mother liquor ratio, 

and initial protein concentration. Some of the crystals obtained are displayed in Fig. 

11.1. Unfortunately, when diffraction experiments were carried out at the synchrotron, 

none of the crystals obtained diffracted to greater than 8 Å and all appeared to have 

very high mosaicity. Attempts were then made to optimize the crystals by trying different 

additives from the additive screening kit (Hampton) as well as the silver bullet HT 

screening kit (Hampton) in addition to detergents from the detergent screening kit 

(Hampton). Attempts were also made to optimize the crystals using crystal seeding, 

annealing, as well as dehydration. So far none of the crystals obtained have shown any 

significant improvement in diffraction quality. 
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Samples of the VLPs were given to Corey Hyrc in Dr. Wah Chiu’s lab at the 

Baylor College of Medicine to obtain a cryo-EM reconstruction of the viral particles. 

While Mr. Hyrc has stated that the overall quality of the particles was quite good, he was 

unable to obtain a high quality reconstruction of the particles due to difficulties in getting 

the experimental data to converge. The best reconstruction that has been obtained thus 

far (~11 Å resolution) is displayed in Fig. 11.2. 

 

 

Figure  

 

Figure 11.1: Crystals of the PBV VLP. The crystallization conditions contained 200 mM ammonium 
sulfate, 100 mM sodium acetate, and 25% w/v PEG 2000 MME. 
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Figure 11.2: Density map of the cryo-EM reconstruction of the PBV VLP to ~11 Å resolution. The 
reconstruction is colored from red to blue according to the radius. 
 
 

11.2 Disruption of PBV VLP Assembly 
 

Mutations were introduced into the PBV CP with the goal of preventing capsid 

assembly from taking place, thus identifying the residues that are important for particle 

assembly as well as hopefully allowing for the visualization of particle assembly 

intermediates. The visualization of such intermediates would allow for the assembly 
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pathway of PBV to be determined. The mutations that were introduced into the PBV CP 

sequence were selected based upon an amino acid sequence comparison between the 

CPs of the rabbit and human infecting strains of PBV (Fig. 11.3). To date the following 

PBV CP constructs have been tested for capsid assembly capability: Δ45 CP, CP 1-

542, CP A197Y, CP G134R, and CP A197/YG134R as well as two CP constructs with 

the sequence –YVRNQ- added at either the five-fold or three-fold icosahedral axes, 

named CP 5+YVRNQ and CP 3+YVRNQ respectively. All of the CP constructs tested 

thus far have been found to be capable of particle formation, demonstrating the extreme 

robustness of protein-protein interaction involved in the assembly of the PBV particles 

(Fig. 11.4).  
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Figure 11.3: Amino acid sequence alignment between the CPs of the rabbit and human infecting 
strains of PBV. A vertical arrow illustrates the site where the rabbit PBV CP was found to undergo 
autoproteolytic cleavage. The icosahedral symmetry axes are labeled with I2, I3, and I5 and the 
local symmetry aces are labeled with L2. (Duquerroy et al., 2009).  
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Figure 11.4: Transmission electron microscope images of the PBV VLPs formed by either the WT 
CP or one of the multiple CP mutants. For the WT CP, the CP point mutants, and the CP deletion 
mutants, the scale bar in the bottom left hand corner of the image represents 50 nm. The 
equivalent scale bar in the CP insertion mutant images represents 100 nm. 
 
 

11.3 Utilizing the PBV VLP to Regulate Enzymatic Activity of Non- viral Proteins   
 

Control strategies enabling precise control over cellular activities has long been a 

goal of synthetic biology. Many such cellular processes are heavily influenced by the 

cellular concentration of low abundance proteins. The capability of regulating this 

concentration would enable precise control over the corresponding cellular process. Our 
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proposed means of accomplishing this feat involves a fusion construct composed of a 

multimer forming, low abundance protein of interest and a viral CP. The expression of 

both the fusion construct and a WT CP would then result in the formation of VLPs with 

multimers of the protein of interest packaged inside. This process would sequester 

cellular copies of the protein of interest thus reducing their concentration in the cytosol 

(Fig. 11.5). The expression of the fusion construct could then be regulated to control the 

level of the protein of interest. Given the resiliency of the PBV capsid assembly process 

and that both the N- and C- terminals of the protein are believed to be internalized 

within the capsid, PBV was selected as the viral vector for these experiments.  

 

 

Figure 11.5: Viral capsid induced sequestration of copies of a cellular protein of interest. The CP 
is displayed as a grey ball and the multimer forming protein of interest is displayed as a blue 
rectangle. As the capsid assembles, cellular copies of the protein of interest are packaged inside 
due to them binding to the fusion construct. 

 
The initial fusion construct tested was a GFP-CP fusion construct. The gene 

encoding this construct was synthesized using the “Golden Gate” cloning method 

(Engler et al., 2008). The GFP-CP construct was then expressed and purified using the 
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same protocol as was used for the WT CP construct. Following ultracentrifugation in a 

CsCl gradient, a green band was observed at approximately the same density at which 

WT VLPs had been previously observed suggesting that the GFP retained its activity 

from within the capsid (Fig. 11.6). The green band was then extracted and TEM was 

used to visualize the viral particles (Fig. 11.7). While structures resembling VLPs could 

clearly be seen, most had been penetrated by the dye suggesting that they were not 

completely assembled. Expressing the WT CP at the same time as the fusion construct 

may solve this problem. A gene encoding a LacI-CP fusion construct has also been 

synthesized and expression tests have yielded similar results (Fig. 11.8). While 

complete particle assembly may not have been observed, it is possible that partial 

particle assembly may be sufficient to enable sequestration of the protein of interest.  
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Figure 11.6: Ultracentrifugation bands formed by PBV GFP-CP VLP on a CsCl gradient. The black 
arrow to the right points to the green colored band.  
 

 

Figure 11.7: Transmission electron microscopy images of the VLPs formed by the WT PBV CP 
(left) and the GFP-PBV CP fusion construct (right). The scale bar represents 50 nm. 
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Figure 11.8: Transmission electron microscopy images of the VLPs formed by the LacI-PBV CP 
fusion construct. The scale bar represents 100 nm. The red box indicates the location of the VLPs. 
 

Currently, a system is being built to determine if a PBV CP fusion construct can 

be used to sequester cellular proteins. In this system, LacI-CP and WT CP will each be 

cloned into an expression vector regulated by arabinose and rhamnose, respectively. A 

plasmid containing a GFP reporter gene controlled by a lac promoter will also be 

inserted into an E. coli strain. The cellular LacI will prevent the expression of the 

reporter by binding to the promoter. My belief is that, upon expression of both the LacI-

CP fusion protein and the WT CP, cellular LacI will bind to the fusion protein and be 

sequestered in the VLPs. This will enable expression of the GFP whose expression will 

indicate that cellular LacI is being sequestered. Once this proof of concept experiment 

has been successful, future experiments will be carried out involving the sequestration 

of other cellular enzymes to exam how their sequestration affects the metabolic activity 

of the cell. Should such experiments be successful, then similar setups could be 

employed in synthetic biology as a means to more tightly regulate gene circuits.    
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11.4 Buffer Recipes 

Buffer A (Resuspension Buffer): 50 mM Tris-HCl pH 7.5, 500 mM NaCl, 10% v/v 
glycerol, 5mM Imidazole  
 
Ni-NTA Wash Buffer: 50 mM Tris-HCl pH 7.5, 500 mM NaCl, 10% (v/v) glycerol, 10 
mM Imidazole  
 
Ni-NTA Elution Buffer: 50 mM Tris-HCl pH 7.5, 500 mM NaCl, 10% (v/v) glycerol, 250 
mM Imidazole  
 
Buffer B (Applied to Heparin Column): 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10% 
(v/v) glycerol, 5 mM β-mercaptoethanol, 1 mM NaN3, and 1 mM EDTA 
 
Buffer C (Superdex Elution Buffer): 50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 10% 
(v/v) glycerol, 5 mM β-mercaptoethanol, 1 mM NaN3, and 1 mM EDTA 
 
RdRP Activity Assay Buffer: 6% (w/v) PEG 4000, 20 mM NH4Ac, 0.1 mM EDTA, 2 
mM MgCl2, 0.1% (v/v) Triton X-100, 50 mM HEPES-KOH pH 7.5, and 0.4 U/µl RNase 
inhibitor RiboLock 
 
Gel Shift Assay Buffer: Gel shift assays were conducted in 50 mM Tris-HCl pH 7.5, 50 
mM KCl, 1mM NaN3, 5 mM β-mercaptoethanol, and 10% v/v glycerol. 
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11.5 Gene and Protein Sequences 
 
PBV RdRP 

PBV RdRPΔLOOP 

PBV CP 

PBV CP 46-552 

PBV CP 1-542 

PBV CP G134R 

PBV CP A197Y 

PBV CP G134R A197Y 

PBV CP 5+YVRNQ 

PBV CP 3+YVRNQ 

GFP-CP 

LacI-CP 

Gene Encoding the PBV RdRP 

CCATGGGTCATCATCATCACCATCATAGCGGTCAGGTTGCACCGAATGTTTGGAGCAAATATTTCAATATTCCGAAT

CCGGGTCTGCGTGCCTATTTTTCAAATGTTGTTAGCGGTCAGCCGGAAGTTTATCGTACCCCGTTCTATAAAGGTAT

GAGCCTGGAAAGCATTTGTGACGAGTGGTACAAAAAACTGGTTAGCATTGATACCCAGTGGCCGACCCTGATGGAAT

TTGAAGATGATCTGCGTAAAAAAGTTGGTCCGATGAGCGTTATGCTGCCGCTGAAAGAACGTATGAGCGATATTGAT

AGCTATTACGACAGCATCAGCAAAGATCAGGTTCCGTTTGATACCAAAGCAATTAGCGCAGCAAAAAGCGAATGGAA

AGGTGTTAGCCGTCTGCGTCTGCGTAGCGAAGTTAATACCGTTGCAGTTATGAAAAAAAGCACCAATAGCGGTAGCC

CGTATTTCAGCAAACGTAAAGCAGTTGTTAGCAAAACCATTCCGTGTGATGTTTATATGGATGGTCGTTATTGTGTG

ATGCGTCAGAATGGTCGTGAATGGTCAGGTGCAGCAGTTCTGGGTTGGCGTGGTCAAGAAGGTGGTCCGAAACCGAC

CGATGTTAAACAGCGTGTTGTTTGGATGTTTCCGTTTGCCGTTAATATTCGTGAACTGCAGGTTTATCAGCCGCTGA

TTCTGACCTTTCAGCGTCTGGGTCTGGTTCCGGCATGGGTTAGCATGGAAGCAGTTGATCGTCGTATTACCAAAATG

TTCGATACCAAAGGTCCGCGTGATGTTGTTGTTTGTACCGATTTTAGCAAATTCGACCAGCATTTTAATCCGACCTG

TCAGAGCGTTGCAAAAGAACTGCTGGCAGATCTGCTGACCGGTCAAGAAGCCGTTGATTGGCTGGAACGTGTTTTTC

CGATCAAATATGCAATTCCGCTGGCATATAATTGGGGTGAAATTCGCTATGGTATTCATGGTATGGGTAGCGGTAGC

GGTGGCACCAATGCAGATGAAACCCTGGTTCATCGTGTTCTGCAGCATGAAGCAGCAATTAGCCATCATACCACCCT

GAATCCGAATAGCCAGTGTCTGGGTGATGATGGTGTTCTGACCTATCCGGGTATTAGTGCCGAAGATGTTATGCAGA

GCTATAGCCGTCATGGTCTGGATATGAATCTGGAAAAACAGTATGTGAGCAAACAGGATTGTACCTATCTGCGTCGT

TGGCATCATACCGATTATCGTGTTGATGGTATGTGCGTTGGTGTTTATAGCACCATGCGTGCACTGGGTCGTCTGGC

AATGCAAGAACGTTATTATGATCCGGATGTGTGGGGTGAAAAAATGGTTACCCTGCGTTATCTGAGCATTATCGAGA

ACGTTAAATATCATCCTCTGAAAGAAGAGTTCCTGGATTTTTGCATCAAAGGCGATAAAACCCGTCTGGGCCTGGGT

ATTCCGGGTTTTCTGGATAATATTGCCGGTGAAGCACAGAAAGCAATTGATATGATGCCGGATTTTCTGGGCTATAC
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CAAAAGCCTGCAGTATGATGGCGATCTGCGTCGCAATGCAGCAGCAGGTATTGAAAATTGGTGGGTTGTTCAGGCAC

TGAAAAGCCGTCGCTAACTCGAG 

Protein Sequence for the PBV RdRP 

MGHHHHHHSG QVAPNVWSKY FNIPNPGLRA YFSNVVSGQP EVYRTPFYKG MSLESICDEW 

YKKLVSIDTQ WPTLMEFEDD LRKKVGPMSV MLPLKERMSD IDSYYDSISK DQVPFDTKAI 

SAAKSEWKGV SRLRLRSEVN TVAVMKKSTN SGSPYFSKRK AVVSKTIPCD VYMDGRYCVM 

RQNGREWSGA AVLGWRGQEG GPKPTDVKQR VVWMFPFAVN IRELQVYQPL ILTFQRLGLV 

PAWVSMEAVD RRITKMFDTK GPRDVVVCTD FSKFDQHFNP TCQSVAKELL ADLLTGQEAV 

DWLERVFPIK YAIPLAYNWG EIRYGIHGMG SGSGGTNADE TLVHRVLQHE AAISHHTTLN 

PNSQCLGDDG VLTYPGISAE DVMQSYSRHG LDMNLEKQYV SKQDCTYLRR WHHTDYRVDG 

MCVGVYSTMR ALGRLAMQER YYDPDVWGEK MVTLRYLSII ENVKYHPLKE EFLDFCIKGD 

KTRLGLGIPG FLDNIAGEAQ KAIDMMPDFL GYTKSLQYDG DLRRNAAAGI ENWWVVQALK 

SRR 

 

Gene Encoding ΔLOOP (PBV RdRP mutant) 

CCATGGGTCATCATCATCACCATCATAGCGGTCAGGTTGCACCGAATGTTTGGAGCAAATATTTCAATATTCCGAAT

CCGGGTCTGCGTGCCTATTTTTCAAATGTTGTTAGCGGTCAGCCGGAAGTTTATCGTACCCCGTTCTATAAAGGTAT

GAGCCTGGAAAGCATTTGTGACGAGTGGTACAAAAAACTGGTTAGCATTGATACCCAGTGGCCGACCCTGATGGAAT

TTGAAGATGATCTGCGTAAAAAAGTTGGTCCGATGAGCGTTATGCTGCCGCTGAAAGAACGTATGAGCGATATTGAT

AGCTATTACGACAGCATCAGCAAAGATCAGGTTCCGTTTGATACCAAAGCAATTAGCGCAGCAAAAAGCGAATGGAA

AGGTGTTAGCCGTCTGCGTCTGCGTAGCGAAGTTAATACCGTTGCAGTTATGAAAAAAAGCACCAATAGCGGTAGCC

CGTATTTCAGCAAACGTAAAGCAGTTGTTAGCAAAACCATTCCGTGTGATGTTTATATGGATGGTCGTTATTGTGTG

ATGCGTCAGAATGGTCGTGAATGGTCAGGTGCAGCAGTTCTGGGTTGGCGTGGTCAAGAAGGTGGTCCGAAACCGAC

CGATGTTAAACAGCGTGTTGTTTGGATGTTTCCGTTTGCCGTTAATATTCGTGAACTGCAGGTTTATCAGCCGCTGA

TTCTGACCTTTCAGCGTCTGGGTCTGGTTCCGGCATGGGTTAGCATGGAAGCAGTTGATCGTCGTATTACCAAAATG

TTCGATACCAAAGGTCCGCGTGATGTTGTTGTTTGTACCGATTTTAGCAAATTCGACCAGCATTTTAATCCGACCTG

TCAGAGCGTTGCAAAAGAACTGCTGGCAGATCTGCTGACCGGTCAAGAAGCCGTTGATTGGCTGGAACGTGTTTTTC

CGATCAAATATGCAATTCCGCTGGCATATAATTGGGGTGAAATTCGCTATGGTATTCATGGTATGGGTAGCGGTAGC

GGTGGCACCAATGCAGATGAAACCCTGGTTCATCGTGTTCTGCAGCATGAAGCAGCAATTAGCCATCATACCACCCT

GAATCCGAATAGCCAGTGTCTGGGTGATGATGGTGTTCTGACCTATCCGGGTATTAGTGCCGAAGATGTTATGCAGA

GCTATAGCCGTCATGGTCTGGATATGAATCTGGAAAAACAGTATGTGAGCAAACAGGATTGTACCTATCTGCGTCGT

TGGCATCATACCGATTATCGTGTTGATGGTATGTGCGTTGGTGTTTATAGCACCATGCGTGCACTGGGTCGTCTGGC

AATGCAAGAACGTTATTATGATCCGGATGTGTGGGGTGAAAAAATGGTTACCCTGCGTTATCTGAGCATTATCGAGA

ACGTTAAATATCATCCTCTGAAAGAAGAGTTCCTGGATTTTTGCATCAAAGGCGATAAAACCCGTCTGGGCCTGGGT

ATTCCGGGTTTTCTGGATAATATTGCCGGTGAAGCACAGAAAGCAATTGATGGATCCGCAGCAGGTATTGAAAATTG

GTGGGTTGTTCAGGCACTGAAAAGCCGTCGCTAACTCGAGTTAATTAACTCGAG 

Protein Sequence for the ΔLOOP (PBV RdRP mutant) 

MGHHHHHHSG QVAPNVWSKY FNIPNPGLRA YFSNVVSGQP EVYRTPFYKG MSLESICDEW 

YKKLVSIDTQ WPTLMEFEDD LRKKVGPMSV MLPLKERMSD IDSYYDSISK DQVPFDTKAI 

SAAKSEWKGV SRLRLRSEVN TVAVMKKSTN SGSPYFSKRK AVVSKTIPCD VYMDGRYCVM 

RQNGREWSGA AVLGWRGQEG GPKPTDVKQR VVWMFPFAVN IRELQVYQPL ILTFQRLGLV 

PAWVSMEAVD RRITKMFDTK GPRDVVVCTD FSKFDQHFNP TCQSVAKELL ADLLTGQEAV 

DWLERVFPIK YAIPLAYNWG EIRYGIHGMG SGSGGTNADE TLVHRVLQHE AAISHHTTLN 

PNSQCLGDDG VLTYPGISAE DVMQSYSRHG LDMNLEKQYV SKQDCTYLRR WHHTDYRVDG 

MCVGVYSTMR ALGRLAMQER YYDPDVWGEK MVTLRYLSII ENVKYHPLKE EFLDFCIKGD 

KTRLGLGIPG FLDNIAGEAQ KAIDGSAAGI ENWWVVQALK SRR 
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Gene Encoding the PBV CP 

CCATGGGCAAGCAGAACGACACCAAGAAGACCACCCAGCGTCGTAACTCCAAGAAGTACTCCTCCAAGACCAACCGT

GGCACCAAGCGTGCTCCCCGTGACCAAGAAGTCGGCACCGGCGCTCAAGAGTCCACCCGTAACGATGTGGCTTGGTA

CGCTCGTTACCCCCACATCCTGGAAGAGGCTACCCGTCTGCCCTTCGCTTACCCCATCGGCCAGTACTACGACACCG

GTTACTCCGTGGCTTCCGCTACCGAGTGGTCTAAATACGTGGACACCTCCCTGACCATCCCCGGCGTGATGTGCGTG

AACTTCACCCCTACCCCTGGCGAGTCCTACAACAAGAACTCCCCCATCAACATCGCTGCCCAGAACGTGTACACCTA

CGTGCGTCACATGAACTCCGGTCACGCTAACTACGAGCAGGCTGACCTGATGATGTACCTGCTGGCTATGGACTCCC

TGTACATCTTCCACTCCTACGTCCGCAAGATCCTGGCTATCTCCAAGCTGTACACCCCCGTGAACAAGTACTTCCCC

CGTGCTCTGCTGGTGGCTCTGGGTGTTGATCCCGAGGACGTGTTCGCTAACCAGGCTCAGTGGGAATACTTCGTGAA

CATGGTGGCTTACCGTGCTGGTGCTTTCGCTGCTCCCGCTTCCATGACCTACTACGAGCGTCACGCTTGGATGTCCA

ACGGCCTGTACGTGGACCAGGACGTGACCCGTGCTCAGATCTACATGTTCAAGCCCACCATGCTGTGGAAGTACGAG

AACCTGGGCACCACCGGTACTAAGCTGGTGCCTCTGATGATGCCCAAGGCTGGCGACAACCGCAAGCTGGTGGACTT

CCAGGTGCTGTTCAACAACCTGGTGTCTACCATGCTGGGCGACGAGGACTTCGGTATCATGTCCGGCGACGTGTTCA

AGGCTTTCGGTGCTGACGGCCTGGTCAAGCTGCTGGCTGTCGACTCTACCACCATGACCCTGCCCACCTACGACCCC

CTGATCCTGGCCCAGATCCACTCCGCTAGAGCTGTGGGTGCTCCTATCCTGGAAACCTCCACCCTGACCGGTTTCCC

CGGTCGTCAGTGGCAGATCACCCAGAACCCCGACGTGAACAACGGTGCTATCATCTTCCACCCATCCTTCGGTTACG

ACGGCCAGGACCACGAGGAACTGTCCTTCCGTGCTATGTGCTCCAACATGATCCTGAACCTGCCCGGCGAGGCTCAC

TCCGCTGAAATGATCATCGAGGCCACCCGCCTGGCTACCATGTTCCAAGTGAAGGCTGTGCCTGCCGGCGACACCTC

CAAGCCTGTGCTGTACCTGCCCAACGGTTTCGGCACCGAGGTGGTCAACGACTACACCATGATCTCCGTGGACAAGG

CTACCCCCCACGACCTGACTATCCACACCTTCTTCAACAACATCCTGGTGCCCAACGCCAAGGAAAACTACGTCGCC

AACCTGGAACTGCTGAACAACATCATCCAGTTCGACTGGGCTCCCCAGCTGTACCTCACCTACGGTATCGCCCAAGA

GTCCTTCGGTCCCTTCGCTCAGCTGAACGACTGGACCATCCTGACCGGCGAGACTCTGGCTCGTATGCACGAAGTGT

GCGTGACCTCCATGTTCGACGTGCCCCAGATGGGTTTCAACAAGTAACTCGAG 

 

 

Protein Sequence Encoding the PBV CP 
 
MGKQNDTKKT TQRRNSKKYS SKTNRGTKRA PRDQEVGTGA QESTRNDVAW YARYPHILEE ATRLPFAYPI 

GQYYDTGYSV ASATEWSKYV DTSLTIPGVM CVNFTPTPGE SYNKNSPINI AAQNVYTYVR HMNSGHANYE 

QADLMMYLLA MDSLYIFHSY VRKILAISKL YTPVNKYFPR ALLVALGVDP EDVFANQAQW EYFVNMVAYR 

AGAFAAPASM TYYERHAWMS NGLYVDQDVT RAQIYMFKPT MLWKYENLGT TGTKLVPLMM PKAGDNRKLV 

DFQVLFNNLV STMLGDEDFG IMSGDVFKAF GADGLVKLLA VDSTTMTLPT YDPLILAQIH SARAVGAPIL 

ETSTLTGFPG RQWQITQNPD VNNGAIIFHP SFGYDGQDHE ELSFRAMCSN MILNLPGEAH SAEMIIEATR 

LATMFQVKAV PAGDTSKPVL YLPNGFGTEV VNDYTMISVD KATPHDLTIH TFFNNILVPN AKENYVANLE 

LLNNIIQFDW APQLYLTYGI AQESFGPFAQ LNDWTILTGE TLARMHEVCV TSMFDVPQMG FNK 

 
Gene Encoding PBV CP (46-552) 
 
CCATGGGCGATGTGGCTTGGTACGCTCGTTACCCCCACATCCTGGAAGAGGCTACCCGTCTGCCCTTCGCTTACCCC

ATCGGCCAGTACTACGACACCGGTTACTCCGTGGCTTCCGCTACCGAGTGGTCTAAATACGTGGACACCTCCCTGAC

CATCCCCGGCGTGATGTGCGTGAACTTCACCCCTACCCCTGGCGAGTCCTACAACAAGAACTCCCCCATCAACATCG

CTGCCCAGAACGTGTACACCTACGTGCGTCACATGAACTCCGGTCACGCTAACTACGAGCAGGCTGACCTGATGATG

TACCTGCTGGCTATGGACTCCCTGTACATCTTCCACTCCTACGTCCGCAAGATCCTGGCTATCTCCAAGCTGTACAC

CCCCGTGAACAAGTACTTCCCCCGTGCTCTGCTGGTGGCTCTGGGTGTTGATCCCGAGGACGTGTTCGCTAACCAGG

CTCAGTGGGAATACTTCGTGAACATGGTGGCTTACCGTGCTGGTGCTTTCGCTGCTCCCGCTTCCATGACCTACTAC

GAGCGTCACGCTTGGATGTCCAACGGCCTGTACGTGGACCAGGACGTGACCCGTGCTCAGATCTACATGTTCAAGCC

CACCATGCTGTGGAAGTACGAGAACCTGGGCACCACCGGTACTAAGCTGGTGCCTCTGATGATGCCCAAGGCTGGCG

ACAACCGCAAGCTGGTGGACTTCCAGGTGCTGTTCAACAACCTGGTGTCTACCATGCTGGGCGACGAGGACTTCGGT

ATCATGTCCGGCGACGTGTTCAAGGCTTTCGGTGCTGACGGCCTGGTCAAGCTGCTGGCTGTCGACTCTACCACCAT

GACCCTGCCCACCTACGACCCCCTGATCCTGGCCCAGATCCACTCCGCTAGAGCTGTGGGTGCTCCTATCCTGGAAA

CCTCCACCCTGACCGGTTTCCCCGGTCGTCAGTGGCAGATCACCCAGAACCCCGACGTGAACAACGGTGCTATCATC
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TTCCACCCATCCTTCGGTTACGACGGCCAGGACCACGAGGAACTGTCCTTCCGTGCTATGTGCTCCAACATGATCCT

GAACCTGCCCGGCGAGGCTCACTCCGCTGAAATGATCATCGAGGCCACCCGCCTGGCTACCATGTTCCAAGTGAAGG

CTGTGCCTGCCGGCGACACCTCCAAGCCTGTGCTGTACCTGCCCAACGGTTTCGGCACCGAGGTGGTCAACGACTAC

ACCATGATCTCCGTGGACAAGGCTACCCCCCACGACCTGACTATCCACACCTTCTTCAACAACATCCTGGTGCCCAA

CGCCAAGGAAAACTACGTCGCCAACCTGGAACTGCTGAACAACATCATCCAGTTCGACTGGGCTCCCCAGCTGTACC

TCACCTACGGTATCGCCCAAGAGTCCTTCGGTCCCTTCGCTCAGCTGAACGACTGGACCATCCTGACCGGCGAGACT

CTGGCTCGTATGCACGAAGTGTGCGTGACCTCCATGTTCGACGTGCCCCAGATGGGTTTCAACAAGTAACTCGAG 

 
Protein Sequence Encoding PBV CP (46-552) 
 
MGDVAWYARY PHILEEATRL PFAYPIGQYY DTGYSVASAT EWSKYVDTSL TIPGVMCVNF TPTPGESYNK 

NSPINIAAQN VYTYVRHMNS GHANYEQADL MMYLLAMDSL YIFHSYVRKI LAISKLYTPV NKYFPRALLV 

ALGVDPEDVF ANQAQWEYFV NMVAYRAGAF AAPASMTYYE RHAWMSNGLY VDQDVTRAQI YMFKPTMLWK 

YENLGTTGTK LVPLMMPKAG DNRKLVDFQV LFNNLVSTML GDEDFGIMSG DVFKAFGADG LVKLLAVDST 

TMTLPTYDPL ILAQIHSARA VGAPILETST LTGFPGRQWQ ITQNPDVNNG AIIFHPSFGY DGQDHEELSF 

RAMCSNMILN LPGEAHSAEM IIEATRLATM FQVKAVPAGD TSKPVLYLPN GFGTEVVNDY TMISVDKATP 

HDLTIHTFFN NILVPNAKEN YVANLELLNN IIQFDWAPQL YLTYGIAQES FGPFAQLNDW TILTGETLAR 

MHEVCVTSMF DVPQMGFNK 

 

Gene Encoding PBV CP (1-542) 

CCATGGGCAAGCAGAACGACACCAAGAAGACCACCCAGCGTCGTAACTCCAAGAAGTACTCCTCCAAGACCAACCGT

GGCACCAAGCGTGCTCCCCGTGACCAAGAAGTCGGCACCGGCGCTCAAGAGTCCACCCGTAACGATGTGGCTTGGTA

CGCTCGTTACCCCCACATCCTGGAAGAGGCTACCCGTCTGCCCTTCGCTTACCCCATCGGCCAGTACTACGACACCG

GTTACTCCGTGGCTTCCGCTACCGAGTGGTCTAAATACGTGGACACCTCCCTGACCATCCCCGGCGTGATGTGCGTG

AACTTCACCCCTACCCCTGGCGAGTCCTACAACAAGAACTCCCCCATCAACATCGCTGCCCAGAACGTGTACACCTA

CGTGCGTCACATGAACTCCGGTCACGCTAACTACGAGCAGGCTGACCTGATGATGTACCTGCTGGCTATGGACTCCC

TGTACATCTTCCACTCCTACGTCCGCAAGATCCTGGCTATCTCCAAGCTGTACACCCCCGTGAACAAGTACTTCCCC

CGTGCTCTGCTGGTGGCTCTGGGTGTTGATCCCGAGGACGTGTTCGCTAACCAGGCTCAGTGGGAATACTTCGTGAA

CATGGTGGCTTACCGTGCTGGTGCTTTCGCTGCTCCCGCTTCCATGACCTACTACGAGCGTCACGCTTGGATGTCCA

ACGGCCTGTACGTGGACCAGGACGTGACCCGTGCTCAGATCTACATGTTCAAGCCCACCATGCTGTGGAAGTACGAG

AACCTGGGCACCACCGGTACTAAGCTGGTGCCTCTGATGATGCCCAAGGCTGGCGACAACCGCAAGCTGGTGGACTT

CCAGGTGCTGTTCAACAACCTGGTGTCTACCATGCTGGGCGACGAGGACTTCGGTATCATGTCCGGCGACGTGTTCA

AGGCTTTCGGTGCTGACGGCCTGGTCAAGCTGCTGGCTGTCGACTCTACCACCATGACCCTGCCCACCTACGACCCC

CTGATCCTGGCCCAGATCCACTCCGCTAGAGCTGTGGGTGCTCCTATCCTGGAAACCTCCACCCTGACCGGTTTCCC

CGGTCGTCAGTGGCAGATCACCCAGAACCCCGACGTGAACAACGGTGCTATCATCTTCCACCCATCCTTCGGTTACG

ACGGCCAGGACCACGAGGAACTGTCCTTCCGTGCTATGTGCTCCAACATGATCCTGAACCTGCCCGGCGAGGCTCAC

TCCGCTGAAATGATCATCGAGGCCACCCGCCTGGCTACCATGTTCCAAGTGAAGGCTGTGCCTGCCGGCGACACCTC

CAAGCCTGTGCTGTACCTGCCCAACGGTTTCGGCACCGAGGTGGTCAACGACTACACCATGATCTCCGTGGACAAGG

CTACCCCCCACGACCTGACTATCCACACCTTCTTCAACAACATCCTGGTGCCCAACGCCAAGGAAAACTACGTCGCC

AACCTGGAACTGCTGAACAACATCATCCAGTTCGACTGGGCTCCCCAGCTGTACCTCACCTACGGTATCGCCCAAGA

GTCCTTCGGTCCCTTCGCTCAGCTGAACGACTGGACCATCCTGACCGGCGAGACTCTGGCTCGTATGCACGAAGTGT

GCGTGACCTCCTAACTCGAG 

 

Protein Sequence Encoding PBV CP (1-542) 
 
MGKQNDTKKT TQRRNSKKYS SKTNRGTKRA PRDQEVGTGA QESTRNDVAW YARYPHILEE ATRLPFAYPI 

GQYYDTGYSV ASATEWSKYV DTSLTIPGVM CVNFTPTPGE SYNKNSPINI AAQNVYTYVR HMNSGHANYE 

QADLMMYLLA MDSLYIFHSY VRKILAISKL YTPVNKYFPR ALLVALGVDP EDVFANQAQW EYFVNMVAYR 

AGAFAAPASM TYYERHAWMS NGLYVDQDVT RAQIYMFKPT MLWKYENLGT TGTKLVPLMM PKAGDNRKLV 

DFQVLFNNLV STMLGDEDFG IMSGDVFKAF GADGLVKLLA VDSTTMTLPT YDPLILAQIH SARAVGAPIL 

ETSTLTGFPG RQWQITQNPD VNNGAIIFHP SFGYDGQDHE ELSFRAMCSN MILNLPGEAH SAEMIIEATR 
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LATMFQVKAV PAGDTSKPVL YLPNGFGTEV VNDYTMISVD KATPHDLTIH TFFNNILVPN AKENYVANLE 

LLNNIIQFDW APQLYLTYGI AQESFGPFAQ LNDWTILTGE TLARMHEVCV  

TS 

 

Gene Encoding PBV CP G134R 

CCATGGGCAAGCAGAACGACACCAAGAAGACCACCCAGCGTCGTAACTCCAAGAAGTACTCCTCCAAGACCAACCGT

GGCACCAAGCGTGCTCCCCGTGACCAAGAAGTCGGCACCGGCGCTCAAGAGTCCACCCGTAACGATGTGGCTTGGTA

CGCTCGTTACCCCCACATCCTGGAAGAGGCTACCCGTCTGCCCTTCGCTTACCCCATCGGCCAGTACTACGACACCG

GTTACTCCGTGGCTTCCGCTACCGAGTGGTCTAAATACGTGGACACCTCCCTGACCATCCCCGGCGTGATGTGCGTG

AACTTCACCCCTACCCCTGGCGAGTCCTACAACAAGAACTCCCCCATCAACATCGCTGCCCAGAACGTGTACACCTA

CGTGCGTCACATGAACTCCCGTCACGCTAACTACGAGCAGGCTGACCTGATGATGTACCTGCTGGCTATGGACTCCC

TGTACATCTTCCACTCCTACGTCCGCAAGATCCTGGCTATCTCCAAGCTGTACACCCCCGTGAACAAGTACTTCCCC

CGTGCTCTGCTGGTGGCTCTGGGTGTTGATCCCGAGGACGTGTTCGCTAACCAGGCTCAGTGGGAATACTTCGTGAA

CATGGTGGCTTACCGTGCTGGTGCTTTCGCTGCTCCCGCTTCCATGACCTACTACGAGCGTCACGCTTGGATGTCCA

ACGGCCTGTACGTGGACCAGGACGTGACCCGTGCTCAGATCTACATGTTCAAGCCCACCATGCTGTGGAAGTACGAG

AACCTGGGCACCACCGGTACTAAGCTGGTGCCTCTGATGATGCCCAAGGCTGGCGACAACCGCAAGCTGGTGGACTT

CCAGGTGCTGTTCAACAACCTGGTGTCTACCATGCTGGGCGACGAGGACTTCGGTATCATGTCCGGCGACGTGTTCA

AGGCTTTCGGTGCTGACGGCCTGGTCAAGCTGCTGGCTGTCGACTCTACCACCATGACCCTGCCCACCTACGACCCC

CTGATCCTGGCCCAGATCCACTCCGCTAGAGCTGTGGGTGCTCCTATCCTGGAAACCTCCACCCTGACCGGTTTCCC

CGGTCGTCAGTGGCAGATCACCCAGAACCCCGACGTGAACAACGGTGCTATCATCTTCCACCCATCCTTCGGTTACG

ACGGCCAGGACCACGAGGAACTGTCCTTCCGTGCTATGTGCTCCAACATGATCCTGAACCTGCCCGGCGAGGCTCAC

TCCGCTGAAATGATCATCGAGGCCACCCGCCTGGCTACCATGTTCCAAGTGAAGGCTGTGCCTGCCGGCGACACCTC

CAAGCCTGTGCTGTACCTGCCCAACGGTTTCGGCACCGAGGTGGTCAACGACTACACCATGATCTCCGTGGACAAGG

CTACCCCCCACGACCTGACTATCCACACCTTCTTCAACAACATCCTGGTGCCCAACGCCAAGGAAAACTACGTCGCC

AACCTGGAACTGCTGAACAACATCATCCAGTTCGACTGGGCTCCCCAGCTGTACCTCACCTACGGTATCGCCCAAGA

GTCCTTCGGTCCCTTCGCTCAGCTGAACGACTGGACCATCCTGACCGGCGAGACTCTGGCTCGTATGCACGAAGTGT

GCGTGACCTCCATGTTCGACGTGCCCCAGATGGGTTTCAACAAGTAACTCGAG 

 

 

Protein Sequence Encoding PBV CP G134R 
 
MGKQNDTKKT TQRRNSKKYS SKTNRGTKRA PRDQEVGTGA QESTRNDVAW YARYPHILEE ATRLPFAYPI 

GQYYDTGYSV ASATEWSKYV DTSLTIPGVM CVNFTPTPGE SYNKNSPINI AAQNVYTYVR HMNSRHANYE 

QADLMMYLLA MDSLYIFHSY VRKILAISKL YTPVNKYFPR ALLVALGVDP EDVFANQAQW EYFVNMVAYR 

AGAFAAPASM TYYERHAWMS NGLYVDQDVT RAQIYMFKPT MLWKYENLGT TGTKLVPLMM PKAGDNRKLV 

DFQVLFNNLV STMLGDEDFG IMSGDVFKAF GADGLVKLLA VDSTTMTLPT YDPLILAQIH SARAVGAPIL 

ETSTLTGFPG RQWQITQNPD VNNGAIIFHP SFGYDGQDHE ELSFRAMCSN MILNLPGEAH SAEMIIEATR 

LATMFQVKAV PAGDTSKPVL YLPNGFGTEV VNDYTMISVD KATPHDLTIH TFFNNILVPN AKENYVANLE 

LLNNIIQFDW APQLYLTYGI AQESFGPFAQ LNDWTILTGE TLARMHEVCV TSMFDVPQMG FNK 

 

Gene Encoding PBV CP A197Y 

CCATGGGCAAGCAGAACGACACCAAGAAGACCACCCAGCGTCGTAACTCCAAGAAGTACTCCTCCAAGACCAACCGT

GGCACCAAGCGTGCTCCCCGTGACCAAGAAGTCGGCACCGGCGCTCAAGAGTCCACCCGTAACGATGTGGCTTGGTA

CGCTCGTTACCCCCACATCCTGGAAGAGGCTACCCGTCTGCCCTTCGCTTACCCCATCGGCCAGTACTACGACACCG

GTTACTCCGTGGCTTCCGCTACCGAGTGGTCTAAATACGTGGACACCTCCCTGACCATCCCCGGCGTGATGTGCGTG

AACTTCACCCCTACCCCTGGCGAGTCCTACAACAAGAACTCCCCCATCAACATCGCTGCCCAGAACGTGTACACCTA

CGTGCGTCACATGAACTCCGGTCACGCTAACTACGAGCAGGCTGACCTGATGATGTACCTGCTGGCTATGGACTCCC

TGTACATCTTCCACTCCTACGTCCGCAAGATCCTGGCTATCTCCAAGCTGTACACCCCCGTGAACAAGTACTTCCCC

CGTGCTCTGCTGGTGGCTCTGGGTGTTGATCCCGAGGACGTGTTCGCTAACCAGTATCAGTGGGAATACTTCGTGAA

CATGGTGGCTTACCGTGCTGGTGCTTTCGCTGCTCCCGCTTCCATGACCTACTACGAGCGTCACGCTTGGATGTCCA

ACGGCCTGTACGTGGACCAGGACGTGACCCGTGCTCAGATCTACATGTTCAAGCCCACCATGCTGTGGAAGTACGAG

AACCTGGGCACCACCGGTACTAAGCTGGTGCCTCTGATGATGCCCAAGGCTGGCGACAACCGCAAGCTGGTGGACTT
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CCAGGTGCTGTTCAACAACCTGGTGTCTACCATGCTGGGCGACGAGGACTTCGGTATCATGTCCGGCGACGTGTTCA

AGGCTTTCGGTGCTGACGGCCTGGTCAAGCTGCTGGCTGTCGACTCTACCACCATGACCCTGCCCACCTACGACCCC

CTGATCCTGGCCCAGATCCACTCCGCTAGAGCTGTGGGTGCTCCTATCCTGGAAACCTCCACCCTGACCGGTTTCCC

CGGTCGTCAGTGGCAGATCACCCAGAACCCCGACGTGAACAACGGTGCTATCATCTTCCACCCATCCTTCGGTTACG

ACGGCCAGGACCACGAGGAACTGTCCTTCCGTGCTATGTGCTCCAACATGATCCTGAACCTGCCCGGCGAGGCTCAC

TCCGCTGAAATGATCATCGAGGCCACCCGCCTGGCTACCATGTTCCAAGTGAAGGCTGTGCCTGCCGGCGACACCTC

CAAGCCTGTGCTGTACCTGCCCAACGGTTTCGGCACCGAGGTGGTCAACGACTACACCATGATCTCCGTGGACAAGG

CTACCCCCCACGACCTGACTATCCACACCTTCTTCAACAACATCCTGGTGCCCAACGCCAAGGAAAACTACGTCGCC

AACCTGGAACTGCTGAACAACATCATCCAGTTCGACTGGGCTCCCCAGCTGTACCTCACCTACGGTATCGCCCAAGA

GTCCTTCGGTCCCTTCGCTCAGCTGAACGACTGGACCATCCTGACCGGCGAGACTCTGGCTCGTATGCACGAAGTGT

GCGTGACCTCCATGTTCGACGTGCCCCAGATGGGTTTCAACAAGTAACTCGAG 

 

Protein Sequence Encoding PBV CP A197Y 
 
MGKQNDTKKT TQRRNSKKYS SKTNRGTKRA PRDQEVGTGA QESTRNDVAW YARYPHILEE ATRLPFAYPI 

GQYYDTGYSV ASATEWSKYV DTSLTIPGVM CVNFTPTPGE SYNKNSPINI AAQNVYTYVR HMNSGHANYE 

QADLMMYLLA MDSLYIFHSY VRKILAISKL YTPVNKYFPR ALLVALGVDP EDVFANQYQW EYFVNMVAYR 

AGAFAAPASM TYYERHAWMS NGLYVDQDVT RAQIYMFKPT MLWKYENLGT TGTKLVPLMM PKAGDNRKLV 

DFQVLFNNLV STMLGDEDFG IMSGDVFKAF GADGLVKLLA VDSTTMTLPT YDPLILAQIH SARAVGAPIL 

ETSTLTGFPG RQWQITQNPD VNNGAIIFHP SFGYDGQDHE ELSFRAMCSN MILNLPGEAH SAEMIIEATR 

LATMFQVKAV PAGDTSKPVL YLPNGFGTEV VNDYTMISVD KATPHDLTIH TFFNNILVPN AKENYVANLE 

LLNNIIQFDW APQLYLTYGI AQESFGPFAQ LNDWTILTGE TLARMHEVCV TSMFDVPQMG FNK 

 

Gene Encoding PBV CP G134 A197Y 

CCATGGGCAAGCAGAACGACACCAAGAAGACCACCCAGCGTCGTAACTCCAAGAAGTACTCCTCCAAGACCAACCGT

GGCACCAAGCGTGCTCCCCGTGACCAAGAAGTCGGCACCGGCGCTCAAGAGTCCACCCGTAACGATGTGGCTTGGTA

CGCTCGTTACCCCCACATCCTGGAAGAGGCTACCCGTCTGCCCTTCGCTTACCCCATCGGCCAGTACTACGACACCG

GTTACTCCGTGGCTTCCGCTACCGAGTGGTCTAAATACGTGGACACCTCCCTGACCATCCCCGGCGTGATGTGCGTG

AACTTCACCCCTACCCCTGGCGAGTCCTACAACAAGAACTCCCCCATCAACATCGCTGCCCAGAACGTGTACACCTA

CGTGCGTCACATGAACTCCCGTCACGCTAACTACGAGCAGGCTGACCTGATGATGTACCTGCTGGCTATGGACTCCC

TGTACATCTTCCACTCCTACGTCCGCAAGATCCTGGCTATCTCCAAGCTGTACACCCCCGTGAACAAGTACTTCCCC

CGTGCTCTGCTGGTGGCTCTGGGTGTTGATCCCGAGGACGTGTTCGCTAACCAGTATCAGTGGGAATACTTCGTGAA

CATGGTGGCTTACCGTGCTGGTGCTTTCGCTGCTCCCGCTTCCATGACCTACTACGAGCGTCACGCTTGGATGTCCA

ACGGCCTGTACGTGGACCAGGACGTGACCCGTGCTCAGATCTACATGTTCAAGCCCACCATGCTGTGGAAGTACGAG

AACCTGGGCACCACCGGTACTAAGCTGGTGCCTCTGATGATGCCCAAGGCTGGCGACAACCGCAAGCTGGTGGACTT

CCAGGTGCTGTTCAACAACCTGGTGTCTACCATGCTGGGCGACGAGGACTTCGGTATCATGTCCGGCGACGTGTTCA

AGGCTTTCGGTGCTGACGGCCTGGTCAAGCTGCTGGCTGTCGACTCTACCACCATGACCCTGCCCACCTACGACCCC

CTGATCCTGGCCCAGATCCACTCCGCTAGAGCTGTGGGTGCTCCTATCCTGGAAACCTCCACCCTGACCGGTTTCCC

CGGTCGTCAGTGGCAGATCACCCAGAACCCCGACGTGAACAACGGTGCTATCATCTTCCACCCATCCTTCGGTTACG

ACGGCCAGGACCACGAGGAACTGTCCTTCCGTGCTATGTGCTCCAACATGATCCTGAACCTGCCCGGCGAGGCTCAC

TCCGCTGAAATGATCATCGAGGCCACCCGCCTGGCTACCATGTTCCAAGTGAAGGCTGTGCCTGCCGGCGACACCTC

CAAGCCTGTGCTGTACCTGCCCAACGGTTTCGGCACCGAGGTGGTCAACGACTACACCATGATCTCCGTGGACAAGG

CTACCCCCCACGACCTGACTATCCACACCTTCTTCAACAACATCCTGGTGCCCAACGCCAAGGAAAACTACGTCGCC

AACCTGGAACTGCTGAACAACATCATCCAGTTCGACTGGGCTCCCCAGCTGTACCTCACCTACGGTATCGCCCAAGA

GTCCTTCGGTCCCTTCGCTCAGCTGAACGACTGGACCATCCTGACCGGCGAGACTCTGGCTCGTATGCACGAAGTGT

GCGTGACCTCCATGTTCGACGTGCCCCAGATGGGTTTCAACAAGTAACTCGAG 

 

Protein Sequence Encoding PBV CP G134R A197Y 
 
MGKQNDTKKT TQRRNSKKYS SKTNRGTKRA PRDQEVGTGA QESTRNDVAW YARYPHILEE ATRLPFAYPI 

GQYYDTGYSV ASATEWSKYV DTSLTIPGVM CVNFTPTPGE SYNKNSPINI AAQNVYTYVR HMNSRHANYE 

QADLMMYLLA MDSLYIFHSY VRKILAISKL YTPVNKYFPR ALLVALGVDP EDVFANQYQW EYFVNMVAYR 

AGAFAAPASM TYYERHAWMS NGLYVDQDVT RAQIYMFKPT MLWKYENLGT TGTKLVPLMM PKAGDNRKLV 
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DFQVLFNNLV STMLGDEDFG IMSGDVFKAF GADGLVKLLA VDSTTMTLPT YDPLILAQIH SARAVGAPIL 

ETSTLTGFPG RQWQITQNPD VNNGAIIFHP SFGYDGQDHE ELSFRAMCSN MILNLPGEAH SAEMIIEATR 

LATMFQVKAV PAGDTSKPVL YLPNGFGTEV VNDYTMISVD KATPHDLTIH TFFNNILVPN AKENYVANLE 

LLNNIIQFDW APQLYLTYGI AQESFGPFAQ LNDWTILTGE TLARMHEVCV TSMFDVPQMG FNK 

 

Gene Encoding CP 5+YVRNQ 

CCATGGGCAAGCAGAACGACACCAAGAAGACCACCCAGCGTCGTAACTCCAAGAAGTACTCCTCCAAGACCAACCGT

GGCACCAAGCGTGCTCCCCGTGACCAAGAAGTCGGCACCGGCGCTCAAGAGTCCACCCGTAACGATGTGGCTTGGTA

CGCTCGTTACCCCCACATCCTGGAAGAGGCTACCCGTCTGCCCTTCGCTTACCCCATCGGCCAGTACTACGACACCG

GTTACTCCGTGGCTTCCGCTACCGAGTGGTCTAAATACGTGGACACCTCCCTGACCATCCCCGGCGTGATGTGCGTG

AACTTCACCCCTACCCCTGGCGAGTCCTACAACAAGAACTCCCCCATCAACATCGCTGCCCAGAACGTGTACACCTA

CGTGCGTCACATGAACTATGTGCGTAACCAGTCCGGTCACGCTAACTACGAGCAGGCTGACCTGATGATGTACCTGC

TGGCTATGGACTCCCTGTACATCTTCCACTCCTACGTCCGCAAGATCCTGGCTATCTCCAAGCTGTACACCCCCGTG

AACAAGTACTTCCCCCGTGCTCTGCTGGTGGCTCTGGGTGTTGATCCCGAGGACGTGTTCGCTAACCAGGCTCAGTG

GGAATACTTCGTGAACATGGTGGCTTACCGTGCTGGTGCTTTCGCTGCTCCCGCTTCCATGACCTACTACGAGCGTC

ACGCTTGGATGTCCAACGGCCTGTACGTGGACCAGGACGTGACCCGTGCTCAGATCTACATGTTCAAGCCCACCATG

CTGTGGAAGTACGAGAACCTGGGCACCACCGGTACTAAGCTGGTGCCTCTGATGATGCCCAAGGCTGGCGACAACCG

CAAGCTGGTGGACTTCCAGGTGCTGTTCAACAACCTGGTGTCTACCATGCTGGGCGACGAGGACTTCGGTATCATGT

CCGGCGACGTGTTCAAGGCTTTCGGTGCTGACGGCCTGGTCAAGCTGCTGGCTGTCGACTCTACCACCATGACCCTG

CCCACCTACGACCCCCTGATCCTGGCCCAGATCCACTCCGCTAGAGCTGTGGGTGCTCCTATCCTGGAAACCTCCAC

CCTGACCGGTTTCCCCGGTCGTCAGTGGCAGATCACCCAGAACCCCGACGTGAACAACGGTGCTATCATCTTCCACC

CATCCTTCGGTTACGACGGCCAGGACCACGAGGAACTGTCCTTCCGTGCTATGTGCTCCAACATGATCCTGAACCTG

CCCGGCGAGGCTCACTCCGCTGAAATGATCATCGAGGCCACCCGCCTGGCTACCATGTTCCAAGTGAAGGCTGTGCC

TGCCGGCGACACCTCCAAGCCTGTGCTGTACCTGCCCAACGGTTTCGGCACCGAGGTGGTCAACGACTACACCATGA

TCTCCGTGGACAAGGCTACCCCCCACGACCTGACTATCCACACCTTCTTCAACAACATCCTGGTGCCCAACGCCAAG

GAAAACTACGTCGCCAACCTGGAACTGCTGAACAACATCATCCAGTTCGACTGGGCTCCCCAGCTGTACCTCACCTA

CGGTATCGCCCAAGAGTCCTTCGGTCCCTTCGCTCAGCTGAACGACTGGACCATCCTGACCGGCGAGACTCTGGCTC

GTATGCACGAAGTGTGCGTGACCTCCATGTTCGACGTGCCCCAGATGGGTTTCAACAAGTAACTCGAG 

 

Protein Sequence Encoding CP 5+YVRNQ 
 
MGKQNDTKKT TQRRNSKKYS SKTNRGTKRA PRDQEVGTGA QESTRNDVAW YARYPHILEE 

ATRLPFAYPI GQYYDTGYSV ASATEWSKYV DTSLTIPGVM CVNFTPTPGE SYNKNSPINI 

AAQNVYTYVR HMNYVRNQSG HANYEQADLM MYLLAMDSLY IFHSYVRKIL AISKLYTPVN 

KYFPRALLVA LGVDPEDVFA NQAQWEYFVN MVAYRAGAFA APASMTYYER HAWMSNGLYV 

DQDVTRAQIY MFKPTMLWKY ENLGTTGTKL VPLMMPKAGD NRKLVDFQVL FNNLVSTMLG 

DEDFGIMSGD VFKAFGADGL VKLLAVDSTT MTLPTYDPLI LAQIHSARAV GAPILETSTL 

TGFPGRQWQI TQNPDVNNGA IIFHPSFGYD GQDHEELSFR AMCSNMILNL PGEAHSAEMI 

IEATRLATMF QVKAVPAGDT SKPVLYLPNG FGTEVVNDYT MISVDKATPH DLTIHTFFNN 

ILVPNAKENY VANLELLNNI IQFDWAPQLY LTYGIAQESF GPFAQLNDWT ILTGETLARM 

HEVCVTSMFD VPQMGFNK 

 
Gene Encoding CP 3+YVRNG 

CCATGGGCAAGCAGAACGACACCAAGAAGACCACCCAGCGTCGTAACTCCAAGAAGTACTCCTCCAAGACCAACCGT

GGCACCAAGCGTGCTCCCCGTGACCAAGAAGTCGGCACCGGCGCTCAAGAGTCCACCCGTAACGATGTGGCTTGGTA

CGCTCGTTACCCCCACATCCTGGAAGAGGCTACCCGTCTGCCCTTCGCTTACCCCATCGGCCAGTACTACGACACCG

GTTACTCCGTGGCTTCCGCTACCGAGTGGTCTAAATACGTGGACACCTCCCTGACCATCCCCGGCGTGATGTGCGTG

AACTTCACCCCTACCCCTGGCGAGTCCTACAACAAGAACTCCCCCATCAACATCGCTGCCCAGAACGTGTACACCTA

CGTGCGTCACATGAACTCCGGTCACGCTAACTACGAGCAGGCTGACCTGATGATGTACCTGCTGGCTATGGACTCCC

TGTACATCTTCCACTCCTACGTCCGCAAGATCCTGGCTATCTCCAAGCTGTACACCCCCGTGAACAAGTACTTCCCC

CGTGCTCTGCTGGTGGCTCTGGGTGTTGATCCCGAGGACGTGTTCGCTTATGTGCGTAACCAGAACCAGGCTCAGTG
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GGAATACTTCGTGAACATGGTGGCTTACCGTGCTGGTGCTTTCGCTGCTCCCGCTTCCATGACCTACTACGAGCGTC

ACGCTTGGATGTCCAACGGCCTGTACGTGGACCAGGACGTGACCCGTGCTCAGATCTACATGTTCAAGCCCACCATG

CTGTGGAAGTACGAGAACCTGGGCACCACCGGTACTAAGCTGGTGCCTCTGATGATGCCCAAGGCTGGCGACAACCG

CAAGCTGGTGGACTTCCAGGTGCTGTTCAACAACCTGGTGTCTACCATGCTGGGCGACGAGGACTTCGGTATCATGT

CCGGCGACGTGTTCAAGGCTTTCGGTGCTGACGGCCTGGTCAAGCTGCTGGCTGTCGACTCTACCACCATGACCCTG

CCCACCTACGACCCCCTGATCCTGGCCCAGATCCACTCCGCTAGAGCTGTGGGTGCTCCTATCCTGGAAACCTCCAC

CCTGACCGGTTTCCCCGGTCGTCAGTGGCAGATCACCCAGAACCCCGACGTGAACAACGGTGCTATCATCTTCCACC

CATCCTTCGGTTACGACGGCCAGGACCACGAGGAACTGTCCTTCCGTGCTATGTGCTCCAACATGATCCTGAACCTG

CCCGGCGAGGCTCACTCCGCTGAAATGATCATCGAGGCCACCCGCCTGGCTACCATGTTCCAAGTGAAGGCTGTGCC

TGCCGGCGACACCTCCAAGCCTGTGCTGTACCTGCCCAACGGTTTCGGCACCGAGGTGGTCAACGACTACACCATGA

TCTCCGTGGACAAGGCTACCCCCCACGACCTGACTATCCACACCTTCTTCAACAACATCCTGGTGCCCAACGCCAAG

GAAAACTACGTCGCCAACCTGGAACTGCTGAACAACATCATCCAGTTCGACTGGGCTCCCCAGCTGTACCTCACCTA

CGGTATCGCCCAAGAGTCCTTCGGTCCCTTCGCTCAGCTGAACGACTGGACCATCCTGACCGGCGAGACTCTGGCTC

GTATGCACGAAGTGTGCGTGACCTCCATGTTCGACGTGCCCCAGATGGGTTTCAACAAGTAACTCGAG 

 

Protein Sequence Encoding CP 3+YVRNQ 
 
MGKQNDTKKT TQRRNSKKYS SKTNRGTKRA PRDQEVGTGA QESTRNDVAW YARYPHILEE 

ATRLPFAYPI GQYYDTGYSV ASATEWSKYV DTSLTIPGVM CVNFTPTPGE SYNKNSPINI 

AAQNVYTYVR HMNSGHANYE QADLMMYLLA MDSLYIFHSY VRKILAISKL YTPVNKYFPR 

ALLVALGVDP EDVFAYVRNQ NQAQWEYFVN MVAYRAGAFA APASMTYYER HAWMSNGLYV 

DQDVTRAQIY MFKPTMLWKY ENLGTTGTKL VPLMMPKAGD NRKLVDFQVL FNNLVSTMLG 

DEDFGIMSGD VFKAFGADGL VKLLAVDSTT MTLPTYDPLI LAQIHSARAV GAPILETSTL 

TGFPGRQWQI TQNPDVNNGA IIFHPSFGYD GQDHEELSFR AMCSNMILNL PGEAHSAEMI 

IEATRLATMF QVKAVPAGDT SKPVLYLPNG FGTEVVNDYT MISVDKATPH DLTIHTFFNN 

ILVPNAKENY VANLELLNNI IQFDWAPQLY LTYGIAQESF GPFAQLNDWT ILTGETLARM 

HEVCVTSMFD VPQMGFNK 

 
Gene Encoding the GFP-CP Fusion Protein 
 
CCATGGGCTCTAAAGGTGAAGAATTATTCACTGGTGTTGTCCCAATTTTGGTTGAATTAGATGGTGATGTTAATGGT

CACAAATTTTCTGTCTCCGGTGAAGGTGAAGGTGATGCTACTTACGGTAAATTGACCTTAAAATTTATTTGTACTAC

TGGTAAATTGCCAGTTCCATGGCCAACCTTAGTCACTACTTTAACTTATGGTGTTCAATGTTTTTCTAGATACCCAG

ATCATATGAAACAACATGACTTTTTCAAGTCTGCCATGCCAGAAGGTTATGTTCAAGAAAGAACTATTTTTTTCAAA

GATGACGGTAACTACAAGACCAGAGCTGAAGTCAAGTTTGAAGGTGATACCTTAGTTAATAGAATCGAATTAAAAGG

TATTGATTTTAAAGAAGATGGTAACATTTTAGGTCACAAATTGGAATACAACTATAACTCTCACAATGTTTACATCA

TGGCTGACAAACAAAAGAATGGTATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGTTCTGTTCAATTA

GCTGACCATTATCAACAAAATACTCCAATTGGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTTATCCACTCA

ATCTAAATTATCCAAAGATCCAAACGAAAAGAGAGACCACATGGTCTTGTTAGAATTTGTTACTGCTGCTGGTATTA

CCCATGGTATGGATGAATTGTACAAAATGGGCAAGCAGAACGACACCAAGAAGACCACCCAGCGTCGTAACTCCAAG

AAGTACTCCTCCAAGACCAACCGTGGCACCAAGCGTGCTCCCCGTGACCAAGAAGTCGGCACCGGCGCTCAAGAGTC

CACCCGTAACGATGTGGCTTGGTACGCTCGTTACCCCCACATCCTGGAAGAGGCTACCCGTCTGCCCTTCGCTTACC

CCATCGGCCAGTACTACGACACCGGTTACTCCGTGGCTTCCGCTACCGAGTGGTCTAAATACGTGGACACCTCCCTG

ACCATCCCCGGCGTGATGTGCGTGAACTTCACCCCTACCCCTGGCGAGTCCTACAACAAGAACTCCCCCATCAACAT

CGCTGCCCAGAACGTGTACACCTACGTGCGTCACATGAACTCCGGTCACGCTAACTACGAGCAGGCTGACCTGATGA

TGTACCTGCTGGCTATGGACTCCCTGTACATCTTCCACTCCTACGTCCGCAAGATCCTGGCTATCTCCAAGCTGTAC

ACCCCCGTGAACAAGTACTTCCCCCGTGCTCTGCTGGTGGCTCTGGGTGTTGATCCCGAGGACGTGTTCGCTAACCA

GGCTCAGTGGGAATACTTCGTGAACATGGTGGCTTACCGTGCTGGTGCTTTCGCTGCTCCCGCTTCCATGACCTACT

ACGAGCGTCACGCTTGGATGTCCAACGGCCTGTACGTGGACCAGGACGTGACCCGTGCTCAGATCTACATGTTCAAG

CCCACCATGCTGTGGAAGTACGAGAACCTGGGCACCACCGGTACTAAGCTGGTGCCTCTGATGATGCCCAAGGCTGG

CGACAACCGCAAGCTGGTGGACTTCCAGGTGCTGTTCAACAACCTGGTGTCTACCATGCTGGGCGACGAGGACTTCG

GTATCATGTCCGGCGACGTGTTCAAGGCTTTCGGTGCTGACGGCCTGGTCAAGCTGCTGGCTGTCGACTCTACCACC

ATGACCCTGCCCACCTACGACCCCCTGATCCTGGCCCAGATCCACTCCGCTAGAGCTGTGGGTGCTCCTATCCTGGA
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AACCTCCACCCTGACCGGTTTCCCCGGTCGTCAGTGGCAGATCACCCAGAACCCCGACGTGAACAACGGTGCTATCA

TCTTCCACCCATCCTTCGGTTACGACGGCCAGGACCACGAGGAACTGTCCTTCCGTGCTATGTGCTCCAACATGATC

CTGAACCTGCCCGGCGAGGCTCACTCCGCTGAAATGATCATCGAGGCCACCCGCCTGGCTACCATGTTCCAAGTGAA

GGCTGTGCCTGCCGGCGACACCTCCAAGCCTGTGCTGTACCTGCCCAACGGTTTCGGCACCGAGGTGGTCAACGACT

ACACCATGATCTCCGTGGACAAGGCTACCCCCCACGACCTGACTATCCACACCTTCTTCAACAACATCCTGGTGCCC

AACGCCAAGGAAAACTACGTCGCCAACCTGGAACTGCTGAACAACATCATCCAGTTCGACTGGGCTCCCCAGCTGTA

CCTCACCTACGGTATCGCCCAAGAGTCCTTCGGTCCCTTCGCTCAGCTGAACGACTGGACCATCCTGACCGGCGAGA

CTCTGGCTCGTATGCACGAAGTGTGCGTGACCTCCATGTTCGACGTGCCCCAGATGGGTTTCAACAAGTAACTCGAG 

 
Protein Sequence Encoding GFP-CP Fusion Construct 
 
MGSKGEELFT GVVPILVELD GDVNGHKFSV SGEGEGDATY GKLTLKFICT TGKLPVPWPT 

LVTTLTYGVQ CFSRYPDHMK QHDFFKSAMP EGYVQERTIF FKDDGNYKTR AEVKFEGDTL 

VNRIELKGID FKEDGNILGH KLEYNYNSHN VYIMADKQKN GIKVNFKIRH NIEDGSVQLA 

DHYQQNTPIG DGPVLLPDNH YLSTQSKLSK DPNEKRDHMV LLEFVTAAGI THGMDELYKM 

GKQNDTKKTT QRRNSKKYSS KTNRGTKRAP RDQEVGTGAQ ESTRNDVAWY ARYPHILEEA 

TRLPFAYPIG QYYDTGYSVA SATEWSKYVD TSLTIPGVMC VNFTPTPGES YNKNSPINIA 

AQNVYTYVRH MNSGHANYEQ ADLMMYLLAM DSLYIFHSYV RKILAISKLY TPVNKYFPRA 

LLVALGVDPE DVFANQAQWE YFVNMVAYRA GAFAAPASMT YYERHAWMSN GLYVDQDVTR 

AQIYMFKPTM LWKYENLGTT GTKLVPLMMP KAGDNRKLVD FQVLFNNLVS TMLGDEDFGI 

MSGDVFKAFG ADGLVKLLAV DSTTMTLPTY DPLILAQIHS ARAVGAPILE TSTLTGFPGR 

QWQITQNPDV NNGAIIFHPS FGYDGQDHEE LSFRAMCSNM ILNLPGEAHS AEMIIEATRL 

ATMFQVKAVP AGDTSKPVLY LPNGFGTEVV NDYTMISVDK ATPHDLTIHT FFNNILVPNA 

KENYVANLEL LNNIIQFDWA PQLYLTYGIA QESFGPFAQL NDWTILTGET LARMHEVCVT 

SMFDVPQMGF NK 

 

Gene Encoding the LacI-CP Fusion Construct 
 
CCATGGGCAAACCGGTAACGTTATACGACGTCGCTGAATACGCCGGCGTTTCTTACCAGACCGTTTCTAGAGTGGTT

AACCAGGCTTCACATGTTAGCGCTAAAACCCGGGAAAAAGTTGAAGCTGCGATGGCTGAGCTGAACTACATCCCGAA

CCGTGTTGCGCAGCAGCTGGCTGGTAAACAAAGCTTGCTGATCGGTGTCGCGACCTCGAGCTTGGCCCTGCACGCGC

CGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGA

AGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCC

GCTGGATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACC

AGACACCCATCAACAGTATTATTTCCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCATTGGGT

CACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATA

TCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCA

TGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGA

GCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATG

TTATATCCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAAC

TCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCC

AATACGCAAACCGCCTCTCCCCGAGCTCTCGAAGACAAGGTTGAGGAACTCCTTTCGAAGAACTACCATCTCGAGAA

TGAAGTCGCGAGACTTAAGAAACTGGAAAGCGGGCAGATGGGCAAGCAGAACGACACCAAGAAGACCACCCAGCGTC

GTAACTCCAAGAAGTACTCCTCCAAGACCAACCGTGGCACCAAGCGTGCTCCCCGTGACCAAGAAGTCGGCACCGGC

GCTCAAGAGTCCACCCGTAACGATGTGGCTTGGTACGCTCGTTACCCCCACATCCTGGAAGAGGCTACCCGTCTGCC

CTTCGCTTACCCCATCGGCCAGTACTACGACACCGGTTACTCCGTGGCTTCCGCTACCGAGTGGTCTAAATACGTGG

ACACCTCCCTGACCATCCCCGGCGTGATGTGCGTGAACTTCACCCCTACCCCTGGCGAGTCCTACAACAAGAACTCC

CCCATCAACATCGCTGCCCAGAACGTGTACACCTACGTGCGTCACATGAACTCCGGTCACGCTAACTACGAGCAGGC

TGACCTGATGATGTACCTGCTGGCTATGGACTCCCTGTACATCTTCCACTCCTACGTCCGCAAGATCCTGGCTATCT

CCAAGCTGTACACCCCCGTGAACAAGTACTTCCCCCGTGCTCTGCTGGTGGCTCTGGGTGTTGATCCCGAGGACGTG

TTCGCTAACCAGGCTCAGTGGGAATACTTCGTGAACATGGTGGCTTACCGTGCTGGTGCTTTCGCTGCTCCCGCTTC

CATGACCTACTACGAGCGTCACGCTTGGATGTCCAACGGCCTGTACGTGGACCAGGACGTGACCCGTGCTCAGATCT

ACATGTTCAAGCCCACCATGCTGTGGAAGTACGAGAACCTGGGCACCACCGGTACTAAGCTGGTGCCTCTGATGATG

CCCAAGGCTGGCGACAACCGCAAGCTGGTGGACTTCCAGGTGCTGTTCAACAACCTGGTGTCTACCATGCTGGGCGA

CGAGGACTTCGGTATCATGTCCGGCGACGTGTTCAAGGCTTTCGGTGCTGACGGCCTGGTCAAGCTGCTGGCTGTCG

ACTCTACCACCATGACCCTGCCCACCTACGACCCCCTGATCCTGGCCCAGATCCACTCCGCTAGAGCTGTGGGTGCT
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CCTATCCTGGAAACCTCCACCCTGACCGGTTTCCCCGGTCGTCAGTGGCAGATCACCCAGAACCCCGACGTGAACAA

CGGTGCTATCATCTTCCACCCATCCTTCGGTTACGACGGCCAGGACCACGAGGAACTGTCCTTCCGTGCTATGTGCT

CCAACATGATCCTGAACCTGCCCGGCGAGGCTCACTCCGCTGAAATGATCATCGAGGCCACCCGCCTGGCTACCATG

TTCCAAGTGAAGGCTGTGCCTGCCGGCGACACCTCCAAGCCTGTGCTGTACCTGCCCAACGGTTTCGGCACCGAGGT

GGTCAACGACTACACCATGATCTCCGTGGACAAGGCTACCCCCCACGACCTGACTATCCACACCTTCTTCAACAACA

TCCTGGTGCCCAACGCCAAGGAAAACTACGTCGCCAACCTGGAACTGCTGAACAACATCATCCAGTTCGACTGGGCT

CCCCAGCTGTACCTCACCTACGGTATCGCCCAAGAGTCCTTCGGTCCCTTCGCTCAGCTGAACGACTGGACCATCCT

GACCGGCGAGACTCTGGCTCGTATGCACGAAGTGTGCGTGACCTCCATGTTCGACGTGCCCCAGATGGGTTTCAACA

AGTAACTCGAG 

 

Protein Sequence of LacI-CP Fusion Construct 
 

MGKPVTLYDV AEYAGVSYQT VSRVVNQASH VSAKTREKVE AAMAELNYIP NRVAQQLAGK 

QSLLIGVATS SLALHAPSQI VAAIKSRADQ LGASVVVSMV ERSGVEACKA AVHNLLAQRV 

SGLIINYPLD DQDAIAVEAA CTNVPALFLD VSDQTPINSI ISSHEDGTRL GVEHLVALGH 

QQIALLAGPL SSVSARLRLA GWHKYLTRNQ IQPIAEREGD WSAMSGFQQT MQMLNEGIVP 

TAMLVANDQM ALGAMRAITE SGLRVGADIS VVGYDDTEDS SCYIPPLTTI KQDFRLLGQT 

SVDRLLQLSQ GQAVKGNQLL PVSLVKRKTT LAPNTQTASP RALEDKVEEL LSKNYHLENE 

VARLKKLESG QMGKQNDTKK TTQRRNSKKY SSKTNRGTKR APRDQEVGTG AQESTRNDVA 

WYARYPHILE EATRLPFAYP IGQYYDTGYS VASATEWSKY VDTSLTIPGV MCVNFTPTPG 

ESYNKNSPIN IAAQNVYTYV RHMNSGHANY EQADLMMYLL AMDSLYIFHS YVRKILAISK 

LYTPVNKYFP RALLVALGVD PEDVFANQAQ WEYFVNMVAY RAGAFAAPAS MTYYERHAWM 

SNGLYVDQDV TRAQIYMFKP TMLWKYENLG TTGTKLVPLM MPKAGDNRKL VDFQVLFNNL 

VSTMLGDEDF GIMSGDVFKA FGADGLVKLL AVDSTTMTLP TYDPLILAQI HSARAVGAPI 

LETSTLTGFP GRQWQITQNP DVNNGAIIFH PSFGYDGQDH EELSFRAMCS NMILNLPGEA 

HSAEMIIEAT RLATMFQVKA VPAGDTSKPV LYLPNGFGTE VVNDYTMISV DKATPHDLTI 

HTFFNNILVP NAKENYVANL ELLNNIIQFD WAPQLYLTYG IAQESFGPFA QLNDWTILTG 

ETLARMHEVC VTSMFDVPQM GFNK 
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