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Abstract 

Tomato ringspot virus (ToRSV) replicates in large protein complexes that are associated with 

modified endoplasmic reticulum membranes. The ToRSV RNA-dependent RNA polymerase 

(Pol) and integral membrane protein NTB-VPg are essential components of these complexes.  

Membrane-associated modifications of NTB-VPg (N-glycosylation and a putative signal 

peptidase cleavage) were previously observed in vitro but were not well characterized. Two 

forms of the polymerase were detected in infected plants: the full-length Pol, which 

accumulates at low concentration and the VPg-Pro-Pol' polyprotein, which includes a 15kDa 

C-terminal truncation of Pol and accumulates to higher levels.  My specific objectives were 

to characterize the signal peptidase cleavage in NTB-VPg and investigate the stability and 

function of various forms of the polymerase. 

 

Using in vitro translation assays and plant transient expression assays, I detected signal 

peptidase processing in the NTB-VPg of three ToRSV isolates. Using site-directed 

mutagenesis, I mapped a suboptimal GAAGG cleavage site (Rasp2 isolate) and identified 

key amino acids that regulate the efficiency of cleavage. Compared to typical signal peptides, 

the NTB-VPg sequence has an unusually long distance between the end of the hydrophobic 

region and the cleavage site, indicating that it adopts a unique topology in the membrane. 

This is the first detailed characterization of signal peptidase cleavage of a plant virus 

replication protein. This cleavage may alter the conformation of NTB-VPg in the membrane 

and influence the architecture of the replication complexes.   
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Using agroinfiltration assays, I show that the full-length Pol and VPg-Pro-Pol are unstable 

when ectopically expressed in N. benthamiana. Truncation of the C-terminal 15 kDa from 

Pol or VPg-Pro-Pol increased their stability in plants, which is consistent with the 

accumulation of VPg-Pro-Pol' in infected plants. In spite of repeated attempts, I was unable 

to establish an in vitro assays to compare the activity of Pol and VPg-Pro-Pol', possibly 

because an essential plant factor is missing.  The instability of VPg-Pro-Pol and Pol may 

regulate the rate of virus replication, allowing the virus to keep its genome integrity and 

reducing the chance of being recognized by host defense responses.  
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Chapter 1 

Literature Review 

1.1 Introduction 

In this thesis, I have studied proteolytic cleavage events that regulate the function and 

stability of two replication proteins from tomato ringspot virus (ToRSV, a plant picorna-like 

virus). Viruses are small, obligate infectious parasites of living cells. Most plant viruses, 

including ToRSV, contain positive strand RNA genome, which act as template for both 

translation and replication. Viruses have evolved various strategies to maximize the coding 

capacity of their genomes, including the polyprotein strategy, which is used by ToRSV and 

other picorna-like viruses and allows regulated release of mature viral proteins and 

intermediate polyprotein precursors (1). Polyprotein processing is directed by viral proteases 

and in some cases also by host proteases. Virus infection induces rearrangement of 

intracellular membranes to form membrane-bound replication compartments which are 

specialized for viral genome replication (2-4). Viral-encoded membrane proteins directly 

interact with intracellular membranes through their hydrophobic domain and act as scaffolds 

for the formation of viral replication complexes (RC) (2, 5). The viral RNA-dependent RNA 

polymerase (Pol), which catalyzes the synthesis of RNA molecules, localizes to the RC along 

with the double-stranded RNA replication intermediate, other viral replication proteins and 

host factors (6-8). Soluble viral replication proteins and host factors are likely brought to the 

RC via direct or indirect interaction with membrane anchor proteins. 

 

Our lab is using ToRSV as a model for understanding the mechanisms of virus replication.  

ToRSV is a serious pathogen of small fruit and fruit trees and belongs to the genus Nepovirus  
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(family Secoviridae, order Picornavirales) (9, 10). Previous studies have determined that the 

ToRSV nucleoside triphosphate-binding proteins (NTB) is an integral membrane protein, 

which is associated with endoplasmic reticulum (ER) membranes and probably acts as an 

anchor for the RC (11). A putative signal peptidase cleavage site was identified in the C-

terminal region of the NTB protein (12). The first part of this thesis was aimed at 

characterizing this cleavage and other membrane-associated modifications of the NTB 

protein and their impact on the stability of the protein. The ToRSV polymerase (Pol) was 

previously detected in various forms in ToRSV-infected plants, including the mature Pol and 

an polyprotein that contains a C-terminal truncation of the polymerase (13). The second part 

of my thesis was aimed at investigating the function and stability of various forms of Pol. 

 

In this chapter, I will introduce intracellular membranes, in particular how proteins associate 

with ER membranes and how ER membrane-associated enzymes modify these proteins. I 

will briefly discuss the virus replication cycle and then focus on how picorna- and picorna-

like viruses express their genome, and how viral-encoded proteins associate with intracellular 

membrane organelles for replication. The biology and molecular characteristics of ToRSV 

will also be discussed. 

 

1.2 Cellular membranes and protein-membrane interactions 

1.2.1 Biological membranes and intracellular membrane organelles  

Membranes are important components of the cell. Biological membranes are composed of 

the lipid bilayer and associated membrane proteins (14). Membrane lipid molecules have 

bipolar properties. The formation of a lipid bilayer in an aqueous environment allows the 
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hydrophilic heads of the lipids to be oriented toward the polar aqueous environment and the 

hydrophobic fatty acyl tails to form the hydrophobic interior. Membrane proteins associate 

with the lipid bilayer and perform various functions on the membranes. Association with 

different sets of membrane proteins enables the membrane to exhibit different properties. 

The plasma membrane acts as the boundary between the cytosol and the extracellular space. 

Intracellular membranes are compartmentalized to form different intracellular organelles, 

which include the ER, Golgi apparatus, nucleus, mitochondria, peroxisome, endosomes, 

lysosomes (only in mammalian cells), vacuoles and chloroplasts (only in plant cells). Each 

organelle has its own specific function. In eukaryotic cells, the ER, Golgi apparatus, 

endosome, lysosome and plasma membrane are interconnected via membrane vesicles to 

function as a network and form the secretory and endocytosis pathways (15, 16). Since 

ToRSV replicates on ER-derived membrane (11), I will focus this chapter on the ER and 

protein-membrane interactions of the ER. 

 

1.2.2 Endoplasmic reticulum (ER)  

The ER membrane accounts for almost half of the total membranes in eukaryotic cells. It is 

composed of convoluted, flattened sacs or tube-like membrane structures (cisternae). These 

cisternae are continuous with the membrane of the nuclear envelope and are held together by 

the cytoskeleton. The membrane enclosed space is called the ER lumen (17). Two types of 

ER are identified in both animal cells and plant cells: the smooth ER and the rough ER. The 

smooth ER is mainly responsible for lipid metabolism and produces lipids for all other 

intracellular organelles. The rough ER is studded with ribosomes and acts as a manufacturing 

site for protein synthesis. Additionally, the rough ER acts as an important gateway for 

http://www.nature.com/scitable/topicpage/plant-vacuoles-and-the-regulation-of-stomatal-14163334
http://en.wikipedia.org/wiki/Cisterna
http://en.wikipedia.org/wiki/Cisterna
http://en.wikipedia.org/wiki/Cytoskeleton
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protein transport. The cellular secretory proteins first enter into the ER. From there, they are 

destined to other intracellular compartments, or to the plasma membrane (18). 

 

1.2.3 Membrane proteins 

1.2.3.1 Classification of membrane proteins 

Membrane proteins have different structural properties and they associate with biological 

membranes in different ways (19). Based on this, membrane proteins are generally classified 

into two major groups: the integral membrane proteins (intrinsic proteins) and the peripheral 

membrane proteins (extrinsic proteins). In this section, I will focus the discussion on the ER-

associated proteins and orientation of their domains in relation to the cytosolic or luminal 

faces of the ER membrane.  Integral membrane proteins contain one or more hydrophobic 

domains that span the lipid bilayer by directly interacting with the interior fatty acyl group. 

The hydrophilic regions of these proteins are located either on the cytosolic side, or on the 

luminal side of the lipid bilayer. However, not all integral membrane proteins carry a 

transmembrane domain. Some membrane proteins anchor themselves to the membrane by 

forming a covalent bond with the fatty acid. In this case, the polypeptide chain does not enter 

into the phospholipid bilayer but is located outside. These proteins are named lipid-anchor 

proteins. Peripheral membrane proteins do not penetrate the interior of the lipid bilayer, but 

associate with the membranes through interactions with integral membrane proteins or with 

the lipid head group. Salt treatment can successfully disassociate peripheral membrane 

proteins from the membrane, whereas integral membrane proteins can only be removed from 

the membrane via detergent treatment. 
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1.2.3.2 Lipid-protein interaction domains 

Integral membrane proteins contain hydrophobic regions that connect hydrophilic regions. 

Association with membranes is driven by a hydrophobic interaction between their 

hydrophobic regions and the lipid bilayer. The hydrophobic domains of the membrane 

protein traverse the lipid bilayer and leave the hydrophilic loops in the aqueous environment. 

Two membrane interacting motifs have been well characterized in membrane proteins: the 

amphipathic α-helix and the transmembrane α-helix. 

 

1.2.3.2.1 Amphipathic α-helices  

The amphipathic helix is a unique lipid interacting motif first described by Segrest et al. in 

1974 (20). It mediates weak, reversible association between proteins and membrane bilayers 

(21). The amphipathic helix is characterized by forming an α-helix structure with 

hydrophobic amino acid residues located on one side and hydrophilic amino acid residues 

segregated on the other side of the helix (20). Due to this property, the amphipathic helix is 

able to orient itself horizontally on the lipid monolayer with its hydrophobic side embedded 

in the hydrophobic core of the phospholipid bilayer and its hydrophilic moieties facing the 

cytosolic environment or the membrane lumen (22). Amphipathic helices also serve as a 

protein-protein interaction motif. It has been observed that amphipathic helix containing 

proteins tend to form oligomers. When associated with membranes, this process is usually 

accompanied by topological changes to the amphipathic helices and formation of aqueous 

pore that spans the lipid bilayer (23). In this case, the hydrophilic residues of the amphipathic 

helix are facing the aqueous pore and the hydrophobic amino acid residues are pointing 

towards the lipid fatty acid chain (23). Association of the amphipathic helix with local 

http://en.wiktionary.org/wiki/hydrophilic
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membrane and formation of the amphipathic helix oligomers on the lipid monolayer also 

result in displacement of the lipid head group and reorganization of the fatty acid chains, 

which lead to curvature of the membrane (24, 25)  

 

1.2.3.2.2 Transmembrane α-helices 

Transmembrane domains of integral membrane proteins usually contain approximately 20 

hydrophobic amino acid residues and adopt the α-helix conformation when traversing the 

membrane (26). Formation of the α-helix helps to expose the hydrophobic side chain to the 

interior membrane fatty acid group and establish a stable hydrophobic interaction between 

the transmembrane domain and the lipid bilayer. Some proteins contain one hydrophobic α-

helix that spans the membrane with either the N-terminus or the C-terminus in the cytosol, 

while other proteins contain several hydrophobic α-helixes and traverse the membrane in and 

out multiple times. The hydrophobic α-helix also acts as a protein-protein interaction 

domain, both intramolecular and intermolecular helix-helix interaction are observed. The 

intramolecular interaction has been found to stabilize the protein and allow the protein to 

form higher structures (27). The intermolecular helix-helix interaction leads to the formation 

of high molecular oligomeric complexes (28). 

 

1.2.4 Targeting of proteins to the ER  

In eukaryotic cells, most secretory proteins and membrane proteins associate with ER co-

translationally. For secretory proteins and for some membrane-associated proteins, targeting 

to the ER is directed by signal peptides that are located at the N-terminal region of the 

proteins. These signal peptides contain a stretch of hydrophobic amino acid residues. Once 

produced from the ribosome, the signal peptides are readily recognized by signal recognition 
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particles (SRP) and form an SRP-ribosome–nascent chain complex, which results in transient 

inhibition of mRNA translation (29-31). This whole complex is subsequently brought to the 

ER by specific interactions between the SRP and the rough ER located SRP receptors. This 

receptor binding process promotes the release of the SRP from the ribosome and polypeptide 

chain and allows them to interact with the ER-bound sec61 translocation complex (32). The 

signal peptide then inserts into the translocon channel and translation resumes. The nascent 

polypeptide is directed into the ER lumen, where the signal peptide is cleaved off from the 

growing polypeptide by a luminal enzyme called signal peptidase (see section 1.2.6.2) (33). 

The mature proteins are released into the ER lumen or on the membrane if they contain more 

than one hydrophobic region. Some membrane proteins possess internal signal sequences 

that are recognized by SRP but no signal peptidase cleavage event occurs. These internal 

signal sequences usually form α-helix structures to traverse the membrane and they are 

referred as membrane anchor sequences or transmembrane domains (34). 

 

There are also proteins that target to the ER after the translation is finished. These proteins 

are usually synthesized on free ribosomes in the cytosol and their association with ER 

membrane is not SRP mediated. Instead, their signal peptides are directly recognized by 

different membrane-bound receptor proteins (Sec62 and Sec63) that form complexes with 

sec61 on the ER membrane (35). Molecular chaperones in the cytosol help to keep the 

polypeptide chain in an unfolded state so that they can easily get into the translocon channel. 

The Bip protein, which is located in the lumen, binds and pulls the polypeptide towards the 

lumen (36). 

 

http://en.wikipedia.org/w/index.php?title=Sec62&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Sec63&action=edit&redlink=1
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1.2.5 Topology of integral membrane proteins  

Integral membrane proteins contain various numbers of transmembrane domains with the 

first transmembrane domain usually called signal peptide or signal sequence (34) (see 

1.2.6.2). These domains traverse in and out of the lipid bilayer and form a special topology in 

the membrane. The protein topology is used to interpret the number of transmembrane 

domains and their orientation relative to the lipid bilayer. A number of factors determine the 

membrane protein topology. First, positively charged amino acid residues that flank the 

hydrophobic core region of the transmembrane domain usually locate on the cytosolic side of 

the membrane, which is referred as the positive inside rule (37). The second influential factor 

is the folding state of the upstream N-terminal region. It is found that only unfolded 

polypeptides transit through the translocon channel (38). Thirdly, the general hydrophobicity 

of the transmembrane domain also plays a role in determining its orientation. When the 

transmembrane domain is highly hydrophobic, the positive inside rule can be broken; 

resulting in a luminal localization of the N-terminal positively charged flanking sequence. In 

contrast, a decrease in the hydrophobicity results in the opposite orientation of the 

transmembrane domain (39). 

 

Secretory proteins usually contain a single signal peptide in their N-terminal region that 

mediates membrane association and directs the downstream polypeptide into the ER lumen, 

this signal peptide is removed by the signal peptidase and the mature protein is released into 

the ER lumen (34).  

 

Single spanning-membrane proteins are divided into three categories based on their 
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topologies (Fig. 1.1). Type I membrane proteins possess a cleavable N-terminal signal 

peptide that directs translocation of C-terminal region into the ER lumen (40). Removal of 

the signal peptide by signal peptidase produces a new N-terminus in the lumen. The 

downstream transmembrane domain is responsible for anchoring the protein on the ER 

membrane and directs the C-terminus to the cytosol. Type II membrane proteins contain an 

uncleavable N-terminal or internal hydrophobic domain that directs the C-terminus or the 

protein into the ER lumen and the N-terminus in the cytosol (34). Type III integral 

membrane proteins have a reverse signal anchor that translocates their N-terminus in the 

lumen and C-terminus in the cytosol (34).   

 

Some membrane proteins traverse the ER membrane multiple times. Their first 

transmembrane domain can be a cleavable signal peptide, an uncleavable signal anchor or 

sometimes a reverse signal anchor (34) (Fig. 1.1). For these proteins, the topology is mainly 

determined by this signal peptide. However, the downstream transmembrane domains also 

contribute to the overall topology. Von Heijne suggested that the downstream hydrophobic 

fragments also follow the positive inside rule, but not stringently (41). They insert into the 

membrane one after the other with alternating orientation. In some cases, the downstream 

transmembrane domains overrule the topology of the preceding transmembrane domain and 

forces it to fold back and reorient itself in the translocation channel (42). There is also 

evidence which suggests that N-glycosylation (see below, section 1.2.6.1) can influence the 

membrane protein topology (43). Some transmembrane domains only show weak 

hydrophobicity and depend on other transmembrane domains to tightly associate with the 

membrane (44). Both reverse signal anchors and cleavable signal peptides are observed in 
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some multi-transmembrane proteins. There are also proteins that contain uncleavable signal 

anchors which direct the C-terminal region into the ER lumen (Fig. 1.1).  
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Figure 1.1: Topology of secretory proteins and membrane proteins. Three types of signal 

sequences are observed in membrane proteins: the cleavable signal peptide, the uncleavable 

signal anchor and the reverse signal anchor, these signal sequence are specified at the bottom 

of the figure. Please refer to text for further detail on the different types of membrane 

proteins. Adapted with permission from (Higy M, Junne T, Spiess M. 2004. Topogenesis of 

membrane proteins at the endoplasmic reticulum. Biochemistry 43:12716-12722.). Copyright 

(2004) American Chemical Society. 
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1.2.6 ER-associated protein modification and processing 

The ER is not only an important site for protein synthesis. Association with different 

enzymes also makes it an important place for protein modification and processing. These 

membrane-associated enzymes including the oligosaccharyltransferase (OST) that catalyzes 

N-linked glycosylation, the signal peptidase that specifically cleaves the signal peptide and 

the signal peptide peptidase (SPP) that processes the signal peptide. 

 

1.2.6.1 Asparagine (N)-linked glycosylation  

N-linked glycosylation is a co-translational modification that commonly occurs on 

membrane proteins in both prokaryotic and eukaryotic cells (45, 46). It plays an important 

role in assisting proper protein folding and regulating protein function (47). N-linked 

glycosylation is performed by a large membrane protein complex called the 

oligosaccharyltransferase (OST) (48, 49). The yeast OST contains eight polypeptides, the 

active site of the enzyme is located on a subunit called Stt3p and is directed into the ER 

lumen by its transmembrane domain (50). Other subunits are involved in regulation of the 

catalytic activity or selection of a client protein. OST is found attached to both ribosome and 

translocon (51, 52). As long as the nascent polypeptide is translocated into the lumen and 

reaches the catalytic center of the OST, cleavage of the oligosaccharide from the lipid carrier 

will occur and covalently attach it to the polypeptide chain. The attachment of the glycan 

occurs through a selected asparagine (N) residue in the context of the conserved motif Asn-

X-Ser/Thr (X can be any amino acids except Pro) (53). The efficiency of glycosylation is 

strongly affected by the flanking sequence, especially the amino acid at the +2 position. Both 

Ser and Thr are accepted at +2 positions. However, the glycosylation of Asn-X-Thr is much 
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more efficient than Asn-X-Ser (53, 54). N-linked glycosylation modification mostly occurs 

co-translationally when the polypeptide is still growing from the ribosome. However, post–

translational glycosylation is also observed and a different OST isoform catalyzes this 

process (55). In both cases, the substrate polypeptide needs to be in the unfolded state to 

ensure that the glycosylation sequon is exposed to the OST. Because N-glycosylation only 

occurs on the luminal side of the ER, it is a good indicator of the membrane protein 

topology. A number of factors influence whether or not a particular N-glycosylation sequon 

is glycosylated, including the binding affinity between the flanking sequence and OST, local 

folding of the protein and concentration of the oligosaccharide donors. In addition, N-

glycosylation only occurs when there is a distance of at least 12-14 amino acids between the 

glycosylation site and the transmembrane domain (56). 

 

1.2.6.2 Signal peptidase processing  

Signal peptidases belong to the group of serine proteases and are associated with ER, 

mitochondria and chloroplast-derived membranes (33). Eukaryotic ER signal peptidases 

consist of several polypeptides, and are referred to as the signal peptidase complex (SPC) 

(33). These polypeptides contain transmembrane domains that mediate their association with 

the membrane. The SPC from dog pancreas microsomes has been well characterized. It 

contains five polypeptides: SPC12, SPC18, SPC21, SPC22/23 and SPC25 (33) (Fig. 1.2). 

The catalytic subunits SPC18 and the SPC21 are homologous to bacterial type 1 signal 

peptidase and carry the catalytic center. They both contain the classic serine protease 

catalytic triad which consists of serine (S), histidine (H) and aspartate (D). The 

transmembrane domain at the N-terminus of the subunits translocates the catalytic center into 

http://en.wikipedia.org/wiki/Mitochondria
http://en.wikipedia.org/wiki/Chloroplasts
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the luminal side of the ER with the catalytic active serine (S) residue located close to the 

lipid bilayer (33). Other subunits are probably involved in interacting with the ER translocon 

and stabilizing the catalytic subunits. They may also play a role in retention the enzyme 

complex on the lipid bilayer. The information about plant signal peptidase is very limited. 

The sequence of the catalytic subunits of several plant species is available, including 

Arabidopsis thaliana and Nicotiana benthamiana. The structure and processing specificity 

are currently unknown. 
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Figure 1.2: Signal peptidase complex and its topology on the ER membrane. Dog 

pancreatic signal peptidase contains five subunits: SPC12, SPC18, SPC21, SPC22/23 and 

SPC25. They associate with membrane though their transmembrane domains (shown in 

brown). The catalytic triad (S, H and D) of subunits SPC18 and SPC21 is located in the 

luminal side of the ER. Adapted with permission from (Paetzel M, Karla A, Strynadka NC, 

Dalbey RE. 2002. Signal peptidases. Chem Rev 102:4549-4580). Copyright (2002) 

American Chemical Society. 
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The well-known function of signal peptidase is to cleave off the signal peptide from 

preproteins co-translationally or post-translationally, which allows the release of mature 

proteins into the cellular secretory pathway. Signal peptides have been extensively studied 

(40, 57). They vary in length and do not share any sequence similarity. However, they share 

the same pattern in the arrangement of the signal sequence (Fig. 1.3). The amino-terminal 

region (n-region) contains positively charged amino acids, followed by a central hydrophobic 

core region (h-region) and a carboxyl-terminal region (c-region) which contains the signal 

peptidase cleavage site. The n-region is involved in determining the topology of the protein 

by following the positive inside rule, whereas the h-region traverses the membrane by 

forming a α-helix structure and translocates the c-region into the luminal side of the ER (33, 

58). Statistical studies indicate that the presence of small and neutral amino acids at the -1 

and -3 positions of the cleavage site is required for efficient signal peptidase processing, 

which is referred as the -3 -1 rule (40). The prevalent motif of the signal peptidase cleavage 

site is Ala-X-Ala. However, amino acid residues Gly, Cys, and Ser are also observed at the -

1 position. Mutation of the -1 position from a preferred amino acid to an unfavorable amino 

acid completely abolishes signal peptidase processing at the initial site. However, cleavage 

often occurs at alternative Ala-X-Ala cleavage sites instead (59, 60). Although the majority 

of proteins have their signal peptide at the N-terminus, there is also evidence that the 

cleavable signal peptide can be internally located in the protein (61, 62). Sometimes the 

signal peptide just acts as a signal anchor sequence and no signal peptidase processing occurs 

(63). 
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Figure 1.3: Schematic representation of a typical signal peptide. Signal peptide contains 

three distinct domains: the positively charged n-region (purple), the hydrophobic h-region 

(pink) and the c-region (green) that contains the signal peptidase cleavage site. The mature 

protein is indicated by gray color. Cleavage site between the signal peptide and mature 

protein is indicated with the black arrow. The preferred signal peptidase cleavage site Ala-X-

Ala is shown in the figure. Adapted with permission from (Auclair SM, Bhanu MK, Kendall 

DA. 2012. Signal peptidase I: cleaving the way to mature proteins. Protein Sci 21:13-25). 

Copyright (2012). 
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1.2.6.3 Signal peptide peptidase processing 

The SPP is an aspartyl proteases with intramembrane proteolytic activity. It is a highly 

hydrophobic protein that traverses the membrane multiple times with the conserved motif 

YD and GXGD located on two of the adjacent transmembrane domains (TMDs) (64). Both 

aspartate residues are located in the catalytic center of the enzyme and mutation of these 

residues abolishes the enzyme activity (65). The SPP mainly resides in the ER membrane 

and its homolog SPP-like proteases are found distributed in the Golgi apparatus, plasma 

membrane and endosomes (66, 67). The function of the SPP is to process the remnant signal 

peptides which were previously cleaved by signal peptidase (68). SPP is capable of 

processing both N-terminally located and internally located signal peptides (61, 69), 

therefore leading to the degradation of the signal peptides and the release of bio-functional 

protein fragments from the membrane (70).  

 

1.3 Replication cycle of plant positive-strand RNA viruses 

The majority of plant viruses contain a positive-strand RNA genome, which acts as an 

mRNA. Compared with host cells and other intracellular parasites, viral genomes are small 

and their coding capacity is limited. To establish a successful infection and accomplish their 

multiplication cycle, viruses take full advantage of their host cells and utilize host factors at 

every step of their replication cycle. The host translation system, various intracellular 

organelles, host proteins, host secretory pathway and host degradation pathways are all 

hijacked by viruses to assist their survival (2, 71-73). Positive-strand RNA viruses that infect 

plants have been extensively studied. They share a similar life cycle which consists of six 

key steps (Fig. 1.4): 

http://en.wikipedia.org/wiki/Transmembrane_domain
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1. Virus entry: entry of plant viruses into host cells is mostly vector mediated (insects, 

nematodes, mites and fungi). Some viruses can also be transmitted through pollen and seeds. 

In the lab, we use mechanical inoculation to help viruses get into the plant cells. 

2. Disassembly: upon entry into the cell, virus particles disassembly and release genetic 

material into the cytosol where it has access to various host cellular machineries. 

3. Translation: positive-strand RNA viruses directly recruit host translation machinery to 

synthesize viral replication proteins as well as structural proteins (74). Viruses also evolved 

to adopt different strategies to maximize their coding capacity, such as subgenomic RNA, 

stop codon readthrough, leaky scanning of start codons and ribosomal frameshift. These 

strategies are well discussed in a number of review papers (75-77). Nepoviruses express their 

genome through a polyprotein manner and this strategy will be discussed in detail later 

(Section 1.4). 

4. Replication: Virus infection induces membrane proliferation and formation of membrane 

vesicles, double-membrane vesicles or multivesicular bodies in infected cells (4, 5). These 

rearranged membrane structures are derived from various intracellular organelles, including 

the ER, mitochondria, peroxisome, chloroplast, or vacuole (5, 78, 79). The RNA-dependent 

RNA polymerase, other viral factors, viral genomic RNA and host factors co-localize in 

these modified intracellular structures and support active viral replication. Formation of this 

organelle-like microenvironment has several advantages. For example, it locally enriches 

viral replicases and cellular factors to stimulate replication efficiency, spatially separates and 

regulates the viral replication step from RNA translation and virion assembly, protects viral 

RNA and proteins from degradation by the host nuclease and various proteases, supplies an 

anchor for the viral replication complexes and prevents activation of host defense responses 
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(2, 80). Viral-encoded membrane proteins play a key role in formation of replication 

complexes on the membranes; they target to membranes independently and recruit other 

necessary factors to this replication site, i.e. they act as anchors for the RC. Well-studied 

membrane anchor proteins include brome mosaic virus (BMV) 1a, tomato bushy stunt virus 

(TBSV) P33, potyvirus 6K and turnip yellow mosaic virus (TYMV) 140K proteins (2, 5, 81). 

Once the replication complexes are established, the Pol catalyzes the synthesis of a 

complementary negative-strand RNA by using the genomic RNA as a template. The 

positive-strand RNA progenies are produced on this negative-strand RNA template and 

subsequently released into the cytosol for initiation of more rounds of translation or for 

assembly of virus particles. 

5. Encapsidation: once the progeny RNA and virus structural proteins accumulate in the cell, 

the virus switches from replication to encapsidation. The newly synthesized viral RNAs are 

packaged into coat protein (CP) shells to form infectious virus particles.  

6. Cell-to-cell and systemic movement: plant viruses spread to adjacent cells by moving 

through the plasmodesmata (PD) in the form of the virus particles, viral ribonucleoprotein 

complexes or viral replication complexes (82, 83). The plant picorna-like viruses such as 

ToRSV, spread to the adjacent cells by using the tubule-guided transportation mechanism 

(84, 85). In this case, viral-encoded movement proteins (MP) interact with PD-localized 

proteins and form the tubule structures within the PD, which allows the cell-to-cell transport 

of virus particles (82). 

  

http://en.wikipedia.org/wiki/Turnip_yellow_mosaic_virus
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Figure 1.4: Schematic representation of a plant picorna-like virus replication cycle. The 

plant virus replication cycle usually contains six important steps: 1.Virus entry. 2. 

Disassembly. 3. Translation. 4. Replication. 5. Encapsidation. 6. Cell-to-cell movement 

(please see text for details). The host cell is shown by the large green box and virus particles 

are shown with blue hexagons. The negative-strand RNA is indicated with the red line while 

the membrane bound replication complexes are shown by orange circles. Adapted with 

permission from (Sanfacon H, Zhang G, Chisholm J, Jafarpour B, Jovel J. 2006. Molecular 

biology of Tomato ringspot nepovirus, a pathogen of ornamentals, small fruits and fruit trees, 

p. 540-546. In Teixeira da Silva J (ed.), Floriculture, Ornamental and Plant Biotechnology: 

Advances and Topical Issues (1st Edition), vol. III. Global Science Books, London, UK.). 

Crown copyright (2006).  
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1.4 Expression of viral proteins using polyprotein strategy   

Positive-strand RNA viruses in the families Picornaviridae, Flaviviridae, Potyviridae, and 

Secoviridae express their genome by using a polyprotein strategy (1, 86). Translation of viral 

genomic RNAs produces large polyproteins, which undergo a series of proteolytic processing 

steps to liberate functional gene products. Cleavage of the polyprotein is conducted by the 

viral protease and sometimes also by host proteases. Viral-encoded proteases have been 

extensively studied (86, 87). They hydrolyze the polyprotein peptide bond either in cis or in 

trans. When the protease and cleavage sites are present on the same molecule, this cleavage 

event is called in in cis (intramolecular) cleavage. In contrast, when the cleavage sites are 

present on one molecule and the protease is supplied from a different molecule, the 

processing event is referred as in trans (intermolecular) cleavage. A combination of cis- and 

trans-cleavage is observed in viral polyprotein processing. The cis-cleavage is usually a 

rapid process while trans cleavage events occur slowly and show more sensitivity to 

inhibitors and to dilution of the protease concentration (1). Viral-encoded polyprotein 

processing is a highly specific event. Site-directed mutagenesis indicated that once the 

cleavage site and the flanking amino acid residues are mutated, it is no longer recognized, or 

poorly recognized by the viral-encoded protease. Trans-cleavage was found to be more 

sensitive to mutations than cis-cleavage (88). 

 

1.4.1 Viral proteases involved in polyprotein processing 

All viruses that express their genome in a polyprotein manner encode one or more proteases 

which actively participate in the release of functional viral proteins (86, 89). Viral proteases 

are generally classified into four categories based on the conserved amino acid residues that 
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constitute the active site as well as the three dimensional structure of the protein. These four 

types of protease are: the serine, the cysteine, the aspartic and the metallo-protease (86). The 

serine proteases contain a catalytic triad that is usually composed of histidine (His), aspartate 

(Asp) and serine (Ser) amino acid residues. However, the 3C and 3C-like protease encoded 

by picorna and picorna-like viruses contain a cysteine (Cys) instead of Ser as a nucleophile, 

but they fold into a three dimensional structure that is similar to that of serine proteases, 

therefore these proteases are referred to as serine-like protease (86). The cysteine proteases 

possess a catalytic dyad that consists of Cys and His while the aspartic proteases are 

characterized by having a catalytic dyad composed of two Asp residues. These key amino 

acids are brought together in the three dimensional structure and constitute the catalytic 

center of the enzyme. Unlike other groups of protease, the metalloproteases require a 

divalent metal cation at the active site to perform the cleavage event (86). Other than the 

catalytic center, the substrate-binding pocket, which is the three dimensional structure that 

recognizes and interacts with the substrate cleavage site, is also crucial for efficient cleavage 

(1). It specifically binds to the substrate cleavage site and properly exposes the scissile bond 

to the active site for efficient processing. The substrate binding pocket of the viral protease 

may show preference for a single amino acid or they may have a very strict requirement of 

up to seven amino acids that flank the cleavage site. Unlike the conservation that has been 

observed for the catalytic dyad/triad, the substrate binding pockets exhibit significant 

sequence variation from one viral protease to another, which ensures the specificity of 

cleavage. 

 



24 
 

Viruses encode one or several proteases to accomplish their polyprotein processing. For 

example, nepoviruses and comoviruses encode only one protease, which is sufficient for 

cleavage of both RNA1 and RNA2 encoded polyproteins and release of functional mature 

proteins and precursors required for all the viral activities (1). In contrast, potyvirus encoded 

polyproteins are processed by three viral-encoded proteases: the virus-encoded proteases P1, 

the helper-component proteinase HC-Pro and the NIa-Pro (1, 86).  

 

In addition to processing polyproteins, some viral proteases also cleave cellular proteins. For 

example, picornavirus and coxsackievirus encoded 3C and 2A cleave the translation 

initiation factor eIF4G and the polyA binding protein, leading to shut down of cellular cap-

dependent translation (90-94), Viral gene expression, however, is not affected since they are 

translated in an internal ribosome entry site (IRES)-dependent manner (95). The leader 

protein (LPro) of foot and mouth disease virus also cleaves eIF4G and inhibits cellular protein 

translation (96). Additionally, the picornavirus 3C also cleaves cellular transcription factors, 

such as TATA-binding protein, the transcriptional activator cyclic AMP-responsive element-

binding protein, the octamer-binding factor and the p53. (97-99). This phenomenon indicates 

that picornavirus infection not only disrupts cellular gene expression at the translational 

level, but also at the transcriptional level, therefore benefiting the virus by providing more 

translation resources for viral genome expression. 

 

1.4.2 Host proteases involved in maturation of viral proteins: signal peptidase, SPP and 

furin 

For some viruses, their own proteases are necessary but not sufficient to release all gene   
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products and a supplementary protease activity from the host is required. For example, some 

viruses in the families Flaviviridae and Togaviridae hijack the ER-associated signal 

peptidase to release the structural proteins from the viral-encoded polyprotein (100-103). The 

polyprotein strategy of hepatitis C virus (HCV), which is a member of the family 

Flaviviridae, will be discussed in detail below. An obvious difference between viral-derived 

signal peptidase substrate and cellular substrate is that the cleavage sites of the viral substrate 

are usually located internally in the polyprotein. Mutations that block the signal peptidase 

cleavage remarkably reduce the virulence of the virus (104).  

 

Sometimes, the proteins released after signal peptidase cleavage are not the mature proteins. 

Further cleavage by SPP is required to generate the functional protein. For example, the core 

protein of HCV is released from the polyprotein by sequential processing events that are 

performed by the signal peptidase in the lumen and then by SPP cleavage within the lipid 

bilayer (105). This sequential cleavage is essential for transport of the core protein to 

cytosolic lipid droplets and for assembly of virus particles (105-108). The SPP is also 

involved in releasing the core protein of other flavivirids (109, 110). It is worth noting that 

some proteins that are not expressed through polyprotein also undergo SPP processing. For 

example, the envelope protein of foamy virus (a retrovirus) is identified as a substrate of 

signal peptide peptidase-like 3 (SPPL3), although the biological function of this cleavage 

still needs to be investigated (111). 

 

Furin is a serine protease that is localized in the trans-Golgi network. A number of viruses 

are known to take advantage of this host protease for the proteolytic maturation of their 

http://en.wikipedia.org/wiki/Golgi_apparatus
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structural proteins. The best studied example is that of the semliki forest virus E3-E2 

cleavage site on the sub-genomic RNA encoded polyprotein (112). In addition, the 

glycoproteins of HIV, influenza virus, respiratory syncytial virus and ebola virus are 

synthesized as inactive preproteins, which must be cleaved by furin or furin-like proteases to 

become fully functional (113-116). Evidence suggests that these endoproteolytic cleavage 

events are important for virus infectivity and pathogenicity. 

 

1.4.3 Polyprotein processing of picornaviruses 

The picornavirus genome consists of a single positive-strand RNA molecule, which is linked 

with the viral genome-linked protein (VPg) at its 5’ end and has a 3’ poly(A) tail (Fig. 1.5). 

IRES-dependent translation produces a single large polyprotein (117), which is cleaved by 

several viral proteases: the leader protein (L, a cysteine protease, only present in 

aphthoviruses), 2A (a serine-like protease, only present in enterovirusese), 3C (a serine-like 

protease, encoded by all picornaviruses) and its precursor 3CD (Pro-Pol) (95, 118). The L 

and 2A proteases cleave at their own C-terminus and N-terminus respectively. 3C and 3CD 

are responsible for processing at other cleavage sites (86). The primary cleavage occurs 

rapidly and efficiently in a co-translational manner. It takes place at L/1A,1D/2A and 2C/3A 

sites and is performed by L, 2A and 3C, respectively (Fig. 1.5). This primary cleavage allows 

release of the L protein, the P1 (1ABCD) region, which contains the structural proteins, and 

the P2 (2ABC) and P3 (2ABCD) regions which encode nonstructural proteins. P1, P2 and P3 

are further processed by by 3C and 3CD. The polyprotein 3CD , rather than the mature 3C, is 

responsible for efficient processing of the poliovirus (PV) P1 region (119). In contrast, the 

3C of other picornaviruses is capable of cleaving the structural protein precursor P1 (1).   

http://en.wikipedia.org/wiki/HIV
http://en.wikipedia.org/wiki/Orthomyxoviridae
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Figure 1.5: Genomic organization and polyprotein processing of picornavirus. The 

genomic organization of picornavirus is shown at the top of the figure. Different protein 

domains are indicated with boxes with the vertical lines representing the cleavage sites. 

Cleavage sites processed by L and 2A proteases are shown with gray and black curved down 

arrows, respectively. Other cleavage sites are processed by 3C and 3CD. P1, P2, P3, 2BC, 

3AB and 3CD are the main polyproteins detected. Adapted from Microbes and Infection 6, 

Kristin M. Bedard, Bert L. Semler, regulation of picornavirus gene expression, 702–713, 

Copyright (2004), with permission from Elsevier. 
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1.4.4 Polyprotein processing of HCV 

Viruses in the family Flaviviridae also express their positive-strand RNA genome via 

polyprotein strategy. Polyproteins of these viruses are co- and post-translationally processed 

by proteases of both viral and host origin. Host proteases process the N-terminal structural 

protein region. Processing of the non-structural protein region is mainly performed by viral 

proteases. HCV is a member of the family Flaviviridae. Its genome is translated in an IRES-

dependent manner to produce a large polyprotein which contains ten protein domains (Fig. 

1.6). The signal peptidase cleaves the C/E1 and E1/E2 junctions co-translationally which 

allows rapid release of C and E1, whereas processing at E2/p7 and p7/NS2 sites are slower 

and result in the accumulation of the E2-p7-NS2 and E2-p7 polyproteins (120, 121). The 

released C protein is further cleaved by the SPP to produce bio-functional mature protein for 

virus assembly (107, 122). Non-structural protein junctions are proteolytically processed by 

the viral NS2 and NS3 proteases. NS2 is a cysteine protease that cleaves at its own C-

terminus to separate NS2-NS3. NS3 is a serine protease that is responsible for processing the 

remaining junctions. The cofactor NS4A stabilizes NS3 and generally enhance processing 

efficiency at all cleavage sites (123). Clevage at NS4B -NS5A junction does not occur in the 

absence of the cofactor NS4A (124). 
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                                    Signal peptide peptidase                            Signal peptidase 

 

Figure 1.6: Genomic organization and polyprotein processing of HCV. The genomic 

organization of the HCV is shown at the top the figure. The structural protein region, which 

is located in the N-terminal region of the polyprotein, is shown in light gray while the non-

structural region is indicated with dark gray. Cleavage sites that are processed by viral and 

host proteases are specified at the bottom of the figure. Adapted with permission from 

Macmillan Publishers Ltd: [Nature Reviews Microbiology] (Darius Moradpour, François 

Penin and Charles M. Rice, Replication of hepatitis C virus. 2007 Jun;5(6):453-63), 

copyright (2007). 
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1.4.5 Regulation of polyprotein processing 

Expression of viral proteins via a polyprotein strategy highly enriches the coding capacity of 

the viral genome and allows regulating gene expression by sequential, alternative processing. 

Key features of the polyprotein strategy are listed below: 

(1) The initial primary cleavage usually occurs co-translationally when the polypeptides are 

still growing from the ribosomes. Therefore the full-length genome-encoded polyprotein is 

never detected in infected cells due to this highly efficient primary cleavage (95). 

(2) Unlike other viral gene expression strategies, proteins expressed via polyprotein strategy 

are produced in equimolar amounts. However, proteolytic processing efficiency at each 

cleavage site varies, which allows accumulation of various mature proteins as well as 

intermediate polyproteins. The half-life of these gene products differs from one to another, 

therefore allowing accumulation of each protein at different concentration (89).  

(3) Polyprotein processing occurs in a specific order. As shown in Fig. 1.5, the picornavirus-

encoded polyprotein is initially cleaved into three large precursor P1, P2, P3. The 3CD is 

released from P3 and acts as an active protease that is involved in further processing, 

followed by release of the active polymerase 3D from the 3CD precursor for viral 

replication. Cleavage of 1A-1B capsid protein precursor is delayed until the late stage of the 

picornavirus life cycle, probably preceding the assembly of virus particle (89, 125). 

Generating viral gene products in this way can perfectly meet the changing requirements at 

different stage of the virus life cycle.  

(4) A single precursor can be processed in an alternative pathway and release different 

subsets of gene products. For example, the cowpea mosaic virus (CPMV) 170K (NTB-VPg-

Pro-Pol) can either be cleaved to produce the 60K (NTB-VPg) and 110K (Pro-Pol) proteins, 

or the 84K (NTB-VPg-Pro) and 87K (Pol) proteins (126).  



31 
 

(5) The intermediate polyproteins actively participate in the viral replication cycle and may 

play a different role compared to the mature form of the proteins. The best characterized 

example is the PV 3CD and 3D proteins. 3CD maintains the protease activity and efficiently 

releases the capsid proteins from the precursor P1(127). However, it does not display any 

polymerase activity. The polymerase activity can only be activated when 3D is liberated 

from the precursor 3CD (128). 

(6) As the key enzyme during polyprotein processing, the function and activity of viral- 

proteases are highly regulated in various ways:  

                First, different forms of the protease are produced due to alternative processing. 

Protease activity varies dependent on which form the protease domain is present. For 

example, the purified recombinant ToRSV Pro is five to ten times more active than the 

precursor VPg-Pro in processing the RNA2-encoded polyprotein at the X4-MP and MP-CP 

cleavage sites (129). Similarly, the grapevine fanleaf nepovirus (GFLV) Pro shows higher 

cleavage efficiency than VPg-Pro in processing the cleavage sites that are located on the 

RNA2 polyprotein (130). The slow release of the mature Pro from the intermediate precursor 

VPg-Pro may regulate the maturation of the RNA2-encoded structural proteins and 

movement protein, which are only required at late stages of the virus replication cycle.          

               Second, other viral proteins may be involved in regulating the efficient release of 

the final mature protease from its precursor protein. For example, the purified recombinant 

3AB interacts with 3CD and accelerate autoprocessing between 3C and 3D (131). The 

CPMV Pro-Pol is a stable polyprotein, but adding the upstream 58K-VPg cleavage site and 

the entire VPg region to this polyprotein significantly enhanced the cleavage between Pro 

and Pol (132).  
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              Third, different forms of protease may be required to process different cleavage sites 

on the polyprotein. For example, cleavage of P1 is conducted by PV encoded 3CD while 

cleaveage of P2 and P3 is performed by 3C (127). The 3D region of P3 is involved in the 

specific recognition of the P1 substrate and therefore stimulates cleavage by  3C (119, 127).  

              Finally, sometimes the protease shows a strict requirement for a cofactor for 

processing at certain cleavage sites. For example, although the CPMV Pro is responsible for 

processing at all cleavage sites of the B-RNA and M-RNA encoded polyproteins, the 32K 

protein, which does not exhibit any proteolytic activity, is required for efficient processing at 

the glutamine-methionine site of the M-RNA encoded polyprotein (133). The HCV encoded 

NS4A also act as a cofactor that assists cleavage of NS4B-NS5A by NS3 protease (124). 

These cofactors, probably increase the protease activity by promoting the specific interaction 

and alignment of the protease with its substrate. 

 

1.5 Replication of picorna and picorna-like viruses  

1.5.1 Common features of picorna and picorna-like viruses 

Viruses in the family Picornaviridae include a number of important pathogens that infect  

animal and human cells. Plant viruses in the genera Comovirus and Nepovirus (family 

Secoviridae, order Picornavirales) share several common features with picornaviruses in 

genome organization and gene expression, therefore these viruses are referred to as plant 

picorna-like viruses (134). These common features are listed as follows: (1) The virus 

particles are icosahedral and contain positive-strand RNA genome. (2) Viral genome have a 

small viral- encoded protein VPg (2-3 kDa) covalently linked to the 5’ end and a poly(A) tail 

at the 3’ end. The viral genome is translated in a cap-independent manner. (3) Genomic 

http://en.wikipedia.org/wiki/Picornaviridae
http://www.picornavirales.org/


33 
 

information is expressed via a polyprotein strategy and the viral-encoded protease has a 

cysteine as nucleophile but folds like a serine protease. (4) Replication proteins, such as 

helicase, VPg, Pro and Pol are organized in the same order on the genome. In contrast to 

animal picornaviruses that have a monopartite genome, some plant picorna-like viruses, such 

as nepoviruses and comoviruses have a bipartite genome with RNA1 encoding replication 

proteins and RNA2 encoding structural and movement proteins (135). 

 

1.5.2 Replication of picorna and picorna-like virus  

Like other positive-strand RNA viruses, replication of picorna- and picorna-like viruses takes 

place in association with intracellular membranes. Virus infection causes dramatic changes, 

such as proliferation and rearrangement of the membrane and induces the formation of single 

or double membrane vesicles that house the replication complexes. Vesicles of 

picornaviruses are derived from the ER, Golgi apparatus and lysosomes. The host secretory 

system and autophagy pathway are also involved (136-139). The vesicles of nepo- and 

comoviruses are mainly derived from the ER membrane (140). As will be described below, 

viral-encoded integral membrane proteins directly interact and associate with intracellular 

membranes. Other viral proteins, as well as viral RNA are recruited to the replication 

complexes via protein-protein and protein-RNA interactions with these membrane proteins. 

Polyproteins that contain these membrane anchor domains are also directed to the membrane. 

A variety of cellular factors also actively participate in the replication of picorna- and 

picorna-like viruses. These host factors are well discussed in a number of review papers (95, 

141-143). In the following section, I will focus on viral- encoded proteins and their roles in 

virus replication. 
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1.5.2.1 Membrane proteins involved in picorna and picorna-like virus replication  

1.5.2.1.1 Picornavirus membrane proteins: 2B, 2C, 3A and their precursors  

The best studied picornavirus is PV. Vesicles derived from the ER, Golgi apparatus and 

lysosomes are observed in PV-infected cells. Replication complexes are assembled on the 

cytoplasmic face of these vesicles and form rosette-like structures (144, 145). Viral-encoded 

nonstructural proteins, host factors and viral RNA co-localize in these structures for active 

virus replication. PV encodes three integral membrane proteins:  2B, 2C and 3A (142). They 

target to intracellular membranes independently and polyprotein that contain these protein 

domains also associate with membranes (146). 

 

The 2B protein has an N-terminal amphipathic helix and a C-terminal transmembrane 

domain which mediate its membrane association. Introducing mutations to either domain 

lead to defects in viral RNA synthesis (147-149). In addition, PV 2B oligomerizes on the 

membrane to form tetrameric aqueous pores and therefore increases the membrane 

permeability. Both the amphipathic helix domain and the transmembrane domain are able to 

traverse the membrane and are actively involved in pore formation (150). A similar 

phenomenon is observed in coxsackievirus that 2B is able to enhance the permeability of 

both the ER membrane and the plasma membrane (151). Later evidence showed that 

increasing the membrane permeability can facilitate the release of progeny virions at late 

stages of replication. 

 

Membrane association of 2C is directed by an amphipathic helix which is mapped at the N-

terminal of the protein (152-154). Both 2C and its precursor 2BC are responsible for the 
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formation of vesicles that support active virus replication (155). Transient expression of 2C 

and 2BC induces massive proliferation of the cytoplasmic membranes. These membrane 

rearrangements are similar to those observed in virus infection (156). PV 2C mutants show 

defects in viral RNA replication. However, these defects can be rescued by supplying 2C in 

trans (157). 2C is a multifunctional protein and also specifically binds to 3’ UTR of the 

negative-strand RNA (158, 159). It is hypothesized that this interaction helps retaining the 

negative-strand RNA in the replication complexes and plays a role in the initiation of 

positive-strand RNA synthesis (160). 2C is also an NTP-binding protein and helicase (161), 

it forms homo-oligomers and display ATPase and GTPase activity (162, 163). Additionally, 

in vitro experiments demonstrated that the central and C-terminal region of 2C interact with 

3C and negatively regulate the protease activity of 3C and the 3C-induced apoptosis during 

virus infection (164). 

 

Picornavirus 3A and its precursor 3AB (3B is the VPg) target the ER and Golgi apparatus in 

the absence of other viral factors (146). The membrane binding motif was mapped to the 

hydrophobic domain located in the C-terminal region of 3A (165). Both 3A and 3AB are 

located in the membrane vesicles that support active viral replication (166). Mutations that 

reduce the hydrophobicity of 3AB impairs PV RNA replication (167). 3AB is a 

multifunctional protein. It interacts with the 3D polymerase through its 3B region and directs 

the soluble 3D protein to the membrane fractions (168). 3AB also has RNA binding 

properties and specifically binds to the viral RNA through the cloverleaf structure which is 

located in the 5’ UTR region (169). 3AB forms a complex with 3CD and this complex is 

essential for virus replication. Additionally, 3AB stimulates in cis proteolytic processing of 
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3CD and release the functional polymerase 3D for virus replication (131). Both 3A and 3AB 

get glycosylated when expressed in the in vitro translation system in the presence of canine 

microsomal membranes (165). The glycosylation sequon Asn-Ile-Thr which is located near 

the middle of the 3A domain likely acts as the glycosylation site. Inhibitor treatment that 

blocks the glycosylation results in impaired virus replication in vivo (165). It was 

hypothesized that the glycosylated form of 3A and 3AB are required for forming the 

replication complexes or that uridylylation of VPg might depend on this glycosylation event.  

 

An extensive network of protein-protein interactions are observed among picornavirus 

encoded membrane proteins. The coxsackievirus 3A protein self-interacts and form dimers. 

Site-directed mutagenesis that disrupts homodimer formation strongly inhibits intracellular 

trafficking and virus replication (170). Self-interaction of PV 3AB is also observed and this 

interaction is directed through the N-terminal region and the C-terminal hydrophobic domain 

of 3A (171, 172). Yeast two hybrid analysis also revealed interactions among PV P2 and P3 

encoded non-structural proteins and their precursors, in particular between 2C and 3AB and 

between 2B and 3A/3AB (173). Interactions between 2C and 3A and between 2BC and 3A 

/3AB are also observed (174). This protein-protein interaction network brings all replication 

factors together on the membrane. However, more work is required to fully understand the 

functions of these interactions.  

 

1.5.2.1.2 Comovirus membrane anchor proteins: 32K (Co-Pro) and 60K (NTB-VPg) 

Infection of CPMV causes drastic morphological changes to the ER membrane and leads to  
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accumulation of ER-derived membrane vesicles (175, 176). Double-stranded RNA as well as 

viral replication proteins are found associated with these vesicles (176, 177). B-RNA can 

replicate without M-RNA while the replication of the M-RNA is dependent on B-RNA 

encoded replication proteins. Expression vectors that carry the entire B-RNA coding region 

and express the 200 kDa polyprotein support the replication of M-RNA in protoplast (178). 

Interestingly, shorter B-RNA encoded proteins that contain the polymerase, such as 170K 

(NTB-VPg-Pro-Pol), the 110K (Pro-Pol) and the 87K (Pol), are unable to support M-RNA 

replication (178), indicating that CPMV 32K, which located at the N-terminal end of the B-

RNA is indispensable for virus replication. 

 

CPMV 32K (Co-Pro) and the 60K (NTB-VPg) proteins display properties of integral 

membrane proteins. Both proteins target to the ER membrane in the absence of other viral 

factors (179). Overexpression of the 32K and 60K using a tobacco rattle virus (TRV) vector 

induces the formation of local necrotic spots on inoculated N. benthamiana leaves (177). 

Interestingly, this necrosis does not occur in the course of a natural virus infection. The cell 

death may be due to the cytotoxic properties of these two overexpressed proteins (177). 

Expression of the 60K protein using the baculovirus expression system induces the formation 

of membrane vesicles in host cell which confirms that 60K alters membranes (180). Mutation 

of two conserved amino acids in the NTB domain abolishes CPMV replication in the 

protoplast, indicating that NTB is an essential factor for viral replication (181). Yeast two 

hybrid analysis demonstrated that the C-terminal region of NTB interacts with host SNARE-

like proteins VAP27-1 and VAP27-2, suggesting that NTB plays a role in hijacking the host 

transport system for its own benefit (182). However, the function of this interaction still 
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needs to be clarified. NTB is also a putative helicase that shares conserved amino acid motifs 

with other helicases (183).  

 

Three stretches of hydrophobic domains are observed in the C-terminal region of the 32K 

protein (177). In the 60K protein, an amphipathic helix in the N-terminal region and a 

hydrophobic domain in the distal C-terminal region are conserved among all comoviruses 

(177). However, the membrane binding capability of these motifs still needs to be confirmed 

experimentally. Since comoviruses use a polyprotein strategy, various forms of NTB are 

detected in CPMV-infected protoplasts, including the 170K (NTB-VPg-Pro-Pol), the 84K 

(NTB-VPg-Pro), the 60K (NTB-VPg) and the 58K (mature NTB) proteins (184). These 

proteins are believed to maintain the membrane binding ability since they have the integral 

membrane protein domain. Co-immunoprecipitation indicated that the 32K protein (Co-Pro) 

interacts with NTB and NTB-containing polyproteins (184). Only the mature form of 32K 

accumulates in virus infected protoplasts due to the highly efficient primary cleavage of 32K 

/170K site of RNA-1 encoded polyprotein (184). In vitro assay indicated that the 32K 

remains associated with the 170K polyprotein after this primary cleavage, probably via an 

interaction with the NTB domain. This interaction plays an important role in regulating 

polyprotein processing (185). Whether it is also required for forming the replication 

complexes is still unknown. 

 

Membrane anchor proteins of other comoviruses have also been characterized. Studies with  

chimeric RNA transcripts indicated that the Co-pro and the C-terminal half of the NTB of the 

bean pod mottle virus (BPMV) are involved in inducing severe symptoms on soybean plants 
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(186). Individual expression of these two coding regions via a potato virus X (PVX) vector 

induces necrosis on N. benthamiana plants, suggesting that both Co-Pro and NTB act as 

symptom determinants (186). In the case of radish mosaic virus, an N-terminal 

transmembrane helix and amphipathic helix as well as a C-terminal transmembrane helix are 

identified in the helicase (NTB) domain (187). When transiently overexpressed in N. 

benthamiana leaves, the NTB targets to the ER and induces hypersensitive response -like cell 

death, which is similar to that observed in a natural virus infection (187). The N-terminal 

amphipathic helix of the NTB is identified as the elicitor of the plant cell death and this cell 

death is tightly correlated with accumulation of perinuclear aggregates and alteration of the 

ER network (187). Furthermore, the cell death-inducing activity is also observed when the 

N-terminal amphipathic helix of tobacco ringspot virus (TRSV, a nepovirus) or CPMV 

(derived from the NTB domain) is expressed independently in N. benthamiana plants (187), 

indicating that this phenomenon is conserved among these secoviruses. 

 

1.5.2.1.3 Nepovirus membrane proteins 

ER-derived aggregation and proliferation of membrane vesicles are observed in plants 

infected by two nepoviruses: GFLV and ToRSV (11, 188). Some of GFLV-induced 

membrane vesicles aggregate in the perinuclear region and form rosette-like structures (188). 

VPg-containing proteins as well as double-stranded RNA replicative intermediate are found 

associated with these membrane structures, indicating that they are the site for virus 

replication (188). Similarly to CPMV, the GFLV RNA1 is sufficient to induce morphological 

change to the intracellular membrane and replicate independently in the protoplast (189, 

190). Treatment of the infected cells with cerulenin (an inhibitor of lipid synthesis) and BFA 
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(an exocytosis inhibitor) significantly reduces the efficiency of virus replication, suggesting 

that both de novo phospholipid biosynthesis and vesicle dependent ER-Golgi transportation 

are important for GFLV replication (188). The RNA2-encoded protein 2A was also found 

associated with membrane structures and plays an essential role in RNA2 replication (189). 

This membrane association of 2A is likely mediated by RNA1-encoded membrane proteins 

(189). The membrane association domains of GFLV membrane proteins have not been 

characterized. However, membrane proteins of ToRSV are well-studied (see below section 

1.6.3).   

 

1.5.2.2 Genome-linked protein (VPg) 

A small protein VPg (approximately 3kDa) is attached to the 5’ end of the RNA genome of 

picorna- and picorna-like viruses. It is the only viral protein that is present inside the virus 

particle (191, 192). Evidence has shown that PV VPg is linked to the viral genome by 

forming a phosphodiester bond between the third amino acid tyrosine of VPg and the 5’ 

terminal UTP of viral RNA (193). The linkage occurs during viral RNA synthesis when VPg 

serves as a protein primer (194). The viral-encoded polymerase 3D Pol directly interacts with 

VPg and stimulates the attachment of UMP to the VPg, yielding VPgpU as well as 

VPgpUpU (195), which is present in the PV replication complex and serves as a primer for 

both positive and negative-strand viral RNA synthesis (196). Generation of VPgpUpU occurs 

in a template dependent manner and the cis-acting RNA element (CRE) prompts the VPg 

uridylylation (197, 198). Further evidence indicates CRE-dependent VPg uridylylation is 

required for generation of PV positive-strand RNA, but not negative-strand RNA (199, 200). 

The cloverleaf structure in the 5’ UTR of PV is essential for forming pre-initiation 
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replication complexes that are capable of synthesis of VPgpUpU and initiation of negative-

strand RNA synthesis (201). Intact membranes are also required for uridylylation of VPg and 

initiation of RNA synthesis at least in vitro (202).  

 

Unlike PV, the VPg proteins of the comovirus CPMV and the nepoviruses TRSV and GFLV 

are covalently linked to the viral genome through a serine residue instead of a tyrosine (203-

205). In CPMV, this serine is located at the very N-terminus of the VPg. Substitution of the 

serine residue with tyrosine or threonine, or relocation of the serine to position 2 or 3 is lethal 

to virus infectivity (205). Replacement of the CPMV VPg with the cowpea severe mosaic 

virus (another comovirus) VPg abolishes virus replication (205). Proteinase K treatment of 

purified virion RNA to remove the VPg abolishes ToRSV infectivity whereas the infectivity 

of arabis mosaic virus is less affected (192), indicating that the VPg may protect the viral 

RNA from degradation. For CPMV, the viral infectivity is not influenced by degradation of 

the VPg (192). The VPg-containing proteins of GFLV, CPMV and ToRSV are detected in 

close association with the membrane structures active in viral replication (13, 179, 188). It is 

likely that the como- and nepoviruses VPg proteins are also uridylylated and act as a primer 

during viral genome replication, although this remains to be determined.  

 

1.5.2.3 Protease 

The function of the viral-encoded protease in polyprotein processing was already discussed  

in section 1.4. In addition, the protease and its precursor are also involved in virus 

replication. For example, PV 3C and its precursor 3CD interact with the stem loop I of the 5’ 

cloverleaf secondary structure of the genomic RNA and promote RNA synthesis (206, 207). 
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This RNA binding is mediated by the 3C region and amino acid substitutions in the S1-

specificity pocket of 3C result in alteration of both cleavage sites recognition and RNA 

binding (208). A precursor form of the ToRSV protease that contains both the VPg and 

protease domains (VPg-Pro) is able to interact with the eukaryotic initiation factor eIF(iso)4E 

via the N-terminal region of the Pro domain (209). The presence of VPg on the precursor 

greatly enhanced the binding affinity between the Pro and the eIF(iso)4E. However, the 

biological function of this interaction is not known (209).  

 

1.5.2.4 Polymerase 

All positive-strand RNA viruses encode an RNA-dependent RNA polymerase. It is the key 

enzyme located in the viral replication complexes and catalyzes the formation of 

phosphodiester bonds between ribonucleotides using the viral RNA as a template. The three-

dimensional structure of a number of viral RNA-dependent RNA polymerases has been 

determined (210-212). Although they are diverse in their amino acid sequence, except for a 

few conserved motifs, they share a right hand structure which contains palm, thumb and 

finger domains. The palm domain is particularly conserved and is important for selection of 

ribonucleoside triphosphates over dNTPs.  

 

The Pols share several conserved amino acid motifs (213). In the three-dimensional structure, 

these motifs are spatially juxtaposed to form the catalytic center, which is important for 

ribonucleoside triphosphates selection, substrate binding and metal ion binding. The Gly-

Asp-Asp (GDD) motif, which is involved in Mg2+ or Mn2+ binding that is required for 

polymerase activity, is present in the palm domain (214). Structural comparisons showed that 
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the Pols from plant, animal and bacterial RNA viruses all contain the GDD motif (215).  

Mutation of this motif in the classical swine fever virus NS5B (Pol) reduces its enzymatic 

activity (216). Substitution of glycine by alanine in the GDD motif of rubella virus P90-Pol 

results in impaired virus infectivity while alteration of either aspartic residue completely 

abolishes virus replication (217). It has also been reported that the GDD mutation of tobacco 

etch virus polymerase NIb is lethal and can be rescued in trans by wild type NIb expression 

in transgenic plants (218). Pol is an indispensable enzyme not only because of its function in 

selecting the RNA template, initiating the replication and elongating the template, but also 

because it regulates the viral genome variability and recombination, and therefore RNA virus 

evolution (219, 220). 

 

As a key enzyme in virus replication, Pol usually functions in concert with other host and 

viral factors in the replication complexes. Most viral Pols are soluble, but viral replication 

takes place in the membrane-bound replication complex (221). To reach the replication site, 

polymerases directly or indirectly interact with membrane-associated proteins. For example, 

the BMV 2a (Pol) is recruited to the ER membrane by the viral-encoded multifunctional 

membrane protein 1a (222). Similarly, the TYMV 140K protein, a membrane protein, directs 

the 60K (Pol) to the chloroplast through protein-protein interaction (223). There are also 

examples in which Pol contains the transmembrane domain which directs its association with 

intracellular membranes. These enzymes include the HCV NS5 and the flock house virus 1A 

proteins (224, 225). Mutagenesis studies demonstrated that the transmembrane domain is 

strictly required for HCV genome replication in vivo (225). 
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The three dimensional structure of the PV Pol has been determined. It shows the conserved 

overall structure with the palm, finger and thumb domain (226). Biochemical and crystal 

structure studies indicated that extensive polymerase-polymerase interactions take place and 

form highly ordered oligomeric structures (227, 228). These interactions are mediated by two 

important regions, named interface I and interface II. Interface I is essential for substrate 

RNA binding, while interface II is involved in the formation of the catalytic center (227, 229, 

230). As mentioned above, 3D catalyzes the incorporation of UMP to VPg and forms the 

primer VPgpUpU for viral replication (195). Viral membrane protein 3AB plays an 

important role in modulating the 3D activity. 3AB not only stimulates the release of active 

polymerase from the precursor, but also stimulates the 3D polymerase activity on the 

elongation of the template (131, 231). Moreover, interaction between 3AB and 3D plays an 

important role in recruiting 3D to membrane vesicles (232). Although 3CD does not possess 

polymerase activity, it actively participates in virus replication in other ways. For example, 

PV 3CD binds to the 5’ cloverleaf structure of the viral RNA and forms a ribonucleoprotein 

complex with cellular protein PCBP2. This ternary complex was found to be important for 

viral RNA replication (233, 234). Mutations introduced in the cloverleaf structure that 

abolish the 3CD interaction greatly impair RNA replication without influencing RNA 

stability and genome translation (235, 236).  

 

Although the PV polymerase precursor 3CD does not possess polymerase activity (127), the 

precursor form of other viral polymerases may have enzymatic activity. For example, the 

feline calicivirus (FCV) Pro-Pol precursor is a predominant protein with both protease and 

polymerase activity (237). In the case of norovirus (NV), the Pro-Pol precursor and the 
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mature Pol are both active (238). It has been suggested that different forms of the polymerase 

may play different roles in viral replication. An in vitro assay indicated that the precursor 

form of polymerase 3CD of the rabbit hemorrhagic disease virus is more efficient in VPg 

uridylylation, whereas the mature polymerase 3D shows higher activity in elongation of the 

RNA template (239). 

 

Como- and nepovirus encoded polymerases (85-95 kDa) are bigger than the PV polymerase 

(53 kDa) (13). However, the PV polymerase still shares all the conserved motifs with como- 

and nepoviruses since these motifs are present in the N-terminal region (13). Different forms 

of the polymerase are detected in como- and nepovirus infected plants (13, 176). In CPMV 

infected plants, the polyprotein Pro-Pol associates with the replication complexes (240). For 

tomato black ring nepovirus, the VPg-Pro-Pol polyprotein is the only polymerase form 

detected in vivo (241). Further cleavage of this polyprotein was not observed in vitro or in 

vivo (241). For another nepovirus ToRSV, the mature Pol (81 kDa) and a truncated version 

of VPg-Pro-Pol, named VPg-Pro-Pol' (95 kDa, lacking the C-terminal 15 kDa of Pol) were 

both detected in infected plants (13). Interestingly, this truncation did not occur when 

processing the full-length VPg-Pro-Pol in vitro, indicating that the truncation of the ToRSV 

VPg-Pro-Pol is a plant specific event (13). In the case of GFLV, only the mature Pol is 

detected in planta. No truncation of Pol was observed either in infected plants or in 

agroinfiltated plants that transiently express Pol (242). The C-terminal region (the last 136 

aa) of GFLV Pol shows significant variability between different strains and this region is 

involved in eliciting strain-specific symptoms in N. benthamiana and N. clevelandii plants 

(242). Interestingly, symptom severity was not correlated with virus titer (242). A putative 
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RNA recognition motif as well as zinc fingers are located in the C-terminal region of GFLV 

Pol, indicating that Pol plays multiple roles during virus infection (242) .  

 

1.6 Overview of ToRSV 

ToRSV infects small fruits and fruit trees, resulting in significant economic losses in fruit 

production (243, 244). In nature, ToRSV also infects a number of herbaceous plants and 

ornamental plants. Infected plants display various symptoms, including necrosis, ringspot, 

chlorosis, yellowing and dwarfing. Transmission of ToRSV depends on soil-borne nematode 

vectors in the genus Xiphinema (245, 246). However, it can also be disseminated through 

seeds or pollen. ToRSV is mostly distributed in North America in the regions around the 

Great Lakes and along the Pacific Coast since the nematode vectors are restricted to these 

regions and is considered as a quarantined plant virus. However, ToRSV has also been 

reported in other regions of the world, probably due to the long distance transport of infected 

plant material.  

 

1.6.1 Classification of ToRSV 

As mentioned above, ToRSV belongs to the genus Nepovirus, family Secoviridae and order 

Picornavirales (10). Most nepoviruses are transmitted by nematode vectors in a semi-

persistent manner and the transmission specificity is solely determined by the viral-encoded 

coat protein (247). Nepoviruses are also transmitted by seeds and /or pollen (10) Nepoviruses 

have a bipartite positive-sense RNA genome. The two RNA molecules are encapsidated 

separately into icosahedral particles. Based on the length of RNA2 and serologic 

characterization, nepoviruses have being divided into three subgroups (10). Subgroup C 

http://en.wikipedia.org/wiki/RNA
http://en.wikipedia.org/wiki/Genome
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nepoviruses (RNA2 6.4-7.3 kb, e.g., ToRSV) have larger RNA2 than both subgroup A 

(RNA2 3.7 kb-4.0 kb, e.g., GFLV) and subgroup B (RNA2 4.4 kb-4.7 kb e.g., tomato black 

ring virus, TBRV) nepoviruses.   

 

1.6.2 Genomic organization and gene expression of ToRSV 

ToRSV is the best characterized subgroup C nepovirus. RNA1 is approximately 8.2 kb in 

length and RNA2 is about 7.2 kb in length (248, 249). The length of RNA1 and RNA2 

slightly varies among isolates (250). Extensive sequence similarity is observed in the 5’UTR 

and 3’ UTR between RNA1 and RNA2, which is probably due to recombination events 

during virus replication (250, 251). Both RNAs are translated into large polyproteins that are 

cleaved by the RNA1-encoded protease.  

 

The translation mechanism of ToRSV is currently unknown. However, an IRES was 

identified in the 5’ UTR of blackcurrant reversion virus (BRV, a subgroup C nepovirus). 

Based on base-pair complementarity with 18S rRNA, it was suggested that the IRES 

interacts directly with the 18S rRNA. Mutations that disrupt the base pair complementarity 

drastically decrease translation (252). In the ToRSV 5’ UTR, there are also stretches of 

possible complementarity to 18S rRNA, suggesting that ToRSV RNAs are translated by an 

IRES-dependent mechanism that requires viral RNA-rRNA interaction between the 5’ IRES  

and 18S rRNA (252). 

 

RNA1 is translated into a 244 kDa polyprotein, and RNA2 is translated to produce the 207  

kDa polyprotein. Both large polyproteins are processed by the viral serine-like protease  
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which is related to picornavirus 3C protease (253). The ToRSV Pro specifically cleaves at 

either Q/G (Gln /Gly) or Q/S (Gln/Ser) dipeptides. The histidine in the substrate binding 

pocket directly interacts with Gln (Q) in the cleavage site and determines the specificity of 

the cleavage. Mutation of the His inactivate the protease activity (253).  

 

In vitro processing assays identified five cleavage sites in RNA1 encoded polyprotein and 

three cleavage sites in RNA2 encoded polyprotein. Therefore, six distinct protein domains 

are delineated on RNA1: X1, X2, NTB, VPg, Pro and Pol (254) (Fig. 1.7). The function of 

X1 is currently not clear. All other RNA1-encoded protein domains are involved in 

replication of the ToRSV genome (254). Four protein domains are identified on RNA2: X3, 

X4, MP and CP (Fig. 1.7). The function of X3 has not been investigated yet. However, in 

analogy with the corresponding protein of GFLV 2A (a subgroup A nepovirus), it is likely 

that X3 plays a role in replication of the RNA2 (189). X4 is a unique protein that does not 

share any similarity to other known proteins in the databases (255). The CP is involved in 

virus particle assembly and the MP is responsible for forming the tubular structures that 

assist virus particles in traversing the plasmodesmata (85, 254). The GFLV RNA1 can 

replicate independently in the protoplast. However, successful plant infection requires the 

presence of both RNA1 and RNA2, probably because the newly formed RNAs are unable to 

assemble and spread to adjacent cells without RNA2-encoded proteins (190).  

 

In ToRSV infected plants, the mature NTB and Pol are detected along with the NTB-VPg, 

X2-NTB-VPg and VPg-Pro-Pol′ polyproteins (11, 13) (Fig. 1.7). Although different forms of 

NTB are detected, the mature NTB is unlikely to be released from the NTB-VPg and X2-
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NTB-VPg polyproteins since RNA1 encoded polyprotein can only be processed in cis. 

Therefore these proteins are probably produced by alternative processing pathways (88, 256). 

NTB containing proteins are localized in membrane-enriched fractions while the mature Pol 

is only present in soluble fractions (11, 13). It is interesting to note that two populations of 

VPg-Pro-Pol′ are present in ToRSV infected plants. One population is in the soluble fraction 

and the other population is peripherally associated with the ER membranes (13).  
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Figure 1.7: Genomic organization of ToRSV and viral proteins detected in ToRSV 

infected plants. RNA1 encodes six proteins: X1, X2, nucleoside triphosphate binding 

protein (NTB), viral protein genome-linked (VPg), protease (Pro), polymerase (Pol). RNA2 

encodes four proteins: X3, X4, movement protein (MP) and coat protein (CP). Mature 

proteins and polyproteins detected in infected plants using antibodies against NTB, VPg, Pro, 

Pol, MP and CP domains are shown below each polyprotein. Adapted with permission from 

(Sanfacon H, Zhang G, Chisholm J, Jafarpour B, Jovel J. 2006. Molecular biology of Tomato 

ringspot nepovirus, a pathogen of ornamentals, small fruits and fruit trees, p. 540-546. In 

Teixeira da Silva J (ed.), Floriculture, Ornamental and Plant Biotechnology: Advances and 

Topical Issues (1st Edition), vol. III. Global Science Books, London, UK.). Crown copyright 

(2006). 
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1.6.3 Replication of ToRSV 

Replication of comovirus and nepovirus is associated with ER-derived membrane vesicles 

(11, 140, 176, 177, 188). Extensive membrane proliferation and perinuclear ER aggregates 

are observed in ToRSV-infected cells. NTB, NTB-VPg and X2-NTB-VPg are present in 

membrane fractions derived from the rough ER (11). Detergent treatment is required to 

dissociate the proteins from the membranes, suggesting that they are integral membrane 

proteins. Active RNA synthesis co-fractionationates with NTB-containing proteins and the 

ER membrane (11). Both X2 and NTB directly interact with the ER membrane when 

expressed ectopically and have been proposed to act as membrane anchors of the replication 

complexes (12, 140, 257, 258).  

 

1.6.3.1 Two membrane proteins: X2 and NTB-VPg 

X2 is a highly hydrophobic protein with an N-terminal amphipathic helix and two C-terminal 

transmembrane domains (258). These motifs are also observed in the X2 proteins of other 

nepoviruses (140). Both C-terminal transmembrane domains can direct the fused GFP to ER 

membrane independently (258). In vitro glycosylation mapping revealed that the two 

transmembrane domains traverse the membrane and form a hairpin-like structure, leading to 

a cytosolic localization of the C-terminus of the X2 protein (258) (Fig. 1.8). The N-terminal 

amphipathic helix inserts parallel to the ER membrane initially with its hydrophobic side 

associated with the lipid bilayer and its hydrophilic side facing the cytosol. However, 

glycosylation occurs when an N-glycosylation site is introduced at the N-terminus of X2, 

indicating that the N-terminus of the X2 protein could also be translocated into the luminal 

side of the ER by the amphipathic helix (258). Oligomerization of X2 is also observed, 

suggesting strong hydrophobic interactions occurring among X2 molecules (258). Therefore, 
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it is possible that the N-terminal amphipathic helices of different X2 molecules traverse the 

membrane and form an aqueous pore, directing the N-terminus of X2 into the ER lumen, 

whereas the C-terminal transmembrane domains traverse the membrane in a hairpin-like 

structure and translocate the C-terminus of the protein back into the cytosol (140) (Fig. 1.8).  

 

NTB-VPg associates with ER-derived membranes in vitro and in vivo (12, 257). This 

membrane association is mediated by three domains: an N-terminal amphipathic helix and 

two C-terminal predicted hydrophobic helices (Fig. 1.8). The N-terminal amphipathic helix is 

predicted to orient itself horizontally on the membrane with the hydrophobic side facing the 

membrane and the hydrophilic side towards the cytosol (257). However, in vivo 

glycosylation mapping and mutational analysis indicated that the N-terminal amphipathic 

helix can also traverse the membrane and direct the N-terminus of NTB into the luminal side 

of ER (257). Proteinase K treatment indicated that the C-terminal region of NTB as well as 

the entire VPg domain is embedded in the ER lumen (11). An N-glycosylation site, which is 

located in the VPg region, is glycosylated when the C-terminal region of NTB-VPg (cNTB-

VPg, including the two C-terminal transmembrane domains and the VPg domain) was 

expressed in vitro or in vivo (12, 257). This result is consistent with the proteinase K 

protection assay and therefore confirms the luminal localization of the VPg. Glycosylation 

mapping indicated that the first C-terminal transmembrane domain is highly hydrophobic 

and traverses the membrane efficiently while the second only shows weak membrane 

traversing capability (257). Therefore, two different membrane topologies were predicted for 

NTB-VPg (Fig. 1.8). In the first topology, the N-terminal amphipathic helix associates with 

the cytosolic side of the membrane via its hydrophobic side. The first C-terminal 
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transmembrane domain transverses the membrane and directs the downstream hydrophobic 

domain and the VPg into the ER lumen, where glycosylation occurs. This is considered as 

the predominant topology. In the second topology, both C-terminal transmembrane domains 

traverse the membrane and form a hairpin-like structure, translocating the VPg back into the 

cytosol (140). However, this topology still needs to be confirmed experimentally. Oligomers 

of NTB-VPg are also observed. In this case, it is likely that the amphipathic helices from 

different NTB-VPg molecules interact with each other and traverse the lipid bilayer by 

forming an aqueous pore (140).  

 

Interestingly, a signal peptidase cleavage occurs when the C-terminal half of the NTB-VPg 

protein (cNTB-VPg) is expressed in vitro in the presence of canine microsomal membranes 

(ER-enriched membranes) (12). The putative cleavage site is between the first C-terminal 

transmembrane domain and the NTB-VPg junction based on the size of the N-terminal and 

the C-terminal cleavage products (12) (Fig. 1.8B). The exact cleavage site and the biological 

function of this cleavage are still unknown. The cleavage may influence the conformation of 

the protein, the architecture of the replication complex and/or the rate of virus replication. 

Interestingly, a signal peptidase cleavage site was also predicted in the C-terminal region of 

NTB from other nepoviruses, such as TBRV, GFLV and grapevine chrome mosaic virus 

using the SignalP program (a software that is designed to predict signal peptidase cleavage) 

(12), indicating that this membrane-associated cleavage might be conserved among 

nepoviruses. 
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Figure 1.8: Topological models of ToRSV X2 and NTB-VPg protein. A. Topology of X2 

and NTB-VPg. (1) Topology of X2 monomers with the amphipathic helix shown in yellow and 

the transmembrane helices shown in blue. (2) Topology of X2 oligomer. Only two molecules are 

shown in the figure for simplicity, however, at least four molecules would be required to form an 

aqueous pore (3) Dominant topology of NTB-VPg monomers. Luminal orientation of the VPg 

results in its glycosylation (shown with the red circle). (4) Alternative topology of NTB-VPg. 

Absence of glycosylation in the cytosolic oriented VPg domain is depicted by the empty circle. 

(5) Topology of the NTB-VPg oligomers. As for X2, only two molecules are shown. B. Signal 

peptidase processing of NTB-VPg in the luminal side of the ER membrane. This cleavage is 

inefficient and both uncleaved and cleaved proteins are detected in vitro. See text for more 

details. Adapted with permission from (Sanfacon H. 2013. Investigating the role of viral 

integral membrane proteins in promoting the assembly of nepovirus and comovirus 

replication factories. Frontiers in Plant Science 3:313.). Crown copyright (2013). 
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1.6.3.2 Polymerase and VPg 

Two forms of polymerase are detected in ToRSV infected plants: the mature Pol is detected 

in low amounts if at all,  indicating the instability of the protein, whereas a truncated 

polyprotein VPg-Pro-Pol′ is a stable intermediate that accumulates in plants (13). Whether 

one or both forms of the polymerase catalyze genome replication still needs to be 

investigated. It is also possible that the two forms of the polymerase play different roles in 

virus replication, or function at different stages of the genome replication. As mentioned 

previously, a sub-population of VPg-Pro-Pol′ is peripherally associated with ER-derived 

membranes in ToRSV infected plants (13). The fact that the VPg, Pro and Pol mature 

proteins are soluble when expressed individually suggests that the VPg-Pro-Pol′ is probably 

directed to the ER through direct or indirect interaction with viral membrane proteins (13). 

Another possibility is that the VPg-Pro-Pol′ is targeted to membranes as a polyprotein that 

contains the NTB and /or X2 domain and is released from the polyprotein after membrane 

association. Active viral replication was detected in membrane fractions that are rich in viral 

membrane proteins (11).  

 

Similar to picornaviruses, the replication of ToRSV genomic RNA is likely primed by 

uridylylated VPg (254). In comoviruses, the VPg-Pro-Pol polyprotein acts as a VPg donor in 

vivo (259). For ToRSV, two polyproteins (NTB-VPg and VPg-Pro-Pol′) that contain the VPg 

domain are detected in infected plants (13). For NTB-VPg, the predominant topology 

predicted implies that the VPg is translocated into the ER lumen (Fig. 1.8), in addition, NTB-

VPg is not cleaved in trans by the protease. Therefore it is unlikely to act as a donor for the 

VPg primer, since the replication takes place on the cytosolic side of the ER membrane. The 
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VPg is also present in the form of VPg-Pro-Pol′. This polyprotein is present in the cytosol or 

is peripherally located on the cytosolic side of the ER membrane (13), and likely acts as 

donor of VPg primer during virus replication.   

 

1.6.4 ToRSV isolates 

Several ToRSV isolates from different geographical areas and host plants have been 

reported. The Rasp2 isolate is a raspberry isolate from the Lower Mainland in B.C. Canada. 

The Rasp1 isolate is also originally from raspberries, cultivated in Washington State. The 

PYB isolate (peach yellow bud) is originally from infected peach orchards in California, 

whereas the GYV isolate (grape yellow vein) is a mild isolate that was discovered in 

California. Symptom and virulence varies among the isolates. At lower temperature (21°C), 

Rasp1 infected N. benthamiana plants show systemic necrosis leading to death at about 20 

days. However, at a higher temperature (27 °C), the newly emerged upper leaves are 

symptom free and plants recover from infection due to active RNA silencing at this 

temperature (260). GYV is a mild isolate and plants recover from infection at both 21°C and 

27 °C. At the time this thesis was initiated, the entire genome sequence was only available 

for the Rasp2 isolate (248, 249). 

 

1.7 Thesis objectives  

The molecular biology of the ToRSV has been well studied in the last decade. The genome 

organization, polyprotein processing and subcellular localization of viral proteins have been 

characterized (254). Viral-encoded membrane anchor proteins have been identified and a 

putative signal peptidase cleavage has been detected in the C-terminal region of NTB-VPg 

from the Rasp2 isolate. (12, 140, 257, 258). However, the molecular mechanisms of virus 
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replication and the biological function of the putative signal peptidase cleavage of the 

membrane anchor protein are unknown. In addition, the function of various forms of ToRSV 

polymerase and their relative stability are still not well understood. My starting hypotheses 

were as follows: (1) Signal peptidase cleavage in the viral encoded membrane protein is 

likely a highly regulated processing event that may result in changes in the architecture and 

stability of replication complexes and could affect the viral replication rate. (2) Regulating 

the stability and activity of polymerase is a sophisticated way for viruses to modulate their 

replication and prevent catastrophic damage to their hosts. The overall goal of this thesis was 

to investigate the stability of various forms of viral replication proteins and their role in virus 

replication. The specific objectives of this thesis were as follows: 

(1) Determine the sequence of replication proteins from different ToRSV isolates (see 

Chapter 2). 

(2) Examine the specificity of signal peptidase cleavage in the NTB-VPg protein of various 

ToRSV isolates and map the cleavage site (see Chapter 2). 

(3) Investigate the stability of the various forms of the polymerase (Pol and VPg-Pro-Pol') 

(see Chapter 3) 

(4) Identify the active form of the ToRSV polymerase (see Chapter 4) 
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Chapter 2 

Membrane-associated glycosylation and signal peptidase processing of 

the cNTB-VPg protein of ToRSV 

2.1. Introduction 

The ToRSV NTB and the NTB-VPg polyprotein are integral membrane proteins associated 

with the ER-bound replication complexes (11). N-linked glycosylation and signal peptidase 

processing of an N-terminally truncated version of the NTB-VPg (cNTB-VPg, cNV) protein 

derived from the Rasp2 isolate have been observed in vitro in the presence of canine 

microsomal membranes but were not well characterized (12). In this current study, I 

investigated in vitro membrane-associated modification and processing of the cNV truncated 

protein derived from different ToRSV isolates. I also used a smaller fragment of cNV that is 

truncated in the N-terminal region (cNV2) to examine membrane-associated modifications in 

vivo. N-linked glycosylation and signal peptidase cleavage were detected for the Rasp2, PYB 

and GYV isolates, but not for the Rasp1 isolate. Inhibitor treatment confirmed the signal 

peptidase processing. Mutational analysis allowed identification of the putative signal 

peptidase cleavage site. Amino acid residues that influence the efficiency of this cleavage 

were also identified. The potential biological significance of these modifications is discussed. 

 

2.2. Materials and methods 

2.2.1 Sequencing of ToRSV NTB-VPg 

The NTB-VPg region of the Rasp1 and GYV isolates were sequenced as described (250). 

The nucleotide sequences were deposited into the GenBank under accession numbers  

KM083894 and KM083892, respectively. 
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2.2.2 Computer-based analysis of NTB-VPg 

NTB-VPg from different ToRSV isolates was analyzed by computer-based software. 

Multiple sequence alignment was performed using the online ClustalW2 software. Prediction 

of transmembrane domains and N-linked glycosylation were performed using the HMMTOP 

software (261) and the NetNGlyc 1.0 Server, respectively. Secondary structure prediction of 

cNV was performed using softwares DSC (262), MLRC (263) and PHD (264). The NTB-

VPg sequences used in this chapter can be found under the following GenBank accession 

numbers: Rasp1 (KM083894), Rasp2 (NC_003840), PYB (KM083890) and GYV 

(KM083892). 

 

2.2.3 Plasmid constructions 

The plasmids pCITE-cNV, pCITE-cNV (T610-A) and pCITE-cNV (ΔTM3) derived from the 

Rasp2 isolate have been described previously (12). The corresponding cNV fragment from 

the GYV and PYB isolates were amplified using oligos ToRSV295 and ToRSV300, 

ToRSV345 and ToRSV346, respectively (Table 2.1). The PCR products were digested with 

BamHI and inserted into the BamHI site of pCITE-4a (+) (Novagen) for in vitro expression. 

The Rasp1 cNV fragment was amplified using oligos ToRSV302 and ToRSV307 and the 

amplified fragment was digested with BglII and inserted into the BamHI site of pCITE-4a 

(+). 

 

The cNV2 fragments (Fig. 2.1) from different ToRSV isolates were cloned into pBIN (+) for 

expression in N. benthamiana. The above cNV constructs were used as templates for PCR 

amplification. The cNV2 fragments of Rasp2, GYV and Rasp1 were amplified using primers 

http://www.google.ca/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=2&cad=rja&uact=8&ved=0CCYQFjAB&url=http%3A%2F%2Fwww.enzim.hu%2Fhmmtop%2F&ei=yP-6VOKNF-XvmAXv2YL4Dg&usg=AFQjCNGungcfTK-0CI7CjwQaHVITqtIgNw&sig2=yVON3E7KThqeh2F-NKIqQg&bvm=bv.83829542,d.dGY
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ToRSV320 and ToRSV318, ToRSV352 and ToRSV353, ToRSV315 and ToRSV319, 

respectively. An N-terminal Flag tag and a C-terminal HA tag were fused in frame to the 

cNV2 fragments to allow easier detection of full-length and the modified proteins. All 

fragments were digested with NcoI and XbaI and subsequently inserted into the 

corresponding sites of the intermediate vector pBBI525 (265). For Rasp2 and GYV, the 

cassettes including the duplicated 35S promoter, cNV2 sequence and the NOS terminator 

were digested with EcoRI and HindIII and inserted into the corresponding sites of pBIN (+). 

For Rasp1, EcoRI and XhoI sites were used to digest the fragment from the intermediate 

vector and then were cloned into pBIN (+). FLAG-cNV2-HA constructs were also digested 

with NcoI and BamHI from the pBBI525 vector and transferred into pCITE-4a (+) for 

expression in vitro. All constructs were confirmed by sequencing the entire inserted region.  

Table 2.1 Primers used in cNTB-VPg plasmid constructions 
Primer name             Sequence of the Primer                                                                        

ToRSV295R           5’-TCTCGGGGATCCTACTGTACAGATTGTGGGCGGAAAACGCGTG-3’ 

ToRSV300F            5’-TGCGTTGGATCCGAATTAAGTGCTGAGTTGTTGCTGC-3’                     

ToRSV302R           5’-TCTCGGAGATCTACTGTACAGATTGCGGCCTGAAAACGCGAG-3’     

ToRSV307F            5’-TGCGTTAGATCTGAGATGAGTGCTGAGTTATTGCTTAGG-3’               

ToRSV315F            5’-CTAGTTCCATGGACTACAAGGACGATGATGACAAG                          

                                      GAAGCCCTTTCAAAGGATTCCTTGGAG-3’ 

ToRSV318R            5’-TGCTTTCTAGATTAGGCATAGTCAGGAACATCGTATGGGTA           

                                      CTGTACAGATTGTGGGCGGA-3’ 

ToRSV319R            5’-TGCTTTCTAGATTAGGCATAGTCAGGAACATCGTATGGGTACTG   

                                      TACAGATTGCGGCCTGA-3’ 

ToRSV320F            5’-CTAGTTCCATGGACTACAAGGACGATGATGACAAGGAGGTTTT    

                                     ATCTAAGGACTCCCTCGAG-3’ 

ToRSV345F            5’-TGCGTTGGATCCGAACTTAGTGCCGAGCTCA-3’ 

ToRSV346R            5’-TCTCGGGATCCTACTGCACAGACTGAGGCCT-3’ 

ToRSV352F            5’-CTAGTTCCATGGACTACAAGGACGATGATGACAAGGAAGCTCTT 

                                     TCCAAGGAATCTTTG-3’ 

ToRSV353R           5’-TGCTTTCTAGATTAGGCATAGTCAGGAACATCGTATGGGTACTGC 

                                     ACAGACTGAGGCCT-3’ 
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The restriction enzyme sites in primers are underlined, the start codon and the stop codon are 

shown in red. The nucleotide sequences of the Flag and HA tags are shown in bold.  

 

2.2.4 Site-directed mutagenesis 

A series of mutations were performed according to the protocol of QuickChange II-E Site-

Directed Mutagenesis (Stratagene, La Jolla, Ca, USA.). Complementary primers that contain 

the desired mutations were designed. The wild type Rasp2 pCITE-cNV and Rasp1 pCITE-

cNV were used as templates for initial mutations. The Rasp1 pCITE-cNV (A608-T) was used 

as template for introducing double mutations to the Rasp1 construct. All constructs were 

verified by sequencing to make sure that there are no unintended site mutations. Primers used 

for mutagenesis were PAGE purified and the sequences of the primers are listed in Table 2.2. 

 

2.2.5 In vitro translation assays  

In vitro transcription and translation assays were performed in the presence or in the absence 

of canine pancreas microsomal membranes (Promega) as previously described (12).  

 

2.2.6 Agroinfiltration of N. benthamiana plants 

The pBIN (+) constructs containing wild type cNV2 and glycosylation site mutants were 

transformed into Agrobacterium tumefaciens LBA4404. Agroinfiltration of N. benthamiana 

plants was conducted as previously described (257). Samples were collected 3 days post-

agroinfiltration (dpa) for protein extraction.   
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Table 2.2 Primers used for mutagenesis of cNTB-VPg 

Primer name                  Sequence of the Primer                                                                        

P108F (Rasp2 K567-T)                     5’- CTTTGGGTCTGCTTGTATAACGTTGATGCAGGCCATTTTTTGTG-3’ 

P109R (Rasp2 K567-T)                     5’- CACAAAAAATGGCCTGCATCAACGTTATACAAGCAGACCCAAAG-3’ 

P110F (Rasp2 L568-A)                     5’- GGGTCTGCTTGTATAAAGGCGATGCAGGCCATTTTTTGTGG-3’ 

P111R (Rasp2 L568-A)                     5’-CCACAAAAAATGGCCTGCATCGCCTTTATACAAGCAGACCC -3’ 

P112F (Rasp2 Q570-R)                     5’-GCTTGTATAAAGTTGATGCGGGCCATTTTTTGTGGTGCC-3’ 

P113R (Rasp2 Q570-R)                     5’-GGCACCACAAAAAATGGCCCGCATCAACTTTATACAAGC-3’ 

P114F (Rasp2 G578-A)                     5’-TTTTTTGTGGTGCCGCAGCTGGTACTGTCAGTATGGCTG -3’ 

P115R (Rasp2 G578-A)                    5’-CAGCCATACTGACAGTACCAGCTGCGGCACCACAAAAAA -3’ 

P116F (Rasp2 ΔTV580-581)               5’-GTGGTGCCGCAGGTGGTA--GTATGGCTGCTGTCGGG-3’ 

P117R (Rasp2 ΔTV580-581)               5’-CCCGACAGCAGCCATAC--TACCACCTGCGGCACCAC -3’ 

P120F (Rasp2 I572-V)                      5’-GTATAAAGTTGATGCAGGCCGTTTTTTGTGGTGCCGCAGG-3’ 

P121R (Rasp2 I572-V)                      5’-CCTGCGGCACCACAAAAAACGGCCTGCATCAACTTTATAC-3’ 

P122F (Rasp2 A576-S)                     5’-GCAGGCCATTTTTTGTGGTTCCGCAGGTGGTACTGTCAGTA-3’                                                    

P123R (Rasp2 A576-S)                     5’-TACTGACAGTACCACCTGCGGAACCACAAAAAATGGCCTGC-3’  

P124F [Rasp2 A576-S (G578-A)]       5’-GCAGGCCATTTTTTGTGGTTCCGCAGCTGGTACTGTCAG -3’ 

P125R [Rasp2 A576-S (G578-A)]      5’-CTGACAGTACCAGCTGCGGAACCACAAAAAATGGCCTGC-3’                     

P126F (Rasp2 M583-A)                    5’-CGCAGGTGGTACTGTCAGTGCGGCTGCTGTCGGGAAAATG -3’ 

P127R (Rasp2 M583-A)                    5’-CATTTTCCCGACAGCAGCCGCACTGACAGTACCACCTGCG -3’ 

P128F (Rasp2 A584-V)                     5’-CAGGTGGTACTGTCAGTATGGTTGCTGTCGGGAAAATGACCG -3’                                                                                   

P129R (Rasp2 A584-V)                    5’-CGGTCATTTTCCCGACAGCAACCATACTGACAGTACCACCTG -3’   

P75F (Rasp1 A608-T)                        5’-TAATGCTCGTAACATGACACGCGTTTTCAGGCCGC-3’ 

P76R (Rasp1 A608-T)                       5’-GCGGCCTGAAAACGCGTGTCATGTTACGAGCATTA-3’ 

P134F (Rasp1 R570-Q)                     5’-GTGCGTGTGTTACTGCAATGCAGGCAGTTTTCTGTGGCTCTGC-3’ 

P135R (Rasp1 R570-Q)                     5’-GCAGAGCCACAGAAAACTGCCTGCATTGCAGTAACACACGCAC-3’ 

P136F (Rasp1 +TV580-581)               5’-GTGGCTCTGCTGCAGGAACTGTCAGTGCAGTCGCTGTCGG-3’ 

P137R (Rasp1 +TV580-581)               5’-CCGACAGCGACTGCACTGACAGTTCCTGCAGCAGAGCCAC -3’                                     

P138F  (Rasp1 S576-A)                    5’-GCGTGCAGTTTTCTGTGGCGCTGCTGCAGGAAGTGCAG-3’ 

P139R (Rasp1 S576-A)                    5’-CTGCACTTCCTGCAGCAGCGCCACAGAAAACTGCACGC-3’ 
 
Nucleotides that encode the mutated amino acids are underlined.  
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2.2.7 Protein extraction and western blot 

Protein extraction and western blot analyses were performed as described (11). Monoclonal  

ANTI-FLAG® M2 antibody (Sigma-Aldrich) and monoclonal Anti-HA−Peroxidase 

antibody (Sigma-Aldrich)  were used as described by the manufacturer. 

 

2.2.8 Inhibitor treatment 

1.2 mM signal peptidase inhibitor (MeOSuc-Ala-Ala-Pro-Val chloromethyl ketone; Sigma) 

was added to the in vitro transcription and translation assay in the presence of microsomal 

membranes. Reactions were stopped at two hours and four hours by adding 2 × protein 

loading buffer. Cycloheximide treatment (30 ug/ul) of agroinfiltrated leaves was performed 

as previously described (266). Samples were collected two hours after treatment and used for 

protein analysis. 

 

2.2.9 Virus-induced gene silencing (VIGS) of N. benthamiana signal peptidase 

A 356 bp fragment of N. benthamiana signal peptidase catalytic subunit was amplified by 

RT-PCR with primers VIGSSPase-1 (5’-CTATGGATCCAAGTATGGAACCTGGC - 3’, 

corresponds to nts 238-256 of Solanum lycopersicum signal peptidase complex catalytic 

subunit, XM_004251517) and VIGSSPase-2 (5’-CTATGAATTCCCAACAATCCCAGCGC 

ACC-3’, corresponds to nts 595-577 of Solanum lycopersicum, XM_004251517). The 

internal BamH1 site was mutated using primers VIGSSPase-3 (5’-CATATGAGTAAGGCT 

CCTATTCGTGCAG-3’) and VIGSSPase-4 (5’-CTGCACGAATAGGAGCCTTACTCAT 

ATG-3’). The fragment was digested with EcoR1 and BamH1 and inserted into the tobacco 

rattle virus vector TRV:00 that corresponds to TRV RNA2 (267). The construct TRV-SPase 

http://www.sigmaaldrich.com/catalog/product/sigma/h6533
http://www.sigmaaldrich.com/catalog/product/sigma/h6533
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was confirmed by sequencing, and the plasmid was transformed into A. tumefaciens strain 

GV3101 for expression in N. benthamiana plants in combination with TRV RNA1 construct 

pBINTRA6 (267). 

 

2.3 Results 

2.3.1 Sequence alignment of NTB-VPg from different ToRSV isolates 

The NTB-VPg region of ToRSV Rasp1 and GYV isolates was sequenced and the deduced 

amino acid sequences were aligned with available sequences from the Rasp2 and PYB 

isolates using the online ClustalW2 software. Transmembrane domains and N-linked 

glycosylation sites were predicted as described in Materials and Methods. NTB binding 

motifs, which are thought to play an important role in the helicase activity, were identical 

among all isolates (Fig. 2.1). Three membrane association domains have been identified in 

the ToRSV NTB regions (11, 12, 257). The N-terminal putative amphipathic helix (TM1) 

was strongly conserved among all isolates. The strongly predicted C-terminal hydrophobic 

domain (TM2) was also relatively conserved except for an I558 to V (the number indicates 

the amino acid position in the NTB-VPg polyprotein with 1 being the first amino acid of the 

NTB domain) substitution in the PYB isolate and an F561 to L substitution in the Rasp1 

isolate. These mutations are not predicted to change the overall topology of this 

transmembrane domain. In contrast, the downstream region of Rasp1 NTB-VPg exhibited 

remarkable differences when compared to other isolates. I566 to V, K567 to T and L568 to A 

substitutions were observed. In addition, several mutations (G578-A, M583-A and A584-V) and 

deletions (ΔTV580-581) in the weakly predicted C-terminal hydrophobic domain (TM3) of 

Rasp1 decreased the hydrophobicity of this domain and as a result, it was not predicted as a 
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transmembrane domain anymore (Fig. 2.1). The N-linked glycosylation site (NMT) in the 

VPg region was conserved in the Rasp2, PYB and GYV isolates, but was replaced by NMA 

in the Rasp1 isolate, which is not predicted as an N-glycosylation site. In summary, a number 

of amino acid substitutions were observed in the C-terminal region of Rasp1 cNTB-VPg, 

which may alter the conformation of NTB-VPg in the membrane and influence the 

membrane-associated modifications of the protein.  
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                                                                                           Putative amphipathic helix (TM1) 
Rasp2           GLTDVFGVPLSIMNAIGDGLVHHSLDTLTLMGKFGAAMDNVRKGITCMRSFVSWLMEHLA 60 
PYB             GLTDVFGVPLSIMNAIGDGLVHHSLDTLTLMGKFGAAMDNVRKGITCMRSFVSWLMEHLA 60 
Rasp1           GLTDVFGVPLSIMNALGDGLVHHSLDTLQLMGKFGAAMDNVRKGITCMRSFVSWLMEHLA 60 
GYV             GINDVFGVPLSIMNALGDGLVHHSLDTLQMMGKFGAAMDNVRKGITCMRSFVSWLMEHLA 60 
                *:.************:************ :****************************** 
 
Rasp2           LALDKITGKRTSFFRELATLINFDVEKWVRDSQQYLLAAEIYVDGDTVVMDTCRHLLDKG 120 
PYB             LALDKITGKRTSFFRELATLINFDVEKWVRDSQQYLLAAEIYVDGDTVVMDTCRHLLDKG 120 
Rasp1           LALDKITGKRTAFFRELATLINFDVEKWVRDSQQYLLAAEIYVDGDTVVMDTCRHLLDKG 120 
GYV             LALDKITGKRTAFFRELATLINFDVEKWVRDSQQYLLTAEIYADGDAIIMDTCRHLLDKG 120 
                ***********:*************************:****.***:::*********** 
                                                                 
                                                            NTB-binding motifs 
Rasp2           LKLQRMMVSAKSGCSFNYGRLVGDLVKRLSDLHKRYCASGRRVHYRLAPFWVYLYGGPRC 180 
PYB             LKLQRMMVSSKSGCSFNYGRLVGDLVKRLSDLHKRYCASGRRVHYRLAPFWVYLYGGPRC 180 
Rasp1           LKLQRMMVSSKSGTSFNYGRLVGDLVKRLSDLHKRYCASGRRVHYRLAPYWVYLYGGPRC 180 
GYV             TKLQRMMVSSKSGTSFNYVRLVSDLVKRLGDLHKRYQVTGRRVHYRLAPFWVYLYGGPGC 180 
                 ********:*** **** ***.******.****** .:**********:******** * 
 
Rasp2           GKSLFAQSFMNAAVDFMGTTVDNCYFKNARDDFWSGYRQEAICCVDDLSSCETQPSIESE 240 
PYB             GKSLFAQSFMNAAVDFMGTTVDNCYFKNARDDFWSGYRQEAICCVDDLSSCETQPSIESE 240 
Rasp1           GKSLFAQSFMNTAVDFMGTTTDNCYFKNARDDFWSGYRQEAICCVDDLSSCETQPSIESE 240 
GYV             GKSIFAQSFMNAAVDFMGTTVDNCYFKNARDDFWSGYRQEAICCVDDLSACETQPSIESE 240 
                ***:*******:********.****************************:********** 
 
Rasp2           FIQLITTMRYGLNMAGVEEKGASFDSKMVITTSNFFTAPTTAKIASKAAYNDRRHACILV 300 
PYB             FIQLITTMRYGLNMAGVEEKGASFDSKMVITTSNFFTAPTTAKIASKAAYNDRRHACILV 300 
Rasp1           FIQLITTMRYGLNMAGVEEKGAQFNSKMVITTSNFFTAPTTAKIADKAAYNHRRHACVLV 300 
GYV             FIQLITTMRYGLNMAGVEEKGAQFDSKMVITTSNFFTAPTTAKIADMSAYNRRRHACVLV 300 
                **********************.*:********************. :*** *****:** 
  
                                                     ↓Start of cNTB-VPg (cNV) 
Rasp2           QRKEGVAYNPSDPAAAAEAMFVDSTTQHPLSEWMSMQELSAELLLRYQQHREAQHAEYSY 360 
PYB             QRKEGVVYNPSDPAASAEAMFVDSTTQHPLSEWMSMQELSAELLLRYQQHREAQHAEYSY 360 
Rasp1           QRKEGVKYDPSNPAAAAEAMFVDNETQHPLSEWMNMQEMSAELLLRYQQHRETQHAEYSY 360 
GYV             QKKKGVEYDPSNPSAAAEAMFVDSHTQHPLSEWMSMSELSAELILKYQQHREKQYAEYKY 360 
                *:*:** *:**:*:*:*******. *********.*.*:****:*:****** *:***.* 
 
Rasp2           WKSTSRTSHDVFDILQKCVNGDTQWLSLPVDVIPPSIRQKHKGNRVFAIDGRIFMFDYMT 420 
PYB             WKSTSRTSHDVFDILQKCVNGDTQWLSLPVDVIPPSIRQKHKGNRVFAIDGRIFMFDYMT 420 
Rasp1           WKSTSRSSHDVFDILQKCVDGDVHWLSLPIDVIPPTIRLKYKGNRVFAIDGRTFIFDYMT 420 
GYV             WKSTTCVSHDVFDILRKCVDGDTSWLSLPVDVIPPSIRQKYKGNRVFAIDGRLFIFDYLT 420 
                ****:  ********:***:**. *****:*****:** *:*********** *:***:* 
 
Rasp2           LEYDEIKEKENLDARHLEARILEKYGDTRLLLEKWGANGVVAQFIEQLLEGPSNVASLEV 480 
PYB             LEYDEIKEKENLDARHLEARILEKYGDTRLLLEKWGANGVVAQFIEQLLEGPSNVASLEV 480 
Rasp1           LECEEIKEKSEIDARHLESRILEKYGDTRLLLEKWGANGVVAQFIEQLVEGPSNVASMEA 480 
GYV             LECEEVFERENLDVRHLESRILEKYGDTRLLLEKWGANGIVAQFIEQLVEGPSNVTSMEA 480 
                ** :*: *:.::*.****:********************:********:******:*:*. 
 
                      ↓ start of cNV2 constructs                                
Rasp2           LSKDSLESHKEFFSTLGLIERATLRAVQKKIDAAREDLMHLSGLKPGRSLTELFVEAYDW 540 
PYB             LSKDSLESHKEFFSTLGLIERATLRAVQKKIDAAREDLMHLSGLKPGRSLTELFVEAYDW 540 
Rasp1           LSKDSLESHKEFFSTLGLIERATLRAVQKKIDSAREDLSSFAGLKPGRSLAELFVEAYDW 540 
GYV             LSKESLASHKEFFSTLGVIERATLRAVQKKIDIAREDLSSFSGIKPGRSLAELFVEAYDW 540 
                ***:** **********:************** *****  ::*:******:********* 
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                       Strong TMD (TM2)              Weakly predicted TMD (TM3)   ↓start of VPg  
Rasp2           VYANGGKLLLVLAAVILILFFGSACIKLMQAIFCGAAGGTVSMAAVGKMTVQ STIPSGS 599 
PYB             VYANGGKLLLVLAAVILVLFFGSACIKLMQAIFCGAAGGTVSMAAVGKMTVQ STIPSGS 599 
Rasp1           TYNHGGKLLLVLAAVILILFLGSACVTAMRAVFCGSAAG--SAVAVGRMTVQ STIPSGS 597 
GYV             TYAHGGKLLLVLAAVILILFFGSACVKLMQSLFAGATGGTVCMATVGKLSVQ STIPSGS 599 
                .* :*************:**:****:. *:::*.*::.*  . .:**:::** ******** 

 
                                        N-glycosylation site                    
Rasp2           YADVYNARNMTRVFRPQSVQ 619 
PYB             YADVYNARNMTRVFRPQSVQ 619 
Rasp1           YADVYNARNMARVFRPQSVQ 617 
GYV             YADVYNARNMTRVFRPQSVQ 619 
                **********:*********                

 

Figure 2.1: Amino acid alignment of NTB-VPg from different ToRSV isolates. Starting 

amino acids for cNV and cNV2 fragments are indicated with arrows. An asterisk ( * ) 

indicates positions which have a fully conserved residue. A colon ( : ) indicates conservation 

between groups of strongly similar properties. A period ( . ) indicates conservation between 

groups of weakly similar properties 
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2.3.2 In vitro membrane association of cNTB-VPg constructs: evidence for glycosylation 

and signal peptidase cleavage in the Rasp2, PYB and GYV isolates, but not in the 

Rasp1 isolate 

The coding regions of the truncated cNTB-VPg protein (cNV) (Fig. 2.1) of different ToRSV 

isolates were cloned into pCITE-4a (+) and expressed in a coupled transcription and 

translation system. The presence of [35S] methionine in the reactions allowed detection of the 

translation products by autoradiography. The cNV of all ToRSV isolates were expressed 

with an expected molecular weight of 34.7 kDa (Fig. 2.2). A protein with slower mobility 

(about 3 kDa larger) was detected for the wild type (WT) PYB, GYV and Rasp2 constructs 

in the presence of dog pancreas canine microsomal membrane (a commercial preparation of 

ER-derived membranes) (Fig. 2.2). However, this band was not detected when a T610 to A 

(T610-A) mutation was introduced in the naturally occurring NMT glycosylation site in the 

Rasp2 cNV construct ((12) and data not shown), indicating that it is a glycosylated form of 

cNV. The N-linked glycosylation, which occurs on the luminal side of the ER, is commonly 

used as a convenient marker of luminal orientation of the proteins (56). Detection of the 

glycosylated form of cNV indicated that the protein is associated with membranes in vitro 

and that the VPg region is translocated into the ER lumen by the upstream transmembrane 

domain TM2 located in the NTB region. It was noted that cNV was only partly glycosylated, 

probably due to the limiting amounts of membranes in the reactions. A glycosylated band 

was not detected for the Rasp1 cNV protein but was observed for an A to T (A608-T) mutant 

that introduced the NMT glycosylation site in the VPg domain. This result indicates that the 

Rasp1 cNV protein adopted a similar topology as Rasp2, PYB and GYV with the VPg 

translocated into the lumen of the membrane.  
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Smaller proteins were also detected for PYB, GYV and Rasp2 isolates in the presence of 

microsomal membranes (Fig. 2.2). The accumulation level of these small proteins increased 

over time in all PYB, GYV and Rasp2 isolates, indicating that it is a post-translational event, 

at least in vitro. Post-translational signal peptidase cleavage of Rasp2 cNV in vitro has been 

previously reported (12). Based on their size, the smaller fragments observed in PYB and 

GYV were also likely due to signal peptidase processing. In contrast, cleavage products were 

not detected in the WT Rasp1 cNV or the A608-T mutant derivative. As mentioned above, 

detection of the glycosylated form of cNV in the Rasp1 A608-T mutant confirmed that the 

protein was properly associated with membranes although no cleavage occurred. Taken 

together, the results indicate that the cNV proteins of all ToRSV isolates associate with 

microsomal membranes in vitro and that the C-terminal region of NTB and the VPg domain 

is translocated into the luminal side of the membrane, where glycosylation and signal 

peptidase cleavage occurred in the Rasp2, PYB and GYV isolates but not in the Rasp1 

isolate. 
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kDa 

         

Figure 2.2: In vitro translation of the cNV proteins from different ToRSV isolates. A. 

Schematic representation of the cNTB-VPg construct with the predicted size of the full-

length protein and membrane modified products. The arrow indicates the predicted signal 

peptidase cleavage site and Y represents the predicted glycosylation site. B. The cNV 

proteins of different ToRSV isolates were expressed in vitro in the presence (+) or absence 

 (-) of canine microsomal membrane (MM). Reactions were performed at room temperature 

for two or four hours (hrs) as indicated. Translation products and membrane-associated 

modified products were separated by 12% SDS-PAGE and detected by autoradiography. The 

glycosylated forms of cNV are indicated with black dots ( ) and the signal peptidase cleavage 

products are shown with black triangles ( ). The unglycosylated full-length (FL) proteins are 

indicated with the arrow.  

  

    Rasp2                         Rasp1 
       WT                   WT                 A608-T 
-     -     +    +    -     -    +    +    -    -     +    +   MM 
2    4     2    4    2    4    2    4    2    4    2    4    hrs 

   Rasp2         PYB         GYV    
 -     +    +     -    +    +    -    +    +   
 4     2    4    4    2     4    4    2    4 

FL 

cNTB                    VPg 
Y 

                                             
Full-length (wt):                            
Glycosylated (wt):                         
Cleaved (wt):     
                                                 
                        
                                               

Calculated size                                          
34.7 kDa                                               
37.7 kDa                                                
30.3 kDa                                                  
   
  

31- 

34.7 kDa 

30.3 kDa 
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2.3.3 A signal peptidase inhibitor inhibits the membrane-dependent cleavage of Rasp2 

cNTB-VPg in vitro 

To further confirm that the smaller products observed above resulted from membrane-

associated signal peptidase cleavage; a signal peptidase inhibitor (MeOSuc-Ala-Ala-Pro-Val 

chloromethyl ketone, Sigma) was added to the in vitro translation system. The WT Rasp2 

cNV and a mutant (G578-A) with increased signal peptidase cleavage (see Fig. 2.6) were used 

as substrates in this inhibitor assay. Both Rasp2 WT cNV and the G578-A mutant showed 

glycosylation and signal peptidase processing when the microsomal membranes were added 

to the reactions (Fig. 2.3). Addition of the inhibitor to the reactions at the final concentration 

of 1.2 mM resulted in reduced accumulation of the cleaved product in both constructs, 

demonstrating that the cleavage was due to the activity of membrane-associated signal 

peptidase. Interestingly, the accumulation of signal peptidase cleavage product over time in 

the G578-A mutant in the absence of the inhibitor was accompanied with a decrease in the 

amount of glycosylated protein. The accumulation level of the glycosylated protein in the 

G578-A mutant was significantly increased in the presence of the inhibitor, suggesting that 

the glycosylated form of cNV is the main substrate for the signal peptidase. However, signal 

peptidase processing of the unglycosylated Rasp2 cNV (T610-A) has also been observed 

previously (12). 

  



72 
 

 

 

 

 

 

Figure 2.3: Signal peptidase inhibitor treatment of the Rasp2 cNV and its G578-A 

mutant.  The WT Rasp2 cNV and its G578-A mutant were expressed in vitro in the presence 

(+) or absence (-) of microsomal membranes (MM). Signal peptidase inhibitor (MeOSuc-

Ala-Ala-Pro-Val chloromethyl ketone, Sigma) was added to the reactions at the final 

concentration of 1.2 mM. FL indicates the full-length unglycosylated protein. The ( ) and ( ) 

indicate the glycosylated full-length proteins and the N-terminal fragments of the signal 

peptidase cleavage products, respectively. 

  

                 WT                           G578-A            
 -     -    -     -    +    +    -    -    -    -    +   +      Inhibitor (1.2 mM) 
 -     -    +    +   +    +    -    -    +   +   +   +      MM 
 2    4    2    4   2    4    2    4   2    4   2    4      hrs 

   FL 

 

 kDa 

  31- 
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2.3.4 Complete or partial deletion of a weak hydrophobic domain (TM3) reduces the 

efficiency of signal peptidase cleavage 

Significant sequence divergence was observed in the C-terminal region of Rasp1 NTB-VPg, 

which is not a signal peptidase substrate in vitro, when compared to other isolates which are 

processed by the signal peptidase (Fig. 2.4A). The most obvious differences are several 

amino acid substitutions and a TV deletion in the TM3 domain that drastically reduces its 

hydrophobicity. Therefore, the TM3 region may influence the efficiency of the signal 

peptidase processing. As previously shown (12), a Rasp2 cNV mutant with a deletion of 

almost the entire TM3 (Rasp2 ΔTM3) was glycosylated in the presence of microsomal 

membranes, indicating that the deletion of TM3 did not prevent the membrane association of 

this protein and the translocation of the VPg in the lumen (Fig. 2.4B). However, the signal 

peptidase cleavage was significantly decreased. In addition, deletion of the two amino acids 

TV (ΔTV580-581) in the TM3 region of the Rasp2 cNV (corresponding to the normal mutation 

observed in Rasp1) reduced the efficiency of signal peptidase cleavage although it was not 

completely eliminated. These results strongly indicate that the TM3 region plays an 

important role in the signal peptidase processing. 
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A 

 

 

B 

 

 

 

Figure 2.4: In vitro translation of Rasp2 cNV and the ΔTM3 and ΔTV mutants. A. 

Amino acid sequence of the C-terminal region of the Rasp2 cNV protein and its ΔTM3 and 

ΔTV580-581 mutants. B. In vitro translation of Rasp2 WT cNV and the two mutants (ΔTM3 

and ΔTV580-581) with (+) or without (-) microsomal membranes.  

  

             TM2                                   TM3                                     N-glycosylation  
Rasp2 WT   NGGKLLLVLAAVILILFFGSACIKLMQAIFCGAAGGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

Rasp2 ΔTM3 NGGKLLLVLAAVILILFFGSACIKLMQAIFCG-----------GKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 
Rasp2 ΔTV  NGGKLLLVLAAVILILFFGSACIKLMQAIFCGAAGG--SMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

                                                                                                                                                                                 WT                ΔTM3            ΔTV580-581               
 -     -    +     +    -     -    +    +    -     -     +    +     MM 
 2    4    2     4    2    4    2    4    2    4     2    4      hrs 

FL 
 kDa 

  31- 
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2.3.5 Single mutations in the upstream N-terminal region of the TM3 domain modestly 

influence the efficiency of signal peptidase cleavage 

Several amino acid substitutions were observed immediately upstream of the TM3 region in 

the Rasp1 isolate, including a K567 to T, L568 to A, Q570 to R and I572 to V mutation (Fig. 

2.5A). To investigate whether these amino acid substitutions have an impact on the signal 

peptidase processing, individual amino acid mutations were introduced to Rasp2 cNV to 

restore the sequence of the Rasp1 protein (Fig. 2.5A). The L568-A and I572-V mutations did 

not significantly influence the efficiency of signal peptidase cleavage when compared to the 

wild type construct (Fig. 2.5B). The K567-T mutation caused a slight increase in the 

efficiency of cleavage while the Q570-R mutation slightly reduced but did not eliminate the 

signal peptidase cleavage. In conclusion, single mutations introduced into the immediate 

upstream region of TM3 of Rasp2 cNV protein generally had modest effects on the 

efficiency of signal peptidase cleavage. This does not exclude the possibility that double or 

triple mutations could have a greater impact. 
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Figure 2.5: In vitro signal peptidase processing of Rasp2 cNV and mutants at positions 

567-572. A.  Amino acid sequence of the Rasp2 cNV mutants used in the in vitro translation. 

Mutations tested in panel B are shown with arrows. B. In vitro translation of Rasp2 cNV and 

the mutants.  

  

      WT               K567-T              L568-A          Q570-R           I572-V                 
-     -    +    +   -    -    +   +   -   -    +    +     -    -   +    +    -    -   +    +       MM 
2    4    2    4   2   4    2   4   2   4   2    4     2    4   2    4    2   4   2    4       hrs 

Rasp2 WT   NGGKLLLVLAAVILILFFGSACIKLMQAIFCGAAGGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

Rasp1 WT   HGGKLLLVLAAVILILFLGSACVTAMRAVFCGSAAG—-SAVAVGRMTVQ/STIPSGSYADVYNARNMARVFRPQSVQ 

           :*************:**:****:. *:::*.*::.*  . .:**:::** *****************:********* 

                    TM2                                    TM3                                    N-glycosylation  

 Rasp2 WT     

 Rasp2 K567-T  

 Rasp2 l568-A   

 Rasp2 Q570-R   

 Rasp2 I572-V  

FL 

NGGKLLLVLAAVILILFFGSACIKLMQAIFCGAAGGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

NGGKLLLVLAAVILILFFGSACITLMQAIFCGAAGGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

NGGKLLLVLAAVILILFFGSACIKAMQAIFCGAAAGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

NGGKLLLVLAAVILILFFGSACIKLMRAIFCGAAGGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

NGGKLLLVLAAVILILFFGSACIKLMQAVFCGAAGGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

 kDa 

  31- 
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2.3.6 Evidence that the sequence AAA corresponds to an optimal signal peptidase 

cleavage site in vitro 

The above results indicated that the TM3 region is critical for signal peptidase processing 

(Fig. 2.4). A new series of single and double amino acid mutations were introduced at 

positions 576-583 into the Rasp2 cNV to restore the sequence of Rasp1 (Fig. 2.6A). The 

signal peptidase cleavage efficiency of these mutants was examined. M583 to A (M583-A) and 

G578 to A (G578-A) mutations dramatically increased the efficiency of signal peptidase 

processing. In both cases, the mutations resulted in the introduction of an AAA sequence, 

which was not present in the wild type Rasp2 or Rasp1 cNV sequence. Preference of A at the 

-3 and -1 position of signal peptidase cleavage site has been previously observed in both 

prokaryotic and eukaryotic cells (57). Based on the similar size of the cleaved products in the 

WT cNV and G578-A mutant, it was likely that the GAAGG sequence in the wild type Rasp2 

protein corresponded to the original signal peptidase cleavage site. Typical signal peptidase 

cleavage site generally follow the -3,-1 rule (with a preference of small amino acids such as 

A and G at the -3 and -1 position relative to the cleavage site) (40). Therefore, the GAA, 

AAG or AGG sequence may have been recognized in the WT constructs. Edman degradation 

sequencing of cleaved products would be necessary to determine the exact cleavage site but 

is technically challenging due to the low amounts and small size (8.6 kDa if glycosylated) of 

the C-terminal cleavage products. Introducing a less favorable amino acid residue S (A576-S 

mutant) to create the GSAGG sequence eliminated the signal peptidase cleavage completely. 

A Rasp2 cNV double mutant that contained an A576-S and G578-A mutation (A576-S+G578-A 

mutant) created a GSAAG sequence that was cleaved by signal peptidase although 

inefficiently. Interestingly, two cleavage products were detected in the M578-A mutant. The 
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smaller product was likely due to the cleavage at the original GAAGG sequence while the 

larger product may result from cleavage at the newly introduced AAA sequence further 

downstream (Fig. 2.6 A). The A to V (A584-V) mutant did not seem to influence the signal 

peptidase processing. The entire series of mutations were also introduced into the smaller 

Rasp2 cNV2 truncated protein (Fig. 2.1). The same trend of results was obtained upon 

expression of the wild type and mutant cNV2 in vitro in the presence of microsomal 

membrane (data not shown). Taken together, these results indicate that the GAAGG 

sequence in the wild type Rasp2 cNV is recognized and cleaved by the signal peptidase in 

vitro. The putative -3, -1 position of the cleavage site as well as flanking amino acids can 

influence the efficiency of the signal peptidase cleavage.  
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A 

Rasp2 WT     NGGKLLLVLAAVILILFFGSACIKLMQAIFCGAAGGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

Rasp1 WT     HGGKLLLVLAAVILILFLGSACVTAMRAVFCGSAAG—-SAVAVGRMTVQ/STIPSGSYADVYNARNMARVFRPQSVQ 

Putative cleavage site 
Rasp2 WT     NGGKLLLVLAAVILILFFGSACIKLMQAIFCGAAGGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

Rasp2 A576-S  NGGKLLLVLAAVILILFFGSACIKLMQAIFCGSAGGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

Rasp2 G578-A  NGGKLLLVLAAVILILFFGSACIKLMQAIFCGAAAGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ    

Rasp2 A576-S  NGGKLLLVLAAVILILFFGSACIKLMQAIFCGSAAGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ     
     +G578-A   
Rasp2 M583-A  NGGKLLLVLAAVILILFFGSACIKLMQAIFCGAAGGTVSAAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 

Rasp2 A584-V  NGGKLLLVLAAVILILFFGSACIKLMQAIFCGAAGGTVSMVAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ     
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Rasp2 WT G A A G G 

Rasp2 A576-S G S A G G 

Rasp2 G578-A G A A A G 

Rasp2 G578-A+A576-S G S A A G 

 

Figure 2.6: In vitro signal peptidase processing of Rasp2 cNV and mutants at positions 

576-583. A. Amino acid sequence of the Rasp2 cNV mutants. The approximate deduced 

location of the signal peptidase cleavage sites are shown in green with the darkness of the 

    N-glycosylation  

                                  WT                  A576-S             G578-A       A576-S + G578-A             
                           -     -    +    +    -    -     +    +    -   -      +   +    -    -    +    +    MM 
                           2    4    2    4    2   4     2    4    2   4     2    4   2    4    2    4    hrs     

M
58

3-
A

 
A

58
4-

V
 

W
T 

 
-     +    +    +     MM (4 hrs) 

     M583-A            A584-V           
 -    -    +    +    -     -     +    +  MM 
 2   4    2    4    2    4     2    4   hrs 

FL 

FL 
 kDa 

  31- 

 kDa 

  31- 



80 
 

green corresponding to the efficiency of signal peptidase processing. Amino acids that are 

mutated are indicated with arrow. B. In vitro translation of WT Rasp2 cNV and its mutants. 

C. Deduced signal peptidase cleavage sites of the wild type Rasp2 cNV and its mutants. 

Putative cleavage sites in each construct are indicated with arrow. 
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2.3.7 Mutations of Rasp1 cNTB-VPg to recreate the Rasp2 sequence restores signal 

peptidase cleavage 

Mutations were also introduced in the Rasp1 cNV A608-T mutant to reconstitute the Rasp2 

sequence (Fig. 2.7A). The A608-T mutation recreates the VPg N-glycosylation site, allowing 

the monitoring of membrane insertion and signal peptidase cleavage simultaneously. 

Glycosylation was detected in all Rasp1 cNV mutants in the presence of microsomal 

membranes, confirming membrane association and translocation of the VPg in the membrane 

lumen (Fig. 2.7B). The R to Q (R570-Q) mutation was able to restore the signal peptidase 

cleavage, although inefficiently (Fig. 2.7). The S to A (S576-A) mutation, which created a 

favorable AAA sequence, was efficiently cleaved by the signal peptidase. The size of the 

cleaved protein was similar to that observed in the R570-Q mutant, suggesting that either the 

SAA sequence or the adjacent AAG sequence was recognized inefficiently when the Q was 

introduced. Introduction of the absent amino acids T and V (referred as +TV580-581 mutant) to 

the Rasp1 cNV (A608-T) also restored efficient signal peptidase cleavage. However, the size 

of the cleaved protein was slightly larger suggesting that the downstream AVA sequence was 

recognized as a signal peptidase cleavage site in this mutant. It is interesting to note that the 

AVA sequence was not recognized as a signal peptidase cleavage site in the absence of the 

TV residues, suggesting that other factors, possibly the conformation of the protein in the 

membrane may influence the signal peptidase cleavage.  
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Figure 2.7: In vitro translation of Rasp1 cNV (A608-T) and mutant derivatives. A. Amino 

acid sequence of the Rasp1 cNV (A608-T) and mutants (R570-Q, +TV580-581 and S576-A) that 

mimic the Rasp2 sequence, Please note that the R570-Q, +TV580-581 and S576-A mutants have 

the introduced glycosylation site (A608-T) in the VPg domain in addition to the mutations in 

the C-terminal region of the NTB domain. The deduced signal peptidase cleavage sites 

(based on the migration of the cleaved products) are shown in green, with darker color 

corresponding to higher efficiency of signal peptidase cleavage. B. Translation of Rasp1 

cNV (A608-T) and mutant derivatives in vitro.  
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2.3.8 In vivo expression of cNV2 and its mutants from different ToRSV isolates  

To further investigate whether the N-linked glycosylation and signal peptidase cleavage 

observed in vitro also occurs in planta, the cNV2 fragments derived from different ToRSV 

isolates were fused to an N-terminal Flag tag and a C-terminal HA tag. Fragments were 

inserted into pBIN (+) and expressed in N. benthamiana plants by agroinfiltration. Samples 

were collected at 3 dpa. Proteins were separated by 16% SDS-PAGE and detected with both 

Flag and HA antibodies. The glycosylated form of cNV2 of Rasp2 WT, ΔTM3, Rasp1 A608-

T and GYV WT constructs and the unglycosylated form of the full-length cNV2 of the 

Rasp2 T610-A and the Rasp1 WT constructs were detected with Flag antibody (Fig. 2.8). This 

result is consistent with the in vitro result. Interestingly, additional smaller fragments of 

about 15 kDa were also detected in Rasp2 WT, T610-A, ΔTM3 and GYV WT constructs with 

the Flag antibody. In contrast, no smaller products were detected in both Rasp1 WT and 

A608-T mutant. These fragments may correspond to the N-terminal fragment released after 

signal peptidase cleavage, although they migrated at a position slightly higher than predicted 

for their calculated size (12.0 kDa, based on the predicted AAG cleavage site). The ratio of 

the cleaved fragment relative to the unprocessed form of the protein varied. It was very low 

for the ΔTM3 mutant which is consistent with the inefficient signal peptidase cleavage 

observed in vitro. Using the HA antibody, the full-length glycosylated and unglycosylated 

forms of the cNV2 proteins were detected, which corresponded to those detected with the 

Flag antibody. For constructs that included a glycosylation site, small amounts of the 

unglycosylated proteins were also detected, likely because of the higher detection efficiency 

of this antibody. In addition, smaller proteins of about 11 kDa were detected in Rasp2 and 

GYV cNV2 constructs but not in the Rasp2 T610-A and ΔTM3 mutants. It is possible that 
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these proteins were the C-terminal products of the signal peptidase cleavage event (predicted 

size 8.6 kDa if glycosylated). Other than the above mentioned bands, an extra band of about 

14 kDa was also detected in Rasp2 WT, T610-A, ΔTM3 and GYV WT using the HA 

antibody. The origin of this band is not known, but it is likely due to internal translation 

initiation or an uncharacterized protein degradation event. Taken together, the results 

suggested that the cNV2 fragment of Rasp2 and GYV might be processed by signal 

peptidase in vivo. However, this interpretation must be made carefully because the size of the 

possible cleavage products migrated slightly higher than expected. Future experiments will 

be required to make definitive conclusions. 
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Figure 2.8: Expression of ToRSV-derived Flag-cNV2-HA in N. benthamiana. A. 

Schematic representation of ToRSV cNV2 constructs. The Flag and HA tags were fused to 

the N-and C-terminus of the cNV2 fragment, respectively. The predicted glycosylation is 

indicated with Y and the signal peptidase cleavage is indicated with the green vertical line 

and the green arrow. The calculated size of the glycosylated cNV2, unglycosylated cNV2 

and the cleavage products are shown on the right of the figure. B.Western blot analysis of 

Flag-cNV2-HA. The glycosylated and unglycosylated full-length cNV2 proteins are 

indicated with black dots and stars, respectively. The putative signal peptidase cleavage 

products are indicated with black triangles. Bands of unknown origin are indicated with red 

dots. 
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2.3.9 Silencing of the signal peptidase causes death of N. benthamiana 
 
Viral-induced gene silencing (VIGS) is a powerful tool for down-regulation of host genes. It 

has been widely used to study gene function. Therefore, I tried to knockdown the signal 

peptidase of N. benthamiana and examine whether this has an impact effect on virus 

replication or cleavage of Flag-cNV2-HA protein. To do this, a 356 bp fragment of the signal 

peptidase catalytic subunit was cloned into the TRV00. This construct (named TRV-SPase) 

was agroinfiltrated into N. benthamiana plants as described in Materials and Methods. 

Systemic silencing was established at 10 dpa. The signal peptidase silenced plants showed 

obvious stunting, yellowing and vein clearing symptoms and all plants died soon after (Fig. 

2.9), suggesting that signal peptidase might be essential for the survival of N. benthamiana 

plants. Silencing of the signal peptidase probably disrupted the cellular secretory system, 

which in turn caused physiological disorder and malfunctioning of the plant cell and 

eventually resulted in plant death. Alternatively or additionally, it is also possible that the 

signal peptidase silenced plants are more susceptible to TRV infection. Because of this 

severe phenotype, I was unable to inoculate ToRSV or test the Flag-cNV2-HA constructs 

using these plants.  
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Figure 2.9: Symptoms of signal peptidase silenced N. benthamiana plants. Pictures were 

taken 12 days after VIGS treatment. Signal peptidase silenced plants (TRV-SPase) showed 

lower growing rate, stunting and necrosis when compared to the control plants (TRV: 00). 

  

TRV00             TRV-SPase 
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2.3.10 The glycosylated form of cNV2 is more stable than the unglycosylated protein 
 
N-glycosylation plays an important role in assisting protein folding and increasing protein 

stability (268-270). The in vivo results described above indicated that the full-length 

unglycosylated cNV2 protein of Rasp2 T610-A and Rasp1 WT accumulated in lesser amounts 

compared to the corresponding glycosylated forms of Rasp2 WT and Rasp1 A608-T (Fig. 

2.8). Therefore, I further investigated whether the glycosylated cNV2 is more stable than the 

unglycosylated form. To perform this experiment, N. benthamiana leaves that transiently 

express cNV2 of the Rasp2 WT, Rasp2 T610-A, Rasp1 WT and Rasp1 A608-T were collected 

after 3 dpa and the detached leaves were treated with 30ug/ul cycloheximide (an inhibitor 

that freezes translational elongation and stops protein synthesis) for two hours as previously 

described (266). Accumulation levels of the cNV2 proteins were detected by western blots 

using the HA antibody (Fig. 2.10). According to the result, the cycloheximide treated 

glycosylated cNV2 of Rasp2 WT and Rasp1 A608-T accumulated at similar levels when 

compared to the corresponding control plants. In contrast, the unglycosylated cNV2 of Rasp2 

T610-A and Rasp1 WT disappeared after cycloheximide treatment. Taken together, the results 

suggest that adding a glycan to the cNV2 protein significantly enchanced its stability, 

probably because the glycan helps the protein fold in an optimal conformation.  
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Figure 2.10: Cycloheximide treatment of glycosylated and unglycosylated ToRSV 

cNV2. Agroinfiltrated leaves were treated with control solution (-) or 30 ug/ul cycloheximide 

solution (+) (a protein synthesis inhibitor ) for two hours. Accumulation levels of proteins 

were detected using western blot analysis and the HA antibody. The glycosylated proteins 

are indicated with dots and the unglycosylated proteins are indicated with stars. 
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2.4 Discussion 

Signal peptidase processing of ToRSV-Rasp2 cNV has previously been observed in vitro 

(12). However, the exact cleavage site was not identified and the signal peptidase processing 

has not been investigated in vivo. In this study, the signal peptidase was shown to cleave the 

cNV truncated protein from the GYV and PYB isolates in vitro (Fig. 2.2). These two isolates 

shared high sequence similarity with the Rasp2 isolate in the C-terminal region of the cNV 

(Fig. 2.1). In contrast, the Rasp1 cNV protein that exhibited more variations in the C-

terminal region of cNV did not serve as a signal peptidase substrate, although it associated 

with membranes and adopted a similar topology in the membrane with the VPg domain 

translocated in the lumen (Fig. 2.1 and 2.2). Deletion and mutational studies indicated that 

the TM3 region is critical for signal peptidase processing (Fig. 2.4 and 2.5). Single amino 

acid mutations were introduced in the TM3 region of Rasp2 cNV to mimic the Rasp1 

sequence, which allowed identification of the GAAGG sequence as a sub-optimal signal 

peptidase cleavage site in Rasp2 with the AAG sequence as the most likely -3 to -1 position 

(Fig 2.6). Replacing the G in the putative -1 position with a more favorable amino acid A 

(G578-A mutant) enhanced the signal peptidase processing while changing the putative -3 

position from A to a less favorable amino acid S (A-S mutant) prohibited the cleavage (Fig. 

2.6). Additionally, amino acid residues upstream and downstream of the cleavage site also 

influenced signal peptidase processing. Mutations were also introduced in the Rasp1 cNV 

A608-T mutant to mimic the Rasp2 sequence. Surprisingly, the signal peptidase cleavage was 

restored when the R570-Q, +TV580-581 and S576-A substitutions were introduced (Fig. 2.7). 

The AVA sequence (located downstream of the position of the Rasp2 cleavage site) was 

recognized as a cleavage site in the +TV580-581 mutant but not in the wild-type sequence, 
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suggesting that protein conformation plays an important role in determining the efficiency of 

signal peptidase processing. In vivo expression of cNV2 allowed detection of the possible 

signal peptidase cleavage products in both Rasp2 and GYV wild type constructs but not in 

Rasp1 (Fig. 2.8), which was consistent with the in vitro results.  

 

As discussed in Chapter 1, canonical signal peptides are normally located in the N-terminal 

region of the protein (40). However, it has been shown that signal peptidase is able to cleave 

C-terminally located signal peptidase cleavage sites (271). Some viruses take advantage of 

this host protease for releasing the structural proteins from viral polyproteins (as discussed in 

Chapter 1). Here, I report that the signal peptidase is involved in processing a C-terminal 

signal peptidase cleavage site in a ToRSV membrane-associated replication protein. 

Interestingly, this processing occurred in the PYB, GYV and Rasp2 isolates at least in vitro, 

but not in the Rasp1 isolate (Fig. 2.2). Although the clevage site in the ToRSV cNTB-VPg is 

C-terminally located, the context of this cleavage site shares certain common features with 

the typical signal peptides (40, 57). For example, it has a positively charged amino acid K 

upstream of the transmembrane domain, the core hydrophobic region is rich in L and the -3 

and -1 position of the putative cleavage site is occupied with small amino acids (Fig. 2.11).   

 

The mutagenesis and inhibitor studies confirmed that the processing in cNV was executed by 

the signal peptidase. However, one feature did not fit the scheme of a typical signal peptide. 

Indeed, the distance between the end of the hydrophobic domain TM2 and the putative 

cleavage site (approximately 18 residues) exceeds that known for regular signal peptides (3-7 

residues) (Fig 2.11A) (40). As mentioned in Chapter 1, signal peptidase is a membrane 
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protein complex. The catalytic subunits have a transmembrane domain leading to the 

orientation of the active site on the luminal side of the membrane (33). This forces specific 

positioning of the enzyme active site in relation to the lipid bilayer. For efficient cleavage, a 

suitable substrate cleavage site needs to be correctly presented to the active site of the 

enzyme which is close to the surface of the membrane (272). It has been shown that the 

optimal distance between the end of the h-region (transmembrane domain) and the signal 

peptidase cleavage site is 4-5 residues (273). This raises the question of how the ToRSV 

cNV cleavage site is exposed to and recognized by the active site of the signal peptidase. 

Amino acid sequence analysis revealed two possible explanations. Secondary structure 

prediction softwares (DSC, MLRC and PHD) implied a long α-helix in the Rasp2 cNV 

sequence that encompasses not only the hydrophobic TM2 domain (highlighted in blue in 

Fig. 2.11A) but also the 12 amino acids further downstream. Projection of the downstream 

region of the predicted long helix (in yellow) reveals its amphipathic helix property (Fig. 

2.11A and B). Therefore, it is possible that the Rasp2 cNV has an unusual h-region with its 

N-terminal region traversing the membrane and the C-terminal region forming an 

amphipathic helix that orients itself horizontally on the luminal side of the membrane (Fig. 

2.11C). A bend in the transmembrane domain, facilitated by the glycine residue (between the 

blue and yellow boxes), would be necessary to allow this topology to occur (274). By 

adopting this topology, the cleavage site, which is located downstream of the putative 

amphipathic helix, is brought closer to the active site of the signal peptidase for processing. 

Signal peptidase cleavage after an amphipathic helix was previously observed in classic 

swine fever virus Erns-E1 protein (275). Alternatively, it is possible that the h-region could 

form a longer transmembrane domain to traverse the membrane (Fig. 2.11C), in this case, the 
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helix may be tilted to allow the entire region to be buried in the lipid membrane. Tilting of 

long hydrophobic regions to accommodate the width of the membrane has been observed in 

some membrane proteins (274). Adopting this topology can also ensure the contact of the 

substrate cleavage site and the signal peptidase catalytic site.  

 

The sequence of the Rasp1 cNV was also analyzed. The amino acid sequence downstream of 

the TM2 hydrophobic domain was also predicted to form an amphipathic helix although with 

lesser degree of confidence than the Rasp2 sequence (Fig. 2.11B). Cleavage of the Rasp1 

S576-A mutant which recreates the AAA sequence indicates that recognition of a signal 

peptidase cleavage site at this position is also possible in the Rasp1 sequence, indicating that 

the Rasp1 NTB-VPg may adopt a similar topology as Rasp2. 
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Figure 2.11: Sequence analysis of ToRSV cNV and possible topologies of ToRSV NTB-

VPg in the membrane. A. Sequence analysis of Rasp1 and Rasp2 cNV. The n-region 

includes a positively charged (+) amino acid residue K, the h-region (shown in box) 

including the TM2 transmembrane domain (highlighted in blue) and a putative amphipathic 

helix (highlighted in yellow), the c-region (underlined) and the most likely putative cleavage 

Rasp2 WT  NGGKLLLVLAAVILILFFGSACIKLMQAIFCGAAGGTVSMAAVGKMTVQ/STIPSGSYADVYNARNMTRVFRPQSVQ 
Sec.Cons. ccchhhhhhhhhhhhhhhhhhhhhhhhhhhcccccceeeeeeccceeee/ecccccccc??hhhhhhhhhccccccc 
 
Rasp1 WT  HGGKLLLVLAAVILILFLGSACVTAMRAVFCGSAAG—-SAVAVGRMTVQ/STIPSGSYADVYNARNMARVFRPQSVQ 
Sec.Cons. ccchhhhhhhhhhhhhhhchhhhhhhhhhhcccccc—-ceeeeeeeeee/eccccccccchhhhhhhhhhhcccccc 

  n-region      h-region                     c-region 
     +                                   Putative cleavage site                 N-glycosylation site 

Cytosol 

Lumen 
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site (indicated with arrow) are also specified. Secondary structure of this region was 

predicted with three computer based softwares (DSC, MLRC and PHD); the consensus 

secondary structures are shown in the figure with h, c and e representing alpha helices, 

random coils and extended strands, respectively. B. Helical projections of the putative 

amphipathic helix. Amino acid residues used for helical projections are indicated on the top 

of the figure. The hydrophilic residues are shown as circles, and hydrophobic residues are 

shown as diamonds. A blue line dividing the hydrophobic face of the helix (left half) from 

the hydrophilic face of the helix (right half) is shown. C. Models of possible topology of the 

NTB-VPg in the ER membrane. Two possible topologies in the membrane are shown. In the 

first topology, the TM2 hydrophobic domain (blue) traverses the membrane and a kink in 

this transmembrane domain allows the downstream amphipathic helix (yellow) to associate 

with the surface of the membrane with its hydrophilic side. The downstream region of NTB 

and the VPg is directed into the ER lumen where signal peptidase processing occur (red 

arrow). In the second model, the h-region (including the TM2 and the following 12 amino 

acid residues)forms a long helix structure traversing the membrane and orients the 

downstream NTB-VPg and cleavage site into lumen where it gets cleaved by signal 

peptidase (red arrow).  
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Interestingly, signal peptidase cleavage sites were also predicted in C-terminal NTB of other 

nepoviruses, including grapevine chrome mosaic nepovirus, TBRV and GFLV using online 

SignalP program (12), indicating that this membrane-associated cleavage might be conserved 

among nepoviruses. As mentioned previously, the ToRSV NTB-VPg protein associates with 

membrane and is involved in the assembly of virus replication complexes (11). I attempted to 

test the biological relevance of this signal peptidase cleavage by investigating whether or not 

down-regulation of signal peptidase would influence ToRSV accumulation. Unfortunately, I 

was unable to perform the experiment because down-regulation of the signal peptidase 

caused plant death (Fig. 2.9). It is possible that signal peptidase processing disrupts luminal 

hydrophobic interactions among TM3 region of different NTB-VPg molecules, which may 

influence the architecture of the replication complexes and impact virus replication. Future 

studies will be aimed at obtaining infectious transcripts to introduce mutations that either 

promote or decrease signal peptidase cleavage. The effect of these mutations on ToRSV 

replication could then be studied. It is also interesting to note that the signal peptidase 

cleavage is sub-optimal, it occurs over time and cleavage is not efficient in the wild type 

Rasp2, PYB and GYV sequence, which probably allows efficient virus replication and 

accumulation at the early stages of virus infection. Cleavage of NTB-VPg at later stages of 

infection may slow down the replication and stimulate the transition from replication to the 

next stage of the virus life cycle. 

 

Glycosylation plays an important role in protein folding and stability by adding sugar chains 

to the peptide backbone (270, 276). In this study, N-linked glycosylation was observed in the 

VPg region of the PYB, GYV and Rasp2 isolates (Fig 2.2). No glycosylation was observed 
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in the Rasp1 cNV or cNV2 since the Rasp1 lacked the glycosylation acceptor sequence (Fig. 

2.1 and 2.8). However, glycosylation can be restored once the glycosylation site was 

introduced to the Rasp1 constructs (Fig. 2.2 and 2.6). Adding the glycan molecule to ToRSV 

cNV2 strongly enhanced its stability in vivo (Fig. 2.10). N-linked glycosylation is commonly 

seen in viral structural proteins (277, 278). However, it is also observed in viral nonstructural 

proteins. Mutation that abolishes glycosylation of dengue virus NS1 delays viral RNA 

synthesis and causes milder cytoplasmic effect (279). Similarly, mutants that lack glycan 

moieties in the yellow fever virus NS1 lead to reduction in virus yield and deficiency in viral 

RNA accumulation (280). Additionally, elimination of the glycosylation site in murine 

hepatitis virus nsp4, which is a viral-encoded multi-transmembrane protein, impairs viral 

RNA accumulation and this effect correlates directly with the disruption of viral-induced 

double membrane vesicle formation (281). As mentioned above, N-linked glycosylation is 

important for the stability of ToRSV derived membrane protein cNV2 (Fig. 2.10). However, 

it is also possible that glycosylation promotes proper folding of the protein in the membrane 

and play a role in ER-membrane modification during virus infection.  

 

It is evident that glycosylation can increase the concentration of cNV2 by enhancing its 

stability (Fig. 2.10). This may lead to efficient assembly of replication complexes and 

increase in viral replication. The results also suggest that cNTB-VPg of PYB, GYV and 

Rasp2 is cleaved by signal peptidase. This cleavage may influence the stability of the protein 

or the architecture of the replication complexes and possibly regulate the stability of the 

replication complexes. It is interesting that only the PYB, GYV and Rasp2 proteins, which 

are stabilized by glycosylation, are susceptible to signal peptidase cleavage at least in vitro. 
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These isolates may have evolved to take advantage of signal peptidase processing to 

destabilize these proteins and regulate the replication activity to achieve optimal virus titer 

for their survival. In the case of Rasp1, the regulated degradation of the protein in the 

absence of glycosylation may serve the same function. However, this hypothesis still needs 

to be experimentally tested. 
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Chapter 3 

Investigation into the stability of ToRSV RNA-dependent RNA polymerase 

3.1 Introduction  

As discussed in Chapter 1, two forms of Pol are detected in ToRSV infected plants: the 

mature 81 kDa Pol and the 95 kDa VPg-Pro-Pol′ (including the VPg, Pro and Pol domain but 

lacking the C-terminal 15 kDa of Pol) (13). Interestingly, the full-length VPg-Pro-Pol (111 

kDa) is never detected even when a broad range protease inhibitor is added to the extraction 

buffer. The full-length Pol has been detected in low amounts if at all. In addition, smaller 

fragments with molecular masses of 53 kDa and 28 kDa are also detected in infected plants 

with the Pol antibody, raising the possibility that these fragments are cleavage products 

derived from the Pol (13). The truncation of the VPg-Pro-Pol, which allows accumulation of 

the stable polyprotein VPg-Pro-Pol′ in vivo, is not observed using in vitro processing assays 

with NTB-VPg-Pro-Pol or VPg-Pro-Pol as a substrate (13, 282). This suggests that the full-

length VPg-Pro-Pol and Pol are intrinsically unstable in infected plants but what causes this 

instability is still unknown. In this chapter, I show that both ToRSV VPg-Pro-Pol and Pol are 

unstable when ectopically expressed in N. benthamiana plants individually. However, the 

stability of these two proteins can be significantly enhanced when the C-terminal 15-20 kDa 

of Pol is truncated. In contrast, the accumulated levels of VPg-Pro-Pol and Pol are similar to 

that of their truncated forms in E. coli, suggesting that the instability of VPg-Pro-Pol and Pol 

is plant specific.  
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3.2 Materials and methods 

3.2.1 Plasmid constructions 

To express different forms of polymerase in plants, the coding region of the full-length VPg-

Pro-Pol (nts 3710-6664) and two truncated forms: VPg-Pro-Pol′ (nts 3710-6121) and VPg-

Pro-Pol′′( nts 3710-6226) of the ToRSV PYB isolate were amplified by RT-PCR using 

primer pairs P16F and P17R, P16F and P18R, P16F and P19R, respectively. The mature full-

length Pol (nts 4532-6664) and two truncated forms: Pol′ (nts 4532-6126) and Pol′′ (nts 

4532-6226), as well as the C-terminal 15 kDa of Pol (nts 6126-6668) were amplified with 

primer pairs P20F and P17R, P20F and P18R, P20F and P19R, P86F and P17R, respectively 

(Table 3.1). All reverse primers included an HA coding sequence and allowed fusion of the 

HA tag at the C-terminus of the proteins. The amplified products were digested with XbaI 

and KpnI and inserted into the modified plant expression vector pBIN (+) that already 

contains the double 35S promoter and NOS terminator. The HA tag was also fused to the N-

terminus of various forms of the polymerase and cloned into pBIN (+) using the same 

strategy as above. The primer pairs P71F and P72R, P71F and P73R, P74F and P72R, P74F 

and P73R were used to clone the HA-VPg-Pro-Pol, HA-VPg-Pro-Pol′, HA-Pol and HA-Pol′, 

respectively (Table 1). The pBIN-p19 and the pBIN-GFP clones have been described 

previously (257). The pBIN-X2 construct was from Helene Sanfaçon. 

 

Different forms of polymerase were also cloned into pET-21d(+) (Novagen). The coding 

regions of VPg-Pro-Pol, VPg-Pro-Pol′, VPg-Pro-Pol′′, Pol, Pol′ and Pol′′ were amplified with 

primer pairs P37F and P38R, P37F and P39R, P37F and P40R, P41F and P38R, P41F and 

P39R, P41F and P40R, respectively (Table 3.1). The amplified fragments were digested with 

https://www.snapgene.com/resources/plasmid_files/pet_and_duet_vectors_%28novagen%29/pET-21d%28+%29/
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XbaI and XhoI and subsequently inserted into the corresponding sites of pET-21d(+) , which 

allows in frame fusion of six histidine residues at the C-terminus of proteins.  

Table 3.1 Primers used in polymerase plasmid constructions 

Primer name         Sequence of the Primer                                                                      Comments 

P16F       5’- GCTCTAGATGTCGACGATTCCCTCCGGTAGTTAC-3’                              Xba1+ ATG+ nts 3710-3733  

P17R      5’- GGGGTACCTTA GGCATAGTCAGGAACATCGTATGGGTA                 nts 6664–6643+ HA  

                     GCTCGCAATTACACGAGGCTGA-3’                                                             +TAA+KpnI 

P18R      5’- GGGGTACCTTAGGCATAGTCAGGAACATCGTATGGGTA                  nts 6121-6099– HA 

                     ATATTGTTCATCATGAAACGAAG-3’                                                           +TAA+KpnI 

P19R      5’- GGGGTACCTTAGGCATAGTCAGGAACATCGTATGGGTA                   nts 6226–6202+ HA  

                     AGCAACAATCGAGAGGGCAGTAGCT-3’                                                    +TAA+KpnI 

P20F       5’- GCTCTAGATGTCTAGCGTCATTAAGTCTCT-3’                                         Xba1+ ATG+ nts 4532-4551 

P37F       5’- ACGCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAT           Xba1+vector sequence + ATG+  

                     ATGTCGACGATTCCCTCCGGTAGTTAC-3’                                                 nts 3710-3733 

P38R      5’- ACCGCTCGAGGCTCGCAATTACACGAGGCTGA-3’                                  nts 6664–6643+ XhoI 

P39R      5’- ACCGCTCGAGATATTGTTCATCATGAAACGAAG-3’                                nts 6121–6099+XhoI 

P40R      5’- ACCGCTCGAGAGCAACAATCGAGAGGGCAGTAGCT-3’                         nts 6226–6202+XhoI 

P41F       5’- ACGCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAT           Xba1+vector sequence + ATG+ 

                     ATGTCTAGCGTCATTAAGTCTCT-3’                                                             nts 4532-4551 

P71F       5’- GCTCTAGATGTACCCATACGATGTTCCTGACTATGCC                      Xba1+ ATG+HA+nts 3710- 

                     TCGACGATTCCCTCCGGTAGTTAC-3’                                                         3733  

P72R      5’- GGGGTACCTTAGCTCGCAATTACACGAGGCTGA-3’                                nts 6664–6643+TAA+KpnI 

P73R      5’- GGGGTACCTTAATATTGTTCATCATGAAACGAAG-3’                             nts 6121–6099+TAA+KpnI 

P74F       5’- GCTCTAGATGTACCCATACGATGTTCCTGACTATGCC                      Xba1+ ATG+HA+          

                       TCTAGCGTCATTAAGTCTCT-3’ -3’                                                             nts 4532-4551 

P86F       5’- GCTCTAGATGTCTCAGTGGAAGCCGTGGTCTC-3’                                   Xba1+ ATG+ nts 6122-6143 

The restriction enzyme sites in the primers are underlined, the start codon and the stop codon 

are highlighted in red and the HA tag is shown in bold. Vector sequences are shown in italic. 

The corresponding nucleotide sequence of primer in ToRSV RNA1 is specified. 

 

3.2.2 Site-directed mutagenesis 

For construction of pBIN HA-VPg-ProHD-Pol and pBIN HA-VPg-ProHD-Pol′, the wild type 

fragments were first introduced into pCR-Blunt (Life Technologies) and used as template for 

https://www.snapgene.com/resources/plasmid_files/pet_and_duet_vectors_%28novagen%29/pET-21d%28+%29/
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mutagenesis. The site-directed mutagenesis was performed as described in Chapter 2. 

Primers P60F and P61R (Table 3.2) were used to introduce the H to D mutation in the 

catalytic triad of the protease. Plasmids with the correct mutation of the HA-VPg-ProHD-Pol 

and HA-VPg-ProHD-Pol′ were confirmed by sequencing the entire inserted region. The 

fragments were digested with XbaI and KpnI for insertion into final vector pBIN (+). The 

GW to GA double mutation were introduced to the HA-Pol, Pol-HA and the C-terminal 15 

kDa fragment of Pol as described above. Primer pairs P88F and P89R, P92F and P93R 

(Table 3.2) were used sequentially to introduce the first and second GW-GA mutations, 

respectively.  

 

For construction of the pET VPg-ProHD-Pol, pET VPg-ProHD-Pol′ and pET VPg-ProHD-Pol′′, 

site-directed mutagenesis was conducted using the pET-21d(+) plasmid that contained the 

wild type fragments as a template, primers P60F and P61R were used for introducing the H 

to D mutation. All constructs were confirmed by sequencing. The primers used for 

mutagenesis are shown in Table 3.2. All primers used in mutagenesis were PAGE purified 

(IDT). 

 

Table 3.2 Primers used for mutagenesis of polymerase 

Primer name          Sequence of the Primer                                                                        

    P60F                      5’--GTCTTTGGCTTTGACTAAAGATCAGGCCTTAACCATCCCG-3’                                  

    P61R                     5’- CGGGATGGTTAAGGCCTGATCTTTAGTCAAAGCCAAAGAC-3’ 

    P88F                      5’-GCTTGCTGTTGCAGGACCTGGCGCGCGTAATAAAGACCCAGACAGG-3’ 

    P89R                     5’-CCTGTCTGGGTCTTTATTACGCGCGCCAGGTCCTGCAACAGCAAGC-3’   

    P92F                      5’-CGAAGGTCCCTTTGTCTCGGGAGCGGCAGCTGCCATTTCCTTCGG-3’ 

    P93R                     5’-CCGAAGGAAATGGCAGCTGCCGCTCCCGAGACAAAGGGACCTTCG-3’ 

Nucleotides that encode the mutated amino acids were underlined. 

https://www.snapgene.com/resources/plasmid_files/pet_and_duet_vectors_%28novagen%29/pET-21d%28+%29/
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3.3.3 Agroinfiltration of N. benthamiana 

The binary vector pBIN (+) containing different forms of ToRSV polymerase were 

transformed into A. tumefaciens LBA4404. Agroinfiltration of N. benthamiana leaves were 

conducted as previously described (283). The plants were kept at 21˚C and the infiltrated 

leaves were collected 3 dpa for protein and RNA analysis. The transgenic N. benthamiana 

line SGT662 was a gift from Peter Moffett (University of Sherbrooke). Each experiment was 

repeated at least three times and a representative experiment is shown. 

 

3.2.4 Western blot analysis of proteins 

Western blots were performed as described (11). The commercially available monoclonal 

anti-HA-peroxidase antibody (Sigma-Aldrich), anti-His(C-term)-HRP antibody (Invitrogen) 

and GFP monoclonal antibody (Clontech) were used as described by the manufacturer. 

Ponceau S staining of the large RUBISCO subunit was used as a loading control for the 

western blots. 

 

3.2.5 Isolation and detection of mRNAs 

Total RNAs were extracted from the agroinfiltrated leaf samples and subjected to Northern 

blotting as described (260). The probe was designed against the N-terminal region of the 

ToRSV polymerase domain and was amplified using the primers 5’-TTTATCGCATCACCG 

TACCACGC-3’ and 5’-GAATCGCGCATATGGCGTACG-3’. Ethidium bromide staining 

of rRNAs was used as loading control for the Northern blot. 
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3.2.6 Expression and purification of proteins from E. coli 

Plasmids that encode different forms of the polymerase were expressed in E. coli BL21  

(DE3) as previously described (129). The cells were collected by centrifugation. The pellets 

were resuspended in resuspension buffer (50 mM Tris, pH 8; 0.3 M NaCl, 0.1% Triton X-

100, 2 mM EDTA) and sonicated. The cell lysates were mixed with 2 X PLB and proteins 

were detected by Western blotting using the His antibody. 

  

3.2.7 Inhibitor treatment 

Inhibitor treatments were conducted as previously described with minor changes (266). 

Agroinfiltrated leaves were detached at 2 dpa and the petioles were placed in various 

inhibitor solutions for 24 hours. Inhibitor E-64 (Sigma-Aldrich), MG123 (Sigma-Aldrich), 

caspase inhibitor (Z-VAD-FMK, Promega), E-64d (Sigma-Aldrich) were used at final 

concentrations of 10 µM, 100 µM, 100 µM and 20 µM, respectively. For inhibitors that 

needed to be resuspended in DMSO, a corresponding diluted DMSO solution was used as a 

negative control. 

 

3.3 Results 

3.3.1 Expression of different forms of the ToRSV polymerase in N. benthamiana 

As discussed in Chapter 1, the full-length Pol and the C-terminally truncated VPg-Pro-Pol′ 

are detected in ToRSV infected plants. However, the exact site of truncation is still unknown. 

Alignment with related viral polymerases shows that the ToRSV Pol has a 15-20 kDa C-

terminal extension when compared to FCV and PV polymerase (13). To investigate the 

stability of the ToRSV polymerase, various forms of the ToRSV Pol were ectopically 

expressed in N. benthamiana plants. The full-length VPg-Pro-Pol (110 kDa) and Pol (81 
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kDa) contain the natural C-terminal end of the Pol (Fig. 3.1A and B), whereas VPg-Pro-Pol′ 

and Pol′ were designed with their C-terminal end corresponding to the end of the PV 

polymerase in the sequence alignment (Fig. 3.1A and B) (13). These two truncated proteins 

lack 181 amino acid residues (approximately 20 kDa) from the C-terminus of the ToRSV Pol 

(Fig. 3.1A). Similarly, the Pol′′ and VPg-Pro-Pol′′ lack 146 amino acids (approximately 15 

kDa) from the C-terminus of the ToRSV Pol.  This truncationwas designed based on the 

estimated size of the VPg-Pro-Pol′ polyprotein that has been detected in vivo in infected 

plants. (Fig. 3.1A and B). Agroinfiltration of these constructs to express proteins in N. 

benthamiana leaves was performed as described in Material and Methods. The TBSV p19, 

which is a gene silencing suppressor (284), was co-agroinfiltrated with the polymerases to 

prevent the onset of RNA silencing and thereby enhance protein expression. Leaf samples 

were collected at 3 dpa and the steady-state levels of proteins and mRNAs were examined 

(Fig. 3.1C). The full-length VPg-Pro-Pol-HA was usually not detected (lane 2), although it 

was occasionally detected in very low amount (Fig. 3.3). In contrast, the VPg-Pro-Pol′-HA 

and VPg-Pro-Pol′′-HA were easily detected in plants (lane 3 and 4). Similarly, the full-length 

Pol-HA protein (lane 5) was detected at a much lower level than Pol′-HA and Pol′′-HA (lane 

6 and 7). To eliminate the possibility that the C-terminal HA tag influences the stability of 

the ToRSV Pol, versions of the polymerase fused with an N-terminal HA tag were also 

expressed in plants. Similar to what was observed above with the C-terminal HA tag, the 

full-length HA-VPg-Pro-Pol and HA-VPg-ProHD-Pol (with the H to D mutation in the 

catalytic triad to abolish the protease activity) did not accumulate to detectable levels (lane 8 

and 9). However, the truncated protein HA-VPg-Pro-Pol′ and HA-VPg-Pro HD-Pol′ were 

detected in high amounts (lane 10 and 11). The VPg-Pro cleavage products were also 
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detected in extracts derived from plants expressing HA-VPg-Pro-Pol and HA-VPg-Pro-Pol′ 

(lane 8 and 10, see also Fig. 3.4, lane 4), but not HD mutants which include a mutation of the 

histidine in the catalytic triad of the protease that inactivate the protease (253) (lane 9 and 

11). This result strongly suggests that the full-length HA-VPg-Pro-Pol protein was initially 

expressed at least to some extent but did not accumulate (lane 8). The release of the VPg-Pro 

product was incomplete and accumulation of the polyprotein HA-VPg-Pro-Pol′ was evident 

(lane 10). In contrast, the full-length HA-VPg-Pro-Pol was not detected. Truncated product 

corresponding to HA-VPg-Pro-Pol′ was not detected either (lane 8). To eliminate the 

possibility that the variation in protein accumulation levels was due to different accumulation 

of the mRNAs in plants, I also conducted northern blots of full-length and truncated forms of 

the polymerase mRNAs. A probe was designed against the N-terminal region of the 

polymerase domain that is present in all constructs. Although resolution of the bands was 

somewhat obscured by the co-migration of rRNAs, preliminary results suggest that the 

mRNA levels were similar for all expressed proteins in spite of the significant differences 

observed in protein levels except lane 3 and 9 where the levels of RNA are quite low along 

with the protein products (Fig. 3.1 B). Taken together, the results suggest that the full-length 

ToRSV Pol and VPg-Pro-Pol are not stable when expressed in N. benthamiana. However, 

truncation of 15 or 20 kDa at the C-terminus of Pol significantly stabilized the proteins.  
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Figure 3.1: Ectopic expression of different forms of the ToRSV polymerase in N. 

benthamiana. A. Schematic representation of the ToRSV RNA1 and the coding region of 

various forms of the polymerase used in this study. B. Amino acid alignment of the 

polymerase from ToRSV, CPMV, FCV and NV. Please note that only the C-terminal region 

is shown. The C-terminal end of Pol, Pol' and Pol'' are indicated with red arrows. Two GW 

motifs of the ToRSV Pol are shown in boxes. C. Western and northern blots of ectopically 

expressed forms of the ToRSV polymerase in N. benthamiana. The HA tag was fused to the 

C-terminus (lane 2-7) or N-terminus (lanes 8-11) of the proteins. Expression levels of these 

proteins in N. benthamiana were detected with HA antibody (Sigma). A sample from plants 

infiltrated with the empty vector was used as a control (lane 1). The VPg-Pro cleavage 

product released from the HA-VPg-Pro-Pol and HA-VPg-Pro-Pol′ is shown with an arrow. 

In the northern blot, expected migration of the mRNAs is shown with the red dots. Migration 

of the bands was partially hindered by co-migration with an abundant rRNA band (white 

shadow).   
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3.3.2 Expression of all forms of ToRSV polymerase in E. coli 

VPg-Pro-Pol, VPg-Pro-Pol′, VPg-Pro-Pol′′, Pol, Pol′ and Pol′′ were fused to a C-terminal His 

tag and expressed in E. coli BL21 (DE3). Proteins were detected with the His antibody (Fig. 

3.2). All forms of the polymerase were successfully expressed with the expected size, 

although some differences of expression were observed between the full-length Pol (lane 8) 

and the truncated Pol′ and Pol′′ (lane 9 10). The full-length VPg-Pro-Pol (lane 2) and the 

VPg-ProHD-Pol (lane 3) were expressed at similar levels when compared with VPg-Pro-Pol′ 

(lane 4) and VPg-Pro-Pol′′ (lane 6) as well as their HD mutants (lane 5 and 7), suggesting 

that the full-length VPg-Pro-Pol is as stable as the C-terminally truncated forms in E. coli. 

Together with the above results, I conclude that the instability of ToRSV VPg-Pro-Pol and 

Pol is specific to plant expression, and this instability might be caused by a plant protease(s) 

or by one of the plant degradation pathways. 
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Figure 3.2: Expression of different forms of ToRSV polymerase in E. coli. Different 

forms of the His tagged polymerases and their HD mutants were expressed in E. coli BL21 

(DE3). Proteins were analyzed using SDS-PAGE and detected with His antibody. The empty 

vector control is shown in lane 1. 
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3.3.3 Treatment of agroinfiltrated leaves with inhibitors of protease or of the 

proteasome did not enhance the expression levels of full-length Pol or VPg-Pro-Pol 

To investigate what causes the instability of the full-length polymerase, I tested a number of 

inhibitors of plant proteolytic pathways. According to my experience, transiently expressed 

proteins become detectable to low levels at 2 dpa, with the highest expression level achieved 

at 3 dpa. The protein accumulation level decreases later on. Therefore, for the inhibitor 

treatments, agroinfiltrated leaves were detached at 2 dpa, the petioles of the detached leaves 

were treated in the inhibitor solution for 24 hours and leaf samples were collected for protein 

analysis. This method has been successfully used in our lab for in vivo labelling of newly 

synthesized ToRSV proteins (260), or to demonstrate that the Ago1 protein is protected from 

degradation by the E-64d inhibitor (266). Inhibitor treatments were performed in the same 

manner using the inhibitor E-64 (cysteine proteases inhibitor), MG123 (proteasome pathway 

inhibitor), Z-VAD-FMK (caspase inhibitor) and the E-64d (thiol protease inhibitor). The 

western result indicated that the accumulation levels of Pol-HA, HA-Pol or VPg-Pro-Pol-HA 

were not increased in the presence of any of the inhibitors (Fig. 3.3).  

  



112 
 

 

 

 

                                                  

                                                     

 

 

Figure 3.3: Inhibitor treatment of VPg-Pro-Pol and Pol. The E-64, MG123, Z-VAD-

FMK and the E-64d were used in the inhibitor assay. H2O and DMSO were used as a 

control. The VPg-Pro-Pol and the Pol were indicated with arrow. 
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3.3.4 Expression of ToRSV Pol is not enhanced in transgenic plants that overexpress 

the SGT1 co-chaperone 

SGT1 (suppressor of G-two allele of SKP1) is a highly conserved protein in yeast, plants and 

mammalian cells. It has co-chaperone properties and plays an important role in protein 

folding and stability (285). Recent studies show that SGT1 interacts with molecular 

chaperones Hsp70 and Hsp90 to stabilize protein and protein complexes (286-289). SGT1 is 

upregulated in plants infected with PVX or after ectopic expression of the PVX TGBp3 

protein (290). Silencing of SGT1 reduces PVX accumulation in N. benthamiana plants while 

overexpression of SGT1 greatly enhances the PVX accumulation (290). Plants silenced for 

SGT1 showed reduced ToRSV accumulation (Basudev Ghoshal and Helene Sanfaçon, 

unpublished results). Based on this, I hypothesized that SGT1 may stabilize one or several 

replication proteins to increase virus replication and viral RNA accumulation. To investigate 

whether SGT1 could stabilize the ToRSV polymerase, a transgenic N. benthamiana line 

SGT662 that overexpresses SGT1 was used (291). The Pol-HA and HA-VPg-Pro-Pol were 

agroinfiltrated into the transgenic and the wild type N. benthamiana leaves. Samples were 

collected at 3 dpa and protein levels were detected using the HA antibody (Fig. 3.4). The 

results showed that accumulation levels of Pol-HA or HA-VPg-Pro-Pol were similar in wild 

type plants or SGT1 transgenic lines. Therefore, overexpression of the SGT1 co-chaperone 

did not stabilize the ToRSV VPg-Pro-Pol or Pol proteins.  
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Figure 3.4: Expression of full-length VPg-Pro-Pol and Pol in SGT1 overexpressed 

plants. The wild type N. benthamiana and the SGT1 transgenic line are indicated with (–) or 

(+) respectively. The expected migration for VPg-Pro-Pol, Pol and the released VPg-Pro are 

indicated with arrows.   
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3.3.5 Is the ToRSV polymerase a suppressor of RNA silencing? 

RNA silencing is a common host defense mechanism against virus infection. Viral double-

stranded RNA replication intermediates or highly structured single strand RNA region in 

viral RNAs are cleaved by host Dicer-like RNAse Ш enzyme (DCL) into 21-24 nt small 

interfering RNA (siRNA) (292). The siRNAs are recruited by Argonaute (AGO) proteins and 

other host factors to form RNA-induced silencing complexes (RISC), which specifically 

recognize complementary viral RNAs and lead to their degradation or translation repression 

(293, 294). To overcome RNA silencing, viruses encode suppressors of RNA silencing 

(VSRs). VSRs can target and block different steps of the RNA silencing pathway to suppress 

the plant anti-viral defense (295). The best studied example is the TBSV p19 which binds to 

siRNA and sequesters these siRNAs to prevent the assembly of the RISC (296). Some VSRs, 

for example, the turnip crinkle virus P38 protein, directly interacts with AGO protein using 

Glycine/Tryptophan (GW) motifs (297, 298). This interaction prevents the assembly of AGO 

into RISC. Interestingly, the C-terminal 15 kDa of ToRSV Pol contains two GW motifs (Fig. 

3.1B). This raises the possibility that the full-length Pol, VPg-Pro-Pol or the released 15 kDa 

fragment obtained after truncation of VPg-Pro-Pol may act as a VSR. To test this hypothesis, 

the green fluorescence protein (GFP) was co-agroinfiltrated with different forms of ToRSV 

polymerase in N. benthamiana plants. The TBSV p19 was used as a positive control, an 

empty vector and the ToRSV X2 protein, which is unlikely to be a VSR, were used as 

negative controls. The expression levels of GFP were monitored at both 3 and 5 dpa (Fig. 

3.5). As expected, p19 VSR significantly enhanced the GFP expression level at both 3 dpa 

and 5 dpa when compared with the negative control (lane 1 and 11). The full-length VPg-

Pro-Pol-HA and the HA-VPg-Pro-Pol did not accumulate to detectable levels and they did 

http://en.wikipedia.org/wiki/Messenger_RNA
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not enhance the GFP accumulation level at both time points (lane 2 and 6). The Pol-HA 

expressed at low levels, but did not increase the GFP accumulation either (lane 4). Truncated 

proteins VPg-Pro-Pol′-HA, Pol′-HA and HA-VPg-Pro-Pol′ were all expressed to detectable 

levels but they did not enhance the GFP expression (lane 3, 5 and 7). This is not surprising 

since these proteins do not contain any GW motifs. The C-terminal 15 kDa fragment of Pol 

(with two GW motifs) (lane 8) and its mutant GA1+GA2 (with both GW motifs mutated to 

GA) (lane 9) were also co-infiltrated with GFP. None of them increased GFP accumulation 

level when compared with the negative control (lane 1 and 10). Taken together, these results 

indicate that although the ToRSV Pol and the C-terminal 15 kDa contain two GW motifs, 

they are unlikely to be a VSR like the GW motif containing protein P38. Interestingly, it is 

noted that mutation of the two GW motifs on the 15 kDa fragment of Pol significantly 

increased accumulation of this protein (lane 8 and 9).  
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Figure 3.5: Co-expression of ToRSV Pols with GFP in N. benthamiana plants. Various 

forms of the ToRSV polymerase as indicated were co-expressed with GFP. Samples were 

collected at 3 and 5 dpa. Western blots were developed using GFP antibody or HA antibody 

as indicated. The empty vector and the X2 protein were co-expressed with GFP to act as 

negative controls, while the TBSV p19 was used as a positive control. 
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3.3.6 Mutation of the two GW motifs did not stabilize the full-length Pol 

As mentioned above, mutation of the two GW motifs to GA seemed to stabilize the C-

terminal 15 kDa fragment of Pol. This was reproducibly observed in three repeats of the 

experiment. Therefore, I decided to test whether these mutations would also stabilize the full-

length Pol. The GW to GA mutation was introduced to both Pol-HA and HA-Pol. The wild 

type proteins and the GA mutant derivatives were transiently expressed in N. benthamiana 

plants. Samples were collected at 3 dpa and expression level of the Pol and the GA mutants 

were detected with HA antibody. Surprisingly, the results were opposite to those observed 

with the small fragment. Instead of stabilizing the Pol, the GA mutations enhanced the 

degradation of the full-length protein and caused the accumulation of degradation fragments.   
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Figure 3.6: Expression of the full-length Pol and its GW motif mutants. The two GW 

motifs were mutated to GA on the full-length Pol-HA and HA-Pol. The wild type proteins 

and the GA mutants were expressed in N. benthamiana plants. Proteins were extracted and 

detected with HA antibody. The expected migration for the full-length Pol is indicated with 

the arrow. 
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3.4 Discussion 

In this study, I transiently expressed various forms of the ToRSV polymerase in N. 

benthamiana plants (Fig. 3.1). The detected mRNA levels of these constructs were similar in 

plants. However, accumulation of the proteins varied from one to another. The full-length 

VPg-Pro-Pol and Pol were detected in low amounts, if at all, whereas C-terminally truncated 

forms of these proteins stably accumulated in plants (Fig. 3.1). This phenomenon is also 

observed in ToRSV infected plants in which only the VPg-Pro-Pol′ is consistently detected 

(13). Detection of the released VPg-Pro from the wild type HA-VPg-Pro-Pol in plants 

indicated that this full-length protein was initially expressed but did not accumulate. 

Mutation of the protease catalytic triad (HD mutant) of VPg-Pro-Pol did not stabilize the 

full-length protein, indicating that the instability was not caused by the viral-encoded 

protease, at least in the transient expression experiments. In contrast with what was observed 

in vivo, the full-length VPg-Pro-Pol and Pol accumulated to similar amounts as their 

truncated forms when expressed in E. coli (Fig. 3.2). Taken together, these results indicate 

that the full-length ToRSV VPg-Pro-Pol and Pol are unstable when compared to the C-

terminally truncated forms of polymerase. This instability is plant specific and probably 

caused by a plant-derived protease or plant degradation pathway.  

 

A number of protease inhibitors, which target different types of proteasesor the ubiquitin 

proteasome pathway, were used to investigate the stability of VPg-Pro-Pol and Pol. 

Unfortunately, none of the inhibitors stabilized these proteins (Fig. 3.3). It is possible that the 

instability of VPg-Pro-Pol and Pol was caused by an alternative degradation pathway, which 

was not hindered by the inhibitors tested. I cannot completely exclude the possibility that the 
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inhibitors were not taken up properly in the detached leaf assay, although this assay has been 

used successfully in our lab (260, 266) (see also cycloheximide treatments in Chapter 2). As 

well, overexpression of the co-chaperone SGT1 did not help to stabilize the VPg-Pro-Pol 

(Fig. 3.4). Therefore, the host factors or host protease(s) that are involved in the instability of 

VPg-Pro-Pol and Pol are still unclear. 

 

I also tried to investigate the biological functions of the full-length VPg-Pro-Pol, Pol and the 

C-terminal 15 kDa fragment. Results indicated that although these fragments have two GW 

motifs, they do not have detectable silencing suppression activity. However, I can not 

eliminate the possibility that the lack of silencing suppression activity is due to the very low 

expression levels of the full-length proteins (Fig. 3.5).  

 

The presence of different forms of the polymerase (Pol or VPg-Pro-Pol) is common in 

picorna- and picorna-like viruses, but no C-terminally truncated forms of polymerase have 

been reported in these viruses, including the closely related GFLV (242). The fact that no C-

terminal truncation was observed on VPg-Pro-Pol and NTB-VPg-Pro-Pol in vitro suggests it 

is probably caused by plant factors (13). I did not detect C-terminally truncated fragments of 

HA-VPg-Pro-Pol after transient expression of this protein in vivo (Fig. 3.1). It is possible that 

the full-length protein is immediately degraded under these conditions, preventing the 

detection of the truncated fragments. Alternatively, it is possible that a plant protease 

responsible for the C-terminal truncation of ToRSV VPg-Pro-Pol is only induced, or 

activated in the context of a virus infection but not after ectopic expression of the protein. 
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As the key enzyme in virus replication, the concentration of the polymerase is highly 

regulated either at the translational level or post-translational level (77, 299). For example, 

various gene expression strategies are used by viruses to produce and regulate the 

accumulation of their polymerase (76, 300). Tobamoviruses use the ribosome termination/ 

read-through mechanism to produce the 126K and 183K (polymerase) proteins at the ratio of 

10:1 (301). The same strategy is used by tombusvirus and the read-through efficiency is 5%, 

leading to lesser amounts of P92Pol than the P33 (302). Bromoviruses have a multicomponent 

RNA genome, the RNA2-encoded 2aPol expressed 25 fold less efficiently than the RNA1-

encoded 1a protein (303). In addition, barley yellow dwarf virus Pol is expressed via a -1 

frameshift with an efficiency of about 1-2% (304). Post-translational down-regulation has 

been observed in a number of viruses, the best-studied example is TYMV Pol, which is 

targeted and degraded by the host ubiquitin-proteasome pathway (299). The HAV and HCV 

polymerases are also poly-ubiquitinated and are rapidly degraded by the 26S proteasome 

(305, 306). Reduced accumulation of the polymerase generally results in a lower copy 

number of the polymerase within the replication complexes compared to the copy number of 

viral membrane proteins. The ToRSV polymerase is produced by a polyprotein strategy and 

is initially expressed at the same level as other viral-encoded proteins (such as the membrane 

replication proteins). The instability of ToRSV VPg-Pro-Pol and Pol may provide an 

efficient way of regulating the polymerase concentration. Regulated viral replication rates 

can benefit viruses by keeping the viral genome integrity (i.e., limiting mutation and 

recombination) and reducing the chance of being recognized by host defense response (299, 

307).  
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Chapter 4  

Investigation into the activity of different forms of the ToRSV polymerase 

4.1 Introduction 

The presence of more than one form of polymerase is common in viruses that use a 

polyprotein strategy. The active form of the polymerase could be the mature polymerase, a 

polyprotein that contains the polymerase domain or both forms of the polymerase (as 

discussed in section 1.5.2.4). For ToRSV, whether VPg-Pro-Pol′ and/or Pol are the active 

form of the polymerase and whether truncation of the C-terminal 15 kDa modulates the 

activity of the full-length VPg-Pro-Pol are still unknown. In this study, I examined the 

activity of various forms of the ToRSV polymerase using the E. coli purified recombinant 

polymerases and in vitro polymerase activity assays. Unfortunately, I was unable to detect 

any polymerase activity with this approach. The possible reasons for this are discussed in 

detail. 

 

4.2 Materials and methods 

4.2.1 Plasmid constructs 

The plasmids pET VPg-ProHD-Pol, pET VPg-ProHD-Pol′, pET VPg-ProHD-Pol′′ and pET Pol 

were already described in Chapter 3. I also introduced the GDD-GAD mutation to the pET 

Pol by using primers P84F (5’- GGAGGTGTGTTTGATTGTTTATGGTGCTGATATTTAA 

TTTCTATTAAGCCGG-3’) and P85R (5’- CCGGCTTAATAGAAATTAAATTATCAGC 

ACCATAAACAATCAAACACACCTCC-3’). The mutagenesis was performed as described 

in Chapter 3. 
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4.2.2 Expression and purification of recombinant polymerases from E. coli 

Plasmids were transformed into E. coli BL21 (DE3). Cells were grown at 37 °C to an OD600 

of 0.3 and then induced with 1 mM IPTG at 12 °C for overnight. Cells were harvested by                                                                                                                                                                                                                                                                                                                                                                                                         

centrifugation at 4000g for 10 minutes at 4 °C. For purification, the pellets were dissolved in 

lysis buffer (50 mM phosphate buffer, PH 8.0, 300 mM NaCl, 5 mM imidazole, 10% 

glycerol) and cells were lysed using the French Press. The disrupted cells were centrifuged at 

20000g for 20 minutes to eliminate the insoluble fractions. The supernatant was filtered (0.2 

µm) and added to the Talon (Clontech, USA) resin for purification as described by 

manufacturer. The purified proteins were dialyzed and concentrated in the storage buffer (20 

mM potassium phosphate buffer (pH 7.7), 1 mM EDTA, 10 mM DTT, 0.1 M NaCl, 0.1% 

Triton® X-100 and 50% (v/v) glycerol.). All purified proteins were aliquot and stored at -80 

°C. 

 

4.2.3 Preparation of RNA templates and primers 

The RNA oligonucleotides 5’- UCUCUCUCUCUCUCUCUCUCAUAACUUAAUCUCA 

CAUAGC-3’ and 5’ GCUAUGUGAGAUUAAGUUAU-3’, as well as the (U)12 were 

ordered from Invitrogen. The poly(A) oligomer was purchased from Roche. ToRSV viral 

RNA was purified as previously described (see Chapter 3).  

 

4.2.4 End-labelling of primer and template 

The primer and template were end-labeled with [γ-32P]-ATP using the 5’ End Labelling Kit 

(GE healthcare) as described by manufacturer. 
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4.2.5 Polymerase activity assay 

To test the activity of different forms of ToRSV Pol, 250 ng of purified polymerase were 

added to the polymerase assays which contained 1 µM template, 0.2 µM primer, 0.17 µM α-

32P ATP (10 µCi/µl), 50 µM ATP, 50 µM GTP, 20 mM Tris-HCl (pH 8.0), 10 mM KCl, 6 

mM MgCl2 and/ or 6 mM MnCl2, 0.01% Triton X-100, 1 mM DTT, 1 mM rifampin and 0.5 

U RNAguard (Amersham). Experiments were carried out at room temperature for two hours 

and the reactions were stopped by adding an equal volume of 2×siRNA loading buffer (90% 

formamide, 50 mM EDTA pH 8.0, 0.01% bromophenol blue and xylene cyanol). Polymerase 

activity products were analyzed using 8 M urea, 15 % PAGE gel, and detected 

autoradiographed. 

 

For activity assays using poly(A) and (U) 12 as primer, experiments were performed as 

above with minor changes. UTP and [α-32P]-UTP were added to the reactions instead of ATP 

and [α-32P]-ATP. For activity assays using viral RNA template, reactions were performed in 

the presence of ATP, UTP, GTP, CTP as well as [α-32P]-UTP, reactions were stopped by 

adding 2×RNA loading buffer (95% formamide, 0.025% SDS, 0.025% bromophenol blue, 

0.025% xylene cyanol, 0.5 mM EDTA). The RNA products were analyzed on denaturing 1% 

agarose gels containing formaldehyde. 

 

4.3 Results 

4.3.1 Expression and purification of ToRSV polymerases in E. coli 

Constructs encoding ToRSV VPg-ProHD-Pol, VPg-ProHD-Pol′ VPg-ProHD-Pol′′ and Pol were 

transformed and expressed in E. coli BL21 (DE3). Each fragment contained a hexahistidine 
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tag at the C-terminus for affinity purification of the protein. The cultures were grown at low 

temperature (12 °C) to avoid protein aggregation. Collected cells were disrupted by French 

Press in the presence of protease inhibitor. Only the soluble fractions of the cell lysate were 

used for protein purification. The purified proteins were dialyzed into storage buffer and then 

analyzed by SDS-PAGE and Coomassie brilliant blue staining. The result indicated that the 

VPg-ProHD-Pol, VPg-ProHD-Pol′ and Pol were successfully expressed at the expected sizes 

and these proteins were purified to near homogeneity (Fig. 4.1). In addition to the above 

mentioned proteins, the Pol-GAD, which contains the GDD-GAD mutation in the conserved 

GDD motif, was also expressed and purified (Fig. 4.1). It has been demonstrated that the first 

aspartic acid of the GDD triplet is strictly required for polymerase activity (308), mutation of 

this aspartic acid totally abolishes the enzymatic activity of the polymerase (309). Therefore 

this mutant was used as a negative control for the activity assays. All purified proteins were 

stored at -80 °C in aliquotes to avoid repetitive freezing and thawing, which may cause 

inactivation of the polymerases. 
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Figure 4.1: SDS-PAGE analysis of purified ToRSV polymerases from E. coli . Different 

forms of purified recombinant ToRSV polymerase were analyzed with 10% SDS-PAGE and 

Coomassie brilliant blue staining. For VPg-ProHD-Pol, two different batches of purified 

protein were analyzed (lane 1 and 2). 
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4.3.2 Activity assay of purified ToRSV polymerases 

As the key enzyme for virus replication, biochemical properties of viral polymerases have 

been extensively studied. In many cases, the Pol preparations expressed in heterologous 

systems share identical properties with those of polymerases purified from infected cells 

(310, 311). Using heterologously expressed and purified Pols and in vitro activity assays is a 

well-established approach for studying the activity and biochemical properties of viral 

polymerases. In this approach, viral Pols are predicted to catalyze RNA synthesis on a given 

RNA template in the appropriate environment (Fig. 4.2A). RNA synthesis initiation can be 

de novo (312) or primer dependent (311). Adding [α-32P]-NTP to the reactions allow the 

newly synthesized products to be radioactively-labeled and easily detected by 

autoradiography. Unlike the in vivo replication, in vitro replication assays lack host factors 

that are often important for specific selection of RNA templates (72, 313, 314). Therefore, 

the purified polymerases generally do not exhibit viral RNA template-specificity in vitro and 

are capable of copying exogenously added non-viral RNA templates (315). 

 

To identify the active form of the ToRSV polymerase, the above purified polymerases were 

tested in the in vitro activity assays as described in Materials and Methods. An exogenous 

RNA template was used in the initial assays (316) (Fig. 4.2B). A primer was also added to 

the reaction since the related PV Pol catalyzes the synthesis of RNA in vitro in a primer-

dependent manner (311). In addition, by analogy with other picorna-like viruses, in vivo 

replication of ToRSV is likely to require the uridylylated VPg as a primer. Activity assays 

were performed at room temperature for 2 hours and 32P- labeled products were analyzed on 

8 M-urea denatured 15 % PAGE gel (Fig. 4.2B). According to this initial assay, a 
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radioactively-labeled band was detected when using the purified full-length VPg-ProHD-Pol 

(lane 1) and Pol (lane 3) in the assay, whereas no band was observed when the purified VPg-

ProHD-Pol′ ((lane 2) or Pol-GAD (lane 4) mutant was tested. Further experiments were 

conducted to determine whether this band is an extension product resulting from the 

polymerase activity of the purified ToRSV VPg-Pro-Pol and Pol. 
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Figure 4.2: Activity asssay of purified ToRSV polymerases and the active-site mutant. 

A. Schematic of the in vitro RNA activity assay. B. RNA products synthesized in the 

presence of various ToRSV polymerase. Primer and template used in this assay are indicated. 

Products (shown with arrow) are analyzed on 8M -urea denatured 15 % PAGE gel and 

detected by autoradiography. 
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The primer and template were end-labeled with [γ-32P]-ATP and used as markers to help 

identify the radioactively-labeled bands observed in the initial assays. The expected 

polymerase extension product should be of the same size as the labeled template, although 

some purified polymerase have been shown to extend products slightly longer than the 

template due to terminal transferase activity (317, 318). The commercially available T7 

polymerase ( a DNA-dependent RNA polymerase, Promega) was used as a positive control. 

Similar to what has been observed in the initial assays, a product was observed when 

different concentration of the ToRSV Pol were added to the activity assay (Fig. 4.3A). The 

size of the product was similar to the template as well as the radioactively-labeled product 

synthesized in the presence of the T7 polymerase (Fig. 4.3A and B). In the absence of 

template and primer, both purified Pol or the Pol-GAD mutant failed to synthesize a product 

as expected (Fig. 4.3B, lane 2, 5). To further test whether the product observed after 

incubation with the ToRSV Pol is the result of extension due to the polymerase activity, or to 

a terminal transferase activity, the experiment was repeated as above but excluding GTP 

(Fig. 4.3B). Because the extension product is expected to include GA repeats (Fig. 4.2B), the 

absence of GTP should prevent elongation of a product synthesized from the template. 

However, the radioactive band was detected in the presence or in the absence of GTP (Fig. 

4.3B, lane 3). In addition, the same band was observed when a new batch of purified Pol-

GAD was added to the reaction (lane 4), which differs from my initial results (Fig. 4.2). I 

repeated this experiment several times with different batches of purified Pol-GAD (data not 

shown) and was convinced that the radioactively-labeled band was produced in the presence 

of Pol-GAD. Therefore, the band observed was not due to the polymerase activity. However, 

it is also unlikely caused by a terminal transferase activity from the purified Pol either, since 
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both activities should be abolished in the GAD mutant (312). Taken together, the band 

detected was more likely a product of a contaminating activity present in the E. coli extracts.  

  



133 
 

 

 

 

 

                                    

 

Figure 4.3: Polymerase activity asssay using purified ToRSV polymerase. A. In vitro 

polymerase activity assay using different concentation of purified Pol. B. In vitro polymerase 

activity assay in the presence or absence of GTP. T7 polymerase is used as a positive control, 

radioactively-labeled primer and template are shown as markers. Products were analyzed on 

a 8 M-urea denatured 15 % PAGE gel and auto radiographed using phosphor screen. 
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4.3.3 Activity assay using crude E. coli extracts 

Since no polymerase activity was detected above and to eliminate the possibility that the 

ToRSV polymerase activity is lost during purification, I performed activity assays using 

crude E. coli extracts (the filtered supernatant after the French Press step). Polymerase 

activity has been detected in crude E. coli extracts for various viral polymerases (315, 319). 

However, no synthesized products were detected after incubation with crude extracts of E. 

coli cells expressing various forms of ToRSV Pol (Fig. 4.4). Only background levels were 

observed which were similar to those observed for cells transformed with the empty vector or 

expressing the Pol-GAD mutant (lane 3-8). To determine whether the crude extracts contain 

factors that inhibit polymerase activity or degrade the synthesized products, I also mixed the 

T7 polymerase with the crude extracts derived from cells that express the empty vector. 

Interestingly, the amount of radioactivity-labeled products synthesized by the T7 polymerase 

was significantly reduced, suggesting that something in the crude extracts did inhibit the T7 

polymerase activity (lane 2 and 3). 
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Figure 4.4: Activity asssay using crude extracts of ToRSV polymerase. Products are 

analyzed on 8M-urea denatured 15 % PAGE gel. T7 polymerase is used as a positive control. 
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4.3.4 Activity assay using poly(A) and (U)12 

The template used in the above experiments was not originally derived from the ToRSV 

genome. Therefore it is possible that the absence of polymerase activity was caused by an 

inappropriate template in the activity assay. The ToRSV genomic RNAs are polyadenylated 

and replication of genomic RNA is likely primed by uridylated VPg. In addition, a number of 

viral polymerases, including the related PV are capable of copying poly(A) template in the 

presence of oligoU primer (320, 321). Therefore, activity assays were performed using 

poly(A) template and (U)12 primer in the presence of purified ToRSV polymerase (Fig. 

4.4A) or the crude extracts (Fig. 4.4B). Unfortunately, no detectable polymerase activity was 

observed. I attempted different reaction conditions (pH, divalent ion, reaction temperature, 

concentration of polymerase) but with no success (data not shown). Experiments were also 

performed using purified ToRSV genomic RNA as a template and (U)12 as a primer. 

Similarly, none of the purified polymerases or crude E. coli extracts displayed any activity 

(data not shown).  
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Figure 4.5: Activity assay of ToRSV polymerase using poly(A) as template and (U)12 as 

primer. A. In vitro RNA synthesis assay using purified Pol. B. In vitro RNA synthesis assay 

using crude extracts derived from E. coli cells expressing different forms of the polymerase. 

Synthesized products were separated in 1% agarose/ formaldehyde gel and detected by 

autoradiography.  
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4.4 Discussion 

In this work, I tried to identify the active form of the ToRSV polymerase using various forms 

of recombinant polymerase and in vitro activity assays. This approach has been successfully 

used in investigation of the biochemical properties of a number of viral polymerases, 

including those from PV (322), NV (238, 318) and FCV (237). Unfortunately, I did not 

detect any ToRSV polymerase activity using either purified proteins or crude E. coli extracts 

(Fig. 4.3, 4.4 and 4.5). The lack of polymerase activity is unlikely due to the inappropriate 

RNA template because a number of templates were tried, including a non-viral template, a 

poly(A) template and the purified ToRSV genomic RNA template (Fig. 4.2, 4.3, 4.4 and 4.5). 

It is also unlikely that reaction conditions are responsible for the lack of the ToRSV 

polymerase activity, because different conditions (including different pH, polymerase 

concentration, divalent ions, reaction temperature and reaction time) were tested (results not 

shown). Detection of a RNA product with T7 polymerase in the same reaction condition 

strongly suggests that the reaction conditions were within the acceptable range for 

polymerase activities (Fig. 4.3 and 4.4).   

 

It is possible that the purified polymerases added to the reactions were inactive either 

because they are not properly folded in E. coli or because they may require post-translational 

modifications, which occur in plants but not in E. coli. I also cannot exclude the possibility 

that the ToRSV polymerase is very sensitive and loses its activity rapidly during purification. 

Additionally, there is evidence indicating that having the authentic N- and C-terminus is 

important for polymerase activity (322). Therefore, adding an N-terminal methionine (from 

the AUG start codon) and the C-terminal hexahistidine tag to the ToRSV polymerase may 
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have disrupted the spatial positions of both ends in the three dimensional structure and 

caused inactivation of the polymerase.  

 

I also cannot exclude the possibility that the primer used in the activity assay is not optimal. 

As mentioned before, in vivo ToRSV replication is likely primed by the uridylated VPg 

protein as was demonstrated for PV. However, the purified PV Pol is capable of catalyzing 

RNA synthesis using an RNA oligo as primer (311). The ToRSV Pol may have a more strict 

requirement for using VPg-pU-pU as primer instead of an RNA oligo. In addition, other viral 

proteins might be required in the assay to stimulate the ToRSV polymerase activity. It has 

been shown that the E. coli purified sindbis virus nsP4 only exhibits polymerase activity in 

the presence of viral protein P123 (312). Finally, host factors and membranes are also 

important for polymerase activity. For example, the heat shock protein 70 (Hsp70), which is 

a chaperone protein, can activate the TBSV polymerase in vitro and an inhibitor that blocks 

the Hsp70 function also inhibits RNA synthesis (323). Furthermore, neutral phospholipids, 

such as phosphatidylethanolamine and phosphatidylcholine, were shown to enhance 

polymerase activation in vitro by stimulating the polymerase and viral RNA interaction. In 

contrast, the acidic phosphatidylglycerol has an inhibitory effect on polymerase activation by 

interfering with the binding of the viral RNA to the polymerase (323). Preliminary yeast two 

hybrid results indicated that the ToRSV polymerase interacts with a number of host factors 

(results not shown). It is possible that these host factors are also required for  ToRSV 

polymerase activity in vitro. Although the closely related picornavirus Pols have been 

extensively studied using heterologously expressed proteins and in vitro activity assays (315, 

322, 324), the only study of viral polymerase from members of the family Secoviridae 
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reported to date is that of CPMV. As mentioned previously, the Pols of ToRSV and CPMV 

have a C-terminal 15-20 kDa extension when compared to the Pol of PV (13). Detection of a 

sub-population of VPg-Pro-Pol′ in membrane-enriched fractions active in ToRSV replication 

using endogenous templates indicates that the VPg-Pro-Pol′ might be the active form of 

polymerase during virus replication (13). However, I was unable to detect any polymerase 

activity with the E. coli purified VPg-Pro-Pol′ in vitro (Fig. 4.2, 4.4 and 4.5). Similarly, a 

sub-population of CPMV 110K protein (Pro-Pol) co-purifies with viral replication complexes 

from infected cowpea leaves and is capable of stimulating RNA chain elongation (240). 

Although the CPMV 110K acts as an active form of the polymerase in vivo, no detectable 

polymerase activity was observed when recombinant CPMV 110K protein was prepared 

either from E. coli or from the baculovirus vector expression system (315, 325). In addition, 

the 87K (Pol) and 170K (NTB-VPg-Pro-Pol) are also unable to support RNA synthesis in 

vitro (315, 325).  Interestingly, protoplasts transiently expressing 200K (the entire RNA1 

polyprotein) but not 87K, 110K or 170K are capable of supporting the replication of co-

inoculated M-RNA (178).  However, addition of exogenous template RNA (poly(A)-

oligo(U) or other template/primer combinations) to extracts derived from protoplasts 

expressing the 200 K polyprotein did not result in a detectable polymerase activity (178). 

Together, this information suggests that the mechanism of nepovirus and comovirus 

polymerase activity is more complex than that of picornaviruses, and that a simple in vitro 

system cannot support polymerase activity. Additionally, the heterologous system, which is 

capable of producing active polymerase of picornaviruses, may fail to produce active 

nepovirus and comovirus polymerases.  
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Chapter 5 

General discussion 

As a key step in the virus multiplication cycle, replication of positive-strand RNA viruses 

takes place on membrane-associated replication complexes (4). During this process, viral-

encoded integral membrane proteins target to the intracellular membranes independently and 

act as membrane anchors for the replication complexes (5). The viral polymerases, which 

catalyze the synthesis of the progeny RNAs, are recruited to the replication complexes by 

directly or indirectly interacting with membrane anchor proteins (5). In addition, various host 

factors are also involved in virus replication (72). In this thesis, I investigated the stability of 

two ToRSV encoded replication proteins: the membrane protein NTB-VPg and the 

polymerase. My results indicated that the C-terminal region of the NTB-VPg polyprotein 

(cNTB-VPg) of several ToRSV isolates is glycosylated by the membrane-associated OST, 

and cleaved by the signal peptidase complex. In addition, I show that the full-length Pol and 

the polyprotein VPg-Pro-Pol are unstable in N. benthamiana plants and this instability is 

likely caused by a plant protease, and/or a plant degradation pathway. The possible 

biological relevance of the instability and membrane-associated modification of viral 

replication proteins are discussed below.  

 

5.1 Membrane-associated glycosylation and processing of C-terminal NTB-VPg 

The ToRSV encoded NTB-VPg is an integral membrane protein that associates with ER 

enriched fractions that support active replication of the ToRSV genome (11). In this thesis, 

the C-terminal region of NTB-VPg (cNTB-VPg) from different ToRSV isolates was 

expressed in vitro and in vivo. These results indicate that (1) cNTB-VPg derived from all 
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ToRSV isolates is able to associate with ER-derived membranes. The transmembrane 

domain at the C-terminal region of NTB directs the translocation of the downstream NTB 

region and the entire VPg region into the ER lumen. (2) Membrane-associated N-linked 

glycosylation and signal peptidase processing occur in cNTB-VPg of PYB, GYV and Rasp2 

isolates, but not in that of the Rasp1 isolate. (3) Glycosylation of cNTB-VPg is an efficient 

event and it significantly enhances the protein stability. (4) The signal peptidase processing 

event is suboptimal and inefficient. (5) The signal peptidase cleavage site is atypical, as it is 

located in the C-terminal region of the NTB protein. However, it still follows the -3, -1 rule 

similar to typical N-terminally located signal peptidase cleavage sites.  

 

As a common protein modification process, N-linked glycosylation plays a role in various 

aspects of the virus life cycle. It is mostly observed in viral-encoded structural proteins 

presented on the surface of the virus particle (278). Glycosylation of viral structural proteins 

plays an important role in virus survival and virulence. For example, glycosylation in the 

premembrane (prM) and envelope (E) protein of West Nile Virus influences virus particle 

assembly, virus release and virus infectivity (326). Similarly, glycosylation of influenza virus 

hemagglutinin protein has been linked to receptor binding, infectivity, and virus release (278, 

327, 328). Depending on the virus considered, glycosylation of viral-encoded non-structural 

proteins is also observed but less common. Adding a glycan to the replication proteins could 

delay the virus infection; change the morphology of the replication complexes and influence 

virus replication and RNA accumulation (279-281). My results provide evidence that N-

linked glycosylation occurs on a truncated form of the ToRSV membrane protein NTB-VPg 

and this glycosylation stabilizes the protein in planta. Since NTB-VPg is actively involved in 
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virus replication complex assembly, it is possible that glycosylation of the membrane protein 

influences ToRSV replication. However, this hypothesis still needs to be confirmed with 

further experiments. 

 

Eukaryotic signal peptidase is a multi-subunit membrane protein complex with the active site 

on the luminal side of the ER (33). It is an important enzyme that is involved in cleaving N-

terminally located signal peptides of cellular proteins (33). Viruses hijack this host 

machinery for processing internally located signal peptides and liberating the structural 

proteins from the viral-encoded polyprotein (101, 105, 120). In this thesis, the signal 

peptidase was shown to be responsible for cleaving a truncated protein derived from the 

ToRSV NTB-VPg polyprotein and likely also the full-length NTB-VPg. Unlike other 

viruses, the signal peptidase did not cleave at the boundary between two viral protein 

domains, but instead cleaved in the C-terminal region of NTB which is upstream of the NTB-

VPg cleavage site. Mutational analysis allowed identification of the putative cleavage site, 

which strictly follows the -3, -1 rule as other typical signal peptidase cleavage site. Mutations 

that introduced favorable amino acids in the cleavage site resulted in increased signal 

peptidase processing, while mutations that introduced unfavorable ones lead to inefficient or 

abolished cleavage.  

 

Interestingly, both N-linked glycosylation and signal peptidase processing occurs on the 

cNTB-VPg of PYB, GYV and Rasp2. In contrast, these membrane-associated modifications 

were not detected on the cNTB-VPg of the Rasp1 isolate, at least in vitro. A number of 

amino acid differences were observed in the C-terminal region of NTB and VPg in the Rasp1 
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isolate. The mutagenesis study identified several key amino acids differences that account for 

the absence of glycosylation and signal peptidase processing in the Rasp1 cNTB-VPg. As far 

as I know, the ToRSV cNTB-VPg is the first plant virus replication protein suggested to be 

cleaved by the signal peptidase. 

 

Based on the above results, a model of how membrane-associated enzymes modify the 

ToRSV replication protein NTB-VPg is proposed: (1) For PYB, GYV and Rasp2 isolates, 

the NTB-VPg is released from the polyprotein by the ToRSV protease early in infection and 

efficiently targets to the ER membrane via its hydrophobic domains. The C-terminal 

transmembrane domain translocates the downstream region of NTB-VPg into the ER lumen, 

where the consensus glycosylation site is exposed to the active site of the OST and is 

glycosylated. This glycosylation enhances the stability of this membrane protein and possibly 

also of the replication complexes. The signal peptidase slowly cleaves off the C-terminal 

region of NTB-VPg, which may change the architecture of the viral replication complexes. It 

is possible that this change modulates the activity of the replication complexes and stimulates 

the transition from replication to the next stage of the virus multiplication cycle. (2) In the 

case of the Rasp1 isolate, the lack of glycosylation causes instability of the NTB-VPg protein 

and only smaller amounts of the NTB-VPg accumulate in the cell. This may result in 

formation of fewer replication complexes compared with other ToRSV isolates. However, 

signal peptidase processing is inefficient or absent in the NTB-VPg and the replication 

complexes may remain active until later stages of infection. Comparing the kinetics of 

replication of the different ToRSV isolates in protoplasts would be helpful to test this model. 
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5.2 Instability of ToRSV polymerase 

As mentioned previously, the mature Pol and the VPg-Pro-Pol' are detected in ToRSV 

infected plants (13). The full-length VPg-Pro-Pol is undetectable, and the Pol is detected in 

low amounts, if at all. Therefore, I investigated the stability of the ToRSV polymerase by 

expressing the full-length Pol and VPg-Pro-Pol as well as C-terminally truncated proteins in 

N. benthamiana plants and in E. coli. My results indicated that: (1) the full-length Pol and 

VPg-Pro-Pol show intrinsic instability in N. benthamiana plants, but not in E. coli; (2) 

mutations that inactivate the viral protease did not stabilize the transiently expressed full-

length VPg-Pro-Pol in N. benthamiana plants; (3) the C-terminal 15-20 kDa truncated forms 

of VPg-Pro-Pol and Pol show significantly enhanced stability compared to the corresponding 

full-length proteins.  

 

Truncation of the VPg-Pro-Pol in infected plants is evident but the exact truncation site is 

still unclear (13). It is estimated that the full-length polyprotein loses approximately 15 kDa 

in the C-terminal region of Pol based on the migration of VPg-Pro-Pol' in SDS-PAGE (13). 

The cleaved C-terminal 15 kDa fragment of Pol was never detected probably due to the 

instability of this fragment. Therefore it was not possible to sequence this fragment using the 

Edman degradation method. The C-terminal truncation was not detected when the VPg-Pro-

Pol was transiently expressed in plants. Several hypotheses can explain this result. (1) The 

truncation may only occur on the RNA1-encoded large polyprotein. In this case, the 

transiently expressed VPg–Pro-Pol is folded in a conformation that differs from that adopted 

when it is present within the large polyprotein, and as a result it is not truncated. (2) 

Truncation in the C-terminal region of Pol has a strict requirement for the presence of other 
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viral proteins, although an active viral protease may not be required. (3) The protease or 

other host factors that are involved in the truncation may only be activated during viral 

infection. 

 

Truncation of the polymerase was not reported in other related nepoviruses or in 

picornaviruses as far as I know, indicating that it is unique in ToRSV. Interestingly, the 

CPMV and ToRSV polymerases have a C-terminal 15-20 kDa extension compared to other 

picorna-like viruses (13). Therefore, truncation of the C-terminal 15 kDa of ToRSV Pol 

makes it similar in size to the picornavirus polymerase. What causes this truncation is still 

unknown, but interestingly, when I expressed the VPg-Pro-Pol mutants that lacked the C-

terminal 15 or 20 kDa fragment of Pol in plants, the stability of the protein was significantly 

increased when compared to the full-length VPg-Pro-Pol. As mentioned previously, although 

the VPg-Pro-Pol' is truncated, it still maintains all the conserved polymerase motifs upstream 

of this truncation site (13). Therefore it is possible that this truncated protein has polymerase 

activity and that truncation of the polymerase in N. benthamiana plants plays a role in 

modulating the polymerase activity. The fact that VPg-Pro-Pol' peripherally associates with 

the membrane-bound replication complexes indicates that it might be involved in catalyzing 

the synthesis of positive- and negative-strand RNAs during replication.   

 

The instability of the full-length Pol and VPg-Pro-Pol is observed in both transient 

expression and in natural virus infection of N. benthamiana plants. The mechanism of this 

instability is still unknown. However, it is worth mentioning that down-regulation of viral 

polymerase concentration has been observed in a number of viruses. As mentioned 
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previously, it could occur at the translational level. For example, polymerase of barley 

yellow dwarf virus is expressed via inefficient -1 ribosomal frameshift (304), the tobacco 

mosaic virus and TBSV polymerase are produced via inefficient translational readthrough 

(302, 329), whereas the BMV polymerase is encoded on a separate RNA molecule (303). For 

TYMV, HAV and HCV, polymerases are post-translationally targeted and degraded by 

ubiquitin-proteasome pathway (299, 305, 306). The ToRSV polymerase is initially produced 

in amounts equal to those of other RNA1-encoded proteins due to the polyprotein strategy. 

Regulated degradation of Pol and VPg-Pro-Pol during virus infection may play a role in 

regulating the polymerase concentration. This may allow the replication proteins to 

accumulate in an optimal ratio for virus replication. 

 

Based on all the results, a model of how polymerase concentration and activity is modulated 

during ToRSV infection is suggested (Fig 5.1). Alternative processing of the ToRSV RNA1 

encoded polyprotein allows release of two forms of the polymerase: Pol and VPg-Pro-Pol. 

These full-length polymerases are readily degraded by unknown host degradation machinery 

through interacts with the C-terminal 15 kDa of Pol. To escape from this host degradation, 

the virus has evolved to use a host protease that specifically cleaves the C-terminal 15 kDa 

from the full-length VPg-Pro-Pol and significantly enhances the protein stability, resulting in 

accumulation of VPg-Pro-Pol' in the cell. A sub-population of the VPg-Pro-Pol' is recruited 

to the ER membrane-associated replication complexes via direct or indirect interaction with 

the viral membrane proteins, and this protein catalyzes the synthesis of progeny viral RNA. 
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Figure 5.1: Model for the regulation of ToRSV polymerase during virus replication. 

The full-length VPg-Pro-Pol and Pol are unstable and are degraded by an unknown protein 

degradation pathway. VPg-Pro-Pol molecules are specifically cleaved by a host protease and 

thus lose the C-terminal 15 kDa of Pol, which allows accumulation of VPg-Pro-Pol'. A sub-

population of the truncated VPg-Pro-Pol' protein associates with ER-bound replication 

complexes and catalyzes the synthesis of positive and negative-strand RNAs. 
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5.3 The role of regulating virus replication proteins by host proteases and degradation 

machineries 

My results provide evidence that host proteases and degradation machineries are involved in 

regulating the stability and truncation of the ToRSV encoded NTB-VPg and polymerase. 

Regulation of viral protein stability is an important mechanism to regulate viral infection and 

has been observed in a number of viruses (299, 306). In this thesis, both proteins studied are 

key components of the ToRSV replication complexes. Therefore, regulation of the stability 

of these proteins may directly impact virus replication. This could be advantageous for the 

virus in a number of ways. (1) Degradation of polymerases can down-regulate virus 

replication which in turn reduces the rate of RNA mutation and keeps the integrity of the 

viral genome. (2) Less virus replication also reduces the chance of double strand replication 

intermediates or highly structured double strand regions of single strand RNA molecules 

being recognized by host anti-viral defenses such as RNA silencing. (3) Signal peptidase 

processing of NTB-VPg in the late stages of virus replication might also play a role in 

disassembly of the virus replication complexes and stimulate the switch from replication to 

assembly of the viral RNA into virus particles. (4) The instability of the polymerase and the 

signal peptidase processing of the NTB-VPg may contribute to a host cell defense pathway 

against virus infection. (5) Viruses utilize the host machineries to optimize viral protein 

concentration and virus replication, which may help enhance its infectivity. (6) Regulation of 

viral proteins by host machineries may help keep an optimal balance between plants and 

viruses that ensure virus persistence without killing the plant cell. In conclusion, the 

susceptibility of plant viruses to host proteases and degradation machineries is probably a 

reflection of the co-evolution between the host plant and its pathogens.   
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5.4 Future experiments 

A number of experiments could be performed in the future to help further our understanding 

of the biological relevance of membrane-associated modification of the cNTB-VPg. First, 

once infectious transcripts of ToRSV become available, mutations increasing or decreasing 

signal peptidase processing could be introduced in these transcripts. The effect of these 

mutations could be tested by protoplast transfection and RNA accumulation level could be 

monitored. This would help confirm the above hypothesis that signal peptidase processing 

plays a role in regulating virus replication. Similarly, mutations in the consensus 

glycosylation site could be introduced to test whether or not glycosylation enhances virus 

replication. In addition, it would also be interesting to investigate whether the glycosylation 

and signal peptidase processing play a role in the morphological change of membrane-

associated replication complexes. To do this, membrane modification could be monitored in 

plant infected with wild type or mutated transcripts using electron microscopy. 

 

Although my results provide important evidence that the full-length Pol and VPg-Pro-Pol of 

ToRSV are unstable in planta, there are still important questions that need to be addressed. A 

number of experiments could be performed in the future to further understand the mechanism 

of ToRSV replication. First, purified viral RNAs could be used to transfect N. benthamiana 

protoplasts and inhibitors against different protein degradation enzymes or pathways could 

be used to examine whether or not truncation and degradation of full-length polymerase 

occurs. These experiments may help identify what causes the instability of the ToRSV 

polymerase. Second, since I was unable to identify the active form of the polymerase using 

in vitro polymerase activity assay, it would be interesting to delete the C-terminal 15 kDa 
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region of the polymerase in infectious transcripts to test whether or not the truncated 

polymerase is able to direct virus replication. Viral RNA accumulation levels could be 

compared between wild type and mutated transcripts to identify whether this truncation 

activates or modulates the polymerase activities. Third, it would also be interesting to 

investigate how the VPg-Pro-Pol' is brought to the ER-associated replication complexes. To 

do this, yeast two hybrid experiments and/or co- immunoprecipitations could be performed 

to investigate whether VPg-Pro-Pol' interacts with viral membrane proteins, such as NTB, 

NTB-VPg and/or X2-NTB-VPg. At the same time, the yeast two hybrid screen of VPg-Pro-

Pol' against the N. benthamiana library may provide us with more information about what 

host factors are involved in the assembly of virus replication complexes. 
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