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ABSTRACT 

Saguaro cactus virus (SCV) is a single-stranded RNA virus which belongs to the 

carmovirus genus within the family Tombusviridae. A full-length infectious clone of 

SCV has been generated and in this study was used to: I) elucidate the role of the capsid 

protein (CP) in cell-to-cell and long distance movement, and 2) to better understand the 

various function(s) of the p26 and p86 proteins in viral replication. The requirement of 

the CP in virus movement among members of the Tombusviridae has been studied in 

great detail and varies, not only from virus to virus, but also from host plant to host plant 

for the same virus. Analysis of a series of frameshift mutants and a deletion mutant has 

demonstrated that the CP is required for cell-to-cell movement in both Chenopodium 

amaranticoior and C. capiiatum. Surprisingly, this analysis also revealed a requirement 

of the CP coding region for viral replication in protoplasts. This is the first report of a cis-

element, required for tombusvirus replication, which extends beyond the 3'-untranslated 

region into the CP coding region. The p26 and p86 constitute the putative SCV RNA-

dependent RNA polymerase (RdRp). To better understand the structure and function of 

the RdRp, 16 clustered charged-to-alanine mutants were generated in the p26 and p86. 

The infectivity as well as the ability of each of these mutants to replicate in protoplasts 

was analyzed and compared to the infectivity and replication level of the wild type virus. 

Of the 16 mutants, five of them were nearly as infectious as wild type and were also able 

to replicate at near wild type levels. Four of the mutants consistently displayed a lower 

replication rate as determined by Northern analysis with two of these four demonstrating 

a lower level of infectivity on indicator plants. In the case of two other mutants, positive-
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Strand RNA was only able to be detected by RT-PCR. These mutants were not able to 

elicit the formation of local lesions on C. amaranticolor ox induce symptoms on either 

inoculated or systemic leaves of C capitation. The ability of these mutants to synthesize 

negative-strand RNA, was examined. It was determined that all of the mutants which 

were able to produce positive-strand RNA were also able to synthesize negative strand 

RNA as determined by RT-PCR. Five of the mutants were not able to replicate in 

protoplasts and were not infectious on either host. These remaining five uninfectious 

mutants were also unable to replicate either negative or positive-strand RNA. This is the 

first thorough mutagenesis of a plant RdRp and should lead to a better understanding of 

RNA virus replication. 
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CHAPTER I 

Review of Plant Virus Replication and Movement 

1.1 SAGUARO CACTUS VIRUS BACKGROUND 

Saguaro cactus vims (SCV) was first identified during a cactus virus survey of 

saguaro cacti {Carnegiea gigantea Britton and Rose) within the Saguaro National 

Monument near Tucson, Arizona (Milbrath and Nelson, 1972). SCV has been shown to 

consist of a icosahedral virus particle 32 +/- 1 nm in diameter (Milbrath ei ai, 1973). 

SCV causes asymptomatic, systemic infection in saguaro plants. It has a narrow host 

range with the saguaro cactus being its only natural host. By mechanical inoculation, 

SCV infects several species in the families Cactaceae, Chenopodiaceae, Portulacaceae, 

Amaranthaceae, Nyctaginaceae. and Aizoaceae (Nelson et al., 1975). SCV causes 

systemic vein-clearing and mottle in Cfienopodiiim capiiatum and local lesions in C. 

amaranticolor and C. qiiinoa (Milbrath and Nelson, 1972). 

The spread of SCV in fields is very slow and its distribution is restricted to 

Southeastern Arizona (Milbrath et al., 1973). SCV has never been isolated from 

unflowered saguaro cactus, this combined with the fact that the virus reaches its highest 

concentrations in its flowers and fhiit, suggests that it may be transmitted by pollen and 

vectored by anything that feeds on cactus flowers. 
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SCV is a member of the carmovirus group within the family Tombusviridae. The 

carmovirus group consists of nine members with the type member being carnation mottle 

virus (CarMV). Among carmoviruses, CarMV is the most closely related to SCV with a 

nucleotide identity of 53.8% (Weng and Xiong, 1997). However, no serological 

relationship between SCV and other carmoviruses has been detected (Milbrath and 

Nelson, 1972; Nelson and Tremaine, 1975). 

The SCV genome has been determined to be a single-stranded, positive-sense EINA 

of 3879 nucleotides (Weng and Xiong, 1997). The genome contains five open reading 

frames (ORPs) (Fig. 2.1). The 5'-proximal ORF encodes a 26 kDa protein (p26) and 

terminates with an amber stop codon which is readthrough into an in-frame p57 ORF to 

generate an 86 kDa fusion protein (p86). Terminator readthrough occurs when a mutation 

in a tRNA (suppressor tRNA) permits a termination codon to code for an amino acid 

(Beier et al., 1984; Zerfrass and Breier, 1992). The p26 and the p86 proteins together 

form the putative SCV RNA-dependent RNA polymerase (RdRp). Two small, centrally 

located ORFs encode a 6 kDa protein (p6) and a 9kDa protein (p9), respectively. The p6 

and p9 are expressed from a single 1.6 kb subgenomic (sg) RNA (Weng and Xiong, 

1997). Mutational analysis of the Uimip crinkle virus (TCV) genome has indicted that 

both the p8 and p9, which are homologous to p6 and p9 of SCV, are involved in virus 

cell-to-cell movement (Hacker et al., 1992). The 3'-proximal ORF encodes a 37 kDa 

capsid protein (p37), this protein is expressed through a 1.4 kb sg RNA. The SCV capsid 

protein (CP) is 41.8% identical to CarMV and shows significant similarity to several 

other small isometric viruses, including members of the genera Necrovirus, Tombusvinis, 
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Dianthovinis, and Sobemovinis (Weng and Xiong, 1997). A full-length infectious clone 

of SCV (pSCVlS) has been produced allowing for the molecular and biochemical 

characterization of this virus (Weng and Xiong, unpublished). 

1.2 POLYMERASE STRUCTURE AND FUNCTION 

Polynucleotide polymerases have been placed into four classes; RNA-dependent 

RNA polymerases (RdRps), DNA-dependent DNA polymerases (DdDps), DNA-

dependent EINA polymerases (DdRps), and reverse transcriptases (RT). RNA molecules 

are thought to have performed catalytic as well as genomic functions in the precellular 

"RNA world" (Blomberg, 1997; Gilbert, 1986; James and Ellington, 1995; Joyce, 1989). 

Support for this hypothesis has been well summarized by Siegel et al. (1999) and 

includes (i) the discovery of catalytic RNAs (Guerrier-Takada et al., 1982; Kruger ei al., 

1982); (ii) the requirement for RNA in many essential, and presumably ancient cellular 

processes such as translation, splicing and priming of DNA synthesis; (iii) the presence of 

ribonucleotides or components derived from ribonucleotides in most biological 

coenzymes; and (iv) the biosynthesis of deoxyribonucleotides by the reduction of 

ribonucleotides rather than by a de novo pathway. In order to efficiently copy this genetic 

material, it has been proposed that one of the first proteins in this "RNA world" would 

have been an RNA replicase (Lazcano et al., 1988). Since RNA was eventually replaced 

by DNA as the carrier of genetic information, it is thought that the pre-existing RdRp 

likely evolved to fulfill the new role of replicating DNA genomes. This line of 

development implies a common ancestor for all polynucleotide polymerases. This theory 
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is supported by the fundamental similarities in the three-dimensional structure and the 

mechanism of nucleotidyl transfer in the four classes of polymerases (Joyce and Steitz, 

1995; Steitz, 1998). 

Moloney murine leukemia virus (MMLV) RT is a strict DNA polymerase which can 

only incorporate deoxyribonucleotides into a growing chain (Komberg and Baker. 1991). 

Further biochemical examination has demonstrated that changing a single amino acid 

residue in the MMLV RT allows this mutant enzyme to use ribonucleotides as a substrate 

for chain elongation (Gao ei ai, 1997). In addition, it has been shown that RNA synthesis 

by the BMV RdRp can take place from either a DNA, RNA, or hybrid template (Siegel et 

ai. 1999; Sivakumaran and Kao, 1999), together these results are consistent with 

proposals of a common ancestry for both RNA and DNA polymerases and support 

models of a common mechanism of nucleic acid synthesis underlying catalysis by all 

such polymerases and suggest that relatively few conditions were needed for an ancestral 

RdRp to replicate DNA genomes. 

Crystallographic studies have demonstrated that DNA and RNA polymerases have 

remarkable structural similarities (Ollis et al., 1985; Kohlstaedt et ai, 1993; Sousa et ai, 

1993; Pelletier et al., 1994; Sawaya et al., 1994; Georgiadis et al., 1995; Rodgers et al., 

1995; Hansen et al., 1997). This structural similarity exists despite a lack of extensive 

primary sequence homology. Polynucleotide polymerases have a characteristic protein 

fold forming a nucleic acid binding cleft and carboxylic acid residues thought to 

participate directly in catalysis through two bound divalent metal ions. Steady-state 
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analysis further support the notion of a common stepwise polymerization mechanism 

(Johnson, 1993; Erie, 1993). 

The first polymerase structure solved was that of the Klenow fragment of 

Escherichia coii DNA polymerase 1, a DdDp (Ollis et ai, 1985). The overall shape of the 

enzyme resembles that of a "right hand" with finger, palm, and thumb subdomams. This 

overall shape has been shown to be consistent in all four classes of polymerases. 

Subsequent elucidation of the structure of HIV-1 RT (HIV-RT) (Kohlstaedt et ai, 1992). 

T7 RNA polymerase (Sousa et al., 1993) and poliovtrus 3D polymerase (30''°') (Hansen 

et al., 1997) allowed for structural comparison of all four classes of polymerases. A 

conservation of tertiary structure rather that primary sequence was shown to e.xist 

between these proteins. The palm subdomains are similar between all four classes of 

polymerases, but the palm Klenow fragment and HIV RT are most similar and thought to 

be homologous (Steitz et al., 1993). This palm domain contains four amino acid motifs 

found in all classes of polymerases, named A, B, C, and D, plus a fifth motif, E, unique to 

RdRps and RTs (Poch et al., 1989). The roles of each of the motifs is becoming more 

clear for RdRps and is reviewed by O'Reilly and Kao, 1998. The fingers and thumb 

subdomains of Klenow fragment and T7 RNA polymerase, are similar to each other 

(Sousa et al., 1993) but very different from the corresponding subdomains of HIV RT. In 

addition to the fingers, palm and thumb subdomains, the poliovirus polymerase contains a 

unique region, which is located N-terminal of the fingers and is not found in the other 

classes of polymerases (Hansen et al., 1997). 
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1.3 VIR\L RNA REPLICATION 

The multiplication of RNA viruses within the host cell involves four fundamental 

steps. These are: (1) decapsidation or uncoating, which liberates the RNA from the virus 

particle and makes it available for the other processes; (2) translation, during which the 

viral RNA serves as messenger RNA. producing the structural and nonstructural proteins 

coded by the viral RNA; (3) replication of the viral genome, yielding progeny RNA 

molecules; and (4) encapsidation of these progeny RNA strands (David et ai. 1992). 

The replication of the genome is the central step in the life cycle of positive-stranded 

RNA viruses. This process is thought to occur in two main steps: 1) synthesis of 

complementary (negative-stranded) RNA using the genomic positive-stranded RNA as a 

template; 2) synthesis of progeny positive-stranded RNA using the negative-stranded 

RNA as a template. The virus encoded protein(s) required to catalyze RNA synthesis is 

the RdRp. Three supergroups of RdRps among positive-strand RNA viruses have been 

proposed based on representative amino acid sequences of the RdRps of all groups of 

positive-strand RNA viruses (Koonin. 1991; Koonin and Dolja, 1993). This phylogenetic 

scheme is shown in Figure 1.1. The RdRp of SCV falls into supergroup II, which is 

composed of carmo-, tombus-, diantho-, pesti-, flavi-, hepatitis C virus, some 

luteoviruses, and the positive-strand RNA bacteriophages. This type of RdRp contains a 

single, highly-conserved polymerase domain and lacks the rest of the conserved domains 

that are present in other RdRps (e.g. RNA helicase, serine chymotrypsin-like protease, 

and methyltransferase). RdRps are usually part of a membrane-bound RdRp complex 
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FIG. 1.1. Tentative phylogenetic scheme for positive-strand RNA viral RNA-dependent RNA 
polymerases. The scheme is based on the cluster analysis of aligned sequences. The three 
supergroups are designated (Koonin, 1991). 
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termed the replicase complex. This replicase complex is composed of the viral RdRp and 

various host proteins and possibly other viral proteins. The replicase of the bacteriophage 

QP has been well characterized and found to be composed of a phage-encoded protein, 

the P-subunit, and three proteins from its host Escherichia coli. These host proteins were 

determined to be two translation elongation factors: EF-Tu and EF-Ts, and a ribosomal 

protein SI (Blumenthal et al., 1972, Wahba ei ai, 1974). A fourth host protein of 

unknown function has been shown to be associated with the replicase complex and is 

involved in the synthesis Q|3 positive-strand RNA (Kajitani and Ishiama, 1991). 

Within plant viruses, both the replicase complexes of brome mosaic virus (BMV) 

and tobacco mosaic virus (TMV) have been found to contain the plant protein eukaryotic 

translation initiation factor 3 (eIF-3) (Quadt et ai, 1993 and Osman and Buck, 1997). In 

an attempt to use the powerful and convenient molecular genetics available in yeast, it 

has been shown that Saccharomyces cerevisiae cells contain BMV-compatible forms of 

all host factors required for BMV RNA replication and subgenomic mRNA synthesis 

(Janda and Ahlquist, 1993). The assembly of a functional RdRp in nonhost cells has also 

been demonstrated by the ability of poliovirus RNA to be replicated in cowpea 

protoplasts expressing the 200K coding sequence of cowpea mosaic virus B-RNA (Van 

Bokhoven ei al., 1993). 

The following review of RNA vims replication will focus on four different model 

systems. All four systems: poliovirus, brome mosaic virus (BMV), QP bacteriophage, 

and turnip crinkle virus (TCV) have been studied in great detail. These systems have 

been selected over the countless other RNA viruses, because of their relatedness to this 
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Study. Poliovirus has been a model system in which to study viral replication for over 35 

years. Also, the RdRp of poliovirus has been more thoroughly characterized by a 

thorough site-directed mutagenesis of its coding region. BMV RNA replication is the best 

characterized system among the plant viruses. Qp replication is the most well defined 

system biochemically, and it has an RdRp is similar to that of SCV. TCV is the best 

studied of the carmoviruses and is emerging as an important model of virus replication. 

1.3.1 POLIOVIRUS 

An important model of RNA virus replication is poliovirus. The first evidence for 

a virus-specific RNA polymerase activity in poliovirus-infected cells was presented by 

Baltimore et al. in 1963. This finding marked the beginning of numerous biochemical 

and genetic studies aimed at understanding the mechanism of RNA replication by 

poliovirus. Poliovirus replication occurs in membranous replication comple.xes of 

infected cells (Penman et al., 1964; Baltimore, 1964; Girard et al., 1967). The replicase 

complex was shown to contain the virus-encoded RdRp, 30''°' (Lundquist et al.. 1974; 

Flanegan and Baltimore, 1979). Phylogenetic analysis has determined that this protein is 

a supergroup I RdRp (Van Dyke and Flanegan, 1980). The 30''°' protein has been highly 

scmtinized, specifically the highly conserved YGDD motif Mutations made in these 

amino acids result in RdRps with reduced enzymatic activity or completely inactive 

RNA-pclymerases (Jablonski et al., 1991; Jablonski and Morrow, 1993). It has been 

suggested that an interaction between an aspartic acid at amino acid 108 and the YGOD 

region is required for viral replication (Walker et al., 1995). Further mutagenesis of the 
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30''°'has generated mutant viruses that are apparently defective in positive-strand 

synthesis but which are able to generate negative-strand RNA normally (Andino et. ai, 

1990; Giachetti and Selmer, 1991). Analysis of a single amino acid substitution of 

asparagine by histidine at position 424 of poliovirus 30''°' coding sequence revealed that 

the ratio of positive to negative-strand RNA was reduced fourfold relative the wild type 

(Bums et al., 1992). More recently, a thorough clustered charged-to-alanine mutagenesis 

of the 30''°' has generated a collection of conditionally defective poliovirus mutants 

(Diamond and Kirkegaard, 1994). Of the 27 mutagenized cDNA clones, 10 gave rise to 

viruses with a temperature sensitive {ts) phenotype. The mutations responsible for the 

phenotypes of most of these mutants lie in the N-terminal third of the 30''°' coding 

region. None of the ts mutant viruses displayed any defects in translation or in protein 

stability as compared to the wild type virus. One of the ts mutant viruses displayed a 

defect in the processing of viral polypeptides. Seven of the ts mutant viruses exhibited a 

decrease in RNA accumulation compared with that of the wild type virus and displayed ts 

plaque phenotypes that correlated with these defects in RNA accumulation. 

Numerous other biochemical properties of the 30''°' have been examined. These 

properties include binding of NTPs, RNA binding and elongation of the growing RNA 

chain, and unwinding of RNA duplexes. Chemical cross-linking studies have located two 

NTP binding sites in the 30''°': one spans amino acid residues 57 to 74, near the N 

terminus of the protein; the other is between residues 266 and 286, in the central portion 

of the molecule (Richards et al., 1995). It was later demonstrated that nucleotide binding 

only at the first site is essential for RNA replication and that NTP binding at the second 
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site has no bearing on elongation activity or replication of the virus (Richards and 

Ehrenfeld, 1997). Using a hairpin primer/template RNA derived from sequences present 

at the 3' end of the poliovirus genome, the RNA-binding and elongation activities of 

highly purified poliovirus 30''°' were investigated. The results of this study suggests that 

the poliovirus 30''°' can function as a single-stranded RNA-binding protein and that this 

single-stranded RNA-binding activity is required for efficient template utilization as well 

as a catalytic polymerase (Pata ei ai, 1995). The minimal RNA-binding site size of the 

poliovirus polymerase has been determined using binding titration with oligonucleotides 

of increasing length. A dramatic increase in affinity was observed when the length of the 

oligo(U) was increased from eight to ten nucleotides, suggesting that the minimal size of 

RNA for polymerase binding is 10 nucleotides. Another increase in affinity was observed 

when the oligo(U) was increased to a length of 24 nucleotides, this was expressed as the 

total oligo(U) bound as a function of polymerase concentration, suggesting that this 

length oligo(U) can be occupied by two polymerase molecules (Beckman and 

Kirkegaard, 1998). The poliovirus 30''°' has also been shown to be able to unwind 

poliovirus RNA duplexes in vitro. Using an antisense RNA prehybridized to an RNA 

template it was shown that poliovirus polymerase was able to elongate through a highly 

stable RNA duplex of over 1000 basepairs (bp). Radiolabeled antisense RNA was 

displaced from the template during the reaction at approximately the same rate as 

elongation (Cho et al., 1993). It is speculated that the activities of 30''°' may then be 

promoted by the action of other viral or cellular proteins. Poliovirus 3 AB, for example, is 
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known to interact with 30''°' and stimulate RNA-dependent RNA polymerization (Lama 

etal., 1994; Paul era/., 1994). 

In addition to these biochemical and genetic analyses, the X-ray crystal structure 

of the RdRp of poliovirus has been determined and analyzed (Hansen et al., 1997). 

Comparison of the poliovirus polymerase structure with those of other polymerase 

structures reveals that it has the same overall "right hand" shape. The poliovirus 

polymerase contains a recognizable palm, thumb, and finger subdomains. Although the 

detailed structures of the finger and thumb subdomains are different from those of other 

polymerases, the palm subdomain contains a core structure similar to those of other 

polymerases, composed of four of the amino acid sequence motifs described for RNA-

dependent polymerases (Poch, et al., 1989; Xiong and Eickbush, 1990). 

The thorough characterization of poliovirus replication has lead to its 

development as a model for studying the switch from translation to RNA replication. 

Once the viral RdRp and other essential proteins are synthesized, the genomic RNA must 

be used as a template for negative-strand RNA replication (Pogue et al., 1994). In 

principle, this creates a conflict between the translation and replication machinery. While 

the ribosomes are moving along the viral RNA in the 5' to 3' direction, the polymerase 

initiates replication at the 3' end of the same RNA and moves in the opposite direction as 

it synthesizes the complementary negative-strand. It was shown that the RNA polymerase 

is unable to replicate RNA templates undergoing translation (Gamamik and Andino, 

1998). It was also discovered that an RNA structure at the 5' end of the viral genome, 

next to the internal ribosomal entry site, carries a signal that controls both viral 
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translation and RNA synthesis (Gamamik and Andino, 1998). It has been proposed that 

the interaction of the viral protein 3CD, which is the uncleaved precursor of the viral 

protease (SC™) and polymerase (30''°'), with the 5' RNA structure controls whether the 

genomic RNA is used for translation or RNA replication (Gamamik and Andino, 1998). 

1.3.2 BROME MOSAIC VIRUS 

Among plant viruses, the replication and RdRp of BMV has been the best 

characterized. The tripartite BMV genome is composed of RNAs designated RNA I (3.2 

kb), RNA2 (2.8 kb), and RNA3 (2.1 kb) (Ahlquist, 1992). A subgenomic RNA4 (0.9 kb) 

is synthesized to direct translation of the viral capsid (Ahlquist, 1992). The BMV RNA 

replication enzyme is a comple.x localized in the endoplasmic reticulum (Restrepo-

Hartwig and Ahlquist, 1996). It contains the BMV-encoded la (109 kDa) and 2a (96 

kDa) proteins which make up its RdRp. Phylogenetic analysis of the BMV RdRp has 

placed it in supergroup III. BMV RNA-1 and RNA-2, encoding BMV proteins la and 2a 

respectively, are sufficient for BMV RNA replication when transfected into protoplasts 

(Kiberstis et al., 1981). In 1990, a highly active and specific preparation of BMV RdP-p 

was purified and characterized (Quadt and Jaspars, 1990). 

Genetic evidence has implicated BMV 2a protein as a modulator of virus 

transport in the plant. BMV mutants lacking parts of the 2a protein coding sequence have 

deficiencies in systemic spread despite being able to replicate efficiently in protoplasts 

(Traynor et ai, 1991). Whether the replication proteins of these viruses participate in the 

viral movement process by communicating with the movement protein (MP), by 
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performing transport functions not associated with their role in genome replication, or by 

affecting a cellular factor or process remains to be determined. 

Several domains of BMV proteins la and 2a have been identified based on 

sequence analysis. The C-terminus of la has sequences homology to both viral and 

cellular helicases, while the N-terminus contains a methyltransferase domam (Gorbalenya 

et al., 1988). The 2a protein is composed of a central conserved domain flanked by two 

nonconserved regions. This centrally conserved domain shares sequence motifs with 

many polymerases, including a GDD motif (Argos, 1988). Using linker insertion 

mutagenesis it was demonstrated that the la protein is indispensable for the synthesis of 

all classes of viral RNA (Kroner et ai, 1990). Deletion analysis of the 2a protein has 

demonstrated that the N-terminal deletions show a gradient of RNA replication activity, 

while the C-terminal domain flanking the polymerase-like 2a core is dispensable for 

RNA replication (Traynor et al., 1991). The BMV la and 2a proteins have been shown to 

interact both in vitro and in the yeast two-hybrid system (Kao et ai., 1992; O'Reilly et ai, 

1995). In addition, a correlation between the ability of a group of la mutants to interact 

with 2a in the yeast two-hybrid system and the in vivo phenotypes of these mutants has 

been demonstrated (O'Reilly et al., 1997). Also a I a-la interaction has been mapped to 

the N-terminal putative capping domain, which has been shown to interact with the 

helicase-like domains of the la protein (O'Reilly et ai, 1998). Recent results have 

suggested that the la protein may participate in an interaction involved in recruiting viral 

RNA templates into RNA replication while diverting them from the competing processes 

of translation and degradation (Janda and Ahlquist, 1998). 
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The various steps in the replication process of BMV have been examined. 

Specifically, the initiation and elongation phases. The synthesis of minus-strand RNA 

initiates from the conserved 3' ends of positive-strand BMV RNAs (Dreher and Hall, 

1988a; Dreher and Hall, 1988b). These conserved regions can fold into a tRNA-like 

structure (Ahlquist ei al., 1981). These conserved 3' sequences are also thought to be 

involved in the regulation of {-)-strand RNA synthesis which initiates from the other end 

of the viral RNA (Lahser, 1993). Characterization of in vitro RNA synthesis by the BMV 

RdRp has defmed several steps in the BMV replication process, including: (1) initiation 

of RNA synthesis at the penultimate cytidylate at the 3' end of BMV positive-strand 

templates (Miller et al., 1985; Kao and Sun, 1996), (2) abortive oligoribonucleotide 

synthesis (Sun e[ al.. 1996), and (3) processive RNA synthesis or elongation (Sun ei al.. 

1996)(Fig. 1.2). 

The requirements for BMV genomic plus-strand RNA synthesis have also been 

examined. Using DNA templates to characterize the requirements for RdRp template 

recognition, it has been shown that initiation from the 3' end of a template requires one 

nucleotide 3' of the initiation nucleotide (Sivakumaran and Kao, 1999). In addition, 

mutational analysis of the minus-strand template revealed that the -1 nontemplated 

nucleotide, along with the +1 cytidylate and +2 adenylate, is important for RdRp 

interaction and that sequences 5' of the initiation site affect RNA synthesis (Sivakumaran 

and Kao, 1999). 



29 

pppGG 

ATP 

Transition 2 GTP 
or 

GTP.UTP 
Transition 1 Template 

Stability 

FIG. 1.2. A model for the transitions of RNA synthesis from initiation to elongation by 
RdRp. The stability of the RNA synthesis increased in three distinct steps with two 
transitions. First, RdRp (ellipse) binds to the tRNA structure of the BMV vRNA. After 
the synthesis of nascent RNA. the complex undergoes a transition to a structure which is 
more tightly associated with the template RNA, having a second stability level. A last 
transition occurs when short nascent strands of RNA of 8 to 14 nucleotides in length are 
produced. This complex is now committed to the template and will resist challenges by 
other RNA templates (Sun and Kao, 1997). 
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1.3.3 QP BACTERIOPHAGE 

Among supergroup II RdRps, the QP bacteriophage RdRp is the best 

characterized. In 1972, an isolation procedure that yielded highly pure QP-replicase was 

developed (Kamen, 1972). In contrast to most other replicases, the QP-replicase is 

remarkably stable (Fedoroff and Zinder, 1971). This fact, along with the combination of 

the intense scrutiny QP replication received and relative simplicity of its prokaryotic host, 

Escherichia coli. has made it the most well defined model of RNA virus replication. 

The first stage of in vitro QP RNA replication is the recognition of, and binding to 

the QP template by the QP-replicase. The replicase alone binds preferentially to QP RNA 

(August et al., 1968; Silverman, 1973), but the addition host factors and GTP to the 

reaction (in the absence of Mg"*) resulted in a more tightly bound complex that would 

not exchange with free RNA molecules (Silverman, 1973). It was shown that the QP 

replicase binds to specific recognition sites within the 4220-nucleotide sequence of the 

QP RNA, the S and M-sites (Meyer era/., 1981). The S-site is at about 1250 to 1350 

nucleotides from the 5' end and is thought to be inessential for template activity but rather 

to be involved in the regulation of protein synthesis. The M-site is at about 2550 to 2870 

from the 5' end and is essential for template activity (Meyer et al., 1981). Furthermore, it 

was demonstrated that synthesis does not occur if the 3'-terminal sequence is deleted 

(Schwyzer et al., 1972). Deletion analysis of the QP replicase revealed that the terminal 

18 amino acid residues (positions 571-588) are dispensable for replication. Subsequent 

deletions up to the alanine residue at position 565 increased polymerization activity in 



vitro, due to a relaxed template specificity. Deletions beyond the isoleucine residue at 

564, abolished RNA polymerization and the ability to bind midivariant (MVD)-poly (+) 

RNA, a derivative of a natural template for the QP replicase (Inokuchi and Kajitani, 

1997). 

Following binding of the template, Q(3 RNA synthesis is initiated and then the 

RNA strand is elongated. For initiation to occur, at least two GTP molecules must be 

bound at the 3' end of the template. One of the GTP molecules is bound by the active site 

of the viral subunit of the replicase; the 5'-terminal GTP is perhaps bound to the host 

factor, EFTu (protein synthesis elongation factor) (Landers era/., 1974; Blumenthal and 

Carmichael, 1979). Priming of the replication process then occurs by phosphodiester 

formation and pyrophosphate release. Consecutive association of the complementary 

bases followed by phosphodiester formation and pyrophosphate release results in chain 

elongation. Watson-Crick base-pairing is the basis of copying and a double-helical 

structure is involved at the replication fork, ks replication proceeds, the strands are 

released from the enzyme in a single-stranded form (Biebricher et al., 1983). The RdRp 

of the Q(3 bacteriophage has been characterized as well. Analysis of mutant clones 

indicated that QP RdRp can accept amino acid substitutions and insertions at several sites 

at the amino (N) and carboxy (C) termini without abolishing functional activity in vivo 

and in vitro, but disruption within the internal amino acid sequence resulted in almost 

e.xclusively a nonfunctional enzyme (Mills et ai, 1988). 

1.3.4 TURNIP CRINKLE VIRUS 
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To date, TCV has been the most extensively studied Carmovinis. In 1994, RdRp 

activity that is capable of specifically transcribing TCV-associated RNAs was reported 

(Song and Simon, 1994), however the presence of TCV-encoded components in these 

preparations was not determined. The 5' proximal ORF in the TCV genome encodes a 

protein of 28 kDa (p28). Readthrough of the p28 amber termination codon allows for the 

production of a fusion protein of 88 kDa (p88). The portion of the p88 translated after 

the terminator readthrough event contains amino acid motifs common to RdRps (Kramer 

and Argos, 1984), implying its involvement in viral RNA replication (Hacker et ai, 

1992). This has been demonstrated by introducing mutations into p88 which had the 

effect of reducing or abolishing viral RNA accumulation in protoplasts (Hacker et al., 

1992). It was latter verified that p28 is essential for TCV genome replication (White et 

ai. 1995). 

Much of the analysis of TCV replication has focused on the importance of cis-

sequences, specifically the 3'-terminal stem-loop. To identify the promoter required for 

negative-strand RNA synthesis, a combination of in vivo and in vitro approaches has led 

the identification of the 3'-terminal 29 bases of sat-RNA C as the promoter for negative 

strand synthesis (Song and Simon, 1995; Carpenter and Simon, 1998). This promoter is 

composed of a 22 base hairpin and a six base single-stranded 3'-terminal tail (Song and 

Simon, 1995). In vitro (Song and Simon, 1995) and in vivo (Stupina and Simon, 1997) 

analyses of the hairpin using site-specific mutagenesis originally suggested that while a 

hairpin is required for biological activity, the primary sequence of the loop and stem are 

of limited importance. Later, results obtained using in vivo genetic selection, also known 
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as SELEX (Ellington and Szostak, 1990; Tuerk and Gold, 1990), strongly suggest that 

both the sequence and structure of the hairpin contribute to efficient amplification of sat 

RNA C (Carpenter and Simon, 1998). 

1.4 VIRAL MOVEMENT WITHIN THE PLANT WITH EMPHASIS 

ON THE TOMBUSVIRIDAE 

1.4.1 PLASMODESMATAS 

In order for an invading virus to set up a systemic infection, the virus must move 

from cell-to-cel! through several different cell types and tissues. An infection starting in 

an epidermal cell must move from cell-to-cell into mesophyll, bundle sheath, and phloem 

parenchyma and companion cells (Carrington el al., 1996). Long distance transport to 

other leaves is facilitated by movement from vascular parenchyma or companion cells 

into sieve elements through which the virus moves rapidly to tissues that are sinks for 

photoassimilate (Leisner and Turgeon, 1993). This entire pathway is part of an elaborate 

symplastic network (Lucas, 1995). Each step of this pathway requires transport through a 

plasma membrane-lined channels, named plasmodesmata (PD) (Lucas et al., 1993). For a 

general review on the role of the plasmodesmata in the cell-to-cell transport of proteins 

and nucleoprotein complexes, see Lucas (1999). 

Most plant viruses move from cell-to-cell through PD. By serving as intercellular 

charmels that maintain a plant-wide symplastic continuum, PD offer a means by which 

the virus can enter and exit a cell that is enclosed within a cell wall. A PD is lined with 

plasma membrane that is contiguous with both adjoining cells (Lucas et ai, 1993; Lucas 
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and Gilbertson, 1994). Extending through the plasmodesma is a desmotubule and 

associated protein globules that joins the endomembrane systems of the adjacent cells 

(Ding et ai, 1992). It is the space between the plasma membrane and desmotubule 

through which viruses and other macromolecules are proposed to move, but some 

molecules may travel through the desmotubule lumen (Waigmann ei ai, 1997). 
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Fig. 1.3. A diagrammatic representation of one type of primary plasmodesmata based on high-
resolution electron microscopic analyses (Ding et al.. 1992). 
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1.4.2 VIRAL MOVEMENT PROTEINS 

The roles of a viral movement protein (MP) in facilitating intercellular transport 

of virus genomes are best understood for tobacco mosaic virus (TMV). The 30K 

nonstructural protein encoded by TMV was defined as the MP based on its ability to 

facilitate local virus spread without affecting virus accumulation in transfected 

protoplasts (Deom et al., 1987; Meshi et al., 1987). Since then, numerous other viral 

movement proteins have been defined using the same criteria. The TMV 30-lcDa MP 

possess several functions: it (I) binds single-stranded (viral) RNAs in vitro (Citovsky et 

ai, 1990, 1992); (2) interacts with components of the cell cytoskeleton (Heinlein et al., 

1995; McLean et al., 1995); (3) is targeted to the plasmodesmata. where it increases their 

size exclusion limit (SEL) (Wolf et al., 1989), and (4) mediates an active cell-to-cell 

movement of viral genomes (Deom et al., 1987). These properties led to the development 

of a model mechanism for the intracellular and intercellular transport of TMV, known as 

the TMV-like mechanism (see Carrington et ai, 1996 for a review). 

The function(s) of MPs of other viruses are currently being examined. Tobacco 

necrosis virus (TNV) encodes a putative MP, p7a, which shows sequence similarity to the 

corresponding ORF of the SCV p6. Studies of the p7a revealed that this protein is able to 

bind single-stranded RNA and single-stranded DNA, but was unable to bind double-

stranded DNA (Offei et al., 1995). Similar results were realized in studies of the 

analogous p7 putative MP from CarMV. It was demonstrated that the CarMV p7 is also 

an RNA-binding protein. The RNA-binding domain of the CarMV p7 has been localized 

to a I9-residue sequence that is predicted to fold into a characteristic a-helix (Marcos et 
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ai, 1999). In the case of the analogous putative MP p8 in TCV, single amino acid 

changes in the p8 lead to a greater ability of the virus to spread in planta. This increase in 

the ability of the virus to spread inversely correlates with the p8 binding affinity (Wobbe 

etal., 1998). 

1.4.3 CAPSID PROTEIN 

The role of the CP in viral movement within small icosahedral viruses including 

carmoviruses and the related tombusviruses has been investigated. In the case of the 

tombusviruses tomato bushy stunt virus (TBSV) and cucumber necrosis virus (CNV), the 

capsid protein was determined to be dispensable for both cell-to-cell and systemic 

movement in Nicotiana clevelandii and N. benthamiana (Scholthof et al.. 1993; McLean 

et al., 1993; Sit et al., 1995). In the case of the cucumovirus cucumber mosaic virus 

(CMV), it has been demonstrated that CP but not virion formation is required for cell-to-

cell movement (Canto et al., 1997; Kaplan et al., 1998). The CP is also required for 

potexvirus cell-to-cell movement (Chapman et al., 1992; Forster et al., 1992; Baulcombe 

et al., 1995; Lough et al., 1998). Electron microscopic studies conducted on plants 

infected with various potexviruses have shown that the CP accumulates in the 

plasmodesmata (PD) (Rouleau et al., 1995; Oparka et al., 1996). These studies suggest a 

role for the CP other than encapsidation, possibly as part of a ribonucleotide complex 

mediating cell-to-cell movement of viral RNA through the PD (Lough et al., 1998). 
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Fig. 1.4. A. Schematic diagram of the SCV capsid protein subunit. B. Schematic 
drawing of the RNA and protein arrangement within a virion based on data from 
neutron small-angle scattering experiments (Jacrot a/., 1977.) 



Often the requirement of the CP for viral movement in the plant appears to be host-

dependent. An example of this host-specific movement is the CP of brome mosaic virus 

(BMV). The CP of BMV is required for cell-to cell movement (Flasinski et al., 1995; 

Schmitz and Rao, 1996). However, deletions and amino acid substitutions in the N-

terminal region of the BMV CP, abolishes systemic infection C. hybridiim, but not in 

barley (Flasinski el al., 1995). Another case of a host specific requirement for the CP is 

found in the tombusvirus, cymbidium ringspot virus (CyRSV). A CP mutant of CyRSV, 

which was able to synthesize almost full-length CP, but unable to form a virion was 

restricted in long-distance movement in N. clevetandii but able to spread systemically in 

/V. benihamiana (Dalmay et al., 1993). Within the carmovirus group, encapsidation-

competent CP is required for systemic movement of the TCV in Brassica campestris and 

N. benihamiana, and the requirement of the CP for cell-to-cell movement appears to be 

host dependent (Heaton, ei al., 1991; Hacker e/ al.. 1992). Based on these various results, 

there appears to be numerous subtle interactions between host and viral gene products to 

facilitate movement within plants, and different viruses encode different proteins to 

exploit these subtle interactions. 

A reasonable candidate for an interaction point between the CP and a host 

factor(s) is the protruding (P) domain of the CP. Each subunit of the CP in the 

Tombusviridae is predicted to be comprised of three distinct domains: the R (RNA-

binding) domain, the S (shell) domain, and the P domain (Fig. 1.4). The outward facing P 

domain is a structural feature of the CP that is unique to the tombus-, carmo-, and 

dianthovirus genera. The alterations in the P domain of the CP has generally been shown 



to affect virion formation and systemic movement. In tiie case of red clover necrotic 

mosaic dianthovirus even a minor six amino acid deletion at the C-terminal of the CP P 

domain resulted in the inability to move systemically in some hosts under certain 

environmental conditions (Xiong et ai, 1993). Removal of the P domain of the CNV CP 

resulted in the inability to form virus particles, however, RNA lacking the P domain 

retained the ability to move cell-to-cell and systemically in N. clevelcmdii, although 

systemic movement was delayed (McLean et al., 1993; Sit et al., 1995). The P domain of 

the TCV CP gene has been shown to be dispensable for cell-to-cell movement in B. 

campestris, but required for cell-to-cell movement in /V. benthamiana (Heaton et ai, 

1991). 
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CHAPTER 2 

Modifications of the Saguaro Cactus Virus Capsid Protein Gene Affect 

Virus Replication and Movement 

2.1 ABSTRACT 

Saguaro cactus virus (SCV) is a small positive-sense RNA virus. Its genomic 

RNA as well as two species of subgenomic RNA are encapsidated within virions formed 

by 37 kJDa capsid protein (CP) subunits. In an effort to determine the role of the SCV CP 

in viral replication and movement, we constructed a series of four frameshift mutants and 

a deletion mutant in the CP coding region. Lnoculation of protoplasts with i/i vitro 

transcripts from the mutagenized clones revealed that all of the frameshift mutants were 

able to replicate, but the CP coding region deletion mutant was unable to replicate. 

Although portions of the CP protein were dispensable for RNA replication in protoplasts, 

alterations of the CP protein prevented the formation of local lesions on Chenopodiiim 

amaranticolor and systemic infection in C. capitatum. No viral RNA was detected in the 

inoculated or uninoculated leaves of plants inoculated with transcripts from any of the 

mutants. These results indicate that the CP coding region, or a portion of it, is required 

for replication of SCV. It also indicates that the CP is required for viral cell-to-cell 

movement. 
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2.2 INTRODUCTION 

Saguaro cactus virus (SCV) is a member of the carmovirus group within the 

Tombusviridae. SCV was first isolated during a cactus survey in Arizona (Milbrath & 

Nelson, 1972; Milbrath et al., 1973). The genome of SCV consists of a single-stranded, 

positive-sense UNA of 3879 nucleotides (Weng & Xiong, 1997). The SCV genome 

contains five open reading frames (ORFs) encoding five proteins (p26, p86, p6, p9, and 

p37)(Fig. 2.1). The p86 protein is a fusion protein resulting from a terminator 

readthrough of the p26 into the following reading frame (Weng and Xiong, 1997). 

Together the p26 and p86 proteins form the putative RNA-dependent EINA polymerase. 

The p26 is homologous to the p28 of the closely related turnip crinkle virus (TCV), 

which has been shown to be essential for TCV genome replication (White ei al., 1995). 

The p86 contains a ODD amino acid motif common to RNA-dependent RNA 

polymerases (Kramer and Argos, 1984), implying a role for this protein in viral RNA 

replication. The p6 and p9 are homologous to the putative movement proteins of other 

carmoviruses. The p37 is identified as the capsid protein (CP) (Weng & Xiong, 1997). 

The SCV CP is encoded by a 3'-proximally located ORP and is expressed from a 1.4kb 

subgenomic RNA (Weng & Xiong, 1997). The 37-kDa CP encapsidates the genomic 

RNA and two species of subgenomic RNA into a 32 nm icosahedral virion (Weng and 

Xiong, 1997). 

The role of the CP in viral replication and movement within small icosahedral 

viruses including carmoviruses and the related tombusviruses has been investigated. 
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Within the tombusviruses, tomato bushy stunt virus (TBSV), cucumber necrosis virus 

(CNV), and cymbidium ringspot-% irus (CyRSV) mutants lacicing nearly all of CP coding 

sequence are able to replicate in protoplasts (Scholthof el ai, 1993; Rochon et al., 1991; 

McLean et al., 1993; Sit et ai, 1995; Dalmay et al., 1993). This is also true for the 

carmovirus TCV (Hacker et al., 1992). In the case of TBSV and CNV, the capsid protein 

was determined to be dispensable for both cell-to-cell and systemic movement in 

Nicotiana clevelandii and N. benthamiana (Scholthof et al., 1993; McLean et al., 1993; 

Sit et al., 1995). However, a CP mutant of CyRSV which was able to synthesize almost 

full-length CP, but unable to form a virion was restricted in long-distance movement in 

/V. clevelandii but able to spread systemically in N. benthamiana (Dalmay et ai, 1993). 

Within the carmovirus group, encapsidation-competent CP is required for systemic 

movement of the TCV in Brassica campestris and N. benthamiana, and the requirement 

of the CP for cell-to-cell movement appears to be host dependent with CP mutants being 

able to move from cell-to-cell in B. campestris, but not in N. clevelandii (Heaton, et ai, 

1991; Hacker et al., 1992). Another example of this host-specific movement is the CP of 

brome mosaic virus (BMV). The CP of BMV is required for cell-to cell movement 

(Flasinski et ai, 1995; Schmitz and Rao, 1996). However, deletions and amino acid 

substitutions in the N-terminal region of the BMV CP, abolishes systemic infection C. 

hybridum, but not in barley (Flasinski et al., 1995). 

In the case of cucumber mosaic virus (CMV), it has been demonstrated that CP 

but not virion formation is required for cell-to-cell movement (Canto et al., 1997; Kaplan 

et al., 1998). The CP is also required for potexvirus cell-to-cell movement (Chapman et 
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<3/., 1992; Forster er a/., 1992; Baulcombe e/a/., 1995; Lough era/., 1998). Electron 

microscopic studies conducted on plants infected with various potexviruses have shown 

that the CP accumulates in the plasmodesmata (PD) (Rouleau et al., 1995; Oparka et ai, 

1996). These studies suggest a role for the CP other than encapsidation, possibly as part 

of a ribonucleotide comple.x mediating cell-to-cell movement of viral RNA through the 

PD (Lough et ai, 1998). 

In the present study, we systematically mutagenized the SCV CP coding region in 

order to determine its role in virus replication and movement within the plant. Four 

frameshift mutants and a deletion mutant were generated and inoculated to both a local 

lesion and systemic host. These mutants were tested for their ability to replicate in 

protoplasts. I show that the CP coding region is required for replication of viral RNA. and 

that alterations in the CP affect the ability of the virus to move both cell-to-cell and 

systemically. 
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2.3 MATERIALS AND METHODS 

A. Construction of mutants 

Frameshift and deletion mutants of the coat protein were constructed from the 

full-length clone of SCV (pSCVlS) (Weng & Xiong, 1997). B8, and H336 were created 

by partially digesting with either BamHl (nt 2642) or HindlW (nt 3625) respectively. The 

ends were made blunt with the Klenow fragment, and the DNAs were recircularized. To 

construct the CP mutant A263, the SCV BamHl fragment was subcloned into a 

pBluescript KS (+) (Stratagene) vector in which the Accl site was previously disabled. 

The resulting plasmid, PBlue-ASCVBF. was the digested with Accl (nt 3408), blunt-

ended with Klenow fragment and recircularized. This BamW\ fragment was then cloned 

back into pSCVlS background. The CP deletion mutant, ACP was created using inverse 

polymerase chain reaction (IPCR). The pSCVlS BamHl fragment was subcloned into 

pBluescript KS (+). IPCR was then performed using the primers 5'-

GCAGCAGCAGCAGCCAGG-3' (identical to nts 2667-2650) and 5'-

TGAGGGGACCTACCCCACTG-3' (complementary to nts 3653-3671). The IPCR 

amplified fragment was then recircularized. The resulting BamHl fragment was then 

cloned back into the pSCV15 background. The altered regions of all the mutants were 

sequenced to ensure that only the desired sequence changes had been introduced. 
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B. Inoculation of plants and protoplasts 

Plants were inoculated with uncapped, T7 RNA polymerase (BRL) run-off 

transcripts generated from pSCVIS and its derivatives after linearization of plasmids with 

AJRl (Weng and Xiong, 1997). Approximately 9 |ag of RNA transcripts in 10 jil was 

diluted 1:10 with sterile GKP buffer (50 mM glycine, 30 miV/K2HP04, pH 9.2, 1% 

bentonite, and 1% celite) and used to mechanically inoculate 2 leaves of a C. 

amaranticolor plant and 2 leaves of a C. capitaium plant using 8.0 )al per leaf. Plants 

were then maintained and observed in the greenhouse for 4 to 6 weeks. Typically, one 

trial consisted of the inoculation of four plants with each mutant RNA transcript. 

N. clevelandii protoplasts were prepared and transfected as previously described 

(Rao et al., 1994) with the following modifications. Young leaves were removed, sliced 

and incubated in an enzyme mi.x containing 10 mg/'ml cellulase and 1 mg/ml macerozyme 

at 24°C in the dark for 12 hr. In vitro transcription was performed using AJTll linearized 

pSCVl5 or its derivatives as a template. The transcripts were then purified by 

phenol:chloroform extraction, followed by ethanol precipitation with 1/10 volume of 3 M 

sodium acetate, pH 5.2, and 2.5 volumes of ethanol. The transcripts were then incubated 

at - 20°C for 2 hr and then pelleted at by centrifugation at 10,000 rpm for 20 min at 4°C. 

The RNA-DNA pellet was completely dissolved in O.l M NaCl, 10 mM Tris-HCl (pH 

7.5), and 1 mM EDTA. Lithium chloride was added to a final concentration of 2.7 M and 

incubated on ice for 16 hours. The RNA transcripts were then pelleted by centrifugation 
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at 10,000 rpm for 30 min at 4°C and resuspended in sterile water. The integrity of the 

RNA transcripts was confirmed by agarose gel electrophoresis. The protoplasts were 

collected by centrifugation and sucrose floatation and transfected. For transfection, equal 

amounts of RNA transcripts (40 |ig) were added directly to approximately 100,000 

pelleted protoplasts as determined by examination with a hemacytometer. One hundred-

fifty microliters of PEG solution (40% w/v polyethylene glycol. 0.3 mM CaCh) was 

added to the protoplast-RNA culture. Mannitol (0.55 M, pH7.4) was added dropwise until 

the volume of each sample reached 1.5 ml. Transfected protoplasts were incubated on ice 

for 30 min. The protoplasts were pelleted, and washed twice in I ml of 0.55 M mannitol, 

1% 2-(N-morpholino) ethanesulfonic acid (MES), pH 5.9. The protoplasts were pelleted 

again and resuspended in 1.5 ml protoplast culture medium (Rao et al., 1994). Protoplasts 

were incubated at room temperature, under fluorescent lighting for 24 hours. 

C. Isolation of RNA from plants and protoplasts 

Inoculated and systemic leaves from infected and healthy C. amaranticolor and 

C. capitatum plants were collected from 9 to 28 days postinoculation. Total RNA was 

extracted from O.lg of leaf tissue using the TWzoI RNA extraction kit (GIBCO-BRL) 

according to the suppliers recommendations. 

Protoplast RNA was initially extracted from 500 |al of each culture and used as 0 

hour RNA. After 24 hours RNA was extracted from the remaining I ml of the culture. At 

each time the protoplasts were collected by centrifugation at 500 x g for 2 min. The 



supernatant was removed and 250 (il of RNA extraction buffer (100 mM glycine, 10 mM 

EDTA, 100 mM NaCl (pH 9.5), 2% SDS, bentonite (2.5 mg/ml) was added along with 

250 |il of phenohchloroform. This solution was vortexed to free the RNA from the 

protoplast. The RNA was then purified by extractions with phenol-chloroform. RNA was 

precipitated by the addition of I/IO volume 3M sodium acetate pH 5.2 and 2 volumes 

95% ethanol, pelleted by centrifligation at 4°C for 20 min and washed with 70% ethanol. 

The RNA pellet was allowed to dry and then resuspended in 25 |al of sterile water. 

D. Northern hybridization 

Northern hybridization of total leaf and total protoplast RNA was performed 

essentially as described by Xiong et al. (1993). An equal amount of RNA was run on a 

nondenaturing 1.2% agarose gel in Ix TAE buffer (40 mM Tris-acetate, 1 mM EDTA). 

RNA was transferred to Hybond-N+ (Amersham Life Science Inc.) nylon membrane 

overnight then blots were UV cross-linked (GS Genelinker. BIO-RAD). A ^"P-labelled 

riboprobe complementary to nucleotides 271 to 1532 of the SCV genome from the 

pSCVS5rIpBlue#3 clone by in vitro transcription with T7 RNA polymerase. After 

hybridization, membranes were rinsed and then washed for 15 min at 65°C in 0.5 X SSC 

and 0.1% sodium dodecyl sulfate (SDS), followed by a 15 min wash at 65°C in O.l X 

SSC and 0.1% SDS and then rinsed again. The membranes were then exposed to X-ray 

film with an intensifying screen at -80°C. 
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E. Protein extraction and Western blotting 

Twenty-four hours post transfection, total protein was extracted from 500 ul of 

the protoplast cultures. Protoplasts were collected by centrifugation at 500 x g for 2 min. 

The protoplasts were then resuspended in 50 ^1 TBS (25 mM Tris-HCl, 137 mM NaCl, 

pH 7.4) and 50 |il Laemmli sample buffer. Samples were then boiled for 2 min and 

centrifuged at 10.000 x g for 5 min. The superaatants were then transferred to fresh tubes. 

Samples were separated by SDS-polyacrylamide gel electrophoresis (PAGE) with a 5.6% 

stacking gel and a 12% separating gel. For Western blotting, proteins were transferred 

electrophoretically to supported nitrocellulose-1 membrane (GIBCO BRL). The 

membrane was then blocked in TBST (TBS, 0.05% Tween 20) containing 5% nonfat 

milk overnight at 4°C. The membrane was then washed three times in TBST and then 

blotted with SCV CP antisera diluted 1:3500 in TBST-5% milk for 1 h. After three 

washings in TBST the membrane was then incubated with goat anti-rabbit IgG 

conjugated with peroxidase (Sigma) for one hour. After washing as above the 

immunoactive protein was detected using ECL detection reagents (Amersham Life 

Science Inc.) according to the suppliers instructions. 
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2.4 RESULTS 

A. SCV CP is required for efficient ceil-to-cell and systemic movement 

A schematic diagram of the SCV CP frameshift mutams and CP deletion mutant 

used in this study is shown in Fig. 2.1. Three frameshift mutants were made by restriction 

enzyme digestion followed by blunt-ending the resulting fragments religation. The CP of 

mutant B8 consists of eight N-terminal amino acids from the CP ORF and an additional 

19 out of frame amino acids. The CP of mutant A263 consists of 263 N-terminal amino 

acids and an additional 22 out of frame amino acids. CP mutant H336 consists of the 336 

wild type N-terminal amino acids, missing only 8 amino acids at the C-terminus of the 

wild-type CP. ACP was made using inverse polymerase chain reaction (IPCR). This 

mutant has the entire CP coding region deleted except for the 15 N-terminal amino acids. 

However, ACP contains the entire wild type 3'-untranslated region. To verify the size of 

the CP produced by each of the mutants, protoplasts were transfected with wild type and 

CP mutant transcripts. The protoplasts were then incubated at room temperature for 24 

hours, after which total protein was isolated from each sample, fractionated on an SDS-

12.5% polyacrylamide gel, transferred to a nitrocellulose membrane, and SCV CP was 

detected by Western blotting. CP of the appropriate sizes were detected in the samples 

transfected with pSCVlS (wild type), A263, and H336 (Fig. 2.2). As expected, no CP 

was detected in B8 and ACP samples. 
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Fig. 2.1. Genomic map of saguaro cactus virus (SCV) and CP mutants. A, The full-length 
viral RNA is shown with the open reading frames pictured as boxes and designated 
according to the molecular weight (kDa) of the proteins encoded. B, Restriction sites 
used in the constructions of the mutants are designated with the following abbreviations: 
BamHl (B), AccI (A), and Nindlll (H). The open rectangles in the remaining mutants 
corresponds to the portions of the CP ORP retained in the mutant whereas the shaded 
rectangles correspond to translated regions of the CP ORF which are the result of a 
frameshift. The horizontal lines correspond to untranslated SCV CP ORF nucleotide 
sequences. For the clone ACP, the dotted line and A symbol corresponds to a 329 amino 
acid deletion, leaving only the first 15 amino acids of the CP and keeping the entire 3' 
untranslated region intact. 
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Fig. 2.2. Detection of SCV CP. An immunoblot of total protein extracted from Nicotiana 
clevelandii protoplasts transfected 24 hours previously with transcripts from pSCVlS and 
the various SCV CP mutants. An estimated equivalent amount of total protein was 
subjected to sodium dodecyl sulfate-12.5 % polyacrylamide gel electrophoresis (SDS-
PAGE) in each lane. 
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Fig. 2.3. Analysis of viral RNA from plants infected CP mutants of saguaro cactus virus. 
RNAs were synthesized in vitro and used to inoculate C. amaranticolor and C. capitatum 
plants. Total RNA was isolated from inoculated and systemic leaves and analyzed by 
Northern analysis. A, Total RNA isolated from C. amaranticolor inoculated leaves at 12 
dpi. and analyzed by Northern hybridization. B, Total RNA isolated from C. capitatum 
inoculated leaves at 9 dpi. and analyzed by Northern hybridization. C, Total RNA 
isolated from systemic leaves isolated at 15 dpi. and analyzed by Northern hybridization. 
A ^"P-labled RNA fragment complementary to nucleotides 271 to 1532 of the SCV 
genome was used as a hybridization probe. 



To determine the effect of CP alterations on virus movement, a local lesion host, 

C. amaranticolor and a systemic host, C. capitatiim were inoculated with the wild type 

SCV (pSCVlS) and the CP mutant RNA transcripts. For each replicate, two leaves per 

plant and two of each plant species were inoculated. The inoculations were independently 

performed three times. After 5 days the C amaranticolor leaves inoculated with pSCV15 

showed typical symptoms, which consist of numerous chlorotic local lesions that turn 

pink and necrotic with age, while those inoculated with B8, A263, H336 and ACP were 

symptomless, and remained symptomless for the entire life of the plants. To determine if 

these CP mutants were moving cell-to-cell, but not causing the formation of local lesions, 

total RNA was extracted from the inoculated C. amaranticolor leaves 12 to 20 days post 

inoculation (dpi) and analyzed by Northern hybridization (Fig 2.3). SCV RNA could only 

be detected in leaves inoculated with pSCV15. No viral RNA was detected in leaves 

inoculated with any of the CP mutants. 

The C. capitatum plants inoculated with pSCV 15 began to show typical chlorotic 

local lesions on the inoculated leaves 6 to 8 dpi., and systemic symptoms 11-13 dpi. 

Systemic symptoms consist of: disfiguring of young leaves, mottling and vein clearing. 

Plants inoculated with the CP mutants remained symptomless for the life of the plant. 

The presence of viral RNA in the infected plants was again determined by Northern 

hybridization analysis of total RNA from inoculated and systemic leaves isolated from 

infected C. capitatum plants (Fig. 2.3). Total RNA was isolated from O.lg of tissue taken 

either from an inoculated leaf at 9, 20 or 21 dpi, or from two young uninoculated leaves 

at 15, 23, or 28 dpi. Viral RNA was only detected in the inoculated and systemic leaves 
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Table 2.1 

Summary of Properties of SCV CP Deletion and Frameshift Mutants 

Cipng Local Lesions'* Replication" C. amaranticolor ILs'^ C. capiiamm ILs' C. capitaium SLs' 

pSCV15 (+) (+) (+) (+) (+) 

B8 (-) (+) (-) (-) (-) 

A263 (-) {+) (-) (-) (-) 

H336 (-) (+) (-) (-) (-) 

^C? (-) (-) (-) (-) (-) 

^ The ability to elicit the formation of local lesions on inoculated leaves of Chenopodium 
amaranticolor. The ability to replicate to a detectable level in Nicotiana clevelandii 
protoplasts is indicated by +. - indicates no detectable signal.The ability to detect viral 
RNA in either inoculated leaves (ILs) or systemic leaves (SLs) is indicated by +. -
indicates no detectable signal. 
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of plants infected with the wild-type pSCVlS. No viral RNA was found in either the 

inoculated or systemic leaves of plants inoculated with RNA from B8, A263 H336, or 

ACP. These results are consistent with the lack of symptom expression and local lesion 

production by the mutant constructs. Table 2.1 summarizes the data of several 

independent inoculations. It can be seen that despite the fact that all of the CP frameshift 

mutants were able to replicate in protoplasts, none were able to accumulate to detectable 

levels in the inoculated leaves of infected plants. This suggests that the SCV CP plays an 

essential role in the cell-to-cell spread of SCV in C capitatum. 

B. The CP coding region is required for RNA replication 

A possible explanation for the lack of RNA accumulation in the CP mutant-

inoculated leaves is that mutations of the CP may affect the ability of these mutants to 

replicate. To determine if alterations of the SCV CP coding region affect virus 

replication, the ability of the CP mutants to replicate in protoplasts was compared to that 

of wild-type pSCVlS. DNA templates were removed from the in vitro transcription 

reactions by lithium chloride precipitation. Approximately 100,000 N. clevelandii 

protoplasts were inoculated by polyethelene glycol (PEG) mediated transfection with 40 

|ig of transcripts from these mutants and from the wild-type full-length infectious clone. 

RNA was isolated immediately (0 hour) and after a 24 hours incubation at room 

temperature. Protoplast transfections were performed a total of three times. Northern blot 

analysis of total RNA indicates that all of the CP frameshift mutants replicated to near 



wild type levels (Fig. 2.4). The CP coding region deletion mutant ACP failed to replicate 

to a detectable level. This finding is consistent with the lack of symptom expression and 

local lesion production by ACP. These results suggest that that the CP coding region, or a 

portion of it, may contain a cis-element required for the replication of SCV genomic 

RNA. 
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Fig. 2.4. Saguaro cactus virus RNA replication in protoplasts. RNA transcripts were 
synthesized and inoculated to IV. clevelandii protoplasts as described in the Materials and 
Methods. Total RNA was extracted at both 0 and 24 hours postinoculation and analyzed 
by Northern analysis with a """P-labled RNA fragment complementary to nucleotides 271 
to 1532 of the SCV genome was used as a hybridization probe. 
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2.5 DISCUSSION 

A. SCV CP is required for both cell-to-cell and systemic movement. 

Truncations of the SCV CP C-terminus affect the ability of the virus to move 

from cell-to-cell in both C. amaranticolor and C. capitaiiim. Mutations of the SCV CP 

seem to abolish cell-to-cell movement completely. The possibility that these mutants 

were unable to replicate was addressed and it was shown that all three of the frameshift 

mutants were able to replicate, in vitro, at near wild type level, while the CP coding 

region deletion mutant was unable to replicate (Fig. 2.4). Plants inoculated with either 

B8, A263, H336 or ACP did not accumulate viral RNA to detectable levels in either 

systemic or inoculated leaves and failed to produce local lesions on C. amaranticolor. 

These data together suggest that these mutants are deficient in cell-to-cell movement. 

These results were not completely surprising. It has been directly shown that cell-to-cell 

movement is required for the formation of local lesions by cucumber mosaic virus 

(CMV) in C quinoa (Palukaitis and Canto, 1998). In the case of another carmovirus, 

TCV, it has been confirmed that the CP gene is required for the accumulation of 

detectable viral RNA in the inoculated leaves of N. benthamiana (Hacker et al., 1992). 

However, TCV RNA was shown to be able to move cell-to-cell and produce local lesions 

in the absence of the CP gene in C. amaranticolor (Hacker et al., 1992). 

Each molecule of the SCV CP is predicted consists of three distinct domains 

homologous to the R (RNA-binding) domain, the S (shell) domain, and the P (protruding) 



domain of the TCV CP. The outward facing protruding (P) domain is a structural feature 

of the CP that is unique to the tombus-, carmo-, and dianthovirus groups. Due to its 

exterior location on the virus particle, it is possible that this region of the CP carries 

important pathogenesis determinants. The alterations in the P domain of the CP have 

generally been shown to affect virion formation and systemic movement. In the case of 

red clover necrotic mosaic dianthovirus, even a six amino acid deletion at the C-terminal 

of the CP P domain resulted in the inability to move systemically in some hosts under 

certain environmental conditions (Xiong el at., 1993). Removal of the P domain of the 

CNV CP resulted in the inability to form virus particles, however, RNA lacking a P 

domain coding region retained the ability to move cell-to-cell and systemically in N. 

clevelandii, although systemic movement was delayed (McLean et ai, 1993; Sit el al., 

1995). The P domain of the TCV CP gene has been shown to be dispensable for cell-to-

cell movement in B. campesiris, but required for cell-to-cell movement in N. 

benthamiana (Heaton etai, 1991). In this study, mutant A263 was designed to remove 

the portion of the SCV CP homologous to the TCV P domain. Not only was it 

demonstrated that a SCV CP lacking the P domain is unable to move from cell-to-cell in 

both C. amaranticolor and C. capitaiuni, but even a relatively minor alteration in this 

region causes the virus to lose its ability to move cell-to-cell. In the case of mutant H336, 

only the 8 C-terminal amino acids are removed from the P domain-like region yet this 

mutant is unable to move from cell-to-cell in either host. 

B. Deletion of the SCV CP coding region abolishes replication. 
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In an effort to determine tiie role(s) of tiie SCV CP coding region in virus 

movement, we constructed a series of SCV mutants in which the CP protein and coding 

region was altered or removed. Surprisingly, the SCV CP deletion mutant, ACP, showed 

that the CP coding region, or some portion of it, must be present for viral replication. To 

ensure that inadvertent mutations dunng the construction of the mutant did not cause the 

lethality observed in ACP, the sequences of the entire 3' untranslated region, along with 

the remaining 5' 47 nucleotides of the CP coding region were verified by sequencing. In 

addition, the wild type pSCVlS BamHl fragment was subcloned into the ACP 

background. Transcripts from two independent clones, RACPI and RACP3, were then 

tested for their infectivity on indicator plants. Both of the restored clones were shown to 

be as infectious as transcripts derived from pSCV15. Both were able to elicit local lesion 

formation on C. amaranticolor and systemically infect C. capitaium at wild type levels, 

indicating that no significant changes were present in ACP besides the designated 

deletion. 

The role(s) of the SCV CP coding region in viral replication is not well 

understood. In the case of alfalfa mosaic virus (AMV) and ilarviruses, the CP is required 

to initiate infection and has also been shown to be involved in multiple steps in the 

replication cycle (see Bol, 1999 for review). Studies of BMV have demonstrated that a 

CP frameshift mutant accumulated smaller amounts of all RNA components than the wild 

type virus in barley protoplasts, while another CP frameshift mutant accumulated 

relatively smaller amounts of RNA 4. This data suggests that the CP may play a role in 

the replication of BMV (Flaninski et al., 1995). This is not the case, however, with SCV. 
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Mutant B8 encodes for only eight of the wild type, N-terminal CP amino acids, yet it is 

able to replicate to at wild type levels (Fig. 2.4). 

Positive (+) strand RNA viruses are thought to replicate through a complementary 

minus (-) strand intermediate. Once generated, this (-) strand is used as template for the 

synthesis of a copy of (+) strand RNA. Studies have suggested that the promoter for (-) 

strand is located in the 3'-non-coding region of (+) stranded RNA viruses. In the related 

CyRSV and RCNMV, alterations of the S'-termini have been shown to affect RNA 

replication. The 3'-terminus of CyRSV is predicted to fold into 3 hairpins. Mutational 

analysis of defective-interfering RNA demonstrated that none of these three hairpins 

could be deleted without interrupting replication (Havelda & Burgyan, 1995). In the case 

RCNMV a bipartite dianthovirus, the sequence within the 3'-untranslated region of 

RNA2 has been shown to be required for RNA2 replication (Turner & Buck, 1999). In 

these cases a stem-loop structure within the 3'-untranslated region was important. The 3'-

untranslated region of SCV can form a stem-loop similar to those found at the 3' ends of 

TCV and RCNMV RNA2. The common occurrence and requirement of these stem-loops 

suggest that these structures may be required for recognition of viral RNA by the viral 

RNA-dependent RNA polymerase (RdRp). However, these studies do not exclude the 

possibility that sequence elements other than the 3' non-coding region are required for 

the (-) strand RNA synthesis. The only example of a (-) strand RNA promoter being 

completely contained within the non-coding region is provided by the study on TCV 

subviral RNA synthesis. Song and Simon (1995) identified the 29 bases of the 3' 

terminus of satellite RNA C as the promoter for (-) strand RNA synthesis. This was 
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determined by identifying the sequences and structures that are required for the 

accumulation of the satellite RNA associated with TCV. Similar studies have not been 

extended to the replication of TCV genomic RNA. Mutants with deletions of TCV CP-

coding region have been shown to be competent for RNA replication (Hacker et al.. 

1992). However, the CP coding regions were not completely removed in the CP deletion 

mutants. The largest CP deletion mutant still contained the 3' 168 nucleotides of the CP 

coding region. It is possible that promoter requirements in the replication of satellite 

RNA and genomic RNA are different. Replication of TCV genomic RNA may require 

sequence elements in the CP-coding region as the case in SCV RNA replication. In the 

replication incompetent SCV ACP mutant, the entire CP coding region, with the 

exception of the 5' 47 nucleotides, was removed. 

The requirement of internal RNA binding sites exists within RNA viruses. 

Interactions between the RdRp of the bacteriophage QP with QP RNA have been well 

characterized. In this particular case it was shown that the QP replicase binds to QP 

template RNA at two internal regions, referred to as the M-site and S-site, in addition to 

the 3' terminus (Meyer et al., 1981). 
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CHAPTER 3 

Effects of Clustered Charged-to-Alanine Mutagenesis of Saguaro 

Cactus Virus RNA-Dependent RNA Polymerase on Infectivity and 

Replication 

3.1 ABSTRACT 

Saguaro cactus virus (SCV) is a small, single-stranded, positive sense RNA virus. 

Two protein the p26 and p86, encoded by the first two open reading frames, form the 

putative RNA-dependent RNA polymerase (RdRp). In an effort to better understand 

the structure and function of the RdRp, sixteen mutants were generated throughout 

the p26 and p86 proteins by clustered charged-to-alanine mutagenesis. The ability of 

these mutants to infect indicator plants and to replicate in protoplasts was examined. 

Seven of the mutants were nearly as infectious as the wild type virus and replicated 

to a high level in protoplasts. Two of the mutants produced a significantly lower 

number of local lesions than the wild type. This reduced infectivity was correlated to 

a marked reduction in the replication rate in protoplasts. All of the 9 infectious 

mutants were also able to synthesize negative-strand RNA when transfected to 

protoplasts. Seven of the mutants were unable to induce the formation of local 

lesions or systemic symptoms and were unable to direct replication of positive-strand 

RNA in protoplasts. However, in the case of two of the noninfectious mutants both 

positive and negative-strand RNA were detected by reverse transcription polymerase 
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chain reaction (RT-PCR). The two mutations responsible for this greatly reduced 

ability to replicate viral RNA occur together in the p86-coding region. 
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3.2 INTRODUCTION 

Saguaro cactus virus (SCV) is a monopartite, positive (+)-strand RNA virus and a 

member of the cannovinis genus. The first two open reading frames (ORfs) encode the 

two viral proteins which constitute the putative RNA-dependent RNA polymerase 

(RdRp). Encoded are a 26-lcDa (p26) and an 86-lcDa protein (p86) which is translated by 

e.xtension of p26 as a result of a terminator readthrough event (Weng & Xiong, 1997). 

The p26 is homologous to the p28 of the closely related turnip crinkle virus (TCV), 

which has been shown to be essential for TCV genome replication (White et al., 1995). 

The SCV p86 contains a GDD motif and other amino acid sequences typical of RdRps 

(reviewed by Buck 1996). RdRps are required by RNA viruses for the replication of their 

genomes and are usually part of a membrane-bound RdRp comple.x termed the replicase 

complex. This replicase complex is composed of the viral RdRp and various host proteins 

and possibly other viral proteins. 

The replicase of the bacteriophage QP has been well characterized and found to 

be composed of a phage-encoded protein and three proteins from its host Escherichia 

coli. These host proteins were determined to be two translation elongation factors; EF-Tu 

and EF-Ts (Blumenthal et al., 1972), and a ribosomal protein SI (Inouye et al., 1974; 

Wahba et al., 1974). A fourth host protein has been shown to be associated with the 

replicase complex and is involved in the synthesis QP positive-strand RNA (Kajitani and 

Ishiama, 1991). Within plant viruses, the replicase complexes of both brome mosaic virus 
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(BMV) and tobacco mosaic virus (TMV) have been found to contain the plant protein 

eukaryotic translation initiation factor 3 (eIF-3) (Quadt et al., 1993 and Osman and Buck, 

1997). The precise role(s) that various host factors play in the viral replication process is 

not yet understood. 

The replication process is the most central process in the existence of an RNA 

virus. For a (+) strand RNA virus, this process can be artificially divided into several 

steps: (i) recognition and binding to (+)-strand genomic RNA; (ii) synthesis of a 

complementary negative (-)-strand RNA using the (+)-strand genomic RNA as a 

template and (iii) synthesis of progeny (+)-strand RNA using the (-)-strand RNA as a 

template. In order to complete the replication process, domains within the viral 

components of the replicase complex, the RdRps, have been shown to have certain 

activities associated with viral replication. 

The first step in the process of virus replication is likely recognition and binding 

to the genomic RNA by the RdRp. In this regard, a domain of the Qp RdRp responsible 

for RNA recognition has been defined. Deletion mapping analysis of the carboxyl (C)-

terminal region of the (3-subunit protein produced mutant replicases with enhanced in 

vitro RNA polymerizing activity were found to have relaxed template specificity for 

ribosomal RNAs and cellular RNAs as well as Qp RNA. These results suggest that the C-

terminal part of the P-subunit participates in RNA recognition of QP replicase (Inokuchi 

and Kajitani, 1997). An RNA binding site within the RdRp of BMV has not yet been 

defined, although the mechanism by which the RdRp recognizes an RNA promoter is 

being actively examined. A degree of flexibility in the RNA sequence required for 
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recognition of the subgenomic promoter by the BMV RdRp has been demonstrated 

(Stawicki and Kao, 1999). 

The most conserved of the RdRp domains consists of a central Gly-Asp-Asp 

(GDD) triplet flanked by mainly hydrophobic amino acids. This structure is very similar 

in all classes of polymerases (Hansen ei ai. 1997). In poliovirus and other picomaviruses, 

the GDD motif is usually preceded by a tyrosine (Poch et al., 1989), but this position is 

also commonly occupied by serine, cysteine, asparagine, isoleucine, leucine, and 

methionine in other viruses (Koonin, 1991; Poch et al., 1989). The poliovirus RdRp 

(30''°') protein has been highly scrutinized, specifically the highly conserved YGDD 

motif This motif has been shown to form a p-tum-p structure in the X-ray crystal 

structure of the poliovirus RdRp (SD''"'), which is part of the antiparallel P sheet of the 

polymerase core (Hansen ei al., 1997). Single amino acid changes in this motif drastically 

affected the enzymatic activity of the 3D'"''. These results suggest the importance of this 

core YGDD sequence in RNA polymerase activity (Jablonski et al., 1991; Jablonski and 

Morrow, 1993). This motif is also thought to be involved in Mg"'^-binding by the enzyme 

(Argos, 1988). It has been suggested that the an interaction between an aspartic acid at 

amino acid 108 and the YGDD region is required for poliovirus replication (Walker et 

al., 1995). This motif has also been shown to be critical for replication of other (+)-strand 

RNA viruses. Single amino acid substitutions in the GDD motif in the QP RdRp blocked 

replication and the mutant proteins exhibited /ra/u-dominant inhibition of wild-type 

phage replication (Inokuchi and Hirashima, 1987). Among plant viruses, the RdRp of 

BMV has been well characterized. BMV proteins la (109 kDa) and 2a (96 kDa) make up 
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the viral components of the RdRp and are sufficient for BMV RNA replication in 

protoplasts (Kiberstis et ai, 1981). The 2a protein is composed of the central conserved 

GDD-domain flanked by two nonconserved regions. Deletion analysis of the 2a protein 

has demonstrated that N-terminal deletions show a gradient of RNA replication activity, 

while the C-terminal domain flanking the GDD core is dispensable for RNA replication 

(Traynorera/., 1991). 

In addition to RNA polymerization, helicase activity is required to unwind the 

duplex formed between the template and newly synthesized strands. A large number of 

RNA viruses contain a putative helicase domain upstream of the GDD motif, but only in 

a few cases has the helicase activity been demonstrated. In the case of the CI protein of 

plum pox potyvirus, the amino terminal half of CI exhibits in vitro ATPase, RNA binding 

and RNA helicase activities (Lain et al., 1990; 1991). This CI protein (635 amino acids) 

unwinds in a 3' to 5' direction requiring a double stranded RNA substrate with a 3' single 

stranded overhang (Lain et ai, 1991). The poliovirus 3D''°' has also been shown to 

unwind RNA duplex structures in vitro (Cho et ai., 1993). In the case of BMV, the C-

terminus of the la protein has sequence homology to many viral and cellular helicases 

(Gorbalenya et al., 1988). Mutations in this helicase-like domain were either lethal or 

rendered the virus temperature sensitive for replication of all classes of RNA (Kroner et 

al., 1990). Further evidence as to the importance of these helicase-like domains comes 

from the use of monoclonal antibodies which mapped to this region of the cucumber 

mosaic virus (CMV) la protein. These antibodies partially inhibited a purified CMV 

replicase complex shown to contain the la protein (Hayes et al., 1994). 
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Domains of the RdRp of (+)-3trand RNA viruses have been shown also to provide 

a 5' cap structure at the end of their genomes. The (+)-strand RNA viruses that possess 

capped genomic RNAs include those in the alpha-like, corona-like, flavi-like, and carmo-

like virus supergroups (Buck, 1996). Association of the amino (N)-terminal domain of 

the nsPl protein of Semliki Forest virus (SFV) with methyltransferase activity has been 

clearly demonstrated by genetic and biochemical experiments (Mi et al., 1989; Mi and 

Stollar, 1991). Methyltransferase activity has also been demonstrated for the nsPl protein 

of the closely related Sindbis virus in Escherichia coli and insect cells (Laakkonen et al., 

1994). A guanylyltransferase-like enzyme has been isolated from plants infected with 

TMV and identified as the 126-kDa replication protein, which has an N-terminal 

methyltransferase-like domain and a C-terminal helicase like domain (Dunigan and 

Zaitlin, 1990). In the case of BMV, the N-terminus of the la protein resembles the nsPl 

protein of Sindbis virus, indicating its possible involvement in RNA capping functions 

(Haseloff et al., 1984). Also, a la-la interaction has been mapped to the N-terminal 

putative capping domain, which has been shown to interact with the helicase-like 

domains of the la protein (O'Reilly et al., 1998). 

Three supergroups of RdRps of positive-strand RNA viruses have been proposed 

on the basis of the amino acid homology (Koonin, 1991; Koonin and Dolja, 1993). The 

RdRp of SCV fails into supergroup II, which is composed of carmo-, tombus-, diantho-, 

pesti", flavi-, hepatitis C virus (HCV), some luteoviruses, and the positive-strand RNA 

bacteriophages. This type of RdRp contains a single well-conserved polymerase domain 

and lacks the rest of the well-conserved domains present in other RdRps, e.g. RNA 
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helicase, and methyltransferase. The best characterized RdRps, poUovirus and BMV, 

have RdRps which have been placed in supergroups I and III respectively (Koonin, 1991; 

Koonin and Dolja, 1993). In supergroup II, the QP bacteriophage RdRp is well 

characterized (Blumenthal and Carmichael, 1979), but significantly different from the 

plant-infecting members of supergroup II (Koonin and Dolja, 1993). 

We are attempting to better understand viral RNA replication by defining 

functional domains in the SCV RdRp. This study of the SCV RdRp should provide a 

better understanding of the supergroup II RdRp. We use clustered charged-to-alanine 

mutagenesis to make a collection of mutants in the putative RdRp of SCV. Clustered 

charged-to-alanine mutagenesis is designed to target residues on the surfaces of folded 

proteins (Cunningham and Wells, 1989; Wertman et al., 1992), this disruption of surface 

charge is thought to interfere with electrostatic or hydrogen-bonding interactions with 

other biomolecules, while having little affect on overall protein confirmation (Dao-pin et 

al., 1991; Kanayae/a/., 1991; Thukral er a/., 1991). We constructed 16 clustered 

charged-to-alanine mutations in the RdRp coding region of SCV and examined their 

ability to infect indicator plants and replicate in protoplasts. Seven of these sets of 

mutations led to a noninfectious phenotype. These mutants were also incapable of 

producing positive-strand RNA in protoplasts. Two of these mutants were, however, had 

both positive and negative-strand viral RNA levels in protoplasts which could only be 

detected by reverse transcription polymerase chain reaction (RT-PCR). Nine of these 

mutants displayed a replication competent phenotype. 
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3.3 MATERIALS AND METHODS 

A. Construction of Mutant Plasmids 

pSCVl5 (Weng and Xiong, 1997), a full-length infectious clone of SCV from 

which infectious RNA transcripts can be produced in vitro was used as a parental clone 

for generating mutations in the p26 and p86 coding regions. Site-directed mutagenesis 

was performed by using Quick-change site-directed mutagenesis (Stratagene, Inc.). This 

technique introduces mutations through designed mismatches in the primer pairs, which 

are incorporated by the polymerase chain reaction. Sixteen cluster charged-to-alanine 

mutations were constructed by using 32 oligonucleotide primers synthesized by GIBCO 

BRL. The amino acids mutagenized were determined by utilizing computer predictions of 

surface probability including PEPTIDESTRUCTURE and PLOTSTRUCTURE programs 

in the GCG package (Genetics Computer Group. Inc., University of Wisconsin). The 

mutagenic primers used are listed in Table 3.1. In addition to nucleotide substitutions that 

altered the intended amino acids, silent nucleotide substitutions were also introduced in 

each pair of primers to generate new restriction sites or to disrupt existing ones. The 

presence of the introduced mutations were initially screened by digestion with the 

appropriate restriction endonucleases. To verify the presence of the designed mutation 

and ensure that no unintentional mutations in the SCV genome were created during the 

mutagenesis, the mutagenized portion of the plasmid was excised by digestion with 5/z/I 

and BstXi, or Xhol, or 55^1, or flj/EII and cloned into pBIuescript KS (+) (Stratagene) and 
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TABLE 3.1 

Oligonucleotides for introducing mutations in the RNA-dependent RNA 
polymerase of SCV 

Clone Orientation Olieonucleotide seauence 

HK5I.53 
sense aGCGC.GCGCGrrGCTGTGC.CGrCC.̂ CrACAA.\TTCA 

HK5I.53 
anti-sense TGAATTrGTACrCC/ICGCCACAGCAACGCGCCCGCC 

ED70.71 
sense CTGGAGCGCG^ rCCCCCGCACGTGT 

ED70.71 
anti-sense ACACGTGCGCIC</C.^ rCCCGCTCCAG 

RH107.108 
sense CAAAAACGAGCCCCGCGCAGCAGCGTTGGTGGTGCG 

RH107.108 
anti-sense rGrArCArCAACgCTgqTGCCCGCGGCTCGTTTTTG 

DDI 72.173 
sense TGCTATCTCATC^(7C.^CCGGGGGTG.•^AGAG 

DDI 72.173 
anti-sense CTrrTrArCCCCGC7'Gr.4GATGAGATAGCA 

RR271.272 
sense firTGGTAGTAAAGTGCCGCAGTTCCr.-ICCGGGGCGTTCC 

RR271.272 
anti-sense GGAArGCCCCrGr.JCGAACTGCGGCACTTTACTACCAGC 

RR296.297 
sense GTAGAAGACCCTCTCG.-JGCAAACCCGCTGCGAGATTGGCATAAC 

RR296.297 
anti-sense GTTATGCCAATCTCGCACCGGGTTTGCrCC.^CAGGGTCTTCTAC 

ED307.308 
sense CCAGGGT^TG7T^.^CCTTAGCTCCCACGTAGAAG 

ED307.308 
anti-sense r^•CTACGTGQCAGCTAAGG7T.^.^CAAAACCCTGG 

fCR332.333^ 
sense GATACGCACAAGCCGCGCCCCr.^.^.^TATGCCAATTC 

fCR332.333^ 
anti-sense GAATTGGCATA77T..(GCGGCGCGGCTTGTGCGTATC 

RK357.358 
sense G ATAr ACf ;GTGCGCGCCCCGCCCTC.-( TA rCAATCCACCACTTG 

RK357.358 
anti-sense C AAGTGGTGG ATTC/I TA rCAGGGCGCGGCGCGC ACCGTGTATC 

RR376.377 
sense GCGAAGATGGGAATC£C£Afi£Rrcr.-(G/IGGAATTTCATCA 

RR376.377 
anti-sense TG ATn A A ATTrr TCTA GA YGCTGCGG ATTCCCATCTTCGC 

EE445.446 
sense rrGATnATGTr.ArrGrcG.-irrcccGGGACATTATACCCTT 

EE445.446 
anti-sense AAGGGTATAATGTCGCGGCAG7-CG.4CAGTCACATCATCGG 

[CH546.547 
sense CGCGTCTAACCCCCGCCAAATGGCCGCGGTGATAAGGCAGGC 

[CH546.547 
anti-sense nrrTGrCTTATCACCGCGCCCATTTGCCGCGCGTTAGACGCG 

DD561.562 
sense rnAr.AGTfTTGGrATATGAGAACCC.-jrGCGCCACCATTGTTG 

DD561.562 
anti-sense CAACAATGGT(JCCC7C.^rCCGTTCTCATATGCGAAACTCTCG 

EE593.594 
sense GGTTrATAGACTGGTGCCCCCCCGATACATGTAAAACC 

EE593.594 
anti-sense GGTTTTArATGTATCGCCCCGCCACCAGTCTATGAACC 

FCD628.629 
sense TA Arr.A Arr..< rr7GAAAAAGCgGCCGCACTTAGGCTGACC 

FCD628.629 
anti-sense GGT^A^.^^TAAGTgc<JGC(:GCTT^T^cc.^•ro•o"rl•CG•rl•G 

EIR731.732 
sense rnrnrrA A A A rrrjrr.^rTA ATrCAGGTGCGAGCAGCCAGTTCAGCTTC 

EIR731.732 
anti-sense (lAAr.rTGAArTGCCTGCTCGCACCTGGATTAGrC7:-<C.-lTTTTGGCCCG 

In the sequences of the mutagenic primers, sequences corresponding to and 
complementary to the introduced alanine codons are underlined and the nucleotides that 
differ from the sequence of pSCVlS are shown in boldface. Nucleotides which 
correspond to the created restriction sites are italicized. * indicates that restriction site has 
been removed. 
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UAG 

* 

1 - ^ 
 ̂  ̂  ̂ 8ci ir IQ 3a 

Fig. 3.1 Subcloning of SCV RdRp fragments. After mutagenesis, Stul-BstXl and BstEll 
fragments (dashed lines) were; made blunt-end and then subcloned into the Smal site of 
pBluescript KS (+) while and Xhol fragments (solid lines) were directly subcloned 
pBluescript KS (+) for sequencing analysis. These fragments were then cloned back into 
a pSCVlS background at their respective site after sequence verification. 
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sequenced (Fig. 3.1). The same fragments were then also cloned into the flill-length 

infectious clone pSCVlS background. 

B. Inoculation of plants and protoplasts 

Plants were inoculated with uncapped T7 RNA polymerase (BRL) run-off 

transcripts generated from pSCVlS and its derivatives after linearization of plasmids with 

Af[{\. Approximately 9 |ig of RNA transcripts in a 10 ^il volume was diluted 1:10 in 

sterile GKP buffer (50 miV/ glycine, 30 mM K2HPO4, pH 9.2, 1% bentonite 1% celite) 

and used to mechanically inoculate 2 leaves of a Chenopodiim amaranticolor plant and 2 

leaves of a C. capitatum plants using 8.0 fil per leaf. Plants were then maintained in the 

greenhouse for 4 to 6 weeks. Typically, one trial consisted of the inoculation of four 

plants per mutant. Plants were examined daily for both local lesions on inoculated leaves 

and systemic symptoms. Local lesions on each of the C amaranticolor leaves were 

counted and recorded. Analysis of variance on leaf lesion counts was done using 

Procedure GLM of the SAS statistical program (The SAS Institute, Gary NC, USA). 

Nicotiana clevelandii protoplasts were prepared and transfected as previously 

described (Rao et ai, 1994) with the following modifications. Young leaves were 

removed, sliced and incubated in an enzyme mix containing 10 mg/ml cellulase and I 

mg/ml macerozyme at 24°C in the dark for 12 hr. The protoplasts were collected by 

centrifugation and sucrose floatation and transfected. For transfection, equal amounts of 

RNA transcripts (40 ̂ g) were added directly to the pelleted protoplasts. Then 150 |.il of 

PEG solution (40% w/v polyethylene glycol, 0.3 mM CaCh) was added to the 
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FIG. 3.2. Schematic representation of the 755 amino acid sequence of the p86, the SCV RNA-dependent RNA polymerase, the N-
terminal 237 amino acids also correspond to the p26 amino acid sequence. The vertical lines show the locations of the clustered 
charged-to-alanine mutations. The locations of positively charged amino acids are shown by the solid lines, negatively charged 
amino acids are shown by dotted lines. The phenotype of each mutant is indicated by the presence or absence of (+) and/or (-). (+) 
above the mutation indicates the ability to replicate positive strand RNA, the number of (+) indicates the relative level of positive 
strand RNA: (+++) == consistently replicates to wild type levels, (++) = replicates consistently less RNA as indicated by Northern 
analysis. (+) = can be detected by RT-PCR only. (-) above the mutation indicates the ability to replicate negative strand RNA, no 
symbols above the mutation indicates an inability to synthesize either negative or positive strand RNA. To create mutant 
KD628.629 both a positively charged amino acid and a negatively charged amino acid were changed to alanine. 
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protoplast-RNA culture. Marmitol (0.55 M , pH7.4) was added dropwise until the volume 

of each sample reached 1.5 ml. Transfected protoplasts were incubated on ice for 30 min. 

The protoplasts were pelleted, and washed twice in 1 ml of 0.55 M mannitol, 1% 2-(N-

morpholino) ethanesulfonic acid (MES), pH 5.9. The protoplasts were then pelleted again 

and resuspended in 1.5 ml protoplast culture medium (Rao et ai, 1994). Protoplasts were 

incubated at room temperature, under fluorescent lighting for 24 hr. 

C. Isolation of RNA from protoplasts and Northern hybridization 

Protoplast RNA was initially extracted from 500 |al of each culture and used as 0 

hour RNA. After 24 hours RNA was extracted from the remaining 1 ml of the culture. At 

each time the protoplasts were collected by centrifugation at 500 x g for 2 min. The 

supernatant was removed and 250 fil of RNA e.xtraction buffer (100 mM glycine, 10 mM 

EDTA, 100 mM NaCl (pH 9.5), 2% SDS, bentonite (2.5 mg/ml) was added along with 

250 nl of phenolrchloroform. This solution was then vortexed to free the RNA from the 

protoplast. The RNA was then purified by extractions with phenol-chloroform. RNA was 

precipitated by the addition of 1/10 volume 3M sodium acetate pH 5.2 and 2 volumes 

95% ethanol, pelleted by centrifugation at 4°C for 20 min and washed with 70% ethanol. 

The pellet was allowed to dry and then resuspended in 25 |il of sterile water. Northern 

hybridization of total plant and total protoplast RNA was performed essentially as 

described by Xiong et al. (1993). An equal amount of RNA was loaded in each lane and 

then fractionated on a nondenaturing 1.2% agarose gel in 1 x TAE buffer (40 mM Tris-
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acetate, 1 mM EDTA). RNA was transferred to Hybond-N+ (Amersham Life Science 

Inc.) nylon membrane overnight then blots were UV cross-linked (GS Genelinker, BIO-

RAD). A ""P-labeiled riboprobe complementary to nucleotides 770 to 3879 of the SCV 

genome was generated by in vitro transcription with T7 RNA polymerase from the 

pETX-X#l3 clone. After hybridization, membranes were rinsed and then washed for 15 

min at 65°C in 0.5 X SSC and 0.1% sodium dodecyl sulfate (SDS), followed by a 15 min 

wash at 65°C in 0.1 X SSC and 0.1% SDS and then rinsed again. The membranes were 

then exposed to X-ray film with intensifying screens at -80°C. 

D. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

First-strand cDNA synthesis was carried out using Superscript II RNase H~ 

reverse transcriptase (GIBCO BRL) as follows: 1.5 |il (appro.ximately l.O (ig/|al) of total 

RNA from protoplasts, 1.0 |il of 10 ^iM first strand primer and 4.0 |al of ddHiO was 

heated to 70°C for 5 min and then chilled on ice. Two lil of 5X forward reaction buffer 

(GIBCO BRL), 1.0 ^1 5 mM dNTPs, 1.0 |il 0.1 M dithiothreitol (DTT), and 100 units of 

Superscript II RNase H~ reverse transcriptase were added. This solution was then 

incubated at 42°C for I hour. A 1:10 dilution of this first-strand cDNA was used as 

template for PCR. The reaction was heated to 94°C for 3 min prior to 40 cycles of PCR 

amplification (94°C, 45 sec; 50°C, 45 sec; 72°C, 50 sec) followed by a 10 min dwell at 
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72°C. The reaction was carried out in Promega Tag DNA polymerase buffer (total 

volume 25 |j.l), containing Promega Taq DNA polymerase (1.25 units), 0.5 mM dNTPs, 

1.5 mM MgCb, 0.1 |4.M forward primer. The RT-PCR products were visualized by 

ethidium bromide staining after separation by nondenaturing 1.1% agarose gel 

electrophoresis, in Ix TAE buffer (40 mM Tris-acetate, 1 mM EDTA). For the detection 

of (-)-strand RNA, the first strand (reverse) primer was scvneg3, 5'-

CGCATTGCCCTAAAGACTG-3' (corresponding to nucleotides 121-139 ofSCV) and 

the forward primer was scvneg5, 5'-CCCTCGAGGTAAGATAGG-3' (complementary to 

nucleotides 776-759). The resulting PGR product was a fragment of 655 basepairs (bp) in 

length. For the detection of (+)-strand RNA, the first strand (reverse) primer was SV750 

5'-CGAGGTAAGATAGGCCCC-3' (complementary to nucleotides 772-755) and the 

forward primer SV5' primer, 5'-

TGCGCTT AG AATTGTA ATACGACTC ACTATAGGGTAAGCTGCTG AATGC-3'. 

The resulting PGR product was a fragment of 755 bp in length. 
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3.4 RESULTS 

Sixteen clustered charged-to-alanine mutants were produced using the Quick-

change site-directed mutagenesis kit (Stratagene). In each mutant, clusters of two charged 

amino acid residues were changed to alanine. Figure 2 shows the location of each cluster 

changed in the coding region of the p26 and p86. To simplify labeling, the amino acids 

that were changed to alanine and their location are given in the name of the mutant. For 

example, in mutant "HK51.53," the histidine and lysine at amino acid numbers 51 and 53 

respectively were change to alanines. The design of these mutations was aided by 

computer predictions of surface-probability based on both the p26 and p86 amino acid 

sequences. Fragments containing each mutation were subcloned and sequenced. All 

mutants used in this study were verified to contain only desired nucleotide changes and 

no other deviations in the vicinity of the mutated regions. 

The ability of the altered p26 and p86 proteins to support plant infection and viral 

replication was tested by inoculating indicator plants and protoplasts with in vitro 

transcripts of each of the mutants as well as transcripts from the wild-type (wt) full-length 

infectious clone pSCV15. Each mutant was inoculated to the indicator plants in at least 

two independent plant inoculation and two protoplast experiments and gave consistent 

results. 

A. EfTects of mutations on infectivity 



In order to determine if amino acid substitutions in the RdRp coding region of 

SCV affect the ability of these mutants to infect indicator plants, transcripts generated 

from each of the mutated SCV clones were inoculated along with transcripts from the 

wild type pSCV15 clone to a local lesion host, C. amaraniicolor and a systemic host, C. 

capitatum. The number of local lesions on each of the inoculated C. amaraniicolor leaves 

was counted and the onset of symptoms on inoculated leaves of both C. amaraniicolor 

and C. capitatum along with the onset of systemic symptoms on C capitatum were 

recorded. In plants inoculated with the wild type pSCVlS, numerous local lesions 

appeared on inoculated leaves of C. amaraniicolor plants in 4 to 6 days postinoculation 

(dpi.), lesions appeared first as small circular chlorotic spots which turned pink and 

necrotic with age. C. capitatum plants inoculated with pSCV 15 first showed chlorotic 

local lesions on inoculated leaves 5 to 8 dpi. This was followed by the onset systemic 

symptoms which consist of disfiguring, mottling and vein clearing in the young 

uninoculated leaves. Systemic symptoms appeared 12 to 15 dpi. 

The results of the infectivity assays are summarized in Table 3.2. The rate of 

symptom onset is expressed as the number of days after the wild type symptoms have 

appeared that the mutant displays symptoms. Using both the number of local lesions and 

the rate of symptom onset the mutants can be placed into four groups: mutants which 

were essentially the same as wild type (WT); mutants which produced a number of local 

lesions not significantly different from the wild type, but had a delay in symptom onset 

(WT/D); mutants which produced a significantly lower number of local lesions 



102 

TABLE 3.2 

Genotypes Phenotypes 

C. amaranticolor C. capitatum 

LL # Symptom onset Inoculated Leaves Systemic n 

WT 

pSCVl5 l.G 4-6 days 5-8 days 11-15 days 7 
ED70.7I 0.94 DO DO DO 2 
WT/D 

HK51.53 1.14 DO DO-Dl DO 2 
KH546.547 1.26 DO D0-D6 D0-D2 2 
EE593.594 1.10 DO D3-D6 D0-D2 2 
1CR332.333 0.88 D1-D2 Dl-0 D0-D6 3 
RR376.377 0.65 D1-D6 D3-0 D0-D6 2 
ED307.308 0.57 Dl D2-D3 DI-D3 2 

L/D 

RR731.732 0.35'' DO-Dl Dl-0 D0-D4 3 
RHI07.108 0.17" DI-D6 0 D7-0 4 

Non-infectious 

DD172.173 0 0 0 0 3 

EE445.446 0 0 0 0 2 

KD628.629 0 0 0 0 2 
RR296.297 0 0 0 0 2 
RK357.358 0 0 0 0 3 

DD561.562* 0 0 0 0 3 

RR271.272 0 0 0 0 2 

The rate of symptom onset is expressed as the number of days after the wild type 
symptoms appeared. For example, DO indicates that the symptoms appeared on plants 
inoculated with that particular mutant at the same time as the symptoms appeared on the 
plants inoculated with the wild type transcript. D1 indicates that symptom onset was 
delayed by one day. 0 indicates that no symptoms were observed. * this mutant showed 
three local lesions on one of the twelve C. amaranticolor leaves inoculated. numbers are 
significantly different from wild type as determined by analysis of variance. 



103 

were than the wild type and had a delay in symptom onset (L/D); and mutants which 

were non-infectious. One of the mutants, ED70.71 showed no detectable difference in the 

ability to infect indicator plants from the wild type in two independent inoculations. Six 

of the mutants; KH546.547, HK51.53, EE293.294. KJ1332.333, and ED307.308 caused 

local lesion formation at the wild t>pe level, but showed a delay in the onset of one or 

more of the observed symptoms. Three of the mutants, HK51.53. KH546.547, and 

EE593.594, developed symptoms on C. amaranticolor at the same time as the wild type 

transcripts, but were delayed in symptom onset on C. capitatiim. The remaining mutants 

delayed their symptom onset on both hosts. Mutants RR731.732, and RH107.108 showed 

both a significant reduction in the amount of local lesions formed and a delay in symptom 

onset. Seven of the mutants; DDI 72.173, RR271.272, RR296.297, RK357.358, 

EE445.446, DD561.562, and KD628.629 were non-infectious on either of the indicator 

plants. There is noticeable variation in the time of symptom onset for some of the 

mutants. We observed that a number of factors can contribute to the rate of symptom 

expression in SCV infected indicator plants, with temperature and age of the inoculated 

plants being two of the important ones. 

B. Effects of mutations on positive-strand RNA accumulation 

To determine the ability of the various RdRp mutants to support RNA replication, 

N. clevelandii protoplasts were transfected. To reduce the number of mutants in each 
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protoplast assay, the mutants were randomly placed into one of three groups; group 1 

(ED70.7I, HK51.53, RH107.I08, DD172.173, EE445.446), group 2 (KR332.333, 

RR376.377, KH546.547, KD628.629, RJ1296.297, RX357.358) and group 3 

(DD561.562, EE593.594, RR731.732, Ria71.272, ED307.308). Each protoplast assay 

consisted of the transfection of the wild type pSCV15 and one of the three groups of 

mutants. Northern blot analysis of total protoplast RNA showed that mutants which were 

unable to elicit the formation of local lesions in C. amaranticolon DDI 72.173, 

EE445.446, KD628.629, RR296.297, RX357.358, DD561.562, and RR271.272 were also 

unable to accumulate a detectable level of positive-strand RNA in protoplasts analyzed 

24 h postinoculation (Fig. 3.3). Mutants RJ-I107.108, RR376.377, KH546.547 and 

RR731.732 consistently accumulated substantially less positive-strand RNA than the wild 

type (Fig. 3.3 A, B, and C). These results were consistent in independent transfection 

assays and correlate with the infectivity data. The number of local lesions elicited by all 

of these mutants was reduced with the exception of ICH546.547 which produced a wild 

type level of local lesions. Mutants ED70.71, HK5I.53, KR332.333, RJ1376.377, 

KH546.547, EE593.594, and ED307.308 directed synthesis of nearly wild type levels of 

full-length RNA as well as two species of subgenomic RNA. 

In order to address issue of sensitivity, we attempted to detect positive-strand 

RNA in total RNA extracted from protoplast cultures 24 hours after transfection by RT-

PCR. Primers SV5' and SV750 were selected for their ability to amplify a 776-bp 

fragment of the SCV genome. All seven of the mutants which were determined to be 

negative by Northern analysis were tested. Of the seven mutants examined, positive-
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FIG. 3.4. Detection of the accumulation of the positive-strand RNA in N. 
clevelandii protoplasts of WT and mutants which were unable to be detected 
by Northern analysis. The RT-PCR products were amplified from RNA 
extracted from protoplasts 24 h after inoculation and analyzed by agarose 
gel electrophoresis with ethidium bromide staining. SCV viral RNA was 
used as a positive control for RT. ddHiO and pSCVlS plasmid DNA were 
used as negative and positive controls for PCR. 
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Strand RNA was detected in two of them DDI 72.173 and RR271.273 (Fig. 3.4). The 

remaining five were negative. 

C. Ability of RdRp mutants to synthesize negative strand SCV RNA 

The ability of the various mutants to synthesize negative-stranded SCV RNA, was 

determined by RT-PCR designed to amplify of a 655-bp fragment of SCV RNA negative 

strand. These primers were tested to ensure that they would not prime amplification of 

SCV genomic RNA by attempting to amplify RNA isolated from SCV virions (data not 

shown). To avoid possible false-positive results due to contamination of the reaction 

components, control reactions without template was carried out in parallel for each set of 

reactions. The corresponding 655-bp fragment was amplified from total RNA isolated 24 

hr postinoculation from both protoplasts transfected with the wild type pSCVl5 and the 

mutants capable of directing positive strand RNA synthesis (Northern analysis, Fig. 3.5). 

In addition to the nine mutants which were infectious on indicator plants, mutants 

DDI 72.173 and RR271.272 were able to synthesize a detectable amount of negative 

strand RNA in addition to their previously detected positive-strand RNA (Fig. 3.5 A and 

C). Mutants RR296.297, RK357.358, EE445.446, DD561.562 and KD628.629 were 

unable to direct synthesis of a detectable amount of negative strand RNA in protoplasts. 
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FIG. 3.5. Detection of the accumulation of the negative-strand of WT and mutant SC V RNA 
in JV. clevelandii protoplasts. The RT-PCR products were amplified from RNA extracted from 
protoplasts 24 h after inoculation and analyzed by agarose gel electrophoresis with ethidium 
bromide staining. ddHiO and pSCVIS plasmid DNA were used as negative and positive 
controls for PCR. 
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3.5 DISCUSSION 

In an attempt to define functional domains in the putative RdRp of SCV. we 

constructed 16 different mutations in the SCV full-length infectious clone pSCVIS using 

a clustered charged-to-alanine mutagenesis strategy. We examined the ability of each 

mutant to infect indicator plants and for their ability to direct replication of both positive 

and negative-strand RNA in N. clevelandii protoplasts. These mutations spanned both the 

p26 and p86 coding regions with four of the mutations located in the p26 coding region 

and all sixteen mutations residing somewhere in p86 coding sequence (Fig. 1). There was 

no obvious charge-specific effect of the mutagenesis. Seven of the nine (77.8%) 

mutations in which two positively charged amino acids were changed to alanine were 

able to direct synthesis of positive-strand end product compared with four of the six 

(66.7%) mutations in which two negatively charged amino acids were changed to alanine. 

Also, mutant KD628.629, which changes a single positive and single negative amino acid 

to alanine, was unable to replicate. 

All of the mutants in the p26 coding region (HK51.53, ED70.71, RH107.108, and 

DDI72.173) were able to replicate both positive and negative strand RNA, while five of 

the twelve mutants, located exclusively in the p86 coding region, could not replicate 

either positive or negative-strand RNA. It was generally found that mutations in more 

highly conserved amino acids were more likely to result in a noninfectious, 

nonreplicating phenotype, based on a sequence aligrmient of closely related viruses. 
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The first crystal structure of an RdRp, the 30''°' protein of poliovirus, (Hansen et 

al., (1997), has allowed fiirther analysis other RdRps using computer predictions and this 

crystal structure as a guide (reviewed by O'Reilly and Kao, 1998)(Fig. 3.6). The overall 

structure of the 30''°' appears to resemble that of a right hand with palm, thumb, and 

fingers subdomains, as is the case with all classes of polymerases (Hansen ei al., 1997). 

The palm domain contains the four amino-acid sequence motifs found in all other classes 

of polymerases, named A, B, C, and O, plus a fifth motif, E, which is unique to RdRps 

and reverse transcriptases (RTs) (Poch el al., 1989). Motif A is involved in magnesium 

coordination and possibly sugar selection, while motif B is also thought to be involved in 

the discrimination of ribose versus deoxyribose (O'Reilly and Kao, 1998). Motif C 

contains the GOO amino-acid triplet and is thought to be involved in the coordination of 

magnesium (Hansen et ai., 1997), and possibly play a role in actual RNA polymerase 

activity (Jablonski et al., 1991; Jablonski and Morrow, 1993). The function(s) of motif O 

is currently unknown. The hydrophobic residues in motif E are important for the 

interactions between the palm and thumb subdomains. Specifically, the hydrogen bond 

interactions with the (3-strand of the thumb are thought to be important in proper 

positioning of the thumb on substrate binding (Hansen et al., 1997; Jacobo-Molina et al., 

1993). The fingers subdomain, as suggested for the other classes of polymerases 

(Kohlstaedt et al., 1992; Sousa et al., 1993), may determine the RdRps preference for 

RNA templates. In addition to these common subdomains, the 30'"'' contains an unique 

region N-terminal of the fingers that is not found in other classes of polymerases (Hansen 
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Fig. 3.6. Summary of the predicted secondary structures of tombusviruses and SCV RdRps compared 
with the observed polymerase crystal structure of the poliovirus 3D''"' (Hansen ei al., 1997). Boxes 
indicate a-helices; the arrows, P-strands. The secondary structures shown for for the tombusvirus and 
SCV polymerase were predicted by the PHD method (Rost and Sander, 1993, 1994), with the 
tombusvirus predictions appearing in O'Reilly and Kao, 1998. The positions of the 11 SCV RdRp 
mutants located within this region are indicated. 
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et al., 1997). This portion of the polypeptide may play a role in oligomerization of the 

polymerase (Hansen et al., 1997). 

A. Effect of mutations in the p26 and the N-terminus of the p86 

The four mutations located in the p26 and also reside near the N-terminal portion 

of the p86 can direct detectable viral replication. The two mutations nearest the N-

terminus, (HK51.53 and ED70.71) had little or no effect on the ability to replicate 

positive and negative-strand RNA or the ability to infect indicator plants. The amino 

acids altered in mutant HK51.53 are not conserved among closely related carmoviruses. 

However, both of the amino acids altered in mutant ED70.71 are conserved among 

closely related carmoviruses. Another mutation (RH107.108) can also, at reduced levels, 

replicate both positive and negative-strand RNA and infect indicator plants. While 

arginine 107 amino acid residue is highly conserved among carmoviruses, only the 

positive charge of the histidine 108 amino acid seems to be conserved. Among closely 

related carmoviruses a lysine or arginine is substituted for histidine 108. Mutant 

DDI72.173 replicates to a level which could only be detected by RT-PCR. Aspartic acid 

172 is absolutely conserved among closely related carmoviruses and is also conserved 

within the dianthoviruses [eg. red clover necrotic mosaic virus (RCNMV) and sweet 

clover necrotic mosaic virus (SCNMV)] while aspartic acid 173 is not conserved. 

The ability of all these mutants to replicate to some level suggests that the p26-

coding region and as well as the overlapping portion of the p86 is more tolerant to cluster 
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charged-to-alanine mutagenesis than the rest of the coding region. This information 

corresponds to results obtained from mutational analysis of the QP RdRp. Like the RdRp 

of SCV, the QP RdRp has also been classified as a supergroup II RdRp (Koonin, 1991). 

Linker-insertion mutagenesis of the QP RdRp demonstrated that the central region of the 

replicase protein contains an amino acid sequence that will not tolerate mutations and 

maintain the ability to drive viral RNA sythesis, whereas the N and C-termini of the QP 

replicase are much more receptive to small amino acid insertions and substitutions (Mills 

etai, 1988). 

B. Mutations with a reduced rate of replication 

Four mutants (RH107.108, DD172.173. RR271.272 and RR731.732) can 

complete the replication cycle and generate positive-strand RNA end product, but at a 

reduced rate as measured by fewer to no local lesions on C. amara«/zco/or-inoculated 

leaves, and reduced amounts of positive-strand RNA detected in protoplasts. Two of the 

mutants (RH 107.108 and DDI72.173) are located in the p26 coding region and near the 

N-terminal of the p86. Mutant RR271.272 is similar to mutant DDI72.172 in that the first 

of the two altered amino acids is highly conserved while the second shows no 

conservation among closely related carmoviruses. In addition, both of these mutations are 

located near each other in the p86 coding region and demonstrate a low level of 

replication which was undetectable by Northern analysis but could be detected by RT-

PCR. Mutant RR271.272 is predicted to occur just upstream of a P-strand within the 
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RdRp unique region. Tliis unique region has been shown by deletion analysis to be 

required for poliovirus polymerase activity (Plotch et ai, 1989; Hansen et al., 1997). 

Mutant RR731.732 also shows a significant reduction in infectivity as well as a reduced 

level of replication in protoplasts, despite the fact that neither of the amino acids are 

conserved. This mutation is the closest to the C-terminal of the p86 of all the mutants. 

In addition to these four mutants, which demonstrated both a low level of positive 

strand RNA replication and a reduction or elimination of infectivity on indicator plants, 

two others showed a reduction in the ability to replicate positive strand RNA. Mutants 

RR376.377 and KH546.547 consistently produced lower levels of positive strand viral 

RNA in transected protoplasts, relative to the wild type despite producing wild type 

numbers of local lesions on C amaranticolor. Mutant RR376.377 is predicted to occur in 

an a-heli.x within the fingers subdomain located N-terminal of the palm. The fingers of 

RdRps are thought to determine their preference for RNA templates (O'Reilly and Kao. 

1998). Mutations made in the fingers of other RNA viruses including poliovirus, BMV, 

Q(J and Sindbis virus result in a wide range of phenotypes, from wild type to dead (Bums 

etal., 1989; Charini et al., 1991; Diamond and Kirkegaard, 1994; Hanh et al., 1989; 

Kroner et al., 1989; Mills et al., 1988; Sawicki, 1989). Mutant KH546.547 is predicted to 

be altered in two nonconserved amino acids near the C-terminal portion of motif B. This 

motif, and specifically a highly conserved asparagine residue is thought to be involved in 

the discrimination of ribose versus deoxyribose (O'Reilly and Kao, 1998). In agreement 

with our results, nearly all of the previously studied mutations in this motif resulted in 

either a virus with an inability to replicate, or a greatly reduced level of replication in 



116 

vitro (Mills et al., 1988; Bums et al., 1989; Sanker and Porter, 1992; Lohmarm et al., 

1997). However, mutations made within this motif of the poliovirus 30''°' and the EMC 

30''°', did allow for replication at a wild type level (Richards et al., 1996; Sanker and 

Porter, 1992). These six (RH 107.108, 00172.173, RR271.272, RR731.732 RR376.377 

and KLH546.547) mutants should be particularly useful in defining functional domains in 

the RdRp. By identifying the step in viral replication in which each is deficient, it may be 

possible to assign function(s) to the respective domains of the RdRp protein(s). 

C. Mutations in the p86 with near wild type level of replication and infectivity 

Mutants E0307.308, K.R332.333 and EE593.594 consistently replicated to near 

wild type levels in protoplasts. These three mutants also caused the formation of local 

lesions at levels not distinguishable from the wild type, however, with some delays in the 

onset of symptoms. Two of these mutations, (ED307.308 and KJ1332.333) are predicted 

to occur within RdRp unique region, with mutant ED307.308 in a p-strand and 

KR332.333 being in an a-helix. In both mutants, the first of the two altered amino acids 

is conserved among closely related carmoviruses while the second is not. An aspartic acid 

in TCV, corresponding to aspartic acid 308 in mutant ED307.307, has been found to play 

a role in symptom modulation and satellite RNA support. Analysis of two different TCV 

helper viruses revealed that the change of the aspartic acid to glycine in one of the helper 

viruses, TCV-B, lead to a reduction in symptom intensification by virulent satellites, but 

an increase in the ability to support the accumulation of satellite C RNA (Collmer et al.. 
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1992). The TCV finding seems to support the result obtained from ED307.308 in which 

the analogous aspartic acid is changed along with a conserved glutamic acid but is able to 

replicate at wild type levels. 

Each of the amino acids altered in mutant ICR332.333 have been evolutionarily 

conserved at different levels. Specifically, lysine 332 is not conserved among closely 

related carmoviruses that have an arginine in the analogous position in the closely related 

viruses carnation mottle virus and TCV. However, arginine 333 is conserved among 

closely related carmoviruses and in some dianthoviruses. 

Mutant EE593.594 occurs in two conserved amino acids near the C-terminal 

portion of motif D. There are only four described mutations within this motif in other 

viruses. Two cases resulted in an altered but viable virus. Insertions of one or two amino 

acids gave a temperature sensitive and small plaque phenotype in the poliovirus and QP 

RdRps respectively (Bernstein et al., 1986; Mill et aL, 1988). As in the case of the mutant 

EE593.594, amino acid substitutions in the EMC 30''°' and the HCV RdRp, resulted in 

wild type viral replication in vitro (Sankar and Porter, 1992; Lohmann et aL, 1997). 

D. Mutations that result in no infectivity or detectable replication 

Five mutants (RR296.297, RK357.358, EE445.446, 00561.562, and KX)628.629) 

were unable to infect indicator plants or able to synthesize either positive or negative 

sense viral RNA. Mutant RR296.297 has two altered two arginine amino acids, predicted 

to be in a a-helix in the previously described unique region of the RdRp. Both of the 



118 

amino acids altered are conserved among closely related carmoviruses. Mutant 

RiC357.358, like mutant RR376.377, is located in the fingers subdomain located N-

terminal of the palm. The amino acids altered in mutant RjC357.358 are both highly 

conserved and predicted to be located in a turn between two a-helices. Surprisingly, the 

amino acids changed in mutant EE445.446 are not highly conserved and are located in an 

a-helix within the palm domain N-terminal to motif A. 

Mutant DD561.562 contains mutations which alter both aspartic acids 561 and 

562 in the highly conserved GDD amino acids within motif C found in RdRps (Kamer 

and Argos, 1984; Koonin, 1991). These mutations resulted in an inability to infect 

indicator plants, or replicate either positive or negative-strand RNA. The first aspartic 

acid is not only conserved among closely related viruses, but in all classes of 

polymerases. This aspartic acid is thought to be involved in the coordination of a 

magnesium ion (O'Reilly and Kao, 1998). Changes in this first aspartic acid almost 

always result in an inability to replicate in vivo and /or synthesize RNA in vitro (Inokuchi 

and Hirashima, 1987; Jablonski and Morrow, 1993; Lohmann et al., 1997; Longstaff et 

al., 1993). In one case, substitution of glutamic acid for the first aspartic acid in 

encephalomyocarditis virus (EMC) resulted in a low level (3% of wild type) of 

replication in vitro (Sankar and Porter, 1992). The second aspartic acid in this motif is 

conserved among RdRp, but not across all classes of polymerases. Changes to this second 

aspartic acid in HCV also gave a low level (approximately 8% of wild type) of 

replication in vitro (Lohmann et al., 1997). Similar changes in poliovirus 30''°' and the 

EMC 30''°' resulted in an inability to replicate (Jablonski and Morrow, 1995; Sankar and 
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Porter, 1992). The mutation of both of these aspartic acids in SCV is most analogous to 

the clustered charged-to-alanine analysis of the poliovirus This resulted in an 

inability to synthesize RNA either in vitro or in vivo (Diamond and Kirkegaard, 1994). 

Both of the amino acids altered in mutant KD628.629 are highly conserved and 

are predicted to occur within the thumb subdomain. This subdomain is thought to be 

involved in the formation of the clamp on template binding (O'Reilly and Kao, 1998). 

Clustered charged-to-alanine mutations of a lysine-aspartic acid located with in the 

poliovirus 30''°' thumb subdomain also resulted in a noninfectious virus in vivo 

(Diamond and Kirkegaard, 1994). 
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APPENDIX A; RNA-Dependent RNA Polymerase Raw Infectivity 
Data 

Isolate # Replication Leaf LL# % control 
pSCV15 1 1 85 103.03% 
pSCV15 1 2 108 130.91% 
pSCViS 1 3 95 115.15% 
pSCV15 1 4 42 50.91% 
ED80.81 1 1 93 112.73% 
ED80.81 1 2 186 225.45% 
ED80.81 1 3 90 109.09% 
ED80.81 1 4 75 90.91% 
HK51.53 1 1 120 145.45% 
HK51.53 1 2 34 41.21% 
HK51.53 1 3 189 229.09% 
HK51.53 1 4 128 155.15% 

RH107.108 1 1 12 14.55% 
RH107.108 1 2 10 12.12% 
RH107.108 1 3 11 13.33% 
RH107.108 1 4 4 4.85% 
KR332.333 1 1 127 153.94% 
KR332.333 1 2 74 89.70% 
KR332.333 1 3 125 151.52% 
KR332.333 1 4 114 138.18% 
RR376.377 1 1 71 86.06% 
RR376.377 1 2 62 75.15% 
RR376.377 1 3 52 63.03% 
RR376.377 1 4 123 149.09% 
EE593.594 1 1 82 99.39% 
EE593.594 1 2 158 191.52% 
EE593.594 1 3 42 50.91% 
EE593.594 1 4 168 203.64% 

pSCVIS 2 1 31 74.25% 
pSCV15 2 2 19 45.51% 
pSCV15 2 3 66 158.08% 
pSCV15 2 4 51 122.16% 

KH546.547 2 1 217 519.76% 
KH546.547 2 2 146 349.70% 
KH546.547 2 3 128 306.59% 
KH546.547 2 4 163 390.42% 

pSCV15 3 1 352 108.64% 
pSCVIS 3 2 361 111.42% 
pSCV15 3 3 331 102.16% 
pSCV15 3 4 320 98.77% 
ED80.81 3 1 229 70.68% 
ED80.81 3 2 148 45.68% 
ED80.81 3 3 167 51.54% 
5D80.81 3 4 135 41.67% 
HK51.53 3 1 315 97.22% 
HK51.53 3 2 318 98.15% 
HK51.53 3 3 235 72.53% 
HK51.53 3 4 243 75.00% 
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Isolate # Reolication Leaf UL# % gpntrol 
RH107.108 3 1 21 6.48% 
RH107.108 3 2 54 16.67% 
RH107.108 3 3 94 29.01% 
RH107.108 3 4 53 16.36% 
KR332.333 3 1 97 29.94% 
KR332.333 3 2 278 85.80% 
KR332.333 3 3 84 25.93% 
KR332.333 3 4 179 55.25% 
RR376.377 3 1 95 29.32% 
RR376.377 3 2 253 78.09% 
RR376.377 3 3 186 57.41% 
RR376.377 3 4 74 22.84% 
KH546.547 3 1 104 32.10% 
KH546.547 3 2 138 42.59% 
KH546.547 3 3 125 38.58% 
KH546.547 3 4 109 33.64% 
EE593.594 3 1 353 108.95% 
EE593.594 3 2 306 94.44% 
EE593.594 3 3 321 99.07% 
EE593.594 3 4 104 32.10% 

pSCVIS 4 1 73 43.98% 
pSCVIS 4 2 139 83.73% 
pSCV15 4 3 288 173.49% 
pSCVIS 4 4 165 99.40% 

RR731.732 4 1 93 56.02% 
RR731.732 4 2 18 10.84% 
RR731.732 4 3 22 13.25% 
RR731.732 4 4 83 50.00% 
RH107.108 4 1 13 7.83% 
RH107.108 4 2 8 4.82% 
RH107.108 4 3 151 90.96% 
RH107.108 4 4 27 16.27% 
KR332.333 4 1 63 37.95% 
KR332.333 4 2 69 41.57% 
KR332.333 4 3 272 163.86% 
KR332.333 4 4 145 87.35% 
RR376.377 4 1 110 66.27% 
RR376.377 4 2 153 92.17% 
RR376.377 4 3 59 35.54% 
RR376.377 4 4 86 51.81% 

pSCVIS 5 1 199 106.28% 
pSCV15 S 2 228 121.76% 
pSCVIS 5 3 168 89.72% 
pSCVIS 5 4 154 82.24% 

RR731.732 S 1 107 57.14% 
RR731.732 5 2 91 48.60% 
RR731.732 5 3 90 48.06% 
RR731.732 5 4 151 80.64% 
ED307.308 S 1 146 77.97% 
ED307.308 S 2 143 76.37% 
ED307.308 S 3 168 89.72% 
ED307.308 S 4 131 69.96% 
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Isolate # Replication Legf % control 
pSCV15 6 1 342 112.41% 
pSCV15 6 2 333 109.45% 
pSCV15 6 3 255 83.81% 
pSCV15 6 4 287 94.33% 

ED307.308 6 1 86 28.27% 
ED307.308 6 2 33 10.85% 
ED307.308 6 3 122 40.10% 
ED307.308 6 4 181 59.49% 

pSCV15 7 1 280 95.81% 
pSCV15 7 2 271 92.73% 
pSCV15 7 3 291 99.57% 
pSCV15 7 4 327 111.89% 

RH107.108 7 1 16 5.47% 
RH 107.108 7 2 31 10.61% 
RH107.108 7 3 24 8.21% 
RH107.108 7 4 18 6.16% 
RR731.732 7 1 44 15.06% 
RR731.732 7 2 27 9.24% 
RR731.732 7 3 33 11.29% 
RR731.732 7 4 35 11.98% 


