
AN ABSTRACT OF THE THESIS OF

Kathryn L. Bransom for the degree of Doctor of Philosophy in Genetics presented

on May 26, 1994.

Title: Gene Expression of Proteins Involved in Replication of Turnip Yellow

Mosaic Virus

Abstract approved:

Theo Dreher

Turnip yellow mosaic virus (TYMV) is a plus-stranded RNA virus with a

monopartite genome. The viral non-structural proteins are encoded by two

extensively overlapping open reading frames (ORFs): ORF-69 encodes the putative

movement protein, necessary for cell-to-cell movement of the virus, while ORF-206

encodes proteins required for viral replication. A genetic analysis of ORF-206

demonstrated that the products of this ORF are cleaved by a virally encoded protease

into proteins required for viral replication. The possible replicative roles of

additional viral proteins was also assessed.

The primary in vitro translation products of TYMV RNA are proteins of 206

and 150 -kDa. To demonstrate that the 206-kDa protein (p206) undergoes

proteolysis by a virally encoded protease, we have shown that two regions of ORF-

206 are required for formation of the 150 -kDa protein (p150); a putative protease

domain and a cleavage domain. The protease was shown to be autocatalytic and cis-

acting. A C-terminal cleavage product was also identified (p70). The likely site of

proteolytic cleavage was located between amino acids 1253 and 1261 of p206. The

protease domain was mapped using linker insertion and deletion mutagenesis, and

shown to occur between amino acids 731 and 885 of p206. Substitution of amino

acids within this domain showed that Cys783 and His' are required for proteolytic

activity, suggesting that the TYMV protease is the first member of a novel class of

papain-like viral proteases. It was also shown that p150 and p70 are required for
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replication to occur in vivo: mutant RNAs which did not encode an active protease 
were also not able to replicate in protoplasts. 

The replication roles of the potential readthrough product of ORF-206 and 
the viral coat protein were also assessed. The readthrough product of ORF-206 was 
determined to have no role in the replication of TYMV in protoplasts or plants; 
addition of a stop codon to prevent readthrough produced no noticeable phenotype. 
Absence of the coat protein was shown to affect the accumulation of viral (+)
stranded RNAs and the ability of the virus to move long distances in a plant. Cell
to-cell spread of the virus was not affected. 
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Gene Expression of Proteins Involved in Replication of Turnip Yellow Mosaic Virus 

Chapter 1
 
Introduction
 

1.1. Turnip Yellow Mosaic Virus 

1.1.A. Symptomatology and Transmission of Turnip Yellow Mosaic Virus 

First described by Markham and Smith in 1946, turnip yellow mosaic virus 

(TYMV) is the type member of the tymovirus group. Host range is restricted to the 

Cruciferae and one species in each of two related families: Reseda odorata in the 

Resedaceae and Cleome spinosa in the Capparidaceae (Matthews, 1980). 

Symptomatology of the virus varies from a light-green mosaic to bright white 

mosaic, depending on the virus isolate (Matthews, 1980). Areas of different color 

in the leaf contain different strains of virus, and necrotic local lesions can be 

produced by inoculating with strains isolated from the white mosaic regions of 

infected leaves (Markham and Smith, 1949). In leaves inoculated with TYMV, the 

chloroplasts clump together and take on a rounded appearance within the cell. 

Large vesicles also tend to appear, especially in leaves that have been infected for a 

long period of time (Matthews, 1981). 

TYMV is naturally vectored by flea beetles of the species Phyllotreta and 

Psylliodes, as well as the mustard beetle Phaedon cochleariae and its larvae 

(Markham and Smith, 1949). TYMV is not transmissible through seed or dodder 

(Matthews, 1980). 



2 

1.1.B. Composition of the Virion 

The TYMV virion is composed of 180 coat protein (cp) monomers that form 

an icosahedron 28 nm in diameter. The 180 cp monomers comprising each virion 

are clustered into 20 hexamers and 12 pentamers, which are arranged in a standard 

T=3 icosahedron (Finch and Klug, 1966). Virions contain RNAs ranging in size 

from the 6.3 ldlobase (kb) genomic to the 0.7 kb subgenomic (Pleij et al., 1976), as 

well polyamines thought to stabilize the negatively charged RNA within the virion 

particle (Mitra and Kaesberg, 1965; Jonard et al., 1972). Mellema et al. (1979) 

showed that aside from the single subgenomic RNA, the RNAs shorter than 6.3 kb 

in length are N-coterminal with the genomic RNA, and are probably nonfunctional 

degradation products. The 20 -kDa viral coat protein, encoded by the 0.7 kb 

subgenomic RNA (Pleij et al., 1976; Mellema et al., 1979), has been completely 

sequenced and has an acetylated methionine residue at its amino terminus (Peter et 

al., 1972). 

1.1.C. Genome Structure and Organization 

All members of the tymovirus group share some common characteristics. 

Among those common features are their positive sense single-stranded RNA 

genomes ranging in size from 6.0 to 6.4 kb in length, high cytosine content and low 

guanine content (Matthews, 1991) and m7GpppG cap structures at the 5' end of 

genomic RNAs. The 3' ends of most tymoviruses also possess a tRNA-like 

structure with a valine anticodon that can be charged with valine in vitro (Rietveld et 

a/.,1982; van Belkum et a/.,1987). Five members of the tymovirus group have 

been sequenced to date: TYMV (Morch et al., 1988; Keese et al., 1989; Dreher 

and Bransom, 1992), eggplant mosaic virus (Osario-Keese et al., 1989), ononis 
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yellow mosaic virus (Ding et al., 1989), kennedya yellow mosaic virus (Ding et al., 

1990), and erysimum latent virus (Srifah et al., 1992). 

The genomic RNA of TYMV encodes two overlapping open reading frames 

(ORFs) corresponding to the non-structural proteins (Morch et al.,1988; Weiland 

and Dreher 1989), while the single subgenomic RNA species (homologous to the 3' 

end of the genomic RNA) encodes one ORF encoding the coat protein (Pleij et al., 

1976; Guilley and Briand, 1978). The 5'-most ORF encoded by the genomic RNA, 

ORF-69, initiates at nucleotide (nt) 88 and encodes a 69-10a protein (p69) required 

for cell-to-cell spread of the virus (Bozarth et al., 1992). A second ORF initiates at 

nt 95 and encodes a 206 -kDa protein (p206) required for viral replication (Weiland 

and Dreher, 1989). As demonstrated in Chapter 2, a virally encoded protease 

catalyzes the cleavage of p206 to produce an N-terminal 150 -kDa protein (p150) and 

a C-terminal 70 -kDa protein (p70) (Morch et al., 1989; Bransom et al., 1991). The 

potential exists for production of a 221 -kDa protein upon suppression of the amber 

stop codon terminating ORF-206 (Dreher and Bransom, 1992). 

As is characteristic of other monopartite (+)-stranded RNA viruses, TYMV 

has a very compact genome (Fig. 1.1). ORF-69 and ORF-206 overlap almost 

entirely; the two ORFs overlap for 1879 out of 1886 possible nucleotides. The 

readthrough region of ORF-206 (ORF-221) overlaps with the 3'-most ORF, which 

encodes the coat protein. Computer-assisted analysis of TYMV ORF-206 has 

identified conserved sequence elements assumed to be required for viral replication 

(Fig 1.2). Rozanov et al. (1992) identified domains in the N-terminal region of 

tymo-, carla- and potexvirus proteins, as well as in the sequence of apple chlorotic 

leafspot virus (ACLSV), relating these sequence elements to conserved domains 

previously identified in the replication proteins of other alphaviruses (Goldbach et 

al., 1991). These domains are thought to possess the methyltransferase activity 

required for methylation of the capped 5' ends of viral RNAs. Mi and Stollar have 

shown a requirement for the methyltransferase activity associated with Sindbis virus 

nsPl (refer to Fig. 1.2) (1991); when overexpressed in E. coli, the purified protein 



4 

0 1.0 2.0 3.0 4.0 5.0 6.0 (kbp) 

A) ORF-69 CP-ORF 

promoter ORF-206 HinclIII 

B) 
150-kDa 600 

proteolytic
cleavage 

1000 

IIIIIIIIIIIIIIIIilllllllilllllllllllllllllilllllllllllllllllllllllllllllllllllllllllll 11111111111111111111r 

1500 
70-kDa 
VA 

(aa) 

GXGKT GDD 

putative protease polymerase-like
capping domain domainhelicase-likedomain 

domain 

Figure 1.1. The TYMV genome and its expression. (A) Diagram of the cDNA 
insert of pTYMC, which can be transcribed with T7 RNA polymerase after 
linearization at the HindIII site, yielding infectious genomic transcripts. The major 
open reading frames encoded by TYMV are shown. (B) The expression of ORF
206. The 150-kDa and 70-kDa proteins arise by cleavage of the precursor 206-kDa 
protein at the indicated position. Domains with sequences conserved among many 
positive strand RNA viruses are indicated with their presumptive activities: capping 
(methyltransferase), helicase, polymerase. The protease domain has been mapped 
experimentally (Chapter 3; Bransom et al., 1994). 

was capable of transferring the methyl group of S-adenosyl-methionine to a GTP 

analogue acceptor. Guanylyltransferase and RNA phosphatase activities are also 

presumed to be necessary for cap synthesis, based on studies of other viral capping 

enzymes (Moss et al., 1976), but no sequence elements or enzyme activities have 

been associated with these functions to date. A second region of ORF-206 (residues 

973-1204) encodes a putative nucleotide binding element Gly-Cys-Gly-Lys-Thr 

(GCGKT), as well as other sequence elements which have been suggested to be 

hallmarks of an RNA helicase (Habili and Symons, 1989; Gorbalenya and Koonin, 

1989). The nuclear inclusion protein of plum pox potyvirus, which contains the 

helicase elements described above, has an ATP-dependent helicase activity 
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Figure 1.2. Comparison of the genomes of Sindbis virus and some alpha-like 
plant viruses. TMV, tobacco mosaic virus; TRV, tobacco rattle virus; BMV, 
brome mosaic virus; BNYVV, beet necrotic yellow vein virus; PVX, potato virus 
X; TYMV, turnip yellow mosaic virus. Coding regions in the genomes are 
indicated as open bars; regions of amino acid sequence homology in the gene 
products are indicated by similar shading. Other notations: CP, coat protein; TRA, 
movement (transport) protein; *, GXGKT, nucleotide binding sequence motif; , 

GDD, RNA-dependent RNA polymerase domain; leaky termination codon; r/t, 
readthrough protein (taken from Goldbach et al., 1991). 

(Lain et al., 1990). Another example of a putative RNA helicase is demonstrated 

by the West Nile flavivirus NS3 protein. This protein has been shown to possess an 

ATPase activity stimulated by the presence of single stranded RNA 
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(Wengler and Wengler, 1991). The C-terminal region of ORF-206 encodes the 

sequence Gly-Asp-Asp (GDD), the most conserved part of a domain (residues 1496

1728) related to RNA-dependent RNA polymerases (Kamer and Argos, 1984; 

Argos, 1988; Koonin, 1991). The poliovirus protein 3DP°1 remains the only viral 

protein for which in vitro RNA-dependent RNA polymerase activity has been 

demonstrated (Morrow et al., 1987). Located between residues 731 and 885, ORF

206 also encodes a papain-like protease (Chapter 3; Bransom and Dreher, 1994), 

involved in separating the helicase domain from the polymerase domain. 

1.1.D. The TYMV Infection Cycle 

The infection cycle of (+)-stranded plant RNA viruses can be broken down 

into five separate phases; entry, uncoating, translation, RNA replication and 

encapsidation. The first phase is entry of the virus particle into the cell and 

disassembly of the virion, leading to uncoating of the RNA. Entry into the cell is 

accomplished either mechanically via wounding, or by an insect or other type of 

vector. Disassembly of the virion and uncoating of the RNA has been best studied 

using tobacco mosaic virus (TMV) as a model. In that model, disassembly and 

uncoating are accomplished co-translationally by ribosomes scanning the 5' end of 

the RNA (Wilson, 1984). In the case of TYMV, little is known about the 

disassembly and uncoating mechanism. However, there is evidence suggesting that 

TYMV RNA is released through a hole in the virion shell corresponding to the loss 

of one or two faces of the icosahedron (Katouzian-Safadi and Berthet-Colominas, 

1983; Adrian et al., 1992). Recent studies using neutron small angle scattering 

techniques (Witz et al., 1993) support the earlier decapsidation model and suggest 

. that release of the viral RNA through the capsid hole is preceded by a shift in the 

position of the RNA within the virion. The model suggests that the RNA penetrates 
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deeply into the protein shell, causing a cooperative conformational change which 

allows decapsidation to occur. 

The next phase in the infection process is translation of the disencapsidated 

RNA into viral proteins. It is necessary to produce the viral replication proteins 

prior to the next phase in infection, the synthesis of progeny RNA. The overlapping 

ORFs of TYMV RNA are translated to produce p69, required for cell-to-cell spread 

of the virus (Bozarth et al., 1992), and p206 which is proteolytically cleaved to 

produce the proteins essential for viral replication (Bransom et al., 1991; Weiland 

and Dreher, 1993; Bransom and Dreher, 1994). The replication proteins p150 and 

p'70, are presumed to interact with host factor(s) to form a replication complex 

(replicase) necessary for the next phase of viral infection, replication of the 

inoculum RNA. 

Replication of viral RNA can be divided into three steps: (1) transcription to 

produce (-)-sense RNA from the inoculum RNA, (2) transcription to produce 

progeny (+)-strands from newly synthesized (-)-strand templates, and (3) 

transcription to produce subgenomic RNA from the (-)-sense template. Each stage 

of replication requires that a replication complex, composed of viral and/or host 

factor(s), recognize specific RNA promoter element(s) prior to the start of 

transcription. It is presumed that the replication complex is different for each step 

of transcription. Little is known regarding the RNA replication phase of the TYMV 

lifecycle, although crude mapping of the promotor for (-)-strand synthesis has been 

done (Morch et al., 1987); the promoter is proposed to occur within the tRNA-like 

structure. In addition, the location of the promotor for subgenomic RNA synthesis 

(straddling the initiation site) has been suggested based on sequence similarity 

between several tymoviruses, although no experimental data was reported (Ding et 

al., 1990). The authors suggest that the putative promoter consists of two domains: 

a 16 nt long `tymobox' and a 4 nt long 'initiation box', separated by 8-9 nt of 

variable sequence. There are no reports on the location or identity of the promoter 

elements required for synthesis of TYMV (+)-strands. 
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Studies on brome mosaic virus (BMV) provide the best evidence for ( -)

strand promoter elements occurring within the viral tRNA-like structure (Miller et 

al., 1986); the promoter elements necessary for initiation of BMV subgenomic 

synthesis have also been mapped (Marsh et al., 1988; French and Ahiquist, 1988). 

Studies with poliovirus (Andino et al., 1990; Andino et al., 1993), Sindbis virus 

(Niesters and Strauss, 1990), and BMV (Pogue and Hall, 1992), suggest that 

elements of secondary structure are present in the 5' noncoding regions of (+)

strand genomic RNAs that are involved in initiating (+)-strand RNA synthesis. 

Early studies with TYMV replicase isolated from infected Chinese cabbage 

demonstrated that the preparations were capable of synthesizing (-)-sense RNA when 

supplied with (+)-sense template (Mouches et al., 1974). However, the replicase 

was not capable of carrying out a complete cycle of RNA replication; no synthesis 

of progeny (+)-strands or subgenomic RNAs were reported. Replicase preparations 

have been studied from only a few other (+)-stranded RNA viruses: bacteriophage 

Q/3 (Blumenthal and Carmichael, 1979), cucumber mosaic cucumovirus (CMV) 

(Hays and Buck, 1990), as well as for BMV. The Q0 replicase consist of three host 

subunits, identified as the translational elongation factors EF-Tu and EF-Ts, and the 

ribosomal protein 51, in addition to the QO polymerase as the single viral subunit. 

The CMV replicase contains one unidentified host subunit and two viral subunits: 

the product of RNA 1 which has both methyltransferase-like and helicase-like 

domains, and the product of RNA 2 which has a polymerase domain. The BMV 

replicase also consists of one host subunit and two viral subunits. The host subunit 

has been identified immunologically and in biochemical assays as a subunit of the 

eIF -3 complex, while the viral subunits are protein la (containing the 

methyltransferase and helicase domains), and 2a which contains the polymerase 

domain (Quadt et al., 1993). These last two examples are similar to what has been 

proposed in the model for the cis-preferential RNA replication of TYMV (Weiland 

and Dreher, 1993), which predicts that p150 (containing both methyltransferase and 

helicase domains) and p70 (containing the polymerase domain) are both required, 
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in combination with one or more host component(s), for a fully active replication 

complex to form. 

The final phase in the infection cycle involves packaging the newly 

synthesized viral (+)-strands into virions. Electron microscopy of TYMV-infected 

tissues has shown that TYMV replication occurs in association with chloroplast 

membranes. Chloroplasts in infected tissues have many small vesicles formed by 

the inward folding of both chloroplast membranes (Francki et al., 1985; Matthews, 

1991); these vesicles are thought to be surrounded by a high concentration of coat 

protein pentamers and hexamers clustered on the chloroplast membranes (Matthews, 

1991). Based on these studies, it has been proposed that TYMV RNAs are 

synthesized within the chloroplast vesicles and upon emerging through the vesicle 

neck, are assembled into virions upon encountering the coat protein clusters 

accumulated outside the vesicles (Matthews, 1981). Three types of interactions are 

suggested to control the assembly of spherical viruses such as TYMV: (a) sequence-

specific RNA/protein interactions which potentially initiate and regulate the assembly 

process, (b) sequence-independent RNA/protein interactions which stabilize 

packaged viral RNA within the virus particle, and (c) protein/protein interactions 

which stabilize the capsid shell (Fox et al., 1994). Since empty capsid shells are 

found in TYMV virion preparations (Matthews, 1991), it is thought that the capsid 

is stabilized primarily by protein/protein interactions, and the RNA component is 

unnecessary for capsid formation. 

1.1.E. Current Understanding of TYMV Gene Expression 

Recent studies on TYMV gene expression depended on the availability of a 

cDNA clone of the virus. The constructs referred to in subsequent chapters are all 

derivatives of pTYMC, a plasmid containing a DNA copy of the entire 6318 

basepair (bp) genomic sequence of TYMV cloned downstream of a 17 promoter, 

allowing the in vitro production of infectious RNA transcripts from Hind III
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linearized template DNA (Fig. 1.1). When transcripts are inoculated onto Chinese 

cabbage (Brassica pekinensis cv. Wong Bok or Spring-A1) or turnip plants (Brassica 

rapa cv. Just Right), development of symptoms is indistinguishable from those 

induced by inoculation with viral RNA (Weiland and Dreher, 1989; Weiland and 

Bransom, unpublished observations). Studies have focused on the analysis of viral 

replication, which first requires an understanding of viral gene expression. By 

altering the initiation codon of ORF-206, it was shown that the products of ORF-206 

are required for TYMV replication in protoplasts (Weiland and Dreher, 1989). 

Using the same strategy, and altering the initiation codon of ORF-69, it was shown 

that the product of this ORF is not necessary for replication in protoplasts, but is 

required for cell-to-cell spread of the virus (Bozarth et al., 1992). Further 

mutagenic analysis of ORF-206 coding regions has shown that both the helicase- and 

polymerase-like domains are required for efficient viral replication, and that 

expression of these two domains must occur in the proteolytically mature forms: the 

helicase-like domain as p150 and the polymerase-like domain as p70 (Weiland and 

Dreher, 1993; Bransom and Dreher, 1994; Chapter 3). Genetic complementation 

between RNAs defective in either the helicase- or polymerase-like domains has 

shown that these domains are limited in their ability to function in trans; with most 

constructs, trans-replication of defective RNAs was inefficient in co-inoculation 

experiments (Weiland and Dreher, 1993). One exception was an RNA lacking most 

of the p70 coding sequences, that was able to complement a second RNA defective 

in the p150 helicase-like domain. This pair of RNAs replicated at levels 

approximately 50% of wild type, demonstrating the ability of trans-replication and 

the generation of a bipartite form of virus (Weiland, 1993; Weiland and Dreher, 

1993). 

The studies described in this thesis, which demonstrate that the proteolytic 

cleavage of p206 produces p150 and p70, were undertaken in order to clarify the 

conflicting models previously published on the proteolytic maturation of TYMV 

proteins. Early studies on the translation products of ORF-206 reported that the 

major in vitro translation products were polypeptides with estimated molecular 
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weights of 195- and 150-kDa (Benicourt et al., 1978). The 195-kDa protein 

represents full-length translation of ORF-206 (Weiland and Dreher, 1989), while the 

150-kDa protein has been shown via tryptic mapping to be N-coterminal with the 

195-kDa protein (Morch and Benicourt, 1980). The 150 -kDa protein (p150) was 

proposed to originate either (a) by termination at a leaky stop codon, which if 

suppressed would lead to synthesis of the full length 195 -kDa [publication of the 

TYMV genomic sequence (Morch et al., 1988; Keese et al., 1989; Dreher and 

Bransom, 1992) showed that no such stop codon exists, invalidating this model], or 

(b) premature termination of translation mediated by an unknown mechanism, but 

apparently independent of any termination codon (Morch and Benicourt, 1980). 

Proteolytic processing of ORF-206 products was first proposed based on in vitro 

translation studies, and an initial model was developed whereby the 195 -kDa (p206) 

protein was cleaved by a virally encoded protease into N-terminal 120-kDa and C-

terminal 78-kDa proteins (Morch and Benicourt, 1980). Later studies based on 

temperature shift experiments, led to a revised model for the proteolysis of ORF-206 

products (Morch et al., 1989). In this model, the 150-, 120- and 78-kDa proteins 

are all proposed to be proteolytically derived from p206, as well as an apparent 30

kDa protein. By summing the molecular weights of the proteins, the 150- and 78

kDa proteins were the proposed primary proteolytic products of p206, and the 120 

and 30-kDa proteins were proteolytic products of p150. It was also suggested, 

based on inhibitor studies, that the viral protease has both cysteine and serine 

residues contributing to the proteolytic activity (refer to section 1.3). However, the 

concentrations of inhibitors used in this study ranged from 25- to 50-fold higher than 

the concentrations needed to inhibit papain and trypsin. No other protease has been 

identified with both a cysteine and serine residue at the active site (Polgar, 1989). 

Work in this laboratory fails to substantiate the proteolytic model described 

above. There is no evidence from in vitro translations either in a rabbit reticulocyte 

or wheat germ system that the 120- or 30-kDa proteins are produced. However, it 

has been demonstrated that p150 and p70 are the proteolytic products of p206, and 

that the protease cleavage site lies between amino acids 1253 and 1261 
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(Bransom et al., 1991). Identification of the precise site of cleavage between p150 

and p70 has been unsuccessful due to experimental problems (refer to Chapter 2 

Addendum). The protease domain has been located between residues 731 and 885 

of ORF-206, and the protease belongs to a novel subclass of papain-like proteases 

(Bransom and Dreher, 1994). 

1.1.F. TYMV Replication 

The 3' terminal 82 nucleotides of TYMV RNA are able to fold into a tRNA

like structure (Rietveld et al., 1983), a property common to other plant viruses in 

the alphavirus-like supergroup. The TYMV tRNA-like structure can be charged 

with valine in vitro (Dreher et al., 1988), and has been shown to be valylated in 

vivo during replication in Chinese cabbage (Joshi et al., 1982). Tsai and Dreher 

(1991) have demonstrated that a correlation exists between the efficient replication of 

TYMV RNA in plants, and the ability of the RNA to be charged with valine in 

vitro. It is not known whether this correlation is due to the actual need for valine to 

be bound to the tRNA-like structure, or if it reflects the ability of host factors to 

recognize and interact with the viral RNA. It has also been shown that poorly 

replicating 3' end mutants occasionally give rise to second-site suppressor mutations, 

restoring the ability of the RNA to be efficiently replicated (Tsai and Dreher, 1992). 

This approach was used to demonstrate the importance of a potential pseudoknot 

structure immediately upstream of the tRNA-like structure (nt 96-107 with 

numbering from the 3' end). A single base change in the TYMV pseudoknot 

structure caused greatly reduced levels of replication in protoplasts, and delayed 

symptom development on plants. Upon analysis of the viral RNA recovered from 

plants, it was shown that a compensatory mutation had occurred, thus restoring the 

ability of the pseudoknot to form as well as efficient replication to occur (Tsai and 

Dreher, 1992). 
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1.2. Viral Gene Expression 

RNA viruses exhibit a wide range of gene expression strategies enhancing 

their ability to encode multiple proteins from relatively small genomes. Among 

these strategies are the ability to express otherwise silent 3' cistrons via subgenomic 

RNAs, proteolytic maturation by virally encoded proteases, ribosomal frame-

shifting, expression of more than one product from a given RNA sequence by 

utilizing overlapping open reading frames and readthrough of leaky termination 

codons by suppressor tRNAs. The specific gene expression strategies that TYMV 

utilizes will be discussed in greater detail in the following pages. 

Plus-stranded RNA viruses all encode a similar spectrum of proteins using 

different expression strategies. Each encodes unique capsid protein(s) as well as an 

RNA-dependent RNA polymerase, and various combinations of putative helicase, 

protease, and RNA capping enzymes. Three major groups of viruses have been 

recognized, based on the overall expression strategy and the degree of amino acid 

similarity in the viral polymerase sequences (Gorbalenya and Koonin, 1989) (Fig. 

1.3). The picornavirus-like group of viruses (supergroup I) is characterized by the 

production of a single large polypeptide which is proteolytically cleaved into both 

capsid and replication proteins. Most of the viruses in this group also have a VPg 

(viral protein, genome-linked) covalently attached to the 5' end of the RNA. 

Members of supergroup II are grouped according to their common polymerase 

domain. Viruses belonging to the largest of the groups, the alphavirus-like group 

(supergroup HI), have similar helicases as well as polymerases, are capped at their 

5' ends, and often encode a protease (Goldbach et al., 1991). 

Proteolytic cleavage of gene products is a common mode of viral gene 

expression. As mentioned previously, viruses belonging to the picorna-like group 

of RNA viruses characteristically encode one or more proteases that are involved in 

forming mature viral proteins. Proteolytic processing associated with virus 

assemblyis also common. In this case, the cleavage events may be required for 

spontaneous assembly of virus particles, or may set the stage for spontaneous 
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disassembly after entry into a new cell via endocytosis (Strauss, 1990). Specific 

viral systems where proteolysis has been identified as an important form of gene 

expression will be discussed in more detail in the following section. 

The suppression of termination codons, which has been well studied in 

bacterial systems (reviewed in Eggertsson and Soil, 1988), is not uncommon as a 

mode of gene expression in eukaryotic viruses. The best studied example of a virus 

that utilizes a leaky stop codon as a way to increase its coding capacity is TMV 

(Pelham, 1978; Goelet et al., 1982; Beier et al., 1984). The TMV 

methyltransferase-like and helicase-like domains are encoded by p126 (analogous to 

p150 in TYMV); suppression of the amber stop codon terminating the p126 ORF 

leads to the synthesis of p183 which encodes the polymerase-like domain (Fig. 1.2). 

A similar readthrough event of an opal termination codon leads to production of the 

viral polymerase nsP4, in Sindbis virus (Strauss et al., 1984; Li and Rice, 1989). 

In both of these viruses forcing production of the readthrough product by 

substituting a sense codon for the leaky termination codon, causes a reduction in the 

levels of RNA synthesis (Ishikawa et a/.,1990; Li and Rice, 1989). The plant 

luteoviruses barley yellow dwarf (BYDV), potato leafroll (PLRV) and beet western 

yellows (BWYV) all have amber codons terminating their coat protein ORFs (Miller 

et al., 1988; van der Wilk et al.,1989; Veidt et al.,1989). Indirect evidence from 

immunological and sequence homology data, suggests that the transmissibility and 

vector specificity of luteoviruses may be related to properties of their readthrough 

protein, rather than by the major coat protein species (Bahner et al., 1990; Vincent 

et al., 1990; Pirone, 1991). Each of these examples of translational readthrough are 

important in some aspect of the viral lifecycle, and likewise each RNA sequence 

conforms to a 'consensus' sequence. Skuzeski et al. (1990) have shown that there 

are two different consensus sequences that foster ribosomal readthrough; the RNA 

sequences CAA-UAG-CAA-U(U/C)A and AAA-UAG-G(G/U)(G/A) were 

demonstrated to be efficient readthrough sequences in tobacco protoplasts. It is 

interesting that the RNA sequence of TYMV surrounding the amber termination 
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A. Supergroup I (Pcornovirus -Like) 
Trypsin 

Like Spherical Helical 
Helicose 3 VPg Pro Polymerase I 

Picorno, Colici 
Como, Repo 

Helicose 2 

Poty, Bymo 

Luteo, Sobemo 

Helicose I 
Arlen Corona, Toro 

No6a 

B. Supergroup II 

Polymerise 
Carmo, Tombus

Trypsin BYDV-PAV fLuteol
Like Diantho, Levi ?
Pro Helicose 2
 

Flavi, Pesti
IM-I1-11.11111111 
Hepatitis C 

C. Supergroup III (Alphavirus-Like) 
%pain 

Copping Like 
Enzyme Helicase I Pro Polymenase ID 

Alpho 

Rubi 

Tobomo, Tobra 
Tymo Furo, Potez, Carla 

Clostero, ACLSV 

Bromo, Dor 
Cucumo Horde' 

Figure 1.3. Conserved modules of (+)-stranded RNA virus genomes coding for 
replication proteins. Viruses are listed according to their spherical or helical 
capsid morphology. The tentative position of the luteo- and sobemovirus VPgs is 
indicated by the question mark. Abbreviations: Pro, protease; VPg, virus protein, 
genome-linked (taken from Dolja and Carrington, 1992). 

codon of ORF-206 also adheres to the consensus readthrough sequence but as yet 

has no demonstrated function in vivo (refer to Chapter 4). 

1.3. Virally Encoded Proteases 

Viral proteases have been grouped according to their similarity to the well 

characterized cellular proteases trypsin, papain or pepsin. In the case of the trypsin 
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-like viral proteases, several lines of evidence suggest that they are evolutionary 

homologues of the cellular enzyme (Gorbalenya, 1992). This evidence includes 

modelling of enzyme secondary structure (Bazan and Fletterick, 1988; Gorbalenya et 

al., 1989), successful prediction of the proteolytic activity of several viral proteases 

based on sequence similarity with cellular enzymes, and the demonstration of a 

trypsin-like fold in the three-dimensional structure of the alphavirus capsid protease 

(Choi et al., 1991). Viral trypsin-like proteases have a catalytic triad composed of 

His, Asp and either a Ser or Cys residue. The structural and catalytic models of 

trypsin-like proteases (Bazan and Fletterick, 1989), are supported by mutagenic 

studies with the proteases of several animal viruses (picorna-, alpha-, corona-, flavi-) 

as well as numerous plant viruses (nepo-, poty-, como-) (see Table 1.1; reviewed in 

Strauss, 1990). 

The papain-like viral enzymes have considerably less in common with their 

cellular counterpart, and with each other in general. Proteases in this group are 

considered to be papain-like based on the presence of two similarly located, weakly 

conserved sequence elements containing the putative catalytic residues (Gorbalenya 

et al., 1991). The papain-like class of viral proteases have a catalytic dyad 

composed of Cys and His residues, with the Cys residue usually appearing as part of 

the motif Cys-Trp-Ala (CWA) (reviewed in Dougherty and Semler, 1993). The 

Sindbis virus non-structural protease nsP2 has been shown by mutational studies to 

belong to this group (Strauss and Strauss, 1990; Strauss et al., 1992). Mutational 

studies also place the HC-Pro enzyme of TEV in the papain-like class of proteases 

(Oh and Carrington, 1989). A unique example of a dsRNA virus encoding two 

papain-like proteases is the dsRNA component responsible for hypovirulence in 

Chestnut blight fungus (Shapira and Nuss,1991). Divergent rather than convergent 

evolution has been proposed as the basis for the similarities between both the 

trypsin-like and papain-like viral proteases, and their cellular counterparts 

(Gorbalenya, 1992). 
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Table 1.1. RNA viruses that undergo proteolytic processing during gene 
expression. 

Virus family Protease class* 

Picornaviridae 

Enterovirus trypsin (Cys); trypsin (Cys) 

Rhinovirus trypsin (Cys); trypsin (Cys) 

Cardiovirus trypsin (Cys); papain 

Aphthovirus trypsin (Cys); papain 

Togaviridae 

Alphavirus trypsin (Ser); papain 

Rubivirus papain 

Coronaviridae trypsin (Ser); papain 

Flaviviridae 

Flavivirus trypsin (Ser) 

Pestivirus trypsin (Ser); papain 

Retroviridae aspartic acid 

Potyviridae 

Potyvirus trypsin (Cys); papain; 

trypsin (Ser)? 

Bymovirus trypsin (Cys); papain 

Comoviridae trypsin (Cys) 

Nepoviridae trypsin (Cys) 

7ymoviridae papain 

*The class of protease that the viral protein is probably associated with is presented. 
For the trypsin-like proteases, Ser indicates a catalytic serine residue, Cys indicates 
a catalytic cysteine (taken from Dougherty and Semler, 1993). 
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The aspartic acid proteases have not been identified in the genomes of any 

(+)-stranded RNA viruses, but have been located in the genomes of retroviruses 

(Miller et al. ,1989) and the plant pararetrovirus CaMV (Torruella et al., 1989). 

Aspartic acid proteases encode the triplet sequence Asp-Thr/Ser-Gly at their active 

site, and are active only when present in a dimerized form (reviewed by Oroszlan 

and Tozser, 1990). The viral enzymes are structurally and functionally related to 

the cellular enzyme pepsin (Dougherty and Semler, 1993), but there are two 

different hypotheses for the evolutionary connection between the groups of enzymes. 

It has been proposed that once the host protease was captured by a virus, (a) a gene 

duplication event occurred within the host sequence, or (b) the viral sequence 

underwent a deletion event. Either hypothesis accounts for the discrepancy between 

the large, bilobal cellular enzymes and the smaller viral enzymes that are active only 

as dimers (Tang et al., 1978; Rao et al., 1991). 

Viral proteases exhibit a high degree of substrate specificity, although the 

specificities differ from the cellular enzymes they are classified with. Trypsin-like 

proteases in the picornaviridae cleave at the dipeptide sequence Gln-Gly, Gln-Ser, 

Gln-Ile, Gln-Asn, Gln-Ala, and Gln-Thr (Lawson and Semler, 1990). The potyviral 

Ma protease (also trypsin-like) cleaves at six sites on the precursor polyprotein, and 

is regulated by substrate specificity as well as the possible subcellular localization of 

the protease during infection (Dougherty and Parks, 1989; Carrington et al., 1991). 

The enzyme has a strong preference for amino acids in the P6, P4, P3, P1 and P1' 

positions: for tobacco etch virus (TEV), the cleavage sequence is Glu-X-(Ile/Val/ 

Leu)- Tyr- X- Gln1Ser/ Gly, where the asterisk indicates the cleaved peptide bond and 

X can be any amino acid (Dougherty and Parks, 1989). The papain-like protease 

HC-pro in TEV demonstrates a strict preference for residues in the P4, P2, P1 and 

P1' positions (Tyr, Leu, Gly and Gly respectively; see Table 1.2), while a variety of 

residues in the P5 and P3 positions are tolerated (Carrington and Herndon, 1992). 
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Table 1.2. Proteolytic cleavage site preferences for the HC-pro protease of 
tobacco etch virus. Cleavage occurs between the P1 and P1' positions. 

P4 P3 P2 P1 P1' P2' 

Y N L G G M a 

F D,L,F,V,H none none none D,K,R b 

a) wild type sequence at HC-pro cleavage site 
b) amino acid substitutions tolerated 
Taken from Dougherty and Parks, 1989. 

The cleavage site preference of the papain-like protease nsP2 of Sindbis virus has 

also been examined, and cleaves the sequence (Ala/Val/Ile)-Gly-(Ala/Gly) 

t(Ala/Gly/Tyr) (Shirako and Strauss, 1990). The cleavage site specificity for the 

TYMV protease has not been determined (refer to Chapter 2 Addendum). 

Emerging evidence suggests that proteolysis of viral proteins can be an 

important form of regulating gene expression. In vivo studies on Sindbis virus gene 

expression show that the order of processing of four proteins from the single 

polyprotein precursor ultimately determines the rates of (+)- and (-)-strand synthesis 

(Lemm and Rice, 1993a; Lemm and Rice, 1993b; Shirako and Strauss, 1994). In 

vitro studies on cowpea mosaic virus (CPMV) indicate that a virally encoded 

trypsin-like protease (the 24K protease) must first release a 32-kDa protein in order 

for subsequent cleavages to occur (Peters et al., 1992). The 32-kDa protein is 

proposed to act as a molecular chaperone, assisting the 24K protease in further trans 

cleavage reactions. A similar requirement for a virus-specific chaperone protein has 

been reported in the proteolytic maturation of dengue virus polyproteins (Fa lgout et 

al., 1991). Poliovirus also utilizes proteolysis as a mode of gene regulation. 
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Lawson and Semler (1992) have studied proteolytic cleavage patterns of the 

poliovirus proteins both in vivo and in vitro, and suggest that there are two separate 

cleavage pathways which are dictated by the affinity of the 3C protease for specific 

cleavage sites. The early pathway leads to accumulation of the membrane bound 

proteins essential for viral replication, while the late pathway produces proteins 

required for viral assembly and the inhibition of host-cell protein synthesis. This 

post-translational level of regulation provides a mechanism by which the virus can 

temporally separate the production of several proteins synthesized from a single 

precursor polypeptide. 

1.4. Potential Roles for TYMV Replication Proteins 

One goal of the work presented in this thesis has been to settle some 

'discrepancies that have appeared in the literature regarding TYMV gene expression. 

In addition, attempts have been made at determining what viral proteins are 

absolutely essential for viral replication. Following is a short description of some of 

the inconsistencies in the literature, as well as potential replication roles for both the 

TYMV structural and non-structural proteins. 

Immunological studies of the TYMV replicase indicate the presence of a 115

kDa virally encoded protein and a 45-10a host encoded protein (Mouches et al. , 

1984; Candresse et al., 1986), and as discussed in Section 1.1.E there were reports 

in the literature for the in vitro production of a 115/120-1cDa protein of proteolytic 

origin. The origin and identification of these proteins has yet to be determined. 

More recent data on the in vivo expression of TYMV proteins is limited. It is 

possible that ORF-206 proteins undergo further proteolytic processing that is not 

apparent via in vitro translation experiments. Such a situation has been reported for 

the P1 protease in TEV, which is not active in a rabbit reticulocyte system due to an 

unidentified inhibitor or missing co-factor, and is only visualized when a wheat germ 

translation system is utilized (Verchot et al., 1991). However, in vitro translations 
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of TYMV RNA are similar in both types of translation extracts (K. Bransom, 

unpublished observations). 

As seen in Chapter 2, the proteolytic cleavage of p206 never goes to 

completion in vitro. If the same is true in vivo, it is possible that p206 possesses an 

as yet unidentified replication activity, and the proteolytic cleavage has a regulatory 

role. However, it has been shown that p206 mutants that are unable to undergo 

proteolysis are also not viable in a protoplast assay; mutants which undergo 

decreased levels of proteolysis likewise display reduced levels of replication in 

protoplasts (Chapter 3; Bransom and Dreher, 1994). This indicates that the 

replication proteins must be present in a proteolytically mature form in order to 

undergo normal replication, but does not exclude a replication role for p206. 

Also unresolved at this point is the importance of the TYMV 221 -kDa 

readthrough protein. As mentioned previously, the sequence surrounding the amber 

termination codon conforms to a consensus sequence which has been demonstrated 

to support ribosomal readthrough in tobacco protoplasts. However, this is not a 

conserved element within the tymoviruses that have been sequenced to date (Fig. 

1.4). Chapter 4 of this thesis demonstrates that the readthrough domain is not 

required for normal levels of replication in turnip protoplasts, nor for the ability to 

establish normal systemic infections on turnip or Chinese cabbage plants. However, 

the possibility remains that expression of the readthrough domain is required for 

functions not related to replication, such as host specificity or insect transmission. 

One last issue examined in this thesis is the possible involvement of the coat 

protein in viral replication. In the case of A1MV, a few molecules of coat protein 

(cp) are required for efficient viral replication, although cp can be supplied 

exogenously and a functional cp gene is not necessary (Nassuth and Bol, 1983). 

Studies on other viruses have shown this to be the exception rather than the rule, in 

the relationship between viral cp and viral replication: in most cases, viral cp 

appears to be unnecessary for viral replication. However, it has been demonstrated 

for A1MV, BMV, TMV and PVX that the lack of an intact cp gene reduces the 

ratio of viral (+) to (-) strands (van der Kuyl et al., 1991c; Marsh et al., 1991; 
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OYMV AAU UAA AGU GCG 

KYMV UUC UAG AUG GCC 

ELV CAA UGA CUU CCU 

EMV CAA UAG AUC AAU 

TYMC CAA UAG CAA UCA 

TMV CAA UAG CAA UCA 

Figure 1.4. Tymoviral amino acid sequences surrounding the potential 
readthrough domain of the TYMV 221-kDa protein. The ORF-206 termination 
codon is underlined. Nucleotides matching the TMV readthrough sequence are 
shown in bold. OYMV, ononis yellow mosaic virus; KYMV, kennedya yellow 
mosaic virus; ELV, erysimum latent virus; EMV, eggplant mosaic virus; TYMC, 
turnip yellow mosaic virus-Corvallis strain; TMV, tobacco mosaic virus. 

Ishikawa et al., 1991; Chapman et al., 1992). A1MV has been demonstrated to 

undergo a unique type of (+)- and (-)-strand regulation directly mediated by the coat 

protein (Nassuth and Bol, 1983); when normal coat protein expression is prevented, 

(+)-strand synthesis decreases while (-)-strand synthesis increases. For BMV,TMV 

and PVX, interference with normal coat protein expression caused a reduction in the 

level of viral (+)-strands, without affecting (-)-strand levels. Marsh et al. (1991) 

suggest that the subgenomic promoter for RNA4 (which encodes the BMV coat 

protein) may be an important factor in regulating the asymmetric replication of viral 

(+)- and (-)-strands. Two mutants which prevented RNA4 synthesis caused an 

increase in the levels of (-)-strand RNAs relative to what is seen when RNA4 is 

present. However, preventing the synthesis of RNA4 also prevents synthesis of the 

viral coat protein; correlation of these two variables was not attempted in this study. 

A mutant with a wild type subgenomic promoter that was incapable of expressing 

coat protein (such as a coat protein initiation codon mutant), might have addressed 

this issue. Conversely, coat protein deletion mutants caused a reduction in the levels 

of viral (+)-strands which is similar to what has been reported for TMV and PVX. 

In these cases, it seems likely that the reduced accumulation of viral (+)-strands is 
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caused by degradation of the unencapsidated RNA. The possible role of TYMV cp 

in viral replication is examined in Chapter 4. 

Chapter 2
 
Proteolytic maturation of the 206-kDa nonstructural protein
 

encoded by turnip yellow mosaic virus
 

2.1. Abstract 

The longest open reading frame of turnip yellow mosaic virus genomic RNA 

(ORF-206) encodes a 206-kDa non-structural protein. The most prominent in vitro 

translation products of ORF-206 are the full-length p206 and a shorter N-coterminal 

150 -kDa protein. We have confirmed these assignments by immunoprecipitation of 

in vitro translation products with antisera raised to N-terminal and C-terminal 

regions encoded by ORF-206. The mechanism by which the 150 -kDa protein arises 

from ORF-206 was investigated by in vitro translation of deletion and substitution 

derivatives transcribed from pTYMC, a cDNA clone of TYMV RNA. The 

following observations demonstrate that the 150-kDa protein and a C-terminal 70

kDa protein arise from ORF-206 by autoproteolysis: 1. Two regions encoded by 

ORF-206 were necessary for formation of the 150-kDa protein: a domain between 

amino acids 555 and 1051, postulated to encode a protease, and the region between 

amino acids 1253 and 1261, thought to constitute the protease recognition and/or 

cleavage site. 2. Mutants with substitutions between amino acids 1253 and 1261 

that produce low levels of the 150-kDa protein in in vitro translations, also have 

high levels of p206 and low levels of the 70 -kDa protein. 3. The rate of formation 

of the 150-kDa protein is dilution insensitive, suggesting that proteolysis occurs 

mainly in cis. 
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2.2. Introduction 

Turnip yellow mosaic virus (TYMV), the type member of the tymovirus 

group, is a (+)-sense RNA virus with a 6.3 kb genomic RNA. TYMV biology has 

been extensively studied (Matthews, 1981), with a recent focus on replication 

(Candresse et al., 1986; Tsai and Dreher, 1991) and tRNA mimicry (Joshi et al., 

1986; Dreher et al., 1988), but its gene expression remains incompletely 

understood. The genomic sequence (Morch et al., 1988; Keese et al., 1989) reveals 

three open reading frames (ORFs). The single structural protein, the 20-kDa coat 

protein, is expressed from a 0.7 kb subgenomic RNA. Non-structural proteins with 

calculated molecular weights (MWs) of 69-kDa (p69) and 206 -kDa (p206) are 

encoded by overlapping, out-of-frame ORFs (ORF-69 and ORF-206, respectively). 

The proteins encoded by ORF-206 are necessary for RNA replication (Weiland and 

Dreher, 1989) and contain sequences common to putative replication proteins of 

other (+)-sense RNA viruses (Zimmern, 1988). By suppression of an amber stop 

codon, ORF-206 can be extended to encode a 221-kDa protein. Apart from this 

possible extension of ORF-206, the above genomic arrangement is common to other 

tymoviruses (Osorio-Keese et al., 1989; Ding et al., 1989). 

The major [35S]methionine- labeled non-structural translation products directed 

by TYMV RNA in vitro are polypeptides of 195-kDa and 150-kDa (Benicourt, et 

al., 1978; Weiland and Dreher, 1989). The former (p206) represents full-length 

translation of ORF-206, while the latter has been shown to be N-coterminal with 

p206 (Morch and Benicourt, 1980). The absence of an appropriate stop codon in 

the genomic sequence rules out formation of the 150-kDa protein by translational 

termination at a suppressible stop codon as in tobacco mosaic virus (Goelet et al., 

1982). Morch et al. (1989) have presented some evidence supporting a proteolytic 

origin for the 150-kDa protein. We have used deletion and substitution mutants to 

verify that the 150-kDa protein arises proteolytically from p206, and have identified 

the C-terminal cleavage product as a 70 -kDa protein that labels preferentially with 
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[35S]cysteine. Proteolysis appears to occur in cis, with the putative protease domain 

being located some 1-2 kb upstream of the cleavage site. 

2.3. Materials and methods 

2.3.A. Enzymes and reagents 

T4 DNA ligase was purchased from Gibco-BRL, restriction endonucleases 

from Gibco-BRL and New England Biolabs, and mung bean nuclease from New 

England Biolabs. Modified T7 DNA polymerase (Sequenase, U.S. Biochemicals) 

was used for dideoxy sequencing according to the manufacturer's instructions. 

[35S]Methionine, [35S]cysteine and [a- 32P]UTP were purchased from New England 

Nuclear, rabbit reticulocyte lysate from Gibco-BRL, and ribonuclease inhibitor from 
5 Prime-3 Prime Inc. (West Chester, Pennsylvania). 

2.3.B. Construction of mutant plasmids 

pTYMC is a full-length cDNA clone of TYMV genomic RNA that contains a 
T7 RNA polymerase promoter. When linearized at the unique Hind III site, full 

length infectious RNAs can be transcribed with T7 RNA polymerase (Weiland and 

Dreher, 1989). Standard molecular cloning techniques were used in the construction 

of in-frame deletion mutants of pTYMC (Maniatis et al., 1982), which were verified 
by dideoxy sequencing of double stranded DNA (Chen and Seeburg, 1985). 

Mutants pTY01219-1331 and pTYA1255-1331 were constructed from nested 

deletion clones (Henikoff, 1984) originally made in order to sequence pTYMC. 

Additional mutants (30-nucleotide deletions and nucleotide substitutions) were 
made by site-directed mutagenesis, using as template a 0.8 kb fragment of pTYMC 

(Sac132" to Sall') cloned into an M13mp18 vector, and grown in the doting- E. 
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coli strain 0236 (Kunkel et al., 1987; Dreher and Hall, 1988). The following ( -)

sense oligonucleotides were used in mutant construction, with mutant bases 

underlined: 

1253AAA 5'-d(CCGITGAGTQCGGCGCGCGAGTTGT)-3' 

1256AAA 51-d(GGTGGCCGCGGCGGCTTTGGGGCCG)-3' 

1259GAA 5'-d(GATGCGCTGGCGGCCGCCCCGTTGA)-3' 

1262AGA 5'-d(TGGGTGGGGGCTCCGGCGGGGGTGGC)-3' 

A1243-52 51-d(CCGTTGAGITTGGGGCCGCGTTGCGGGAACA)-3' 

Mutant plaques were identified directly by dideoxy sequencing or by plaque 

hybridization followed by sequencing. The mutant ApaI3710-Sa11' fragment of the 

M13 RF DNA was then shuttled back to pTYMC or a deletion derivative of 

pTYMC. 

2.3.C. Preparation of plasmid DNA and in vitro transcription 

Plasmid DNA, used as template for transcription reactions, was prepared 

according to Ausubel et al. (1989). For in vitro transcription, plasmid DNA was 

linearized with HindIII except where noted. Transcription reactions were carried out 

as described by Weiland and Dreher (1989), except that RNA cap analogue was 

omitted from the reactions. Transcripts were labeled with [a- 32P]UTP (specific 

activity 0.1 Ci/mmol) to permit quantification. They were analyzed by gel 

electrophoresis after glyoxalation, and quantified via Cerenkov counting. 

2.3.D. Raising antisera specific to N- and C-terminal regions of ORF-206 

Based on the sequence of TYMV strain TYMC (unpublished sequence with 

EMBL Accession number X16378), synthetic peptides corresponding to a 

hydrophilic region near the N-terminus of ORF-206 (amino acids 200 to 215) and 

the C-terminal ten amino acids of ORF-206 were purchased from Multiple Peptide 
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Systems (San Diego, California). Additional cysteine residues were present at the 

N-termini to facilitate coupling via the thiol group to keyhole limpet hemocyanin 

(Lerner et al., 1981). The hemocyanin (Calbiochem) was activated by the dropwise 

addition of 0.5 ml of 6.8 mM m-maleimidobenzoyl-N-hydroxy-succinimide ester 

(Pierce) in dimethyl sulfate to 1.25 ml of 20 mg/ml hemocyanin in 38 mM sodium 

borate (pH 7.6), followed by incubation at 30° for 30 min with stirring. After 

desalting by gel filtration in 50 mM Tris-HC1 (pH 7.1) containing 1 mM EDTA, 5 

mg of peptide was coupled to 5 mg of activated hemocyanin by stirring the mixture 

at 25° for 3 hr. Antisera were then produced in rabbits by injection of the coupled 

peptides. The specificity of each antiserum was demonstrated by comparison of 

immunoprecipitations with immune serum, preimmune serum and immune serum in 

the presence of excess free peptide (not shown). 

2.3.E. In vitro translation and immunoprecipitation 

Virion and transcript RNAs were translated at 30° in a rabbit reticulocyte 

lysate, typically using 0.33 1.1.Ci [35S]methionine/iil, 0.33 u ribonuclease inhibitor/Al 

and 50 µg /m1 bovine liver tRNA. Virion RNA was translated at a final 

concentration of 10 ng/111, whereas synthetic RNA transcripts were translated at 10

30 ng/Al. Samples were taken at 90 min, and the [a- 32P]UTP- labeled RNA was 

removed by incubation with ribonuclease A (60 µg /m1) for 20 min at 30°, prior to 

electrophoresis on 10% polyacrylamide-0.1% SDS gels (Laemmli, 1970). For 

extended timecourses, samples were taken at 5 min intervals between 30 and 60 

min, and translation was terminated after 90 min by the addition of ribonuclease A 

as above. Incubations were then continued at 30° and sampled at regular intervals. 

Dilution experiments were performed on translations of virion RNA terminated after 

90 min. Samples (10 Al) were removed and diluted 3-, 9- or 27-fold in buffer 

containing 20 mM HEPES (pH 7.5), 1 mM magnesium acetate and 0.1 M potassium 

acetate, before incubation and gel analysis. Translation products were detected by 
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autoradiography using preflashed film. Autoradiographs were quantified by laser 

densitometric scanning. 

Immunoprecipitations using 2.5 I.L1 of antipeptide antiserum were performed 

on translation mixtures (10-30 p.1) diluted to 250 /.4.1 in RIPA buffer without added 

deoxycholate (1% Triton X-100, 0.1% SDS, 150mM NaC1 and 10mM Tris-HC1, pH 

7.2). Antibody/antigen complexes were precipitated with Protein A-Sepharose 

(Sigma) and analyzed by SDS-PAGE and fluorography. 

2.4. Results 

2.4.A. Identification of in vitro translation products using ORF-specific antibodies 

In order to unequivocally identify the translation products arising from ORF

206, antibodies reacting with the N-terminal region (antiserum TYN-206) and the C-

terminus (antiserum TYC-206) of p206 were raised. The antisera were used to 

immunoprecipitate [35S]methionine- labeled proteins synthesized in reticulocyte lysates 

programmed with TYMV RNA. Antiserum TYN-206 immunoprecipitated both 

p206 and the 150-kDa protein, while antiserum TYC-206 immunoprecipitated p206 

but not the 150-kDa protein (not shown). These results are consistent with previous 

experiments showing these polypeptides to be N-coterminal (Morch and Benicourt, 

1980). Antiserum TYC-206 immunoprecipitated a second protein of 70-kDa (see 

Fig. 2.3B), although the levels of this protein varied considerably from experiment 

to experiment. 

Previous studies on the translation of TYMV RNA have led to various 

schemes for the proteolytic maturation of p206. However, in these early schemes 

the 150 -kDa protein was not identified as a proteolytic product (Morch and 

Benicourt 1980; Haenni et al., 1987). More recently, Morch et al. (1989) used 

temperature shift and protease inhibitor assays to suggest that the 150 -kDa protein 

and a C-terminal 78-kDa protein (presumably the 70-kDa protein mentioned above 
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and described further below) are the proteolytic cleavage products of p206. In our 

experiments analyzing time courses of in vitro translations of TYMV RNA, we were 

unable to obtain convincing evidence for a precursor/product relationship between 

p206, and the 150 -kDa and 70 -kDa proteins (KLB and TWD, unpublished 

observations). In order to obtain clearer results, further experiments described 

below involved the translation of shortened and mutated derivatives of TYMV RNA. 

2.4.B. Remote sequences upstream of the C-terminus are necessary for the 
formation of the 150-kDa protein 

Evidence for a virus-encoded protease was sought by mapping regions of the 

viral RNA that were necessary for the formation of the 150-kDa protein. 

Transcripts truncated at various points in the C-terminal half of ORF-206, and 

transcripts with in-frame deletions in the N-terminal half of ORF-206 (Fig. 2.1A) 

were translated. Sequences downstream of nucleotide 4085 were clearly dispensable 

for formation of the 150-kDa protein, since transcripts made from pTYMC 

templates linearized at the Sa/I4085 restriction site produced a full length run-off 

product ( 160-1cDa) as well as the 150 -kDa protein (Fig. 2.1B). Conversely, 

transcripts made from templates linearized at the StUr3595 site supported the 

translation of a run-off product that electrophoresed more rapidly than the 150-kDa 

protein. The C-terminus of the 150 -kDa protein is thus located between the StuI3595 

and SaIrm restriction sites (amino acids 1168 and 1331). 

Three in-frame deletion constructs were made to assess the involvement of 

upstream sequences in a proteolytic event (summarized in Fig. 2.1A). pTYAKpn 

has a deletion between the Kpn123' and Kpnr" sites. In order to simplify the 

pattern of translation products, the two other deletions were introduced into 

pTYANS, a derivative of pTYMC in which the dispensable sequences between the 

Nru145" and &nal' restriction sites were deleted. The upstream deletions were 

between the NcoIn° and BamHI1755 sites (pTYANBNS) and between the NcoIn° and 
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KpnI2366 sites (pTYANKNS). When transcripts from these three clones were 

translated in vitro, only pTYANBNS supported the synthesis of a 150 -kDa protein 

analogue (Fig. 2.1B). Sequences between amino acids 555 and 1051 (nucleotides 

1755 and 3248, hatched in Fig. 2.1A) are thus required for formation of the 150

kDa protein. The involvement of upstream sequences is consistent with a proteolytic 

origin for the 150 -kDa protein, and suggests the presence of a viral protease domain 

within ORF-206. 

Experiments studying the sensitivity of proteolysis to dilution were performed 

to obtain further information on the likely source of the protease. In 200 min 

incubations following the termination of translation, p206 processing was observed 

over a 27-fold dilution range with only a slight decrease in efficiency at the greater 

dilutions (not shown). This insensitivity of proteolysis to dilution demonstrates the 

involvement of a viral protease that acts mainly in cis. 

2.4.C. Analysis of the protease recognition/cleavage sequence 

Clone pTYANBNS was used as the parent for further deletion analysis, 

which focused on sequences near the C-terminus of the 150 -kDa protein that might 

be involved in protease recognition and/or cleavage. This clone gives rise to a 115

lc Da full-length product (analogous to p206) and an 83 -kDa protein that is the 

analogue of the 150 -kDa protein. Four deletion constructs were made in the region 

of the C-terminus of the 150 -kDa protein. pTYA1219-1331 and pTYA1255-1331 

are overlapping deletions of 112 and 76 amino acids, respectively (Fig. 2.2A). 

Transcripts from both clones failed to yield an analogue of the 150 -kDa protein (not 

shown). Considering these results, and the evidence from Fig. 2.1B that the C-

terminus of the 150 -kDa protein lies approximately midway between the amino acids 

encoded at the StuI3595 and Sa lr" sites, we constructed clones pTYA1243-52 and 

pTY01253-62 (Fig. 2.2A). On studying the translation products of transcripts made 

from these clones, the 83 -kDa product was observed only from TYA1243-52 
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Figure 2.1. Mapping the regions of the TYMV genome involved in the 
formation of the 150-kDa protein. (A) Map of the coding region of pTYMC, 
including the entire 6.3 kbp (kilobase pair) TYMV genomic cDNA and a T7 RNA 
polymerase promoter (Weiland and Dreher, 1989). The nucleic acid scale refers to 
the genomic RNA, and the amino acid scale refers to ORF-206. The vertical arrow 
marks the approximate location of the C-terminus of the 150-kDa protein. Deletion 
mutants derived from pTYMC are shown at the bottom, with boxes denoting the 
deletions (all except that between Nrurs" and Smar' are in-frame). Solid boxes 
indicate sequences that could be deleted without affecting the synthesis of the 150 
kDa protein and hatched boxes those sequences whose deletion prevented synthesis 
of this protein (see Fig. 2.1B). (B) Autoradiographs of 10% polyacrylamide 
separations of [5S]methionine-labeled translation products programmed by the 
following T7 RNA polymerase transcripts: run-off transcripts made from pTYMC 
linearized at the HindIII6318, Sail' or StuP" sites (lanes Hind, Sal, Stu, 
respectively), and transcripts from the deletion mutants identified in Fig. 2.1A, 
linearized at the HindIII site (lanes ANBNS, ANKNS and AKpn). The migration 
positions of p206 and the 150 -kDa protein are indicated in the left panel; the 
expected migration positions of deleted analogues of the 150-kDa protein are marked 
in the right panel by arrowheads. 
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transcripts (Fig. 2.2B). Thus, sequences required for protease recognition and/or 

cleavage are located between amino acids 1253 and 1262. 

The mutants listed in Fig. 2.2C were generated in order to further 

characterize the involvement of amino acids 1253 through 1262. Four derivatives of 

pTYiNBNS were created, substituting amino acids 1253-1262 three at a time, 

replacing the existing amino acids with alanine or with glycine if alanine was 

already present. In vitro translation of transcripts with substitutions at amino acids 

1256-58 resulted in undetectable levels of the 83 -kDa protein (Fig. 2.2D, lane 

1256AAA). Substitutions at amino acids 1253-55 or 1259-61 showed low levels of 

the 83-kDa protein relative to the full-length product, while substitutions at positions 

1262-64 resulted in normal levels of the 83 -kDa protein relative to the full-length 

product (Fig. 2.2D). It thus appears that amino acids 1256-58 are strictly required 

for protease recognition and/or cleavage, and neighboring residues on either side are 

involved to a lesser extent. 

2.4.D. The 70 -kDa protein is the C-terminal cleavage product of p206 

Proteolytic formation of the 150-kDa protein from p206 should result 

concomitantly in a C-terminal cleavage product. Immunoprecipitations with TYC

206 antiserum yielded a 70-kDa protein, in addition to p206 (see Fig. 2.3B). This 

suggests the 70-kDa protein as a possible C-terminal cleavage product. Attempts to 

sequence the N-terminal amino acids of the 70-kDa protein, and thus obtain direct 

evidence for its proteolytic origin were unsuccessful; yields after translation and 

immunoprecipitation were consistently low and variable. 

In order to confirm the 70-kDa protein as the C-terminal product of a 

proteolytic event, it was necessary to link its appearance with that of the 150-kDa 

protein. In Fig. 2.2D, translation products were labeled with [35S]methionine and no 

C-terminal fragment was evident. However, by using [3sS]cysteine to increase 

labeling of C-terminal coding regions, a 32-kDa protein could be detected 
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Figure 2.2. Role of sequences near the C-terminus of the 150 -kDa protein in the 
proteolytic maturation of TYMV non-structural proteins. (A) Diagram of in-
frame deletions (boxed regions) in mutant derivatives of pTYANBNS (see Fig. 
2.1A). The solid box denotes a deletion that does not affect formation of the 150
IcDa protein analogue. The deletions are identified at right, and named by the amino 
acids deleted from ORF-206. (B) Analysis by SDS-PAGE of [35S]methionine
labeled translation products programmed by transcripts made from HindIII-linearized 
pTY01253-1262, pTYA1243-1252 and pTYANBNS. The migrations of the deleted 
analogues of p206 (115-kDa) and the 150 -kDa protein (83 -kDa) are indicated. (C) 
Partial amino acid sequences encoded by ORF-206 of substitution mutants derived 
from pTYANBNS by mutagenesis between amino acids 1253 and 1264 are shown. 
The mutant amino acids are underlined. (D) Transcripts synthesized from the 
substitution mutants described in (C) were translated in the presence of 
[35S]methionine. The lane marked 1256-3X had three times as much lysate loaded 
as lane 1256AAA. 
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(Fig. 2.3A; lane ANBNS). The size of this protein corresponds to the size expected 

for a C-terminal fragment released proteolytically from the full-length translation 

product of pTYANBNS (recall from above that the N-terminal product released from 

the 115-kDa precursor is an 83 -kDa protein). Comparison of [35S]cysteine- labeled 

translation products from the substitution mutants described in Fig. 2.2C showed 

that poorly processing mutants produced low levels of both the 83 -kDa and the 32

lcDa proteins. Densitometric scanning of Fig. 2.3A and similar autoradiographs 

showed a correlation between the amounts of the 83 -kDa and 32 -kDa proteins, since 

83-1cDa/32-1cDa ratios from the various mutants varied less than 115-1cDa/83-1cDa or 

115-1cDa/32-1cDa ratios. Some variation in the 83-1cDa/32-1cDa ratio was observed, 

presumably due to the apparent instability of the 32-kDa protein (as mentioned 

above for its 70 -kDa analogue). 

The linked presence of the 150-1cDa protein and the C-terminal 70 -kDa 

protein was also shown by immunoprecipitation. In order to restore the normal 

ORF-206 C-terminus required for recognition by the TYC-206 antiserum, the 

substitution mutations listed in Fig. 2.2C were subcloned into pTYMC. Both virion 

RNA and TYMC transcripts programmed the synthesis of a 70 -kDa protein that 

immunoprecipitated with TYC-206 antiserum (Fig. 2.3B). Mutants defective in 

synthesis of the 150 -kDa protein showed an absence of this 70 -kDa protein in 

immunoprecipitations. The inability of these mutants to support the synthesis of the 

70-kDa protein excludes the possibility that this protein is made by internal 

ribosomal initiation at methionine codons in ORF-206 rather than by proteolysis. 

2.5. Discussion 

We have presented three key observations which demonstrate that the 150

lc Da protein is released autoproteolytically from the N-terminal region of p206. 

First, sequences near the C-terminus of the 150 -kDa protein, as well as remote 

upstream sequences are needed for formation of this protein; these domains appear 

to represent protease recognition and/or cleavage site and protease encoding region, 
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Figure 2.3. Identification of a C-terminal product resulting from the proteolytic 
cleavage of the TYMV non-structural protein p206. (A) Transcripts synthesized 
from the substitution mutants described in Fig. 2.2C were translated in the presence 
of [35S]cysteine. The lane marked 0 contains translation products made without 
added RNA. The 115-kDa and 83-kDa proteins, as well as the C-terminal 32-kDa 
fragment that labels specifically with r5S]cysteine (c.f. Fig. 2.2D), are marked. (B) 
Amino acid substitutions described in Fig. 2.2C were transferred to pTYMC to 
permit immunoprecipitation of ORF-206 products with antiserum TIC-206 
(prevented in pTYANBNS by the frame-shifting C-terminal deletion). The following 
RNAs were translated in the presence of [35S]methionine: TYMV virion RNA, and 
transcripts made from pTYMC, pTY1253AAA, pTY1256AAA (DNA templates 
were linearized at the HindIII site). Lanes show the translation products before 
(lanes T) and after (lanes I) immunoprecipitation using TIC-206 antiserum. The 
migrations of p206 and the 150-kDa and 70-kDa proteins are indicated at the left. 

respectively. Second, two products resulting from the cleavage of p206 were 

identified by observing the linked appearance of the 150-kDa protein and a 70 -kDa 

protein encoded by the C-terminal region of ORF-206. Third, the insensitivity of 

processing to dilution indicates that cleavage occurs mainly in cis. Our results 

confirm and extend the findings of Morch et al. (1989). The involvement of 

proteolysis in the generation of the 150 -kDa protein is less obvious than proteolytic 
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events in other viruses, such as Sindbis virus, the picornaviruses or the potyviruses 

(Hellen et al., 1988). Timecourses of in vitro translations do not reveal a 

stoichiometric relationship between p206 as precursor and the 150-kDa and 70-kDa 

proteins as products (not shown). This appears to be due to variable recovery of the 

70-kDa protein in both rabbit reticulocyte and wheat germ extracts (K.L.B., 

unpublished observations). A similar phenomenon has been observed for nsP4 from 

Sindbis virus (Shirako and Strauss, 1990). 

With the use of substitution mutants, we have limited the protease recognition 

and/or cleavage site to within the 9 amino acid sequence GPKLNGATP (amino acids 

1253-1261). The greatest loss in cleavage efficiency resulted from substitutions in 

the sequence LNG, while substitutions on either side of these residues resulted in 

intermediate cleavage efficiencies. Proteolytic cleavage presumably occurs close to 

these 9 amino acid residues, but we have obtained no experimental information on 

this question. Attempts to directly sequence the N-terminus of the 70-kDa 

translation product were not successful, due to the variable yield of this protein in 

translations and after immunoprecipitation. 

Assuming that cleavage occurs near the middle of the 9-amino acid sequence 

above (amino acid 1257), we can calculate from the genomic sequence that the 150

lc Da and 70 -kDa proteins have MWs of 140-kDa and 66-kDa, respectively. The 

150 -kDa protein includes in its sequence, particularly near the C-terminus, some 

motifs that are highly conserved among (+)-stranded RNA viruses (Zimmern, 1988; 

Keese et al., 1989), e.g. 976GFAGCGKT9" (putative nucleotide-binding fold) and 

1191LVALTR1196. This suggests that the 150 -kDa protein is analogous to p126 of 

tobacco mosaic virus and protein Bla of brome mosaic virus. The 1663GDD1665 

sequence indicative of RNA-dependent polymerases (Kamer and Argos, 1984) is 

present within both p206 and the 70 -kDa protein. It will be important to determine 

which of these polypeptides contributes the polymerase activity to the TYMV 

replication complexes. The 70 -kDa protein has been detected in Western blots of 

TYMV-infected Chinese cabbage leaves (C.S. Bozarth, pers. comm.), but it is not 

known at present whether p206 is completely processed in vivo. There is also at 
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present no information on the relevance of the potential read-through of ORF -206; 

the absence of a read-through domain in other tymoviruses suggests that read-

through may not be important for TYMV. 

Our experiments indicate the presence of a protease domain in ORF-206. 

The fact that the 150-kDa protein forms with similar efficiency in three different 

translation systems rabbit reticulocyte lysates, wheat germ (K.L.B. and T.W.D., 

unpublished observations) and Ehrlich ascites extracts (Zagorski et al., 1983) is 

consistent with the involvement of a viral rather than host protease. Morch et al. 

(1989) suggested that the 150-kDa protein may be produced by a viral protease with 

both serine and cysteine active sites, but these conclusions were based on the use of 

high concentrations of protease inhibitors. A search within the putative protease 

domain of the 150-kDa protein failed to reveal sequences common to the trypsin 

supergroup of serine or cysteine active site proteases described by Bazan and 

Fletterick (1988). Additional studies are needed to more precisely map the TYMV 

protease domain, and to identify essential residues that will point to the proteolytic 

mechanism used. 

Future studies on TYMV gene expression will focus on an analysis of the 

products present in infected plant cells. This will help clarify which of the products 

that can be detected in vitro play important roles in the viral life cycle. Such studies 

will also help to reconcile our present results with a number of inconsistent 

observations from the literature. Most importantly, the origin of the 115-kDa 

polypeptide found in purified TYMV replicase preparations (Candresse et al., 1986) 

is currently unknown, as is the identity of the polymerase subunit, which presumably 

contains the GDD motif. 



38 

Addendum to Chapter 2
 
Attempts to identify the p150/p70 cleavage site
 

Several different experimental approaches have been used to try and 

determine the exact site of cleavage of p206 by the TYMV protease. Attempts have 

focused on isolating enough of p70 to sequence the N-terminus of the protein via 

Edman degradation. Three different approaches have been utililized: 1) isolating 

p70 from in vitro translations, 2) isolating p70 from infected turnip protoplasts, and 

3) overexpression of ORF-206 proteins in E. coli. Following is a brief description 

of the strategies used, and the problems associated with each. 

Once the cleavage site of the TYMV protease had been approximated as 

occurring between residues 1253-1261 of p206, a scan of the amino acids 

immediately N-terminal to this region showed a high utilization of proline residues. 

With this in mind, in vitro translations using 1311]-proline were performed, after first 

removing endogenous amino acids from the reticulocyte lysate. This was 

accomplished as described by Clemens (1984), increasing the incorporation of [311]

proline by 80-100 fold. However, due to the apparent instability of p70 in the 

reticulocyte lysate (refer to Chapter 2), recovery of labelled protein on a scale to 

permit microsequencing with 3H detection was not possible. A similar instability of 

the Sindbis virus putative polymerase nsP4 has been reported (Shirako and Strauss, 

1990). This instability was originally attributed to degradation via the ubiquitin 

pathway (de Groot et al., 1991), although more recent studies have shown the 

degradation to be independent of ubiquitin (Rilmenapf and Strauss, 1992). In order 

to determine whether ubiquitin was involved in the apparent turnover of p70, 

immunoprecipitations with anti-ubiquitin antiserum (gift of Dr. A. Haas, Medical 

College of Wisconsin) were performed on in vitro translations programmed with 

TYMV RNA. Immunoprecipitation of ubiquitinated proteins has been considered 
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evidence for ubiquitin-mediated proteolysis (Shanklin et al., 1987). No evidence 

was obtained for the presence of ubiquitin-p70 complexes. 

A second approach was used to try and isolate p70 from reticulocytes via the 

addition of a poly-histidine tag constructed at the C-terminus of the protein (Hochuli 

et al., 1987). Six consecutive histidine residues were inserted immediately upstream 

of the ORF-206 stop codon in a pTYMC construct shown to have full proteolytic 

activity. In vitro translations were performed under conditions to favor the 

incorporation of [3H]proline, and the tagged protein was chelated to an agarose-Ni' 

column (Qiagen). However, after several unsuccessful attempts, it was learned from 

the column manufacturer that the high concentrations of heme in a reticulocyte lysate 

will saturate the Ni2+ binding sites, making such experiments impractical. 

It has been shown previously that p70 is present in TYMV-infected plants 

and protoplasts at levels easily detected via western blotting (Bozarth et al., 1992; 

K. Bransom,unpublished observations). Therefore, an attempt was made at 

immunoprecipitating labelled p70 from turnip protoplasts that were incubated in 

sulfate-free medium in the presence of [35S]- methionine. Again these attempts were 

unsuccessful, probably due to the inefficient recovery of proteins after 

immunoprecipitation. 

Since attempts at isolating p70 from translation extracts were unsuccessful, 

an alternative strategy was also attempted. Different regions of ORF-206 were 

cloned into plasmids with inducible promoters, in an attempt to overexpress and 

purify the TYMV proteins produced in E. coli. The production of TYMV proteins 

would have filled the additional purpose of synthesizing different epitopes of TYMV 

proteins, which could then be used to immunize rabbits and produce new antisera. 

Only the constructs which would enable the overproduction of proteolytically mature 

p70 will be discussed here. 

TYMV coding regions were cloned into a pET vector which encoded a hexa

histidine tag at the N-terminus of the protein (pET 28b from Qiagen). This clone 

contained sequences from pTYANBNS which had been demonstrated to encode full 

protease activity (refer to Chapter 2). Attempts at overexpression from this clone 
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failed to produce any protein of a size consistent with either the mature products of 

the TYMV protease, or uncleaved TYMV proteins. However, controls performed 

with a clone overexpressing )51-galactosidase produced large amounts of the desired 

protein under identical induction conditions. Similar results have been seen when 

other TYMV coding regions were overexpressed in E. coli: pATH vectors produced 

some TrpE fusion protein which appeared to be unstable, while pET vectors without 

a histidine tag produced no detectable induced protein (K. Bransom, unpublished 

observations). 

Even though all attempts at isolating p70 in order to determine the precise 

site of cleavage by the TYMV protease have been unsuccessful, some information 

on the cleavage site can be obtained by analyzing the amino acid sequence of other 

tymoviruses. In vitro translation of all tymoviral RNAs tested to date produce 

proteins similar in size to those seen upon in vitro translation of TYMV RNA (K. 

Bransom, unpublished). An alignment of tymoviral amino acid sequences in the 

vicinity of the TYMV protease recognition/cleavage site defined in Chapter 2 

(residues 1253-1261 of p206), shows some sequence similarity (Table 2.1). Based 

on this alignment and the cleavage site preference of other viral papain-like 

proteases (refer to Chapter 1, sect. 3) the site of cleavage probably occurs between 

residues 1258 and 1259 (labeled as P1 and P1' in the figure). However, this 

conclusion must be confirmed experimentally. 
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Table 2.1. Tymoviral amino acid sequences surrounding the putative 
proteolytic cleavage/recognition site. Identical residues are indicated in bold, 
similar residues (in four of five sequences) are underlined. The highly conserved 
amino acid sequence MFS, present towards the C-terminal side of the helicase 
domain, was used as a marker when aligning the sequences. The one-letter amino 
acid code was used. 

P4 P3 P2 P1 P1' P2' P3' 

Distance 
from P1 to 
MFS motif 

TYMC 
ELV 
EMV 
KYMV 
OYMV 

K 
F 
F 
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L 
R 
V 
L 
V 

N 
S 
A 
I 
A 

G 
G 
G 
G 
G 

A 
F 
S 

S 

H 

T 
Q 
L 
H 
I 

P 
P 
N 
S 

P 

40 
40 
40 
38 
38 

Chapter 3
 
Identification of the essential cysteine and histidine residues of the turnip yellow
 

mosaic virus protease
 

3.1. Abstract 

The non-structural protein expressed from ORF-206 of turnip yellow mosaic 

virus (TYMV) is proteolytically processed to produce N-terminal 150-kDa and C-

terminal 70 -kDa proteins. Through the use of linker insertion and deletion analyses 

coupled to in vitro translation, we have delimited the protease domain to residues 

731-885 encoded by the 150 -kDa coding region of ORF-206. The effects of 

substitutions of conserved residues within this region were studied in two assays: a 

direct assay for proteolysis occurring during in vitro translation, and an assay for 

viral replication in turnip protoplasts. Replication was shown to be dependent on 

proteolytic maturation by the failure of a mutant with an inactive protease 

cleavage/recognition site to amplify in protoplasts. Substitutions at Cys783 and His' 
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were the only ones that resulted in undetectable signals in both assays, indicating 

that these are probable active site residues, most likely of a papain-like protease. 

Domains putatively encoding similar proteases were detected in the genomes of 

other tymoviruses and viruses related to tymoviruses. The putative active site 

cysteine residues of these domains are followed by an aliphatic amino acid, whereas 

an aromatic amino acid at this position is typical of cellular and previously 

characterized viral papain-like proteases. 

3.2. Introduction 

The genome of turnip yellow mosaic tymovirus consists of a single (+)-sense 

RNA 6.3 kb in length. The viral non-capsid proteins are expressed from two 

extensively overlapping open reading frames. ORF-69 encodes the putative 

movement protein required for cell-to-cell movement of the virus (Bozarth et al., 

1992), while ORF-206 encodes sequence domains that suggest the presence of 

methyltransferase (Rozanov et al., 1992), helicase (Habili and Symons, 1989; 

Gorbalenya and Koonin, 1989) and polymerase activities (Kamer and Argos, 1984; 

Koonin, 1991). Experiments using in vitro translations in rabbit reticulocyte lysates 

have shown that ORF-206 also encodes a protease, which is located between codons 

555 and 1051 (Bransom et al., 1991). This protease catalyzes the cleavage in cis of 

the 206 -kDa precursor protein between amino acids 1253 and 1261, separating the 

putative helicase and polymerase domains. The cleavage produces an N-terminal 

150 -kDa protein with helicase-like sequences and a C-terminal 70 -kDa protein with 

polymerase-like sequences (Bransom et al., 1991). Both of these sequences are 

essential for RNA replication (Weiland and Dreher, 1993). 

This study was undertaken in order to define more precisely the boundaries 

of the TYMV protease domain, and so obtain a better understanding of the 

properties of the multifunctional protein encoded by ORF-206. We were also 

interested in identifying the putative active site residues of the protease, and thereby 



43 

assess whether the TYMV protease belongs to the trypsin-like, papain-like or 

aspartic acid class of viral proteases. Each of these protease classes has a distinct 

amino acid arrangement forming the catalytic site (reviewed in Strauss, 1990), yet 

no sequence similarity between TYMV ORF-206 and any of these protease classes 

has been reported. On the basis of sequence comparisons involving the putative 

methyltransferase, helicase and polymerase domains, the tymoviruses are most 

closely related to the potexviruses (Rozanov et al., 1990), carlaviruses (Morozov et 

al., 1990; Ding et al., 1990), apple chlorotic leafspot virus (ACLSV; German et al., 

1990) and apple stem grooving capillovirus (ASGV; Yoshikawa, et al., 1992). A 

trypsin-like protease domain has been identified from the ASGV sequence, but the 

involvement of proteolysis in gene expression has not been further studied in this 

virus nor reported in the other viruses related to tymoviruses. A characterization of 

the TYMV protease may help decipher the gene expression of these related viruses, 

and shed light on the evolutionary relationship of TYMV to other viruses whose 

gene expression involves proteolytic processing. 

3.3. Materials and Methods 

3.3.A. Plasmids 

pTYMC is a full-length cDNA clone of TYMV genomic RNA, containing a 

T7 RNA polymerase promoter. When linearized at the unique HindIII restriction 

site, infectious RNA can be synthesized with T7 RNA polymerase (Weiland and 

Dreher, 1989). pTYANBNS is a derivative of pTYMC that has deletions between 

the Ncori° and Bam III' sites, and between the Nrul' and Smal' sites (Fig. 1; 

Bransom et al., 1991). 
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3.3.B. Linker insertion and deletion mutagenesis 

In preparation for linker insertion mutagenesis, a 1740 base pair EcoRI-SstI 

restriction fragment of pTYANBNS (Fig. 3.1), previously shown to encode the 

protease domain but not the cleavage site, was subcloned into pUC18. Partial 

restriction digests on the resultant plasmid DNA were performed with the blunt-

cutting restriction enzymes HaeIII, DpnI or PvuII, utilizing ethidium bromide to 

favor the formation of singly-cleaved linear molecules (Ausubel et al., 1989; Goff 

and Prasad, 1991). Full-length linear molecules were isolated from 0.8% low 

melting point agarose gels after electrophoretic separation. The plasmid DNA was 

recircularized in the presence of a 50-fold molar excess of a 12 by phosphorylated 

BamHI linker (pCGCGGATCCGCG) by incubating with T4 DNA ligase overnight 

at 12°C. Primarily monomeric linkers were inserted under these conditions. E. coli 

strain DH5a was transformed with the ligated DNA, and transformants which had a 

unique BamHI site were selected and characterized by restriction digestion and 

dideoxy sequencing of double-stranded DNA (Chen and Seeburg, 1985). Figure 

3.2A shows the insertion position of the BamHI linker (lower case) relative to the 

nucleotide sequence of pTYMC (upper case), and the new amino acids encoded. 

Several deletion clones were also obtained from the linker insertion libraries, 

due to the difficulty in the electrophoretic separation of full-length linear molecules 

from molecules with a small deletion; pB0830-910 and pB0885-944 (Fig. 3.1) were 

studied and have a 12 by BamHI linker at the endpoints of their in-frame deletions. 

The SstI-HindIII fragment from pTYiNBNS, which contains the protease cleavage 

site, was subcloned into the linker insertion and deletion mutant plasmids prior to 

analysis for protease activity. 

The deletion clone pBA585-731 was created by deleting between the unique 

BspEI"s5 restriction site and a BamHI linker previously inserted at the Pvu112285 site. 

The open reading frame was restored by filling in both ends with the Klenow 

fragment of E. coli DNA polymerase I prior to religation. 
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Figure 3.1. Map of the TYMV genome showing the location of the protease 
domain and the mutants studied. Shown at top is a restriction map of 
pTYANBNS, derived from the genomic clone pTYMC by in-frame deletion of the 
regions indicated by the dashed lines (nucleotide numbers refer to TYMV RNA). 
The boxed regions indicate the major open reading frame (derived from ORF-206) 
encoded by RNA transcripts generated from pTYANBNS. The translation product 
is proteolytically cleaved at the position indicated by the vertical arrow, yielding an 
N-terminal 83-kDa fragment (vertical hatching) and a C-terminal 32 -kDa fragment 
(diagonal hatching) that is a fusion of sequences encoded by ORF-206 and the coat 
protein ORF. The expanded view shows sequences surrounding the protease 
domain. Amino acid substitution mutants are indicated by the single letter code and 
the amino acid (ORF-206 numbering) that is affected. Sites of linker insertions are 
indicated with the letter B followed by the number of the amino acid immediately N-
terminal to the insertion point. The proteolytic activities of these mutants are 
summarized. At the bottom of the figure, solid boxes indicate in-frame deletions 
which did not affect proteolysis, while the open box indicates an in-frame deletion 
which prevented proteolysis. The deduced extent of the protease domain is 
indicated. Summary of replication data is based on wild type replication equal to 
+ + +. 
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3.3.C. Site-directed mutagenesis 

Single amino acid substitutions were generated by mutagenizing the 

BamHI17s5 to BsaBI267° fragment of pTYMC (subcloned into the BamHI and SmaI 

sites of M13mp19) for substitutions at amino acids 739 and 783, or the 882 by 

Kpn12366 to Kpn132" fragment (subcloned into the KpnI site of M13mp18) for 

substitutions at amino acids 809, 810 and 869. Minus-sense deoxyoligonucleotides 

used for mutagenesis were as follows, with mutant bases underlined: 

D739A/E 5'-d(TCGCAGTGGGT(G/T)CGTTCGTTAAAGG)-3' 

C783A/S 5'-d(GCGGAGAGAAGAGLCIA)ATTCAAGGTG)-3' 

D809G/E 5'-d(GAGTTGGCTT(C/T)CTGGGAGAAT)-3' 

S810C 5'-d(GCTGAGTTGGCAGTCTGGGAGAAT)-3' 

H869S 5'-d(GGGTGAAAAGC(T/C)GGATGGCGGTC)-3' 

Templates for oligonucleotide-directed mutagenesis were amplified in the dulling' E. 

coli strain CJ236, and mutagenesis performed according to Kunkel et al. (1987). 

The products of the mutagenesis reactions were transfected into the E. coli strain 

DH5aF'. After identification of mutant clones by dideoxy sequencing, the 

mutations were subcloned into pTYANBNS by transferring the restriction fragments 

BspEr"°-AvaI2553 or KpnI2366-KpnI3248, as appropriate. The entire protease domain 

(nucleotides 2285-2749, encoding amino acids 731-885) of mutants with altered 

proteolytic activity were sequenced in order to verify the absence of additional 

changes. Selected mutations were subcloned into pTYMC via the unique BspEI'85° 

and SstI32" sites in order to determine their effects on viral replication. 

3.3.D. In vitro transcription and translation 

Plasmid DNA used in transcription reactions was prepared by polyethylene 

glycol precipitation (Ausubel et al., 1989) and was linearized with HindIII prior to 

transcription. Transcriptions to synthesize 5'-capped RNAs were carried out using 
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T7 RNA polymerase (Life Sciences) as described by Weiland and Dreher (1989). 

Uncapped transcript RNAs were synthesized for in vitro translation assays. 

Transcript RNAs were translated in a rabbit reticulocyte lysate (Gibco-BRL) in the 

presence of 0.33 ACi/A1 [35S]methionine, 50 µg /m1 bovine liver tRNA and 0.33 

units/g1 of ribonuclease inhibitor (5 Prime-,3 Prime, Inc.), for 90 min at 30°C, as 

described by Bransom et al. (1991). The translation products were separated by 

electrophoresis on 10% polyacrylamide-0.1% SDS gels (Laemmli, 1970), and 

detected by autoradiography. All mutants were translated at least three times. 

3.3.E. Inoculation of turnip protoplasts and analysis of viral products 

Turnip plants (Brassica rapa cv. Just Right) were grown in a growth 

chamber at 21°C with a 16-hr day length. Protoplasts were prepared and inoculated 

with capped transcript RNAs as described previously for Chinese cabbage (Weiland 

and Dreher, 1989). Inoculated protoplasts were incubated for 48 hr under constant 

light at 25°C prior to harvest. The levels of viral coat protein in harvested 

protoplasts were analyzed in Western blots, using horseradish peroxidase-labeled 

secondary antibody as described (Weiland and Dreher, 1989), except that enzyme-

linked chemiluminescence (Amersham) was used for detection. The mutation 

1253AAA, with a three amino acid substitution in the protease cleavage/recognition 

site resulting in greatly reduced levels of proteolytic cleavage (Bransom et al., 

1991), was used as a control to determine the effects of reduced proteolysis on viral 

replication. 
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3.4. Results 

3.4.A. Defining the N-terminus of the protease domain 

Previous studies have used the clone pTYANBNS (Fig. 3.1) to study the 

proteolytic maturation that occurs during TYMV gene expression. In vitro 

translations of transcripts from pTYANBNS produce proteins of 115-kDa, 83-kDa 

and 32-kDa, corresponding to the shortened forms of the viral 206-kDa precursor, 

the 150-kDa N-terminal fragment and 70 -kDa C-terminal fragment, respectively 

(Bransom et al., 1991). The C-terminal 32-kDa protein is not always detected, due 

to its low methionine content and apparent instability in the rabbit reticulocyte 

lysate. 

In the studies presented here, the protease domain was further mapped by 

constructing a set of linker insertion mutants in pTYiNBNS. This method of 

introducing short peptides has proven valuable in defining the boundaries of a 

number of enzymatic domains (Lobel and Goff, 1984; Goff and Prasad, 1991). Six 

linker insertion mutants containing a 12 by BamHI linker inserted at HaeIII, Dpni or 

PvulI sites that span the previously mapped protease domain were studied (Fig. 3.1). 

In addition, two clones with in-frame deletions between adjacent HaeIII sites joined 

by a BamHI linker, were obtained (pBA830-910 and pBA885 -944; Fig. 3.1). In 
vitro translations of RNAs made from the linker insertion clones pB684, pB700, and 

pB730 produced proteins of 115-kDa, 83-kDa, and varying amounts of a 32-kDa 

protein (Fig. 3.2B; pB730 not shown). However, RNAs with insertions at residues 

744 and 830 (B744 and B830, Fig. 3.2B) resulted in the production of the 115-kDa 

protein but no more than trace levels of proteolytic products. These results suggest 

that sequences upstream of amino acid 730 are not required for proteolysis. This 

was directly tested by deleting in-frame the sequences encoding amino acids 586 to 

730, generating 04.585-731. RNA transcribed from this clone produced proteins of 

98 -kDa and 66 -kDa corresponding to the 115-1cDa and 83 -kDa proteins produced 
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A) B684	 CCC GAc gcg gat ccg cgT CTC 
P LD ADP R 

B700	 CAA GAc gcg gat ccg cgT CCG 
Q D PA DP R 

B731	 TCA CAG cgc gga tcc gcg CTG 
S Q A LR GS 

B744	 ATC GGc gcg gat ccg cgC CCG 
I G PA DP R 

B831 TTG Gcg cgg atc cgc gCC CAC
L A R I R A H 

B1043 GAG Acg cgg atc cgc gTC TAC 
E T R I R A Y 

B) 00	 0 :P 0 C)
00 

(5":1 

115 
83 

43 

32  -c 
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Figure 3.2. Linker insertion and deletion mutagenesis of the TYMV protease 
domain. (A) Nucleotide and amino acid sequences surrounding the insertion points 
of the 12-bp BamHI linker. Upper case type represents viral nucleotide sequence, 
while lower case is that of the linker. Amino acid sequence is shown in bold. (B) 
Effect of linker insertion mutations on proteolysis. The indicated mutant RNAs (all 
derivatives of pTYANBNS; see Fig. 3.1) were translated in rabbit reticulocyte 
lysate, and the [35S]methionine- labeled translation products were separated by SDS
PAGE (10%). The migration positions of the 115-kDa precursor and the 83 -kDa N-
terminal proteolytic product are marked, as is the expected position of the C-
terminal 32-kDa product. (C) Effect of in-frame deletions near the TYMV protease 
domain on proteolysis. The translation products of the indicated mutant RNAs were 
analyzed as in (B). The precursor protein (P), N-terminal (N) and C-terminal (C) 
products are labeled at right, and molecular weight markers at left. The expected 
position of an N-terminal cleavage product arising from BA830-910 RNA is marked 
with an arrowhead. 
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from TYANBNS transcripts (Fig. 3.2C). Based on multiple translations, the extent 

of proteolysis was similar to that occurring after translation of TYANBNS RNA. 

These deletion and linker insertion experiments indicate that the N-terminus of the 

protease domain occurs between amino acids 730 and 744. 

3.4.B. Mapping the C-terminus of the protease domain 

The two overlapping deletion clones pBA830-910 and pBA885-944 were used 

to map the C-terminus of the protease domain. Translations of M830-910 RNA 
produced a protein of approximately 105-10a, and at most traces of proteins 

corresponding to the expected cleavage products (Fig. 3.2C). In contrast, 

translations of BA885-944 RNA produced a 108-10a precursor protein, as well as a 
76-10a protein corresponding in size to the expected N-terminal proteolytic product 

(Fig. 3.2C). Products translated from B1043 RNA, which has a linker inserted at 
residue 1043 (Fig. 3.2B), processed normally. These results indicate that sequences 

essential for protease activity reside upstream of amino acid 885. 

3.4.C. Single amino acid substitutions suggest a papain-like protease 

Alignment of the amino acid sequence of the TYMV protease domain with the 

sequences of several tymoviruses (Fig. 3.3A) was used to assist in identifying amino 
acids that might participate as active site residues of the protease. The boundaries 

of sequence conservation agreed closely with the experimentally determined limits of 

the protease domain. Between amino acids 731 and 885, the conserved Cys783 and 

His' residues appeared to be the strongest candidates for potential protease active 

site residues, suggesting the presence of a papain-like protease. No 

His...Asp...Ser/Cys putative catalytic triad characteristic of a trypsin-like protease 

(Bazan and Fletterick, 1990) was apparent from this alignment. 
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Based on the results of the amino acid alignment, Cys' was changed to either 

an Ala (C783A) or Ser (C783S) residue, and His' was changed to a Ser residue 

(H869S; Fig. 3.1). In each case, in vitro translations of mutant RNA derivatives of 

TYANBNS produced a 115-kDa protein but no apparent 83-kDa protein (Fig. 3.3B); 

the substitutions abolished detectable protease activity, even after extended 

incubations (not shown). Substitutions of three additional residues were made within 

the TYMV protease domain. The conserved Asp739 residue at the N-terminus of the 

domain was changed to an Ala (D739A) or Glu (D739E) residue, the Asp" residue 

in the center of the domain (conserved in all except ELV, in Fig. 3.3A) was 

changed to a Gly (D809G) or Glu (D809E), and the adjacent Ser'" residue was 

changed to an Ala (S810A; Fig. 3.1). There are no other conserved Cys, Ser, Asp 

or His residues in the protease domain. In vitro translations of D739A, D739E and 

D809G RNAs produced a 115-kDa protein but no more than trace levels of 83-kDa 

protein (Fig. 3.3B), even after incubations aslong as 24 hr (not shown). Translation 

of D809E and S810A RNAs each produced the 115-kDa precursor protein and the 

proteolytically derived 83-kDa protein, although the extent of cleavage was less than 

for products encoded by TYANBNS RNA (Fig. 3.3B). 

As a second assay for the importance of individual residues in the protease 

domain, the effects of five of the above mutations on viral replication (as indicated 

by coat protein accumulation) in turnip protoplasts were studied. Full-length 

genomic RNAs with substitution mutations in the protease domain, or with the 

1253AAA or 1256AAA cleavage/recognition site mutations (Bransom et al., 1991), 

were transcribed from derivatives of pTYMC (Weiland and Dreher, 1989). Mutant 

1253AAA, which undergoes proteolytic cleavage at very reduced levels in vitro 

(Bransom et al., 1991), replicated to levels 50-100 fold lower than wild type when 

inoculated on turnip protoplasts (Fig. 3.3C). Mutant 1256AAA, which failed 

tosupport detectable proteolysis in vitro, did not replicate detectably in protoplasts 

(Fig. 3.3C). These results suggest that the proteolysis of p206 is essential for 

replication. Among the protease domain mutants, only mutants C783S and H869S 

failed to replicate to detectable levels (Fig. 3.3C) in protoplasts. 



52 

Figure 3.3. Analysis of the protein sequence comprising the TYMV protease 
domain. (A) Alignment of the TYMV protease domain with amino acid sequences 
from four other members of the tymovirus group. The alignment was performed 
using the program MACAW (Schuler, et al., 1990), indicating alignment between 
residues 732 to 871, but the entire experimentally determined protease domain is 
shown. Sequences are from the following sources: TYMV (Dreher and Bransom, 
1992); EMV, eggplant mosaic virus (Osorio-Keese et al., 1989); OYMV, ononis 
yellow mosaic virus (Ding et al., 1989); KYMV, kennedya yellow mosaic virus 
(Ding et al., 1990); ELV, erysimum latent virus (Srifah et al., 1992). Amino acid 
residues identical in at least four of the five sequences are shaded and those selected 
for mutagenesis are indicated by an arrow. Asp" was mutagenized before the 
sequence of ELV became available, and is not strictly conserved. The spacing 
between the protease domains and the putative NTP binding elements are indicated 
at the C-terminus of the sequences shown. (B) Effect of single amino acid 
substitutions introduced into the TYMV protease domain on in vitro proteolysis. 
Mutant RNAs transcribed from derivatives of pTYANBNS were assayed as in Fig. 
3.2B. The migration positions of the 115-kDa precursor, and of the 83-kDa N-
terminal and the expected 32-kDa C-terminal proteolytic products are marked. (C) 
Replication of substitution mutants in turnip protoplasts. Full length RNAs (5 tig) 
transcribed from derivatives of pTYMC (Weiland and Dreher, 1989), harboring the 
indicated mutations, were inoculated onto 4 x 105 turnip protoplasts. Protoplasts 
were harvested after 48 hr and analyzed for production of viral coat protein. 
Protein extracts corresponding to 105 protoplasts were electrophoresed on SDS
PAGE gels (12%) prior to transfer to nitrocellulose and chemiluminescent 
visualization. Lane M refers to a mock inoculation; WT refers to a wild type 
inoculation with pTYMC transcript RNA; V refers to inoculation with 1 Ag of 
TYMC virion RNA. 



739 53
 
A 783
 

.,p,


TYMV 730-QLLPAPLTNPPTAIGPVLPPE
 .HpRRXPENTIVIELTALPS ZNHLgQRTLNCRAVS
EMV
 723-SHPFTitADOTAVOCLPOOViOADIIFPLSAEV
 TRHSOPSSLSHPKLNOZL CFS
OYMV 658-PFPSSDUSOMSCTaVVE#ETIF#AEiHMSNGSt
 IAGFORSS 'FOQKH'' ''VA
KYMV 763-TEVQAEMAOPTCVWAVS#S .YORDFFPNASX
 ,LtiLSPTP MEWNN IVA
 
,..
 ELV 627-SLLPAVLETODSCAGUISTQDEFgASVYPHTANEPCgSKIPGYLEANPLD 'V'IJS
 

809 810 

MN M rM M r,MTYMV 790-DQTKVSEEHRESZQTIRMQ4SyyNTLPTATEHSM_EL M
AHLYNMATV SDRGPILF
EMV 783-ELSGHSESIOLSkSIOOMPAVSTt4t$TDITACFIYH$SVT
 PSGVYHY
OYMV 718-SQLSYTEHQOEFOCOMW
 StVENFGL$TDHPI .'SYRLHPECIIATSHSTIPY


KYMV 817-PSLHINPHROIT :QEV#OLVSAS.IDSVGMOD
 
ELV 7."
 SHLF4QAVVOSERGDILF
 

687-AQMPQSPQEMSANTL4,11AETSPSLRVLGEGtEEMALSYYYHtik2AEIHSDNEIYRF
 

869
 

TYMV
 850 -GPSDTIKRIDITH
 
::: Tritp0._,N
 i6SAK..91
843 -bIASSOTVYVfM 77:7WP! VI:EMV
 w SA;RCN A
,,fiv-SLSPRtAA ..-7.=064
OYMV 778-FKKAST
 .86..GkA
 '''s
KYMV 877-0LQSA6i4(11 ii;.,,,FIKLAAAA7
YHTNb __PKIIGSN '''95s
,,;: :_SPP
 ..:XXGXGkT
IRDSGO TAIDDID -11AGSpsR ..92..GSCX )CGRT
 

ELV 47-GIQTAST .sPPs-.90..6
 

co co
B CZ)
m m m m m
m m oo co 0o
 

t-N N N 00
o 

co
z A A 0 0 A m
A

co 

CD
 

115 
-115 d co 0.9 cn 

83 - m cc
-83
 
co co
 tErsi
 N 

Occ Lai 

UAW- vow
 

- 32
 

32 

Figure 3.3. Analysis of the protein sequence comprising the TYMV protease 
domain. 

Mutants D739A, D739E and D809G, which like C783S and H869S did not support 

detectable in vitro proteolysis, were able to replicate in turnip protoplasts, although 

at levels reduced 50-100 fold when compared to wild type transcript RNAs (Fig. 

3.3C). The ability of these mutants to replicate suggests that proteolysis is 

occurring at a low level in vivo, but that the in vitro translation assay is not sensitive 

enough to detect very low levels of protease activity. 

http:sPPs-.90
http:11AGSpsR..92
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3.4.D. Trans protease assays 

Although previous studies have demonstrated that the TYMV protease is cis-

acting (Bransom et al. , 1991), we have made further attempts at forcing the reaction 

to occur in trans. For these studies, TYANBNS-1256AAA RNA encoding an 

unimpaired protease domain and a defective cleavage site (refer to Bransom et al., 

1991) was cotranslated with C783A RNA encoding an inactive protease and intact 

cleavage site. No proteolytic products were detected, even after extended 

translations (as long as 16 h), or translation of various ratios of these two RNAs (not 

shown). 

3.5. Discussion 

We have undertaken a genetic analysis of the TYMV protease domain in order 

to define the location of the domain and to determine the class of protease encoded. 

Through the use of linker-insertion and deletion mutagenesis, the domain has been 

limited to amino acids 731-885 encoded by ORF-206. Single amino acid 

substitutions of all Asp, Cys, Ser and His residues within this domain that were 

conserved between four or five members of the tymovirus group were analyzed in in 

vitro translations for their effect on the activity of the TYMV protease. Having 

demonstrated with cleavage/recognition site mutants 1253AAA and 1256AAA (Fig. 

3.3C) that virus replication depends on efficient proteolytic cleavage, a replication 

assay in turnip protoplasts was also used to assess the roles of individual residues. 

Conservative as well as non-conservative substitutions of Asp739, Cys783 and Hiss" 

inactivated the protease in the in vitro assay (Fig. 3.3B), implicating these amino 

acids as candidate active site residues. By contrast, in vitro protease activity was 

only partially lost by conservative substitution of Asp" (D809E) and non-

conservative substitution of Sam (S810A; Fig. 3.3B). In the protoplast assay, only 

mutations at Cys' and His' prevented detectable accumulation of coat protein. 
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Other mutants, including the Asp739 mutants D739A and D739E accumulated coat 

protein to levels reduced 50-100 fold relative to wild type. Combining results from 

the two assays, Cys783 and His' emerge as likely protease active-site residues, while 

Asp739, Asp" and Ser81° are important for efficient proteolytic activity, but are not 

essential active-site residues. 

The resemblance of the Cys783...85...His" motif to the Cys...59-158...His 

motif of papain-like proteases, in which both the Cys and His residues are followed 

by a hydrophobic amino acid (Gorbalenya et al., 1991), suggests the presence of a 

papain-like protease. However, in most previously reported papain-like proteases, 

the putative active site Cys residue is followed by an aromatic amino acid (Trp or 

Tyr), while Leu (and in one case Met; Fig. 3.3A) residues follow the putative active 

site Cys residues of the tymoviral proteases. Interestingly, the putative active site 

Cys of the papain-like peptidase A of Streptococcus pyogenes is followed by Val 

(see Gorbalenya et al., 1991). We conclude that Cys783 and His' represent putative 

active site residues of a papain-like protease and suggest that the tymoviral proteases 

and S. pyogenes peptidase A are members of a subgroup of papain-like proteases 

with non-aromatic hydrophobic amino acids following the active site Cys. As in our 

studies with the TYMV protease, inactivation as a result of amino acid substitution 

has been used to identify the putative active site Cys and His residues of the papain-

like proteases encoded by tobacco etch potyvirus (Oh and Carrington, 1989), 

hypovirulence-associated virus (Shapira and Nuss, 1991), Sindbis virus (Strauss et 

al., 1992) and equine arteritis virus (Snijder et al., 1992). It is noteworthy that, 

with the exception of the nsP2 protease of Sindbis virus, viral papain-like proteases 

appear to act only in cis, as we have found for the TYMV protease. 

The delimitation of the TYMV protease domain to amino acids 731-885 clearly 

separates it from the putative helicase domain, whose N-terminal boundary is within 

5-10 amino acids of the putative nucleotide binding motif 976GxxGxGKT983 (Habili 

and Symons, 1989; Gorbalenya, 1989). Inspection of the ORF-206 analogues of 

other available tymovirus sequences reveals putative active site Cys and His residues 

with sequence contexts and spacing similar to that of TYMV; the distances between 

http:Cys783...85
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these elements and the GxxGxGKT/S motif are also similar (Fig. 3.3A). A similar 

sequence array is present in the 217 -kDa protein encoded by ACLSV (German et 

al., 1990): CLF...77...HFS...129...GxxGxGKS encoded by ACLSV, compared with 

CLL...83...HFS...104...GxxGxGKT encoded by TYMV. No such obvious 

similarities were evident in the genomes of other related viruses, but candidate Cys 

and His residues (not shown) that may reflect the presence of a papain-like domain 

are present upstream of the helicase domain of the carlavirus potato virus M 

(Zavriev et al., 1991) and ASGV (Yoshikawa et al., 1992). Proteolytic processing 

of the putative polymerase-containing translation product has been reported in vitro 

for carlaviruses (Foster, 1992), although not for ASGV (Yoshikawa and Takahashi, 

1992) nor ACLSV. It would seem productive to consider the maturation by a viral 

papain-like protease in studying the gene expression of these viruses. 

Chapter 4
 
Further roles of proteins involved in TYMV replication
 

4.1. Abstract 

The longest open reading frame encoded by TYMV genomic RNA (ORF-206) 

is terminated by an amber stop codon; translational readthrough of this codon allows 

the possible production of a 221-10a protein. Two mutants were studied to 

determine if the readthrough domain of ORF-206 has a role in viral replication or 

symptomatology. These mutants consisted of a forced readthrough mutant, which 

encodes a Tyr residue in place of the amber stop codon (TYMC-221), and a mutant 

which has a new stop codon downstream of the amber codon, thus forcing 

translational termination (TYMC-206). The latter of these mutants (TYMC-206) 

replicated to wild type levels in turnip protoplasts, and produced symptoms on 

Chinese cabbage and turnips that were indistinguishable from those induced by wild 

type TYMV RNA. Conversely, TYMC-221 replicated to levels 8% of wild type, 
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and produced no symptoms on Chinese cabbage or turnip plants. This suggests that 

the 221 -kDa readthrough protein is not involved in viral replication or symptom 

development on plants, and that 100% readthrough to the C-terminal extension is 

detrimental to the function of p206, or the proteolytic products of p206. 

Four mutants were created to also assess the replicative role of the 20-kDa coat 

protein: an initiation codon mutant which no longer allows translational initiation 

(TYMC-noCP), a frameshift mutant (TYMC-59856) with a 5-nucleotide insertion 

that resulted in the production of a 14.2-10a truncated coat protein, a deletion 

mutant (TYMC-05708-6062) encoding a 7.6 -kDa truncated coat protein, and a 

termination codon mutant (TYMC-C107/G96) with a 5-amino acid extension at the 

C-terminus of the coat protein. All four coat protein mutants were able to replicate 

in turnip protoplasts and induce the formation of chlorotic lesions on plants, but only 

TYMC-C107/G96 produced systemic symptoms. Decreased (+)- but normal ( -)

strand genomic RNA levels relative to wild type infections were found in protoplasts 

inoculated with each of the mutant RNAs. The coat protein of mutant TYMC

C107/G96 formed virions with normal ultrastructure and accumulated to high levels 

in systemically infected leaves. These results indicate that the TYMV coat protein is 

dispensable for cell-to-cell movement and lesion formation, but has an important role 

in systemic movement. 

4.2. Introduction 

Turnip yellow mosaic virus (TYMV) is a positive strand RNA virus that is a 

member of the alphavirus -like supergroup of plant viruses (Goldbach et al., 1991). 

The 6.3 kb genome contains two non-structural open reading frames (ORFs), 

ORF-69 and ORF-206. Disruption of ORF-69 does not affect viral replication in 

protoplasts, but is required for cell-to-cell spread of the virus (Bozarth et al., 1992). 

Plants inoculated with mutant genomes defective in ORF-69 expression fail to 

develop the chlorotic lesions typical of leaves inoculated with wild type TYMV, and 
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no accumulation of coat protein was detected in leaves inoculated with ORF-69 

mutants (Bozarth et al., 1992). ORF-206 encodes a polyprotein with amino acid 

sequence motifs similar to conserved motifs found in the putative replication proteins 

encoded by other members of the alphavirus supergroup (Goldbach et al., 1991). 

The potential exists for production of a 221 -kDa protein upon suppression of the 

amber stop codon terminating ORF-206 (Dreher and Bransom, 1992; Fig. 4.1). 

This ORF is not conserved within the genomic sequences of other tymoviruses (Fig. 

4.2), and no putative function has been assigned to this ORF. However, the RNA 

sequence surrounding the TYMV amber stop codon matches a consensus sequence 

shown to promote ribosomal readthrough in tobacco cells (Skuzeski et al., 1990). 

The TYMV coat protein ORF (ORF-CP) is encoded at the 3'-end of the 

genome and is expressed from a 695-nucleotide-long subgenomic RNA (Guilley and 

Briand, 1978) that overlaps the readthrough region of ORF-206 (Fig. 4.1). The role 

of the TYMV coat protein in infections of protoplasts and whole plants has not been 

studied in detail, although this question has been addressed in a number of other 

alpha-like viruses that infect plants. A range of different effects on systemic 

Figure 4.1. Map of TYMC showing the 221-kDa readthrough domain and coat 
protein open reading frames. A.) ORFs (open bars) of the TYMV genome 
showing the coding of the coat protein near the 3'-end of the RNA, as well as ORF
69 and ORF-206, which encode the nonstructural proteins. The arrow represents 
the T7 RNA polymerase promoter; the HindIII site is used to linearize the cloned 
DNA prior to transcription. The potential readthrough domain of ORF-206 is 
indicated by stippling (ORF-221rt). RNA transcripts TYMC-221 and TYMC-206 
were used to study the involvement of the readthrough domain in replication. 
TYMC-178/224 (used as a control for studies on systemic spread) expresses only the
first 40 amino acids of the ORF-69 coding region. (B) Diagram of mutants used 
to study the involvement of the coat protein on viral replication. Coding structure of 
the TYMC subgenomic RNA (sgRNA) is shown. Restriction sites used in the 
mutant construction are indicated. Nucleotide numbers in parentheses are relative to 
the genomic RNA. The open bar is the coat protein ORF and the stippled block is 
the short extension into the readthrough domain of ORF-206. Predicted sizes of the 
sgRNAs and coat proteins resulting from the mutations are shown. The solid bar 
spans sequences present in the riboprobe used in Northern blot studies. 
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infection are seen when the coat protein of different viruses is disrupted. For 
tobacco rattle tobravirus (TRV), barley stripe mosaic hordeivirus (BSMV), 

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

of the coat protein gene has no effect on the ability of the virus to establish an 

infection and move systemically within the plant (Hamilton and Baulcombe, 1989; 

Petty and Jackson, 1991; McLean et al., 1993; Scholthof et al., 1993). Conversely, 

systemic infections of whole plants with brome mosaic bromovirus (BMV), cowpea 
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mosaic comovirus (CPMV), beet necrotic yellow vein throvirus (BNYVV), 

cucumber mosaic cucumovirus (CMV), alfalfa mosaic virus (A1MV) and potato 

virus X (PVX) are not possible unless an intact coat protein is present (Sacher and 

Ahlquist 1989; Wel link and van Kammen 1989; Quillet et al., 1989; Suzuki et al., 

1991; van der Kuyl et al., 1991a; Chapman et al., 1992). Deletions introduced into 

the coat protein gene of turnip crinkle carmovirus (TCV) cause intermediate effects 

on systemic infection (Hacker et al., 1992); virus accumulated in the inoculated 

leaves but not in systemic tissue. Systemic spread of tobacco mosaic tobamovirus 

(TMV) has been reported in the absence of intact coat protein, but symptom 

development is erratic and inefficient (Dawson et al., 1988). 

When assayed for the ability to replicate in protoplasts, it is apparent that for 

the majority of viruses, coat protein is not required for replication. However, there 

is evidence that coat protein can be important for RNA synthesis levels and/or RNA 

stability. A unique case is seen with A1MV infections, where exogenous coat 

protein must be supplied in order for viral replication to occur (Nassuth and Bol, 

1983). In most protoplast studies where coat protein expression was prevented or 

interfered with, the levels of (+)-strand RNAs are reduced compared to inoculations 

with wild type virus. This has been reported for BMV, CMV, CPMV, TMV and 

A1MV (Sacher and Ahlquist 1989; Suzuki et al., 1991; Wel link and van Kammen 

1989; Ishikawa et al., 1991; van der Kuyl et al., 1991b). Furthermore, viral 

(+):(-)-strand ratios are decreased when compared to wild type levels in studies with 

A1MV, BMV, PVX and TMV (van der Kuyl et al., 1991c; Marsh et al., 1991; 

Chapman et al., 1992; Ishikawa et al., 1991). The altered levels of (+)- and ( -)

stranded RNAs may result from the degradation of the otherwise protected (+)

stranded RNAs, although in the case of A1MV, coat protein has been shown to 

function as a trans-acting factor. Interfering with the expression of the coat protein 

causes decreased levels of (+)-strand RNA accumulation, and increased (-)-strand 

accumulation when compared to inoculations with wild type virus (van der Kuyl et 

al., 1991c). 
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We were interested in the role of the coat protein in infections caused by 

TYMV, as well as the involvement of the readthrough domain of ORF-206 (ORF

221rt) in viral replication and symptomatology. Using transcripts made from 

derivatives of an infectious cDNA clone of TYMV (pTYMC; Weiland and Dreher, 

1989), we studied infections caused by a coat protein deletion mutant, frameshift 

mutant and initiation codon mutant, which encode shortened forms of the coat 

protein or none at all. A fourth coat protein mutant with a short C-terminal 

extension was also studied. These studies revealed roles for the coat protein in the 

accumulation of viral RNA and in long distance movement throughout the plant. 

Studies on the 221-kDa readthrough protein (p221) involved mutants which either 

produce none of the readthrough protein, or none of the standard termination 

product, p206. Our results show no evidence that p221 is involved in viral 

replication or symptom development. 

4.3. Materials and methods 

4.3.A. Plant materials and virus stocks 

Turnip (Brassica rapa cv. Just Right) and Chinese cabbage (Brassica pekinensis 

cv. Spring-Al) were grown in a controlled chamber at 21°C with 16 hr. daylength. 

Plasmid pTYMC, a cDNA clone from which infectious genomic RNA can be 

transcribed with T7 RNA polymerase, has been described previously (Weiland and 

Dreher, 1989). We refer to transcripts and virus derived from this wild type cDNA 

clone as TYMC RNA and TYMC, respectively. Virus and viral RNA were 

prepared by standard methods (Lane, 1986). 



63 

4.3.B. Mutant Plasmids, in vitro transcription, and in vitro translation 

Construct pTYMC05708-6062 was made by deleting sequences between the 

PvuII5' and Sma6°62 restriction sites of pTYMC (Fig. 4.1). Plasmid pTYMC-59856 

was constructed by end-filling BglII digested pTYMC DNA with DNA polymerase I 

(Klenow fragment), followed by re-ligation of the blunt ends; dideoxysequencing 

revealed that 5 basepairs were inserted into this clone instead of the expected 4 

basepairs. The construction of pTYMC-C107/G96 has been described previously 

(Tsai and Dreher, 1992). pTYMC-178/224 encodes two termination codons within 

ORF-69, causing premature termination of p69 (the TYMV movement protein). A 

complete description of the construction of this clone is found in Bozarth et al. 

(1992). Plasmids pTYMC-noCP, pTYMC-221 and pTYMC-206 were constructed 

by PCR mutagenesis according to the `megaprimer' method of Sarkar and Sommer 

(1990). Mutagenic oligonucleotides used in generating these mutants were as 

follows, with mutant bases underlined: 

NO CP (+) 5'-d(TCAGCCCCAACTTGGAAGTCGACTAAGAACTCG)-3' 

NO 221(+) 5'-d(AATAGCAATGAGCCCCAACA)-3' 

NO 206(+) 5'-d(TTCACTACGTCCAGTACCAATCAGCCCCAACATG)-3' 

TY-Hind(-) 5'-d(TTCGAGCTCAAGCTTGGTTCCGATG)-3' 

TY-4838(+) 5'-d(CAAAATCGCAAACGCGTACACCGCTT)-3' 

Mutagenic plus-sense oligonucleotides were used in conjunction with the minus-sense 

oligonucleotide TY-Hind(-) in a primary PCR reaction using linearized pTYMC as 

template. After phenol/chloroform extraction and removal of the non-template 

specified 3' adenosine residues by incubation with 2.5 units of the Klenow fragment 

of DNA polymerase I (15 minutes at room temperature), the DNA fragment 

containing the desired mutation was used as primer in a secondary PCR reaction, in 

conjunction with the plus-sense primer TY-4838(+). This allowed the mutation-

bearing fragment to be cloned into pTYMC via the Pstr' and HindIII" sites. The 

entire sequence amplified via PCR was verified by dideoxysequencing. 
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DNA templates (pTYMC and the mutant derivatives) were linearized at the 

unique HindIII site and were transcribed in the presence of cap analogue as reported 

previously (Weiland and Dreher, 1989), except that RNase inhibitor was omitted. 

Transcript RNAs were translated in a rabbit reticulocyte lysate as described by 

Bransom et al. (1991). 

4.3.C. Protoplast and plant inoculations 

Protoplasts were prepared from turnip plants, inoculated (4 X 105 

cells/inoculation) and subsequently incubated under constant light at 25°C for 48 

hours, as reported previously (Weiland and Dreher, 1989). Viral (lyg) or capped 

transcript RNA (5 Ag) were used to mechanically inoculate Chinese cabbage and 

turnip plants. Five Al of inoculum was diluted with 5µl of 2X inoculation buffer 

(100 mM glycine, 60 mM K2HPO4 pH 9.2, and 6 mg/mL bentonite) and rubbed 

onto the outer leaves of 4-week-old Chinese cabbage or turnip plants. 

4.3.D. Tissue extraction, Western and Northern Blotting 

For analysis of lesions, a 10 mm leaf disc was punched with the lesion at the 

center of the disc. Plant tissue (10 mg fresh weight) was ground in liquid nitrogen, 

then ground again in 200 ill of tissue extraction buffer (70 mM Tris-HC1 pH 7.2, 

2 M urea, 1% SDS, 0.6% (3- mercaptoethanol, 2 mM EDTA, 1 mM PMSF). The 

samples were vortexed thoroughly, centrifuged for 4 minutes at 4°C, and a portion 

(150 Al) was removed. Nucleic acids were collected from this 150 Al fraction after 

two phenol/chloroform extractions. The rest of the tissue sample (50 Al) was boiled 

for 5 minutes, then centrifuged for 15 minutes at 4°C, prior to analysis of proteins 

via Western blotting. Protoplasts (2 X 105) were harvested for Northern blot 

analysis by vortexing in 200 Al of protoplast extraction buffer (200 mM Tris-HC1 

pH 8.0, 100 mM EDTA, 125 mM NaC1, 1 % SDS and 3 mg/ml bentonite), and 
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immediately extracting with phenol/chloroform prior to precipitation of the nucleic 

acids with ethanol. An equal number of protoplasts were harvested for western 

blotting, and analysis of viral coat protein production was performed on a portion of 

the sample. The levels of viral coat protein in tissue and protoplast extracts were 

analyzed as described previously (Weiland and Dreher, 1989), except that enzyme-

linked chemiluminescence (Amersham) was used for detection. 

Nucleic acids harvested from tissue samples or protoplasts were glyoxalated, 

electrophoresed in 1% agarose gels, and blotted to nylon membranes as described 

(Weiland and Dreher, 1989). Hybridization was done according to Church and 

Gilbert (1984) with minor modifications. Riboprobes complementary to either the 3' 

terminal 259 bases of the TYMC genomic or minus-sense RNAs were synthesized 

with T7 RNA polymerase, and hybridization performed at 65°C for 12-16 hours. 

The membrane was washed twice in #5 wash (0.1% SDS, 0.1% sodium 

pyrophosphate, 0.25X SET) for 15 minutes at 65°C prior to exposure to preflashed 

film. 

4.3.E. cDNA synthesis, PCR amplification and sequencing of progeny RNAs 

Viral RNA was isolated after serial passages through Chinese cabbage or turnip 

plants, and used to synthesize cDNA, using a phosphorylated (-)-sense 

oligonucleotide primer. Products of the cDNA reaction were subjected to PCR 

amplification directly, without purification, using a phosphorylated (+)-sense 

oligonucleotide primer, and without additional (-)-sense primers. The PCR products 

were purified from a low-melting point agarose gel, prior to treatment with the 

Klenow fragment of DNA polymerase I to remove non-template-derived 3' 

adenosine residues. Blunt-ended PCR products were then cloned into Smal

linearized pUC, and plasmid clones containing inserts were sequenced according to 

the method of Chen and Seeburg (1985). 
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4.3.F. Electron microscopy 

Leaf tissue was fixed by vacuum infiltration with 1% glutaraldehyde in 0.2 M 

phosphate buffer, pH 7.2. The fixed tissue was squashed to extrude fixed material 

including virions, stained with phosphotungstic acid, and examined on a Formvar

filmed grid in a Philips CM12 scanning-transmission electron microscope at the 
OSU EM center. 

4.4. Results 

4.4.A. Characterization of RNAs defective in the 221-readthrough domain 

In order to examine the importance of the TYMV 221-readthrough domain on 

viral replication, two mutations were created to control the expression: of this 

domain. The construct TYMC-206 has an in-frame nonsense codon (UGA) two 

codons downstream of the amber stop codon encoded by TYMV genomic RNA. In 
this construct, translation of ORF-206 terminates at the UGA codon without the 

possibility of readthrough. TYMC-221 has a Tyr codon (UAC) in place of the 

amber stop codon; translation of ORF-206 in this construct produces only p221, and 

no p206. Tyrosine was chosen to substitute the TYMC amber stop codon based on 

the readthrough protein of TMV, where tRNAm. was shown to promote readthrough 

in TMV-infected tobacco (Beier et al., 1984). RNAs harboring mutations in the 

amber termination codon were translated in a rabbit reticulocyte lysate in order to 
verify that the translation of ORF-206 had been altered, and that proteins of the 

predicted size were produced (Fig. 4.3; compare lanes 2 and 3). 

Once it was verified that TYMC-206 and TYMC-221 RNAs programmed the 

synthesis of the desired forms of ORF-206 proteins, these RNAs were tested for 
their ability to replicate in turnip protoplasts. Western blot analysis of protoplast 
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Figure 4.3. Cell-free translations of TYMC and mutant RNAs. RNAs 
transcribed in vitro were translated in a rabbit reticulocyte lysate in the presence of
[3sS]methionine, and separated by 7% SDS-PAGE. Arrowheads indicate the position 
of p206, and the readthrough product of ORF-221rt, p221. Note that the proteolytic 
cleavage products of p206 (p150 and p70, indicated at left) correspond to cleavage 
products of 150- and 85-kDa respectively when translational readthrough is forced 
(indicated at right of lane TYMC-221). Lane 1 is a translation of TYMC RNA, 
lane 2 is a translation of TYMC-206 RNA, lane 3 is a translation of TYMC-221 
RNA. 

extracts harvested 48 hours after inoculation showed that TYMC-206 RNA 

replicated to levels similar to wild type TYMC RNA (Fig. 4.4A; lanes 3 and 4), 

while TYMC-221 was able to replicate at levels 8% those of wild type (Fig. 4.4A; 

lane 2). Analysis of RNA products via Northern blots showed that for TYMC-206, 

the accumulation of viral (+)- and (-)- strands were similar to that seen for wild 

type TYMC RNA (Fig. 4.4B and C). RNA synthesis was near the limits of 

detection for TYMC-221 (Fig. 4.4C, lane 3; not shown in 4.4B). 

The ability of TYMC-206 and TYMC-221 RNAs to establish an infection on 

Chinese cabbage and turnip plants was also tested. TYMC-206 RNA produced 

infections on both hosts that were indistinguishable from those produced from wild 

type TYMC RNA. Symptom development occurred within the same time frame 

(lesions after 5, systemic symptoms after 7 days), and virus yields were 

approximately equivalent (-1 mg/g tissue). Western analysis with anti-TYMV 
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antiserum showed a similar accumulation of coat protein throughout the tissue of 
plants inoculated with TYMC-206, as compared to plants inoculated with TYMC 

RNA (Fig. 4.5). This mutant was recovered unchanged from turnip plants after 

four sequential passages (inoculum consisted of either sap or viral RNA from mature 

symptomatic leaves), as determined by PCR amplification of the 3' noncoding 

region, cloning and DNA sequencing (4 separate clones were sequenced; not 

shown). Inoculation with TYMC-221 RNA failed to produce symptoms on 10 

different plants, even after extended periods of time (8 weeks). Western analysis of 

leaf tissue (including inoculated leaves) failed to detect any viral coat protein in 

these plants (Fig. 4.5; lane 2). 

Figure 4.4. Accumulation of coat protein antigen and progeny RNAs in turnip
protoplasts inoculated with mutant forms of TYMC. The indicated transcript
RNAs (5 Ag) (refer to Fig. 4.1) were inoculated onto 4 x 105 turnip protoplasts and 
incubated for 48 hours at 25°C. (A) Western blot analysis to detect viral coat 
protein. Protein extracts corresponding to 5 x 101 protoplasts (except in lane 
TYMC-221, which contains 1 x 105 cells) were electrophoresed on 12% SDS-PAGE 
gels prior to transfer to nitrocellulose and chemiluminescent immunodetection with 
anti-TYMV antiserum. The position of the truncated coat protein encoded by
TYMC-05708-6062 is indicated with an arrowhead. Lane M refers to a mock 
inoculation. (B) Northern blot analysis to detect (-)-strand RNAs. Total nucleic 
acids were harvested from the cells and samples representing 1 x 105 cells were 
Northern blotted as described in the text, hybridized to a (+)-sense 32P-labelled 
RNA probe (TYMC 3'-end sequences from nt 6063 to 6318) and the blot was 
autoradiographed. M refers to a mock inoculation. Control lanes had 10 ng viral
(+)-strands (lane 1) or 10 ng (-)-sense transcript (lane 3) loaded. The blot was
exposed for 4 days with an intensifying screen. (C) Northern blot analysis to detect 
(+)-strand RNAs. Cells were extracted as in (B) and the blot hybridized with a 
minus-sense RNA probe, complementary to the viral 3'-end (nts 6318 to 6063). 
G and SG indicate the migration positions of genomic and subgenomic RNAs, 
respectively. The blot was exposed for 2 days without an intensifying screen. 
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Figure 4.4. Accumulation of coat protein antigen and progeny RNAs in turnip
protoplasts inoculated with mutant forms of TYMC. 
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Figure 4.5. Western blot analysis to measure the accumulation of coat protein
antigen in turnip plants inoculated with mutant forms of TYMC. Transcript
RNAs (5 fig) were inoculated onto 4-week-old turnip plants and the resultant lesions 
were harvested for extraction 14 days post-inoculation. Denatured extract (2 Al) was
separated by 12% SDS-PAGE, and blotted to nitrocellulose filters as in Fig. 4.4.
Deleted forms of the coat protein encoded by TYMC-05708-6062 and TYMC-5985' 
are indicated by arrowheads. (A) Tissue extracted from lesions on the inoculated 
leaf. (B) Tissue extracted from the petiole of the inoculated leaf. (C) Tissue 
extracted from a young expanding leaf. 
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4.4.B. Replication of TYMC derivatives with mutant coat protein genes in 
protoplasts 

Two TYMC derivatives that produce shortened forms of the 189 amino acid-

long 20-kDa viral coat protein were studied for their effect on replication and 

symptom formation: a deletion mutant lacking a large central region of the coat 

protein gene, and a frameshift mutant encoding a truncated coat protein but lacking 

no RNA sequences (Fig. 4.1). The coat protein ORF of TYMC-05708-6062 lacked 

sequences between the Pvull' and Smal' restriction sites of pTYMC. This in-

frame deletion results in the loss of codons 22-139, leaving a 71-codon-long ORF 

encoding a coat protein of expected MW 7.6-kDa. The RNA frameshift mutant 

TYMC-5985' had 5 additional nucleotides inserted at the Bg11159" site to produce a 

frameshift, resulting in a coat protein ORF with wild type codons 1-114 fused to 21 

codons encoded by ORF-221rt (refer to Fig. 4.1). This mutant ORF terminates at 

codon UGA' and encodes a hybrid coat protein of expected MW 14.2 -kDa (Fig. 

4.1). A third coat protein mutant (TYMC-noCP), which harbors a mutation in the 

initiation codon and prevents translation of the coat protein ORF was also studied; 

the initiator methionine was changed to a Leu codon (UUG), and a termination 

codon (UAA) was positioned 5 codons further downstream. The initiation codon 

mutation did not change the coding sequence of ORF-221rt, but the termination 

codon mutation resulted in an Asn to Lys substitution at amino acid #1855 in the 

putative 221-kDa protein. A mutant with a defective movement protein (TYMC

178/224; described by Bozarth et al., 1992) was used as a control for monitoring 

cell-to-cell movement in whole plants. 

Northern blot analysis of extracts made from turnip protoplasts 48 hours after 

inoculation showed that all three coat protein mutant genomes were able to replicate 

in protoplasts (Fig. 4.4B and 4.4C). Accumulations of (-)- and (+)-strand genomic 

and of subgenomic RNAs were detected in each case. However, the levels of (+)

sense genomic RNAs were decreased relative to wild type TYMC by a factor of 10 

(Fig. 4.4C; lanes 6, 7 and 8). The levels of subgenomic RNAs were also decreased 
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relative to the wild type infection, 10-fold for TYMC-A5708-6062 (refer to Weiland 

and Dreher, 1993), 40-fold for TYMC-5985' and 7.5-fold for TYMC-noCP (Fig. 

4.4C). In contrast, the accumulations of (-)-strand genomic RNA were similar 

between wild type TYMC, TYMC-A5708-6062, TYMC-5985' and TYMC-noCP 

infections (Fig. 4.4B). Detection of the mutant coat proteins with anti-TYMV 

antiserum in Western blots was not useful for quantitation due to the missing 

epitopes normally found in the wild type coat protein. Nevertheless, TYMC-A5708

6062 did produce a relatively strong signal corresponding to a protein of the 

expected MW of 7.6 -kDa (Fig. 4.4A; lane 8). These results indicate that the 

TYMV coat protein does not have an essential role in viral replication in 

protoplasts, but does appear to influence the accumulation of genomic and 

subgenomic RNAs. 

The replication of a fourth mutant with an altered coat protein gene was also 

studied. Mutant TYMC-C107/G96 encodes a coat protein with a C-terminal 

extension of five amino acids (encoding Tyr-Val-Leu-Asp-Arg) due to a substitution 

in the termination codon of the coat protein ORF ("UAA' replaced by 

-1°9UAC-107; negative numbering to indicate distance from the 3' end of TYMC 

RNA). This mutant originates from a study of second site mutations that suppress 

deleterious mutations in the 3' noncoding region of TYMC RNA (Tsai and Dreher, 

1992). This study demonstrated that in Chinese cabbage, a spontaneously acquired 

A-107>C mutation was able to suppress a U-96->G mutation, creating a systemically 

infecting phenotype from a no-systemic-spread phenotype. It is possible that this 

occurred by virtue of restoring the ability of an RNA pseudoknot to form in the 3' 

noncoding region (Tsai and Dreher, 1992). In the work reported here, mutant 

TYMC-C107/G96 replication was studied in both Chinese cabbage (Tsai and 

Dreher, 1992) and turnip protoplasts harvested 48 hours after inoculation. In 

Northern blots, (+)-strand genomic and subgenomic RNA accumulations were 0.24 

and 0.38 respectively, in Chinese cabbage (not shown), and 0.18 and 0.21 in 

turnips, relative to wild type (Fig. 4.4C; lanes 5 and 9). The levels of (-)-strand 

genomic RNA in both plants were similar to wild type (shown for turnip extracts 
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only Fig. 4.4B; lanes 5 and 10). Western blots of tissue from both Chinese cabbage 

and turnip indicated that the mutant coat protein accumulated to a level of 0.45 

relative to wild type (shown for turnips extracts only; Fig 4.4A). 

4.4.C. Inoculation of plants with TYMC-05708-6062, TYMC-5985' and TYMC
noCP RNAs 

Inoculation of Chinese cabbage or turnip plants with TYMC-05708-6062, 

TYMC-5985' or TYMC-noCP RNAs resulted in the appearance of chlorotic lesions 

on the inoculated leaves, similar to those induced by TYMC RNA. Lesion 

development occurred within the same time frame as inoculations with TYMC RNA 

(5-7 days), but no systemic symptoms appeared. Lesions from plants infected with 

these coat protein mutants were individually harvested and extracted in order to 

examine the accumulation of viral products. Western blots of these extracts showed 

the presence of shortened coat proteins of a size consistent with the alterations made 

in the coat protein (except for mutant TYMC-noCP, which produces no coat protein) 

(Fig. 4.5A). Viral (+)-strand genomic and subgenomic RNAs were detected in 

Northern blots (Fig. 4.6). 

No systemic symptoms were seen on 10 or more plants displaying local lesions 

from TYMC-05708-6062, TYMC-5985" or TYMC-noCP inocula, nor was any coat 

protein antigen detected in young, expanding leaf tissue. To test the extent of viral 

spread in the infected plants, and to test for the presence of an asymptomatic 

systemic infection, Northern blots were performed on extracts from the petiole of 

the inoculated leaf (Fig. 4.6B) and from the young, expanding leaves (Fig. 4.6C) of 

turnip plants infected with each mutant. No RNA from the TYMC coat protein 

mutants was detected in these two tissue types (Fig. 4.6B and 4.6C). In turnip 

plants infected with either TYMC-05708-6062 or TYMC-5985', the truncated coat 

protein was detected in the petiole of the inoculated leaf by Western blotting, but not 

in any tissues more distant from the inoculation site (Fig. 4.5B; lanes 6 and 7). 
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Figure 4.6. Accumulation of viral RNAs in turnip plants inoculated with 
mutant forms of TYMC. Transcript RNAs were inoculated as in Fig. 4.5, and leaf 
punches taken 14 days post-inoculation. Total nucleic acids were extracted as 
described in the text, and a portion corresponding to 5 mg fresh tissue used for 
Northern blotting. Hybridization was to OP-labelled (-)-sense RNA probe 
complementary to the viral 3'-end (nts 6318 to 6063). (A) RNAs extracted from 
lesions on the inoculated leaf. (B) RNAs extracted from the petiole of the 
inoculated leaf. (C) RNAs extracted from young expanding leaf tissue. Lanes 
labelled M refer to a mock inoculation. 
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These results demonstrate that intact coat protein is required for efficient long-
distance movement of TYMV. 

4.4.D. Inoculation of plants with mutant TYMC-C107/G96 

Chinese cabbage and turnip plants inoculated with TYMC-C107/G96 RNA 

developed normal systemic symptoms with the same timing as TYMC-inoculated 

plants. This mutant was recovered unchanged from Chinese cabbage plants, after 

two sequential passages (inoculum consisted of sap from mature symptomatic 

leaves), as determined by PCR amplification of the 3' noncoding region, and DNA 

sequencing (Tsai and Dreher, 1992). However, repeated attempts to purify virions 

from these leaves by a procedure involving extraction at pH 4.8 and precipitation of 

virions with polyethylene glycol (Lane, 1986) were unsuccessful. The levels of viral 
products in symptomatic leaves harvested 2 weeks after inoculation were studied 

with Western and Northern blots, which showed the presence of high levels of coat 
protein (0.42 relative to the levels in comparable leaves of TYMC-infected plants, 

on a fresh weight basis) (Fig. 4.5A; compare lanes 4 and 8), and somewhat lower 

levels of (+)-strand genomic RNA (0.22 relative to wild type) (Fig. 4.6A and 4.6C; 

compare lanes 3 and 7, and lanes 3 and 8 respectively). 

Because the above results suggested that TYMC-C107/G96 may form altered or 
unstable virions as a result of an interference in capsid assembly by the C-terminal 

extension, samples from mature symptomatic leaves infected with either the mutant 

or wild type viruses were fixed for electron microscopic inspection of thecapsids 
present in squash preparations. Spherical virions about 22-24 nm in diameter were 
observed in each case, although fewer were present in the squash prepared from 

tissue infected with TYMC-C107/G96 (not shown). No features distinguishing wild 

type and mutant virions were evident. The highly stable 29 nm icosahedral TYMV 

particles form from 180 subunits of the coat protein in the presence or absence of 
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encapsidated RNA (Matthews, 1991), and it is not known whether the observed 

mutant capsids contained viral RNA. 

4.5. Discussion 

Analysis of ORF-206 proteins with a potential role in the replication of TYMV 

has involved the use of mutants which express alternate forms of ORF-221rt. Using 

two mutants, we have demonstrated that the 221-kDa readthrough domain is not 

required for normal replication in protoplasts, nor for normal symptomatology in 

plants. However, forcing the readthrough causes a reduction in viral replication, 

and a no-symptom phenotype on plants. It is possible that the C-terminal extension 

of this ORF causes the protein to partially lose activity either in the form of the 

proteolytically derived p70 analogue (which has a MW of 85-kDa when processed 

from a 221-kDa precursor polyprotein) or as the uncleaved protein. Although it is 

not known whether ORF-221rt is translated in vivo, expression of p221 seems likely 

since the RNA sequence surrounding the TYMV amber stop codon matches a 

consensus sequence demonstrated to support ribosomal readthrough in tobacco cells 

(Skuzeski et al., 1990). It is possible that the readthrough domain is important for 

some aspect of TYMV biology other than replication, such as host specificity or 

vector transmission. Further studies will be needed to address this point. 

Using mutant TYMV genomes that express shortened forms of the coat protein 

or no coat protein at all, we have also demonstrated that the expression of native 

coat protein is not required for replication of the virus in protoplasts or plants. 

However, the infection was somewhat altered, with lower accumulations of (+)

strand RNAs (both genomic and subgenomic), although there were normal 

accumulations of (-)-strand genomic RNA. Similarly altered ratios of (+):(-)-strand 

RNAs have been reported for infections caused by a number of mutant alpha-like 

plant viruses expressing either no coat protein, or drastically altered coat proteins 

(reviewed in the Introduction). It is probable that degradative loss of (+)-strand 
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RNAs, normally protected by encapsidation, partly accounts for these observations. 

It is also possible that the coat protein is directly involved in regulating levels of 

viral (+)-strands, as has been demonstrated for A1MV (Nassuth and Bol, 1983). 

Additional experimentation will be necessary to determine if the coat protein is 

directly involved in regulating the levels of TYMV RNA synthesis. 

Our plant inoculation experiments with mutants TYMC-05708-6062, TYMC

5985' and TYMC-noCP showed that, in the absence of the native coat protein, 

TYMV is able to spread from cell-to-cell to induce the formation of chlorotic lesions 

similar to those seen in wild type infections. In contrast, mutants of TYMC with 

interrupted ORF-69 expression failed to induce lesion formation even though the 

accumulations of viral products in protoplasts were similar to wild type (refer to 

Fig. 4.4; and Bozarth et al., 1992). ORF-69 expression is thus critical for local 

movement, and the coat protein dispensable. The inability to move out of the 

inoculated leaf of TYMC-05708-6062, TYMC-5985' and TYMC-noCP mutant 

RNAs clearly demonstrates the importance of the coat protein in permitting efficient 

long-distance viral transport and the establishment of a systemic infection. As we 

report here for TYMV, coat protein expression is dispensable for cell-to-cell spread 

but plays an important role in long-distance transport for a number of other plant 

members of the alpha-like virus group, including TMV (Dawson et al., 1988; Saito 

et al., 1990), the bromoviruses (deJong and Ahlquist, 1991), and beet necrotic 

yellow vein virus (Quillet et al., 1989). 

Our experiments with TYMC-C107/G96 have demonstrated that a short 

addition to the C-terminus of the coat protein does not interfere with virion 

assembly, although the genomic RNA is poorly protected by this mutant capsid. We 

have not investigated whether this is due to inefficient encapsidation, or to 

inappropriate uncoating. While TYMV RNA remains encapsidated and is highly 

stable in virions either in whole plant tissues or buffered tissue grindates, the RNA 

uncoats rapidly when rubbed onto leaf surfaces during mechanical inoculation, and 

most of the released RNA is rapidly degraded (Matthews and Witz, 1985; Witz et 

al., 1993). The uncoating process is thought to involve the loss of a single pentamer 
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or hexamer from the 180-subunit shell (Matthews and Witz, 1985). It seems 

possible that the TYMC-C107/G96 capsid shells are relatively unstable as a result of 

the C-terminal extension, and prematurely release the encapsidated RNA. The 

ability to form ultrastructurally normal virions despite the C-terminal extension is 

consistent with our current understanding of TYMV capsid structure (Matthews, 

1991), and explains the ability of this mutant to move systemically. The 

intersubunit interactions responsible for capsid assembly are thought to involve the 

central hydrophobic domain of the coat protein (Re and Kaper, 1975), while the N

and C-termini are located on the surface of the virions (Quesniaux et al., 1983). 

Cross linking studies have detected extensive RNA-protein interactions except in the 

C-terminal and central hydrophobic domains of the coat protein (Ehresmann et al., 

1980). Lastly, our results with TYMC-C107/G96 indicate that it might be possible 

to produce bioactive peptides in plants as C-terminal fusions of the TYMC coat 

protein, as suggested for tobacco mosaic virus (Takamatsu et al., 1990) 
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Appendix 1
 
Methods
 

Medium-scale plasmid prep for transcription in vitro. 
To ensure the production of high quality transcription products, template DNAs 
were prepared by precipitation with PEG. A detailed outline of that procedure 
follows. 

A 50 ml culture of plasmid-bearing host was grown for 18-24 hours in 2YT at 37°C 
(30°C where indicated). The bacterial pellet was collected by centrifuging at 5000g 
for 5 minutes. The pellet was resuspended in 2.6 ml of 25 mM Tris-HC1 (pH 7.6), 
10 mM EDTA, 50 mM glucose containing 10 mg/ml lysozyme, and incubated for 5 
minutes at room temperature. 

Five ml of freshly prepared 0.2 N NaOH/ 1% SDS was added, and mixed by 
inverting the tube, and then incubated 5 minutes at room temperature. Four ml cold 
5 M KOAc (pH 4.8) were added, and the mixture shaken by hand, and incubated at 
room temperature for 5 minutes, followed by centrifugation at 12,000g for 5 
minutes at 4°C. The supernatant was filtered through pre-wetted miracloth into a 
clean centrifuge tube. The nucleic acids were precipitated by adding 0.6 volume of 
isopropanol, and centrifuging at 12,000g for 5 minutes at room temperature. 

The isopropanol was poured off, the pellet air dried, and then dissolved in 400 Al 
water. Liquid was transferred to a 1.7 ml microfuge tube and small RNAs were 
precipitated by the addition of 400 Al LiC1 [11 M LiC1 in 50 mM Tris-HC1 (pH 
8.0)]. The mixture was incubated for 5 minutes at room temperature, then 
centrifuged at 14,000 rpm (microfuge) for 2 minutes at 4°C. 

The supernatant was transferred to a new tube, 0.6 volume of isopropanol added, 
and the plasmid DNA was precipitated by centrifuging at 14,000 rpm for 2 minutes 
at 4°C. The pellet was washed with 70% EtOH, dried and redissolved in 400 Al 
TE. The plasmid DNA was treated with DNase-free RNase A (20 µg /ml) for 30 
minutes at 37°C, followed by removal of the RNase by digesting with proteinase K 
(62 !hem') in the presence of 0.5% SDS for 30 minutes at 37°C. 

The plasmid DNA was precipitated with ethanol and sodium acetate, washed again 
with 70% ethanol, dried and redissolved in 200 Al water. One-half volume ofa 
solution containing 40% PEG/30 mM MgC12 was added, and incubated for 10 
minutes at room temperature. Finally, the plasmid pellet was collected by 
centrifuging at 14,000 rpm for 10 minutes at 4°C. All traces of PEG were removed 
after a brief centrifugation. The pellet was dissolved in 200 id water, extracted with 
an equal volume of phenol/chloroform, and the pure plasmid DNA precipitated with 
ethanol and sodium acetate. Typical yields of pUC-type plasmids are 200-400 Ag 
from a 50 ml culture. 
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Dideoxynucleotide sequencing. 
Sequencing double-stranded plasmid DNA was done according to the method of 
Chen and Seeburg (1985). Plasmid DNA (3-5 lig) was denatured in 0.2 N 
NaOH /0.2 mM EDTA at room temperature for 5 minutes in a total volume of 20 Al, 
then neutralized with 2µl 2M ammonium acetate (pH 4.5) and precipitated with 44 
Al ethanol. Pellets were washed in 70% ethanol, dried and dissolved directly in 10 
id solution containing 10 ng primer and lx Sequenase' buffer [50 mM Tris-HC1 
(pH 7.5), 20 mM MgCl2, 50 mM NaC1]. Reactions were annealed at 37°C for 15 
minutes. 

In vitro transcription of RNA. 
Infectious RNAs were synthesized with T7 RNA polymerase, using DNA templates 
linearized at the unique HindIII site at the 3' end of the viral genome. A typical 30 
III reaction consisted of 0.1 gg/A1 linearized DNA template, 2.0 mM cap analogue 
(eGpppG), 0.5 mM GTP, 1.0 mM ATP, 1.0 mM UTP, 1.0 mM CTP, 10 mM 
dithiothreitol, 80 mM HEPES-KOH (pH 7.5), 12 mM MgC12, 2 mM spermidine and 
50 units 17 RNA polymerase (gift from Ching-Hsiu Tsai) per n DNA template. 
Reactions were incubated at 37°C for 60 minutes. Due to problems of RNA 
degradation in the presence of Inhibit Ace RNAase inhibitor (5prime-*3prime Inc.), 
transcription reactions were done without the addition of any RNAase inhibitor. 
RNA products were collected by ethanol precipitation in the presence of ammonium 
acetate, after 2 extractions with phenol/chloroform. Typical yields were 2-4 fig 
RNA /µg template. Uncapped RNAs for use in in vitro translation experiments were 
synthesized as above, except that cap analogue was omitted from the reaction, and 
nucleotide concentrations were increased to 3 mM. Typical yields from these 
reactions were 4-6 pg RNA /µg template. 

Preparation of rabbit reticulocyte lysate for in vitro translations. 
Blood from anemic rabbits was purchased locally from Immunogenix, and treated 
according to the method of Clemens (1984). Endogenous mRNAs were removed by 
treating lml aliquots with 50 units of micrococcal nuclease in the presence of 40 
mM hemin and 1.0 mM CaC12 for 20 minutes at 20°C. Nuclease treatment was 
terminated by the addition of EGTA to a final concentration of 2 mM. The lysate 
was supplemented with 20A1 creatine phosphokinase (10mg/m1), 1 mM ATP and 0.4 
mM GTP. Small aliquots were frozen in liquid nitrogen and stored at -80°C until 
use. 

In vitro translation of RNA in rabbit reticulocyte lysates.
 
Cell free translation of RNAs (usually uncapped) was done in a rabbit reticulocyte
 
lysate system. A typical reaction was done in a total volume of 15 or 30 Al.
 
Translations in the lysate prepared in this lab was performed under the following
 
conditions:
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100 mM KOAc
 
500 pM MgOAc
 
100 µM permidine
 
0.05 µg /µl tRNA (from bovine liver, Sigma type XI, 

cat # R-4752) 
0.033 units/p1 Inhibit Ace (5prime-,3prime Inc.) 
50 p,M each amino acid (minus methionine) 
10X translation buffer (recipe follows) 
0.33 pCi/p1 'S-methionine (1200 Ci/mmol) 
0.01 µg /µl RNA
 
lysate added: 0.5 final reaction volume
 

Translations in lysate purchased from BRL was performed under similar conditions, 
except that the spermidine was omitted and the reaction contained 0.33 volume 
lysate. 

10X Translation buffer 
250 mM HEPES (pH 7.2) 
400 mM KC1 
100 mM creatine phosphate 

In vitro translation of RNAs in wheat germ extracts.
 
Wheat germ translation kits were purchased from Promega, and translations
 
performed according to the manufacturer's specifications, except that bovine liver
 
tRNA was added to a final concentration of 0.05 µg /µl.
 

Immunoprecipitation of virally encoded translation products.
 
The products of in vitro translation reactions were precipitated with antiserum
 
specific to virally encoded proteins under the following conditions: the translation
 
reaction was denatured by boiling in 2% SDS, then diluted 5-fold in antibody
 
binding buffer (recipe follows). Antiserum was added at a 1:100-1:250 dilution, and
 
the reaction allowed to incubate on ice for 1 hour. One-third volume of protein A
sepharose was added (pre-washed once in antibody binding buffer), and the reaction
 
incubated at 4°C on a rotating drum for 1 hour. After removing the supernatant,
 
the Ab-Ag complexes were washed once by centrifuging through 20% sucrose, and
 
denatured by boiling in 1X protein loading buffer (recipe follows).
 

Antibody binding buffer 
50 mM Tris-HC1 (pH 7.5) 
150 mM NaCI 
1% Triton X-100 
0.1% SDS 
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4X Protein loading buffer 
63 mM Tris-HC1 (pH 6.8) 
8% SDS 
1 M sucrose 
0.2 mg/ml bromophenol blue 

Mutagenesis 
Oligonucleotide-directed mutagenesis was performed as described in the text 
following the method of Kunkel et al. (1987). In general, an 800-1000 base pair 
DNA sequence encoding the region to be mutagenized was cloned into the M13 
vector mpl8 or mpl9. Single stranded uracil-containing DNA was isolated from the 
durung host CJ236 and used as template for the in vitro synthesis of mutagenic 
second strands. Only the mutagenic deoxyoligonucleotide was present during 
synthesis of the second strand. DNA template and oligonucleotides were annealed 
by heating to 65°C for 15 minutes, and cooling slowly to room temperature. Best 
results were obtained using Sequenase T7 DNA polymerase (USB). A typical 
reaction contained the following: 

0.3 pmoles single stranded DNA template 
5.0 pmoles phosphorylated mutagenic deoxyoligonucleotide (used 

directly from kinase reaction) 
0.5 mM ATP 
0.1 mM each deoxynucleotide (dATP, dGTP, dCTP, dTTP) 
2 units T4 DNA ligase 
2 units Sequenase 

Second strand synthesis and ligation were allowed to proceed for 8-12 hours at 16°C 
before transforming into the E. coli host DH5aF'. Plaques containing the desired 
mutation were verified by dideoxy sequencing. 

Linker insertion mutagenesis was performed according to the method of Goff and 
Prasad (1991) with minor modifications. Preparation of linearized vectors was done 
using the blunt cutting enzymes DpnI, HaeIII, or Pvull using ethidium bromide to 
induce the enriched formation of singly cut molecules (Sambrook et al., 1989). Due 
to the high G+C content of the 12-base pair BamHI linker (pCGCGGATCCGCG) 
used in the studies described here, it was necessary to denature and reanneal the 
stock solution of linker such that it was primarily in a double stranded form, rather 
than in a hairpin structure. This was done by boiling the linker at the stock 
concentration of 2 Ag/til for 5 minutes, and quick cooling the solution on ice. From 
this point on, the linker was never allowed to warm to a temperature higher than 
12°C, the temperature at which the ligation was carried out. It was only when the 
linker was pretreated in this manner that a control reaction was observed to form 
intermediate ligation products consisting of 12-base pair concatamers. Furthermore, 
unless these concatamers were observed in the control reaction, linkers were not 
found to be inserted into the plasmids resulting from transformation with the 
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products of the ligation reaction. Linker insertion ligations were done in a total 
volume of 10 id as follows: 

125 pmoles linker 
0.05 pmoles linear vector
 
1 mM ATP
 
50 mM Tris-HC1 (pH 7.8)
 
10 mM MgC12
 
10 mM dithiothreitol
 
25 µg /ml BSA
 

The reaction was incubated at 12°C for 12 hours and 2-5 µl was used to transform 
the E. coli host DH5a. The efficiency of linker insertion varied from 15-25%, 
depending on the restriction enzyme used to generate the linear vector molecules. 
Some restriction enzymes were found to have unacceptably high levels of 
exonuclease activity. In these cases, linker-bearing clones had deletions of as much 
as 50-400 bases, with the site of linker insertion at the junction point of the deletion. 
Many of these clones had not retained the open reading frame of choice, or extended 
out of the domain being mapped (refer to Chapter 2). Enzymes found to be 
impossible to use due to their high levels of exonuclease activity were 1V7aIV and 
Sty!, purchased from New England Biolabs. 

Mutagenesis via the polymerase chain reaction (PCR) was performed with the use of 
two deoxyoligonucleotides of opposite polarity, with priming sites 200-600 bases 
apart. One deoxyoligonucleotide contained the desired mutation while one contained 
wild type sequences. If the PCR product was to be cloned directly, both 
deoxyoligonucleotides were enzymatically phosphorylated at their 5' ends. Unless 
being used for a reverse transcriptase-PCR reaction, the kinased oligonucleotides 
were used directly from the kinasing reaction without EtOH precipitation. When 
PCR was done following reverse transcription, it was necessary to precipitate the 
kinased oligonucleotides in the presence of glycogen carrier, prior to amplification 
via PCR. Details of the PCR procedure are as follows: for a 10 id reaction, 0.1iLg 
linearized template DNA was boiled for 3 minutes in the presence of 10 pmoles each 
deoxyoligonucleotide in a total volume of 3 Al. The solution was then cooled on ice 
for 3 minutes, prior to adding a cocktail consisting of : 

lid 10X buffer (100 mM Tris-HC1, pH 8.3, 500 mM KC1, 
15 mM MgC12, 0.1% gelatin) 

1A1 BSA (2.5 µg /µl) 
1µl2.0 mM dNTPs 
lid Tag DNA polymerase (0.5 units/id) 
30 H2O 

The 10 id reaction was loaded into a glass capillary tube and the PCR reaction 
carried out in an Idaho Technologies air thermocycler. Typical program settings 
were: 
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annealing, 40°C, 2 seconds
 
synthesis, 72°C, 20 seconds
 
denaturation, 94°C, 2 seconds
 
30 cycles
 

The reaction was stopped by diluting with 40 Al TE, extracting with 
phenol/chloroform and EtOH precipitation. Any 3' terminal adenosine residues 
added by Taq DNA polymerase were removed by incubating for 15 minutes with 2.5 
units of the Klenow fragment of DNA polymerase I, in the presence of 0.2 mM 
deoxynucleotides. The exonuclease activity was terminated by extracting with 
phenol/chloroform. Two id of the reaction was analyzed on an agarose gel, prior to 
proceeding to (a) direct cloning of the blunt ended product or (b) secondary PCR. 
For secondary PCR, the mutation- bearing product of the first reaction was used as 
a primer in a second phase of PCR (Sarkar and Sommer, 1990). This method was 
necessary in order to synthesize a mutation-bearing product that also contained 
restriction sites convenient for sub-cloning the product directly into pTYMC or a 
derivative of pTYMC. Secondary PCR was performed under conditions identical to 
those described above, after agarose gel-purification of the primary PCR product. 

Plant inoculations and tissue extractions 
Plants used for inoculation were grown in a controlled chamber at 21°C for a 16 
hour daylength, and 19°C, 8 hour dark period. Turnip (Brassica rapa cv. Just 
Right) or Chinese cabbage plants (Brassica pekinensis cv. Spring-A1) were 
inoculated with 5 Ag capped transcript RNA or 1µg viral RNA in a total volume of 
10 id. RNA inoculum was mixed with an equal volume of 2X buffer consisting of 
100 mM glycine, 60 mM K2HPO4 (pH 9.2), and 6 mg/ml bentonite. Plants with 3 
or 4 true leaves (turnips were 3 to 4 weeks old, Chinese cabbage were 2 to 3 weeks 
old) were used for inoculation experiments. The third leaf (which has a 'bumpy' 
morphology similar to subsequently emerging leaves, but different from the first 2 
leaves) served as the best site of inoculation. The leaf chosen for inoculation was 
sprinkled with carborundum, then 10/11 of inoculum was applied to the leaf surface. 
The liquid was gently rubbed into the leaf with the rounded tip of a pasteur pipette. 
The leaf surface was allowed to air dry before returning the plant to the growth 
chamber. Plants were checked daily for symptoms, which were typically visible 5-7 
days post inoculation. 

Tissue from infected plants was harvested 14 days post inoculation. To monitor the 
systemic spread of the virus within the plant, tissue samples were taken from (a) 
visible lesions at the site of inoculation, (b) the petiole of the inoculated leaf, (c) the 
youngest leaf innermost on the whorl, and (d) an older non-inoculated leaf 
displaying systemic symptoms, when visible. One centimeter diameter leaf punches 
( 10 mg fresh weight) were taken from the selected tissue (avoiding major veins) 
and immediately ground in liquid nitrogen with a hand-held teflon grinder, in a 
microfuge tube. Two hundred Al of extraction buffer [70 mM Tris-HC1 (pH 7.2), 2 
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M urea, 1% SDS, 0.6% (3- mercaptoethanol, 2 mM EDTA, 1 mM PMSF] was added 
to the ground tissue, and the mixture ground again. The extract was vortexed 
briefly, and centrifuged for 5 minutes at 14,000 rpm, 4°C. Nucleic acids were 
harvested from 1 portion (150 Al) after extraction with phenol/chloroform, while the 
other portion (50 Al) was boiled, centrifuged for 15 minutes (14,000 rpm, 4°C) and 
used for protein analysis. Northern analysis of viral RNAs was done using half of 
the total harvested nucleic acids, while Western analysis of viral coat protein 
accumulation was done using 2-6 Al of protein extract. 

Protoplast preparation and inoculations 
Protoplasts were prepared from 4 to 6 week old turnip plants (Brassica rapa cv. Just 
Right) that had been kept in the dark for 24 hours. Following is a detailed 
procedure for the preparation of turnip protoplasts: 

Two to 4 grams leaf tissue free of mid-rib was harvested using a new razor blade, 
then the tissue diced into approximately 1 by 5 millimeter strips. The tissue was 
placed in 25 ml of filter sterilized 0.55 M mannito1/0.1 % MES-KOH (pH 5.7) 
containing 1% cellulase ( "Onozuka" R-10, Yakult Pharmaceutical), 0.05% 
macerase-pectinase (Calbiochem) and 0.1% BSA. The tissue was incubated in 
enzyme solution at room temperature, overnight, in the dark. (Alternatively, 
incubation can be for 3.5 hours at 30°C, with gentle shaking.) The digested 
material was filtered through pre-wetted miracloth into a glass culture tube. The 
protoplast suspension can be washed through the miracloth with mannitol/MES-KOH 
(MM) at this point, but no more than 5 additional ml of solution should be added. 
The suspension was then distributed equally between 4 to 6 glass culture tubes (16 x 
100mm), before centrifuging in a swinging bucket rotor, 500-600 rpm for 4 minutes 
(Phillips Drucker centrifuge, setting #3-4 with attached variac at setting 90). 

The clear upper layer from each tube was discarded, then the pelleted cells were 
resuspended in 2 ml MM. Each tube of cells was immediately underlayered with 2 
ml 0.55 M sucrose (filter sterile) prior to centrifuging at 500-600 rpm for 3.5 
minutes. At this stage, the protoplasts should form a tight band at the sucrose/MM 
interface. The band of protoplasts was removed with a blue pipette tip, taking less 
than 0.75 ml, and diluted into a clean tube containing 5 ml MM. The cells were 
centrifuged as before for 4 to 5 minutes and the upper layer of buffer removed. 
The cells were resuspended in 2 ml MM, and recentrifuged for 4 to 5 minutes. 
Cells were finally resuspended in 1 ml MM and pooled into a single tube (total 
volume 2-3 ml). Using a blue pipette tip, approximately 20 Al of protoplasts were 
placed into a microfuge tube containing 1 Al FDA (5 mg/ml fluorescein diacetate in 
acetone). The suspension was pipetted under the coverslip of a haemacytometer, 
and cells that fluoresced when exposed to a UV light source were counted (100X 
magnification under a light microscope). Continuation to the inoculation steps only 
occurred if the number of dead or non-fluorescent cells was less than 30% of the 
total. A second sucrose underlayer and subsequent washes removed additional dead 
cells, although the total yield was also decreased. 
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Inoculation of protoplasts started with 200,000 or 400,000 cells per inoculation. If
both Western and Northern analysis were desired, the higher number of cells was
used. The desired number of cells was aliquoted into individual microfuge tubes 
containing 1 ml of MM. Cells were pelleted by centrifuging at 500-600 rpm for 4
minutes. This should be done in two stages to prevent loss of cells collected on the
sides of the microfuge tube. The following was ready in advance, for each
inoculation: 

150 /.41 40% PEG/3 mM CaC12 in glass culture tube 
1.5 ml MM in microfuge tube 

Taking one inoculation at a time, the upper layer of MM was removed from the 
pelleted protoplasts, leaving approximately 35-50 The desired amount of RNA 
was added to the cells (1 Ag viral RNA or 5 Ag transcript), and using a blue pipette
tip, the cells and RNA were transferred to the PEG/CaC12 solution and mixed gently 
by swirling. After waiting 20 seconds, 250 1.41 of MM was added from the 1.5 ml 
aliquot and the cells gently mixed. The next inoculation can now begin. After
adding the first 250 Al MM to each inoculation, an additional 250 µl MM was added
to each of the previous inoculations, until a total of 1.5 ml MM was added to each. 
Completion of one inoculation took less than 15 minutes. When 1.5 ml of MM had 
been added, the inoculation tubes were placed on ice and incubated 20 minutes. 
When all inoculations had completed the ice incubation, the cells were pelleted by
centrifuging for 4 to 5 minutes (500-600 rpm). After removing as much of the PEG
solution as possible, the pellet was washed in 2 ml MM, then centrifuged as before. 
The protoplast pellet was resuspended in 400-800 /.41 culture medium (recipe follows) 
to a final concentration of 509,000 cells/ml. Protoplasts were incubated at room 
temperature in the same glass tubes under constant light for 48 hours (20 watt 
fluorescent bulb placed 16.5 cm above the incubating tubes). 

The cells were harvested by centrifuging for 5 minutes at 500-600 rpm. The 
supernatant was removed, and the pellet saved for protein analysis. If Northern 
analysis was desired, nucleic acids were harvested immediately by resuspending the 
pellet in 200 Al extraction buffer [0.1 M Tris-HCI (pH 8.0), 10 mM EDTA, 0.1 M
NaCI, 1% SDS, 3 mg/ml bentonite] and extracting with phenol/chloroform. 

Mannitol/MES-KOH (autoclaved) 
0.55 M Mannitol
 
0.1% MES [2-(N-morpholino)ethanesulphonic acid]

pH to 5.7 with KOH.
 

Culture medium (components stored separately, filter sterile) 
Mannitol/MES supplemented with: 
10 mM CaC12 
1 mM KNO3, 0.2 mM KPO4, pH 6.5 
1 mM MgSO4, 1 AM CuSO4, 1 AM KI 
0.3 mg/ml cephaloridine 
0.01 mg/ml gentamycin-SO4 
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Northern blotting 
Analysis of viral RNAs by Northern blotting was done as described by Weiland and 
Dreher (1993). RNAs were glyoxalated by heating at 50°C for 1 hour, in the 
presence of 10 mM phosphate buffer (pH 7.0), 1 M deionized glyoxal, 0.5 M 
DMSO. Reactions were cooled to room temparature, then electrophoresed on 1% 
phosphate-agarose gels in 10 mM phosphate buffer (pH 7.0), prior to alkaline 
transfer of the nucleic acids to nylon membranes (Zeta Probe, BioRad). Running 
buffer was constantly circulated (from anode to cathode) by a peristaltic pump, and 
the pH in the cathode and anode chambers monitored during electrophoresis. 
Transfer was allowed to continue for 1 hour in 2 M NaOH, and the membrane 
neutralized by soaking in 30 ml 2X SSPE for 10 minutes before air drying. 
Prehybridization was done at 65°C for 2 hours in PAES-hybridization buffer (recipe 
follows) supplemented with 100 µg /ml yeast RNA. Hybridization with probe 
sequences complementary to the 3' terminal 259 bases of either genomic or minus-
sense RNA was performed at 65°C for 12-16 hours. The membrane was finally 
washed once at room temperature and once in #5 wash for 15 minutes at 65°C. 
Hybridizations and washes were done in a hybridization oven (Robbins Scientific). 

SET (1X) 
30 mM Tris-HC1 (pH 8.0) 
150 mM NaC1 
2 mM EDTA (pH 8.0) 

SSPE (1X) 
150 mM NaC1 
1 mM EDTA 
10 mM NaH2PO4 
100 mM NaOH 

PAES-hybridization buffer 
4X SSPE 
0.2 mg/ml polyanetholesulphonic acid (Calbiochem, 

cat #528821)
 
0.6% SDS
 
0.25% sodium pyrophosphate
 

#5 Wash 
0.1% SDS 
0.1% Sodium pyrophosphate 
0.25X SET 

Western blotting 
Analysis of viral proteins was performed by electro-blotting proteins from 12% 
polyacrylamide/0.3% Bis-0.1% SDS gels onto nitrocellulose membranes (Schleicher 
and Schuell). Transfer of proteins used a Genie electroblotter with plate electrodes 
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(Idea Scientific) at 12 volts for 2 hours in buffer containing 20 mM Tris-base, 150 
mM glycine and 20% methanol. Nitrocellulose membranes were blocked for 30 
minutes in MTBS (recipe below) prior to application of the primary antibody (anti-
TYMV virion). Incubations with antiserum were performed in MTTBS at a dilution 
of 1:5000 for a minimum of 1 hour. Blots were then washed twice in TTBS, and 
the secondary antibody (goat anti-rabbit horseradish-peroxidase conjugate, BioRad) 
applied at a dilution of 1:3000 in MTTBS. The blots were finally washed twice 
each in TTBS then TBS, prior to detection of the horseradish-peroxidase with 
enzyme-linked chemiluminescence (Amersham). Typical exposure times to film 
ranged from 5-90 seconds. Pre-flashed films were quantified by densitometric 
scanning on a Zeineh laser densitometer. 

1X TBS (pH 7.5) 
20 mM Tris-HC1 
0.5 M NaC1 

lx MTBS 
1X TBS containing 5% Carnation instant non-fat milk 

lx TTBS
 
1X TBS with 0.05% Tween-20 added
 

lx MTTBS
 
lx TTBS containing 5% Carnation instant non-fat milk
 




