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SUMMARY

Lucerne tansient streak sobemovirus (LTSV) is a small icosohedral plus-sense RNA

plant virus that naturally infects lucerne. It is a member of the Sobemovirus group of plant

viruses and is found as three separate isolates; Australian, New Zealand (-NZ) and

Canadian. Four Sobemoviruses, including LTSV, can be associated with a specific viroid-

like satellite RNA (virusoid). These virusoids possess sequences capable of forming a

hammerhead structure which has previously been shown to direct site-specific self-cleavage

ín vitro. This self-cleavage reaction is believed to function in vívo by processing plus and

minus oligomeric virusoid RNAs into monomeric forms as part of the rolling-circle

replication mechanism.

The work presented in this thesis describes the determination and analysis of the

complete sequence of the genomic RNA of LTSV-NZ and the development and kinetic

characterisation of a ribozyme self-cleavage system based on the plus-sense hammerhead

sequence of the virusoid of LTSV-NZ (vLTSV-NZ).

The Complete Sequence of the Genomic RNA of LTSV-NZ

The complete sequence of the 4,27 5 nucleotide long genomic RNA of LTSV-NZ was

determined and a genome organisation proposed based on the identification of all large open

reading frames (ORFs). This organisation is compared to that previously published for

Southern bean mosaic sobemovirus, cowpea strain (SBMV-C).

A high degree of sequence and organisational similarity 'was observed between the two

viruses except at the S'-termini. In this region, LTSV-NZ differed significantly from

SBMV-C in possessing two small ORFs rather than one. The organisation shown in LTSV-

NZ appears to be shared by an unpublished account of the genome organisation of Velvet

tobacco mottle sobemovirus (VTMoV).

Protein functions are proposed for the deduced amino acid sequences from the two

largest ORFs on the basis of similarities to those of SBMV-C and the identification of amino

acid sequence motifs associated with specifrc protein functions. Domains identified were for
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the coat protein, RNA-dependent RNA polymerase (RdRp) and serine protease. The viral

protein genome linked (VPg) domain was tentatively identified as a region containing a high

proportion of basic residues. No evidence was found for the NTP-binding domain

previously proposed for SBMV-C. Possible functions for the products of the remaining

ORFs are discussed. A translation strategy for the virus is proposed which involves a

combination of ribosome scanning for two subgenomic RNAs, and a combination of leaky-

scanning and a frame shifting event for the genomic RNA.

The evolutionary relationship between LTSV-NZ, SBMV-C and VTMoV was

proposed on the basis of comparisons of the genome organisations and alignments of the

RdRp and serine protease domains. The inferred phylogenetic tree confirmed a

monophyletic relationship for these viruses. The most parsimonious interpretation of this

result suggests that an ancestral Sobemovirus genome organisation was more similar to

those of LTSV-NZ and VTMoV than to that of SBMV-C. The possible origins of a

completely overlapping ORF found in both LTSV and SBMV-C is discussed on the basis of

observed nucleotide biases in this region.

A Ribozyme System Based on the Plus vLTSV Hammerhead Structure

The ribozyme system, consisting of two RNAs, a 13-mer ribozyme (Rib.) and a 41-

mer substrate (Sub.), were prepared using T7 RNA polymerase directed transcription of

synthetic DNA oligonucleotide templates. Both RNAS, when incubated together in the

presence of Mg2*, were shown to direct self-cleavage at the expected site. Multiple turnover

for this cleavage reaction was demonstrated when the Rib, RNA was incubated in the

presence of a molar excess of Sub. RNA. Substitution of all residues in the Rib. RNA with

deoxyribonucleotides was shown to abolish self-cleavage.

The energy of activation (Ed and Michaelis-Menten kinetic parameters (K,n, V¡1a. and

þ¿) for the ribozyme system were determined by fining the appropriate kinetic data to their

respective equations. The values for these parameters were compared to published values

for other hammerhead ribozyme systems. The vLTSV ribozyme system was found to

possess a relatively high K¡n, âvorago Vmax and þ¿1 and low ff {rlrrificity constant)

values. The optimum reaction temperature for the vLTSV ribozyme system was found to be

50"C. The values of these findings are interpreted as being due to the presence of competing

non-productive structures in the Sub. RNA.
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Chapter L

General Introduction

1.1 Lucerne Transient Streak Sobemovirus

1.1.1 Main Diseases

Lucerne transient streak sobemovirus (LTSV) is a Sobemovirus naturally causing

disease in lucerne (Medicago sativa L.) and can have a significant economic effect on

commercial lucerne crops. To date, three isolates have been identified; Australian (LTSV-

A; Blackstock, 1978), New Zealand (LTSV-NZ; Forster and Jones, L979) and Canadian

(LTSV-Ca; Paliwal, 1983, 1984a). These three isolates are distinguishable on the basis of

their host range and symptomatology (I.I.2 and 1.1.3). For convenience, in the following

sections of this chapter LTSV will be used to refer to all three isolates, with attention drawn

to any significant differences there may be between the isolates. The biological and physical

characteristics of LTSV have been summarised by Forster and Jones (1980) and Forster

(1e88).

1.1.2 Transmission and Host Range

The natural method of transmission of LTSV is unknown. The common methods of

plant virus transmission, namely insect vectors, seed, soil and dodder transmission, have

not been identified experimentally or detected in the field. However, chewing insects are

suspected as the most likely vector (Blackstock, 1978; Forster and Jones, 1979; Paliwal,

1983). Experimental transmission of LTSV to lucerne is difficult unless a purified virus

preparation is used or the inoculating sap comes from infectedTriþlium incarnatumL.

(Blackstock, 1978; Forster and Jones, 1979). Horilever, LTSV can be transmitted by

mechanical inoculation with sap to at least 26 plant species from four families (Blackstock,

7978; Forsrer and Jones, 1979; Paliwal, 1983, I984a; Forster, 1988). Indicator species are

usually Chenopodium ernaranticolor Coste and Reyn. or C. quirn¿ V/illd while propagation

species are C. quirna or Nícotiana clevelandü L. (the latter infected only by LTSV-NZ).
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1.1.3 Symptoms

LTSV infected lucerne plants generally develop chlorotic streaks centred on the main

lateral vein of leaflets. Usually 2 - 3 streaks are present on each leaf and vary from small

spots to streaks L - 2 mm wide which extend to the leaf margin. l-eaf distortion around the

streaks appears mostly on newly expanded leaves. Symptoms fade as the leaf ages (hence

the term "transient") and no symptoms occur when plants are grown in warm conditions.

Asymptomatic infections can occur under all conditions (Blackstock, 1978; Forster and

Jones, 1979; Paliwal, 1983). Although symptoms are transient, at least in the case of

LTSV-A, an overall reduction in plant gowth results in a loss in dry matter of up to 187o

during the first year of growth in the field (Blackstock, 1978).

Sap inoculated C. quinoa and C. atnarantícolor produce necrotic local lesions within 3

- 5 days after inoculation. Systemic chlorotic blotches can also develop in both species

although for C. amaranticolor this occurs only with LTSV-A. N. clevelandii is infected only

by LTSV-NZ werc the virus causes large chlorotic local lesions and occasionally systemic

chlorotic mottles (Blackstock, 1978; Forster and Jones, 1979; Paliwal, 1983, I984a).

1.1.4 Particle Morphology and Composition

Using negative staining electron microscopy, LTSV appears as non-enveloped,

isometric particles, 27 - 28 nm in diameter and with a hexagonal outline (Blackstock, 1978;

Forster and Jones, 1979; Paliwal, 1983).

LTSV gives a single sedimenting component during analytical ultracentrifugation or

equilibrium centrifugation in CsCl. The sedimentation coefficients (Szo,*) of the different

isolates are; 114S for LTSV-A, 1125 for -NZ and 113S for -Ca (Blackstock, 1978; Forster

andJones, I979;Paliwal, L984a).ThebuoyantdensityinCsClis 1.37 g/"^' forLTSV-NZ

and -Ca (Forster and Jones, L979: Paliwal, I984a). The buoyant density for LTSV-A has

not been reported. LTSV-NZ has also been centrifuged to equilibrium in CszSO¿ where it
gives two components with buoyant densities of 1.26 and I.32 g/"ttf (Forster and Jones,

1979). In the presence of at least 10 mM EDTA at a pH of 8 or higher, the viral particles of

LTSV-NZ, -Ca and presumably -A are unstable (Forster and Jones, 1.979,1980; Paliwal,

1984a).

The viral capsid is composed of one major protein species of molecular weight (M¡)

approximately 32,000 (32K) as estimated by polyacrylamide gel electrophoresis. A minor

protein component of Mr approximately 29 K is also observed in some preparations and after

storage, suggesting that it is a degradation product of the major 32 K protein (Forster and

Jones, L979; Paliwal, I984a). Three virus-encoded non-structural proteins have been

identified by ín vitro translation using rabbit reticulocyte lysate anüor wheat geün extract
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(Morris-Krsinich and Forster, 1983). The M¡ of these proteins are; 105, 78 and 18 K. The

in viffo translation products of LTSV and other Sobemoviruses are discussed in more detail

in Chapter 4 (4.1.2).

Contained within the viral capsid and making up approximately L87o of the virion's

weight, is a single, single-stranded RNA species of Mr approximately I.4 x 106 as estimated

by denaturing polyacrylamide gel electrophoresis (Forster and Jones, 1979; Paliwal, 1984a).

This corresponds to a genomic RNA of approximately 4.2 kilobases (Kb) in size. A
subgenomic RNA of M, 0.35 x 106 is also present within the capsid which encodes for the

coat protein (Morris-Krsinich and Forster, 1983). Attached to the S'-terminus of the

genomic RNA is a putative VPg protein of unknown size and chemical nature that appears to

be essential for infectivity (Forster and Jones, 1980; Paliwal, 1984a). The presence of a 3'-

terminal poly-A tail or tRNA-like structure has not been investigated, however if LTSV is

part of the Sobemovirus group, as has been asserted by traditional taxonomy, a modified 3'-

terminus would not be expected (1.1.5).

Sometimes encapsidated within the virion is a linear aîd/or circular, isolate-specific,

viroid-like satellite RNA of M¡ approximately 0.L2 x 106 (approximately 0.3 Kb) (Tien et

al., I98I; Jones et al., 1983; Keese et al., 1983; Paliwal, I984a, b; AbouHaidar and

Paliwal, 1988) (L.2.2).

1.1.5 Proposed Evolutionary Relationships

Southern bean mosaic sobemovirus (SBMV) is the type member of the Sobemovirus

group of plant viruses (Tremaine and Hamilton, 1983; Hull, 1988; Rybicki, 1991). The

diagnostic biological and physical properties of this group, as reviewed by Hull (1988), are:

Biological
o Mechanicallytransmissible.
o Relatively narrow host range.

o Usually not seed transmitted.

Physical
o Non-enveloped, isometric particles between 25 and 30 nm in diameter.

o S26,1'y vâlues between 108 and 1205.

o Form a single stable band in CsCl with buoyant densities between 1.34 and I.39

g/" t. Some members form several bands in Cs2SOa.

o Reversible swelling of particles in the presence of EDTA and/or a pH greater than 8.0.

o One coat protein species of Mr between 24 and 37 K but usually around 30 K.
o Most members snongly immunogenic but not serologically related to each other.

o One molecule of plus sense, single-stranded genomic RNA of Mr between 1.3 and 1.6

x 106 (between 4 and 4.8 Kb).
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o For those viruses that it is known, there are:

o subgenomic or possible subgenomic RNAs encapsidated in relatively small

amounts.

. A S'-terminal VPg essential for infectivity.
o No polyadenylation or tRNA-like structure at the 3'-terminus.

o Some members can contain a viroid-like satellite RNA encapsidated with the genomic

RNA (r.2.2).

As proposed by Hull (1988) and accepted by the International Committee on

Taxonomy of Viruses (I.C.T.V.), the Sobemovirus group consist of ten members with a

further six viruses considered as possible members (Rybicki, 1991) (Table 1.1).

Members Possible members

Blueberry shoestring

Cocksfoot mottle (CfMV)

Lucerne tansient streak

Rice yellow mottle

Solanum nodiflorum mottle (SNMV)

Southern bean mosaic

Sowbane mosaic

Subterranean clover mottle (SCMoV)

Turnip rosette (TRosV)

Velvet tobacco mottle (VTMoV)

Cocksfoot mild mosaic

Cynosurus mottle

Ginger chlorotic fleck

Maize chlorotic mottle

Olive latentvirus-l

PanÌcum mosaic

Table 1.1 Members and possible members of the Sobemovirus group.

Four sffains of SBMV have been designated due to their differing host ranges and

symptomatology (Hull, 1988):

o Bean strain (SBMV-B) which infects common cultivars of bean (Phaseolus vulgaris

L.) but not colilpea (Vigna ungutculata (L.) Walp.).

o Cowpea strain (SBMV-C) which infects cowpea but not bean.

. Severe bean or Mexican strain (SBMV-M) which infects cultivars of both cowpea

and bean.

o Ghana strain (SBMV-GH) which infects many cultivars of both cowpea and bean.

SBMV-C is the only strain of SBMV and member of the Sobemovirus group whose

sequence and putative genome organisation has been published (V/u er al.,1987) (Figure

3.78). Analysis of SBMV-C and SBMV-B coat protein has been carried out at the

molecular level (reviewed by Rossmann, 1985; Hull, 1988). In addition, in vitro translation
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of these two viral RNAs and of TRosV, LTSV-NZ and SNMV RNA has been carried out

(Rutgers et a1.,1980; Salemo-Rife et a1.,1980; Morris-Krsinich and Hull, 1981; Mang et

aI.,1982; Morris-Krsinich and Forster, 1983; Kiberstis and Zimmern, 1984) (4.1.2).

1.2 Viroids and Plant Virus Satellites

1.2.1 Viroids
The term viroid was coined by Diener (1971) to describe the infectious agent causing

potato spindle tuber disease and was intended to draw attention to the virus-like

symptomatology of the disease. Since that time, a total of 18 different viroid species have

been identified and partially characterised in addition to numerous sequence variants of these

species (Koltunow and Rezaian, 1989; Randles and Rezaian, 1991; Symons, 1991a).

Viroids are defined by the following characteristics; they are naked, single-sranded

RNA molecules between246 and375 nucleotides long that are covalently closed into circles.

They exhibit a high degree of secondary structure resulting in a distinct rod-like double-

stranded sffucture with small single-stranded loop-out regions. No significant open reading

frames exist within their sequences and no viroid specific protein products have been

detected from in vitro tanslations or from infected plant material (reviewed by Keese and

Symons, 1987). Because of this lack of coding potential, viroids are by necessity totally

dependent on host encoded proteins for their replication. Host encoded DNA-dependent

RNA polymerases I, II and III have all been experimentally implicated in viroid replication

even though DNA intermediates have never been found in infected tissue and replication by

an RNA template has been strongly implicated (reviewed by Tabler and Tsagris, 1990). It is

not known whether viroids utilise preformed replication systems or in some way cause the

de novo assembly of a replicative system from host components not normally arranged in

such a way. Similarly, the mechanism of symptom expression is unknown.

Comparative sequence analysis of the known viroids has revealed an internal

organisation to their sequences. This led Keese and Symons (1985) to develop a domain

model for viroids whereby five distinct sequence domains can be identified; a central

conserved region (CCR), flanking pathogenicity and variable domains and left and right

terminal loops. Further complexity to this basic five domain model has recently been

demonstrated (Sano et a1.,1992). The only viroids that do not show this organisation are

avocado sunblotch viroid (ASBVd) and peach latent mosaic viroid (PLMVd) (Hutchins er

al., 1986 Hernàndez and Flores,1992). All other viroids apart from ASBVd and PLMVd

fall into the potato spindle tuber viroid (PSTVd) group which is further divided into the

PSTVd, apple scar skin viroid and the coleus blumei viroid subgroups on the basis of

differences in their CCR domains (Koltunow and Rezaian, 1989; Symons, I99La).
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L.2.2 Viroid-Like Satellite RNAs

Satellites are RNA molecules that are unable to replicate in cells without the

assistance of a specific co-infecting "helper" virus. They are not necessary for the

multþlication of the helper virus, and have no appreciable sequence homology with either

the helper virus or host genomes (reviewed by Murant and Mayo, L982; Francki, 1985;

Collmer and Howell,1992; Roossinck et ø1., L992). It is believed that the helper-encoded

RNA polymerase, with or without host encoded factors, is responsible for the replication of

satellite RNAs. The presence of a satellite usually interferes with helper-virus synthesis and

can have either an ameliorating or exacerbating effect on the normal disease symptoms

caused by the helper virus (reviewed by Collmer and Howell, 1992; Roossinck et al.,

1992). The particular disease symptom modulation can range across the whole spectrum of

disease symptoms; from asymptomatic to lethal necrotic. The particular effect which occurs

depends on the particular combination of helper virus species and strain, satellite sffain, host

species and cultivar and environmental conditions. The molecular basis for modulation of

symptom expression is not known. Plant viruses that can support satellites include members

from the following goups; Necro-, Tobamo-, Nepo- Luteo-, Cucumo-, Carmo-, Tombus-

and Sobemovirus (Mayo, 1991).

The satellite RNAs associated with four Sobemoviruses, VTMoV, SNMV, SCMoV

and LTSV, have certain properties in common with viroids (Gould, 1981; Gould and Hatta,

1981; Tien et al.,I98l; Francki et al. 1983: Jones et a|.,1983; Paliwal, I984a, b). Namely,

they are small, covalently closed circles of single-stranded RNA ranging in size from324 -

388 nucleotides and showing extensive base pairing into a rod-like secondary stucture with

small, single-stranded loop-out regions. However, these viroid-like satellite RNAs differ

from viroids in their sequence characteristics and in the fact that they are encapsidated within

the virions of the helper virus. Because of the similarities to viroids, the Sobemovirus

associated satellite RNAs have been called virusoids and are abbreviated as vVTMoV,

vSNMV, vSCMoV and vLTSV, respectively (reviewed by Symons, in press). Although

the I.C.T.V. uses the term, Type D satellite RNAs to describe viroid-like satellite RNAs

(Mayo, 1991), in this thesis, the term virusoids will be used for brevity.

1.2.3 Replication of Virusoids and Viroids
Viroids and virusoids are believed to replicate within host cells by a rolling-circle

mechanism (Branch and Robertson, 1984) (Figures 1.14 and B). Two types of rolling-

circle mechanism can be identified and are described as either symmetrical or asymmetrical

(Figures 1.1A and B, respectively). It is believed that ASBVd, PLMVd and vLTSV

replicate by the symmetrical mechanism while the PSTVd group of viroids and the remaining

virusoids replicate by the asymmetrical mechanism (Hutchins et al., 1985; Symons et al.,

1985; Branch et a1.,1988).



A

Figure l.L

Rolling Circle Models of Replication

Symmetrical

Plus-sense monomeric RNA circles are replicated into a continuous linear minus-

sense strand. This RNA is then processed (indicated by arrows) at one specific site

per monomeric unit thus producing a number of linear monomeric minus-sense RNAs

which are then circularised. The above process is then repeated on tho minus-sense

circles except that plus-sense monomeric RNAs are produced. Ligation of these

monomeric RNAs results in progeny that are able to tepeat the entire replication

process.

Asymmetrical

Plus-sense monomeric RNA circles are replicated into a continuous linear minus-

sense strand which is then replicated into continuous linear plus-sense RNAs.

Processing of these RNAs (indicated by arrows) at one specific site per monomeric

unit produces a number of linear monomeric plus-sense RNAs.

B
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The polymerase or polymerase-complex responsible for replication of these RNAs,

copies the circular monomeric template plus-sense RNA in a continuous manner with

concomitant displacement of the newly synthesised RNA. This produces an oligomeric

negative-sense RNA of varying length due to random dissociation of the polymerase from its

template. In the symmetrical mechanism, (Figure 1.14), this oligomeric RNA is cleaved at

specific sites into monomeric units which are then ligated by host encoded ligase(s) into

circular forms. These negative-sense circles are then replicated in the same or at least a

similar manner to ttre positive-sense circles, to produce an oligomeric positive-sense RNA.

This oligomeric RNA is then cleaved at specific sites and monomer length RNAs ligated to

form positive-sense circular RNA progeny. In the asymmetrical mechanism, (Figure 1.18),

the oligomeric negative-sense RNA is not cleaved but is directly replicated to produce an

oligomeric positive-sense RNA which is cleaved and ligated to give progeny RNA molecules

as in the symmetrical mechanism.

Obligatory to the rolling-circle mechanism of replication is some kind of site-specific

processing step in which the oligomeric RNAs are converted into multiple copies of RNA

monomers (Figures 1.14 and B). In the cases of ASBVd, PLMVd and the four virusoids,

these specific processing steps believed to occur via a self-cleavage reaction. This site-

specific self-cleavage activity is known to be directeÅ in vitro, and in the complete absence of

protein, by a conserved primary and secondary structure present in these RNAs (1.3.2).

For the PSTVd group of viroids, the mechanism of processing of oligomeric RNAs is

unknown, although it has recently been shown that RNase T1 from Aspergíllus oryzae (a

simple G specific RNase) can excise and circularise monomeric PSTVd from an in vitro

produced multimeric sequence (Tsagris et a1.,1991).

L.3 Ribozyme Systems

1.3.1 General Principles

The possibility that RNA alone could possess catalytic activity was first voiced by

Crick (1968) where he considered its possible role as a replicase. For RNA to be a true

catalyst, it must, through its physical and/or chemical properties, cause the acceleration of a

specific chemical reaction while ultimately being unaffected by this reaction. Furthermore,

one molecule of catalyst must be able to facilitate multiple sequential reactions; this concept is

often called multþle turnover. If the RNA molecule functions on itself and therefore

becomes irreversibly modified during the reaction, it will have only one turnover. However,

because the reaction rate has been increased over the rate for the spontaneous reaction, one

of the criterion for a catalyst has still been met. Therefore, such a reaction is termed quasi-

catalytic (Kruger et a1.,1982).
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Like all catalysts, an RNA catalyst must function by providing an alternative reaction

mechanism which has a lower activation energy than the spontaneous reaction. In the case

of RNA phosphodiester bond cleavage, the spontaneous rate has been estimated to be less

than 10-7 -¡r-t ¡tJlhlenbeck, 1991). Although biochemical doctrine had maintained that only

proteins could function as enzymes, it was felt that through base pairing and stacking, RNA

possesses enough tertiary structure and reactive goup potential to function as an enzyme.

Here the term, enzyme is used instead of catalyst and denotes any molecule that can act as a

catalyst in specific biochemical reactions.

In the case of enzymes made entirely from RNA, the term ribozyme has been coined

(Kruger et aI., 1982). A number of quasi- and true catalytic RNA molecules have been

discovered and characterised (Tables 1.2 and 1.3) (reviewed by Symons, 199lb, 1992).

Some of these RNAs are believed to have biologically significant roles while others have

been experimentally derived from these and have a purely in vitro existence. The only

cornmon features so far found for all ribozymes are their limitation to reactions involving the

phosphodiester bonds of RNA (except for Herschlag and Cech, (1990) and Robertson and

Joyce, (1990) where DNA is involved) and a requirement for metal ions (usually Mg2.)

(Pyle, 1993). The one possible exception is the 2.5S RNA component of rabbit I,4-u-

glucan branching enzyme which has been reported to catalyse the branching of
polysaccharides and does not require metal ions for activity (Shvedova, 1987).

1.3.2 Hammerhead-Directed Self-Cleavage

On prolonged storage of gel purified oligomers of in vivo isolated plus and minus

ASBVd, it was observed that specific "breakdown" of the molecules occurred, resulting in

the accumulation of monomer length RNAs (Prof. R. H. Symons, pers. comm.). At the

same time, self-cleavage of plus and minus RNAs of the satellite of tobacco ringspot virus

(sTRSV) was demonstrated ín vito (Buzayan et a1.,1986a, b; Prody et a1.,1986). The

self-cleavage of plus and minus sTRSV suggested the possibility that the observed ASBVd

"degradation" was due to a similar self-cleaving evont. To test this hypothesis, head-to-tail

dimeric oDNA clones of plus and minus ASBVd were constructed and used as templates for

the in vítro generation of RNA transcripts. These transcripts were then analysed for in vitro

self-cleavage activity during transcription and after gel-purification (Hutchins et a|.,1986).

The resultant RNA fragment patterns after electrophoresis were consistent with self-cleavage

events at unique sites within both the plus and minus ASBVd dimeric RNA transcripts.

These self-cleavage reactions were shown to be completely independent of proteins, the only

requirements being a pH range from 6 - 8.5 and the presence of a divalent cation (the most

efficient being Mgt.) (Hutchins et a1.,1986). As found for plus sTRSV, this self-cle avage

reaction produced characteristic 5'-hydroxyl and 2' ,3'-cyclic phosphate groups at the RNA



RNA present ¡na

Ribonuclease P

Group I introns

Group II introns

Newt satellite tr RNA

nanscript

Hepatitis delta virus

Neurospora mitochondrial

plasmid transcript

Yeast tRNA-Phe

L-19 and L-21 Sca I IVS

RNA experimental

constructs

Proces sing IRNA precursors

Self-splicing of ribosomal introns

Self-splicing of organelle intons

Unknown

Cleavage of oligomeric prscursors

Unknown

Unknown

RNA polymerase, ligase, kinase,

endonuclease,

phosphotransferase, or acid

phosphatase invitro
Self-cleavage invíto

Hydrolysis

TransesterFrcation

Transesterfication

Transesterfication

Notes

True catalyst

Requires a nucleotide cofactor

Involves a la¡iat structure

Hammerhead structure

Reaction in vívo (or ín vitro) End groups on cleaved Mechanism

RNA

5'-P

5'-P

5'-P

5'-OH

5'-OH

5'-OH

3'-OH

3'-OH

3'-OH

2',3'-cyclic P

2',3'-cyclic P

2',3'-cyclic P

Tlaþin' experimental

constn¡ct

Tlaþin' metalloribozymeb SeH-cleava ge invitro

a : Refe¡ences ciæd in Symons (l99lb).
b : Pan and Uhlenbeck (1992).

5'-OH 2',3'-cychcP Transesterfication Mnz* dependent

5'-OH 3'-P

5'-OH 2',3'-cyclicP Transesterhcation

Transesterfication

Transesterfrcation

Pbz*, Mg2*,2n2* or Eu3*

cofactor

True catalyst.

L-21 Sca I IVS RNA can

cleaveDNA

Transesterfication PbP* and Mg2* required.

followed by

hydrolysis

Table 1.2 Some RNAs Involved in Catalyzed Splicing/Cleavage Reactions
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termini (Hutchins et a1.,1986). It is believed that these end groups are generated by a

transesterhcation reaction where nucleophilic attack of the 2'-oxygen's unpaired electrons is

made onto the sissile phosphate (Taira et a1.,1990; Symons, 1992).

It has been proposed that self-cleavage is responsible for the processing steps in the

rolling-circle mechanism proposed for the replication of these pathogens (I.2.3 and Figure

1.1) (Symons et al., L987: Symons, 1990). Because vLTSV shows similar replication

intermediates to ASBVd, the possibility that vLTSV RNA may also self-cleave invitro was

investigated. Analogous to ASBVd, partial dimeric cDNA clones of plus and minus vLTSV

were constructed and results similar to those for ASBVd were found for the RNA tanscripts

(Forster and Symons, 1987a).

Identification of the unique self-cleavage sites in the RNA nucleotide sequences of plus

and minus ASBVd and vLTSV and in plus sTRSV allowed primary and secondary

structures in these regions to be compared. These comparisons revealed a significant degree

of similarity between these five regions. A secondary structure for the sequences around

these self-cleavage sites was proposed and named the hammerhead structure (Forster

and Symons, 1987a; Hertel et al., 1992). The main features of this structure are three base-

paired stems (I, II and III) positioned around an open single-stranded region and the

presence of 13 conserved nucleotides (Figure 1.2). Sequences capable of forming this

structure, in the presence of Mg2*, were subsequently shown to be all that is necessary for

the self-cleavage reaction to occur (Forster and Symons, 1987b). More recently, it has been

demonstrated that signifrcant self-cleavage can occur in a hammerhead structure that lacks

stem II (McCall et al., 1992). Sequences capable of forming the hammerhead structure have

since been identified in a total of 16 naturally occurring RNAs (Tables I.2 andl.3).

The hammerhead structure has also been assembled from two (and even three) soparate

molecules and shown to direct efficient self-cleave. Such a trans self-cleavage structure is

thought of as a true catalytic system since it shows multiple turnover of substrate RNA while

the ribozyme component is unmodified (Chapter 5).

In the case of the plant pathogenic RNAs, the hammerhead structure is believed to

provide the processing mechanism used in the rolling-circle replication mechanism. This is

suggested by the correlation between the presence of the structure in plus- or minus-sense

sequences with the observation of a symmetrical or asymmetrical rolling-circle mechanism of

replication (cf. Table 1.3). In addition, evidence of the self-cleavage event has been found

for some in vivo isolated virusoid and viroid RNAs were 5'-hydroxyl and 2',3'-cyclic

phosphate end groups or specific 2'-phosphomonoesters have been found in linear and



Figure t.2

Consensus Hammerhead Structure

Consensus hammerhead structure. This structure is composed of three base-paired

stems (I, II and trI) arranged about an open single-stranded region which contains 13

conserved nucleotides (boxed). The site of self-cleavage is indicated by an a:row. N

indicates any residue. Base-pai¡s are indicated by dots ('). Nucleotides I5.1, 15.2

and 17 are numbered after the convention of Hertel and co-workers (1992).
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circular RNAs, respectively (Kiberstis et a1.,1985; Prody et a1.,1986; Miller et al., L99L:

Marcos and Flores, 1993). In the latter case, such a modification is expected from the

ligation of linear RNA molecules produced by a self-cleavage reaction.

RNA
speciesu

Structure Polarity

sArMV

sTobRV

ASBVd

PLMVdb

vLTSV

vSNMV

vSCMoV

vVTMoV

sBYDV

CarSV"

Hammerhead

Hairpin

Hammerhead

Hairpin

Hammerhead

Hammerhead

Hammerhead

Hammerhead

Hammerhead

Hammerhead

Hammerhead

Hammerhead

+and-
+and-
+and-
+

+

+

+d and -

+and-

+

+

a : Abbreviations listed and references cited in Symons (1992).
b : Hemà¡ndez and Flores (1992).
c : Hemàrndez and co-workers (1992).
d: This sequence shows significant differences from the other

hammerhead structures.

Table 1.3 Plant pathogenic RNAs containing ribozyme sequences.
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1.4 Aims
The aims of the research reported in this thesis are divided into two parts.

The Complete Nucleotide Sequence of LTSY-NZ
o To determine the complete nucleotide sequence of the genomic RNA of LTSV-NZ.

o To propose a genome organisation for LTSV-NZ.
o To investigate possible functions for the putative gene products of LTSV-NZ through

comp arative sequence analYsis.

o To determine the evolutionary relationship of LTSV-NZ to SBMV-C andVTMoV and

their relationship with other viruses with single, single-stranded RNA genomes.

Characterisation of a Hammerhead Ribozyme System
o To construct an invítro ribozyme/substrate system based on the hammerhead structure

of the plus-sense hammerhead sequence of vLTSV-NZ.
o To demonstrate true catalytic activity for this ribozyme system and quantify its

Michaelis-Menten kinetic parameters.

o To determine an estimate of the activation energy for this seH-cleavage reaction.

o To investigate the possible effect to hammerhead-directed self-cleavage activity of a

ribozyme containing all deoxyribonucleotide residues.
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Chapter 2

Materials and Methods

2.l Materials

All general laboratory reagents were at least analytical grade in standa¡d and treated

as sterile. Reagents are listed below only were it is felt that a significant difference in

quality occurred between different manufacturers or methods of storage.

2.1.l Reagents

Agarose: Sigma Chemical Co., USA (FMC, USA for SeaKem@ GTG agarose).

Ampicillin (sodium salt): Sigma Chemical Co., USA. Stock solution (100 mg/ml in

water) stored at -20"C.

5-bromo-4-chloro-3-indolyl-p-D-galactopyranosid (BCIG or X-gal): Boehringer

Mannheim, Germany. Stock solution (24 mglml in redistilled dimethyl formamide

(DMF)) stored at-20oC.

5-bromo-4-chloro-3-indolyl phosphate (BCIP): Sigma Chemical Co., USA. Stock

solution (15 mg/ml in redistilled DMÐ stored at-20"C.

Dithiothreitol: Sigma Chemical Co., USA. Stock solution (0.1 M in water) stored at

-20"c.

Isopropyl-p-D-thiogalactopyranoside (IPTG): Sigma Chemical Co., USA. Stock solution

(20 mg/rnl in water) stored at -2O"C.

Kanamycin (sulphate salt): Sigma Chemical Co., USA. Stock solution (10 mg/ml in

water) stored at -20"C.

Nitro-blue-tetrazolium (NBT): Sigma Chemical Co., USA. Stock solution (30 mg/ml in

7 ïVo Dlvß) stored at -2Oo C.

Nycodenz@: Nyegaard and Co., Norway.

Phenol: B.D.H. Laboratories, Australia. Redistilled, saturated with Tris-HCl pH 8.0, 0.1

mM EDTA as described in Sambrook et aI. (1989) and stored in the dark at -20"C.

Polyethylene glycol (PEG) 8000: Sigma Chemical Co., USA.

Polyvinylpyrrolidone (PVP): Sigma Chemical Co., USA.
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Tetracycline (hydrochloride): Sigma Chemical Co., USA. Stock solution (10 mg/ml in

50Vo ethanol) stored at -20oC.

Nitrocellulose membrane (8485 0.45pm pore diameter): Schleicher and Schuell,

Germany.

DNA sequencing kits using û,-32P-dATP and the Klenow fragment of E. coli DNA

polymerase I (Klenow): Bresatec, Australia.

DNA sequencing kits using d-35S-dATP and modifiedTl DNA polymerase (Sequenase@

version 2.0) (Sequenase): US Biochemicals, USA.

Geneclean@ II and Mermaid@ kits: Bio 101, USA.

Magic Miniprep- DNA purification kit: Promega Corp., USA.

2.1.2 Proteins

AMV reverse transcriptase, RNAsin@: Promega Corp., USA.

Superscript@ M-MLV reverse transcriptase (RNase H-) (Superscript): Gibco-BRL, USA.

Poly-A polymerase: US Biochemical, USA.

Proteinase K, RNase H: Boehringer Mannheim, Germany.

Restriction endonucleases: Either Boehringer Mannheim, Germany, Pharmacia, USA or

New England Biolabs, USA.

T4 DNA ligase, T4 polynucleotide kinase (PNK), Klenow, bovine serum albumin

(nuclease free) (BSA), bacteriophage T4 gene product 32 (gp32), calf intestinal

alkaline phosphatase (CIP), T7 RNA polymerase: Bresatec, Australia.

Gelatin, cr-amylase from Aspergíllus orzyae, pancreatic RNase A, RNase P1, lysozyme:

Sigma Chemical Co., USA.

Vent DNA polymerase: New England Biolabs, USA.

RNase U2: Calbiochem, USA.

RNase Phy M: Prepared fuom Physarium polycephalum as described by Donis-Keller

(1980) by J. Cassidy.

2.1.3 Antisera

Rabbit anti-LTSV-NZ polyclonal antisera was a kind gift of Dr. R. Francki.

Goat anti-rabbit-IgG-alkaline phosphatase conjugate: Sigma Chemical Co., USA.

2.1.4 Synthetic Oligodeoxyribonucleotides

Synthetic oligodeoxyribonucleotides (primers) were prepared on an Applied

Biosystems Model 3808 DNA synthesiser either by Bresatec, Australia or by Dr. Niel

Shirely. All primers \vere unphosphorylated and purified from premature termination

products by Mono Q column, high pressure liquid chromatography (HPLC). Primers and

their abbreviations are listed in Table 2.1.



Primer name Primer sequence

sequencing primer 7ll7-2" (SP 7ll7 2') 5

SP7|I7-3" s

sP7ll7-4" s

SP 3/4119 s

SP 1-2o 5

sP 1-30 5

sP 1-40 5

reverse sequencing primer 1-2o (RSP l-2') 5

sP 2-20 5

sP 2-30 s

SP 2-4o s

SPTT 5

SPT3 5

pUCM13 forward sequencing primer 5

(M13 FSP)

pUCM13 reverse sequencing primer (M13 5

RSP)

ALIF5 5

BLIF5 5

5'-RNA-sequencing primer (SRSP) 5

5'-terminal-nt primer (STNP) 5

Internal RNA-sequencing primer (IRSP) 5

Random hexamer

P30 s

P58 s

P18 s

PDNAl3 5

ACA GGA AAC AGC TAT GAC

G-3'
TCG AGA TCG A (T) rz-3 '

GTC GAC TCG AGA TCG AT-3'
GGC ATA CAG GAT TGG AA-3 I

CTT TCT TCG CAT TAT TT-3 '

AGA GCG TGT AAT TCT AC-3'

'-GTT
'-GCT
I -TTT
r -Acc
I -TTC

' -GAG
I _ATA

, -cAc
' -cAc
'-CGG
I -TTG
I -TAA
I -CAA

' -GTA

' -cAc
CAT

' -GAC
I -GAC

' -CTT
I -GTT

'-GCG

I -TAC

GTC

'-GGG
TAT

ATA
I -TAA

'-GGG

A-3'
ccc cc-3 '

cAG CC-3 '

A-3'
GGA CA-3 1

TTC TG-3'
GAC CA-3 |

CAT GA-3 I

TCG AG-3 '

CTG GT_3 I

ACA AA_3 I

TAG GG_3 '

A'U\ GG_3 '

GT-3 '

TGA

GGG

CCT

GTA

GGT

GCT

GGA

CAA

GAG

ACA

TGA

AGA

GTC

GAÄ,

TAC

TTA

AAA

AAG

uut

TAA

CTT

GTC

GGA

GCC

CTT

AGT

TAA

GAG

GAC

ACC

CGA

ACG

GAT

ATC

GCC

GGC

TCC

AAC

CGT

GGC

TGA

TCT

TCA

CTC

ULr\¡

TGG

CGT

AGG

TTT

crc
TCT

TCA

TGC

AGT

AGT

UL(J

CTA

.Êtu .'l.

UU¿I

GTT TCG GCC CTA TAG

GTA TTA-3'
CCA TCT TC GTG AGC

CAC GCT CG ACG TAC

GTG AGT CGT ATT A_3'

TAC GAC TCA CTA TAG_3'

CCG A;U\ CGT A-3'

Table 2.1 Synthetic ologonucleotide primers : abreviations and sequences
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2.1.5 Nucleotides and Radionucleotides

Ultrapure deoxynucleotide triphosphates (dNTPs) and dideoxynucleotide triphosphates

(ddNTPs) at pH 7.0 in water and stored at-20oC: Pharmacia, USA.

Ribonucleotide triphosphates (NTPs) and ribonucleotide monophosphates (NMPs) at pH

7.0 in water and stored at-20oC: Sigma Chemical Co., USA.

cr-"p-dATp, 1-32p-ATp, cr-32P-urP (all 10 mci/ml) and c-3ss-dATP (L2.5 mci/ml):

Bresatec, Australia.

2.l.6Yector DNAs

pGE,l[43Zf(+): Promega Corp., USA (EMBL accession No. X65306).

Ml3mp18 and mp19 replicative form (RF): Bresatec, Australia (EMBL accession No.

x02513).

pBluescript SK(+): Snatagene, USA (EMBL accession No. X52325).

pUC19: (EMBL accession No. X02514)

2.1.7 Bacterial Strains

E. colí BB4: LE 392.23 {F',laqIcZ^M15, pro AB, Tn10 (TetR)}

E. coli JM101: supE, thi, A(lac-proAB), {F', traD36, proAB, LaqIqZAML5}, (r¡+, mn+),

mcrA*

E. coli DH5cr: F ', 089dlacZLlll4LS, recAl, endAl, gyrA96, thi-1, hsdR17(t-, ffir*),

supE44, relAl, deoR, L(IacZY A-argF)U196

2.1.8 DNA Molecular Weight Markers

Bacteriophage SPP1 DNA cut with EcoRI, pUC19 DNA cut with HpaII: Bresatec,

Australia.

Cucumber mosaic cucomovirus (Q strain) (CMV-Q) genómic and subgenomic RNAs

were a kind gift of Dr. Shou-V/ei Ding (Peden and Symons, 1973).

2.1.9 Common Solutions and Growth Media

LB: IVo (w:v) bacto-üTptone, 0.5Vo (w:v) yeast extract, l%o (w :v) NaCl, pH 7.0.

2 xYT 1.67o (w:v) bacto-tryptone,l%o (w:v) yeast extract, 0.57o (w:v) NaCl, pH 7.0.

min A: 1.057o (w:v) IçHPO4, O.457o (w:v) KHzPOa,O.IVo (w:v) (NH4)2SO4, 0.057o (w:v)

NarCitrate.2HrO, made to a volume of one litre. This solution was autoclaved, cooled

to 45oC and the following added from separately made solutions: 10 rrìl of 207o (w:v)

glucose, 0.8 ml of 1 M MgSOa, 0.5 ml of l%o (w:v) thiamine-HCl.

Sodium phosphate buffer p}J7.2: 6:4 (v:v) 0.2M Na2HPOa:NaH2PO4 diluted in water to

appropriate concentration.

Potassium phosphate buffer p}J7.2: 7:3 (v:v) 0.2 M Na2HPOa:KHrPOo diluted in water to

appropriate concentration.
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Phosphate buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 1.8 mM KH2POa, 11 mM

NazHPO¿, pH7.4

TE pH X: 10 mM Tris-HCl pH X, 1 mM EDTA

1 x TAE (electrophoresis running buffer): 40 mM Tris-acetate, 20 M sodium acetate, 1 mM

EDTA, pH 8.2.

1 x TBE (electrophoresis running buffer): 89 mM Tris-HCl, 89 mM boric acid, 2 rnNI

EDTA, pH 8.3.

Formamide loading solution: 957o formamidq20 mM EDTA, 0.05Vo bromophenol blue

(BB), 0.057o xylene cyanol FF (XC).

2.2 Methods

All methods were carried out according to Sambrook et al., (1989) or to the

manufacturers specifications, unless otherwise stated. Methods are outlined only where they

have been significantly adapted from their published form.

2.2.1 Propagation of LTSV-NZ
Dried samples of LTSV-NZ (satellite free) infected C. quinoa leaves were kindly

prepared by Dr. C. Davies from samples supplied by Dr. R. Forster. All dried leaf inocula

rwere stored at 4oC in sterile glass vials containing fused CaCl2 as the dehydrating agent.

Contact between leaf material and CaClz lilas prevented by a sterile cotton wool plug.

A small quantity of dried leaf inocula was ground to a paste in a few drops of 50 mM

sodium phosphate buffer p}l7.2,1 mM EDTA using an RNA free mortar and pestle kept at

OoC; the mortil and pestle were kept free of satellite RNAs by soaking in 0.1 M NaOH

followed by thorough rinsing in distilled water before and after every use. 2 or 3,2 to 3

week old C. quinoa were then mechanically inoculated with the extract using sterile

carborundum powder (500 mesh) as the abrasive. Plants had been heavily watered the night

before and kept in the dark for 12 hours (hrs) previous to inoculation. Inoculated plants

were grown in either a glasshouse or in a growth room kept at a 15 hr day length at 230

lumens/mz and 20oC. 7 - l0 days after inoculation, plants were tested for infection using the

dot immunobinding assay (2.2.2). Infected leaf material was harvested, and either stored or

used to infect 20 - 50 N. clevlandii, as before. 7 - L0 days after inoculation, all leaf material

was harvested and used for virus extracton (2.2.3).

2.2.2 Dot Immunobinding Assay

The method was adapted from Ligat et al., (1991).

Preparation of samples and filters: Leaf disks were punched out of query and

uninfected control leaves using the large end of a yellow gillson pipette tip. Each leaf

disk was ground in a separate eppendorf tube using a yellow gillson pipette tip in the

o
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presence of 20 pl of TBS-tween (20 mM Tris-HCl pH 7.5, 0.5 M NaCl, 0.057o

(v:v) Tween 20,0.5 M sucrose, 0.5 M glucose). The exffacts were clarified by

centrifugation at 16,fi)0 g-"". ât room temperature (temp.) for 5 minutes (min.s) and

then 1 pl of supernatant spotted onto nitrocellulose filters that had been presoaked in

20 mM Tris-HCl pH 7.5, 0.5 M NaCl for 30 min. at room temp. Filters were then

blocked by soaking in dilute healthy sap for 30 min. at room temp.; healthy sap was

prepared by grinding healthy leaf material in 40 pl of PBS per 2 cnP of leaf, clarified

by centrifugation as before, and the supernatant diluted 1:12 (v:v) in PBS.

o Specific antibody binding: Filter were blotted dry and then incubated for t hr. at room

temp. in the presence of rabbit anti-LTSV-NZ polyclonal antisera diluted 1:5000 (v:v)

in Ab-buffer (TBS-tween,27o (w:v) PYP,0.2Vo (w:v) BSA). Binding was carried

out in sealed plastic bags containing 50 pl of solution per 1 cm2 of filter. Filters

removed from the antisera solution were washed twice for 2O min. each, at room

temp., in 50 ml of Ab-buffer.

o Detection of bound specific antibody: Filters were blotted dry and then incubated for 1

hr. at room temp. in the presence of goat anti-rabbit-IgG-alkaline phosphatase

conjugate, diluted 1:5000 (v:v) in Ab-buffer. Solution volumes were as for specific

antibody binding. Filters removed from the anti-antisera solution were washed twice

for 20 min. each, at room temp., in 50 ml of AP-buffer (0.1 M Tris-HCl pH 9.5,

0.1 M NaCl,5 mM MgCl2). Finally, antibody binding lilas detected by incubating the

filters for up to 4 hrs at room temp., and in the dark, in AP-buffer containing 1.2

mg/ml NBT and 0.8 mg/ml BCIP. Colour development was stopped by washing the

filters in TE pH 7.5.

2.2.3 Yirus Extraction
Two separate plant virus extraction methods were used. The first was adapted from

Forster and Jones (1979) while the second was an adaptation of the method reported for the

extraction of VTMoV (Randles et a1.,1981). In both methods the final virus extract \ilas

tested for isolate identity using either the dot immunobinding assay (2.2.2) or the

Ouchterloney immunodiffusion test (2.2.4). Yield and an indication of the purity of the

virus were determined by U.V. absorbance spectroscopy using an extinction coefficient

@i::{\ of 5.2and an ff "r 
1.52 (Forster and Jones, rgTg).

2.2.3.1 LTSV-NZ Method
Infected leaves (usually 40 - 60 g) were freshly harvested (and kept on ice) before

being crushed in a roller-press (Erich Pollahne, Germany) in the presence of 1.5 volumes

(w:v) of extraction buffer (70 mM sodium phosphate buffer pIl7.2, 1 mM EDTA,O.IVo

thioglycollic acid). To the extract was then added, while stirring, 0.5 volumes (v:v) of
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CHCI3 and the mixture incubated at 4oC for 30 min. Particulate matter was sedimented by

centrifugation at 12,000 g-.*. ât 4oC for 15 min. Virus was then sedimented from the

aqueous phase by centrifugation at 183,000 gmax. ât 4oC for 1.5 hrs. The viral pellet was

resuspended, using a small glass rod, in 500 pl of sodium phosphate buffer p}l7.2,1 mM

EDTA and then clarified by centrifugation at 12,000 g-"^. ât 4oC for 15 min. Virus was

sedimented from the supernatant by centrifugation through 2 ml of 20Vo (w:v) sucrose at

183,000 g-"*. Írt 4"C for 1.25 hrs. Finally the pellet was resuspended in 1 ml of 20 mM

Tris-HCl pH 7.5, 1 mM EDTA and stored at 4oC or immediately used for the extraction of
viral RNA (2.2.5). Optionally, the virus suspension was layered on top of a preformed

Nycodenz@ gradient (ranging from 30 - 6O7o (w:v) in 70 mM sodium phosphate buffer pH

7.2, I mM EDTA) and centrifuged at 183,000 g-"*. Írt 4oC for 8 hrs in a fixed angle rotor

(Gugerli, 1984). Viral particles were visualised as a white band when viewed using an

oblique light, and were extracted from the gradient using a syringe and needle pierced

through the wall of the centrifuge tube. The virus containing fraction was then diluted in

70 mM sodium phosphate buffer pH 7 .2, 1 mM EDTA and the virus re-sedimented by

centrifugation at 183,000 g-,*. Írt 4"C for 1.25 hrs.

2.2.3.2 VTMoV Method

Infected leaves (usually 40 - 60 g) were freshly harvested (and kept on ice) before

being ground in a waring blender, in the presence of 5 volumes (w:v) of extraction buffer

(70 mM potassium phosphate buffer p}l7.2,3 mM EDTA, O.lVo thíoglycollic acid). After

filtration of the extract through muslin, the remaining particulate matter was sedimented by

centrifugation at 12,000 g-.,. Írt 4oC for 10 min. To the supematant was then added, while

stirring, 0.09 volumes (v:v) of n-butanol and the mixture incubated at 4"C for 20 min. The

2 phases were partitioned by centrifugation at 12,000 g-"*. at 4oC for 10 min. and the virus

sedimented from the aqueous phase by centrifugation at 200,000 9,"*. at 4oC for 4 hrs. The

viral pellet was resuspended, using a small glass rod, in 10 ml of 70 mM potassium

phosphate buffer pH 7 .2 and then clarified by centrifugation at 12,000 g-,*. ôt 4oC for 10

min. Virus was sedimented from the supernatant by centrifugation at 200,000 g,,". at 4oC

for 1.25 hrs and the pellet resuspended, using a small glass rod, in 1 ml of 70 mM

potassium phosphate buffer pIJ7.2. The viral extract was added to 1 ml of chloroform,

which had previously been saturated with 70 mM potassium phosphate buffer pH7.2, and

homogenised by vortexing for 20 seconds. The 2 phases were partitioned by

centrifugation at 16,000 B-"*. ôt room temp. for 2 min. and the organic phase back-

extracted with 1 ml of 70 mM potassium phosphate buffer pH 7.2. Virus was then

sedimented from the pooled aqueous phases by centrifugation at 200,000 g-"*. ÍÌt 4"C for 4

hrs and the viral pellet resuspended in 500 pl of 70 mM potassium phosphate buffer pH

7.2. Aliquots were either immediately used for the extraction of viral RNA (2.2.5) or

added to an equal volume of glycerol and stored at -20"C. Optionally, the viral suspension

was further purifred on a Nycodenz@ gradicnt as previously described (2.2.3.1).
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2.2.4 Ouchterlony Gel-Immunodiffusion Test

The method was adapted from Ouchterlony (1962). Agarose (0.757o (w:v)) was

made in 10 mM sodium phosphate buffer p}J7 .2, by heating the mixture at 80oC in a water

bath. After the gel mixture was cooled to approximately 65oC, freshly prepared NaN3 was

added to 0.0LVo (w:v) and then 10 ml of the solution was poured onto a glass slide. Holes,

approximately 1 cm apart, were punched in the gel using a gel cutting implement. Rabbit

anti-LTSV-NZ polyclonal antisera was placed in t hole and virus sample in the second

hole. The gel was incubated at 37oC overnight to allow antibody and antigen to diffuse.

The gel was then dried onto the glass slide and stained with 0.5Vo (w:v) Coomassie

brilliant blue R, 457o ethanol, L07o acetic acid and destained in 45Vo ethanol, lÙVo acetic

acid. The presence of LTSV-NZtnthe viral preparation was indicated by a blue precipitin

line between the virus and antibody holes.

2.2.5 Y iral RNA Extraction

A suitable aliquot of a virus preparation (usually in 50 mM phosphate buffer pH7.2)

(2.3.3) was digested in; 50 mM Tris-HCl pH 8.0, 0.57o SDS, 1 mM CaCl2,50 mg/ml

Proteinase K. Digestion was carried out at 45"C for 16 hrs and stopped by the addition of

EDTA to 10 mM. The mixture was then extracted with phenol:CHCl3 (1:1 v:v) and the

organic phase back-extracted with an equal volume of TE pH 8.5. The RNA was

recovered from the pooled aqueous phases by the addition of sodium acetate pH 5.2 to 0.3

M and 2.5 volumes of ice-cold ethanol, followed by storage at -20oC or -80"C for at least

30 min. and then centrifuged at 16,000 g-,*. Írt 4"C for 30 - 60 min. Samples were washed

in ice-cold TOVo ethanol, dried in vacu.o and resuspended in a suitable quantity of 1 mM

EDTA.

2.2.6 Synthesis of cDNA by Gubler and Hoffman Method

cDNA clones of LTSV-NZ genomic RNA were generated by an adaptation of the

method of Gubler and Hoffman (1983), as outlined below;

. First-strand synthesis: Approximately 5 pg of viral RNA (2.2.5) was mixed with 5
pg of random hexamer primer in the presence of 10 mM methyl mercuric hydroxide

and incubated at room temp. for 15 min. p-mercaptoethanol was then added to 35

mM and the incubation allowed to proceed for a further 5 min. Annealed

RNA/primer mixture was then used for first-strand synthesis under the following

conditions; 50 mM Tris-HCl pH 8.3, 50 mM KCl, 4 mM NaaP2Oz (made fresh), 1

mM EDTA, 10 mM MgCl2, 1.25 mM dNTPs, L2 mg/ml gelatine, 1 unilpl RNAsin@,

0.5 units/pl AMV reverse transcriptase, in a total volume of 100 pl. A 5 ¡rl aliquot

of the reaction mix was taken and added to 5 pci of dried down o-32P-dATP. Both

reactions were incubated at 42"C for 1.5 hrs. A small aliquot of the radioactive side-

reaction was electrophoresed on an alkaline agarose gel to check the degree of cDNA
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synthesis (2.2.7). The main, non-radioactive, reaction was stopped by the addition of
EDTA to 10 mM and the nucleic acid recovered, after phenol:CHcl3 (1:l v:v)

extraction, by ethanol precipitation, as in 2.2.5.

o Second-strand synthesis: First-strand cDNA was resuspended in;20 mM Tris-HCl

pH 7.5, 100 mM KCl, 10 mM (NÉI4)zSOo, 5 mM MgC12, 1 mM DTT, 0.25 mM
dNTPs, 0.1 mglml BSA, 0.018 units/pl RNase H, 0.3 units/¡rl E. coli DNA

polymerase I, in a total volume of 100 pl. The reaction was incubated at 14oC for 60

min. followed by 22"C for 60 min. and stopped by the addition of EDTA to 10 mM.

The cDNA was recovered, after phenol:CHCl3 (1:1 v:v) extraction, by ethanol

precipitation, as in 2.2.5.

. Repair of single-stranded nicks: cDNA from the second-strand synthesis was

resuspended in 50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM DTT, 0.5 mM ATP,

0.05 units/pl T4 DNA ligase in a volume of 10 pl. The reaction was incubated at

room temp. for t hr. and stopped by the addition of EDTA to 10 mM. The cDNA

was recovered, after phenol:CHCl¡ (1:1 v:v) extraction, by ethanol precipitation, as

in2.2.5.

. Repair of ragged ends: cDNA was resuspended in 50 mM Tris-HCl pH 8.5, 50 mM

NaCl, 10 mM MgCl2, 1 mM DTT, 5 pM dNTPs, 0.1 units/pl T4 DNA polymerase,

in a volume of 50 ¡tt. The reaction was incubated at 37"C for 30 min. and stopped by

the addition of EDTA to 10 mM. The cDNA was recovered, after phenol:CHCl3 (1:1

v:v) extraction, by ethanol precipitation, as in 2.2.5.

2.2.7 Alk'aline Agarose Gel Electrophoresis

The method was adapted from Sambrook et al. (1989). Agarose slab gels (usually

lVo (w:v)) in 50 mM NaCl, 1 mM EDTA were equilibrated in alkaline running buffer (30

mM NaOH, 1 mM EDTA) for 30 min. prior to loading and electrophoresis of DNA

samples. DNA samples were mixed with an equal volume of 20 mM NaOH, 1 mM

EDTA, 20Vo (v:v) glycerol, 0.025Vo (w:v) BB (added fresh), and then loaded onto the

submerged gels. Gels were elecÍophoresed at approximately 7.5 V/cm until the BB had

migrated 3/4 of the length of a gel. Gels were then removed from the running buffer and

soaked in77o trichloroacetic acid for 30 min. to netrtralise the NaOH. After neutralisation,

the gels were dried down onto filter paper using a Biorad 583 gel drier, and the DNA

visualised by autoradiography.
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2.2.8Poly-A Tailing of RNA

Purified viral RNA (2.2.5) was 3'-poly-A tailed using poly-A polymerase according

to the manufacturer's directions as outlined below:

Approximately 0.5 ttg of viral RNA was denatured in the presence of 1 mM EDTA

by heating at 80oC for 2 min. followed by snap-cooling on ice. Poly-A addition was

carried out on the denatured RNA under the following conditions; 40 mM Tris-HCl pH

8.0, 250 mM NaCl, 2.5 mM MnCl2, 10 mM MgC12, 250 mM ATP, 0.05 mglml BSA, 1.5

units/pl poly-A polymerase, in a volume of 20 pl. The reaction was incubated at37oC for

30 min. and stopped by the addition of EDTA to 10 mM. The RNA was recovered, after

phenol:CHCl¡ (1:1 v:v) extraction, by ethanol precipitation, as in 2.2.5.

2.2.9 Synthesis of cDNA by the Polymerase Chain Reaction

o First-strand synthesis: Viral RNA or poly-A tailed viral RNA was annealed to 200

ng of the appropriate primer in the presence of 1 mM EDTA by heating at 80oC for 2

min. followed by snap-cooling on ice. The annealed RNA/primer mixture was then

used for reverse transcription under the following conditions; 10 mM Tris-HCl pH

8.5, 50 mM KCl, 5 mM MgCl2, 10 mM DTT, 1 mM dNTPs, 1 unilpl RNAsin@,

0.75 units/pl AMV reverse transcriptase, in a reaction volume of 20 ¡tl. The reaction

was incubated at25"C for 5 min. followed by 37"C for 5 min. followed by 45oC for

30 min. followed by 50"C for 5 min. 1 ¡tl of an RNase TU'fz mixture (prepared

from cr-amylase by the method of Lichtler et al. (L992)) was then added to the

reaction mix and incubated at 25"C for 15 min. The reaction was stopped by the

addition of EDTA to 10 mM and the first-strand cDNA recovered, after

phenol:CHCl¡ (1:1 v:v) extraction, by ethanol precipitation, as in 2.2.5.

o Amplification of cDNA by the polymerase chain reaction (PCR): 0.17o of the first-

strand cDNA was added to; 0.01 pgltl of each of the appropriate primers, 20 mM

Tris-HCl pH 8.8, 10 mM (NIt)rSO4, 2 mM Mg2SOa, 0.L7o Tnton X-100, 0.4 mM

dNTPs, 0.1 pglpl acetylated BSA, 0.2 units/pl Vent DNA polymerase, in a total

volume of 100 pl and covered by 100 pl of sterile paraffin oil. The reactions were

carried out in 0.5 ml tubes using a thermal cycler machine (Corbett Research, model

FTS-l). Cycle conditions were: 30 cycles at 94oC for 45 seconds, 53"C for 25

seconds, 72"C for 1 min. followed by 1 cycle at 72oC for 5 min. 'No template'

controls were included in all reactions to guard against contamination.

Aliquots of the reactions were electrophoresed on 1 - ZVo agarose gels (in 1 x TAE)

essentially as described by Sambrook et al. (1989). PCR products were excised from the

gels and extracted from the agarose slices using geneclean@ II, according to the

manufac turer' s directions.
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2.2.10 Ligation of cDNA into DNA Vectors and Transformation into E. colí

Double-stranded vector DNA (phagemid or M13mpI8/I9 RF DNA) was linearised

with the appropriate restriction enzymes, according to the manufacturer's directions.
'Where appropriate, the DNA was dephosphorylated using CIP, according to the

manufacturer's directions. In either case, linearised vector DNA was purified by

electrophoresis on LVo agarose gels (in 1 x TAE) essentially as described by Sambrcok et

al. (L989). The DNAs were excised from the gels and extracted from the agarose slices

using geneclean@ II, according to the manufacturer's directions.

o Ligation: For dephosphorylated vectors, approximately 20 ng of the linearised DNA

was incubated with the insert DNA at a molar ratio of approximately 1:3

(vector:insert) in the presence of; 50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM

DTT, 1 mM ATP and either 0.025 units/¡rl (blunt ended insert) or 0.005 units/pl

(sticky ended insert) of T4 DNA ligase, in a reaction volume of 10 pl. Reactions

were incubated at 25oC for at least t hr. for sticky ended inserts or overnight for

blunt ended inserts. Non-dephosphorylated vectors were treated in the same manner

as dephosphorylated vectors, except the amount of linearised vector DNA used was

decreased to 5 ng (Haqqi, 1992).

o Preparation of competent cells: E. colí (BB4 for pGem3Zf(+), JM101 for

M13mp18/19 or DH5cr for pBluescript SK(+)) was transformed by a method adapted

from Hanahan (1985). The relevant E. colí strain was picked from a single colony

and grown overnight at37oC in min A media. A 1:100 (v:v) dilution of this culture

was then made into 2 x YT (for BB4 cells this included 10 pgiml tetracycline) and

grown at 37oC to log phase (4600 0.4 - 0.6). After chilling on ice, the cells were

sedimented by centrifugation at 4,000 B-"*. Írt 4 "C for 10 min. and resuspended in

ice-cold 0.1 M CaCI2to 0.17o of the original culture volume. The resuspended cells

were then incubated on ice for at least t hr. prior to use.

o Transformation/transfection: An aliquot (usually 0.1Vo) of the relevant ligation

reaction, or 5 ng of uncut vector for control, was mixed with 100 pl of competent

cells in a pre-cooled eppendorf tube and incubated on ice for t hour. Cells were heat

shocked at 42"C for exactly 90 seconds in a water bath, followed by incubation on

ice for 5 min. For pGEM3Zf(+) and pBluescript SK(+), 1 ml of LB was added to the

tubes and the cells incubated at 37"C in a rotating vertical wheel for 30 min. The

cells were then sedimented by centrifugation at 16,000 g-"*. Írt room temp. for 2 min.

and the bacterial pellet resuspended in 200 ¡tl of LB containing 30 mg/rnl BCIG, 20

mg/ml IPTG. The mixture was spread onto LB-agar plates containing 100 pglml

ampicillin and incubated, inverted, at37"C overnight. For Ml3mpl8/I9,100 pl of

log phase E. coli JM101 containing 30 mglml BCIG, 20 mg/m\ IPTG were added to
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the heat-shocked cells and mixed. The culture was then added to 3 ml of LB-agar

(0.7Vo (w:v)) which had been pre-cooled to 42"C. The agar was mixed and then

poured onto LB-agar plates which were then incubated, inverted, at37"C overnight.

o Selection of clones: Recombinant-vector containing colonies or plaques were

selected using the blue/white colour selection method (Yanish-Peron et al., 1985).

Plasmid or Ml3mpl8ll9 RF DNA were prepared from these clones (2.2.11.1) and

the presence and orientation of inserts determined by restriction enzyme digestion

analysis.

2.2.11 Preparation of Double-Stranded Vector DNA

Double-stranded vector DNA (phagemid or M13mpl8/I9 RF DNA) was prepared by

one of three methods depending on the quantities and purity of the DNA required.

o For small amounts of relatively crude DNA, an adaptation of the boiling lysis

method (Sambrook et a1.,1989) was used (2.2.1L.1).

o If highly purified DNA was required, as for double-stranded sequencing, a Magic

Miniprep* DNA purifrcation kit was used according to the manufacturer's directions.

o For large amounts of pure DNA, an adaptation of the method of Skingle and co-

workers (1990) was used (2.2.L1.2).

In all three cases, an overnight culture of phagemid was prepared by picking the

relevant clone, either from a single colony or from glycerol stock, into LB containing 100

f,rglrnl ampicillin (for BB4 cells this includes 10 pglrnl tetracycline). For M13mpl8/19,

the relevant clones were picked, either from a single plaque or from afrozen culture, into 2

mlof 2xYT whichhadpreviouslybeenseededwithanovemightculture of E.colí JM101

(1:100 (v:v) dilution from a fresh min A culture). The cultures wero then incubated in 10

ml plastic tubes in a rotating vertical wheel at37"C for 5 hrs.

2.2.11.1 Boiling Lysis Method

In the following method, all centrifugation stops were at 16,000 g-.*. and 4oC. 1.5 ml

of an overnight culture of the relevant clone was centrifuged for 5 min. and the pellet

resuspended in 300 pl of 100 mM NaCl, 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 5Vo (v:v)

Triton X-100, 0.7 mg/ml lysozyme, by brief but vigorous vortexing. The mixture was

boiled for exactly 40 seconds in a water bath and the resultant cellular debris sedimented

by centrifugation for 15 min. The pellet \ryas removed using a sterile tooth-pick and the

supernatant re-centrifuged for 15 min. The supernatant was carefully removed and20 ¡tg
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of DNase-free RNase A added (RNase A prepared according to Sambrook et al., 1989).

After incubation at room temp. for 5 min. the DNA was recovered by the addition of
sodium acetate pH 5.2 to 0.3 M and 1 volume of ice-cold isopropanol, followed by

incubation at room temp. for at least 10 min. and centrifuged at 16,000 g-"*. êt 4oC for 15

min. Samples were washed in ice-cold 707o ethanol, dried in vacuo and resuspended in a

suitable quantity of 1 mM EDTA.

2.2.11.2 Large Scale Method

100 ml of an ovemight culture of the relevant clone was centrifuged at 4,000 9,"* at

4oC for 10 min. The bacterial pellet was resuspended in 15 ml of 25 mM Tris-HCl pH 8.0,

10 mM EDTA, 50 mM glucose and the mixture frozen at -20oC. To the thawed

suspension was added 30 ml of freshly prepared lVo (w:v) SDS, 0.2 M NaOH and the

mixture incubated on ice for 10 min. with occasional swirling. The mixturo was

neutralised by the addition of 18 ml of 3 M sodium acetate pH 4.6 followed by incubation

on ice for 10 min. Cellular debris was sedimented by centrifugation at 15,000 g-,*. at 4oC

for 20 min. and the supernatant carefully removed and then re-centrifuged as before.

DNase-free RNase A was added to the supematant to a concentration of 50 pglml and then

incubated at 37"C for 30 min. (RNase A prepared according to Sambrook et al., 1989).

The mixture was phenol:CHCl3 (1:1 v:v) extracted twice and the nucleic acid recovered

from the aqueous phase by ethanol precipitation using 0.3 M sodium acetate pH 5.2 and

centrifugation at 12,000 B-",. Írt 4"C for t hr. The nucleic acid pellet was resuspended in 1

ml of 0.3 M sodium acetate pH 5.2, 1 mM EDTA, 2OVo ethanol and filtered through a

millipore filter (0.2 pm pore size) before being loaded onto a Sepherose 6 HPLC column.

Fractions containing DNA were pooled and the DNA recovered by ethanol precipitation

using 0.3 M sodium acetate pH 5.2 as before.

2.2.12 Preparation of Single-Stranded Phagemid DNA

In the following method, all centrifugation steps rwere at 16,000 g-"*. and 4oC, all

liquid media contained 100 ttglml ampicillin and 10 tlglmI tetracycline. A 1:100 (v:v)

dilution of an overnight culture of the relevant clone was made into LB and grown at37oC

to log phase (4600 0.4 - 0.6). This culture was then diluted 1:20 (v:v) into LB containing

0.017o (w:v) thiamine and approximately 1 x 10t0 plaque forming units (pfus) of Ml3K07

helper phage (Viera and Messing,1987). The culture was incubated with vigorous shaking

at37"C for t hr. and then kanamycin added to70 ¡tglml. The culture was then incubated

at37oc overnight with vigorous shaking.

2 ml aliquots of the overnight culture were centrifuged for 15 min. and the

supernatant re-centrifuged for a further 15 min. 1 ml of the supernatant was carefully

removed and added to 250 ¡tl of 207o (w:v) PEG,3.25 M ammonium acetate and incubated

on ice for 30 min. Phagemids were then sedimented by centrifugation for 15 min. and all
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trace of supernatant removed. The phagemid pellets were resuspended in TE pH 8.5 and

the phagemid DNA recovered after phenol extraction twice followed by ethanol

precipitation, as in 2.2.5.

2.2.13 Preparation of Single-Stranded M13 DNA
In the following method, all centrifugation steps were at 16,000 g,.*. and 4oC. 1.5 ml

of a 5 hr culture was centrifuged for 15 min. and the supernatant re-centrifuged for a

further 15 min. 1 ml of the supernatant was carefully removed and added to 200 ¡tl of 20Vo

(w/v) PEG, 2.5 M NaCl and incubated for 5 min. at room temp. followed by 15 min. on

ice. Phage were sedimented by centrifugation for 10 min. and all traces of supernatant

removed. The phage pellet was resuspended in 120 ¡tl of 50 mM Tris-HCl pH 7.5, 5 mM

EDTA, 0.5Vo (w:v) SDS and phage DNA recovered after phenol extraction twice followed

by ethanol precipiøtion, as in 2.2.5.

2.2.14 DNA Sequencing

Dideoxy chain termination sequencing (Sanger et al., 1977) was carried out using

either Klenow or Sequenase sequencing kits and either single- or double-stranded DNA

templates using adaptations of the relevant manufacturers' directions. Occasionally, in

both types of sequencing reactions, gp32 was included at a final concentration of 0.3

pslþr.

2.2.14.1 Usin g Klenow Fragment
o Annealing: 6 pl of single-stranded DNA (2.2.12 and 13), was annealed to 25 ng of

the appropriate sequencing primer in the presence of 10 mM Tris-HCl pH 8.0, 10

mM MgClr, in a final volume of 10 lrl, by incubating at75"C for 3 min. followed by

37oC for 15 min. Double-stranded DNAs were annealed as described in 2.3.14.2.

o Sequencing: To the annealed templateþrimer DNA was added 1 pl of cr-t?-dAtp
and 0.1 pl Klenow (10 units/pl). 2 pl aliquots of this mixture were then added to 2

pl of each termination mix (manufacturer's concentrations) and the reactions

incubated for 10 min. at 37"C. The termination reactions were chased by the

addition of 1 pl of chase solution (manufacturer's concentrations) containing 0.4

units/¡rl Klenow and incubated for a further 10 min. Reactions were stopped by the

addition of 4 pl of formamide loading solution.

. Electrophoresis: Aliquots of the sequencing reactions were electrophoresed on a

0.25 mm thick, 1 x TBE, 7 M urea, 6Vo polyacrylamide gel. Gels were pre-

electrophoresed for at least 30 min. before loading. The reactions were denatured by

heating at 100oC for 2 min. followed by snap-cooling on ice and were initially run

into the gels at 500 V for 15 min. Continued electrophoresis was carried out at 1,250
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V for the appropriate length of time. For short electrophoresis times, un-buffered

sodium acetate was added to the bottom buffer to 0.3 M and electrophoresis carried

out as normal. Gels were fixed by submersion in 2 litres of 10Vo acetic acid,2}Vo

ethanol for at least 30 min. and then dried onto paper using a Biorad 583 gel drier.

Sequencing bands were visualised by autoradiography without the use of an

intensifying screen.

2.2.14,2 Usin g Sequenase
o Denaturation and Annealing: 2 - 3 pg of double-stranded DNA (2.2.11) was

denatured in 0.2 M NaOH, 0.2 mM EDTA by incubation at 37oC for 30 min.

followed by neutralisation by the addition of sodium acetate pH 5.2 to a final

concentration of 0.3 M. The DNA was recovered by ethanol precipitation, as in

2.2.5. Denatured DNA was resuspended with 25 ng of the appropriate sequencing

primer in the presence of 40 mM Tris-HCl pH 7.5, 20 mM MgCl2, 50 mM NaCl in a
volume of 10 pl, by incubating at 37oC for 15 min.

o Sequencing: To the annealed templateþrimer DNA was added 0.5 pl G-35S-dATP, 2

pl of labelling mix (1.5 - 7.5 ¡rM dCTP, dGTP, dTTP), 1 pl 100 mM DTT and2 ¡tl
of Sequenase (13 units/pl). The mixture was incubated at room temp. for 2 - 5 min.

and then 3.5 pl aliquots added to 2.5 pl of each termination mix (80 pM dNTPs, 50

mM NaCl plus, either A, C, G or T : 8 pM ddATP, ddCTP, ddGTP or ddTTP,

respectively) which were then incubated at 37"C for 3 - 5 min. Reactions were

stopped by the addition of 4 pl of formamide loading solution. To resolve

compression a¡tefacts, sequencing reactions were carried out as before except that, in

all cases, dITP was substituted for dGTP at the same concentrations except for the

labelling mix (were dITP concentrations were 3 - 15 pM) and the ddG termination

mix (were dITP concentrations were 160 pM). Aliquots of the sequencing reactions

were electrophoresed as previously describe d (2.2.14.L).

2.2.15 Direct Sequencing of RNA by Primer Extension
o 5'-labelling and purification of primer: The appropriate primer \ilas 5'-32P-labelled

using PNK and T-32P-ATP according to the manufacturer's directions. The primer

was electrophoresed on a 0.5 mm thick, 1 x TBE, 7 M urea, ll%o polyacrylamide gel

and excised. The primer was then extracted from the gel slice by elution overnight

in 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 0.17o (w:v) SDS, at 37oC. Sodium acetate

pH 5.2 was added to the eluant to 0.3 M followedby 2.5 volumes of ethanol. The

mixture was incubated at -20"C overnight and then centrifuged at 16,000 g-"*. for 1

hr. The DNA pellet was then resuspended in TE pH 8.0 and then further purified

using Mermaid@ according to the manufacturer's directions.
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. Sequencing: 50 ng of gel-purified 5'-32P-labelled primer was annealed to

approximately 1 pg of viral RNA in the presence of 1 mM EDTA, and in a volume

of 5 ¡rl, by incubating at 80oC for 1 min. followed by snap-cooling on ice. 15 pl of
reaction mix (83.3 mM Tris-HCl pH 8.3, 125 mM KCl, 5 mM MgCl2, 6.7 mM DTT,

2.7 units/¡rl RNasin@, 13.3 units/pl Superscript) was then added and mixed. 4 ttl
aliquots were then dispensed to 1 pl of termination mixes (A : 25 pM dNTPs + 0.25

mM ddATP, C : 2.5 pM dNTPs + 0.25 mM ddCTP, G : 2.5 pM dNTPs + 0.25 mM

ddGTP, T :25 pM dNTPs + O.25 mM ddTTP or - : 2.5 ¡tM dN'IPs). The mixtures

were incubated at 42"C for 30 min. and then I pl of chase solution (0.25 mM

dNTPs) was added and the reactions continued for a further 15 min. The reactions

were stopped by the addition of 4 pl of formamide loading solution. Aliquots of the

sequencing reactions were electrophoresed as previously described (2.2.L4.L).

2.2.16 Determination of S'-Terminal Nucleotide Identity by Primer Extension

The method was adapted from the "plus/minus sequencing" method of Chin and co-

workers (1993). 50 ng of gel-purified 5'-32P-labelled-5TNP primer (prepared as previously

described (2.2.15)) (Table 2.1) was annealed to approximately 1 pg of viral RNA in the

presence of 1 mM EDTA, and in a volume of 10 pl, by incubating at 80oC for 1 min.

followed by snap-cooling on ice. 160 ¡tl of reaction mixture (12.5 mM Tris-HCl pH 8.5,

25 mM KCl, 6.25 mM MgClz,I.25 mM DTT, 2 units/pl RNasin@) was then added and

mixed. 15.5 pl aliquots were dispensed to 4 pl of nucleotide mixtures (- : water, N : 1

mM dNTPs, dd : 10 pM dNTPs + 1 mM ddNTPs, A, C, G andT : 1 mM dATP, dCTP,

dGTP and dTTP, respectively, -A : 1 mM dCTP + dGTP + dTTP, -C : 1 mM dATP +

dGTP + dTTP, -G : 1 mM dATP + dCTP + dTTP, -T : 1 mM dATP + dCTP + dGTP) and

then 0.5 ¡rl of Superscript (200 unitsþl) added. The mixtures were incubated at 42oC for

10 min. and stopped by the addition of 16 pl of formamide loading solution. Reaction

mixtures were denatured by heating at 100oC for 2 min. followed by snap cooling on ice

for 5 min. 10 pl aliquots were run on a 0.5 mm thick, 1 x TBE, 7 M urea,2ÙVo

polyacrylamide gel. Sequencing bands were visualised by autoradiography at -80oC.

2.2.17 Computer Assisted Analysis of Sequence Data

Sequence data were analysed using a number of different sequence analysis

programs that were compiled and executed on the computer systems provided by the

Australian National Genome Information Service, Sydney (ANGIS). Mainly two software

packages were used;

. GCG programs: Version 7.3, developed by the Genetics Computer Group, Inc.,
'Wisconsin, USA (GCG) (Genetics Computer Group, 1991).
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. Staden progmms: Version 1993.0.6 developed by Staden (Gleeson and Staden, 7991:

Staden, L993).

In addition to these program packages, individual programs were used for the

assessment of the significance of sequence alignments (2.2.t7 .2), for searches of biological

sequence data bases for the identification of similarities with the derived protein products

of LTSV (and SBMV-C) (2.2.17.3) and for the estimation of phylogeny for Sobemoviruses

(2.2.17.4).

2.2.17.1GCG Programs

Similarities between pairs of nucleic acid or amino acid sequences were assessed

visually using dot-plots. Comparisons \ilere carried out using COMPARE and plotted

using DOTPLOT. For amino acids sequence comparisons, a symbol comparison table

based on the Dayhoff PAM-250 matrix which compares amino acids (a.a.) on the basis of
identity and evolutionary distance, was used (Dayhoff et al., L978; Genetics Computer

Group, 1991). In all sequence comparisons, window length and match stringencies were

adjusted on an individual and subjective basis so as to minimise the signal-to-noise ratio of
the dot-plots and are indicated in the relevant figure legends.

Global and local nucleic acid or amino acid sequence pairwise alignments between

known or suspected closely related sequences were carried out using GAP and BESTFIT,

respectively. As above, a modified Dayhoff PAM-250 matrix was used for the symbol

comparison table. GAP and BESTFIT used the algorithm of Needleman and Wunsch

(1970) and Smith and'Waterman (1981), respectively. Default values were used for gap

and gap-length weights (5 and 0.3 for nucleic acids and 3 and 0.1 for protein sequences).

V/ith respect to these alignments, the identity metric referred to the percentage of residues

that exactly matched. For protein sequences, the similarity metric referred to the

percentage of residues that were either matching or showed similar chemical

characteristics (e.g., hydrophobicity). The statistical significance of alignments were

assessed using both the quality metric and the programs rdf2 and rd.f2g Q.2.L7.2)
(Pearson, 1990). Multiple amino acid sequence alignments were constructed using

PILEUP and were assessed, and possibly modified if required, using information from

global and local pairwise alignments. As above, a modified Dayhoff PAM-250 matrix was

used for the symbol comparison table and default values were used for gap and gap length

weights (3 and 0.1, respectively). The average similarity across a multiple alignment was

calculated and plotted using PLOTSIMILARITY with the default window size (10

residues). Profiles of published or constructed multiple sequence alignments were made

using PROFILEMAKE (Gribskov et a1.,1990). Query sequences were tested against

these profiles using PROFILGAP.
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The isoelectric point of deduced proteins were calculated using ISOELECTRIC.
However, the result from this program could only be considered an estimate because the

algorithm used assumed that no electrostatic interactions occur that would perturb

ionization. The locations of basic, acidic, hydrophobic and hydrophilic residues and the

hydropathy measure were plotted using PEPPLOT. The algorithm used for the

measurement of hydropathy was based on the method of Kyte and Doolittle (1982) and

used the default window size (9 residues). Surface probability and antigenicity predictions

were made using PEPTIDESTRUCTURE and plotted using PLOTSTRUCTURE. The

surface probability was calculated using an algorithm based on that of Emini and co-

workers (1985). Antigenic index was calculated by summing several weighted measures

of predicted secondary structure (Jamerson and V/olf, 1988). RNA primary structures

were investigated using STEMLOOP and REPEAT. Secondary structure predictions

based on thermodynamic stability were made using MFOLD and PLOTFOLD which are

based on the algorithms of Zuker (Zuker,1989; Jaeger et a1.,1989).

2.2.17.2 Assessment of Significance of Alignments

Estimates of the statistical significance of GAP and BESTFIT calculated alignments

were evaluated by comparing the quality metric for a given alignment to the average

quality metric obtained from 20 alignments were one of the sequences was shuffled each

time (the Monte Carlo method). The quality metric for alignments were calculated using

the equation;

Quality Total M. from comparison table

- (G*r X no. of gaps)

- (GL*t X total gap-length)

where Mr is the match score, Gyy¡ is the gap weight and GLyy¡ is the gap-length

weight.

However, it should be noted that this method is limited in its accuracy due to the

statistical properties of biological sequences which may contain local regions of sequence

bias (Lipman et al., 1984; reviewed by Heijne, 1987). Therefore, a more robust method

for assessing the statistical signifrcance of sequence alignments was obtained using a local

shuffling procedure which is a modification of the Monte Carlo method (Lipman et al.,

1984; Peatson, 1990). In this procedure, two sequences are aligned and then the second

sequence is shuffled in small blocks of sequence (usually 10 residues) and a new alignment

made. By comparing the unshuffled alignment with the mean of 200 shuffled alignments,

an estimate of whether the similarity score is due to true sequence similarity or simply due

to a locally biased sequence composition can be made (Lipman et al., 1984; Pearson,

1990). These procedures were carried out using the programs rdf2 and rdf2g, which differ
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in using local or global alignments, respectively (Pearson, 1990). The calculated z values

represent the standard deviation of the query alignment from the mean of the shuffled

alignments. It has been empirically determined that z values greater than nine represent

statistically significant alignments (Lipman et al., L984: Pearson, 1990). However, it
should be noted that these programs calculate local and global alignments using the

FASTA algorithm (2.2.17.3) rather than the Smith and Waterman or Needleman and
'Wunsch algorithms and therefore may calculate z values for different alignments than

those determined by GAP and BESTFIT (Pearson and Lipman, 1988). However, the

differences in the alignments were expected to be small and therefore the calculated z

values were assumed to be close approximates for the significance of the GAP and

BESTFIT generated alignments (Dr. W. Pearson, pers. comm.).

2.2.17 .3 Databases Searches

Database Release

Brookhaven Protein Data Bank

SV/ISS-PROT

PIR

GenBank

CDS translations from GenBank

Vector subset of GenBank LANL
EMBL Daø Library

Kabat Sequences of Proteins of
Immunolo gical Interest

TFD transcription factor (protein) database

palu six-frame translations of representative

human Alu repeats

Eukaryotic Promoter Database

Database of Expressed Sequence Tags

PROSITE dictionary of protein sites and

patterns

June 1993

26.0 June 1993 and cumulative weekly

updates to the major release

36.0 March3l1993

78.0 July 151993 and cumulative daily

updates to the major release

77.O June 15 1993 and cumulative daily

updates to the major release

Aprit 231992

35.0 June 1993 and cumulative daily

updates to the major release

5.0 August1992

6.0 Dec.1992

34.0 March 1993

1.6 June 23 L993

10.1 May 1993

Table 2.2Peptide and nucleotide databases used for searches
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Sea¡ches for similarities between deduced protein sequences and protein or translated

nucleic acid sequences contained in databases (Table 2.2) were carried out using:

o The basic local alignment search tool (BLAST) network service run by the National

Centre for Biotechnology Information (NCBI) (Altschul et al., 1990). The

implementation used was TBLASTN 1.3.6MP.

o The FASTA program (Pearson and Lipman, 1988).

2,2.17.4 Phylogenetic Inference from Protein Sequence Data

For the estimation of phylogeny using protein sequence data the Phylogeny Inference

Package (PHYLIP) (version 3.5) was used (reviewed by Felsenstein, 1988, 1989).

Sequence alignments were re-sampled into multiple data sets by a bootstrap method using

the program SEQBOOT. The phylogenies of these data sets were then estimated using

the program PROTPARS which uses a variation on the parsimony method. This variation

counts only those nucleotide changes that change the amino acid, on the assumption that

silent changes are more easily accomplished. Data sets were entered into the PROTPARS

program in a random order so as to avoid over represent of some groupings in the resultant

trees @r. D. Higgins,pers. comm.). The final gene tree was selected using the program

CONSENSE which computes consensus trees by the majority-rule consensus tree method.

The resultant dendogram lilas drawn using the program TREEDRAW which draws an

unrooted an unscaled tree.

2.2.18 Oligonucleotide Directed Transcription by T7 RNA Polymerase

The method was adapted from Milligan and co-workers (1987). Primer P18 and the

appropriate template primer (Table 2.1) were annealed in a 1:1 molar ratio in the presence

of 10 mM Tris-HCl pH 7.0, by heating at 65"C for 3 min. followed by snap-cooling on ice.

The annealed template and primer were then used for transcription under the following
conditions; Non-radioactive: 0.1 pmoles/U"l DNA template, 40 mM Tris-HCl pH 8.1, 12

mM MgC12, 10 mM DTT, 2 mM NTPs, I mM spermidine,0.0ITo triton X-100, 0.05

mg/rnl BSA, 1 unilpl RNasin@ and 10 units/pl T7 RNA polymerase. Radioactive: Same

as non-radioactive reactions except; 1 mM ATP, CTP and GTP, O.O25 mM UTP, 1 unit/Fl

T7 RNA polymerase and up to 2 mCVrnl cr-32P-UTP. Both types of transcription reaction

were incubated at 37oC for t hr. and stopped by the addition of an equal volume of
formamide loading solution. Full-length transcripts were purified from premature

termination and random extension products by elecrophoresis on 0.5 mm thick, 1 x TBE,

7 M urea, ISVo polyacrylamide gels. Radioactive products were visualised by

autoradiography while non-radioactive products were visualised by staining with 0.0I7o

(w:v) toluidine blue and destained with water. The appropriate products were excised

from the gel and then extracted by elution overnight in 10 mM Tris-HCl pH 8.5, I mM
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EDTA, 0.17o (w:v) SDS. If the products were larger than 25 nucleotides in length they

were recovered by ethanol precipitation as in 2.3.5. If products were smaller than 25

nucleotides in length they were recovered by the addition of sodium acetate pH 5.2 to 0.3

M and 3 volumes of ethanol:acetone (2:1, v:v) followed by incubation at -20"C overnight

and centrifugation at 16,000 g."*. for t hr. The RNA pellet was washed in 70Vo ethanol,

dried in vacuo and resuspended in 1 mM EDTA. Non-radioactive gel-purified RNAs were

pooled and their concentration determined by U.V. absorption spectroscopy. Radioactive

gel-purified RNAs were pooled and their concentrations calculated using the tricloroacetic

acid precipitation method (Sambrook et a1.,1989).

2.2.19 Enzymatic Sequencing of RNA
The method was adapted from Haseloff and Symons (1981). 0.5 pg or less of the

relevant gel purified RNA (2.2.18) was 5'-dephosphorylated using CIP and then 5'-
radiolabelled using PNK and y-32P-ATP both according to the manufacturer's directions.

After each of these steps, the RNA was purified from reaction components by ethanol or

ethanol/acetone precipitation (as in 2.2.18). 5'-radiolabelled RNA containing

approximately 100 to 200 counts per minute (as determined by a hand held Gieger-Muller
counter) was added to 10 pg of E. coli tRNA(phe) and then dried down in vacuo. The

RNA was resuspended in 7 p.l of water and then divided into 5 sepffate 1 ¡rl aliquots. To

each aliquot was added one of the following reaction mixtures;

- 
(no enzyme) 9 ¡tL20 mM Na citrate, pH 5.0, 7 M urea, 1 mM EDTA

L (ladder) 10 pl 1 mM MgCl2 in deionized formamide.

T (RNase T1) 9 ¡t"L20 mM Na citrate, pH 5.0, 7 M urea, 1 mM EDTA,

+ 1 ¡rl RNase Tr (10 units/pl)

P (RNase Phy M) 9 ¡t120 mM Na citrate, pH 5.0, 7 M urea, 1 mM EDTA,

+ 1 pl RNase Phy M extract (2.1.2).

U (RNase Uz) 9 ¡tI20 mM Na citrate, pH 3.5, 7 M urea, 1 mM EDTA,

+ 1 pl RNase U2(5 units/¡rl)

The L tube was incubated at 100oC for 90 seconds while the remaining tubes were

incubated at 50oC for 20 min. Reactions were stopped by the addition of an equal volume

of formamide loading solution. Samples were heated at 80oC for 1 min. followed by snap

cooling on ice just prior to loading onto 0.5 mm thick, 1 x TBE, 7 M urea, 20 Vo

polyacrylamide gels. Sequencing fragments were visualised by autoradiography using an

intensifying screen, at -80"C.
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2.2.20 Terminal Nucleotide Analysis of End-Labelled RNAs

5'-32P-labelled RNA was mixed with l0 pg of non-radioactive E. coli IRNA and

digestion carried out under the following conditions: 20 mM ammonium acetate pH 5.3,

0.1 ttglUl RNase P,, incubated at 37oC for 5 hrs. The 5'-NMPs from the P1 digest, was

then fractionated (along with the appropriate non-radioactive marker NMPs) by thin layer

chromatography on polyethyleneimine-cellulose plates (Machery-Nagel, Germany) using 1

M LiCl as the solvent. NMPs were detected by autoradiography and U.V. fluorescence.

2.2.2L Self-Cleavage Reactions

In a standard self-cleavage reaction, non-radioactive Rib. and Sub. RNAs (Figure

5.1C) were mixed together at room temperature in the presence of 1 mM EDTA at the

appropriate molar ratios (ranging from 1:l - l:127 (Rib.:Sub.)). Included in all reactions

was 1 ng of 32P-Sub. which allowed the reactions to be followed by autoradiography and to

be quantitated by liquid scintillation counting. Self-cleavage buffer was added to the

RNAs to give final concentrations in 10 pl of 0.5 mM EDTA, 50 mM Tris-HCl pH 8.5, 20

mM MgCl2. Control reactions did not contain Mg'*' Solutions were incubated, under

liquid paraffin, at the relevant temperatures (usually 50'C) for the appropriate times. All
reactions were terninated by the addition of an equal volume of formamide loading

solution. Cleavage fragments and residual full-length Sub. RNAs were resolved by

electrophoresis on 0.5 mm thick, 1 x TBE, 7 M urea, 20Vo polyacrylamide gels.

Product and residual full-length RNA fragments were excised from the gels using the

autoradiograph as a template. The level of radioactivity in each gel slice was then

quantitated by liquid scintillation counting using triton-toluene scintillation fluid.

Quenching and geometric effects were minimised by dryirg the gel-slices onto glass fibre

filters (Whatmann GSA) before the addition of scintillation fluid. Photoactivation was

minimised by storage of the samples overnight in the dark. The percentage cleavage was

then calculated and corrected for background "self-cleavage" as determined from the time

0 reactions.
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Chapter 3

Cloning and Sequencing of LTSV-NZ

3.1 Introduction
This chapter describes the cloning and complete sequencing of LTSV-NZ (refenedto

as LTSV from hence fonh). The sequence was analysed for nucleotide and codon biases

and all major open reading frames (ORFs) were located. These ORFs were used to propose

a genome organisaúon which was compared to that previously proposed for SBMV-C

(referred to as SBMV from hence foth) (Wu ef al.,1987).

The propagation and isolation of the virus was carried out using adaptations of
methods originally used for LTSV or VTMoV. Both extraction methods involved the

homogenisation and clarification of virus infected plant material followed by a series of
alternating low and high speed centrifugation steps to purify and concentrate the virus.

A number of different approaches were used for the cloning and sequencing of the

genomic RNA:

. The majority of the genomic RNA was cloned by a modified shot-gun cloning strategy

in which the cDNA was produced using the technique of Gubler and Hoffman (1983).

The resultant cDNA was then blunt-end ligated into the phagemid cloning vector,

pGEM3Zf(+), and used for Sanger dideoxy chain-termination sequencing using

Klenow and single- or double-stranded DNA templates. The use of a number of

synthetic oligonucleotide primers allowed the complete sequencing of these clones in

one direction.

o All clones which had been sequenced in only one direction, were sub-cloned into the

bacteriophage cloning vectors, Ml3mp18/L9, and re-sequenced in the opposite

direction using Klenow and single-stranded DNA templates.
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o Three internal regions and the 3'-terminal 1,000 nucleotides of the genomic RNA were

sequenced from clones produced using PCR and specific primers. For the 3'-terminal

clones, poly-A tailed genomic RNA was used as the template for first-strand

synthesis. Each case involved the fragmentation of the PCR products using restriction

endonucleases and cloning of the resultant fragments into the phagemid vector,

pBluescript SK(+). Double-stranded DNA templates were then sequenced using

Sequenase.

In the Gubler-Hoffman method of cDNA generation, a small proportion of the 5'-

terminal sequence is not converted into cDNA and therefore must be obtained by a different

method @'Alessio and Gerard, 1988). In the case of LTSV, the s'-terminal sequence of the

genomic RNA, except for the S'-terminal nucleotide, was determined by sequencing directly

from the viral RNA. An internal5'-proximal region was also sequenced in this manner. In

both cases, this involved dideoxy chain-termination sequencing using specific primer

extension from the viral RNA by reverse transcriptase. The identity of the 5'-terminal

nucleotide was unambiguously determined using a modification of the "plus/minus

sequencing" method (Chin et a1.,1993).

Computer aided analysis of the LTSV sequence was carried out to determine if
nucleotide and/or codon biases existed. A putative genome organisation was assigned on the

basis of the identifrcation of long ORFs and analysis of local nucleotide non-randomness in

the relevant reading frame(s). The possible transcription of the ORFs and functional and

comparative analysis of their deduced protein prducts is discussed in Chapter 4.

3.2 Methods
o LTSV was propagated in C. quínoa andN. clevlandíí by mechanical inoculation using

dried infected leaf material (2.2.1). The progress of infection was monitored using the

dot immunobinding assay (2.2.2) and the virus was extracted from infected N.

clevlandií using one of two extraction techniques (2.2.3). Viral yields were estimated

using the dot immunobinding assay (2.2.2), Ouchterlony gel-immunodiffusion test

(2.2.4), and/or U.V. absorbance spectroscopy (2.2.3).

o Viral RNA was extracted from virions (2.2.5) and used to make oDNA either by the

method of Gubler and Hoffman using random hexanucleotide primers or by PCR

using specific primers (2.2.6 and2.2.9).

The cDNA generated by the method of Gubler and Hoffman was blunt-end ligated into

SmaI digested and dephosphorylated pGEM3Zf(+), transformed into E. coli BB4 and

transformants containing inserts identifred using blue/white colour selection (2.2.10).
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Regions of the oDNA inserts in pGEM3Zf(+) were excised by double digestion with
appropriate restriction endonuclease combinations. The resultant cDNA fragments

were force-cloned into appropriately linearised and dephosphorylated M13mp18/19

and transfected into E. colí JM101 (2.2.10). Transfectants containing inserts were

identified using blue/white colour selection (2.2.10).

Three internal regions of the genomic RNA were converted into cDNA products using

PCR and the following oligonucleotide primer combinations; SP 7ll7-1" and 3-2o, SP

7/17-4" and 1-3o, SP 1-2" and RSP 1-2" (Table 2.1). The DNA products were digested

with either TaqI or Hpatr resriction endonucleases and the resultant fragments gel-

purified and then cloned into appropriately linearised pBluescript SK(+) (2.2.10). For

blunt ligations, the linearised vector DNA was not dephosphorylated (Haqqi, 1992).

For the 3'-terminal region, the viral RNA was first poly-A tailed using poly-A
polymerase and first-strand synthesis carried out using the ALIF5 primer. PCR

amptf,rcation of this DNA was carried out using the BLIF5 and SP 2-4" pnmerc (2,2.8

and 2.2.9) (Table 2.1). The DNA product was digested with either BstNI, BstUI,

HpaII or TaqI restriction endonucleases and the resultant fragments gel-purified and

then cloned into appropriately linearised pBluescript SK(+) (2.2.10). For blunt

ligations, the linearised vector DNA \pas not dephosphorylated (Haqqi, 1992). The

resultant phagemid DNAs were transformed into E. coli DH5o and transformants with

inserts selected by blue/white colour selection (2.3.10).

. Single- and double-stranded vector DNAs containing cDNA inserts were prepared and

used as templates for dideoxy chain-termination sequencing (2.2.11 - 2.2.14). Single-

stranded templates were sequenced using either Klenow or Sequenase and the M13

FSP primer (2.2.14) (Table 2.1). In addition, a number of synthetic oligonucleotide

primers were designed during the sequencing and used as additional sequencing

primers (Table 2.1). Double-stranded templates were sequenced using Sequenase and

M13 FSP, Ml3 RSP, SP T7, SP T3 or a number of synthetic oligonucleotide primers

designed during the sequencing (the SP T3lT7 primers were used for the pBluescript

SK(+) templates only) (2.2.14.2) (Table 2.1). For clones containing cDNA inserts

generated using PCR, the double-stranded DNA templates were prepared using a

Magic Miniprep* kit (2.1.1).

. The sequences of an internal 5'-proximal region and the S'-terminal region of the

genomic RNA were determined by direct dideoxy chain-termination sequencing using

specific RNA-directed primer extension and reverse transcriptase (2.2.15). For the

internal 5'-proximal region, primer IRSP was used while sequencing of the 5'-

terminal region used primer 5RSP (Table 2.1).
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o The identity of the S'-terminal nucleotide was determined by an adaptation of the

"plus/minus sequencing" method (2.2.16). Primer extension from the genomic RNA
by reverse transcriptase using primer 5TNP was carried out under 10 different
nucleotide conditions (2.2.16). By observing the occrurence of primer extension, and

using a process of elimination, the identity of the 5'-terminal nucleotide was

unambiguou sly determined.

o Nucleotide and a.a. statistics, location of ORFs and positional base and Shepherd

RNY preferences were calculated using the appropriate Staden programs contained

within the NIP program group (2.2.17).

3.3 Results

3.3.1 Yirion and Genomic RNA Yields and Purity
Preparations of LTSV were demonstrated to be the New Zealand isolate by their ability

to infect N. clevlandíí (where they caused systemic chlorotic mottles) (cf. 1.1.2) and by
positive results from dot-immunobinding assays and Ouchterlony gel-immunodiffusion tests

using LTSV-NZ specific polyclonal antisera (data not shown).

Purified virus preparations were free of any green tinge or particulate matter and gave

U.V. absorbance spectrums typical of nucleoproteins with a sharp peak at 260 nm and a

shallow trough at230 nm (data not shown). Yields fromN. clevlandíi, as determined by
U.V. spectroscopy, were routinely in the order of 80 pglg leaf, which is comparable to the

yields reported for the three different isolates of LTSV from a number of different plant

species (Blackstock, 1978; Forster and Jones, 1979; Paliwal, 1984a).

Genomic RNA extracted from purified virions gave U.V. absorbance spectrums

typical of nucleic acids (data not shown). As the genomic RNA is believed to make up

approximately l87o of the viral particle weight (Forster and lones, 1980), yields of viral
RNA were calculated to be routinely in the order of 80Vo. Samples of purified RNA were

run on l%o (w:v) agarose gels (in lx TAE) using CMV-Q genomic RNAs 1,2 and 3 and the

subgenomic RNA as M¡ markers (2.1.8). A distinct band of nucleic acid was routinely

observed with the mobility expected for Mr 1.4 x 106 (data not shown). Varying degrees of
degradation of the viral RNA was observed from preparation to preparation, as a smear

running below the major band (data not shown).

3.3.2 Sequencing of cDNA Clones of LTSV
The regions of the genomic RNA cloned using the method of Gubler and Hoffman and

sequenced in pGEM3Zf(+) are represented schematically, along with their directions of
sequencing, in Figure 3.18. The use of synthetic oligonucleotide primers, designed during



Figure 3.1

Schematic Representation of cDNA Clones and Direct Sequencing Regions

Regions of the LTSV genomic RNA were cloned as cDNA fragments and used for dideoxy

chain-termination sequencing. These regions and the predominant direction of sequencing

(indicated by arrows) are represented schematically in relation to the genomic RNA and are

arranged according to the methods used for their cloning. From two to seven separate

clones were characterised for each region.

A Schematic representation of the plus-sense genomic RNA of LTSV showing

nucleotide numberings (as in Figure 3.6) and the locations of sequencing or PCR

primers. The orientation of the primers are indicated by the direction in which they

lie.

çDNA clones generated by the Gubler Hoffman method and using random primers

and cloned into pGEM3Zf(+).

C cDNA clones subcloned into M13mpl8/19 from the pGF,Ml3Zf(+) clones depicted in

B.

D cDNA clones generated by PCR and cloned into pBluescript SK(+)

E Regions sequenced directly from the genomic RNA using reverse transcription

B
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the sequencing of the larger clones, enabled each clone to be sequenced in one direction. All
clones were further sequenced for up to 300 nucleotides in the opposite direction, using M13

RSP primer and double-stranded templates. For many of the clones, this meant that they

were sequenced in their entirety in both directions. All regions of the genomic RNA

represented by these clones were isolated and sequenced at least twice.

Because of variability in the quality of sequencing of some of the inserts in

pGEIÙ[3Zf(+), cDNA fragments were taken from the three largest inserts and sub-cloned into

M13mp18/L9. The regions of the genomic RNA cloned and sequenced in this manner are

represented schematically, along with their directions of sequencing, in Figure 3.1C. All
regions of the genomic RNA represented by these clones were isolated and sequenced at

least twice.

Three regions of the genomic RNA were re-cloned using PCR generated cDNA

inserts. Theseregions were boundedby sequencingprimers; SP7/17-10 and3-2",5P7/17-

4" and 1-3", SP l-2" and RSP 1-2o. Single DNA products of the expected size were

observed when aliquotes of the reactions were electrophoresed on l7o agarose gels (in lx
TAE), while no DNA products were present in'No-template' control reactions (data not

shown). The regions of the genomic RNA cloned and sequenced in this manner are

represented schematically, along with their directions of sequencing, in Figure 3.1D. All
regions of the genomic RNA represented by these clones were isolated and sequenced at

least twice.

Initially, attempts were made to sequence the 3'-terminus by direct sequencing of the

RNA using nucleotide specific RNases, in order to be able to design a primer for fust-strand

synthesis. However, the first step in this process, the specific radiolabelling of the 3'-

terminus using ,rpCp and T4 RNA ligase, was repeatedly unsuccessful (data not shown).

Denaturation of possible inhibitory tertiary structures in this region were attempted using

methyl mercuric hydroxide or heating and snap-cooling or slow-cooling. All conditions

used were sufficient to specif,rcally label E. coli tRNA-Phe and CMV-Q genomic RNAs but

failed to label the LTSV genomic RNA (data not shown). Therefore, this approach was

abandoned and an alternative PCR method, which proved to be successful, was used.

The remaining 1,000 nucleotides at the 3'-terminus of the genomic RNA were

converted into oDNA using PCR and specifrc primers (3.2). A single DNA product of the

expected size was observed when an aliquot of the reaction was electrophoresed on a l7o

(w:v) agarose gel (in lx TAE), while no DNA products were present in the 'No-template'

control reaction (data not shown). Regions of the genomic RNA cloned and sequenced in



Figure 3.2

Primer Extension of the S'-Terminus

Scven separately prepared samples of LTSV genomic RNA were used for primer

extension of primer 5RSP by reverse transcriptase and in the presence of cr-32P-

dCTP. Aliquotes of each reaction were added to an equal volume of formamide

loading solution and denatured by heating at 100oC for three minutes followed by

snap-cooling on ice. Samples were then electophoresed on a 1 x TBE,'7i[úurea,l57o

polyacrylamide gel.

Run-off extension products for all seven samples (Lanes, L - 7) are indicated by the

arow. M¡ markers (Lanes, M) are a ladder of DNA fragments in 100 base-pair

increments. The origin of the gel is indicated by,'O.
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this manner are represented schematically, along with their directions of sequencing, in
Figure 3.1D. All regions of the genomic RNA represented by these clones were isolated and

sequenced at least twice.

3.3.3 Determination of the S'-Terminal Sequence

Initially, attempts were made to sequence the S'-terminus by cloning this region as a

cDNA insert and using standard sequencing methods. Primer extensions using 5RSP

primer and all four dNTPs, were carried out on seven separate genomic RNA samples that

had been prepared at various times over the course of one year (Table 2.t). All reactions

gave DNA products of the same size when electrophoresed on a denaturing polyacrylamide

gel (Figure 3.2). Extension products from three of these RNAs were poly-A tailed using

terminal deoxynucleotidyl transferase and then used as templates for PCR using primers

ALIF5 and 5RSP (Table 2.1). Gel-purified full-length PCR products were then blunt-end

ligated into pBluescript SK(+) as previously described (3.2). On examination of candidate

clones, all were found not to contain an insert but instead had deletions of the vector

sequence, originating from the polylinker region, of up to 300 nucleotides in length (data not

shown). These results occurred in 32 clones from three separate experiments using three

separate preparations of reagents, vector DNAs and enzymes. No deletions of any type had

been observed in any previous cloning experiments using PCR products.

The approach to sequence the S'-terminus using cDNA clones was abandoned in
favour of dideoxy chain-termination sequencing using primer 5RSP and reverse

transcriptase directly from the genomic RNA (3.2). The sequencing pattern from all seven

preparations of RNA described above were found to be the same (Figure 3.3). The identity

of the 5'-terminal nucleotide could not be determined from this data due to the experimental

design. To determine, unambiguously, the identity of the S'-terminal nucleotide, the

modified "plus/minus sequencing" method was used for all seven preparations of RNA
described above (2.2.16) (Figure 3.4).

In all of the individual reactions of the "plus/minus sequencing", including those with
no added nucleotides, a significant level of primer extension by one nucleotide was observed

(Figure 3.4). This background level of primer extension could not be eliminated, even when

ultra-pure nucleotides and fresh buffers were used or the RNA samples were passed through

a size-exclusion column prior to the primer extension reactions (data not shown). It was

therefore assumed that the contaminating nucleotides were present in the enzyme

preparation. 'When allowance for the background primer extension was made, the terminal

nucleotide was determined to be an A. This was because significant primer extension was

observed only in reactions containing T @gure 3.4, Tracks C and -T).



Figure 3.3

Direct Sequencing of S'-Terminal Region

A Dideoxy chain-termination sequencing by primer extension from primer 5RSP using

reverse transcriptase was caried out on four separately prepared LTSV genomic RNA

samples. Aliquotes of each reaction were added to an equal volume of fomamide

loading solution and denatured by heating at 100oC for three minutes followed by

snap-cooling on ice. Samples were then electrophoresed on a 1 x TBE, 7M urea,

20Vo poly acrylamide gel.

Individual reactions for the four separate RNA samples (1 - 4) were loaded in the

same order (U G C A -). Each letter indicates the identity of the nucleotide residues

in the plus-sense genomic RNA. The dash (-) indicates where no dideoxynucleotides

were added to the reactions.

A short exposure of the sequencing reactions shown for RNA sample 4 in A. The

penultimate residue is clearly shown as a C.

B
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Figure 3.4

Determination of the 5'-Terminal Nucleotide

Primer extension from primer 5TNP using reverse transcriptass was carried out on

one sample of LTSV genomic RNA using an adapted protocol for the "plus/minus"

method of sequencing (Chin et a1.,1993). Aliquotes of each reaction were added to

an equal volume of formamide loading solution and denatured by heating at 100oC for

three minutes followed by snap-cooling on ice. Samples were then electophoresed on

a 1 x TBE, 7M urea, L57o polyacrylamide gel.

Un-extended 5'-32P-labelled 5TNP is indicated by, p.

Primer extended by one or two nucleotides is indicated by +1 and +2, respectively.

Reaction conditions were:

N

dd

AtoT
-A to -T

No added dNTPs

All four dNTPs

All four ddNTPs

Only dATP, dCTP, dGTP or dTTP, as indicated

All four dNTP except dATP, dCTP, dGTP or dTTP, as indicated
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3.3.4 Confirmation of a 5'-Proximal Sequence by Direct Sequencing

Sequencing of cDNA clones revealed an UAA codon starting at position 438 (Figure

3.6) that was suspected of being a sequencing or cloning artefact as it appeared to intemrpted

a large ORF (Figures 3.6 and 3.74). To confirm the sequence of this region, direct
sequencing was carried out using primer IRSP and the UAA codon was confirmed (Figure

3.s).

3.3.5 The Complete Genomic Sequence and Sequence Variation
The complete sequence of the genomic RNA of LTSV was found to be 4,275

nucleotides long and is shown in Figure 3.6. This sequence is shown alongside the deduced

protein sequences from the five ORFs as proposed below (3.4.2). Only one point
substitution was observed among the oDNA clones generated by the Gubler and Hoffman
method (Table 3.1). This change was observed only once in four separately prepared

clones. A number of point substitutions were observed in sequences that were cloned from
PCR generated cDNA (Table 3.1). A number of these sequence variants occurred with a
relatively high frequency and their significance is discussed below (3.4.1).

3.4 Discussion

The complete nucleotide sequence of LTSV was determined by sequencing multiple
cDNA clones of the genomic RNA in both directions. Additional direct sequencing from the

RNA was used to determine the 5'-terminal sequence and to confirm the sequence of an

internal S'-proximal region. Each region of the genomic RNA sequence was determined

using two or more separately generated clones. The complete sequence was found to be

4,275 nucleotides in length (ìvlt of I.4l x 106) which closely corresponds to the size estimate

from denaturing polyacrylamide gel elecrophoresis of purified genomic RNA (Forster and

Jones, 1979) (Figure 3.6). Primer extension of the S'-terminus produced extension

products of uniform length suggesting that the 5'-terminal sequence was obtained in its
entirety. However, the possibility of additional nucleotides at the S'-end can not be ruled

out. This is because the mode of attachment of the VPg molecule to the 5'-terminus is

unknown and its removal from the RNA by proteinase K may have left behind structures

that could have had a consistent effect on the processivity and/or fidelity of reverse

transcription.

3.4.1 Sequence Variation
The sequence variations observed for LTSV are listed in Table 3.1 and may have two

separate or combined origins:

. Nucleotide mis-incorporation during nucleic acid synthesis: The enzymes used for
nucleic acid synthesis were AMV reverse transcriptase, Superscnpt, E. coli DNA
polymerase I and Vent DNA polymerase, all of which have measurable error rates



Figure 3.5

Conformation of the UAA Codon of ORF la by Direct Sequencing

Sequencing reactions on one sample of LTSV genomic RNA were carried out as

described for Figure 3.3 except that primer IRSP was used.

Each reaction is indicated along the top of the autoradiograph (' A C G U). Each

letter indicates the identity of the nucleotide residues in the plus-sense genomic RNA.

The origin of the gel is indicated by, -O. The UAA codon is indicated along the left-

hand side of the autoradiograph.
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Figure 3.6

Complete Nucleotide Sequence of LTSV and Deduced Protein Sequences for

the Major Open Reading Frames

The complete nucleotide sequence of the genomic RNA of LTSV is listed alongside

the deduced amino acid sequences (single letter abbreviations) for the five major

ORFs as indicated in Figure 3.7A. Nucleotides are numbered at intervals of 50

residues as well as being indicated by a dot at every 10 residues. The 3'-terminal

nucleotide residue is numbered.
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(expressed as changes per nucleotide per incorporation) that are dependent on template

sequence and reaction conditions (reviewed by Loeb and Kunkel, L982i Echols and

Goodman, 1991). For the replication of a complex sequence ín vítro, estimates for
error rates range from 10-2 - 104 for AMV reverse transcriptase, 10-3 - 10-5 for E. coli
DNA polymerase I (Loeb and Kunkel,1982; Echols and Goodman, 1991), and 10-5

for Vent DNA polymerase @ckert and Kunkel,I99l;Ling et al., I99l).

. Natural sequence variation as part of a population of quasi-species: RNA virus
populations are believed to be composed of a large number of non-identical genomes

called quasi-species that, when viewed as a whole, can be represented by a

consensus sequence (reviewed by Domingo, 1992; Holland et al., L992). The

generation of quasi-species is believed to be due to the lack of proof-reading by RNA-

dependent RNA polymerases (RdRps) which results in high error tates (Steinhauer er

al., 1992). Generally accepted figures for the fidelity of RdRps (expressed as number

of point mutations per base pair per genome doubling time) are 10-6 - 10-8 for
bacteriophages, 10-10 - 10-1r for bacteria, fungi and Drosophila, l}a for QB and 10-3 -

10-4 for animal viruses (Domingo and Holland, 1988). These figures are consistent

with reports of rapid evolution and population heterogeneity among RNA viruses.

Because clonal selection of cDNA is used to isolate and prepare templates for
sequencing, each sequence that is selected for study represents a portion of the genome

from an individual member of a population of quasi-species. Therefore, depending on

the frequency of variation at each residue, there will be a finite probability that any

given clone will represent a sequence variant rather than the consensus sequence for
the population.

Some predictions can be made as to the likely origins of sequence variants when the

method of cDNA synthesis used and the prevalence of the variants are taken into account.

Further guidance can be gained by noting the effects of the variations on the ORF

organisation or protein coding of the virus.

In the Gubler and Hoffman method of cDNA synthesis, first- and second-süand DNA
synthesis occurs only once for any given RNA template and therefore sequences containing

nucleotide mis-incorporation(s) caused by AMV reverse transcriptase and/or E. colí DNA
polymerase I are most likely to exist as a single molecular species. On a statistical basis,

these variants would be selected as cDNA clones only very rarely. Therefore, the single

point substitution identified in one cDNA clone generated by the Gubler and Hoffman

method would be expected to represent a quasi-species (Table 3.1). However, although the

Val + Ala change that this variation causes is a conservative change, this Val residue is
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conserved at this position in SBMV and VTMoV (Figure 4.zL,position 223). Furthennore,

this residue constitutes part of a highly conserved serine protease domain (4.3.2.2.3).

Therefore, it is unlikely that the Val + Ala change represents a viable quasi-species

considering the highly conserved nature of this domain within the Sobemoviruses

(4.3.2.2.3).

In the case of cDNA synthesis by the PCR reaction, errors introduced by reverse

transcriptase and,/or Vent DNA polymerase accumulate due to the amplifying nature of the

technique (Eckert and Kunkel, 1991). The overall error rate therefore becomes a function of
the size of the first-strand DNA template population and its nature (which is a function of the

error rate associated with reverse üanscriptase), the reaction conditions, the error rate

associated with Vent DNA polymerase and the number of cycles of amplification performed

(Eckert and Kunkel, 1991; Ling et al., l99l). These factors lead to a statistically higher

occrurence of cDNA molecules containing nucleotide mis-incorporations than for "single-

pass" cDNA generation. Therefore, the sequence variants characterised in clones generated

using PCR are unlikely to represent quasi-species. However, a number of these changes

occurred with a relatively high frequency in the characterised clones. These high frequencies

may be due to mis-incorporation events which have taken place relatively early in the

amplification process. Alternatively, and less likely, the variants may represent the

conversion into cDNA of a viral quasi-species. Quasi-species variation is unlikely to be the

origin of the sequence variants that cause a disruption of ORF 2 (Figure 3.7A) (3.4.2).

Sequence variations which result in a.a. changes or the one in-frame deletion can not be as

easily dismissed as they may result from either possibility. Of the a.a. substitutions, only
the Leu + Trp substitution occurs at a residue that is conserved in SBMV and VTMoV,

although this residue is not associated with an identified protein sequence motif (Figure

4.2Á., position 347). Therefore, it is difficult to assess the in vívo significance of the

sequence variants. Lastly, consideration must also be made for the possibility that two or

more of the sequence variations may occur in the one genomic RNA molecule with the

resultant effect of maintaining the viability of the individual genome. In this way, it is still
possible, although unlikely, that all of the sequence variants identified represent quasi-

species.

Although inconclusive, the level of sequence variants identif,red in LTSV appears to be

low, which may be due to one or both of the following reasons:

o The conditions used for propagation of the virus: Contrary to the high mutation rates

observed for RNA virus genomes it has been found that many viral RNA sequences

are relatively stable. This has been explained by the concept of population equilibrium

(Holland et al.,1982). This theory posits that individual quasi-species are under a

dynamic equilibrium that is maintained by the relative fitness of the individual
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sequences and therefore, under specific conditions, selection pressures may cause one

genome species to predominate. The viral RNAs used for the construction of cDNA

clones and subsequent sequencing were all prepared after propagation in the same

plant species (N. clevlandii) inoculated with the same stock of dried infected plant

material and grown in standardised soil at relatively standard temperatures and light

conditions. Therefore, there may have been selection pressures on the virus that

maintained the elucidated sequence as the predominant molecular species.

o The experimental design for the sequencing: In a virus population of many quasi-

species in an equilibrium around a consensus genome sequence, it has been

demonstrated that most variant genomes differ from the consensus by only one or two

nucleotide changes (Domingo, et al.,1978; Reaney, 1984). If a particular portion of
the genome is sampled from this population in a ¡andom manner (as in cDNA cloning)

then the chance of obtaining one of these sequence variants will be very low.

Therefore, to guarantee the selection of at least one, very many cDNA clones (in the

order of hundreds) would have to be characterised. As the experimental design used

here characterised less than seven clones for any given region, it is unlikely that many

sequence variants would be characterised.

Method of cDNA Sequence Position' Number of Effect of change

occuTences

Gubler and Hoffman U + C 1 188 1in4 Val + Ala in GV 2

PCR G+A
CGC + -b

G+-
-+A
-+A
G+-
A-+G
-+G
C+-
C+A

63r

704 - 706

807

937

1106

L2T5

1500

t754

1942

397t

2in7
3 in7

L in7

3 in7
2in7
2in7
1in3
2in3
1in6
I in4

Gly -r Glu in GP lb
Ala+-inGPlb
Truncation ORF 2

Truncation ORF 2

Truncation ORF 2

Truncation ORF2

Iæu + Trp in GP 2

Truncation ORF 2

Truncation ORF 2

Ser + Arg in GP 4

ll

il

tl

il

il

a : Position refers to nucleotide numberings used in Figure 3.6. For insertions the number refers to
the residue 5'to the insertion point.

b: Deletion (-).
c : Geneproduct (GP) Q.4.2).

Table 3.1 Sequence va¡iations observed in LTSV cDNA clones
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3.4.2 ORF Organisation and Nucleotide Composition

The ORF organisations for LTSV and SBMV genomic RNAs are represented in
Figure 3.7, both schematically and by showing all initiation (AUG) and termination (UAA,

UAG and UGA) codons in the three forward reading frames. The start and stop sites for
each ORF and the sizes of both ttre nucleotide and deduced a.a. sequences are given in Table

3.2. It should be noted that, from analysis of the a.a. sequence of the coat protein of
SBMV, the initiating AUG codon of its ORF 4 lies downstream of the first AUG codon of
this ORF (V/u ef al.,1987). Non-AUG translation initiation codons that have been found to

occur in procaryotic and eukaryotic cells and apparently also for some plant viral RNAs,

have not been considered (Peabody, 1989; Dinesh-Kuma¡ and Miller,1993).

ORF/GPa Stan Stop GP length

(a.a.)

ORF length

(nucleotides)

GP size

(M,)

LTSV

78

534

7t6
1,951

3,312

440

725

3,475

2,457

4,148

363

t62
2,760

507

837

t20
63

919

168

278

1a 14,228

6,627

l0l,2r7
L8,265

30,502

1b

2

3

4

SBMVb

49

570

1,895

3,271

603

3,437

2,380

4,053

558

2,87L

489

840

185

9s6

r62
26r

1

2

3

4

20,983

104,843

17,756

28,391
a : Gene product (GP).
b : Sequence numbering ftom Wu and co-workers (1987).

Table 3.2 Start and stop sites of the major ORFs of LTSV and SBMV

The deduced a.a. sequences of the ORFs of LTSV (Figure 3.7A), in relation to the

nucleotide sequence, are shown in Figure 3.6 and will be referred to from hence forth as

putative gene products la, tb,2,3 and 4 (GPs la - 4). The deduced protein products

from the ORFs of SBMV will also be labelled analogously. The ORF organisation of LTSV

appears to be confirmed by plots of positional base and Shepherd RNY preferences in the

three reading frames for the plus-sense RNA (Staden, 1984, 1990; Shepherd, 1981, 1984,

1990) (Figures 3.84 and B, respectively). Protein coding for the ORFs was not predicted

by codon bias methods because information on codon bias for plants was not available

(Staden, L984,1990) (data not shown). The contexts of the initiation AUG codons for each

ORF in LTSV and SBMV are listed in Table 3.3 and are discussed in Chapter 4 along with

possible translation mechanisms for the ORFs (4.3.3.4).



F igure 3.7

Open Reading Frame Organisations of the Plus-Sense Genomic RNAs of
LTSV and SBMV

A The ORF organisation of the genomic RNA of LTSV is represented schematically by

boxes positioned at the appropriate locations along the sequence (indicated as a thick

line running from 5' to 3' (left to righÐ through the middle of the diagram).

Below this diagram is a plot of all start and stop codons in the three forward reading

frames of the genomic RNA. Start codons (AUG) are indicated by short lines while

stop codons (UAA, UAG and UGA) are represented by long lines. Reading frames

one, two and three are indicated at both ends of the diagram. Nucleotide residues are

numbered above and below the diagram from 5' to 3' (left to righQ and in intervals of

1,000 residues. ORFs are discernible as relatively large regions uninterrupted by stop

codons and starting at the first 5'-proximal start codon within the respective regions.

The ORF organisation and locations of all start and stop codons of the plus-sense

genomic RNA of SBMV represented schematically as for LTSV above (A). For ORF

4, the second 5'-proximal start codon is used due to its apparent use in vivo as

determined experimentally (\il/u et a1.,1987). The scale of this diagram is not the

same as that forLTSV above (A).

B
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ORFs Context of Putative Initiator AUG Codonsa

LTSV SBMV

1a

1b

1

2 first AUG

secondAUG

third AUG

3

4

CIUGUAUGCC

C^AAGAUG^A,C

NA
G^aACAIJCGA

CGGCAUGIUU

AGUUAIJGGA
GGGUAUGCC

GAAAAUGGU

NAb

NA
UITUCAUGA.U

GA,GAAUG['A

G^A.ACAUGIJG

CIJUGAUGA.C

UGGCAUGCC

AGUUAUGIUC
a : Putative initiator AUG codons are underlined. Positions -3 and 4 ue in outlined type.
b : Not applicable (NA).

Table 3.3 Context of putative initiator AUG codons for LTSV and SBMV ORFs

A comparison of the ORF organisations between LTSV and SBMV genomic RNA
sequences revealed three major differences between the two viruses (Figure 3.74 and B):

. The LTSV analogue of ORF 1 in SBMV is split into two ORFs (la and 1b) by the

presence of a UAA (ocher) stop codon. VTMoV also possesses two small ORFs at its

S'-termini rather than a single ORF as for SBMV (Dr. W. Rhode, pers. comm.). The

ORFs la and lb of LTSV, their deduced protein products and possible strategies for
their translation are discussed in Chapter 4.

. A small ORF (extending from nucleotides L,269 - 1,535) (Figures 3.6 and 3.74) that

could encode for a protein of 88 a.a. (Mr 9,570) is present in the genomic sequence of
LTSV but not in SBMV (Figure 3.78). A protein product of this size was not

observed in ín vitro translations of LTSV RNAs (Morris-Krsinich and Forster, 1983).

This ORF shows only a small probability of coding capacity as determined by the

positional base and Shepherd RNY preferences method (Figures 3.84 and B).

Furthermore, the possible protein product is less than IvI¡ 11,000. From experience,

proteins with a known function are almost always greater than 100 a.a. in length (M¡

7,000 - 11,000) (Savegeau, 1986) and would occur with a probability of less than 77o

in a random sequence of even nucleotide composition (Stormo, 1987); the mean ORF

length for such a sequence is 21 codons (Staden, 1990). The small size and lack of
conservation of this ORF suggests that it is unlikely that the ORF has a protein coding

function. For these reasons it will not be discussed further.



Figure 3.8

Positional Base and Shepherd RNY Preferences for the Plus-Sense Genomic

RNA of LTSV

A Positional base preferences of the genomic RNA of LTSV as determined by the

corresponding program contained in the NIP package of nucleic acid sequence

analysis programs (Gleeson and Staden, l99l; Staden, L993). Plots are drawn in

three boxes corresponding to the three forward reading frames of the sequence and

running from 5' to 3' (left to right). The locations of start codons (AUG) are

indicated as dashes at the bottom of each box. The locations of stop codons (UAA,

UAG, UGA) are indicated as dashes running through the middle of each box. The

level of coding potential is indicated at the left hand side of each box. The ORF

organisation of LTSV, as detailed in Figure 3.7 

^, 
is shown to the same scale below

the plots.

Shepherd RNY preferences of the genomic RNA of LTSV as determined by the

corresponding program contained in the NIP package of nucleic acid sequence

analysis programs (Gleeson and Staden,l99I; Staden, 1993). Plots are drawn and

tabelled in an analogous manner to the positional base preferences described above

(A).

B
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o The minus-sense of LTSV contains two large ORF that could encode for proteins of
M. greater than 11,000. Flowever, similar ORFs are not present in the negative-sense

of SBMV (data not shown). Sequence comparisons of the nucleotide and deduced

protein sequences of these ORFs where made against nucleic acid, protein and

translated nucleic acid databases (2.2.17.3). However, no significant similarities,

except for those to SBMV, were detected at either the nucleic acid or protein levels

(data not shown). It should also be noted that, although significant ORFs exist in the

negative-sense strands of a number of plant viruses, functional significance for them

has not yet been demonstrated (reviewed by Matthews, 1991). In addition, it is also

known that because of restraints placed on the sequence of coding regions and the

complementary nature of nucleic acids, coding regions often have long ORFs in the

non-coding strand (Staden, 1990). These points, and in particular the lack of
conservation of these two ORFs with the negative-sense of SBMV, suggested that

these ORFs have no functional significance. For this reason they are not discussed

further.

Apart from the three differences outlined above, the relative locations, general sizes

and degrees of overlapping of the major ORFs and untranslated regions (UTRs) are the

same between the two viruses, suggesting a close evolutionary relationship for them (4.3.4).

Furthermore, the degrees of overlapping of the ORFs are consistent with the coding capacity

required to account for the in vitro translated protein products (4.1.2). The ORF

organisation of VTMoV appears to be the same as for LTSV (Dr. V/. Rhode, pers. comm.)

and therefore suggests a close evolutionary relationship for this virus with LTSV and SBMV
(4.3.4).

The nucleotide compositions for the complete genomic RNAs of LTSV and SBMV are

shown in Table 3.4. Overall, both viral RNAs showed only slight deviations in nucleotide

content from that expected for a random sequence (i.e., an even distribution of 25Vo for each

nucleotide). This is consistent with the nucleotide contents of most single-stranded RNA
plant viruses except for Tymoviruses, which have a large cytosine content (43 - 427o)

(Keese et a1.,1989). Both virus sequences showed a low G + C content for their 5'-UTRs,

as observed for many viral 5'-UTRs (Matthews, 1991). The 3'-UTR of LTSV showed a

low A content and a compensational high IJ content, such that the A + U content is close to

50Vo. The ORF 3 of LTSV showed the only noticeable nucleotide bias for its ORFs (low

U). This bias was sha¡ed to a lesser extent by SBMV and is discussed in Chapter 4

(4.3.r.3) (Table 4.3).
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Percentage

Virus Region A C G U A+U

Complete 26.7 22.4 26.5 24.4 51.1
LTSV

5'-UTR

ORF la
ORF lb
ORF 2

ORF 3

ORF 4

3'-UTR

34.6

27.5

22.4

27.1

28.0

27.O

17.3

15.4

22.r

24.0

22.3

26.8

23.9

22.0

15.4

23.4

27.0

28.0

27.2

25.4

27.6

34.6

27.O

26.6

22.6

18.0

23.7

33.1

69.2

54.5

49.0

49.7

46.0

50.7

50.4

Complete 23.1 25.L 26.4 25.4 48.5
SBI\dV

5'-UTR

ORF 1

ORF 2

ORF 3

ORF 4

3'-UTR

34.7

21.0

23.4

25.2

23.0

23.9

16.3

24.2

25.3

30.5

26.6

22.5

r6.3

23.8

27.0

23.3

26.2

27.5

32.7

30.3

24.3

21.0

24.3

26.1

67.4

51.3

47.6

46.2

47.3

50.0

Table 3.4 Nucleotide compositions for LTSV and SBMV genomic RNAs
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Chapter 4

Genome Organisation and Evolution
of LTSV-I\Z

4.1, Introduction
This Chapter describes and discusses a proposed genome organisation for LTSV

including putative translation strategies, protein functions and evolutionary relationships.

The predictions were made using computer aided analysis of the sequence data and ORF

organisation described in Chapter 3.

Analysis of the empirical data by inductive methods necessarily lacks the confidence

afforded by experimental studies and therefore is limited in its accuracy as a description of
the actual in vivo nature of the virus. This being the case, a significant degree of confidence

can still be held in the inferences made, as many of the sequence analysis algorithms have

been developed, revised and their predictive reliability often proven, on the basis of
numerous experimental results from diverse systems (e.g., the correct prediction of the

poliovirus protease domain, 2Ah (Blinove et al., 1985 cited in Gorbalenya et al.,198Sa)).

Furthermore, comparative analysis of the LTSV sequence data with those of SBMV and

other single-stranded RNA plant viruses and with conserved sequence motifs associated with
particular empirically determined protein functions, has added greater specificity to the

conclusions.

4.1.L Raison d'etre
Two main goals to understanding the biology of LTSV have motivated the analyses:

o Molecular biology: A viral genome consists of all protein coding regions and all
sequences for recognition and regulation used by the virus in its replication.

Therefore, the elucidation of the genomic organisation of a virus is a significant step in
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understanding the life cycle of that virus at the molecular level. Furthermore, the

collation of such information from a large number of viruses may help to reveal

featu¡es of gene expression and replication that are shared by groups ofviruses.

From the identification of ORFs, translation mechanisms can often be predicted,

especially if experimental precedents exist or in vito translation products have been

characterised. In addition, protein sequences derived using the universal amino acid

(a.a.) code can be compared to conserved sequence motifs known to be associated

with particular protein functions. In this way protein functions can be assigned to

putative protein products and more or less convincing arguments made as to the ir4

vivo roles for such proteins. Such inferential methods of analysis have often proven

to be accurate even in the absence of data on in vitro translation of the viral RNA or the

isolation of viral encoded proteins and/or replication intermediates ín vivo.

. Systematics: The I.C.T.V. defines a virus species as "...a concept that will
normally be represented by a cluster of strains from a variety of sources, or a

population of strains from a particular source, which have in common a set or pattern

of correlating stable properties that separate the cluster from other clusters of strains."

(Rule 10; Francki et al., 1991). Virus species are further categorised into virus
groups on the basis of sha¡ed major cha¡acterising properties (Rule 17; Francki et al.,

1991). Both approaches to viral systematics are operational in nature and are

traditionally based on criteria deemed most appropriate in reflecting the evolutionary

relationships between the different viruses. In this way traditional "stable properties",

such as particle morphology, replication strategy and serological identity, were chosen

subjectively as essential characteristics that could be interpreted causally as a result of
the evolutionary process. However, the molecular analysis of viruses, especially

sequence and genome organisation data, provides far greater and more accurate

information with which comparisons can be canied out. Because of the vast increase

in the number of comparative elements resulting from these data, more statistically

accurate inferences of descent can be obtained compared to the use of "traditional

characteristics". In addition, molecular data can often reveal unsuspected similarities

between distantly related species due to the deep rooted and fundamental nature of
biological macromolecules. For plant viruses, the use of such data has predicted

evolutionary relationships that follow very closely or exactly, those determined using

"traditional characteristics", but have also revealed some unsuspected similarities

between plant viruses themselves and to other higher organisms (Gibbs, 1987; Koonin

and Dolja, L993).
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4.1.2 In vítro Translation of Sobemoviruses

Size-fractionated RNAs of SBMV-B and -C, TRosV, SNMV and LTSV (Table 1.1)

have been translated in vítro using wheat germ extract and rabbit reticulocyte lysate

translation systems (for TRosV only rabbit reticulocyte lysate was used) (Salerno-Rife et aI.,

1980; Rutgers et a1.,1980; Mang et a1.,1982; Morris-Krsinich and Hull, 1981; Kibertis and

Zimmern,1984; Morris.Krsinich and Forster, 1983). Varying patterns of protein products

were produced from the translation of these full-length and less-than-full-length viral RNAs,

however with all viruses a total of four major products were observed (Table 4.1).

The P3 proteins from the five viruses were shown by peptide mapping, co-migration

andlor immunoprecipitation to be the respective viral coat proteins and were further
demonstrated to be translated only from subgenomic RNAs (Salerno-Rife et al., 1980;

Rutgers et al., 1980; Ghosh et al., 1981; Mang et al., 1982; Morris-Krsinich and Hull,
1981; Kibertis andZimmern, 1984; Morris-Krsinich and Forster, 1983) (Table 4.1). For

SBMV-B and -C, the coat protein genes were located to the 3'-proximal ORFs of their
genomic RNAs, by comparisons of the deduced a.a. sequences to in viyo isolated viral coat

proteins (Mang et al., 1982) @igure 3.7B, ORF 4).

The Pl andP2 proteins for each virus were determined by peptide mapping to be

related to each other but not to the respective P3 or P4 proteins (except in the case of TRosV

where the P4 protein was related to P1 andP2) (Salerno-Rife et a1.,1980; Rutgers et al.,
1980; Mang et a1.,7982; Morris-Krsinich and Hull, 1981; Morris-Krsinich and Forsrer,

1983). Kinetic analysis of the in vito translations of SBMV-B and -C suggested either a

read-through mechanism of translation or independent initiation as the origin of the larger

protein (Salerno-Rire et a1.,1980; Rutgers et a1.,1980; Mang et al., 1982). However, more

extensive studies with TRosV suggested that the P2 protein is produced by proteolytic

cleavage of the P1 protein (Morris-Iftsinich and Hull, 1981). Analysis of the nucleotide

sequence of SBMV-C and identification of a putative serine protease in its largest putative

protein product has subsequently reinforced this proposal (Gorbalenya et a1.,1988a). It is
now generally held that the P1 protein of Sobemoviruses is a polyprotein that is processed in

a manner similar to other single-stranded RNA viruses that have S'-linked VPg molecules

although the mechanism by which the P2 proteins are generated is yet to be determined
(Rybicki, 1991).

The P4 proteins of SBMV-B, -C and LTSV represent a heterogenous mix of proteins

that have no relation to the respective viral Pl, P2 or P3 proteins. In the case of SBMV-B
and -C most of these proteins have been demonstrated, by peptide mapping, to be truncated

versions of the predominant P4 protein species and are believed to be produced by

translation from degraded RNA templates (Salerno-Rife et al., L980; Mang et al., 1982).

For all three viruses, the P4 protein was most readily produced from full-length RNA using
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the wheat germ extract translation system although significant amounts of P4 protein were

also translated from less-than-full-length RNAs (Salerno-Rife et a1.,1980; Mang et al.,
1982; Morris-Krsinich and Forster, 1983). The exception to this is TRosV for which the P4

protein was shown to be a termination product of the Pl protein. However, the lack of a P4

protein analogous to those of SBMV-B and -C and LTSV may have been due to the

exclusive use of the rabbit reticulocyte lysate translation system (Morris-Krsinich and Hull,
1981). The P4 protein of SNMV has not been characterised in the same manner as for
SBMV-B, -C and LTSV.

When a number of P4 protein producing, less-than-full-length RNA molecules of
SBMV-B were sequenced, they were found to be 3'-co-terminal with the subgenomic RNA
that encodes the coat protein (Ghosh et a1.,1931). This suggested that the gene encoding the

P4 protein overlaps to some degree wittr the coat protein gene but in a different reading frame
(Ghosh et a1.,1981). If this result is extrapolated to SBMV-C and LTSV it is at variance

with the nucleotide sequence data obtained for these genomic RNAs which show no

signif,rcant ORFs in the 3'-region other than ORF 4 (Figures 3.74 and B). Furthermore, the

conclusion of V/u and co-workers (1987) that the P4 protein of SBMV-C is encoded by
ORF 1 is at va¡iance with the data of Ghosh and co-workers (1981). Therefore, either the

results of Ghosh and co-workers (1981) are incorrect or they can not be extrapolated to
SBMV-C and LTSV because they have different genome organisations to SBMV-B.
Because SBMV-B and -C appear to be closely related, it is most likely that the results of
Ghosh and co-workers (1981) a¡e incorect, probably due to an incorrect identification of the

P4 protein (Hu11, 1988).

Virusa I n vitro translated proteins (lvl, x 103)

Pl P2 P3 P4

VPg size estimate

(M')

SB}.4V-B

SBMV-C

TRosV

SNMV

LTSV-NZ

105

100

105

100

105

70

67

67

78

29

30

30

38

33

L4

20

35

28

18

75 12,000

10,000

12,000

NDb

ND
a:Data obtained ftom references cited above (4.I.2).
b : NotDetermined (ND).

Table 4.1In vitro tanslation products from Sobemovirus RNAs

An added complexity to the nature of the P4 protein comes from the observation that,

in the case of SBMV-B and SNMV, no Met residues were present (Salerno-Rife er a\.,1980;
Kibertis andZimmern, 1984). The implications of this finding have not been addressed for
SBMV-B and SNMV nor have analogous investigations been conducted for SBMV, TRosV
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or LTSV. Therefore the location and identity of the P4 protein has not yet been satisfactorily

resolved for any of the Sobemoviruses. The extent of knowledge about the P4 protein of
LTSV is limited to the postulation that it may be analogous to the SBMV-B P4 protein (i.e.,

located at the 3'-terminus of the genomic RNA and overlapping with but translated in a
different reading frame from the coat protein gene) (Morris-Krsinich and Forster, 1983).

The possible origins of the P4 protein from LTSV are discussed in more detail below
(4.3.1.s).

4.2 Methods

The nucleotide and derived protein sequences of LTSV-NZ (refened to as LTSV from
hence forth) (Figure 3.6), SBMV-C (referred to as SBMV from hence forth) (Wu et al.,

1987) and VTMoV (partial protein sequences only, Dr. W. Rohde, pers. comm.) werc

analysed largely with the aid of a number of algorithms contained in the GCG and Staden

suites of programs (2.2.17). The parameters used in their execution a¡e detailed in2.2.17 or

on an individual basis below if such information \ilas deemed significant to the interpretation

of the results.

o Dot-plot diagrams: COMPARE and DOTPLOT.
o Local and global pair-wise alignments: BESTFIT and GAP, respectively and manual

observation.

o Profile analysis: PROFILEMAKE and PROFILEGAP.
. The significance of alignments were assessed using both the quality metric given by

BESTFIT and GAP and by using the rdf2 and rdf2g programs (2.2.17.2).

. Multiple sequence alignments: PILEUP and modified using the results from local and

global pair-wise alignments and manual observation.
o Average similarity plot for multþle sequence alignment: PLOTSIMILARITY.
o Protein motif sea¡ches: MOTIFS using the PROSITE dictionary of protein sites and

patterns (2.2.17.3).

. Isoelectric point predictions: ISOELECTRIC.
o Basic, acidic, hydrophobic and hydrophilic residue plots (including Kyte-Doolittle

plots): PEPPLOT.

. Surface probability and antigenicity predictions: PEPTIDESTRUCTURE and

PLOTSTRUCTURE.
. RNA primary structure analysis: REPEAT, STEMLOOP and manual observation.
. RNA secondary structure predictions (including Nussinov plots): MFOLD,

FOLDRNA, PLOTFOLD and manual observation.
o Searches for similarities between query and database sequences: BLAST and FASTA

(2.2.17.3).
. Estimation of phylogeny and tree drawing: SEQBOOT, PROTPARS, CONSENSUS

and DRAWGRAM, all of which are paft of PHYLIP (2.2.17.4>.
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4.3 Results and Discussion

4.3.1 Comparative Nucleic Acid and Protein Sequence Analysis for Putative
Protein Coding Regions

4.3.1.1 ORFs la and lb
The 5'-region of the genomic RNA of LTSV contained ¡wo small ORFs (ORFs la and

lb) which is in contrast to the single ORF 1 of SBMV (Figures 3.6 and 3.74 and B) (Table

3.2). In addition, ORFs la and lb and the region encompassing both, showed a relatively
high level of nucleotide sequence similarity to that of ORF 1 from SBMV ('ïab\e 4.2).

However, the z values associated with this alignment where all less than zero, indicating that

the statistical significance of the similarity was very poor (Table 4.2). T"hrc z values indicare

the number of standa¡d deviations the query alignment is from the mean of 200 alignments,

made where one of the sequences is shuffled each time (2.2.L7.2). The low significance

was apparent in an alignment made using GAP, where a large number of insertions and

deletions (indels) were present, and in a dot-plot for these regions (data not shown and

Figure 4.14). It is interesting to note that for the Luteoviruses of the potato leafroll
luteovirus (PLRV) subgroup, which appear to be the most closely related viral group to the

Sobemoviruses (4.3.4), there is also very poor homology between thefu 5'-proximal ORFs

at both the nucleotide and a.a. levels (van der V/ilk ¿r a1.,1989). The easiest explanations

for this observation are that the 5'-terminal ORFs, once established, undergo a high rate of
mutation or that these ORFs have arisen due to recombination with other RNA viruses which
hold a more distant evolutionary relationship to the Sobemoviruses (4.3.4.1).

ORFs la lb
LTSV

la+lbu 2 3 4 s'-UTR 3'-UTR

1

2

SBMV 3

4

5'

3',

41.9b 42J
<0" <o

39.9
<0

52
133 - 160

53
33.5 - 38.5

44.6
<0

53.0
-2

36.2

a
b
c

a+ represents regron and including nucleotides
: Percent identity calculaæd from alignments made using GAP (2.2.17.1).
: Numbers in small font beneath the percent identity values represent the range of z values for the

alignments Q.2.17.2). Less-than (<). Approximately (-).

Table 4.2Percent identity for pair-wise alignments of ORF sequences



Figure 4.L

Dot-Plots for Nucleotide and Deduced Amino Acid Sequences of the Major

Open Reading Frames of LTSV and SBMV

A Comparison was made between; (left) the sequence of ORF 1 of SBMV (Wt et al.,

1937) and the nucleotide region of LTSV spanning and including ORFs la and 1b.

(right) the deduced a.a. sequences of these regions. No a.a. identity was assigned to

the stop codon of ORF la. Comparisons used windows of 2I and 30 and

stringencies of 10.0 and 11.0 for nucleic acid and a.a. sequences, respectively.

B Comparison was made between; (left) the sequences of ORF 2 of SBMV and LTSV.

(right) the deduced a.a. sequences of these two ORFs. Comparisons used windows

of 21 and 30 and stringencies of 14.0 and 13.0 for nucleic acid and a.a. sequences,

respectively.

Comparison was made bet\ileen; (left) the sequences of ORF 3 of SBMV and LTSV.

(right) the deduced a.a. sequences of these two ORFs. Comparisons used windows

of 21 and 30 and stringencies of 12.0 and 12.0 for nucleic acid and a.a. sequences,

respectively.

D Comparison was made between; (left) the sequences of ORF 4 of SBMV and LTSV.

(right) the deduced a.a. sequences of these two ORFs. Comparisons used windows

of 21 and 30 and stringencies of 12.0 and 12.0 for nucleic acid and a.a. sequences,

respectively.

In all dotplots, nucleotide and a.a. residues are numbered for LTSV and SBMV

according to Figure 3.6 and Wu and co-workers (1987), respectively.
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4.3.1.2 ORF 2

As found for SBMV, the ORF 2 of LTSV overlapped with ORF lb at the 5'-end (nine

nucleotides), ORF 4 atthe 3'-end (163 nucleotides) and ORF 3 internally (complete overlap)

(Table 3.2) (Figures 3.6 and 3.74). In comparison, the ORF 2 of SBMV is 111 nucleotides

longer and overlaps at its S'-end with ORF 1 by 36 nucleotides and at its 3'-end with ORF 4

by 223 nucleotides while also completely overlapping with its ORF 3 (Wu et al., 1987)

(Table 3.2) (Figure 3.78). A high level of nucleotide sequence similarity was observed

between the two ORFs 2, particularly in the 3'-terminal halves of the sequences (Table 4.2)

(Figure 4.18). The associated z values for the alignment indicated a high level of statistical

significance for the similarity (Table 4.2) (2.2.17.2).

4.3.1.3 ORF 3

The ORFs 3 of LTSV and SBMV are completely overlapped by their ORFs 2.

Precedents for completely overlapped ORFs exist for Carmo- Tobamo- and Tombusviruses

and the PLRV subgroup of Luteoviruses (reviewed by Matthews, 1991). A high level of
nucleotide sequence similarity was observed between the two ORFs 3, particularly in the 5'-

terminal halves of the sequences (Table 4.2) (Figure 4.1C). The associated z values for the

alignment indicated a high level of statistical significance for the similarity (Table 4.2)

(2.2.17.2).

For LTSV, a number of nucleotide and codon biases were observed for ORF 3.

Overall a bias towards low U was observed for the overlap region as compared to the non-

overlapping regions (Table 4.3). More specifically, there was a significant bias against U
residues in either the fust or second codon positions of ORF 3 while G residues were biased

against in the third codon position (data not shown). However, these biases were not

present in SBMV. The protein coding potential of ORF 3 in both viruses was relatively high

as determined by the positional base and Shepherd RNY preferences (Figures 3.84 and B

and data not shown). Interestingly, for LTSV and SBMV, this protein coding potential was

much greater than for the overlapping region in the reading frame of ORF 2 @gures 3.84

and B). The possible significance of this observation is discussed with respect to the

possible origins of gene product (GP) 3 below (4.3.4.I).

5'-Region ORF 3 Overlap Region 3'-Region

LTSV

SBMV

25.6

25.2

17.9

2t.l
2I.3
19.3

Table 4.3 Percentage of U residues in different regions of ORF 2.
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4.3.1.4 ORF 4

The ORF 4 of LTSV was found to be slightly larger than the corresponding ORF that

is believed to be translated in SBMV (Table 3.2) (4.3.1.8). However, as found for the 5'-

proximal ORFs, a relatively high level of nucleotide sequence similarity to SBMV was

observed whereas the associated z values, being less than zero, indicated a negligible level of
statistical significance for this similarity (Table 4.2) (Figure 4.1D). This was apparent in an

alignment made using GAP, as a large number of indels located throughout its length (data

not shown). This finding is in contrast to the high level of a.a. similarity observed between

the two deduced a.a. sequences but is consistent with the structural function of this protein

(4.3.2.4). The AUG codon used for initiation of translation of this ORF is discussed below

(4.3.3.4).

4.3.1.5 Gene Products la and lb
The ORFs la and lb of LTSV encode deduced protein products GP la and GP lb,

respectively (Table 3.2) (3.4.2). If read-through translation of the ocher terminator of ORF

La were to occur, the resultant deduced protein product, spanning and including ORFs la
and 1.b, would be 215 a.a. long (approximately M¡ 24,325, depending on which a.a. is

incorporated at the termination codon). Both ORFs la and 1b exhibited coding potential as

indicated by positional base and Shepherd RNY preferences (Figures 3.84 and B).

The M¡ of GP lb or a read-through translation product of ORF la, do not correspond

to any of the size estimates for in vítro translated protein products (Table 4.1) (4.1.2).

However, GP la may correspond to the in vitro franslated P4 protein (Mr 18 K) if an over

estimation of the lvlr of the protein has been made (Table 4.1). Such over estimations of M¡

are known to occur for the SDS-polyacrylamide gel electrophoresis method used for M¡

estimation (Frank and Rodbard, I97 5; Von Arnim et al., L993) or if the protein in question

possesses a high number of basic residues (Daubert and Bruening, 1984). However, an

overestimation of the IvI¡ does not seem likely as GP la possesses a predicted isoelectric

point (pI) of approximately 4.5 and appears not to have any hydrophilic faces to its stnrcture

which could cause anomalous electrophoretic behaviour due to unequal SDS loading on the

protein (data not shown).

In contrast, the GP 1 of SBMV is similar in Mr to the in vitro translated P4 protein for

SBMV and therefore has been tentatively nominated as the P4 protein (Wu er al., 1987)

(Tables 3.2 and 4.1). The genome organisation of VTMoV on the other hand is similar to

LTSV in that it has two small ORFs which give deduced protein products of 152 and 186

a.a. and precede the largest ORF of the genome (equivalent to ORF 2 of LTSV and SBMV)
(Dr. W. Rohde, pers. comm.).
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Consistent with the nucleotide sequence (4.3.1.1), the deduced a.a. sequence of a

read-through translation product of ORF la (i.e., including ORF lb) showed a high level of
similarity to ORF 1 of SBMV. However, the associated z values for the alignment were less

than zero, indicating a negligible level of statistical signifrcance for the alignment (Table 4.4).

This low significance was apparent in an alignment made using GAP, where a large number

of indels were present, and in a dot-plot for these regions (data not shown and Figure 4.14).
Again this appears to be analogous to the findings for the Luteoviruses of the PLRV
subgroup which show a low level of similarity at both the nucleotide and a.a. levels for their

5'-proximal ORFs (van der Wilk ¿r al.,1989).

GPs 1a 1b

LTSV
1a+1b 2 3 4

I ZZU/43.6b 23.4/53 17.6144
c

<0
<0 <0

SBMV 2 43/60

43/s6
1t.t - 40.2

33.5/5r
!2.7 - 47.5

a : Percent identity calculated from alignments made using GAP Q.2.I7.I).
b : Percent similarity calculated from alignments made using GAP (2.2.17.1).
c : Numbers in small font beneath the percent identity/similarity values represent the range of z values

for the alignmenfs (2.2.17.2). Less-than (<).

Table 4.4Percentage identity/similarity between deduced amino acid sequences.

4.3.1.6 Gene Product 2

The ORF 2 of LTSV encodes the deduced protein product GP 2 (TabIe 3.2) (3.4.2).

The lvlr of this protein is within 47o of the estimated size of the ínvítro translated Pl protein

(Mr 105 K) (Morris-Krsinich and Forster, 1983) (Table 4.1). It therefore seems likely that

GP 2 is equivalent to, or at least accounts for most of, the Pl protein. Using the same

reasoning, GP 2 of SBMV, which is 956 a.a long (Mr 104,745), has been inferred as its in
vitro translated Pl protein (Mr 105 K) (Table 4.1) (Salerno-Rife et a1.,1980; Wu et aI.,

1987). However, the largest ORF of VTMoV, which would correspond to the ORF 2
discussed here, contains the coding capacity for a protein only 798 a.a.long (Dr. W. Rohde,

pers. comm.). For convenience, the partial deduced a.a. sequence from this ORF (from a.a.

25 - 710, numbering according to Dr. W. Rohde), will also be referred to as the GP 2 of
VTMoV even though ín vito translation of this RNA has not been reported (Dr. W. Rohde,

pers. conmr.). Alternative origins of the in vito translated Pl proteins of Sobemoviruses are

discussed below in relation to the possible translation strategies for these viruses

(4.3.3.4.s).

16997

3

4
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Consistent with the nucleotide sequence (4.3.1.2), the a.a. sequence of the GPs 2 of
LTSV and SBMV showed a high level of similarity, particularly in the carboxy-terminal (C-

terminal) halves of the sequences (Table 4.4) (Figure 4.18). The high associated z values

for this alignment indicates a high degree of statistical significance for the similarity (Table

4.4). This high level of similarity is consistent with the proposed function of this region of
the GP 2 as the viral replicase (4.3.2.2.1).

A multiple sequence alignment of the GPs 2 of LTSV, SBMV and VTMoV is shown

in Figure 4.24, the residue numberings of which are used from hence forth. This alignment

clearly revealed a high degree of similarity between all three viral sequences, which strongly

suggested that they are closely related. A plot of the running average of sequence similarity

confirmed that the region of highest similarity for these proteins resides in the C-terminal

region (Figure 4.28). The phylogenies of LTSV, SBMV and VTMoV were analysed on the

basis of this alignment and in particular, the regions associated with the putative RNA-

dependent RNA polymerase (RdRp) and Serine protease domains (4.3.4.2).

4.3.1.7 Gene Product 3

The ORF 3 of LTSV encodes the deduced protein product GP 3 (Table 3.2) (3.4.2).

Consistent with the nucleotide sequence (4.3.1.3), the a.a. sequence of the GPs 3 of LTSV
and SBMV showed a high level of similarity, particularly in the amino-terminal (N-

terminal) halves of the sequences (Table 4.4) (Figure 4.1C). The high associated z values

for this alignment indicated a high degree of statistical significance for the similarity (Table

4.4). Interestingly, the level of similarity and associated z values for this alignment were

greater than those for the overlapped region of GP 2 which in turn was lower than for both

the N- and C-proximal halves of the GP 2 (Tables 4.4 and 4.5). The possible significance

of this observation is discussed with respect to the possible origins of GP 3 below (4.3.4.1).

GP2
Reqions N-Proximal

LTSV
GP 3 Overlap C-Proximal

SBMV

N-Proximal 34,5a/53.5b
¿l - sec

GP 3 Overlap

C-Proximal

30.8/s0.6
r3;t - 16.5

s6.7171.7
26-tn

a : Percent identity as calculated from an alignment made using GAP (2.2.17.I).
b : Percent similarity as calculated from an alignment made using GAP (2.2.17.1).
c : Numbers in small font beneath fhe percent identity values represent the range of z values for the

alignments Q.2.I7 .2). Less-ttran (<).

Table 4.5 Percentage identity/similarity between regions of GP 2



A

Figure 4.2

Alignment of the Amino Acid Sequences of the GPs 2 from LTSV, SBMV

and VTMoV

The multiple sequence alignment of the complete GP 2 sequences from LTSV and

SBMV and the partial GP 2 sequence of VTMoV. Residue numbering is indicated

above the alignment. Gaps are indicated within the alignment by dots (. ). The

region of overlap with ORFs 3 of LTSV and SBMV is indicated by dashed

underlining. Putative protein function motifs are delimited by unbroken underlining:

Ser Prot. -1, -2 and -3 Putative Ser protease associated motifs.

NTP-A and -B Possible A- and B-sites associated with NTP-binding

proteins, respectively (for LTSV only).

r-vII RdRp motifs.

B Plot of the running average of similarity for the multþle sequence alignment calculated

by PLOTSIMILARITY and using a window of 10 residues. Residue positions are

numbered according to the multþle sequence alignment above (A). Similarity scores

were calculated using a symbol comparison table which attempts to assess residue

mismatches in terms of evolutionary distance (Genetics Computer Group, 1991).

Positions where complete identity occurs score 1.5. Less than perfect matches score

less with zero indicating no similarity. The horizontal line running through the plot

indicates the average similarity for the alignment as a whole.
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SBMV
VTMoV
LTSV

SBMV
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LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
YTMoV
LTSV

151
SLVAVKSGDS

1 50
MYRP SCLSYV LLVANMV1ISFA VCANAF IYGS YDP SHNIP TV ALMTLCATGL

MLLNSVEV

51 100
ÎüLSTSWSFG IRYVRVRVSP EKTONRTIYV SSGLPHFDPV YGWKKCEPM

RDETPPGMFT NLVGEPKLIP EKG IV I{DGVGEDGKV CKVI

101 150
GGGPAIELQV NPSVÍIHLLPT SPAINKVEVG QESAII,GSTY SWETGGEPK

V NPQI^IWRFLPG S.AISK.NGE DEAAVLDSVY SSVLTGTEPA

200
TLGFGARVYH EG.I{DVLMVP HHVWYNDKPH TALAKNGRSV

SLVLLKSGSQ TVGFGARVSY EGCSDYLLTA HHV. IEPHEK LDLCKRGKVI
Ser Prot.-l

20L 250
DTEDWEVEAA CADPRIDFVL VKVPTAV9üAK LAVRSTKVLA PVHGTAVQTF

Ï, IKVPNKYÍ'TSS IGVGSAKLLV{ HKPGQWKVY
P D LD LT T T YD CEDKE.AEEÀM-LKYPSNYWS R LGVGVAKIJ SA L S KKS TVS LY

Ser Prot.-2
2st 300
GGQDSKQ],FS GLGKA.KALD NAWEFTHTÀP TAKGWSGTPL YTRDG. IVGM
GGR.SDELIS SVGR.AEKDPD IJSIJRIJTHNÀS TAPGWSGSPL YNSENFWGL
GGTSSTGLTC SSGFAYKG.K SGYATIHEAS TTKGWSGTPL YVGNN

NTP-A Ser Prot.-3
301 350
HTGYVDIGTS NRAÌNI"IHFÍM SCI,VSKMETL PPEI,GYRETS LEDVGLRSFE
HTGFSAÀEQR NEAVDVAKLL HLALRTKETT FSEIGVSLID EDEIESRGYQ
HTGCGKAGET NRGTNVRYI,¡JLD. LSSGYESD FSETSYGEID LDNFRLRPNR

NTP.B
351 400
F..LEVETEN RGKVKLGKRE F.AhTVP...K . GKAWA
FDDFELRGEV NVKGKMARNE I.STTASKIK GKPV{Y

OEYLPVTIKG KGRYLLGDTD FVAMTEARVK RVDDVÙEALKD AEGPGGVKWS

401
DMLDDDDLPL
LQEEGDDEFY
DWADEETSVII

PPKMVNGNLV
DSTGEKDFLÀ
GRKMNNIYKA GVETIDLWKG

.. .WADAQES

...RFREQTG
TDEPVESETT

450
FDGALPLNCL
KETVGNLNCQ
SQLLRHLNCQ

451 s00
RÀ,ÀG.RNVLP PKLNLVTINS PVDPPTKQVA CPSEIVDHRL ASLEKCLENL
RÀÀ. .QTLEP PFENLRPCDG ENPELSKPAG WDSTMLESRL ASIJERÀLSTL
GAGTPEGVAP PSSTLQSTDG NNPSLSPHGV CLFPKLEDRT VNLEKLVEKL

501 550
I,QTLSQPQQK FSQNSI,SSGG LKGDQEI,KIJA PCYSKQESLF PPKPRÀTSSK
LAEQSVLLSK FSQNSSSMVG QK. .EALK.. .. .PNSÐSLL LQ.. ...ASR
LETLSSRQVK SSQSSNSTAG LSEWGQKED PSSSKPDGFD RPAPPPT.SP

551 600
PITTSSPGTP GRSPI,PVSGK ELGPSTQSS., .SKLSRKQR RRRSTE. . . .

FRRTSCPEQT ERKCEVLAEK YPKSR.AHRCF RRENFCQRQL LREQTEATTT
SQSESSPQNT Q.. .PQQSTESSG GQSGVKKKSQ RRRGKSERQK



SBMV
VTMoY
LTSY

601
. KASP

SPEINDKASP
ST....QKPP

GVPLSRLATT
GSPWSRLEKT
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NKDLMÀQHMQ
NGELISRFKD
NAEVI,SRHGD

FVAACVTGRV
LIJIEAVLRRV
LVYIAVAERL

6s0
PLLAS..FED
LLIJASTPTSE
TALSEADIJEA

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

SBMV
VTMoV
LTSV

65r- 700
IHALSPTEMV EMGLCDPVRL FVKQEPHPSR KLKEGRYRLT SSVSTVDQLV
ILCMSASDLV R.A,NLVDPVRL FVKQEPHTKK KLNERRFRIJI SSVSIVDQII
. . HP KP SDLV RLGLCDPVRL FVKNEPHP.AN KVREGRFR]¿J--SSILTLVD-OLV

I II
70L 750
ERMLFGAQNE LEIAEWQSIP SKPGMGLSVT HQADAIFRDL RVKHTVCPAA
ERLLFGPQNR LEIALWHQIP SKPGMGLSAR TQADLLVS\IEL FAKSEIAPAA
ERLIFGPONK AEIALVüOSVP SKPGMGLSOK IVOFEALWKDL QIKHASAPAA

IIItr
751 800
EADISGFDT¡IS VQDWELWADV EMRIVL.GSF PPMM^ê,R.A,ARN RFSCFMNSVL
EADTSGFDV'TS VQE$IELWADL SMRTSLCEDM HDGLRRLMVN RYRCFMLSCF
EADISGFD9IS VQKWELEADV CMRIE.RGNF PARMRKA.ê,LN RFKCFANAVF

IV
801 8s0
QLSNGQLLQQ ELPGIMKSGS YCTSSTNSRI RCLMÀELIGS PWCIAMGDDS
QLSNGELYEQ VEPGLMKSGS YCTSSSNSRT RCLMGHLIGA PWIIAMGDDS
QLSNGELIEQ GLPGLMKSGS YCTSSTNSRI RCLMA,E]IQA PI/TqIAMGDDS.

vvI
851 900
VEGFVEGARE KYAGI,GHLCK DYKPCATTPT GQLYAVEFCS HVIKRNKAFL
VEGYVRDAKS KYEELGHTCK EYELCDVDSD GALRSVNFCS HLISRNKFWL
VEGYVEGARE LYEELGHTCK DYIPCAAEGE . ILKEVNFCS HSIAADRCYL

vu
90L 950
TSWPKTLYRF LSTPRETLED LERELASSPM WHKTQSYVRS IP.SPDKTAR
TSWPKTLYRF LDSPSENFHD LERELGSCPK WVKIKDYCCO VGLVPDKTYW
OSWAKTLFRY LEHP.DDFEE LAVELQGCQ. WPRIYKYLRR IGRVSDKI. .

vuI
951 l_000
DKSICNGYPL DQEAISTSYS EYSSKSÀSAE ATREAÀCCAG AOAYPShIGIH
EE.
.PEPREENGR EDEKSKQKEE EEQQRTEEDY GTQOA.âSYCS EGHDPSRYFG

1001 10r_1
GPYCSGDHGE A

GGEEVFPCNP L

B

I

0
rlr

500
Residue Position

I

1,000
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Both proteins showed unusual chemical characteristics in that they had high pI values

(11.25 and 10.5 for LTSV and SBMV, respectively) which were reflected in high

hydrophilicity and antigenic predictions over their entire lengths (Figure 4.3). No protein of

equivalent Mr to GP 3 was observed in in vitro translation experiments for LTSV and SBMV

(Table 4.1) (4.L.2). A possible translation mechanism for this ORF is discusses below

(4.3.3.3.3).

4.3.1.8 Gene Product 4

The ORF 4 of LTSV encodes the deduced protein product GP 4 (Table 3.2) (3.4.2).

The I\4 of this protein correlates approximately to the observed in vitro translated P3 protein

(Mr 33 K) (Table 4.1) (Morris-Krsinich and Forster, 1983). Since, the deduced protein

sequence contained a relatively large number of basic a.a., which gave a calculated pI of

approximately 70.25, this may account for an over estimation in M¡ using the SDS-

polyacrylamide gel electrophoresis method (Daubert and Bruening, 1984). In comparison,

the ORF 4 of SBMV is essentially the same size as that for LTSV but appears to be translated

in vivo from the second AUG codon (Table 3.2) (Figure 3.78) (Wu er al., L987). This

gives a slightly smaller GP 4 of 262 a.a. (Mr 28,391) which corresponds closely to its in
vitro nanslated P3 protein (IV4r29 K) and has a calculated pI of approximately 10.5 (Table

4.r).

Unlike the nucleotide sequences of the ORFs 4, the GPs 4 of LTSV and SBMV

showed a relatively high level of sequence similarity with correspondingly high associated z

values, indicating a high level of statistical significance for the similarity (Table 4.4) (Figure

4.1D). Such a lack of congnrence between nucleotide and a.a. similarities can result from

the redundancy of the genetic code and/or from the ability of particular protein tertiary

structures to be formed from often radically different primary structures (Lau and Dill,
1990). The latter possibility is most likely to be the reason for the observed differences

because of the proposed structural function of GP 4 (4.3.2.4).

4.3.2 Ãmino Acid Sequence Motifs and Putative Protein Functions

A number of protein sequence motifs that have been associated with specific catalytic

or ligand-binding activities with varying degrees of confidence and are often used to assign

putative functions to proteins. While these motifs have been unequivocally assigned to a

given activity in only a few cases, comparative sequence analysis of putative proteins from a

number of different systems have reinforced the associations, often to such a degree that the

motifs have become diagnostic of the relevant protein domains and, by implication, with the

associated functions.



Figure 4.3

Basic, Acidic, Hydrophobic and Uncharged Hydrophilic Amino Acid
Locations and Kyte Doolittle Hydropatþ Plots for the GPs 3 of LTSV and

SB}/IV

A LTSV sequence.

B SBMV sequence.

The protein sequences are represented as a horizontal line running from the N- to the

C-terminal ends (left to righÐ. Along this line the relative positions of acidic, basic,

hydophilic uncharged and hydrophobic amino acids are indicated as lines of varying

sizes drawn at right angles:

Acidic residues (above the line) : short = His

medium = Lys

long = 41t

Basic residues (below the line) short = Asp

long = 61u

Hydrophobic residues (above the line) : short = aliphatic

long = aromatic

Hydrophilic, uncharged residues (below the line) : short = amides

long = alcohols

The Kyte and Doolittle hydropathy measure is plotted below these residue location

plots. The curve represents the average of a residue specific hydrophobicity index

calculared over a window of nine residues (Kyte and Doolittle, 1982; Genetics

Computer Group, 1991). Hydrophobic regions are represented in the upper half of

the frame while hydrophilic regions are represented in the lower half.
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As previously noted, the identification of a particulil motif in a given protein is only a

tentative indication of actual function (Gorbalenya et a1.,1988c; Koonin and Dolja, 1993).

However, the presence of a motif is less likely to be due to chance and more likely to be

associated with a particular protein domain if that motif is conserved within a protein family

that has been delimited by other sequence similarities. The premise for this hypothesis is that

the motifs are essential for a particular protein function and are maintained through descent

from the original protein species that contained the relevant domains. Other regions of the

proteins are either less essential for function or are more amenable to variation and so show a

high level of divergence. However, it should be noted that the motifs may also be due to

convergent or parallel evolution and therefore represent homoplasy rather than homology. In

this case sequence similarities must result from a number of constraint(s) on protein structure

that are required for proteins to possess a specific activity. V/ith these points in mind,

putative domains and inferred functions for the putative protein products of LTSV, SBMV

and VTMoV can be more confidently assessed because of their close relatedness, as

determined using traditional taxonomic criteria and the sequence analysis presented above.

4.3.2.1 Gene Products la and lb
The proteins GP la and lb of LTSV and GP 1 of SBMV showed no significant

homologies to the protein and translated nucleic acid databases, nor were any sequence

motifs, associated with particular protein functions found within them, except for
phosphorylation and glycosylation sites. Phosphorylation sites may have a function invivo

as in the 17 kDa protein of PLRV (Tacke et al., 1993). No biased physico-chemical

properties that could have suggested protein function were observed or predicted for these

proteins (data not shown). Although these results do not exclude in vivo functions for the

proteins, it is difficult with the data available to make accurate predictions as to what their

function(s) may be. The possibility that GP lb is involved in a transframe protein product

with GP 2 is discussed below (4.3.3.4.5). However, this possibility does not suggest any

functions for GP 1b. In this case the function of GP lb will either be linked to the function

of GP 2 or, if the protein is cleaved from the transframe polyprotein, GP lb will be

produced in a 1:1 molar ratio with GP 2. This stoichiometry may have a functional

significance in the life cycle of the virus. A corollary to the linking of GP lb to GP 2, is that

the GPs la of LTSV and VTMoV therefore must be the functional analogues of GP I of
SBMV.

The divergence in genome organisations between SBMV and LTSV|/TMoV in the 5'-

terminal region allows some speculation on the functions of the GP la and possibly GP lb
proteins through the comparison of the biological characteristics of the different viruses

(3.4.2 and 4.3.4.1). One correlation can be made between genome organisation and the

association of the virus with a virusoid in the field (1.1.4 and 1.2.2). Both LTSV and

VTMoV a¡e known to naturally posses a helper specific virusoid whereas a naturally
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occuring satellite of SBMV has not yet been found (Tien et a1.,1981; Jones et al., 1983;

Paliwal, I984a, b; Gould, 1981). Furthermore, SBMV can support the replication of

vLTSV (as can CfMV and TRosV) (Paliwal, 1984b; Sehgal et a1.,1993). Therefore, the

ORFs Lall and lb are not likely to be involved in helper/virusoid specificity or in the

replication of a virusoid. Instead, they may be involved in the acquirement and maintenance

of virusoids in the field, possibly through interactions with host factors.

Alternatively, the ORFs La/l andlor lb may be involved in the vector and host ranges

or symptomatology for these viruses. With respect to vector range, a correlation can not be

made until the vector(s) for LTSV are discovered. V/ith respect to host ranges, it is
interesting to note that the host range of SBMV is limited to species of the Legumtnosae

while that of VTMoV is limited to species of the Nicotíanae which can also be infected by

LTSV-NZ (N. clevelandii,N. rustíca andN. tabacum) although the Australian isolate

(LTSV-A) can not infect Nicotíanae species (Tremaine and Hamilton, 1983; Randles and

Francki, 1986; Forster and Jones, 1980). Therefore, if a correlation exists between the

genome organisation at the 5'-terminus and infectivity of Nicotíanae species, the genome

organisation of LTSV-A would be expected to be the same as or similar to that for SBMV.

The analysis of symptomatology is confounded by differing host ranges for the viruses,

therefore interpretaúon using purely comparative methods can not be made.

4.3.2.2 Gene Product 2

4.3.2.2.1 RNA-Dependent RNA Polymerase Motifs
The Gly-Asp-Asp (GDD) motif was originally associated with the known RdRp

domain from Poliovirus and has since been extended to a number of different viral or viral-

related systems (Kamer and Argos, 1984; Bruenn, 1991; Koonin, 1991a; Koonin and Dolja,

1993). This motif is the primary diagnostic motif for RdRps, however up to eight conserved

motifs (I - VIII) across the C-terminal 300 a.a. of a RdRp are associated with the RdRp

domain and have been identihed in positive-, negative- and double-stranded viruses, reverse-

transcriptases from reroviruses and DNA-dependent DNA polymerases (Bruenn, l99l;
Koonin, L99la; Koonin andDolja, 1993) (Figure 4.4).

An RdRp domain for the GP 2 of SBMV was proposed by'Wu and co-workers (1987)

on the basis of sequence homologies at three separate regions of the protein to eight viral

polymerase sequences (Kamer and Argos, 1984). More extensive alignments using 249

a.a. of this protein were subsequently made to the RdRp sequences from up to 51 viruses

representing all positive-sense RNA virus groups (Koonin, I997a; Koonin and Dolja,

1993). These alignments revealed numerous residues that were either strictly conserved or

conserved in hydrophobicity only. Conserved residues were delimited with regards to their

presence within one or more viral Superfamily (I, U and III, as defined by Koonin (1991a)
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and Koonin and Dolja (1993) (4.3.4.2). These conserved residue positions were considered

here as diagnostic comparative elements for an RdRp domain.

To investigate the possible RdRp domain of GP 2 of LTSV, the degrees of
conservation at RdRp-specifrc residues were observed in the multiple sequence alignment of
the GP 2 sequences (Figures 4.2A and 4.4). The three viral sequences showed complete

conservation of residues known to be conserved in identity in RdRp domains. For residue

positions conserved in their hydrophobic nature only, the alignment revealed 11 changes, of
which 10 were conservative; the exception being Ala -r Pro at position 707 (Figure 4.4),

however in this case the general size of the a.a. side-group is conserved (Table 4.64). It
should be noted that all of the a.a. changes observed in the Sobemovirus sequences were

shared by at least one other viral sequence listed in Superfamily I (Koonin, 1991a; Koonin

and Dolja, 1993) (4.3.4.2). At positions showing conservation with consensus residues

from other Superfamilies, five conservative changes were observed (Figure 4.4) (Table

4.68).

SBMV LTSV VTMoV

A

B

Ile 6954

Leu 699

Vat 700

Ala 707

Ala 733

Ile 736

Phe 792

Leu 808

Cys 843

Tyr 908

Leu 918

Leub

Phe

Leu

Ile
Pro

[æu

Met

Ala

Ala

Leu

Ile

Ile
Val

Pro

Ala

Leu

Tyr
Tyr
Ile
Tyr

Phe

Leu

Phe

Ile
cys
Phe

Phe

Met
Met

Ala

Ala

Leu

703

784

787

788

847

Iæu

Leu
Leu

Met
Ile

a : Residue positions numbered according to Figures 4.24
b : Residues in bold type indicate the odd one out.

Table 4.6 Observed amino acid differences in the RdRp domains of SBMV, LTSV

and VTMoV.



Figure 4.4

Alignment of the RdRp Regions for the GP 2 Sequences of LTSV' SBMV

and VTMoV

Residue numberings are the same as those given in Figure 4.2. Gaps are indicated

within the alignment by dots (. ). Residues previously identified as conserved among

RdRps of Superfamily II are indicated above the alignment (Koonin, 1992; Koonin

and Dolja, 1993). Residues conserved in identity are indicated by those identities.

Residues conserved only as hydrophobic in nature are indicated by large dots (').
Residues conserved within other Superfamilies and showing conservation within the

multiple alignment here are indicated below the alignment by a target symbol (u)

(Koonin, 1992; Koonin and Dolja, L993). The three highly conserved domains used

for the evaluation of phylogeny are delimited by lines and indicated by roman

numerals (IV, V and VI) (Koonin, 1992; Koonin and Dolja, 1993).
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Although conserved motifs associated with viral RdRp domains also exist upstream

from the alignment shown in Figure 4.4 (not detailed or analysed by Koonin (1991a) or

Koonin and Dolja (1993)), it is believed that the motifs considered here are likely to include

most regions of the protein involved in chain elongation (Koonin L99la: Koonin and Dolja,

1993). The extremely high degree of conservation of these residues in the sequences of
LTSV, SBMV and VTMoV strongly indicated that an RdRp domain exists within the GP 2

proteins of these viruses and that part or all of GP 2 therefore functions as the viral replicase.

4.3.2.2.2 NTP-Binding Site Motif
Comparative sequence analysis and X-ray crystallographic data has identified a number

of conserved sequence motifs believed to be diagnostic of the active site for the binding of
nucleotide triphosphates (NTPs). These motifs have been found in a large number of
procaryotic, eukaryotic and viral proteins known or believed to bind such substrates

(reviewed by Saraste et a|.,1990; Gorbalenya and Koonin, 1993). The two most conserved

motifs are the A-site (or P-loop) which is followed downstream by the B-site. The A-

site is the best conserved of the two motifs, both of which can be represented as consensus

sequences:

<hydrophobic> f; x x c x c K ì A-site (PJoop)

<hydrophobic> o fl B-site

The hydrophobic sfetches contain at least two hydrophobic residues out of five for the

A-site, or three out of five for the B-site while the distance between the two motifs, if both

are present, can vary from tens to hundreds of residues (Gorbalenya and Koonin, 1989a).

Considerable variation also exists for the "invariant" residues depending on the type of NTP-

binding protein that is involved, although a high degree of conservation occurs within

protein families and the conserved Lys (K) is always present (reviewed by Saraste et ql.,

1990).

It should be stressed however, that a number of proteins that are known to bind NTPs,

lack these motifs (Walker et a1.,1982; Gorbalenya and Koonin, 1989a; Taylor and Green,

1989). The most relevant example of such proteins are viral DNA and RNA polymerases

(Gorbalenya and Koonin, 1989a) although regions analogous to these motifs have been

proposed in these proteins (Argos, 1988; Koonin, 1991b). Conversely, proteins that

contain these motifs but have no detectable ATP- or GTP-binding activity have been found,

examples of which are the negative-srand RNA virus hemagglutanins (Gorbalenya and

Koonin, 1989a). In these cases, the presence of the motifs is believed to be due simply to

coincidence.
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A candidate A-site but not a B-site was detected in the sequence of GP 2 of LTSV

using the MOTIFS program (2.2.17.1) (Figure 4.2A, region NTP-A), however Gorbalenya

and Koonin (1989a) have suggested "...the only strict requirement for the'B' site might be a

negatively charged residue...flanked, from the N-terminal side, by a hydrophobic stretch

with a B-strand forming propensity." Such a potential B-site was located by eye, 43

residues downstream of the A-site in which four out of five of the residues immediately up-

stream of the Asp residue were hydrophobic (Figure 4.2A, region NTP-B).

The alignment of the GP 2 sequences of LTSV, SBMV and VTMoV were examined to

see if the putative A- and B-sites of LTSV were conserved (Figure 4.2A, regions NTP-A

and -B). This alignment showed no noticeable conservation at either site (Figure 4.2A,

regions NTP-A and -B). Since the multþle sequence alignment given in Figure 4.2Amay
not accurately align functional domains within the proteins, a search of the entfue GP 2

sequences of SBMV and VTMoV for similarities to the putative A- and B-sites of LTSV

were carried out. These searches failed to reveal any regions of significant local homology

(data not shown).

Although subsequently undetected (and possibly rejected) (Gorbalenya and Koonin,

1989a; Koonin and Dolja ,1993), rWu and co-workers (1987) proposed alignments between

the GP 2 protein of SBMV and the A-site motif plus two other less conserved sequences

associated with NTP-binding proteins. Alignments with the B-site motif were not proposed

(Wu eú al., 1987). The consensus sequences used for these comparisons were obtained

from the alignment of 18 Picornavirus 2C regions and alfalfa mosaic virus (AIMV), brome

mosaic bromovirus (BMV) and tobacco mosaic tobamovirus (TMV) (Wu et al.,1987). In
the case of the A-site alignment, only 30Vo identity and 507o similarity was observed over a

20 nucleotide stretch. The two smaller alignments showed 38Vo ldentity,627o similarity and

62Vo identity,757o similarity, respectively, but only over stretches of eight nucleotides each.

These alignments were posited as preliminary evidence for ATP binding in this region (Wu

et al., 1987). In the alignment of the entire GP 2 sequences, no significant conservation of
these three regions were apparent for the three viruses (Figure 4.2A, regions NTP-A and

-B). Furthermore, by the same rational as described above, a search of the entire GP 2

sequences of LTSV and VTMoV failed to reveal any regions of significant local homology

with the sequences proposed for SBMV (data not shown).

The GP 2 sequences of LTSV, SBMV and VTMoV were further tested for homologies

to the A-sites from 18 putative plant viral helicase proteins from representative groups

including Bromo-, Clostero-, Cucomo-, Furo-, Hordei-, Potex-, Tobamo-, Tobra- and

Tymoviruses and AIMV (Gorbalenya et a1.,1988b, c; Koonin and Dolja, 1993). Both
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profile analysis and global and local alignments were carried out, however none of the

regions of homology identifred showed a high level of statistical significance for the resultant

alignments, nor did they exhibit sequence or positional conservation (data not shown).

Lastly, the grouping of plant viruses on the basis of conservation of ATP-dependent

helicase and RdRp motifs has also been proposed by Habili and Symons (1989). These

workers placed SBMV into the luteovirus-like Supergroup of positive single-stranded RNA
plant viruses (equivalent to Superfamity tr of Koonin (1991a) and Koonin and Dolja (1993))

on the basis of a single alignment of the putative SBMV A-site (Wu ef a1.,1987) to rhat of
soybean dwarf luteovirus (SDV). However, as above a sea¡ch of the entire GP 2 sequences

of LTSV and VTMoV failed to reveal any regions of significant local homology with the

SDV sequence involved (data not shown).

Although relatively good candidates for A- and B-sites were found in the GP z
sequence of LTSV, the lack of conservation with the equivalent protein sequences from
SBMV and VTMoV suggested that these sites represent chance occurences. Furthermore,

the lack of conservation of the proposed SBMV A-site and of sequences aligned with two
different A-site consensus sequences using three different alignment algorithms (GAp,
BESTFIT and PROFILEGAP), suggests that a functional NTP-binding site as defined by
the A- and B-site motifs is notpresent in the GPs 2 of LTSV, SBMV or VTMoV. This does

not preclude the existence of NTP-binding function for these proteins by undefined regions,

however until such a function is investigated experimentally in these proteins, no further
speculation can be made. Furthermore, it should be noted that no known helicase proteins

have been proposed for positive-strand RNA viruses with genomes less than six kilobases in
length or that do not posses noticeable A- and B-sites (Koonin and Dolja, 1993). Therefore,

helicase function for GP 2 as proposed by Habili and Symons (19S9) can be specifically
ruled out.

4.3.2.2.3 Serine Protease Motif
Gorbalenya and co-workers (1988a) proposed the existence of a serine protease region

within the GP 2 of SBMV based on the identification of sequence motifs associated with the

catalytic triad of Asp, His and Ser/Cys of "classical" (chymotrypsin-like) Serine proteases

and viral Cysteine proteases. Sequence comparisons at three regions were made benveen the

GP 2 sequence of SBMV and three eukaryotic and two procaryotic Ser proteases and one

Como-, one Poty- and three Picornavirus Cys proteases (Gorbalenya et a|.,1988a). This
alignment revealed a high degree of similarity between the GP 2 sequence of SBMV and the

Cys proteases, at a region surrounding the catalytic Cys residue, except that the SBMV
sequence contained a Ser residue at the position expected for the catalytic residue
(Gorbalenya et ø/., 1988a). However, two remaining regions of the GP 2 of SBMV
revealed greater similarities to the catalytic His and Asp residues of Ser proteases
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(Gorbalenya et aL, 1988a). On the basis of these sequence simila¡ities, it was suggested that

the Ser protease motifs of SBMV tepresent an evolutionary intermediate between Ser and

Cys proteases (Gorbalenya et a1.,1988a). The close relationship between Ser and Cys

proteases was further maintained in an alignment of 51 plus-sense RNA viral sequences,

including those of PLRV, beet western yellows luteovirus (BWYV) and pea enation mosaic

luteovirus (PEMV) (Koonin andDolja, 1993).

The presence of a Ser protease domain in LTSV (and VTMoV) was investigated by
aligning three regions of the GP 2 sequences with a number of Ser and Cys protease motifs

from eukaryotic, procaryotic and both plant and animal virus sequences, including those

from SBMV (Figure 4.5). This alignment showed complete agreement between the LTSV
and VTMoV sequences with the consensus sequence for the regions as defined by Koonin

and Dolja (1993) (Figure 4.5). The highest degrees of similarity was observed about the

catalytic residues (Figure 4.5). The presence of these conserved sequences have been

correlated to the experimental demonstration of protease activity for a number of viruses and

has been suggested as a reliable indicator of protease function in vivo (Koonin and Dolja,

1993). Therefore, the high level of conservation of these motifs for LTSV, SBMV and

VTMoV suggests an in vivo Ser protease function for the Sobemovirus GP 2. The

function(s) ofsuch aprotease could be toregulate gene expression through cís and/or trans

processing of viral proteins. By analogy to Picorna-, Poty-, Como- and Tymoviruses, the

GP 2 may function as a polyprotein from which different protein products are liberated

through a specific cascade of processing events on a stoichiometric and/or temporal basis

(Dougherty and Carrington, 1988; Shanks and Lomonossoff, 1990; Morch et a1.,1989).

Alternatively, the protease may cleave the GP 2 only once, resulting in the liberation of two

fragments, one of which would be expected to be the viral replicase while the other may have

a specific function in the cleaved form (e.g., the VPg molecule). The protease domain may

also functionin lrans and as such, at least in the case of SBMV, may be responsible for the

processing of the N-terminal Met of the coat protein (4.3.2.4).

Because no experimental data exists on protease activity for the GP 2 of SBMV,
Gorbalenya and co-workers (1988a) proposed protease cleavage sites within GP 2 on the

basis of similarities to known Picornavirus polyprotein processing sites (Gln or GluJGly,
Ser or Ala). It was further proposed that the Pl protein undergoes autocatalytic cleavage at

two sites and that this may be the origin of the P2 protein found in ín vito translation

experiments (Gorbalenya, et al.,l988a). Furthermore, through analogy to Picorna-, Como-

and Potyvirus VPg domain locations it was suggested that the VPg domain of SBMV would

reside up-stream of the Ser protease domain (Gorbalenya et a1.,1988a; Koonin and Dolja,

1993).



Figure 4.5

Alignment for Ser/Cys Protease Motifs

Multipte sequence alignment of three conserved protein regions associatecl with

cellular and viral Ser and Cys proteases. The Ser or Cys residues that define the two

classes of proteases are shown in bold type. These and other residues associated with

catalysis are also indicated by double crossed lines (*). Gaps in the sequences are

indicated by dots ( . ). Numbers refer to the number of residues that lie between two

adjacent regions. Residues that are conserved in either identity or in hydrophobic

nature are indicated in the consensus line by their identity or as a large dot (.),
respectively.

Sequences were obtained from Gorbalenya and co-workers (1988) and Koonin and

Dolja (1993):

thrombin (THR)

chymotrypsin (CHT)

trypsin (TRP)

Streptomyces gríseus protease A (SGPA)

bacterial a-lytic protease (ALP)

pea enation mosaic nodavirus (PEMV)

equine arteritis arterivirus (EAV)

lelystad aterivirus (LV)

rhinovirus type 89 3C-like protease (RV89 3C)

poliovirus type 1 3C protease (PV 13C)

encephalomyelitis cardiovirus 3C-like protease (EMCV 3C)

cow pea mosaic comovirus p24 protein (CPMV p2a)

tobacco vein mottling potyvirus NIa protein (TVMV NIa)
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In considering the GP 2 sequence of LTSV, in addition to the known processing sites

for Picornavirus polyproteins (as above plus, GlnJArg, Asp or Ile, TyrJGlu and AsnJSer

(Pallansch et a1.,1984; V/ellink and Van Kammen, 1988)), analogous sites for known plant

viral polyprotein processing were also considered; cowpea mosaic comovirus (CPMV):

GlnJMet, Ser or Gly (Wellink et a1.,1986), tobacco etch potyvirus (TEV): Glu-X-X-Tyr-

GlnJSer or Gly and tobacco vein mottling potyvirus: Val-Arg-Phe-GlnJSer or Gly

(Dougherty and Carrington, 1988).

The locations of all possible cleavage sites (as def,rned above) in the GP 2 of LTSV are

schematically represented in Figure 4.6. Conservation of potential cleavage sites between

the Sobemovirus GP 2 sequences, as aligned in Figure 4.2, were classified as either

conserved in potential only ("functional" conservation") or strictly conserved by a.a. identity

(Figure 4.6, a and b, respectively). Six sites were found to be strictly conserved between at

least two of the viral sequences but were all located within putative functional domains (the

RdRp domain for the four C-proximal sites and the Ser protease domain for the remaining

site) @gure 4.6, b). It is therefore unlikely that these a.a. pairs function as cleavage sites

because cleavage would be expected to desroy or at least inhibit catalytic functions. Seven

additional sites showed "functional" conseryation, five of which were located in regions of

un-designated function and therefore are candidates for cleavage sites in vivo @igure 4.6, a).

The N-proximal "functionally" conserved site is discussed below as a potential cleavage site

generating a mature or precursor VPg molecule (4.3.2.2.4). However, in the absence of

experimental data on protease activity for GP 2 proteins, it is impossible to accurately assess

cleavage function for any of the potential sites.

To address the possibility that cleavage at one location in GP 2 molecule could produce

the P2 protein, possible cleavage sites located at the two approximate positions which would

produce an N- or C-terminal cleavage fragment of approximately Mr 78 K, were compared

(Figure 4.6,X and Y) (cf. Table 4.1). Two cleavage sites 121261u-41u2r3 un¿724ç1n-

GLy725,Figure 4.2A) were identified that would each produce a fragment of the correct size

(Mr 78,642 and79,027, respectively). However, both of these sites and the sequences

surrounding them, \ilere not conserved between the two sequences. Furthermore, the sites

were located within either the Ser protease or RdRp domains and therefore can be ruled out

for the same reasons discussed above. Although a precedent for single site Ser protease

cleavage of a polyprotein exists in the Sindbis virus (Simmons and Strauss, 1974), it should

be noted that multiple cleavage sites could exist such that a cascade of processed protein

products would result, one of which may be approximately M.78 K in size.



Figure 4.6

Schematic Representation of Possible Protease Cleavage Sites in the GP 2
Protein of LTSV

The GP 2 protein of LTSV is represented as a box orientated from the N- to the C-terminal

ends (left to righ$. Residue positions are indicated by the scale above the diagram. The

regions involved in putative Ser protease and RdRp function (as defined in Figures 4.5 and

4.4, respectively) are indicated to scale by bold lines below the diagram. The locations of

each amino acid pair identified on the left hand side of each box are indicated as lines within

the respective boxes and to scale.

Positions where possible cleavage sites are conserved between LTSV and SBMV and/or

VTMoV are indicated by the letters preceding the relevant line (except for the ES row where

the letter comes after the line):

a : Conserved only with respect to possible function.

b : Conservation of amino acid identity.

The approximate locations of single cleavage points that would result in the production of a

Mr 78 K fragment are indicated by arrows. Cleavage at arro\ü X would produce a C-

terminal fragment of this size while cleavage at arro\ü Y would produce an N-terminal

fragment of this size.
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4.3.2.2.4 VPg Motif
Based on a weak alignment with a consensus derived from 17 Picornavirus VPg

sequences and from the position of the alignment relative to the RdRp domain, the VPg

domain for SBMV was tentatively located to a region in the centre of GP 2, 98 a.a. up-

stream of the RdRp alignment given in Figure 4.4 (V/u et al., 1987). However, the

subsequent identification of a Ser protease domain in this GP 2 and by analogy to the

location of Picorna-, Como- and Potyvirus VPg domains, it was suggested that the VPg

domain would be located in the N+erminal region of the GP 2 (Gorbalenya et a1.,1988a;

Koonin and Dolja, 1993). One conserved potential protease cleavage site was identified in

the N-terminal portion of the GP 2 of LTSV (Figure 4.6). Cleavage at this site in the GP 2

of LTSV would produce an N-terminal fragment of M¡ 7,480 while cleavage at the same site

in a transframe protein from ORFs 1b and 2 would produce a fragment of Mr 14 K
(4.3.3.4.5). The size of the latter fragment is similar to that produced by cleavage at the

analogous site in the GP 2 of SBMV (Mr 14,520). The similarity in size of these fragments

is consistent with the hypothesis of a frame shift mechanism of translation for LTSV

(4.3.3.4.5). Further processing of these N-terminal cleavage fragments of LTSV and

SBMV may take place to form the mature VPg molecules.

Pair-wise and multiple alignments using a number of different stringencies, were made

between the GP 2 sequences of LTSV, SBMV and VTMoV and the consensus used by Wu

and co-workers (1987) or to 10 aligned Picornavirus VPg sequences (Vartapetian and

Bogdanov, 1987) or to the known or suspected VPg sequences from Como-, Poty-, Nepo-

and Luteoviruses: CPMV, red clover mosaic comovirus, turnip mosaic potyvirus, potato

virus Y, grapevine fan leaf nepovirus, PLRV, BWYV and barley yellow dwarf luteovirus

(BYDV) (Zabel et al.,1984; Veidt et a1.,1988; Robaglia et a1.,1989; van der Wilk et al.,

1989; Pinck et al., I99l; Nicolas and Laliberte, 1992; Wyatt, 1993). In all cases, the

resultant alignments showed little sequence or positional conservation while none showed

homology to the putative VPg domain of SBMV (rü/u et al., L987) (data not shown). In

addition, many of the alignments were located downstream of the original alignment made by

Wu and co-workers which placed them within the RdRp domain of GP 2. The same VPg

sequences were compared to GPs 1all, lb and 3 of LTSV and SBMV with no convincing

homologies being found (data not shown).

Since the known or suspected VPg sequences from a number of animal and plant

viruses showed no convincing homologies to regions of the GP 2 sequences of LTSV,

SBMV or VTMoV, the diagnostic signal for a VPg domain was generalised to a region

containing a high level of basic a.a. Such a signal was chosen on the basis of the findings

of Daubert and Bruening (1984) who observed that the VPg molecules of many viruses

contain a high proportion of basic residues. The basic and acidic residues of the GP 2 of

LTSV and SBMV were mapped to determine any regions containing a high basic a.a. content
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(Figure a.7). By analogy to the M¡ estimates for the VPg molecules of SBMV-B and -C and

of TRosV and making allowance for over estimations in size, the VPg domain of LTSV

would be expected to be within the range of 50 - 100 a.a. long (Table 4.1).

Only one small region at the same location in both GP 2 proteins showed a cluster of
Arg and Lys residues (Figures 4.7 4,500 - 520). This region was located approximately in

the middle of the overlap with ORFs 3 (Figure 4.2A, positions 581 - 600). This region of
the GPs 2 showed a low level of sequence similarity as aligned in Figure 4.24 (positions

581 - 600), nor was it bounded by conserved potential protease cleavage sites (Figure 4.6).

In addition no significant sequence similarity for these sequences were found with the VPg

domains from other viruses (data not shown). Although the location of this basic region

between the Ser protease and RdRp domains of GP 2 is analogous to that of the VPg domain

of Comoviruses, suggesting that it may contain the VPg domain, the lack of sequence

similarity for this region suggests that the VPg domain is not located there (Zabel et al.,

1984). Therefore, from the limited comparative information available, the VPg domain may

only be tentatively located to the overlap region of GP 2, and as such would be expected to

be processed from the GP 2 polyprotein by the Ser protease during viral replication.

4.3.2.3 Gene Product 3

The conserved presence of the ORFs 3 in LTSV, SBMV and VTMoV and the high

level of sequence similarity between the GPs 3 of the first two viruses strongly suggests that

an in vivo function for these proteins exists. More specifically, the high calculated pI values

and hydrophilicities of the proteins were suggestive of either a VPg domain or a nucleic acid

binding function. However, the GPs 3 showed no significant sequence similarities to the

protein and tanslated nucleic acid databases, nor were any sequence motifs, contained in the

PROSITE dictionary of protein sites and patterns, found within them (except for
phosphorylation and N-myristoylation sites). As discussed above, the sequences of the GPs

3 did not show any significant similarities to the VPg motifs from Picornaviruses or a

number of plus-sense RNA plant viruses (4.3.2.2.4). Furthermore, basic residues were not

grouped in any specific or conserved region of the molecules (Figure 4.3). Therefore, a

VPg domain in GP 3 does not appear to be present.

The possibility of nucleic acid binding potential suggested a function for the GPs 3 as a

viral movement protein as such proteins are known to possess single-stranded RNA binding

activity (Citrovsky et al., 1,99O: reviewed by Deom et al., 1992). Although no sequence

similarities occur between these proteins and other known single-stranded nucleic acid

binding proteins, two movement protein specific domains have been identified that are

shared between the two families of movement proteins (Koonin et a1.,1991). No significant

sequence similarity was observed between the GPs 3 and the two families of movement

proteins (data not shown). However, the previously investigated movement proteins have



Figure 4.7

Basic, Acidic, Hydrophobic and Uncharged Hydrophilic Amino Acid
Locations and Kyte Doolittle Hydropatþ Plots for the GPs 2 of LTSV and

SBMV

A LTSV sequence.

B SBMV sequence.

The protein sequences are represented as a horizontal line running from the N- to the

C-terminat ends (left to right). Along this line the relative positions of acidic, basic,

hydophilic uncharged and hydrophobic amino acids are indicated as lines of varying

sizes drawn at right angles:

Acidic residues (above the line) : short = His

medium = Lys

long = 4¡t

Basic residues (below the line) : short = Asp

long = 61u

Hydrophobic residues (above the line) : short = aliphatic

long - aromatic

Hydrophilic, uncharged residues (below the line) : short = amides

long - alcohols

Because of size limitations, the unit of scale is t'wo residue. Therefore, some

positions show two lines (one above and one below) while those that show only one

line may have two similar or identical amino acids superimposed upon each other.

The Kyte and Doolittle hydropathy measure is plotted below these residue location

plots. The curve represents the average of a residue specific hydrophobicity index

calculated over a window of nine residues (Kyte and Doolittle, 1982; Genetics

Computer Group, 1991). Hydrophobic regions are represented in the upper half of

the frame while hydrophilic regions are represented in the lower half.
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come from viral groups distantly related to the Sobemoviruses (Tricorna-, Diantho-,

Tobamo-, Tobra-, Caulimo- and Comoviruses) (Koonin et a1.,1991). Therefore, the lack of

similarity of the GPs 3 to the viral movement protein motifs does not rule movement protein

function for this protein and differing from those previously proposed. Until more sequence

motifs are described, experimental investigation rather than comparative sequence analysis

will be required to elucidate the function(s) of the GPs 3.

4.3.2.4 Gene Product 4

As discussed above (4.1.2), the in vitro translated P3 proteins of LTSV and SBMV

have been shown to be the coat proteins for those viruses. The coat protein cistron has been

located to ORF 4 in SBMV and by partial sequence similarity also in SBMV-B.

Furthermore, the N-terminal Met of the coat protein of SBMV is known to be post-

translationally cleaved and the resultant N-terminal Ala acetylated (Hermodson ef al., L982;

Mang et al.,1982). No information on the GP 4 of VTMoV was available for analysis.

Through size and positional similarities to SBMV, the GP 4 of LTSV would be

expected to be the coat protein. However, unlike SBMV, the closest AUG codon

downstream of the first such codon of ORF 4 starts at position 3,573 (Figures 3.6 and

3.74). Translation from this codon would produce a protein product of L92 a.a. (Mr

20,840) which is significantly smaller than the in virro Eanslated coat protein (P3) (Table

4.1). In addition, such a truncated protein would not contain chemical and structural features

known to be essential par:ts of icosahedral virion coat proteins. Therefore, it would appear

that initiation of translation of ORF 4 occurs at the first AUG codon (starting at position

3,3I2,Figure 3.6) rather than at a downstream AUG codon, as in the case of SBMV (Table

3.2) (3.4.2). However, by analogy to SBMV, post-translational modification of the LTSV

coat protein may still occur at one of a number of downstream Ala residues. None of these

residues showed any significant sequence homologies with the SBMV sequence except for a

local basic a.a. bias which is believed to constitute part of the R domain for the coat protein

(see below). Since maintenance of this basic region would be expected to be essential for

protein function, only the first two Ala residues could function as processing sites (as

cleavage at these sites would maintain the majority of the Arg and Lys residues in the

resultant protein) (Figure 3.6). rWith no significant sequence conseryation observed about

these two Ala residues, it is impossible to determine which, if any, are used. However, if
the analogy to SBMV is continued, the first Ala residue would seem the most likely

candidate.

The coat proteins of plant, insect and animal icosahedral positive-strand RNA viruses

have been extensively studied at atomic resolution which has identified f,rve highly conserved

structural domains (reviewed by Ha:rison, 1983; Liljas, 1986; Rossman and Johnson,

1989). Although there is strong conservation of these tertiary structures, this is not reflected
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in their primary structures which differ widely between viruses and is most likely due to the

fact that similar protein structures are able to be formed by different a.a. sequences (Lau and

Dill, 1990). In the case of structural proteins such as coat proteins, function is largely

determined by tertiary structure and not by the identity of active site residues as in the case of

enzymes. This fact has led to the general belief that genes encoding structural proteins

evolve much more rapidly than do genes encoding enzymes such as replication proteins

(Zimmern,1988; Koonin and Gorbalenya, 1989b; Koonin and Dolja, 1993). The typical

five domain structure of coat protein subunits for icosahed¡al viruses consists ofl

. R domain: The N-terminal 20 - 100 a.a. which usually contains few acidic but a

large number of basic residues that associate with the genomic RNA through charge

neutralisation. This region has a random structure that is believed to become ordered

and result in capsid assembly when associated with viral RNA.

o a domain: The connecting arm to the S domain which forms the characteristic B-

annulus in the C subunits of the complete virion (Rossmann, 1985). The exact limits

of the region are only discernible through analysis of the quaternary and tertiary

structures of the virions however the region is usually included as part of the R

domain.

. S domain: The cenüal domain forming the virion shell which has a highly conserved

tertiary structure consisting of no less than 150 a.a. arranged as two back-to-back,

four-stranded B-sheets that follow a'Jelly-roll" topology; most easily visualised as a

Eapezoid (Richardson, 1981; Chelvanayagam et a1.,1992). A number of basic a.a.

within this domain are also involved in associating with the genomic RNA. Variability
in this domain is mainly caused by insertions located between the strands of the p-

sheet that forms the broad end of the trapezoid (Richardson, 1981), Usually plant

viruses contain fewer insertions than animal viruses and therefore are much simpler

structures (Richardson, 198 1).

. h domain: Hinge region between S and P domains.

o P domain: The small C-terminal projecting arm present in many coat proteins and

known to project outwards from the viral particle.

The coat protein of SBMV is known to contain each of these domains except the h and

P domains (Rossmann, 1985). It would therefore be expected that the LTSV coat protein

would be structurally similar. The R domain of GP 4 of LTSV was easily identified as a

group of N-terminal basic residues that result in high hydrophilicity and surface probability

for the region (Figure 4.84). Like SBMV (Rossmann, 1985), the region is devoid of
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Figure 4.8

Basic, Acidic, Hydrophobic and Uncharged Hydrophilic Amino Acid
Locations and Kyte Doolittle Hydropathy Plots for the Coat Proteins of
LTSV and SBMV

LTSV sequence.

SBMV sequence.

The protein sequences are represented as a horizontal line running from the N- to the

C-terminal ends (left to right). Along this line the relative positions of acidic, basic,

hydophilic uncharged and hydrophobic amino acids are indicated as lines of varying

sizes drawn at right angles:

Acidic residues (above the line) : short = His

medium = Lys

long = 4¡t

Basic residues (below the line) : short = Asp

long = ç1,

Hydrophobic residues (above the line) : short = aliphatic

long - aromatic

Hydrophilic, uncharged residues (below the line) : short = amides

long = alcohols

The Kyte and Doolittle hydropathy measure is plotted below these residue location

plots. The curve represents the average of a residue specific hydrophobicity index

calculated over a window of nine residues (Kyte and Doolittle, 1982 Genetics

Computer Group, 1991). Hydrophobic regions are represented in the upper half of

the frame while hydrophilic regions are represented in the lower half.

Surface probability was calculated using a modification of the algorithm developed by

Emini and co-workers (1985) (Genetics Computer Group, l99I).
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aromatic a.a. but unlike it, one acidic residue close to the C-terminal side of the basic

residues was present, although this sole residue is unlikely to significantly effect the basic

nature of the region (Figure 4.84). Two further groups of basic residues and slight

hydrophilic cha¡acter were observed in the GPs 4 of LTSV and SBMV at positions

approximately 55 and 180 - 200 residues from the N-termini (Figures 4.84 and B). Of
these, the C-proximal region was more pronounced and had a high surface probability.

Crystallographic data for the SBMV protein has shown that this region causes a break in the

p-strand, is involved in the binding of Ca" and is located at the quasi-threefold axis of

symmetry (Rossmann, 1985). The conservation of this region in LTSV is consistent with its

important function in virion structure and possibly correlates to the observed EDTA lability

of virions @orster and Jones, L979, 1980; Paliwal, 1984a).

The S domain of the LTSV GP 4 was recognisable as the region of highest similarity

with the GP 4 of SBMV (Figures 4.lD and 4.9). This is consistent with the findings that

the S domains of icosahedral virus coat proteins show the greatest level of sequence, and

structural, similarity (Dolja and Koonin, 1991). However, unlike SBMV, the GP 4 of
LTSV possesses a small hydrophilic C-terminus, due to a region of Glu and Asp residues,

that gives the region a moderate level of surface probability (Figure 4.84). This surface

probability suggests that the region may either form a small extension on the surface of the

virion, as is seen in a number of icosahedral virions, or is involved in association with the

viral RNA or cations (Harrison, 1983; Rossmann and Johnson, 1989). Although this region

has a high antigenic index, as would be expected for a surface domain, it is much smaller

than the P domains of other icosahedral viruses (data not shown). In addition, it is known

that the virions of LTSV have a low level of antigenicity (Forster, 1980). This suggests a

possible internal location for the region and therefore a role in either RNA or cationic

interactions.

4.3.3 Non-Coding Regions, Replication and Translation Strategies

4.3.3.1 5'-Untranslated Region

The S'-UTR of LTSV was found to be slightly larger than that of SBMV (78 versus 49

nucleotides, respectively). However, as found for SBMV, the region showed a low G + C

content (Table 3.4) (Matthews, 1991). This is common to viralS'-UTRs and is believed to

reflect a low level of secondary structure within them (Matthews, 1991).

A global alignment of the 5'-UTRs of LTSV and SBMV revealed a high degree of
sequence similarity, especially over a 21 nucleotide stretch (where single mismatches caused

the differences) (Table 4.2) (Figure 4.104). The LTSV sequence, being the longer of the

two sequencos, extended both 5' and 3' to the aligned region of SBMV (Figure 4.104).



Figure 4.9

Alignment of Coat Protein Sequences and Putative Subgenomic RNA

Promoter Regions of LTSV and SBMV

A Pair-wise global alignment of coat protein sequences of LTSV and SBMV. The

alignment was made using GAP with gap weight and gap-length weight values of 3.0

and 0.L, respectively. Gaps are indicated within the sequences by dots (. ). Matches

are indicated between the two sequences according to the magnitude of the resultant

comparison values.

Match value = 1.0 indicated by dashes ( l) (Identical residues).

Match value > 1.0 and 10.5 indicated by double dots (: ).

Match value > 0.5 and < 0.1 indicated by a single dot (. ).

The alignment was the same for both high-road and low-road methods (Genetics

Computer Group, 1991) and gave:

Quality: 153.5

7o Similarity: 50.813

Voldentiry: 33.333

Alignment of the putative coat protein subgenomic RNA promoter regions of LTSV

and SBMV. Nucleotide sequences immediately up-stream of the start codons for

ORF 4 are aligned using the ACAAA sequence (underlined) as the reference point.

Positions of identity a¡e indicated by dashes ( | ). Stan codons are indicated by double

underlines while the -3 and +4 positions are indicated by outlined characters. Residue

numbering is according to the genomic RNA numberings (Figure 3.6) (Wu et al.,

1e82).
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Figure 4.10

Comparison of Primary Structures of the 5'-UTRs of LTSV and SBMV

A Global pair-wise alignment of the 5'-UTRs of LTSV and SBMV including the start

codons for ORFs la and 1 (double underlined). Positions of identity are indicated by

dashes ( ¡). The context of the AUG codons at positions -3 and +4 are indicated by

outlined characters.

Inverted repeat, direct repeat and conserved sequences for the 5'-UTR of LTSV.

Residues indicated from above the sequence are matched pairs of inverted repeats (a

and at, a and a" and b and b'). Residues indicated from below the sequence are

conserved between the two viral sequences (c and d). The two d sequences are also

direct repeats.

Inverted repeat, direct repeat and conserved sequences for the S'-UTR of SBMV.

Labelled as above (B).

B

C
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The longest direct-repeat sequence in this region of LTSV was six nucleotides in length

GruUGUG) (Figure 4.108). The 3'-distal of these two repeat sequences lay within the2l
nucleotides that showed highest similarity in the region (Figures 4.108, a" and 4.104).
Furthermore, this direct-repeat sequence was part of an inverted-repeat with the first five
nucleotides of the genomic RNA (5'-ACAAA) (Figure 4.108, a) although the S'-distal
repeat sequence (Figure 4.108, a') also formed an inverted-repeat with the first six
nucleotides of the genomic RNA (S'-ACAAAU) (Figure 4.108, a). In the case of SBMV,
the same sequence (UUUGUG) was present in the 5'-UTR and similarly formed an

inverted-repeat with the first six nucleotides of the genomic RNA (5'-CACAAA) (Figure

4.10C, a). Both viral 5'-UTRs contained one larger inverted-repeat in addition to those

described above. These larger repeats were nine and seven nucleotides long for LTSV and

SBMV, respectively, but did not show either sequence or positional similarities (Figures

4.108 and C, b and b').

The S'-termini of the genomic RNA of LTSV further supported the previously

observed similarity between this region of SBMV and some isolates from the PLRV
subgroup of Luteoviruses (Keese et al., 1990). The absences of a 5'-terminal C residue in
LTSV but which is present in SBMV makes the LTSV sequence more closely related to the

Luteoviruses and suggested that this C residue in SBMV may be a sequencing ar:tefact rather

than part of its genomic RNA. It is impossible to assess this possibility although, from the

published account of the cloning procedure used for SBMV, no attempt appears to have been

made to ensure the homogeneity of the S'-terminal sequence by sequencing or primer
extension from multiple RNA preparations (Wu et a1.,1987). The conserved Sobemovirus

sequence (UruGUG) was not present in the 5'-UTRs of Luteovirus isolates with identical

S'-termini to LTSV (data not shown). The possible significance of the S'-terminal sequence

is discussed below (4.3.3.4.2).

The inverted-repeats described above (Figure 4.108, a and a'fa" and b and b') could

be arranged into stem-loop structures of poor stability (due to their high A,/U contents, small

stem and large loop sizes) (Figure 4.114 - C). In addition, a pseudoknot structure could

also be drawn for sequences involving a and a' and b and b' (ten Dam et al.,1992) (Figure

4.11B). A pseudoknot structure could not be formed for the S'-UTR of SBMV, even when

additional nucleotides within ORF I were considered (data not shown). Further, secondary

structures for the region were predicted using an energy minimisation methd (Zuker, 1989;

Jaeger et al., 1989) (Figures 4.1lD and E). This method is based on minimising rhe Gibbs

free energy of the structures at37oC (ÂG; expressed in kcal mol-l), the algorithm for which
is in turn based on incomplete experimental data and therefore has significant uncertainty

attached to it (Zuker, 1989; Jaeger et a1.,1989). The stabilities of these predicred srrucrures

are also low due to high AÂJ contents and the presence of mismatches, internal loops and

bulges (AG estimates were all greater than -7.2kca1 mol-l) @gure 4.11E).



A

B

Figure A.lL

Putative Secondary Structures of the 5'-UTR of LTSV

StemJoop structure involving inverted repeat sequences a and a' (as defined in

Figure 4.10).

Pseudoknot structure involving invertedrepeat sequences a and b (as defined in

Figure 4.10).

Stem-loop structure involving inverted repeat sequences a and a'r (as defrned in

Figure 4.10).

Secondary structure predicted using the algorithm of Ztker (1989). ÂG value at37'C

calculated as -7.2kcal mo[r.

Secondary structure predicted using the atgorithm of Zuker (1989). AG value at37'C

calculated as - 6.0 kcal mofl.
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Comparison of primary and putative secondary structures in the 5'-UTRs of LTSV and

SBMV revealed that only the stem-loop structues involving the S'-terminal region and the

conserved WUGUG sequence are conserved (Figures 4.108 and C, a and a' or a" and

4.114 and C). Although this conservation suggests a function for the structures invivo
(Pace et a1.,1989; Chastain and Tinoco, 1991), their poor stability would appear to preclude

this possibility. Therefore, unless more complex and stable secondary or tertiary structures

involving these conserved sequences are formed, the functions of these sequences, if any,

are likely to involve only their primary structure. The possible significance of these

conserved sequences in relation to translation and,/or genome replication is discussed below
(4.3.3.4.3).

4.3.3.2 3'-Untranslated Region

The 3'-UTR of LTSV was found to be comparable in size to that of SBMV (127

versus 138 nucleotides, respectively) (Wu ¿r a1.,1987). Both 3'-UTRs showed even A + U

and G + C ratios although for LTSV there was a noticeably low level of A residues and a

compensating high level of U residues (Table 3.4). As found for SBMV (Wu er a1.,1987),

no poly(A) tailing or tRNA-like structures were present in this region of LTSV. In addition,

no significant primary or secondary structure similarities were observed between the two 3'-

UTRs (Table 4.2 and data not shown). Most importantly, the 3'-terminal sequences for the

two viruses were completely different (AGGGUGUUU-3' and UCCGAAUGG-3' for
LTSV and SBMV, respectively) while at best, both viruses shared a six nucleotide sequence

OGGUIru) within their 3'-UTRs, although these sequences occurred at different positions

¡elative to the 3'-termini (data not shown).

4.3.3.3 Replication Strategies

Promoter sequences recognised by viral RdRps for the synthesis of plus- and minus-

sense genomic RNAs a¡e known to reside, at least in part, within the 5'- and 3'-termini,

respectively. Promoter elements for the synthesis of subgenomic RNAs are known to reside

upstream of the leader se,quences for these RNAs. Such promoter sequences have not been

proposed for SBMV, due to a lack of experimental investigation and the lack of primary or

secondary structures similarities to other plant viruses promoter sequences (e.g., lack of
tRNA-like structures at the 3'-terminus). For the same reasons, the identification of
promoter sequences for LTSV was limited to comparative analysis, largely with the

corresponding regions of SBMV.

4.3.3.3.1 Minus-Strand RNA Synthesis

The 3'-terminal sequences of related viruses usually show a higher level of sequence

similarity than do their genomes as a whole (Matthews, 1991). Contrary to this, the 3'-

UTRs of LTSV and SBMV showed the lowest level of similarity of any region of their
genomes nor were any conserved secondary structures noticeable (Table 4.2 and data not
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shown) (4.3.3.2). As for most plus-sense RNA virus sequences, no significant similarity

was observed between the first 200 residues of the S'-terminus and the complement of the

3'-terminus (data not shown). At best, one stretch of only five nucleotides in length was

shared between the two ends of LTSV, however these sequences showed no positional

conservation (data not shown). Therefore, identification of promoter sequences for the

synthesis of minus-sense RNAs of LTSV was not possible due to the lack of significant

similarities between the 3'-termini of the two viruses or between the 5'-terminus and the

complement of the 3'-terminus for each virus.

4.3.3.3.2 Plus-Strand Genomic RNA Synthesis

The 5'-UTRs of LTSV and SBMV, showed a high level of sequence similarity but

with only marginal associated z values, indicating a poor statistical signifîcance for the

alignment (Table 4.2) (Figure 4.104). However, the region of 2I nucleotides which

showed the highest level of similarity and contained the conserved UUUGUG sequence was

suggestive of conserved functions, one of which may be the promotion of plus-sense RNA

synthesis. Unlike the non-conserved 3'-termini of these viruses, the S'-terminal sequences

were closely related and were implicated in an association involving the conserved

UUUGUG sequences (4.3.3.I). The terminal location and conservation of the ACAAA
sequences suggested that they have roles in either the promotion of plus-sense RNA, the

recognition of the origin of plus-sense RNA synthesis, the attachment of VPg molecules or

the packaging of genomic RNA into capsids.

The plant viral system for which the most analysis on the subject of plus-strand RNA

synthesis has been canied out, are the three genomic RNAs of BMV (Pogue et al., 1992).

Small sequences found in the 5'-UTRs and the intercistronic region of BMV RNAs have

been noted as being similar to the internal control regions (ICRs) that promote transcription

of IRNA molecules and have subsequently been shown to be c¡s-acting elements essential for
the promotion of plus-strand genomic and subgenomic RNA synthesis (Marsh and Hall,

1987; Pogue et al., 1992). Sequences showing a degree of similarity to the ICR-like

sequences were found at a number of locations throughout the genomic sequences of LTSV
and SBMV, however the associated z values for the alignments were all less than zero and

no positional conservation was observed for them (data not shown). Therefore, it is unlikely

that Sobemoviruses, as represented by LTSV and SBMV, are replicated by a mechanism

similar to that used by Bromoviruses. Such a lack of similarity was not unexpected as the

genomic RNAs of Bromoviruses contain 3'-terminal tRNA-like structures that are not

present in Sobemoviruses (Marsh and Hall, 1987; Hull, 1988).

As part of the replication process, plus-sense genomic RNAs must be efficiently
packaged into virions. It is believed that specifrc sequences located in the genomes of RNA

viruses serve as recognition regions for the specific association of viral RNAs and the coat
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proteins forming the viral capsid (reviewed by Matthews, 1991). The plant virus systems

for which most analysis on this subject has been carried out are papaya mosaic potexvirus

(PapMV) and TMV. For PapMV, pentameric repeats at the S'-terminus and/or the first few

nucleotides of the genomic RNA have been implicated in this process while for TMV, the

signals involved in viral assembly have been experimentally determined to involve a
relatively large region of primary and secondary structure located at an internal region.

Repeat elements similar to those observed for PapMV were not present in the 5'-UTRs of
LTSV and SBMV, however the partial conservation of the fust few nucleotides of LTSV and

SBMV and their relatedness to the 5'-termini of some Luteoviruses is suggestive of a

packaging signal function. This function is discussed further in relation to subgenomic RNA

synthesis below (4.3.3.3.2).

In the absence of experimental data on the replication and packaging of Sobemoviruses

and with the limited comparative examples from other plus-strand RNA virus groups, it is

difftcult to make predictions of promoter or packaging signal function for sequence elements

in the LTSV and SBMV genomes.

4.3.3.3.3 Subgenomic RNA Synthesis

As for many plus-strand RNA plant viruses, the coat proteins of Sobemoviruses are

believed (and known in the cases of LTSV, SBMV-B and -C, TRosV and SNMV) to be

translated from subgenomic RNAs (1.1.5 and 4.1.2) (Manhews, 1991). In addition, the

possible expression of ORF 3 is also likely to involve the production of a subgenomic RNA
(4.3.3.4). Sobemoviruses must therefore possess promoters and recognition sequences for

the synthesis, packaging and possible attachment of VPg molecules to these subgenomic

RNAs. These sequences may to some degree be conserved among the viral genomes and

therefore be recognisable through comparative analysis.

Conserved subgenomic RNA promoters in plant viruses have most extensively been

studied for the two Bromoviruses, BMV and cowpea chlorotic mottle bromovirus (CCMV)

(French and Alquist, 1988; Marsh et al., 1988; Allison et al., 1989). These promoters

consist of a core sequence which is immediately preceded by a poly(A) region, which in turn

is preceded by a further promoter specific sequence (French and Alquist, 1988; Marsh et al.,

1988; Allison et a1.,1989). No sequence similarity was observed between the BMV or

CCMV subgenomic promoter regions and the sequences up-stream of ORFs 3 and 4 of
LTSV and SBMV (data not shown). Such a lack of similarity was not unexpected as

similarities between Bromovirus elements for genomic RNA synthesis were not observed

with LTSV or SBMV (4.3.3.3.2). In the absence of specific sequence information for other

subgenomic promoters, comparative analysis of the LTSV and SBMV sequences was used

to identify conserved sequence motifs that could be suggestive of subgenomic RNA

promoter or recognition functions.
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A high degree of similarity exists between the S'-termini of the genomic and coat
protein subgenomic RNAs of a number of isolates of the PLRV subgroup of Luteoviruses
(Keese et a1.,1990; Miller and Mayo, 1991). Similarly, an ACAAA sequence, found at the

5'-termini of LTSV and SBMV, was found in both genomic RNAs at the same relative
position up-stream of the putative initiating AUG codons of their coat protein cistrons
(Figure 4.98). The location of these sequences were centred approximately 27 nucleotides

upstream of the initiating AUG codons (Figure 4.98). The presence of this sequence was

suggestive of a role as the 5'-termini of the subgenomic RNAs of the two Sobemoviruses.
The resultant subgenomic RNAs would possess 5'-UTRs sufficiently Long (27 and 30
nucleotides for LTSV and SBMV, respectively) to allow the binding of 40S subunits and

subsequent scanning of the RNA (Kozak, 1989, 1991). Functioning as the 5'-termini, this
sequence may also have roles in recognition of the origin of synthesis, as the packaging
signal of the subgenomic RNAs or for the possible attachment of a VPg molecule. A
corollary to this is that the mechanism of plus-sense RNA synthesis or packaging for
Sobemoviruses may be similar to that used by Luteoviruses of the PLRV subgroup.
However, no signifrcant primary or secondary structure similarities were observed with the

PLRV subgroup, suggesting that the promoter elements for these two viral groups are

different (data not shown).

Using the ACAAA sequence as the reference point for alignment, one other conserved

sequence was noted (AAGAG, Figure 4.98). The sequence, ACAAA, occurs only three
and four times in the genomic RNAs of LTSV and SBMV, respectively. Furthermore, it is
specifically associated with the S'-termini of these genomic RNAs. In comparison, the

sequence, AAGAG, occurs 10 and six times within the genomic RNAs of LTSV and

SBMV, respectively. This sequence does not appe¿ìr to be associated with any specific
region of the genome except for its location in the putative subgenomic RNA S'-UTRs (data

not shown). The higher frequency of occurrence of the AAGAG sequence in the genomic

RNAs may indicate that its conservation may be due simply to chance.

The ACAAA sequence was not found upstream of the translation initiation sites of the

ORFs 3 at distances comparable to those observed for the coat protein genes (cf. Figure
3.6). In addition, no significant primary or secondary structure similarities were observed
between the upstream regions of ORFs 3 and 4 for both viruses (data not shown).
Therefore, if the ORFs 3 are transcribed as subgenomic RNAs, it would be expected that this
is carried out using different promoter sequences from those used for the coat protein
subgenomic RNAs. An example of such a disparity between subgenomic RNA promoter
regions is found for the 30 K and coat protein subgenomic RNAs of TMV (Dr. S. Ding,
pers. comm.). Wu and co-workers (1987) suggested that a subgenomic RNA of the ORF 3
of SBMV may be produced but is not packaged in the capsid and therefore is not translated
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in the in vitro translation experiments. This proposal is consistent with the putative

packaging signal function of the ACAAA sequence proposed for the coat protein subgenomic

RNAs but lacking from the putative ORF 3 subgenomic RNAs (4.3.3.4).

4.3.3.4 Translation Strategies

Plant viral RNAs are believed to be translated monocistronically in a manner known as

the scanning model of translation (Kozak, 1989, l99l: Matthews, 1991). In this model

the small ribosomal subunit (40S subunit) binds initially to the S'-terminus of an mRNA

and then scans along that RNA until the first AUG codon in favourable conditions is

encountered, ribosome assembly takes place and translation is initiated (Kozak, 1989,

1991). A number of factors modulate this translation process:

. The presence of a 5'-N-7 methylated G cap sffucture (m7G).

o The length of the S'-UTR.
o The context of the translational initiation site (AUG codon), (the -3, +4 rule).
o The secondary structures surrounding the AUG codon.

o The relative position of the AUG codon with respect to other AUG codons, (leaky

scanning).

For ORFs located within the genomic RNA, most vi¡al translation strategies involve

the production of subgenomic RNAs which are then translated by the ribosome scanning

mechanism (Matthews, 1991). In the case of ORFs 3 and 4, putative subgenomic RNAs

could be translated by a simple ribosome scanning mechanism subject to the influences listed

above. However, the more complex ORF organisation at the S'-terminus suggests a number

of alternative mechanisms (4.3.3.4.5).

4.3.3.4.1 The Function of the VPg Molecule

The genomic RNA of LTSV does not possess a m7G cap but rather has a putative 5'-

VPg of unknown size, chemical nature and covalent attachment (Forster and Jones, 1980;

Paliwal, 1984a). No investigations into the presence of a VPg molecule at the 5'-termini of

the subgenomic RNA have been published. Although cap-independent translation of a

number of viral RNAs is known to occur (e.g., Picomaviruses, TEV, AIMV and the satellite

of tobacco necrosis necrovirus (Agol, 1991; Carrington and Freed, 1990; Langereis et al.,

1986;Leung etal.,L976)),tninvitro translationstudiesof LTSV,theeffectof thepresence

or absence of the VPg on translation has not been investigated (Morris-Krsinich and Forster,

1983). However, the absence of the VPg of SBMV has been reported to be detrimental to

the in vitro tanslation of the genomic RNA (van Vloten-Doting and Neelman, L982 cited in

Matthews, 1991). Therefore, it is possible that LTSV will have a similar dependence on its

VPg for translation.
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4.3.3.4.2 Length of Sr-UTRs

For LTSV and SBMV, the 5'-UTRs of their genomic RNAs and the putative S'-UTRs

of their coat protein subgenomic RNAs, are sufficiently long to allow the binding of 40S

subunits. A further, and still contentious, aspect of eukaryotic mRNA translation is the

attachment site of the 40S subunits to the 5'-UTRs. In a manner analogous to the Shine-

Dalgarno region of procaryotes, it has been proposed that a 3'-terminal region of the l8S

rRNA in the 40S subunit, can base-pair with complementary regions in S'-UTRs (reviewed

by Maroun et a1.,1986). V/u and co-workers (1987) noted a region lying seven nucleotides

upstream of the first AUG that could form 12 base-pairs out of a possible 18 with a
consensus sequence for the 3'-terminus of 18S rRNAs (Figure 4.L2A). Therefore, this was

suggested as having a role in ribosome attachment to the viral RNA (V/u ef al., L987). In the

case of LTSV, the same 18S rRNA consensus, aligned at the analogous location of the 5'-

UTR (using the 3'-proximal UUUGUG sequence as a reference point) gave only nine base-

pairs out of 18 residues (Figure 4.128, a). Another candidate position, also forming nine

base-pairs out of 18 residues, lay closer to the AUG codon of ORF la (Figure 4.l2B,b).
No regions of greater complementarity were found in the LTSV genomic RNA sequence.

Therefore, the low degree of complementarity and conservation for this putative ribosome

attachment site suggested that the observed complementarity may be due to coincidence.

4.3.3.4.3 Secondary Structures Surrounding Translation Initiation Sites

The putative secondary structures in the 5'-UTR of LTSV (and SBMV) would not be

expected to effect tanslation as all of these structures appeared to be of poor thermodynamic

stability (ÂG values greater than -7.2 kcal mol-l) and it is known that stem-loop structures

with theoretical stabilities as high as -30 kcal mol-r can pose no hindrance to the binding or

scanning of ribosomes (Kozak, 1991) (Figures 4.1lD and E) (4.3.3.1). Although

pseudoknot structures are known to be of greater stability, the lack of conservation of this

structure in SBMV suggests that it is not formed in LTSV and therefore plays no role in

translation. In addition, stem-loop structures can be formed downsüeam of the first AUG

codons of LTSV and SBMV but none of these structures are of great stability and therefore

probably do not function to enhance translation by stalling the scanning of 40S subunits

(data not shown). Similarly, no secondary structures of great thermodynamic stability were

predicted in the putative UTRs of the subgenomic RNAs of ORFs 3 and 4 (data not shown).

4.3.3.4.4 Translation Initiation Site Context

For LTSV, the putative translation initiation sites for ORFs 2 and 4 are in optimal

contexts (Kozak, 1989, 1991). All other codons are in sub-optimal contexts with the least

efficient being for ORF la (Table 3.3). In comparison to SBMV, no putative translation

initiation sites for this virus are in optimal contexts, although like LTSV, the least efficient

context is for ORF 1 (Table 3.3). Furthermore, the nucleotides surrounding all AUG

codons in both viruses do not correspond to the consensus sequences found in plant mRNAs



Figure 4.I2

Complementarity Between the 5'-UTRs of LTSV and SBMV and the

Consensus Sequence for the 3'-Termini of 18S rRNAs

A Region of complementarity proposed for the 5'-UTR of SBMV to the consensus

sequence for the 3'-termini of 18S rRNAs (Wu er al., 1987). Complementary

nucleotides a¡e indicated by dashes ( l). The start codon for ORF 1 is indicated by

double underlines.

Two regions of greatest complementarity between the 5'-UTR of LTSV and the

consensus sequence of the 3'-termini of 18S rRNAs. The start codon for ORF 1a is

indicated by double underlines.

a : At the position analogous to ttrat proposed for SBMV, using the UUUGUG

sequence as a reference point.

b : At another region of the 5'-UTR with an equal number of base pairs as for

alignment a.
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(AACA.AUGGC or CACAAUGGC), although it should be noted that the relevance of these

consensus sequences to translation efficiency has not yet been determined (Lütcke et al.,

1987; Matthews, l99I) (Table 3.3).

Comparison of the contexts of these putative initiation sites for both viruses suggests

that ORF 2 would be the most efficiently initiated codon, next coming ORFs 4, 3, lb and

lall, in descending order of efficiency. For LTSV, the context of the extra ORF lb is
relatively good, suggesting that some initiation would take place from it in a leaky scanning

mechanism of translation (4.3.3.4.5).

4.3.3.4.5 Relative Locations of Translation Initiation Sites

The internal locations of four of the putative translation initiation sites for the ORFs of

LTSV (and VTMoV) and three sites for SBMV, suggests a number of alternative Eanslation

mechanisms. From in vitro translation experiments, it is known that the coat protein genes

of Sobemoviruses are translated from a subgenomic RNA (4.I.2). Due to its internal

location, translation of ORF 3 may also require the production of a subgenomic RNA.

However, for ORFs lb, 2 and 3, non-subgenomic RNA directed translation mechanisms

may be possible:

o fnternal initiation: Translation of either ORFs lb,2 or 3 could be initiated via an

internal ribosome entry site (IRES) analogous to those proposed for Picornaviruses

(Herman, 1989; Jackson et a1.,1990) (Figure 4.134). In this mechanism, ribosomes

bind to the IRES and not to the 5'-terminus. Therefore, 5'-proximal ORFs such as

ORF la or those found in the 5'-UTR of Picornaviruses are not translated (Agol,

1991). In the case of Picornaviruses, it is believed that secondary structures in the 5'-

UTR and conserved within viral groups are the main determinants of IRES function,

although in addition, U-rich regions immediately upstream of the initiating AUG

codon are apparent in atl cases (Jackson ¿t a1.,1990).

In comparison, the nucleotide sequences immediately upstream of the AUG codons of

ORFs lb,2 and 3 showed no sequence similarity with the analogous Picornavirus

sequences nor were these regions U-rich (cf. Figure 3.6). Similarly, the nucleotide

sequence immediately upstream of the AUG codons of ORFs 2 and 3 of SBMV are

not U-rich (V/u et al., L987). In addition, secondary structure predictions for the

upstream regions of ORFs 2 and 3 for both viruses did not appear to show similarities

when analysed by Nussinov plots (data not shown).

Although Sobemoviruses, like Picornaviruses, have S'-linked VPg molecules and

appear to encode for an auto processing polyprotein (4.3.2.2.3), unlike Picornaviruses

they utilise subgenomic RNAs, do not have 3'-poly(A) tails and appear to be



B

Figure 4.13

Possible Translation Mechanisms for the 5'-Proximal Open Reading Frames

of LTSV Genomic RNA

A In a manner analogous to that proposed for Picornaviruses, ribosomal 40S subunits

bind to the genomic RNA at one of two possible internal ribosome entry sites (IRES)

up-stream of the sta¡t codons of ORFs lb or 2. The 40S subunits then scan along the

genomic RNA and subsequently initiate translation.

Ribosomal40S subunits bind to the genomic RNA at the 5'-terminus and scan along

the RNA until the start codon of ORF 1a is encountered. Translation may be initiated

at this point or leaky scanning may occur.

If translation occurs, termination may occur at the UAA codon of ORF la or
suppression of this termination may occur, resulting in read-through translation into

oRFlb.

If leaky scanning occurs, initiation of translation may occur at the start codons of

either ORF 1b or ORF 2.

If tanslation of ORF lb occurs by any of the possible methods illustrated in A and B,

nvo possible mechanisms of translation of ORF 2 may occur.

Ribosomes may undergo a frame shift at a point before the end of ORF 1b, resulting

in continued translation in the frame of ORF 2. Usually frame shift events occur

immediately before the stop codon.

Alternatively, translation may terminate at the UAA codon of ORF 1b and the

ribosomes not dissociate from the RNA template but rather continue to scan along the

RNA until one of the down-stream AUG codons of ORF 2 are encountered and

translation re-initiated (cf. Table 3.3).
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translationally impaired if their VPg molecules are removed. Therefore, since the

gross similarities between Sobemo- and Picornaviruses is limited and conserved

secondary structures and U-rich regions are not present, the use of IRESs by LTSV

would appear to be unlikely. It is also interesting to note that internal initiation has

been ruled out for CPMV M RNA, which is more Picornavirus-like than the

Sobemoviruses (Belsham and Lomonossofl 1 99 I ).

Ribosomal scanning would appear to be the most likely mechanism for translation of

all the ORFs of LTSV and SBMV. The normal mechanism of translation is likely to occur

for the putative subgenomic RNAs of ORFs 3 and 4. This is because of the relatively good

contexts of their initiating AUG codons and the uncomplicated nature of their putative 5'-

UTRs. However, the ORF organisation at the 5'-terminus of the genomic RNA suggests a

number of different strategies for the controlled expression of ORFs 1a, lb and2 (Figure

4.13B):

. Leaky-scanning: Precedents for leaky-scanning translation exist in a number of
viral mRNAs (Kozak, L99L; Schwartz et al., 1992). By this mechanism, the AUG

codon of ORF la of LTSV would be bypassed by a proportion of the scanning

ribosomes which would continue to scan along the RNA until the AUG codons of

either ORFs lb or 2 are reached and initiation occurs (Kozak, 1991). The longest

known ribosome scanning occurs for the 5'-UTRs of Picornaviruses which are as

long as 1.,2OO nucleotides in length (Agol, 1991). Therefore, leaky-scanning to the

ORF 3 of LTSV would not be expected as this would require scanning for up to 1,951

nucleotides and the bypassing of numerous AUG codons, some of which are in good

contexts (Table 3.3).

Since the sequence context of AUG codons is believed to be the major determinant of
translation initiation, it would be expected for LTSV that most ribosomes would

bypass ORFs la and possibly lb but would efficiently translate ORF 2 (Kozak, 1991;

Schwartz et al.,1992) (cf, Table 3.3). Similarly, ribosomes would be expected to

bypass ORF 1 of SBMV. A leaky-scanning mechanism of translation in LTSV and

SBMVcouldfacilitatetheregulationof expressionof ORFs laand 1. Inthisway,the

product(s) of ORFs lb and/or 2 would be produced in greater numbers than those of
ORFs la or 1, which may be the situation required for the life-cycle of these viruses.

Such a mechanism is consistent with the observed low levels of in vitro translation of
the P4 proteins for both viruses, assuming that GPs la and 1 correspond to these

proteins (4.1.2).
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o Termination and Re-initiation: In this mechanism, translation of ORF la would

occur normally except that after termination, the ribosomes would not dissociate from

and fall off the RNA but instead would continue scanning until the AUG codon of
either ORFs lb or 2 was reached and re-initiation occurred (Kozak, 1991). Re-

initiation is effected by the same AUG context requirements found for normal initiation

and, therefore it would be expected that re-initiation would preferentially occur at ORF

2 (cf . Table 3.3). However, in all examples of re-initiation, only small ORFs (less

than 60 a.a.) are translated in the S'-terminal region before translation of the major

ORF (Kozak, 1989) and since the ORF la of LTSV is relatively large (120 a.a.), the

termination/re-initiation model would appeil to be unlikely.

. Read-through: In this mechanism, translation of ORF 1a would occur normally

except that termination would be suppressed, allowing translation to continue, thus

producing a larger read-through protein that would include ORF lb. Precedents for

read-through translation exist in a number of plant viruses including, Tombus-,

Tobamo-, Luteo-, Carmo-, Tobra- and Furoviruses (Matthews, 1991).

Read-through translation is largely dependent on the presence of suppressor tRNA

molecules in the host cell although the sequence context of the termination codon may

also be important (Miller, et a1.,1988; Hatfield et a1.,1990). The sequences flanking

the stop codon of ORF la showed no significant similarities with those flanking

codons known to be involved in read-through translation (Miller et a1.,1988; Yeidt et

ø/., 1988) (data not shown). However, this fact does not preclude the possibility of

read-through translation for LTSV as the exact involvement of these sequences in this

process have not been demonstrated. ff read-through of ORF la into lb does occur in

LTSV, it would produce a protein product slightly larger than GP 1 of SBMV and for

which no in vítro translated counterpaÍ appears to exist (Morris-Krsinich and Forster,

1983) (Table 4.1). However, this may be due to a lack of suppressor tRNAs in the in

vitro aanslation systems used.

In the two types of translation mechanism outlined above (internal initiation and

ribosome scanning), translation of ORF lb would require a mechanism whereby ORF 2

could be subsequently translated. Two possibilities for this can be envisaged (Figure

4.13C):

o Termination and Re-initiation: As essentially outlined above, the second or third

AUG codons of ORF 2, which are located just downstream of the termination codon

for ORF lb, could function as sites of re-initiation. Both of these AUG codons are in

sub-optimal contexts, although the first is the most favourable of the two (Table 3.3).
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In an analogous manner, SBMV has two closely spaced AUG codons downsteam of
its ORF 1 termination codon, the first of which is in the most favourable context

(Table 3.3). The conservation of these AUG codons in a region of poor nucleotide

homology (cf. Figure 4.18) is suggestive of function, possibly as initiation sites to

"catch" ribosomes leaking from the f,ust AUG codon of ORF 2 or after termination of
translation of ORFs lb or 1. Alternatively, both downstream AUG codons may

normally serve for re-initiation and so produce two slightly modified versions of the

same protein.

o Frameshift: In this mechanism, a translational frameshift event (reviewed by Hatheld

and Oroszian, 1990) would take place at some point prior to the termination of ORF lb
resulting in continued translation in the frame of ORF 2 and producing a transframe

protein product with a length of 980 a.a. (Mr 107,651). Precedents for frameshift

events in plant viruses occur for Luteo- and Dianthoviruses (Prtifer et al., L992;

Kujawa, et a1.,1993; Xiong et al.,1993). The frameshift mechanism is facilitated by

a "slippery" sequence which is U- and/or A-rich and located at and around the

frameshift site. In addition, a stem-loop or pseudo-knot sEucture, located just

downstream of the site, is believed to cause stalling of the ribosomes and thereby

allow time for the frameshift to occur.

In LTSV and SBMV, a "slippery" sequence comparable to those described for other

plant viruses was not noticeable (data not shown). In addition, no stable stem-loop or

pseudo-lnot structures were predicted immediately down-stream of the stop codons of
either ORFs Lb or 1 of LTSV or SBMV, respectively (data not shown). However,

although a transframe protein from SBMV would be significantly larger than its in
vitro franslated Pl protein, the smallest possible transframe protein product from

LTSV would be closer in size to its ín vitro uanslated Pl protein than is GP 2 (within

IVo comprred to 47o). In addition, the relatively small GP 2 of VTMoV would

produce a transframe protein product of approximately 984 a.a. which is much closer

in size to the GP 2 of SBMV and the putative transframe protein of LTSV. Although

the level of simila¡ity between GP lb and the first 100 a.a. of GP 2 from SBMV was

relatively low (20Vo identity and 42Vo similarity) and showed associated z values less

than zero, the N-terminal region of the GPs 2 also showed a low level of similarity,

indicating that the apparent un-relatedness of GP lb to the GP 2 of SBMV may be

appropriate for this region of the Pl protein (Table 4.5).

The possible nanslation mechanisms discussed above suggest a likely translation

strategy for the LTSV and VTMoV genomes. This mechanism involves ribosome scanning

from the plus-sense genomic and subgenomic RNAs. In such a model, ORFs 3 and 4
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would be translated from subgenomic RNAs that are synthesised using differing promoter
regions. The differences in synthesis of these subgenomic RNAs would be expected to lead

to differential expression of the respective proteins. Putative differences in the 5'-UTRs may

result in the inefficient packaging of the ORF 3 subgenomic RNA. Ineffîcienr packaging

would explain the lack of evidence for translation of this ORF in in vítro translation

experiments (4.1.2 and 4.3.3.3.3). For SBMV, a simple leaky-scanning mechanism is

sufficient to explain translation of its ORF 2 and is consistent with the data from in vito
translation experiments (4.1.2). However, for LTSV and VTMoV, the presence of ORF 1b

requires a more complex mechanism. For these viruses, the genomic RNA would be

translated by leaky-scanning of ORF 1a which would result in translation of ORF lb.
During translation of ORF lb a frame-shift to the reading frame of ORF 2 would produce a

transframe protein. Such transframe proteins for LTSV and VTMoV would be homologous

in size with the GP 2 of SBMV. This protein may subsequently be processed by the Ser

protease domain contained within it. The differential expression of ORFs la and lb may
play a significant role in the life cycle of these viruses.

4.3.4 Evolution
4.3.4.1 Similarities in Genome Organisation

Comparison of the genome organisations of LTSV and SBMV (Figure 3.7) revealed a

significant difference in the S'-terminal regions which was reflected in the low levels of
sequence similarity (Figure 4.14). The organisation of the remainder of the genome and the

degrees of similarity between the n¡vo viruses for the individual genes in this region, strongly

suggests a close relationship for LTSV and SBMV (Figures 3.7, 4.LB - D and 4.98). The

limited access to the genome organisation of VTMoV indicates that it is more similar to
LTSV than to SBMV. This is because both LTSV and VTMoV possess two small ORFs at

their 5'-termini rather than a single ORF as seen in SBMV (Dr. W. Rohde, pers. comm.).

The differences in genome organisation at the 5'-terminus indicates that a divergence has

occurred in the evolution of the Sobemoviruses resulting in the two "genome types". This

divergence suggests that the Sobemoviruses may be split into at least two distinct subgroups

on the basis of genome organisation. However, with only three Sobemovirus sequences

available for comparison, it is impossible from this data to determine which genome type is

more closely related to the ancestral Sobemovirus genome organisation.

It is believed that nucleotide positional preferences indicate protein coding potential

because efficient protein function is favoured by certain patterns of purines and pyrimidines

(Shepherd, 1981, L984, 1990; Staden, 1990). Comparisons of protein coding potential and

protein sequence similarities between GP 3 and the overlapping region of GP 2 is suggestive

of a possible evolutionary history for this region. Two separate views can be held:
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. ORF 3 existed in an ancestral genome and was positioned between two separate genes

that contained the ancestral forms of the Ser protease and RdRp domains of ORF 2 (cf.

Figure 4.2). T\e bridging of these two genes to form ORF 2 may have occurred via

overprinting (Keese and Gibbs, 1992). Hall marks of an overprinting event are the

appearance of novel protein functions anüor physico-chemical characteristics for the

new region. These are believed to provide a selective advantage for the overprinting

event (Keese and Gibbs, 1992). The location of the tentative VPg domain in this

region may represent such a selective advantage for the virus, indicating that

overprinting has occurred (4.3.2.2.4). However, such a genome organisation for the

ancestral virus must have required a complex system for expression of the separate

genes, a fact that intuitively detracts from this hypothesis.

o ORF 2 existed in an ancestral genome and ORF 3 has resulted from a more recent

mutational event. This may also have occurred through overprinting. Consistent with
this possibility is the high pI value for the GPs 3 and the high level of protein coding

potential for the gene (4.3.L7). The latter may have occurred due to the function of
the new gene providing a strong selective advantage to the virus because of its novel

appearance (Keese and Gibbs, 1992). The overlapped region of ORF 2 may then have

lost functional signifrcance, and therefore become more variable. The retention of this

overlap region may have been due to the need to maintain a simple expression

mechanism for the Ser protease and RdRp domains. An alternative possibility for the

origin of ORF 3 is that it entered into the genomic RNA of the ancestral virus through

recombination and in the form of a discrete module. As in the case of overprinting, the

essential nature of the RdRp, and to a lesser extent, Ser protease domains encoded by

ORF 2 may have provided a strong selective pressures that has maintain ORF 3 as an

overlapping gene.

4.3.4.2 fnference of Phylogeny from Sequence Alignment Data
The phylogeny of a set of species can be inferred from nucleotide or a.a. sequence data

using a number of different computational methods (for a review see Swofferd and Olsen,

1990; Li and Graur, 1991). The resultant dendogram represents a gene tree for the species

which, depending on the accuracy of the data used and the assumptions of the chosen

method, may or may not correspond to the actual species tree. The accuracy of this

estimation process is maximised by the use of highly simila¡ sequence alignments ("obvious

to the oyo"), a relatively large sample space and more than one locus (Swofferd and Olsen,

1990; Li and Graur, 1991). For plus-sense RNA viruses, Koonin and Dolja (1993) have

suggested that the RdRp domains IV, V and VI are the most reliable regions for the purpose

of inferring phylogeny. This is because the RdRp function and associated motifs have been

found to appear with a high degree of conservation among all known non-satellite plus-sense
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RNA viruses (Koonin, l99l; Koonin and Dolja, 1993). Using this data, two gene rrees

have been constructed and used to divide plant viruses into three Superfamilies labelled I - m
(Koonin, l99l; Koonin and Dolja, 1993) or Poty-, Tobamo- and Luteovirus-like (Bruenn,

1991). These divisions are similar to those previously proposed on the basis of RdRp and

putative RNA helicase sequences (Habili and Symons, 1989). Using the nomenclature of
Koonin, the Superfamilies consist of:

o Supergroup I: como-, Nepo-, Poty-, sobemo- and a subgroup of the Luteoviruses
(BWYV and PLRV).

o Supergroup II: Carmo-, Tombus-, Diantho- and another subgroup of the Luteoviruses

(BYDV).
o supergroup Itr: Tobamo-, Tobra-, Hordei-, Tricorna-, Potex-, and rymoviruses, beet

yellows virus, and apple chlorotic leaf spot virus.

The position of LTSV within the Sobemoviruslike group was investigated by making

estimates of phylogeny using the maximum parsimony method and bootstrapping of a.a.

sequence data (reviewed by Felsenstein, 1988; Swofferd and Olsen, 1990). The sequence

data considered were for the RdRp domains IV, V and VI and the Ser containing Ser

protease domain of GP 2 @igure 4.2,IV - VI and Ser Prot.-3). Alignments of these regions

were made for LTSV, SBMV and VTMoV and a number of other viral sequences from
Superfamily I which had previously been aligned and analysed (Koonin, 1991; Koonin and

Dolja, L993) (Figure 4.148 and C). Although the RdRp sequences constitute a more reliable

data set than the relatively small region of the Ser protease sequence, the latter was included

in an attempt to make the inferences more reliable (Koonin and Dolja, 1993). Comparative

sequence analysis of the S domain of small icosahedral RNA plant viruses has also been

used to infer phylogeny (Dolja and Koonin, 1991). However, analysis of this region was

not considered because of the lack of data available for VTMoV and because of the relatively
poor sequence similarity which is exhibited for this region (Zimmern,1988; Koonin and

Gorbalenya, 1989; Koonin and Dolja, 1993). Analysis of the S domain through comparison

of predicted tertiary structures was beyond the scope of this work.

The LTSV sequences were aligned with sequences from viruses which had previously

been ingrouped with SBMV, namely PLRV, BrWYV and PEMV (Koonin andDolja, 1993).

The sequence of black beetle nodavirus (BBV) was excluded because of its tentative
placement in the Sobemo.like group by Koonin and Dolja (1993) and because of inconsistent

groupings observed in the analyses here (data not shown). Outgrouped sequences from
TEV, tobacco vein mottling potyvirus (TVMV) and barley yellow mosaic potyvirus
(BaYMV) were included to test for the ingrouping of the Sobemovirus-like sequences.

These viruses \üere considered to be at an appropriate evolutionary distance from the

Sobemoviruses as they are similar, in being plant viruses from Superfamily I, but dissimilar
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Figure 4.14

Dendogram of the Sobemovirus-Like Group of Viruses

An unrooted and unscaled dendogram for the inferred phylogeny of Sobemovirus-like

plant viruses and three outgrouping Potyviruses. The dendogram was constructed

using 200 bootstraped resampled data sets of the sequence alignments shown in B

and C. Individual sequences from each resampled data set were entered into the

PROTPARS program in a randomised order. The maximum parsimony method was

used with the selection criterion for the final tree being majority rule. The root of the

tree is most likely to occur at the branch dividing the Sobemovirus-like group from the

Potyvirus group.

Concatenated alignment of the RdRp domains IV, V and VI for the operational

taxonomic units of the dendogram. Domains IV and VI are indicated by underlining.

Alignment of the Ser/Cys containing Ser/Cys protease domains for the operational

taxonomic units of the dendogram. The catalytic Ser /Cys residues are indicated by

bold type.
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in having filamentous morphology. The alignments were re-sampled 200 times using a
bootstrap method and then estimates of phylogeny for each rea:ranged data set were carried

out. The best dendogram was then chosen by using a selection criterion of majority rule
(2.2.17.4). The root of the resultant dendogram is likely to occur at the junction between the

ingroup and outgroup if there is confidence in the monophyletic nature of the ingroup.

However, an umooted dendogram was presented because of the greater ease in assessing

the overall relationships between the members. It should be noted that the branch lengths

used were arbitrarily assigned by the DRAWGRAM program and therefore do not represent

calculated distances between nodes.

The topology of the two resultant gene trees were found to be the same (Figure

4.144). This tree was consistent with a monophyletic grouping for the Sobemo-like viruses

as one branch was found to partition the ingroup sequences from the outgroup sequences

(Figure 4.144). Furthermore, the topology showed that the Sobemovirus group was

separate from the Luteovirus group as has previously been determined by both traditional

and molecular methods of taxonomy (Rybicki, 1991; Koonin and Dolja, 1993). This tree

also revealed that the branch point for SBMV is closer to LTSV than it is to VTMoV. The

most parsimonious interpretation of this topology would have an ancestral Sobemovirus

genome organisation involving two small ORFs at the 5'-terminus, which is maintained in
the genomes of LTSV and VTMoV but from which the genome organisation of SBMV has

diverged. This divergence may have a¡isen either due to RNA recombination at the 5'-

terminus or due to the loss of the termination codon from an ancestral ORF la. RNA
recombination would appeil to be the more likely mechanism of change as this would also

explain the low level of sequence similarity at this region with LTSV (Figure 4.14). There

are however a number of uncertainties involved with both the data and methods used for the

analyses. Firstly, it should be remembered that only preliminary results for the VTMoV
genome were available. Secondly, it must be remembered that the inference of phylogeny

from compatative sequence data is by necessity only an estimate of the actual species Eee.

Furthermore, it is important to note that the chance of obtaining an erroneous gene tree by the

methods used is inversely proportional to the time that sepatates the divergence of the

sequences in question (Li and Graur, 1991). Since it is likely that the Sobemoviruses,

having RNA genomes, have evolved relatively rapidly and therefore recently, the chance of
obtaining an erroneous tree is relatively high. However, some confidence in the

interpreøtions presented here can be held because the interpretation of the sequence analysis

is consistent with the differing genome organisations of the three viruses. Furthermore, the

grouping of LTSV and VTMoV into the Sobemovirus group is consistent with their

assignment to this group using traditional taxonomic methods. The confirmation of
raditional taxonomy by molecula¡ data has been found to be the most common occurrence

for such data (Koonin and Dolja, 1993).
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4.3.5 Future Work
The results presented in this Chapter suggest a number of further investigations into

both the systematics and molecular biology of the Sobemoviruses and LTSV in particular.

Although the results presented here confirm the traditional taxonomic assignment of the

Sobemoviruses, a more detailed understanding of the evolution of these viruses would be

furthered by the complete nucleotide sequencing of more members of the group, preferably

all. A larger sample space would allow the construction of a more confident phylogeny for
the group and further the investigation of any correlation between inferred phylogeny and

genome organisation. In this respect, of particular interest would be the proportion of viral
genomes which fall into the SBMV and LTSV/VTMoV genome organisations. Such data

would indicate whether the single 5'-ORF organisation found in SBMV is a unique

evolutionary occurrence or instead represents a distinct division within the Sobemovirus

group. In addition, the low level of sequence similarities at the 5'-terminal region, as

observed for Luteoviruses, could be investigated and the results used to help determine the

likely mechanism by which variation in this region has occurred. The presence of the

completely overlapping ORF 3 could be investigated as a Sobemovirus specific ORF and the

sequence biases in this region observed to help determine its likely origin (e.g.,

overprinting).

More comparative elements would also allow for better assessment of a number of the

sequence and structural elements proposed in this Chapter:

o The ACAAA and UUUGUG sequences in the 5'-UTR.
o Putative secondary structures in the 5'-UTR.
. The level of sequence similarity at the 5'-terminal region.

o The contexts of ttre initiating AUG codons.

o The presence of two AUG codons immediately downstream of the sta¡t site of ORF 2.

o The ACAAA sequence up-stream of the start site of ORF 4.

¡ The presence of alternative AUG codons for the initiation of ORF 4.

. The physicechemical characteristics of the individual deduced protein products.

o The Ser protease and RdRp domains.

. The putative NTP-binding and VPg domains.

The life cycle of the Sobemoviruses could also be investigated through experimentation

on individual ORFs. Questions such as, which of the ORFs are expressed in vívo and in

what order can be approached experimentally through the construction of expression clones

of the individual ORFs and the subsequent raising of antibodies to the protein products. Dot

and/or western blots of infected and non-infected tissue can then be caried out using these

antibodies to determine their spatial and/or temporal expression. Also of interest would be

thein viyofunctionsof theseproteinproducts,mostimportantlyGPs 1a, lband3. The
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importance of expression of these ORFs to the viability of LTSV and an indication of their
functions could be investigated through the construction of infectious full-length clones.

Although it appears that the VPg molecule is essential for infectivity of LTSV (Forster and

Jones, 1980; Paliwal, 1984a), it has been demonstrated for other plant viruses that also

require a VPg molecule for infectivity, that full-length cDNA clones are infectious if
mechanically transmitted to susceptible plant species at high concentrations (Dr. R. Forster,

pers. comm.). Site-directed mutagenesis of the ORFs to cause premature termination of
translation or mutation of the protein sequences could then be correlated to viability or
disease symptomatology. The functional significance of ORF 1 of SBMV and concomitantly

of ORFs la and/or lb of LTSV, could be investigated by the construction of a hybrid cDNA
clone which contains the ORF 1 of SBMV in a genomic background of LTSV. If such a

hybrid is infectious, the host range, symptomatology and/or ability to host a satellite RNA
could then be investigated. Lastly, site-directed mutagenesis of selected regions of the ORFs

and UTRs could be used to investigate the interaction between helper virus and satellite

RNA. Such investigations would be more easily interpreted than other helper/satellite

systems involving helper viruses that contain segmented genomes.

4.3.6 Summary
The complete sequence of the genomic RNA of LTSV-NZ was determined to be 4,275

nucleotides long (Figure 3.6). The overall sequence contained a close to even nucleotide

composition although the 5'- and 3'-UTRs and ORF 3 showed significant nucleotide biases

(low G + C content for the 5'-UTR, low A but high U content for the 3'-UTR and low U
content for ORF 3) (Tables 3.4 and 4.3). In comparison, the genomic RNA of SBMV
exhibited only a low G + C content for its 5'-UTR (Table 3.4). The S'-terminus of the

LTSV genomic RNA showed similarity to that of SBMV and was identical to the same

region of a number of Luteovfuuses of the PLRV subgroup. A Sobemovirus specific

sequence (UUUGUG) which could base-pair with the 5'-terminus was also observed in the

5'-UTRs. Secondary structures based on these sequences and on thermodynamic
parameters and the possible in vívo formation and roles of these primary and secondary

structures were also discussed.

The LTSV sequence contained five distinct ORFs (1a, 1b, 2, 3 and 4) in an

organisation close to that observed for SBMV (Wu ef al., L987) (Table 3.2) (Figure 3.7).

Each of these ORFs showed a significant potential for protein coding, as determined by
positional base and Shepherd RNY preferences. Of particular interest was the g¡eater coding
potential for ORF 3 than for the overlapping region of ORF 2 (as well as a higher degree of
sequence similarity between the GPs 3 compared to the overlapping region of the GPs 2).

These coding and sequence simila¡ities were discussed with respect to ttre possible origin of
ORF 3 in terms of either overprinting or a modular insertion event.
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The major difference between the two genome organisations of LTSV and SBMV
occurs in the 5'-terminal region were LTSV contains two small ORFs (1a and lb) as

opposed to the single ORF 1 of SBMV. The ORF organisation of LTSV appeared to be the

same as that determined for VTMoV (Dr. W. Rohde, pers. comm.). In light of these

differences, the most likely translation strategy of LTSV appeared to be a ribosome scanning

mechanism for both the genomic and subgenomic RNAs. For the genomic RNA, on the

basis of initiating AUG codon contexts, it was proposed that leaky scanning of ORF 1a

would occur, resulting in the subsequent initiation of translation for ORF lb. A frame-shift
event during translation of this ORF would be required in order to translate ORF 2.

Although evidence for a frame-shift site was not apparent, such a mechanism produces a

consistent size estimate for the transframe protein products in LTSV and VTMoV and the

normal translation product of ORF 2 in SBMV. Subgenomic RNAs for ORFs 3 and 4 and

promoted through different and undefined sequence and/or structural elements were

proposed. For the subgenomic RNA of ORF 4, an ACAAA sequence which was conserved

in SBMV was proposed as the 5'-termini with possible functions as a packaging signal. The

length of the proposed S'-UTR for this RNA and the context of the initiating AUG codons

for both ORFs were consistent with a ribosome scanning mechanism of translation.

Protein functions for the largest putative protein product (GP 2) and the identification
of the coat protein gene of LTSV were proposed on the basis of sequence homologies with
SBMV and with sequence motifs known or suspected to be associated with particular protein

functions. For GP 2, conserved sequence motifs clearly identified RdRp and Ser protease

domains. However, the NTP-binding domain proposed for the GP 2 of SBMV was not
conserved in the LTSV sequence although a candidate NTP-binding domain was identified
elsewhere in the GP 2. The lack of conservation of the putative NTP-binding domains in

both viral sequences suggested that the domains do not have functional significance although

NTP-binding may still occur at other regions. Similarly, no conservation was observed for
the proposed VPg domain of SBMV and no candidate VPg domains were identif,red through

sequence similarities with other known or suspected VPg molecules. A tentative VPg

domain was identified by a high local basic a.a. content and a location between the Ser

protease and RdRp domains of GP 2, analogous to that observed for Comoviruses. The

coat protein gene for LTSV-NZ was identified by similarities in the ORF location and a.a.

sequence to the known coat protein gene of SBMV. However, unlike SBMV the coat

protein gene appeared to be translated from the first AUG codon of the ORF rather than the

second. Furthermore, two candidate Ala residues were identified as possible post-

translational processing sites by analogy to the known processing site of SBMV. The coat
protein of LTSV-NZ showed distinct R and S domains but unlike that of SBMV, appeared to

possess a small C-terminal hydrophilic region which could have either a surface or internal
location.
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Functions for protein products of the remaining ORFs of LTSV, (GPs la, 1b and 3),

could not be predicted on the basis of similarities to other proteins of known function.

Assuming that the leaky scanning mechanism of ranslation is used for the genomic RNA, it
is likely that GP la is required by the virus in relatively low levels compared to GP 2. This

would appear to be confirmed by the published in vitro translation results if the P4 protein

corresponds to GP la (Table 4.1). The published in vitro translation studies of LTSV also

suggest ttrat ORF 3 is not translated. This was proposed to be a consequence of the lack of a

packaging signal in its subgenomic RNA. The high pI value for this protein was suggestive

of a function as either the VPg molecule or as a movement protein, however no sequence

similarities to both motifs were apparent.

The evolutionary relationship of LTSV was investigated through comparisons of
genome organisation and the sequences of both the RdRp domains IV, V and VI and Ser

protease domains for a number of plant viruses. The genome organisations and more

strongly the sequence comparisons confrrmed the membership of LTSV in the Sobemovirus

group of plant viruses as previously designated through traditional taxonomic methods.

Genome organisations and the topology of the inferred gene tree suggested an evolutionary

history for the Sobemoviruses. This history involves an ancestral Sobemovirus genome

organisation which is similar to those of LTSV and VTMoV and from which the genome

organisation of SBMV has diverged. At least two subgroups of the extant Sobemoviruses

may be defined by the differing genome organisations at the 5'-termini.
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Chapter 5

A Ribozyme System Based
Plus vLTSV Hammerhead

on the
Structure

5.1 Introduction
This chapter describes the construction and cha¡acterisation of an in vitro ribozyme

self-cleavage system using a synthetic hammerhead structure derived from the hammerhead
sequence of plus vLTSV (Forster and Symons, 1987a). The system consisted of a L3-mer
ribozyme RNA (R¡b.) and a 4l-mer substrate RNA (Sub.) arranged as depicted in Figure
5.1B. Both Rib. and Sub. RNAs were produced by in vitro transcription from synthetic
oligonucleotide templates using T7 RNA polymerase (Milligan et a1.,19S7) @gure 5.lA).
Self-cleavage of Sub. RNA was shown to occur at the expected location, producing a 3'-
fragment (3''F) 32 nucleotides long and a 5'-fragment (5'-F) nine nucleotides long (Figure
5.18). The self-cleavage reaction was dependent on the presence of the Rib. RNA and Mg2*

and was found to be optimal at 50oC. Self-cleavage did not occur when a DNA analogue of
the Rib. RNA was used. The Michaelis-Menten kinetic parameters and energy of
activation for the vLTSV ribozyme system were determined by analysis of time-course
self-cleavage reactions using a range of Sub. : Rib. molar ratios or reaction temperatures.
The values for these parameters were compared to those previously published for other
hammerhead ribozyme systems.

5.1.1 Self-Cleavage in Trans
The hammerhead structures of plus and minus ASBVd and of the newt satellite 2

transcript (Epstein and Gall, 1987) differ from all other hammerhead structures in that their
constituent nucleotides are drawn from two regions which are separated in the primary
structure of the molecules by a relatively large number of nucleotides (e.g., 88 and 77
nucleotides in the case of plus and minus ASBVd sequences, respectively) (Hutchin s et al.,
1986). In these structures, stem III is closed by a loop while stems I and II are open (cf.



A

B

Figure 5.1,

Diagram of in vito transcription system using synthetic oligodeoxyribonucleotides.

The conserved sequence of the class III promoter for T7 RNA polymerase is formed

by the 20 double-stranded nucleotides. Base pairs are indicated by dots (').
Transcription by T7 RNA polymerase initiates at the nucleotide labelled +1.

Primary and putative hammerhead secondary structue of Rib. and Sub. RNAs. All
nucleotides, except for the 5'-GGG of the Sub. RNA, are from the sequence of plus-

sense vLTSV. Self-cleavage at the site indicated by the arrow produces two cleavage

fragments, 3'-F and 5'-F, which are 32 and nine nucleotides in length, respectively.

Conserved base-paired stems and nucleotides are indicated as described in Figure 1.2.
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Figures 2.1 and 5.24). In all other reported hammerhead structures, the nucleotides

constituting the hammerhead structure come from a relatively small region of contiguous

primary structure where stem III is open and stems I and tr are closed (cf. Figure 1.2).

The binary-like nature of the ASBVd hammerhead structures suggested that they could

be active in the form of two separate molecules. That is, self-cleavage could be active in

trans. Self-cleavage in trans was first demonstrated for two large fragments of minus

ASBVd which, when hybridised together and then subjected to self-cleavage conditions,

underwent self-cleaved at the expected site in the hammerhead structure @orster et a1.,1987;

Jeffries, 1986). Subsequently, in a simpler system using only the essential hammerhead

structure depicted in ConfTguration A @igure 5.24), it was demonstrated that one portion

of the hammerhead structure could act as an enzyme if mixed with substrate molecules under

conditions which favour cycles of melting and annealing (Uhlenbeck, 1987; Ruffner et al.,

1989, 1990). In a similar way, a number of hammerhead ribozyme systems, based fully or

in part on naturally occurring sequences, have been separated into two or three components

arranged in Configurations B, C and D (Figures 5.2B, C and D, respectively) and

shown to self-cleave in a catalytic manner (Haseloff and Gerlach, 1988; Koizumi et al.,

1988a, b; Jeffries and Symons, 1989; Ruffner et al., 1989; Fedor and Uhlenbeck, 1990;

Dahm and Uhlenbeck, 1991; McCall et a1.,I992;Pernman et a1.,1992).

5.1.2 Synthetic Hammerhead Ribozyme Systems

The relatively small size of the essential hammerhead structure has allowed it to be

easily synthesised, either by transcription from synthetic oligonucleotide templates (Milligan

e|a1.,1987) (Figure 5.14) or chemically (Usman and Cedergren,Igg2). This has provided

experimental systems whereby base substitutions and/or deletions can be directed to alter the

primary and/or secondary structure of the hammerhead sequence and the effects on self-

cleavage analysed. Structural requirements have been limited to primary (Forster and

Symons, 1987b; Haseloff and Gerlach, 1988; Koizumi et a1.,1988a, b, 1989; Sheldon and

Symons, 1989b; Ruffner et al., 1990; McCall et al., 1992; Perriman et al., 1992) and

secondary structures (Forster et a1.,1988; Ruffner et a1.,1989; Sheldon and Symons L989a;

Fedor and Uhlenbeck, 1990; Heus ¿r al., 1990; Odai et al., 1990; Pease and 'Wemmer,

1990). These studies have shown that 10 of the 13 conserved nucleotides are required for

self-cleavage and that the exact sequence of the helices is not important provided base pairing

is maintained (Haseloff and Gerlach, 1988; Koizumi et a|.,1988a, b; Ruffner et al., 1989;

Sheldon and Symons, 1989b). Substitution of nucleotides forming the hammerhead

structure with 2'-deoxy, phosphorothioate, 2-amino, or 2'-fluoro groups have allowed

further insights into the primary and secondary structural requirements and the mechanisms

of RNA self-cleavage (Koizumi et al., 1989; Perreault et al., 1990, I99l; Ruffner and

Uhlenbeck, 1990; Yang et a1.,1990, 1992; Koizumi and Ohtsuka,l99l; Olsen et al., L997:



Figure 5.2

Pos sible Hammerhead Ribozyme System Configurations

Ribozyme (R) and Substrate (S) molecules forming the hammerhead structure are

represented schematically in the four possible secondary structure configurations.

The sites of self-cleavage are indicated by arrows. Base pairs are indicated by dots

(.). No specific number of base pairs is implied.

A Configuration A.

B Configuration B.

C Configuration C

D Configuration D.
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Pieken et al., L99l1' Slim and Gait, 1991; Williams et al., L992). RNA self-cleavage

mechanisms, specifically the role of metal ions, have also been investigated theoretically

(Toh et al., L987; IÙ'f:el et al., 1989; Taira, et al., 1990) and by analysis of the reaction

kinetics (Dahm and Uhlenbeck, 1991).

5.1.3 Enzyme Kinetics
Michaelis-Menten kinetic parameters describe three quantitative cha¡acteristics for an

enzyme (E) catalysed reaction with a given substrate (S) (Figure 5.54); the Michaelis

constant (K-), the maximal velocity (V.*) and the turnover number (k*¡) (reviewed by

Fersht, 1977; Roberts, L977). These kinetic parameters, although originally using the

Michaelis-Menten assumptions, are derived using the generally applicable steady-state

assumptions of Briggs and Haldane (Fersht, 1977; Roberts, 1977). They are determined

empirically from a plot of initial reaction velocity (vn) versus substrate concentration ([S])

which follows Equation 5.1.

tslor vo= (s.1)+ tsl)

Furthermore:

(s.2)

where v6 end V-,* are in moles of product formed per second, K-, [S] and total

enzyme concentration ([Et]) are in moles md h", is customarily expressed as, number of

substrate molecules reacted on per minute.

h", L*
tErl

Equation 5.1 describes a rectangular parabola passing through the origin, with ordinals

being ve and [S] and the line vo = V-"* as a horizontal asymptote. The value of K. is
determined experimentally as the [S] where uo = t* .

The theoretical derivation of Equation 5.1 using the steady-state assumptions dictates

that Ç, V-"* and h,, âro all apparent kinetic parameters. That is, they have no simple

theoretical significance as they are made up from combinations of various rate constants, the

number and nature of which depend on the particular reaction mechanism and conditions.

The only general meaning that can be given to K- is that it is an empirically determined

parameter that represents the substrate concentration at which the reaction rate is half

maximal. In the case of a given enzyme acting on different substrates, a comparison of Ç
values for the different substrates gives an indication of the relative strengths of

association between enzyme and substrate. The more firmly an enzyme binds its substrate,
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the smaller the value of K^. However, this is not an absolute relationship because different

substrates may involve different reaction mechanisms. Instead, the ratio "f e (termed the

specificity constant) is used as a more accurate indication of substrate affinity (Roberts,

1987). This ratio is also the apparent second-order rate constant for enzyme-substrate

association which becomes important when considering enzyme efficiency (Roberts, 1937)

(5.4). The specificity constant may also be used for approximate comparisons between

different enzyme/substrate systems.

5.1.4 Activation Energy

The minimum level of energy that allows a reaction to occur is termed the activation

energy (8") and is usually imparted to a system by thermal induction. The E¿ of a reaction

has become one of the standard experimental parameters by which a chemical reaction is

described and is mathematically formalised in the Arrhenius equation (Equation 5.3). By
observing the effect of temperature on reaction rate, it can be empirically determined that the

plot of the natural logarithm of reaction rate verses the inverse of absolute temperature

describes a straight line that frts Equation 5.3.

. rate -E"
lñ-[I A -RT or (s.3)

where A is a constant called the pre-exponential or frequency factor, R is the Gas

constant (8.31 Joules Kelvin-rmole-r or 1.986 calories Kelvin-l mole-l) and T is the absolute

temperature (Ketvin).

The importance of this equation is that the plot of the Naparian of the reaction rate

versus the inverse of the absolute temperature empirically gives a straight line whose slope is
-F.^

fr . Therefore, from such a plot the Eufor the overall reaction can be determined without

consideration for the details of the reaction mechanism.

5.2 Methods

Sub. and Rib. RNAs were prepared by transcription from synthetic oligonucleotides

using T7 RNA polymerase followed by gel-purification (2.2.L8). The correct full-length

transcripts were identified by direct RNA enzymatic sequencing (2.2.19 and 2.2.20).

Appropriate concentrations of Sub. and Rib. RNAs were subjected to the relevant self-

cleavage conditions and the extent of self-cleavage determined over a time course (2.2.21).

These data were then used to determine the E¿ and Michaelis-Menten kinetic parameters for

the system using computer aided plotting and non-linear regression methods.

4s-Ea/RTrate
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5.3 Results

5.3.l Transcription of RNAs and Identification of Full-Length Transcripts
Transcription from primers P30 and P58 (Table 2.1) produced varying transcription

patterns from experiment to experiment (data not shown). However, in all cases significant

levels of premature termination and random extension of the full-length transcripts was

observed (data not shown). These features, in particular the random addition of one or more

nucleotides to the 3'-terminus of the full-length transcripts, are characteristic for this

transcription system (Fedor and Uhlenbeck, 1990). The identities of full-length transcripts

were confirmed by enzymatic sequencing (data not shown).

5 .3.2 Demonstration of Self-Cleavâge and Multiple Turnover
32P-labelled-Rib. and Sub. RNAs were mixed together in a range of molar ratios from

l:L - l:2I7 (Rib. : Sub.) and subjected to self-cleavage conditions at 50"C for varying
amounts of time. In all reactions, two specific low molecular weight fragments were

generated with sizes predicted for self-cleavage fragments (32 and nine nucleotides for 3'-F

and 5'-F, respectively) (Figures 5.18 and 5.34, lane 2). The larger of these fragments was

isolated, enzymatically sequenced and shown to correspond exactly to the predicted 3'-F

RNA (Figures 5.28 and 5.44 and B). When Rib. and Sub. RNAS were incubated

separately or when Mg2* was left out of the reaction conditions, no self-cleavage or
discernible change to the Rib. RNA occurred (Figure 5.34, lanes 4, 5 and 1, respectively).

This lack of self-cleavage was maintained even over time periods of up to 24 hours (data not

shown). A DNA analogue of the Rib. RNA (PDNAl3) (Table 2.1) was substituted at a

molar ratio of 10:1 (DNA : Sub.) and shown not to facilitate self-cleavage even under a

number of different reaction conditions (Figure 5.34, lane 3) (Table 5.1).

'With extended incubation times under normal reaction conditions (cf. Figure 5.3), the

fraction of Sub. cleaved, reached a constant at 88Vo * l%o even in reactions were Sub. was

in a large molar excess over Rib. (e.g., Figure 5.5C). Self-cleavage of the remaining22Vo

of Sub. RNA after re-purification was not investigated but was expected. It is believed that

during oligonucleotide directed transcription by T7 RNA polymerases, sequence errors are

introduced into a proportion of the RNA transcripts which results in the observed level of
un-cleavable substrate RNAs (Uhlenbeck, L987). Therefore, the value of 0.88 was used ro

normalise all subsequent self-cleavage percentages before numerical analysis.

These results showed that Rib. and Sub. RNAs together form an active hammerhead

structure that undergoes specific self-cleavage in the presence of Mg2* at the expected site.

Furthermore, the results where 887o self-cleavage was obtained when Sub. RNA was in a
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Table 5.1 Self-cleavage condtions used to test activity of DNA

"ribozyme" (PDNAI3) against RNA substrate (Sub.)



A

Figure 5.3

Self-Cleavage of Substrate RNA by Ribozyme RNA

Self-cleavage of 32P-labelled Sub. RNA by 32P-labelled Rib. RNA and resolved by

polyacrylamide gel electrophoresis.

Cleavage products are labelled 5'-F and 3'-F for the 5'- and 3'-cleavage fragments,

respecrively (32 andnine nucleotides, respectively). XC and BB indicate the positions

of Xylene Cyanol FF and Bromophenol Blue, respectively.

All reactions were incubated in 50 mM Tris-HCl pH 8.5, 0.5 mM EDTA, 20 mM

MgCl, (except where indicated) at 50oC for 6 hours. Molar ratios were, Sub. : Rib.,

l:2 and Sub. : PDNA13, 1:10.

Lane 1 CMgt*) : Sub. and Rib. RNAs incubated in the absence of Mg2*

Lane2 (+tvtd.) : Sub. and Rib. RNAs incubated in the presence of Mg2*

Lane 3 (DNA) : Sub. RNA and PDNAl3 incubated in the presence of Mg2*

Lane 4 (Sub. control) : Sub. RNA alone incubated in the presence of Mg2*

Lane 5 (Rib. control) : Rib. RNA alone incubated in the presence of Mg3.

Example of a time course for the self-cleavage of 32P-labelled Sub. RNA by

unlabelled Rib. RNA.

Labelling and reaction conditions are as above except Sub. : Rib. molar ratio was 4:1.

Reactions stopped after the addition of Mg2* at the indicated times by the addition of

an equal volume of formamide loading solution.

B
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A

Figure 5.4

Direct Br.øymatic Sequencing of 3'-Cleavage Fragment

Gel-purified unlabelled 3'-F RNA was 5'-32P-tabelled and then used as the substrate

for enzymatic sequencing. The resulting fragment patterns were then resolved by

polyacrylamide gel electrophoresis. The deduced sequence is indicted down the left-

hand side of the autoradiograph. The top band is labelled with a star (*) to indicate its

unknown identity.

Lane 1 (N) : No enzymes added.

Lane2 (L) : Non-specifrc Mg3. catalysed hydrolytic ladder. Cleavage after any

nucleotide.

Lane 3 (T) : Incubation in the presence of RNase T1. Cleavage after G residues.

Lane 4 (P) : Incubation in the presence of RNase PhyM. Cleavage after A and U

residues.

Lane 5 (U) : Incubation in the presence of RNase U2. Cleavage after A residues.

B Determination of 5'-nucleotide identity of 3'-F RNA.

Gel-purifïed 5'-32P-labelled 3'-F RNA digested with RNase Pr and resolved by PEI-

cellulose thin-layer chromatography. Origin (-O), solvent front (SF) and the position

of non-radioactive S'-MNPs (dashed ovals) are indicated. The identity of the

respective 5'-MNP bases are indicated at the top of the autoradiograph. M and P1

indicate a mixture of S'-MNPs and an aliquote of the P1 digest, respectively.
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large molar excess over Rib. RNA demonstrated that multiple turnover occurs for the system

(data not shown). Lastly, DNA was demonstrated not to be able to substitute for the RNA
Rib. in forming a self-cleavable structure.

5.3.3 Calculation of E" from an Arrhenius Plot
Self-cleavage of gel purified Rib. and32P-labelled-Sub. RNAs, in a 1:1 molar rario,

was carried out at either 20oC,37"C,40oC,45"C, 50oC, 55oC or 60oC. After the addition of
ly':gz*, the reactions were stoppedat the following times; 0, 15, 30,45,60, 90, 120, 180 or

240 mín. The percentage self-cleavage was determined for each time point at each

temperature (2.2.2I) and normalised to 0.88 (5.3.2). The half life of Sub. RNA (t1¡) at

each temperature was determined by plotting logls (percentage Sub. RNA remaining) vs.

time, using a line of best fit determined by a linear regression method. The tlpvalues were

then converted into the corresponding first-order rate constants for the cleavage of Sub.

RNA by using the equation, hu" =Y (Roberts, lg77). A plot of ln k"5"vs. | *as th"n

made. The optimum temperature for the reaction (50'C) was indicated by the location of the

trough in the resultant curve (Figure 5.64). The slope of the linear portion of the graph

spanning the reaction temperatures from 20"C -50"C is equal ao t (5.1.4), which when

substituted, corresponded to an Ea value of 10.7 kcalories mole-r.

5.3.4 Calculation of Michaelis-Menten Kinetic Parameters
Self-cleavage of gel purified Rib. and32P-labelled-Sub. RNAs was ca:ried out at 50oC

using the following Rib. : Sub. molar ratios; L:l,I:2,l:3,1:4,1.:6, 1:8, l:13,l:16,1:26,
l:32, l:52, 1:64, 1:105 and 1:209. After the addition of Mg2*, the reactions were stopped at

the following times; 0, 1.5, 30, 45, 60, 75,90, 105, 120, 180, 240 or 360 min. The

percentage cleavage of Sub. RNA was determined at each time point for each molar ratio
(2.2.2L). These percentages were plotted versus time to detect irregularities (examples are

given in Figures 5.3B and 5.5C). Sufficient time points to cover the first l\Vo of each

reaction were chosen from each ratio. The percentages of self-cleavage for these time points

were converted into pmoles of product and plotted versus time using a linear regression

method (data not shown). The slope of these lines gave the initial velocity (vo) of the

reaction expressed in terms of pmol min-r. Each reaction and subsequent calculation of vo

was repeated four times.

The value of voat each molar ratio was plotted against the appropriate Sub. RNA
concentration ([Sub.]) expressed in terms of ¡rM and fitted directly to the Michaelis-Menten

equation (Equation 5.1) using a non-linear regression program based on the algorithm of
Duggleby (1981) (Figure 5.68). The initial curve fitting used estimates of Ç and Ç*
obtained from an Eadie-Hofstee plot of the same data (Roberts, 1977) (data not shown).
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B

Figure 5.5

Reaction scheme for a two-step mechanism of catalysis. Enzyme (E) and substrate

(S) molecules reversibly associate to form anenzyme/substrate complex (E.S) which

subsequently irreversibly breaks down to E and products (P).

Reaction scheme for a multi-step mechanism of catalysis including the possible

reversible formation of non-productive forms of the enzyme (E*), substrate (S*) and

the enzyme/substrate complex (E.S*) and the reversible association of E with P.

C Example of a time course plot for the self-cleavage of Sub. RNA by Rib. RNA.
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A

Figure 5.6

Arrhenius plot for the vLTSV ribozyme system. The natural logarithm of the

observed first-order rate constant for the cleavage of Sub. RNA (koo.) is plotted

versus the inverse of the absolute temperatur. t fi l. The slope of the straight line

berween 20"C and 50oC is equal,o * where R is the Gas constant (1.986 calories

Kelvin-l mole-l), which, when substituted, conesponds to an E¿ value of 10.7 kcal.

mole-1.

Michaelis-Menten plot for the vLTSV hammerhead ribozyme system. The initial

velocity of the self-cleavage reaction (vo) is plotted versus the Sub. RNA

concentrarion ([Sub.]) and fîtted directty to the Michaelis-Menten equation @quation

5.1) using the a non-linear regression algorithm based on that of Duggleby (1981).

Extrapolation of this plot gives V-"* and K- values of 0.49 + 0.044 pmol min-t and

6.36 + 1.02 pM, respectively.

B
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The K- and V-"* values for the fully regressed plot were found to be 6.36 + L.02 pM and

0.4g + O.O44pmol min-r, respectively. These data correspond to a Ç, of 1.8 min-r -A u fu
value of 0.28 pM-t min-t (Table 5.2).

5.4 Discussion

5.4.1Comparison of Michaelis-Menten Kinetic Parameters for Ribozyme

Systems

The Michaelis-Menten kinetic parameters for the vLTSV hammerhead ribozyme

system described here were comparable to the values determined for other hammerhead and

non-hammerhead ribozyme systems @gure 5.18) (Table 5.2). Specifically, the vLTSV

ribozyme system possessed the highest K- value of the ribozyme systems. The Ç"* and þ.,
values were intermediate while the specificity constant was low. The optimum reaction

temperature of 50"C \ilas the second highest reported for hammerhead ribozyme systems.

These values were interpreted with respect to the self-cleavage reaction and possible

alternative secondary structures for the Sub. RNA (5.4.2 and 5.4.3). A comparison \ilas

made between protein and ribozyme catalysed reactions. For protein enzymes, Ç, and Ç
values range between 101 - 10t min-l and 10-t - 105 pM, respectively (Fersht, 1937). In
comparison, ribozymes values were in the order of 10-1 - 10r min-r for Ç,and 10-2 - 101 pVt

for K-, which placed them in the low end of the ranges for protein enzymes (Table 5.2).

5 .4.2 Catalytic Efficiency
A perfectly efficient catalyst can be defined as one in which the rate limiting step for

the reaction is the binding of substrate to enzyme (Figures 5.54, step A). That is, the

enzyme will deal with as much substrate as can possibly be supplied to it and therefore the

rate of the reaction is controlled by the diffusive steps involved (Alberty and Knowles,

1976). In the case of ribozymes, the binding of substrate involves base pairing to form the

secondary structure from which the active tertiary structure is derived. Furthermore, it is
known that no additional effect on the rate of helix formation results from tertiary structure

formation (Jencks, 1981). Therefore, for a hammerhead ribozyme system, high catalytic

effrciency would be reached if the rate constant for the reversible association of ribozyme

and substrate approaches that of the diffusive steps, which in this case are the formation of

the three conserved RNA helicies. An indication of the second-order rate constants for helix

formation for hammerhead ribozymes can be gained from the results for two simple

oligoribonucleotides which show rate constants that lie between 101 - 103 pM-l min 1 at lzoc
(Nelson and Tinoco,1982). These values are smaller than the diffusional encounter of small

molecules (105 pM-t min-l@igen and Hammes, 1963)) and is believed to be the result of the

multi-step process involved in helix formation. Therefore, for the more complex

hammerhead structures the second-order rate constants for helix formation are likely to be

lower than 101 - 103 pM-r min 1.



Ribozyme system

Hammerheads
Uhlenbeck,1987
vLTSV system

Koizumi et al., t989
Fedor and Uhlenbeck, 1990
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(oc)
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0.63
6.3s
0.s3
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0.041
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0.92
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0.49

0.015?
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0.0075b

0.05b
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0.475
1.8
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1.0
1.5
1.0
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2.8
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4.8
0.25
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0.75
0.28
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32.6
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0.08
15.0
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37
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37
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il
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Perreault et a1.,1990, 1991
and Yang et al.,l99O
Olsen et al., L99I

Pieken et al.,l99l
Koizumi and Ohtsuka, l99I
Williams et a1.,L992

RNase P
McClain et a1.,1987

Group I endoribonuclease
Zaag et al.,1986

Haþin structure
Hample and Triz, 1989

0.044 NGc 0.34 7.7

0.13 0.162

70

0.217
0.178
0.3
J.J
0.154

NGC

NGC

NGC

NGC

0.0231b

tl

I

I

I

I

I0.8 NGC

0.03 840b 2.r I

a: Not deærmined (ND).
b : Calculated using [riboryme] given in hgure legends.
c : Not given (NG) and unable to calculate from information present in the reference.

d : Uses l¡fn2+ as cation.
? : In the refrence ciæd the value was given as 15,000 pmole min-l which is most likely to be a misprint.

Table 5.2 Kinetic parameters reported for different hammerhead ribozyme systems.
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In a system obeying Michaelis-Menten kinetics under sub-saturating substrate

concentrations, the apparent second-order rate constant is given by the specificity constant

which can therefore be used as a guide to catalytic efficiency when compared to the predicted

rate constants for helix formation and allowances are made for the differences in helix

complexity and reaction temperature (Fersht, 1977). The values of the specificity constant

for hammerhead ribozyme systems range between 10-2 - 102 ¡rM-l 6ip-t (Table 5.2) which

falls across the predicted range for helix formation. These values are also lower than those

for protein enzyme which range between 103 - 104 pM-t min'r (Alberty and Knowles, 1976).

The values of these results indicate that although hammerhead riboryme systems fall short of
the high catalytic efficiency exhibited by protein enzymes, they are still relatively significant

catalysts. These results also highlight the fundamental differences between protein and RNA

enzyme systems.

5.4.3 Low Catalytic Efficiency Due to Alternative Tertiary Structures for
the Substrate RNA

SuÞoptimal catalytic efficiency for a hammerhead ribozyme could result from factors

involved in the rate of the self-cleavage reaction or the rates of active-structure formation.

Earlier evidence involving the relevance of alternative conformations and the rate of self-

cleavage using transcripts of plus and minus vLTSV, have suggested that the self-cleavage

reaction is rapid and therefore, the rate-limiting step in hammerhead-di¡ected self-cleavage is

the formation of an active-structure (Forster et al.,1987; Forster and Symons, 1987a, b).

Inhibition of the formation of an active-stn¡cture will have two components; rate-limiting

formation of non-productive helicies (Figure 5.58, steps B, C and D) and/or rate-limiting

dissociation of products from the ribozyme (Figure 5.58, step E). Non-productive

structures involving substrate, ribozyme or the substrate/ribozyme complex have since been

suggested in a number of studies (Ruffner et a1.,1989, 1990; Sheldon and Symons, 1989a;

Fedor and Uhlenbeck, 1990; Heus ef a1.,1990). Such non-productive structures are likely

to be more prevalent for ribozymes than for proteins because of the fundamental differences

in primary and tertiary structure formation between these two systems (i.e., nucleic acid base

pairing versus amino acid side-group interactions). This is likely to be, at least in part, a

reason for the differences in catal¡ic efficiency observed for the two systems (5.4.2).

The formation of non-productive structures for ribozyme systems will be a function of
both the size and complexity of the RNA and therefore is more likely in larger RNA
molecules, although it should be noted that very stable secondary structures can form, in a
sequence dependent manner, in relatively small RNA molecules (e.g., Sugimoto et al.,

1987; Groeb and Uhlenbeck, 1988; Heus and Pardi, 1991). Furthermore, the specific

effects observed on kinetic parameters due to the formation of non-productive structures will
depend on whether substrate, ribozyme anüor substrate-ribozyme complexes are involved.
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Therefore, in the case of a ribozyme system with a B Conformation (Figure 5.2B), the

substrate molecule is more likely to form non-productive structures as it is the larger
molecule. For ribozyme systems with a C Conformation (Figure 5.2C), the converse

would be expected (Heus et a1.,1990), although the substrate molecule has also been shown
to be involved (Ruffner et a1.,1989, 1990; Fedor and Uhlenbeck, 1990).

In the case of non-productive sffuctures involving the substrate molecule (Figure

5.5B, step B), the k"", value will be relatively unchanged; it is decreased only if a non-
productive substate-ribozyme complex exists or poor dissociation of products from the
ribozyme occurs (Figure 5.58, steps D and E, respectively). On the other hand, the K,
value is most likely to increase. At a mathematical level, this is because the rate constants

associated with the non-productive structures will contribute to the Ç value (Figure 5.5B,

steps B and C). The combined effects on k*,and K-will follow through to an observed

lower than optimal specificity constant. In the case of the vLTSV ribozyme system, the K,
value, average Ç,value and low specificity constant are all consistent with the formation of
non-productive structures for the Sub. RNA (Table 5.2). Such non-productive structures,
both inua- and inter-molecular, can be drawn for the Sub. RNA @igure 5.7). However, it
should be noted that in the self-cleavage reactions described here, the Sub. RNA was not
heated and cooled or pre-incubated with Mg2* prior to assembly of the self-cleavage
reactions (2.2.21). Such procedures have since been used to avoid aggregation of RNA
molecules which can result in anomalous initial rates (Groebe and Uhlenbeck, 1988; Fedor

and Uhlenbeck, 1990). Therefore, failure to ensure the elimination of alternative structures
in the Sub. RNA prior to the assembly of the self-cleavage reactions may have effected the

values for the kinetic parameters.

5.4.4 Reaction Temperature and the Energy of Activation
Initial investigations of hammerhead ribozyme systems found that the optimum

reaction temperatues were in the range of 50"C (Table 5.2) (Uhlenbeck, 1987; Haseloff and

Gerlach, 1988; Jeffries and Symons, 1989). Such high temperatures were believed to be

required to facilitate melting and re-annealing of the two RNA molecules which would help

the process of multiple turnover. However, the optimum reaction temperatures for
subsequent hammerhead ribozyme systems have been found to be as low as 15oC, 25"C and

37'C (Koizumi et al., 1989: Fedor and Uhlenbeck, 1990; Perreault et a1.,1990; Koizumi
and Ohtsuka, 1991). A close correlation can be made between low reaction temperatures

and high specificity constants for ribozyme systems (Table 5.2). Of the three exceptions to
this, two occur for systems involving three RNA molecules (Conformation D) (Figure 5.2D)
while the remaining system possesses a high K-value, suggesting the involvement of non-
productive structures (Table 5.2) (Koizumi et al., 7989; Koizumi and Ohtsuka, 1991).

These results suggest that the value of the optimum reaction temperature for a hammerhead



Figure 5.7

Altemative Secondary Structures for Substrate RNA

A Alternative intra-molecular secondary structure for Sub. RNA predicted using the

algorithm of Zuker (19S9). ÂG value at3T"Ccalculated as -11.6 kcal mole-'.

Alternative intra-molecular secondary structure for Sub. RNA predicted using the

algorithm of Zuker (1939). AG value at37"C calculated as -9.6 kcal mole-t.

C Alternative inter-molecular secondary structure involving two Sub. RNA molecules.
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ribozyme system is sequence dependent. This is most likely a simple reflection of the

relative propensities of different sequences to form non-productive structures which must be

kept in equilibrium with active structures to allow an efficient level of multþle turnover.

Thermally induced melting and re-annealing can be seen as the driving force for this

equilibrium.

The only other report of an E¿ value for a hammerhead-directed self-cleavage reaction

is that from Uhlenbeck (1987). For the vLTSV ribozyme system, the E¿ value was 807o of

that for the Uhlenbeck ribozyme system, while the lç", value was 3797o greater than that for

the Uhlenbeck ribozyme system (Table 5.2). The difference in E¿ values can be explained

by experimental error or the use of non-standard reaction conditions and therefore may not

represent informative data with respect to differences in the self-cleavage mechanisms of the

two systems. However, if the values are taken as accurate, some proposals can be made. In

an enzyme system obeying Michaelis-Menten kinetics, the first-order rate constant for the

chemical conversion of the substrate-enzyme complex to the products-enzyme complex, is

given by the value of k"", (Figure 5.54, step B). Furthermore, since the theory of

thermodynamics dictates that a chemical reaction rate is inversely proportional to E¿, it would

appear, from the comparison of the E¿ and Ç, values, that the self-cleavage reaction for the

vLTSV ribozyme is more rapid than for the Uhlenbeck ribozyme system (Table 5.2).

However, the much lower specifrcity constant for the vLTSV ribozyme system indicates that

it involves either more non-productive structures or forms non-productive structures of
greater stability than does the Uhlenbeck ribozyme system. Unfortunately, as no

information about the actual reaction mechanism of hammerhead-directed self-cleavage is

known, except for computer predictions (Mei et a1.,1989; Taira et a1.,1990), no informed

comment can be made on why the vLTSV ribozyme may possess a more efficient self-

cleavage reaction than the Uhlenbeck ribozyme system.

In summary, the vLTSV ribozyme system appeared to be an inefficient self-cleavage

system compared to other reported systems (Table 5.2). This is most likely to be due to the

presence of significant non-productive secondary structures involving the Sub. RNA. This

conclusion is consistent with the theoretical, alternative secondary structures that can be

made for the Sub. RNA (Figure 5.7) and with the high K-, average lç., and low specificity

constant values and with the high optimum reaction temperature for the system (Table 5.2).

5.4.4 The Effects of Deoxyribonucleotide Substitution on Self-Cleavage

The vLTSV self-cleavage system was the first reported investigation into the effect on

self-cleavage of a hammerhead structure composed of both deoxy- and ribonucleotides

(Jeffries and Symons, 1989). The data demonstrated that the vLTSV ribozyme (Figure

5.1B) is unable to self-cleave under a number of different conditions when its ribonucleotide
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residues are substituted for deoxyribonucleotides (Figure 5.3A,lane 3). Since that time, the

importance of the 2'-OIl group in hammerhead-directed self-cleavage has been extensively

and more precisely investigated by a number of groups using the potential to synthesise

oligonucleotides containing a mix of 2'-modified nucleotides, the most cornmon of which

have been 2'-deoxyribonucleotides (e.g., Koizumi er al., L989; Pereault et a1.,1990, 1991:

Yang et al., 1990,1992; Koizumi and Ohtsuka, l99I; Olsen et a1.,1991; Pieken et al.,l99l;
Slim and Gait, 1991). The combined results have shown that all but the cleavage site

nucleotide (Figure 1.2, Nr7), can be substituted with deoxyribonucleotides on an individual

basis. The obligatory ribonucleotide nature of the Nr? residue is expected as it is S'-adjacent

to the sissile phoshodiester bond and therefore requires a2'-OH to conduct a nucleophilic

attack on this phosphate thus generating the characteristic2',3'-cyclic phosphate and 5'-OH

termini (Koizumi et a1.,1989; Perreaalt et al.,1990; Taira et a1.,1990; Yang et a1.,1990).

When the nucleotide residues of the ribozyme portion in a Conformation C system

(Figure 5.2C) are substituted for deoxyribonucleotides, self-cleavage cannot occur unless a

number of specific residues are maintained as ribonucleotides (Perreault et a1.,1990, t99l;
Yang et a1.,1992). Extrapolation of these results to a Conformation B system (Figure 5.2B)

can not be carried out, as substitution with deoxyribonucleotides in all of the sequence

corresponding to the Rib. RNA has not been reported. Only nucleotides corresponding to

¡ts't ur¿ C15'2(Figures 1.2 and 5.18) have been implicated in efficient self-cleavage through

deoxyribonucleotide substitution analysis (Yang et al., L992). This finding is consistent

with base substitution experiments that have shown that base-pairing involving nucleotides

4ts't *¿ to a lesser extent Cts'z, are important for effîcient self-cleavage (Sheldon and

Symons, 1989; Ruffner et al., 1990). The presence of 2'-deoxy groups in these two

residues may be the reason for the total lack of self-cleavage shown when the DNA primer,

Pl3DNA, was substituted for the Rib. RNA (Figure 5.3, lane 3).

5.4.5 A Role for Trans Self-Cleavage ín vivo?

The demonstration that the hammerhead structure can form a self-cleavable complex in

trans has significant implications with respect to the prevalence in nature, of sequences

capable of forming a hammerhead structure. If viewed on a purely statistical basis it can be

seen that a hammerhead sequence will occrr within a population of random sequences with a

definable probability. A limit is placed on this probability by the number of the conserved

nucleotides and the overall structural requirements for the hammerhead structure. However,

with the hammerhead structure split into two or three regions on the same or separate RNA

molecules, the probability of its occurrence has been estimated to be once in approximately

11,000 nucleotides, which is significantly more probable than for a hammerhead structure

located within a contiguous RNA sequence (Ruffner et a1.,1990). For example, Ruffner

and co-workers (1990) located a number of sequences capable of forming hammerhead
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structures in bacterial mRNAs. The hammerhead ribozyme system

demonstrates that although a self-cleavable hammerhead structure may be formed, the

efficiency of self-cleavage is sequence and conformation dependent. Since it is likely that

hammerhead structures with inefficient self-cleavage activity would not have in vivo

functions, many potential hammerhead structures may be cryptic due to a low efficiency of
self-cleavage. This may be the case for the hammerhead structure found in the satellite 2

transcript of Notophtlølmus viridescens although an unpublished account has been cited for

self-cleavage of this hammerhead structure in vivo (Epstein and PaMn-Peña, 1991). It is
interesting to note however that the presence of proteins in the ín vivo environment may

result in efficient and therefore biologically significant trans self-cleavage as suggestedby in

vitro expenments (Tsuchihashi et al.,1993). For plant pathogenic RNAs, circumstantial

evidence suggests an in vívo role for self-cleavage as pafr of the rolling-circle mechanism of
replication. Analysis of linear forms of in vivo isolated virusoid and viroid RNAs have

revealed 5'-hydroxyl and2',3'-cyclic phoshodiester termini, consistent with a hammerhead

directed self-cleavage event (Prody et a1.,1986; Miller et aI., 1991; Marcos and Flores,

1993). In addition, in vívo isolated circular RNAs have been shown to possess 2'-

phosphomonoester and 3'-5'-phosphodiester bonds located at the expected site of
hammerhead-directed self-cleavage. Such a linkage is consistent with the ligation of termini

generated by a self-cleavage roaction (Kiberstis et a1.,1985). Although trans self-cleavage

may play arole in the rolling-circle mechanism of replication, only in the case of ASBVd and

presumably PLMVd has trans self-cleavage in the form of a double-hammerhead structure

been logically implicated @orster et a1.,1988).

T#l"f F CAír{i:US i-innAnY
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Errata

The following lines should be changed to those listed below. The correct wordings are indicated by

underlining.

Page L5,Iine29 used to infect 20 - 50 N.clevelandü, as before. 7 - l0 days after inoculation,

all leaf maærial

Page34,line23

llrre26

Page 36,line 13

line 18

LTSV \ilas propagated in C. quirca and N. clevelandii by mechanical

inoculation using

N. clevelandii using one of two extraction techniques (2.2.3). Viral yields

were estimated

to infect N. clevelandii (where they caused systemic chlorotic mottles)

(cf. 1.1.2) and by

shallow trough at230 nm (data not shown). Yields from

N. clevelandii, as determined by

Page 42,line 4 plant species (N. clevelandiÐ inoculated with the same stock of dried infected

plant

Page 44,1ine 17 presence of a UAA (ochre.) stop codon. WMoV also possesses two small

ORFs at its

Page 64,line 6 including those of PLRV, beet western yellows luteovirus (BWYV) and

RNA-1 of pea enation mosaic enamovirus (PEMV) (Koonin andDolja,

ree3).

Page 93,line 20 The importance of this equation is that the plot of the Napierian of the reaction

rat€



U

Page94,líne26

Figure legend 4.3, line 11

line 14

Acidic residues (bglaw the line)

Basic residues (above the line)

short = His

short = Asp

short = His

short = Asp

. 'short=His

" ,';",;,i short = Asp

in a large molar excess over Rib. (e.g., Figure 5.5c). self-cleavage of the

remainingl2%o

Figure legend 4.7,lne ll
line 14

Acidic residues 6elow the line)

Basic residues (above the line)

Figure legend 4.8, line 11

line 14

Acidic residues (below the line)

Basic residues (above the line)

Figure legend 4.5, line 18 pea enation mosaic enamovirus
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