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ABSTRACT

Foxtail mosaic virus (FMV) is a member of the potexvirus family which infects
primarily monocotyledonous plants. Its flexuous filamentous particles are S00 nm long
and consist of a messenger sense RNA encapsidated by a single type of coat protein. We
have determined the nucleotide sequence of the FMV gRNA as well as the organization
of its coding sequences. The gRNA is 6151 nucleotides long and contains five major
open reading frames (ORF). The amino acid sequences of the putative proteins are
closely related to homologous proteins of other sequenced potexviruses.

A procedure for the partial purification of the RNA-dependent RNA polymerase
(RdRp) complex of FMV from infected leaves of Chenopodium quinoa was established.
The products synthesized in vitro by the enzyme were double-stranded RNA molecules.
The RdARp preparations obtained could copy RNA templates endogenous to the

=:paration but were unable to copy added RNA templates. Moreover, potexviral gRNAs
specifically inhibited the RNA synthesis activity on endogenous templates. The regions
of the genome responsible for the inhibition were identified. Both 5° and 3’ terminal
regions of the viral genome were necessary to interfere with RNA synthesis suggesting
that this inhibition resulted from a competition for the binding of component(s) of the
RdRp complex.

The proteins encoded by ORFs 2, 3, and 4 as well as the coat protein (encoded
by ORF5) are believed to play some role in the cell-to-cell movement of potexviruses,
We have used a bacterial expression system to produce and purify p26, the protein

encoded by ORF2 of FMV, and have determined some in vitro properties of p26. It is

ase



an ATP, CTP and RNA binding protein with apparent ATPase activity. An analysis of
infected C. quinoa leaves by immunogoid electron microscopy using an anti-serum
produced against p26 revealed that it is exclusively associated with cytoplasmic inclusions
adjacent to aggregates of virus particles. These results suggest that p26 could be involved
in the processing of viral RNA or particles prior to their transport rather than being
directly involved in their translocation through plasmodesmata.

The distribution of the coat protein in infected . quinoa was also investigated by
immunocytochemistry. Most of the coat protein was localized in the cytoplasm,
polymerized into viral particles, but significant amounts were also associated with
plasmodesmata. This suggests that the coat protein plays a role in the cell-to-cell

movement of potexviruses.

iv
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CHAPTER 1

GENERAL INTRODUCTION



2

Viruses constitute an important group of plant pathogens. Over 600 distinct
viruses have so far been identified (Zaitlin and Hull, 1987), some of which may cause
serious damage to economically important crops (Bos, 1982). Indeed, it is generally
accepted that of the various plant pathogens, viruses come second only to fungi with
respect to crop losses they cause (Matthews, 1991). Therefore, in the hope of developing
improved control methods, plant viruses have been the subject of a large number of
studies. Applications of acquired knowledge have indeed been emerging in the past
decade, such as the development of liner of genetically-engineered crops which exhibit
increased resistance to specific viral infections (Tumer et al., 1993; reviewed by Wilson,
1993). Since plant viruses are relatively simple entities made of only proteins and a
nucleic acid, they have also been valuable in the study of fundamental cellular processes
such as replication, transcription and translation as well as protein-protein and protein-
nucleic acid interactions. Finally, the use of plant viruses as vectors for the introduction
of foreign genetic material into plants is now feasible (Joshi er al., 1990; Chapman er
al., 1992b) and their potentia! for permitting the commercial production of valuable
pharmaceutical and industrial proteins in plants is being evaluated currently (Simon
Moffat, 1992).

The simplicity of the composition of plant viruses contrasts remarkably with the
complexity of their functions and the damage they may cause. Usually, the nucleic acid
genome is encapsidated by a single type of protein although a bilayer of lipoproteins
envelops the nucleocapsid particles of a few plant viruses. In more than 75% of plant
viruses the nucleic acid genome consists of a single-stranded (ss) RNA molecule of

messenger [(+) sense] encapsidated in a helical or in an icosahedral particle (Zaitlin and



3

Hull, 1987). However, the genetic material can also consist of negative (—) sense
sSRNA, double-stranded (ds) RNA, ssDNA or dsDNA. The genome may consist of a
single nucleic acid molecule (monopartite genome) or may be separated among up to four
different molecules (multipartite genome), each of which is separ .tely encapsidated by
the coat protein. Figure 1.1 summarizes the characteristics of the viral particles of a

number of plant viruses.

1.1 POSITIVE-STRAND RNA PLANT VIRUSES

The (+) sense RNA plant viruses have been classified in various families (Fig.
1.1) based on particle morphology, serology as well as characteristics of the geno...., i.e.
end groups on the RNA, sequence, organization and expression of the coding regions.
By comparing these features of the gRNAs, it has become clear that plant viruses from
different families actually share common properties and that plant viruses can be related
to families of (+) sense RNA animal viruses (Franssen et al., 1984; Haseloff et al.,
1984). Based on the common properties of their (+) sense RNA genomes, plant and
animal viruses have been grouped in two superfamilies, the picorna-like and sindbis-like
viruses (Goldbach, 1990). Comparisons among members of each superfamily have
established parallels between coding sequences and have led to the identification of
putative functions of coding regions of the plant virus genomes. Features characteristic
of the RNA of viruses belonging to each superfamily are described below (reviewed by
Matthews, 1991).

1. Structure of the genomic RNA.

The genomic ssRNAs (gRNA) of many plant viruses exhibit characteristic




Figure i.1 Particle morphology and genome strategy of the groups of plant viruses.
(Drawn approximately to scale; from Matthews (1991), with permission).
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structures at their 5’ and 3’ termini which play various roles in their infectivity and
accumulation in their hosts. The 5’ end may carry a "virus protein genome-linked" (VPg)
covalently attached to the first nucleotide of the gRNA. VPg is virally encoded and is of
relatively small size (3.5-24 kDa). Alternatively, the 5’ end may consist of a methylated
guanine connected to the first base of the gRNA by a 5°-5° triphosphate linkage, in the
form m’Gppp... This structure, also referred to as a "cap" structure, is similar to that at
the 5’ terminus of eucaryotic messenger RNAs (mMRNA). The 3* end of ssSRNA genomes
may consist of a poly(A) tract as is present at the 3’ end of eucaryotic mRNA or may
be folded into a tRNA-like structure. In the latter case, the 3° end of certain gRNAs can
be aminoacylated with a specific amino acid (e.g. tobacco mosaic virus (TMV) RNA:
histidine; brome mosaic virus (BMV) RNA: tyrosine).

Members of the picornavirus-like family (poty-, como-, and nepoviruses) all
appear to possess similar terminal structures, a 5°-VPg and a 3’-poly(A) tail. In contrast,
members of the sindbisvirus-like family, such as tobamo-, bromo-, hordei-, furo- and
potexviruses, are not as uniformly structured. Most have a cap structure but a few have
a VPg (e.g. luteoviruses) at the 5’ end. Similarly, the 3’ end may consist of a poly(A)
tail (e.g. potex- and furoviruses) or a tRNA-like structure (e.g. tobamo-, bromo- and
hordeiviruses).

2. Expression strategies.

The size of plant viral genomes varies between ~4.0 kb (carmoviruses) and
~ 13.1 kb (furoviruses) and can code for up to 12 proteins. However, a major constraint
of the eucaryotic translational machinery (with only a few exceptions), is its ability to

recognize only the open reading frame (ORF) closest to the 5’ end of a mRNA. The
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scanning model best reconciles the known events in the initiation of mRNA translation
(Kozak, 1989). It proposes that following the assembly of an initiation complex at the 5’
end of a mRNA, the mRNA sequence will be scanned towards the 3’ end until the
complex reaches a start codon in a favorable context, at which it will bind the large
subunit of the ribosome and will start translation. Once a stop codon is reached, the
ribosomal subunits usually dissociate from the mRNA and ORFs beyond this point
remain untranslated. The various strategies employed by plant viruses to express their
genome have likely evolved to fit this constraint. The seven main strategies used by plant
viruses to express their 5sSRNA genomes are described below and are illustrated in Figure
1.2 (Matthews, 1991). They are not mutually exclusive. Indeed, most plant viruses
combine two or three different strategies to express the potential ORFs in their own
genome,

(1) Subgenomic RNAs. RNA molecules smaller than gRNA, but 3’ co-terminal with it,
termed subgenomic RNAs (sgRNA), can be synthesized to include at their 5’ end an
ORF which is intemnal in the gRNA (e.g. potexviruses).

(2) Multipartite genomes. A number of plant viruses segment their genome into several
RNA molecules, each containing at least one ORF (e.g. furo- and bromoviruses). These
RNAs are not 5’ or 3’ co-terminal and are essentially unique.

(3) Polyproteins. A single ORF encodes the viral proteins. This ORF is translated into
a polyprotein which is subsequently cleaved at specific locations (usually by virally
encoded proteases) to generate a number of separate polypeptides (e.g. potyviruses).
(4) Readthrough. Two ORFs may be separated by a "leaky" stop codon which can be by-

passed in some rounds of translation, allowing the synthesis of two nested proteins which




Figure 1.2  Seven strategies used by plant viruses to express their (+) sense sSRNA
genome in the plant eucaryotic translation system. The bold and wavy
lines represent the gRNA and proteins, respectively. (Modified from
Matthews (1991), with permission).
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have a common N-terminal sequence but differ at their C-termini (e.g. tobamoviruses).
(5) Frameshifting. In a particular sequence context (Fig. 1.2), ribosomes have been found
to "slide” to a different frame near the stop codon of a first ORF to generate a second,
larger protein (e.g. luteoviruses).

6) Overlapping OREs. Closely spaced start codons which specify two ORFs in different
frames are used by tymoviruses, thereby maximizing the coding capacity of the genome
(Weiland and Dreher, 1989).

7) Internal initiation. In a particular primary and secondary structure context, ribosomal
subunits bind to an internal region of the viral RNA from which scanning to a start codon
in a favorable context takes place. This mechanism has been documentied for the
translation of the animal poliovirus genome and it appears that some plant viruses may
employ such a strategy (luteo-, como- and potexviruses; Matthews, 1991; Hefferon et
al., 1994),

Picorna-like viruses have the common characteristic of expressing :eir genome
as a polyprotein which is subsequently cleaved to generate functional proteins. In
contrast, various combinations of the sirategies described above are used by sindbis-like
viruses. However, a common characteristic of this latter group is the production of their
capsid protein from a sgRNA (Goldbach, 1990).

3. Conserved coding regions.

Plant viruses with ssSRNA genomes usually encode from four to seven
polypeptides which are involved in the various processes such as replication, movement,
encapsidation and proteolysis leading to the accumulation of the virus in host plants. In

some cases, there can also be a protein involved in insect transmission. No specific
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function has been clearly assigned to a large proportion of these proteins. A comparison

of the predicted amino acid sequences of the encoded proteins has provided clues for
possible function(s) as well as to relationships among the various plant virus groups.
The most conserved open reading frame (ORF) among (+) sense RNA viruses
is that encoding the putative viral component of the RNA-dependent RNA polymerase
(RdRp) complex responsible for the replication of the viral nucleic acid. This ORF
includes a conserved amino acid motif which forms the "polymerase domain”, centered
around the sequences ..(S/T)GXXXTXXXN(S/T)X,, ;;.. followed by ..GDD.. surrounded
by hydrophobic amino acids (where X is any amino acid) (Kamer and Argos, 1984). This
motif is conserved not only among the viral component(s) of the RdRp of animal, plant,
yeast and bacterial viruses but also among DNA-dependent DNA and RNA polymerases
and reverse transcriptases (Argos, 1988). Evidence for the importance of the GDD
domain in the polymerase function has been provided by the mutagenesis of this motif
in the viral RdRp component of a few viruses [e.g. QB bacteriophage (Inokuchi and
Hirashima, 1987); BMV (Traynor et al., 1991); yeast dSRNA L-A virus (Ribas and
Wickner, 1992)]. A second conserved amino acid pattern has been associated with the
polymerase function. It is centered around the motif .. GXXGXGK(S/T).. (Gorbalenya
et al., 1988, 1989). This domain is also characteristic of a large number of demonstrated
and putative NTP-binding proteins with, in some cases, an associated helicase activity
(Gorbalenya er al., 1988; Gorbalenya and Koonin, 1989). This domain may confer a
similar activity to the RdRp complex. The helicase and polymerase domains may be
located on a single polypeptide (e.g. potexviruses) or on two distinct viral products (e.g.

bromoviruses). In the latter case, the two proteins encoded by BMV have been shown
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to interact to form the active RdRp complex (Kao er al., 1992; section 3.1.2). The

putative viral components encoded by mem™ers of the sindbisvirus-like superfamily share
an additional conserved region which is likely involved in the capping functions of the
polymerase. This putative methyltransferase domain, centered around the motif
..DXXR.., is not found in the sequences of picorna-like viruses (Rozanov et al., 1992).
Evidence for the role of this domain in the methyltransferase activity has been obtained
by mutagenesis of the sindbis virus genome (Niesters and Strauss, 1990). Generally, the
polymerase coding region of members of *he sindbis virus superfamily is located at the
5’ end of their genome while it is located at the 3’ end of the genome of members of the
picornavirus superfamily.

Other protei~s encoded by the viral gRNA of picorna-like and sindbis-like viruses
do not share any obvious sequence similarities although they are involved in processes
common to all plant viruses, such as in movement and encapsidation (coat protein(s)).
Rather, smaller groups of viruses can be formed within each superfamily, and
particularly within the sindbis-like superfamily which is large and heterogeneous.
Bromo-, alfalfa- and cucumoviruses are often referred to as the tricornaviridae, having
a tripartite genome with similar coding sequence organization and expression strategies
(van Vloten-Doting ef al., 1981). Hordei-, furo-, carla- and potexviruses can be grouped
on the basis of their comparable organization of 3 slightly overlapping coding regions,
often referred to as the "triple gene block” (Morozov er al., 1989). Sequences
characteristic of picorna-like viruses include those encoding proteases responsible for
generating the separate viral polypeptides as well as those encoding the genome-linked

protein (VPg) attached at the S’ end of the viral gRNA (Goldbach, 1986).
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1.2 POTEXVIRUSES
The potexvirus group has been named after its type member, potato virus X

(PVX). The members of this group are characterized by flexuous, rod-shaped particles
with lengths of 470-580 nm and a diameter of 14 nm (Table 1.1). The particles consist
of a single species of coat protein which encapsidates a single-stranded RNA molecule
of coding (+) sense. The research presented in this thesis focuses on members of the
potexvirus family. For this reason, a more detailed description of the members of this
group is presented below.

1. Transmission and economic significance.

Virus members of the potexvirus family collectively infect a large number of
mono- and dicotyledonous plant species aithough each member has a rather narrow host
range (Short and Davies, 1987). They are easily transmitted mechanically and usually
propagate by this mean within fields. However, low levels of transmission by fungi and
grasshopers has been reported for PVX (Koenig and Lesemann, 1989). As well, a low
degree of transmission by aphids has been noted for white clover mosaic virus (WCIMV;
Goth, 1962). Some potexviral infections can be of economical significance. Yields from
cultures of potatoes can be reduced 10-20% by PVX infections (Koenig and Lesemann,
1989). Crop losses due to cassava common mosaic virus infections may reach 30%
(Costa and Kitajima, 1972). Moreover, mixed infections of a potexvirus and other plant
viruses can result in synergism, such as with co-infections of PVX and potato virus Y,
a potyvirus (Damirdagh and Ross, 1967).

2. Symptoms and c:-topathology.

The severity of potexviral symptoms ranges from undetectable to moderate.
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Table 1.1 Characteristics of completely or partially sequenced potexviruses.
Member* Particle length (nm) gRNA® (nt) coat protein® (kDa)
BaMV 490 6366 25.0
CYMV 540 7015 23.5
CyMV 475 6800-7500¢ 23.6
FMV 500 6151 23.7
LVX 550 - 21.6
NMV 550 6955 26.1
PMV 530 6656 23.0
PaMV 580 8000* 26.0
PIAMV 510 6128 21.8
PVX 515 6435 25.1
SMYEAV 480 5966 25.7
WCIMV 480 5845 20.7

* Full name described in the list of abbreviations.

® Size of genome determined from sequenced cloned cDNAs.

* Molecular weight predicted from deduced amino acid sequence.

¢ Size of genome esiimated from mobility in gel electrophoresis.
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Infections may be localized to infected leaves (local lesions; see example in Appendix II)

or spread systemically throughout the plant. The most prevalent symptoms induced by
potexviruses are chlorotic mottle and mosaic patterns. Stunting of plants is also common.

Within infected cells, potexviruses generally accumulate to high levels, i.e.
approximately 10° particles per cell (Lesemann and Koenig, 1977). The particles are
often aggregated in inclusion bodies, usually in the cytoplasm but sometimes in the
nucleus [e.g. narcissus mosaic virus (NMV) and papaya mosaic virus (PMV)]. Viral
particles may be organized in fibrous aggregates (i.e. without specific organization) or
may be stacked in a parallel array, forming banded inclusions. For some potexviruses
(e.g. NMV and cactus virus X), arrangement of the particles may also be spindle-shaped
(Lesemann, 198S).

In addition to the aggregates of virus particles, other virus-induced structures may
be observed. Several potexviruses induce the proliferation of the endoplasmic reticulum
[e.g. clover yellow mosaic virus (CYMV), PMV and WCIMV (Lesemann, 1985)].
During PVX infections, characteristic and unique proteinaceous sheets termed laminated
inclusion components can be observed predominantly in the cytoplasm of infected cells
(Shalla and Shepard, 1972) and sometimes in the nucleus (Davies et al., 1993). These
structures are antigenically unrelated to the coat protein (Shalla and Shepard, 1972) and,
therefore, do not consist of viral particles. However, they contain another virally-encoded
protein, the product of ORF2. The function of laminated inclusion components is
unknown, but a role in cell-to-cell movement has been assigned to the ORF2-encoded
product (see below; Beck er al., 1991). In cells infected by bamboo mosaic virus

(BaMYV), electron dense crystalline bodies serologically unrelated to the coat protein can
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be detected. These are structurally unrelated to the laminated inclusion components of

PVX (Lin and Chen, 1991). In early stages of CYMYV infections, amorphous inclusions
which contain viral antigen have been noted in the cytoplasm and vacuoles (Schlegel and
Delisle, 1971). The relationship between the formation of inclusions and viral replication
as well as virally induced pathology is still only poorly understood.

3. Potexviral genome organization.

Members of the potexvirus group share several properties with other members of
the sindbisvirus-like superfamily. The presence of a cap (m’Gppp) at the 5' end of the
genomic RNA (gRNA) has been demonstrated for PMV (AbouHaidar and Bancroft,
1978), CYMV (AbouHaidar, 1983) and PVX (Sonenberg ez al., 1978), suggesting that
all potexviruses have a similar structure at the 5* end of their genomic RNA. A poly(A)
tail of variable length (PVX: 75-100, Morozov er al., 1981; CYMV: 75-100,
AbouHaidar, 1983; PMV: 50-125, AbouHaidar, 1988; WCIMYV: 100-300, Guilford es
al., 1991) is present at the 3’ end of the RNA.

The complete nucleotide sequence of the gRNA of most of the potexviruses listed
in Table 1.1 has been determined. Comparisons of the nucleotide sequences have been
valuable in identifying conserved residues in untranslated and coding regions which are
likely important for the accumulation of the virus during an infection. Cloned cDNAs
corresponding to the full length sequence of PMV (Sit and AbouHaidar, 1993), PVX
(Hemenway er al., 1990; Longstaff er al., 1993), WCIMV (Beck ef al., 1990) and
CYMV (Holy and AbouHaidar, 1993) from which infectious transcripts can be
synthesized have been constructed and have allowed an assessment of the role of

conserved sequences in the infectivity and viability of potexviruses.
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The 5’ untranslated region varies in length between 80-107 nucleotides and is rich
in adenosine residues. Only the S’ first 6 residues (5° GAAAAC..) are well conserved
among the sequ:cnced members. The S5° untranslated region plays several roles in the
accumulation of the virus in plant hosts, namely replication (section 1.3.1) and
encapsidation (Sit er al., 1994; section 1.3.2) of the gRNA and enhancement of the
translation of the first ORF (Smirnyagina et al., 1991). The 3’ untranslated region varies
in length from 43-138 nucleotides, excluding the poly(A) tail. In most but not all
potexviruses, it includes the polyadenylation signal AAUAAA (Chapter 2; Bancroft ez
al., 1991). The importance of this motif in polyadenylation as well as of the poly(A) tail
in infectivity has been demonstrated by mutagenesis of infectious WCIMV transcripts
(Guilford et al., 1991). A hexanucleotide motif 5'..ACUUAA, locaied 32 to 80
nucleotides from the poly(A) tail, is also present in the genome of most sequenced
potexviral RNAs (Chapter 2; Bancroft er al., 1991) and is probably involved in the
replication of the gRNA (White er al., 1992b; section 1.3.1.3).

The potexviral genome comprises 5 well conserved open reading frames (ORFs)
from which the amino acid sequences of the putative products were deduced. This
genomic org nization is presented in Figure 1.3A. The 5’ open reading frame (ORF1)
codes for a 147-191 kDa protein which is likely the viral component of the RdRp
complex. It contains the polymerase motif .. 53DD.., an NTP-binding/helicase motif
centered around the sequence ..GXXXGXGK(S/T).. and the methyltransferase domain
centered around the sequence ..DXXR.. (Fig. 1.3A). In support of a role for ORF1 in
replication, the infectivity of transcripts corresponding to the PVX gRNA was abolished

after introduction of point mutations in the GDD coding region (Longstaff e al., 1993).



Figure 1.3

Potexviral genome organization.

(A) The general coding organization of the capped (m’Gppp) and
polyadenylated (A,) gRNA which ranges from 5.8-8 kb. The relative
position of the open reading frames (ORF; open boxes) are shown. ORF1
encodes the putative viral component of the polymerase. The positions of
methyltransferase (3§¢), NTP-binding (ll}) and polymerase (4) domains
are indicated. ORFs 2, 3 and 4 slightly overlap to form the triple gene
block (TGB), involved in cell-to-cell movement. The position of the NTP
binding domain is shown in ORF2. ORFS5 codes for the coat protein (CP).

The two most abundant sgRNAs produced during the potexviral infection
range from 1.9-2.1 kb and 0.9-1.0 kb and serve as templates for the
expression of the ORF2 and the CP, respectively.

(B) Regions likely to be important for the encapsidation of the gRNA
(origin of assembly; approximately the 5° 50 nucleotides), for
polyadenylation (S’AAUAAA) and for replication (m’GpppGAAAAC;
5S*GGUUAAGU; S’ACUUAA). [Redrawn from White (1992)].
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The central ORFs (2, 3 and 4) overlap slightly, in different frames, and for this

reason are often termed the “triple gene block™ (Fig. 1.3A). These ORFs are required
for the movement functions of potexviruses (Beck et al., 1991) and perhaps for other
functions. ORF2 codes for a 24-26 kDa protein which also carries a NTP-binding motif
at its N-term‘nal region (Fig. 1.3A; Skryabin er al., 1988b). In cells infected by PVX,
this product is confined to the laminated inclusion components, as shown by
immunocytochemical methods (Davies ef al., 1993). ORF3 and ORF4 code for small
proteins of 11-14 kDa and 6-13 kDa, respectively. Each putat've protein contains a
conserved stretch of hydrophobic amino acids (Skryabin er al., 1988b). Exceptions to this
arrangement of the central coding sequences have been found with the foxtail mosaic
virus (FMV) genome, for which the ORF3 and ORF4 sequences do not overlap (Chapter
2; Bancroft et al., 1991). Also, although sequences resembling the triple gene block
region are present within the genomes of strawberry yellow edge-associated virus
(SMYEAV) and lily virus X (LVX), start codons which could specify the translation of
ORF2 (SMYEAYV; Jelkmann er al., 1992) or ORF4 (LVX; Memelink ez al., 1990) are
lacking. Interestingly, SMYEAV has only been detected in phloem parenchyma cells
(Jelkmann ez al., 1990) while LVX accumulates to very low concentrations in infected
tissues and is poorly sap transmissible (Stone, 1980).

The 3’ ORF encodes the 21-26 kDa coat protein (CP) (Fig. 1.3A). In addition to
its structural role, the CP likely plays a role in short and long distance transport of the
virus in host plants (Chapman ef gl., 1992a, 1992b; Forster et al., 1992; section 1.3.3).

In the genomes of FMV, CYMV, Plantago asiatica mosaic vii:s (PIAMV) and

SMYEAYV, the ORFS is preceded by an upstream start codon (ORF5A), which could
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code for an extended CP. The longer coat protein is probably expressed during PIAMV

infections (Solovyev et al., 1994) but not during FMV and CYMYV infections (Bancroft
et al., 1991; White and Mackie, 1990, section 1.2.4).

Comparison of the coding sequences of potexviruses with those of other virus
families indicates that carlaviruses are the most closely related to potexviruses. The
genome organization, size and conserved motifs of the coding regions are very similar,
with the exception of an additional ORF (3’ of the coat protein sequence) in the genome
of carlaviruses (Foster, 1992). Furo- and hordeiviruses are also related to potex- and
carlaviruses. The RNA2 of their multipartite genomes comprises 3 ORFs with sequences
and organization similar to the potexviral triple gene block (Morozov et al., 1989).

4. Expression of the potexviral geneme.

In an i vitro translation system prepared from wheat germ or rabbit reticulocyte
lysate programmed with the gRNA obtained from purified preparations of a number of
potexviruses [e.g. FMV, CYMV, PMV, PVX and BaMV], a large protein of 155-182
kDa is the predominant product (Bendena and Mackie, 1986 and references therein; Lin
et al., 1992). This polypeptide corresponds to the translation of the 5° open reading
frame, ORF1. This suggests that during an infection, the gRNA serves mostly as a
template for the expression of ORF1. For some of the potexviruses, a small amount of
coat protein may also be produced. The synthesis of coat protein may arise from the
translation of smaller RNAs resulting from the degradation of the gRNA in the
translation extract (Bendena er al., 1985) or from the translation of subgenomic RNAs
(sgRNAs) which had been encapsidated. It has also been suggested that internal ribosome

entry can promote a small level of CP synthesis (Hefferon er al., 1994). During an
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infection, at least two sgRNAs (of ~ 1.0 and ~2.0 kb) can be detected in extracts from

plants infected with BaMV (Lin et al., 1992), CYMV (Bendena er al., 1987), daphne
virus X (DVX; Guilford and Forster, 1986), FMV (Bancroft et al., 1991), NMV (Short
and Davies, 1983; Mackie and Bancroft, 1986) and PVX (Dolja er al., 1987). These
sgRNAs are co-terminal with the 3’ end of the gRNA but have their 5° end internal to
the sequence of the gRNA (Fig. 1.3A). Mapping of the 5’ end of the ~2.0 kb sgRNA
of CYMYV indicated that it lies a few nucleotides upstream of the ORF2 (White and
Mackie, 1990). Likewise, the 5° end of the ~ 1.0 kb sgRNA of some potexviruses has
been mapped to a few nucleotides upstream of the coat protein reading frame (White 5:d
Mackie, 1990; Bancroft er al., 1991; Solovy er al., 1994). This suggests that the
sgRNAs serve as templates for the expression of these ORFs, a notion strongly supported
by an in vitro study of the coding capacity of synthetic RNA transcripts of CYMV
sequences (White and Mackie, 1990).

The sgRNAs are, like the gRNA, capped at the 5’ end (White and Mackie, 1990)
and polvadenylated at the 3’ end (Guilford and Forster, 1986; Dolja et al., 1987). Most
sgRNAs have not been detected in their encapsidated form, with the exception of CYMV
sgRNAs (White and Mackie, 1990), NMV CP sgRNA (Short and Davies, 1983) and
possibly others.

With the exception of the ORF4 product of PVX which has been detected in very
low amounts in PVX infected tobacco but not in infected potato (Hefferon et al., 1994,
Hefferon and AbouHaidar, personal communication), the expression of ORFs 3 and 4
during an infection remains to be convincingly demonstrated (Price, 1992). Indirect

evidence, nonetheless, suggests that they are expressed: introduction of point mutations
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at the start codons specifying ORF3 and ORF4 destroyed the ability of WCIMYV to spread

in host plants, while replication in protoplasts was not impaired (Beck et al., 1991). This
result would imply that synthesis of the products encoded by ORF3 and ORF4 would
occur, by an as yet unknown mechanism. For PVX and DVX, additional sgRNAs with
sizes intermediate between the ~2.0 and ~ 1.0 sgRNAs have been detected in infected
tissues (Guilford and Forster, 1986; Dolja er al., 1987) an1 may be the templates for
expression of ORF3 and ORF4 (Morozov et al., 1991). Alternatively, evidence for the
expression of the WCIMYV proteins by internal ribosome binding on a synthetic 2.1 kb
sgRNA has been obtained in vitro, using a wheat germ translation system (Forster et al.,
1993) but not with rabbit reticulocyte lysates. Internal ribosome binding on the larger
sgRNA and possibly on the gRNA may be a common mechanism employed by
potexviruses to express ORF3, ORF4 and possibly a small amount of the CP (Hefferon
et al., 1994). Even if inefficient, this mechanism may supply all the ORF3- and ORF4-

encoded protein(s) needed during the infection.

1.3 BIOLOGY OF THE ssRNA PLANT VIRUS INFECTION

Upon entry of the virus into the plant cell, a series of events takes place that will
lead to the accumulation of the virus in the host and the development of disease. The
general events that lead to the accumulation of the virus can be subdivided into (1)
replication, (2) encapsidation and (3) movement. Many viruses have been studied to
various extents to elucidate the molecular mechanism of each of these processes and a

summary of this knowledge is presented in this section.
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1. Replication.

1.1 General model.

Studies which have contributed to our understanding of the replication process
include: (1) identification of viral RNA species isolated from infected tissues; (2) in vitro
translation of viral RNAs; (3) demonstration of infectivity of in virro synthesized viral
RNA transcripts in plants and protoplasts; and (4) purification and characterization of
RNA-dependent RNA polymerase (RdRp) compiexes.

Following entry in the plant cell, the gRNA must be released from the virions.
Evidence from both in vitro and in vivo studies with tobacco mosaic virus (TMV) and
other filamentous plant RNA viruses including potexviruses suggests that stripping of
coat proteins occurs simultaneously (in the 5’ to 3’ direction) with the translation of the
gRNA by 80S ribosomes (Wilson, 1985; Wilson and Shaw, 1987). Translation of the
viral gRNA is obviously essential for the subsequent replication of the gRNA since it will
result in the expression of the viral component of the polymerase complex.

A general outline of the replication cycle of a (+) sense gRNA is presented in
Figure 1.4 (reviewed by Palukaitis and Zaitlin, 1986). The RdRp complex binds to the
3’ end of the gRNA (Fig. 1.4A) and synthesizes its complementary copy [(—) sense]
(Fig. 1.4B). Although the "replicative form" generated is represented as a dsRNA
molecule (Fig. 1.4C), its state in vivo is not clear. Viral dSRNA molecules have been
isolated from plants infected by TMV (Jackson ef al., 1971) and by some potexviruses
(Guilford and Forster, 1986; Dolja er al., 1987; Mackie et al., 1988). However, in the
replication of turnip yellow mosaic virus, this intermediate is thought to be single-

stranded (Garnier ef al., 1980). Subsequently, the RdRp complex or a modified form of
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it synthesizes multiple copies of (+) sense gRNA from a (—) strand RNA template (Fig.
1.4D (1)). This replicative intermediate has been proposed to contain a number of (+)
sense gRNA s associated with fewer (—) sense RNA molecules, based on the isolation of
RNA molecules which contain both ss and ds regions but where nearly the entire (—)
sense RNA template is base-paired (Nilsson-Tillgren, 1970; Jackson et al., 1971; Kamen,
1975). This mechanism of (+) sense RNA synthesis is also consistent with the
asymmetry in (+) versus (—) strand synthesis, which favors ihe production of (+)
strands (Nassuth and Boi, 1983; French and Ahlquist, 1987).

The mechanism by which the RdRp complex is able to bind initially to the 3’end
of the newly synthesized (—) strand (assuming it is double-stranded) may involve the
formation of a transient secondary structure within the 5° end of the gRNA, which would
free a small portion of the (—) strand. This model was proposed for BMV replication
(Pogue and Hall, 1992). However, similar structures have not been reported for other
plant virus RNAs,

Cis-acting elements involved in the recognition of the viral RNA by the
polymerase complex have been mapped for a number of viruses (e.g alfalfa mosaic
virus, van der Kuyl er al., 1991; beet necrotic yellow vein virus, Jupin et al., 1990;
BMV, Pogue er al., 1990). These sequences may carry signals in their primary,
secondary or tertiary structures. The tRNA-like structure at the 3’ end of BMV RNAs
is necessary for replication although aminoacylation is not required (Dreher er al., 1989).
Other modifications at the ends of the gRNA [i.e. covalently bound VPg, cap structure
and poly(A)] also appear to play a role in the replication of some but not all viruses

(Matthews, 1991).




Figure 1.4

General model for the replication of a (+) sense RNA genome.

(A, B) The RNA polymerase complex (RdRp) binds a promoter element
near the 3’ end of the gRNA (A) and synthesizes a complementary [(—)
sense] copy of the gRNA (B).

(C, D, E) The RdRp complex then binds the 3’ end (C1) or the sgRNA
promoter (C2) of the (—) sense RNA which serves as the template for the
synthesis of multiple copies of the gRNA (D1) or of sgRNAs (D2).
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The synthesis of sgRNAs is likely to occur by internal binding of the RdRp

complex to the (—) sense RNA (Fig. 1.4D (2)). An alternative model would invoke
formation of truncated (—) strand species as templates. However, double-stranded
sgRNAs which would be expected if this mechanism were operative, have not been
isolated from infected tissues (Mackie er al., 1988). In support of the first model,
synthesis of a BMV sgRNA by internal binding of the polymerase complex to a (—)
sense RNA has been demonstrated (Miller er al., 1985). Moreover, putative sgRNA
promoter sequences which could direct the binding of the polymerase complex to internal
sites on the (—) strand have been identified for a number of viruses (Marsh er al. 1988;
French and Ahlquist, 1988; Skryabin er al., 1988b).
1.2 Proteins involved in viral replication.

The isolation and purification to various extents of the RARp complex of a number
of viruses has shed some light on the replication process (Miller er al., 1985) as well as
identified proteins involved in replication (Blumenthal, 1980; Hayes and Buck, 1990;
Quadt er al., 1993). In general, this approach has proven challenging and has not yielded
large amounts of information. It has been difficult, for example, to obtain an enzyme
preparation which can complete a full cycle of replication (reviewed by Quadt and
Jaspars, 1989). In fact, many preparations of RdRp are unable to initiate RNA synthesis
on a new template and can only complete RNA synthesis initiated in vivo (template-
independent RdRp). Moreover, the template-dependent enzymes isolated, which can copy
an exogenous RNA template, often synthesize only the complementary copy of the added
template. For both template-dependent and template-independent enzymes, the products

usually consist of double-stranded viral RNA molecules. Only one preparation of an
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RdRp has been descrihed which can complete a full cycle of replication in vitro,
including the synthesis of a sgRNA, from a (+) sense gRNA template (Hayes and Buck,
1990). In this case, the enzyme complex of cucumber mosaic virus consists of three
polypeptides: two viral products, carrying the polymerase, the NTP binding, and the
methyltransferase domains, and a 60-kDa host component of unknown identity and
function (Hayes and Buck, 1990). Unfortunately, this preparation is highly unstable, even
in purified form, and has not yielded much mechanistic information.

The most purified template-dependent RdARp complex preparation of BMV consists
of two viral proteins homologous to the CMV viral components of the polymerase as
well as at least five host proteins (Quadt and Jaspars, 1990). A physical interaction
between the two viral proteins is essential to the formation of an active RdRp complex
(Kao et al., 1992). Moreover, a homologue of the p41 subunit of the translation initiation
factor eIF-3 of wheat germ has been identified as one of the host components which
directly interacts with one of the viral component of the RdRp. This p41-like protein is
required for the BMV RdRp activity in vitro (Quadt er al., 1993). These findings
correlate with the association of the translation elongation factors EF-Tu and EF-Ts with
the polymerase complex of the bacteriophage QB (Blumenthal, 1980) and suggest that
translation factor(s) may comprise at least one of the host components generally involved
in the replication of viral (+) sense RNAs. Moreover, Janda and Ahlquist (1993) have
demonstrated that the replication of BMV viral RNAs can occur in yeast cells, indicating
the ubiquitous nature of the host components of the RARp complex.

Replication of the (+) sense RNa of a large number of plant viruses is believed

to occur in the cytoplasm of infected cells (Matthews, 1991). The viral components of
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TMYV involved in replication have been localized by immunocytochemical means to areas
of the cytoplasm termed “"viroplasm", where replication and virus assembly are believed
to take place (Hills er al., 1987). In contrast, in TYMV-infected tissues, viral RNA
synthesis and the viral polymerase were both shown to be located in invaginations of the
chloroplast envelope (Gamnier er al., 1980; 1986). Interestingly, most RdARp complexes
isolated from infected plant tissues are associated with a membrane fraction (reviewed
by Quadt and Jaspars, 1989).
1.3 Replication of potexviruses.

Replication of the potexviral genome is believed to generally occur as described
in Figure 1.4. Each step in this cycle involves the recognition of the vira' template,
either (+) or (—) strand, by the RdRp complex. In the potexvirus genome, several well
conserved sequence motifs appear to act in cis as the RNA component of this recognition
event. The first of these is the hexanucleotide sequence S’..ACUUAA. ., in the 3' end
sequence of the gRNA, which is well conserved among potexviruses and may be part of
the RdRp recognition element for (—) strand synthesis. A defective RNA (D-RNA)
associated with some CYMV infections has been used to test the importance of the
hexanucleotide sequence in the accumulation of potexviral RNAs. The CYMV D-RNA
prototype consists of the 5° terminal 757 nucleotides linked to the 415 3' nucleotides of
the CYMYV genomic RNA. Since it is strictly dependent oa its helper virus (CYMYV) for
its replication and encapsidation, it can serve as a reporter to identify cis-acting elements
involved in these processes. Indeed, point mutations of the hexanucieotide motif in
CYMV D-RNA destroyed its ability to accumulate in plants when co-inoculated with

helper virus, supporting tiie hypothesis that this conserved sequence is important in the
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viability of the viral RNA (White et al., 1992b). A second motif is the sequence

S’ GAAAAC.., at the 5’ end of the potexviral gRNA, which is well conserved and is
probably involved in the recognition of the 3’ end of the (—) sense RNA template by the
RdRp.

sgRNAs likely result from the internal initiation of (+) sense RNA synthesis on
the (—) sense RNA. The sequence 5°..GGUUAAGU.., which is complementary to the
hexanucleotide motif (underlined sequence) and which is well conserved among
potexviruses, has been identified upstream of the ORF2 and CP coding regions (Skryabin
et al., 1988b; White er al., 1992b; Fig. 1.3B). This conserved sequence may serve as
a promoter for the synthesis of sgRNAs. In support of this hypothesis, the 5’ end of the
sgRNAs of CYMV (White and Mackie, 1990) and of the CP sgRNAs of FMV (Bancroft
et al., 1991) and PIAMV (Solovyev ef al., 1994) have been mapped and lie downstream
of the putative promoter sequence. Figure 1.3B summarizes sequences important for the
accumulation of potexviruses.

The terminal structures of potexviral gRNAs play a role in the infectivity of the
viral RNAs, as shown by the use of mutants of infectious synthetic transcripts. In the
absence of the cap structure, very low levels of infectivity are observed for WCIMV and
PMYV (Beck et al., 1990; Sit and AbouHaidar, 1993) while the infectivity of CYMV
transcripts is abolished (Holy and AbouHaidar, 1993). The absence of a poly(A) tail on
a synthetic transcript of WCIMV drastically decreases its infectivity. However, the
infectivity of the transcript is abolished only if the poly(A) tail is absent and the
polyadenylation signal is mutated to a non-functional sequence (Guilford et al., 1991).

Detection of a poly(A)-poly(U) hybrid at the end of the ds form of the gRNA isolated
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from PVX infected plants further suggests the involvement of the poly(A) tail as part of

the template for the synthesis of the (—) strand (Dolja et al., 1987).
2. Encapsidation.

The potexviral particles are flexuous and rod-shaped, in contrast to the rigid
particles of TMV. The potexviral particles consist of 1000-1500 coat protein subunits,
distributed in a helical fashion along the RNA genome, with about 9 subunits per tum
of the helix (Richardson er al., 1981). Much of our knowledge about the assembly of the
potexvirus particle has been generated from in vitro studies of the self-assembly of PMV
and has been reviewed by AbouHaidar and Erickson (1985). It occurs in a biphasic and
polar fashion. The formation of the initiation complex (protohelix) is very rapid (less than
20 sec) and involves the interaction of a double disk of coat proteins (2 layers of 9
subunits) with 38-47 nucleotides located at the 5° end of the PMV gRNA (Sit er al.,
1994), unlike TMV where encapsidation is initiated internally about 1,000 nucleotides
from the 3’-terminus of its gRNA. At pH 8.0 and low ionic strength, the coat protein
interacts with PMV gRNA and the closely related CYMV gRNA, but not with other
RNAs, suggesting that a specific recognition of the RNA is involved. The nucleation
region is rich in adenosines and cytidines and secondary structures are unlikely to be
necessary for nucleation (Sit ef al., 1994). The slower elongation phase consists of the
progressive addition of coat protein subunits to the protohelix in a 5° to 3° direction.
Unlike the nucleation event, this step is not sequence specific at pH 8.0.

Little is known about the regions of the coat protein involved in the formation of
viral particles. A prediction of the organization of the coat protein residues in the virus

helix has been proposed on the basis of immunological data as well as ritium
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planigraphy (Baratova er al., 1992a, 1992b). These results suggest that while the C-

terminal region is buried in the interior of the virus particle, the N-terminus is exposed
at the surface. This contrasts with the organization of other tubular plant viruses (e.g.
tobamoviruses and potyviruses) where both N and C termini of the coat protein are
exposed at the surface of the virus particle.

Mutational analysis of the coat protein sequence in infectious synthetic RNAs of
PVX and WCIMV has defined some important residues in the formation of viral
particles. The dispensibility of the 31 residues of the N-terminus (PVX, Chapman et al.,
1992a) and of the 31 residues of the C-terminus (WCIMV, Forster er al., 1992) for the
polymerization of CP to form viral particles was demonstrated. However, the resulting
mutant particles displayed an atypical morphology.

Post-translational modifications of the PVX coat protein have been reported. The
N-termiral residue is acetylated (Miki and Knight, 1968) and the presence of O-linked
sugars at either or both terminal regions of the PVX coat protein has been described only
very recently (Tozzini er al., 1994). These modifications may play a role in the structure
of the coat protein as well as in protein-protein interactions within viral particles.

3. Movement.

The systemic spread of plant viruses in hosts occurs at two different levels. First,
the virus will spread slowly from the primary infected cell into neighboring ones (short
distance movement) until it reaches the vascular system. The virus will then travel
rapidly, usually through the phloem, to different parts of the plant (long distance

movement), where it will cross the vascular cell wall and subsequently . =ad cell-to-cell

into the healthy tissues.
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It has now been clearly established that plant viruses move between cells through
plasmodesmata (r-viewed by Maule, 1991; Deom er al., 1992). These intercellular
oonnectibns span the width of the plant cell wall, making a channel through which only
cellular nutrients can usually be exchanged. The complex structure of plasmodesmata has
been well studied (reviewed by Robards and Lucas, 1990). Observations by electron
microscopy can be interpreted in the schematic representation of a simple plasmodesma
shown in Figure 1.5. The interior of the channel is lined by desmotubules which consist
of a modified extension of the endoplasmic reticulum. The space between the plasma
membrane and the desmotubules is the cytoplasmic sleeve, where the passage of
molecules probably occurs. At the neck regions of the plasmodesma, the cytoplasmic
sleeve is partially occluded. The sleeve is further divided into small channels by globular
subunits closely packed around the desmotubules (Fig. 1.5B). The effective diameter of
the channels is about 3 nm (Terry and Robards, 1987). The size exclusion limit of the
plasmodesmatal channels is 10-fold smaller than the size of plant viruses (average for a
spherical virus: 30 nm; Matthews, 1991). It is also smaller than the average diameter of
free folded viral RNA (~10 nm; Gibbs, 1976). These findings suggest that
plasmodesmata must be modified during infection to allow cell-to-cell movement of the
virus progeny.

A small number of movement proteins encoded by plant viruses have been
characterized partially and two distinct mechanisms by which they may facilitate viral
movement have been described (Maule, 1991; Deom ez al., 1992). A common feature
of these two mechanisms, however, is the interaction of the viral proteins with

components of the plasmodesmata. The tobacco mosaic virus P30 protein is among the



Figure 1.5

Schematic representation of a plasmodesma.

(A) Longitudinal view of the plasmodesmatal channel, which is traversed
by an extension of the endoplasmic reticulum (ER), termed desmotubule
(DT). The cytoplasmic sleeve (CS) is bordered by the plasma membrane
(PM) and the cell wall (CW).

(B) View in cross-section of the plasmodesma in the neck region. The
globular subunits (GS) are located within the cytoplasmic sleeve.
[Redrawn from Deom et al. (1992)].




36



37

best chavacterized movement proteins. It binds to and induces the formation of an
clongated structure in the bound ssSRNA molecules (Citovsky er al., 1990; 1992). In
infected plants, P30 is localized in plasmodesmata (Tomenius ef al., 1987). Moreover,
its ability to modify the size of the plasmodesmatal permeable space was demonstrated
using transgenic plants expressing P30 (Wolf et al., 1989). The movement protein of red
clover necrotic mosaic virus (RCNMV, a dianthovirus) is likely to function in a manner
similar to the TMV protein (Osman er al., 1992; Lommel er al., 1994). In contrast, the
movement proteins of cowpea mosaic comovirus (CPMV; Shanks ef al., 1989; van Lent
et al., 1990), cauliflower mosaic caulimovirus (CaMV; Linstead er al., 1988) and tomato
ringspot nepovirus (TomRSV; Wieczorek and Sanfagon, 1993) pariicipate in the
formation of tubular structures which extend from plasmodesmata within the cytoplasm
and in which virus-like particles have been detected. Encapsidation of the viral RNA is
required prior to cell-to-cell movement of CPMV, CaMV and TRSV, but not for TMV
and RCNMV (Dawson er al., 1988; Xiong er al., 1993).

Additional mechanisms by which viral proteins facilitate cell-to-cell movement of
v.ruses are likely to be described in the future. The alfalfa mosaic virus movement
protein P3 is not localized in the plasmodesmata but is found into the middie lamellae of
the cell walls of cells just reached by the infection (Stussi-Garaud et al., 1987).
Moreover, transgenic plants expressing P3 had a significant but insufficient increase in
the size exclusion limit of plasmodesmata to allow the movement of the virus (Poirson
et al., 1993), suggesting that additional unknown function(s) are required for the erficient
movement of AIMV. Indeed, the requirement for the coai protein in the short distance

movement of AIMV was recently demonstrated (van der Vossen et al., 1994).
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Potexviruses encode three proteins required for cell-to-cell movement (encoded by ORFs
2, 3 and 4), but the role played by each protein in movement is unknown. It is not clear
whether these proteins function directly (e.g. modification of plasmodesmata) or
indirectly (e.g. in viral assembly). The potexviral proteins do not share an obvious
sequence similarity with previously characterized movement proteins. Moreover, although
the requirement for the encapsidation of the viral RNA for its short distance transport has
not been clearly established, the coat protein is likely to play an additional role in the
transport process (Chapman er al., 1992a, 1992b; Forster er ai., 1992). Similar
observations for the requirement of the coat protein in the movement of potyviruses were
also reported (Dolja e al., 1994).

Little is known about the long distance transport of plant viruses. Short and long
distance movement probably occur by distinct mechanisms although they are likely to be
mutually dependent (Hull, 1989; Atabekov and Taliansky, 1990; Xiong ef al., 1993).
Although a number of viruses do not require the expression of the coat protein for their
cell-to-cell transport, the coat protein may (TMV and tobacco rattle tobravirus) or may
not (barley stripe mosaic hordeivirus and tomato bushy stunt tombusvirus) be necessary
for rapid long distance movement (Harrison and Robinson, 1986; Petty and Jackson,
1990; Saito er al., 1990; Scholthof et al., 1993). Moreover, the requirement of the coat
protein for this process may be dependent on additional factors, such as the host genotype
and the temperature (e.g. RCNMYV; Xiong ef al., 1993). The role of the coat protein in
long distance movement is difficult to establish for viruses which require the protein for
short distance movement. In a structure-function analysis of the tobacco etch potyvirus

coat protein, Dolja and coworkers (1994) demonstrated that this protein possesses 3
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distinct and separable activities which are required for virion assembly, cell-to-cell

movement and long distance transport.

1.4 GOAL OF THE RESEARCH

This introduction described basic functions exhibited by plant viruses which are
central to the establishment of an infection in plants. Our knowledge of these functions
is limited to a small number of viruses which have been selectively characterized. This
knowledge has been extrapolated to hypothesize how other, less studied viruses may
function. However, as data accumulate, it becomes clear that plant viruses have evolved
many different mechanisms to invade the plant kingdom.

This thesis research was undertaken to gain more insight into the molecular
biology of potexviruses, using foxtail mosaic virus (FMV) as a model system. FMV was
first identified in the foxtails Seraria viridis and S. italica by Paulsen and Niblett (1977).
Although it can infect a number of mono-and dicotyledonous plants, it has not been
isolated from crop plants and presumably causes no known economic loss. However,
FMV primarily infects Gramineae such as barley (Hordeum vulgare), wheat (Triticum
aestivum) and oat (avena sativa) (Paulsen and Niblett, 1977) where it spreads
systemically. FMV is considered a possible member of the potexvirus group. It is
serologically related to some members of the potexvirus group (Short, 1983) and is
structurally related to all potexviruses examined. Its flexuous filamentous particles have
a length of 500 nm (Short, 1983) and the number of coat protein subunits per tumn of the
helical particle is about 9, with a true repeat of 44 subunits in S turns of the helix

(Richardson ez al., 1981). FMV also resembles other potexviruses in that it produces two
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sgRNAs during infection of approximately 1.9 kb and 0.9 kb (Mackie et al., 1988).

Because FMV is one of the few potexviruses that attack monocotyledonous plants,
reaches high concentrations in barley and good yields of virus can be obtained from it,
FMYV appears to be a good model for the study of potexviruses.

The research presented in this thesis contributed to the determination of the
genomic sequence and organization of FMV RNA. Moreover, we have sought to obtain
a better understanding of two important aspects of the potexviral infection, i.e.
replication and movement, and the role played by proteins encoded by FMV in these

processes.



CHAPTER 2

THE ENTIRE NUCLEOTIDE SEQUENCE OF FMV RNA
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2.1 INTRODUCTION

The elucidation of the sequence of a viral genome is of considerable value since
it permits 1) defining the coding capacity of the genome; 2) deducing the amino acid
sequence of the encoded products which can be informative for the specification of
putative functions of the viral proteins; 3) identifying evolutionary relationships among
various viruses and families of viruses by comparing their nucleotide sequences and the
organization of the coding regions; 4) comparing the viral nucleotide sequence with that
of related viruses to define cis-acting elements which may play a role in the life cycle of
the virus, such as replication and encapsidation.

Nucleotide sequences of the gRNA of some members of the potexvirus group
have been determined over the past six years. Complete sequences are now known for
white clover mosaic virus (WCIMV) (strain M: Forster e al., 1988; strain O: Beck et
al., 1990), potato virus X (PVX) (Russian strain: Skryabin er al., 1988a; strain X3:
Huisman er al., 1988; Andean strain: Orman er al., 1990; HB strain: Querci e al.,
1993), narcissus mosaic virus (NMV) (Zuidema er al., 1989), papaya mosaic virus
(PMV) (Sit et al., 1989), clover yellow mosaic virus (CYMV) (Sit er al., 1990),
strawberry mild yellow edge-associated virus (SMYEAV) (Jelkmann er al., 1992),
Plantago asiatica mosaic virus (PIAMV) (Solovyev er al., 1994) and bamboo mosaic
virus (BaMV) (Lin ez al., 1994). Partial sequences have been determined for potato
aucuba mosaic virus (PaMV) (Bundin er al., 1986), lily virus X (LVX) (Memelink e al.,
1990) and cymbidium mosaic virus (CyMV) (Neo er al., 1993). The organization of

potential coding sequences in these viruses is generally well-conserved and supports a

model for gene organization proposed by Bendena and Mackie (1986).
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In order to extend the description of foxtail mosaic virus (FMV) and establish it

as a definitive member of the potexvirus group, the nucleotide sequence of the FMV
genomic RNA (gRNA) was determined and compared to that of other potexviruses. The
findings presented in this chapter have been published elsewhere (Bancroft er al., 1991).
Comparisons of potexviral sequences have been updated, however, to include sequences

which have since been reported.

2.2 MATERIALS AND METHODS
1. Enzymes and chemicals.

All chemicals were of reagent grade. Acrylamide was from BDH (Toronto) and
agarose from Bio-Rad Inc. (California). Chemicals used in the purification of virus and
RNA were from either BDH or Sigma (St-Louis). 3S-dATP was purchased from New
England Nuclear (Mississauga) and Amersham (Oakville). 7-deaza GTP, T4 DNA ligase,
T7 DNA polymerase, avian myeloblastosis virus reverse transcriptase and restriction
endonucleases were obtained from Pharmacia. Oligorucleotides used in this study were
synthesized using an Applied Biosystems model 380A DNA synthesizer and are listed in
Appendix 1.

2. Strains and plasmids.

Escherichia coli strain MV1190 (A(lac-pro), thi, sup E, A(srl-rec A)306::Tn10
(tet’) [F’: tra D36, pro AB, lac 1gZAM15]) and plasmid pTZ18U (Mead et al., 1986)
were purchased from Bio-Rad. A ¢cDNA library corresponding to the FMV genome was
constructed by Dr J. B. Bancroft as described (Bancroft et al., 1991). A number of

cloned cDNAs were mapped by J. B. Bancroft and chosen to determine almost the



complete nucleotide sequence of the FMV genome.
3. Preparation of subclones of p10SX.

Clone p105X was used to determine the sequence of the 5° third of the genome.
Restriction digests of pl0SX were carried out using 3-5 U of enzyme per ug of DNA
under conditions recommended by the manufacturer. Reactions were stopped by the
addition of 1/4 volume of gel loading buffer (50 % (w/v) glycerol, SO mM EDTA, 0.075
% (w/v) xylene cyanol and bromophenol blue). DNA fragments were separated by
electrophoresis in a 6 % (w/v) polyacrylamide gel (29:!, acrylamide:bisacrylamide) in
TBE running buffer (30 mM Tris, 90 mM boric acid, 2 mM EDTA) (Sambrook er al.,
1989). Gels were subsequently stained with a 0.5 ug/ml ethidium bromide solution.

DNA fragments were localized by a brief exposure of the gel to UV light and
excised from the gel. The DNA fragments were eluted by incubation of the crushed
acrylamide gel slice in elution buffer (500 mM ammonium acetate, 10 mM magnesium
acetate, | mM EDTA, 0.1 % (w/v) SDS, 10 ug/ml yeast RNA) at 37°C overnight. The
acrylamide pieces were removed by passing the elution buffer through siliconized glass
wool. The DNA was extracted with phenol/chloroform/isoamyl alcohol (P/C/I, 25:24:1)
and subsequently with 2-butanol and was precipitated twice with ethanol. The quality and
recovery of tiie gel-purified DNA fragments were verified by electrophoresis in 6 %
polyacrylamide gels.

The vector pTZ18U was cut with various restriction enzyme(s) and treated witi
alkaline phosphatase. Ligation mixtures contained plasmid vector (60 ng) and DNA
fragment resulting in a molar fragment:vector ratio of 5:1, 60 mM Tris-C! (pH 7.5), 6

mM MgCl,, 10 mM DTT, 0.5 mM ATP, 0.025 % (w/v) gelatin and 0.5 U/ul T4 DNA



45

ligase in a final volume of 10 ul. The reaction was incubated at 15°C overnight.

E. coli transformations were carried out following essentially the procedure
suggested by 3io-Rad (Inc.). E. coli strain MV1190 was grown in 250 ml Luria-Bertani
medium (LB: 10 % bactotryptone, S % yeast extract, 5 % NaCl, 0.2 % (w/v) glucose,
1 mM MgSO,) to an ODgy,~ 0.9. Cells were harvested by centrifugation at 5 000 rpm
in a JA-14 rotor (Beckman) at 4°C for S min. Cells were gently washed in 50 ml of 100
mM MgCl, and cvllected by centrifugation. They were then resuspended in 110 ml of
100 mM CaCl,, stored on ice for 60 min, collected by centrifugation and resuspended
in 12.5 ml of 85 mM CaCl, containing 15 % (v/v) glycerol. Cells were stored at -70°C
until their transformation. Competent cells (300 u1) were mixed with the ligation mixture
(10 ul) and stored on ice for 60 min. Cells were then heated at 42°C for 3 min and
stored on ice for a further S min. One ml of LB was added to the cells which were then
incubated at 37°C for 1 hr. Subsequently, cells were spread onto LB agar plates
containing 20 ug/ml of carbenicillin, an ampicillin analog.

Colonies exhibiting ampicillin resistance were streaked on fresh LB plates
containing carbenicillin and single colonies obtained were used to inoculat= 2.5 ml LB
supplemented with carbenicillin. Cultures were grown with shaking at 37°C overnight
and plasmids were isolated by the alkaline lysis method of Birnboim and Doly (1979).
Recombinant plasmids were identified by restriction digests. Plasmids *» be sequenced
were further purified by precipitation with polyethylene glycol (PEG). The mixture (5 ug
plasmid in 50 gl ddH,0, 30 ul of 20 % (w/v) PEG in 2.5 M NaCl) was incubated on ice

for 60 min and the DNA was recovered by centrifugation.
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4. ¢cDNA sequencing.

The method of Sanger er al. (1977) which relies on base-specific termination of
enzyme-catalyzed primer extension, was used to determine the DNA sequence. Reactions
were performed using the Pharmacia T7 sequencing Kit according to the protocol
provided by the manufacturer. Each [**S]-labeling reaction contained approximately 2 ug
of double-stranded plasmid DNA template and 20 ng of primer. [**S]-labeled products
were denatured by heating at 90°C for 3 min in 8 mM EDTA and 40 % formamide.
They were resolved in 5-8 % polyacrylamide gels (19:1, acrylamide:bisacrylamide)
containing 8 M urea. Electrophoresis was carried out in TBE running buffer.

To resolve the sequence in regions rich in G and C residues, reaction mixtures
were prepared where the dGTP was replaced with the analog 7-deaza GTP.

5. Dideoxysequencing of RNA templates.

FMV was grown in barley and purified by differential centrifugation as described
for clover yellow mosaic virus (Bancroft ez al., 1979). The viral RNA was then extracted
with 2.5 M guanidine-HCl and 5 mM EDTA, pH 8.0, at 4°C and quantified
spectrophotometrically.

An adaptation of the didenxynucleotide method used for cDNA sequencing
described by Fichot and Girard (1990) was used. The oligonucleotides GM-40 (Appendix
I) was used to determine the 5’ terminal nucleotides while oligonucleotides MR-413 and
MR-418 (Appendix I) were used to verify the sequence obtained from cDNA clones. For
the sequencing reaction, the synthetic primer (5-15 pmol) was annealed to 1.5 ug of
purified viral RNA in a buffer containing 60 mM Tris-Cl, pH 8.3, 75 mM NaCl, 7.5

mM MgCl, and S mM DTT by heating for 3 min at 90°C followed by incubations at
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45°C for 30 min, 37°C for 15 min and room temperature for 10 min. The elongation and
termination reactions were exactly as described (Fichot and Girard, 1990) using avian
myeloblastosis virus reverse transcriptase. Analysis of the labeled products was
performed as described in the preceding section.
6. Analysis of the nucleotide sequence data.
Sequences obtained were assembled and analyzed with the PC Gene programs
(Intelligenetics) or with the University of Wisconsin Genetics Computing Group

(UWGCG) programs mounted on a VAX computer (Devereux er al., 1984).

2.3 LTS AND DI ION

1. Nucleotide sequence and genome organization.
1.1 Strategy.

The sequence of the §° terminal 2200 nucleotides of FMV gRNA was almost
entirely determined using the plasmid pl105SX and subclones generated from it.
A.pproximately 90 % of the sequence was determined from both DNA strands, using
synthetic primers specific for the vector or for viral sequences already determined. The
sequence of the last 5' terminal nucleotides of the genome were determined by
dideoxynucleotide sequencing of the gRNA since plasmid p105X lacked this region. The
first five residues are 5’-NGAAA. The first "residue” (N) is likely an artifact of reverse
transcription caused by a cap structure (Ahlquist and Janda, 1984; Allison er al., 1988;
Siter al., 1990) wiiose presence is expected by analogy to other potexviruses (Sonenberg
et al., 1978; AbouHaidar and Bancroft, 1978; Sit er @l., 1990). Taking this into account,

the extreme 5° terminal sequence of FMV RNA, m’GpppGAAAACUCUUCC, is very
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similar to the terminal sequence of other potexviral RNAs (Zuidema et al., 1989).

The sequence of cloned and subcloned cDNAs corresponding to the remaining two
thirds of the genome was determined primarily by J. B. Bancroft, R. Johnson and L.
Prins. Assembly of the nucleotide sequence data revealed that the FMV gRNA is 6151
nucleotides long excluding the poly(A) tail, this size being intermediate compared to that
of the other sequenced potexviruses. The complete nucleotide sequence of FMV gRNA
is presented in Figure 2.1.

1.2 Organization of potential coding sequences in the FMV genome.

The organization of the FMV RNA genome, deduced from its nucleotide
sequence, is depicted in Figure 2.2. The first ORF encompasses 66 % of the genome as
it initiates at nucleotide 81 and terminates at nucleotide 4088, encoding a protein with a
M, of 152.3 K. The size of the latter is consistent with the 160-kDa protein produced by
in vitro translation of FMV gRNA (Bendena and Mackie, 1986). Intcrestingly, the
context of the initiation codon for ORF1 (AUGUC) differs from that of all other
potexviruses (AUGGC) as well as from the consensus context (AUGGC) in plant mRNAs
(Liitcke et al., 1987). The region encompassed by ORF1 contains two smaller out-of-
frame ORFs [ORF6 (26 kDa) and ORF7 (10 kDa)] designated by the dashed-line boxes
in Figure 2.2. Analogous ORFs are not found in all potexviruses but are present in PMV
(Siter al., 1989) and CYMV (Sit er al., 1990) in which ORF6 encodes a 14-kDa protein.
WCIMV RNA of strain M, but not of strain O, contains an ORF within ORF1 which
could code for a 10-kDa protein (Forster er al., 1988). This ORF corresponds in size and
position to ORF7 found in FMV RNA. The significance of these internal ORFs remains

to be established.



Figure 2.1

The complete nucleotide sequence of FMV gRNA.

The variable length poly(A) tail at the 3’ terminus of the sequence is
designated A,. The predicted amino acid sequences of the encoded
proteins are shown above the corresponding nucleotide sequence. The
sizes of the encoded proteins are shown at the 5° ends of their respective
ORFs. This sequence appears in the EMBL, GenBank and DDBIJ
nucleotide sequence databases under the accession number M62730.

(This sequence is presented in the following two pages).
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Figure 2.2

The genomic organization of FMV.

ORFs 1 to 5 are shown by numbered boxes, with the corresponding M,
values of their encoded proteins. The coding frame of each ORF is
indicated by the position of boxes relative to the baseline. The dashed-line
boxes represent internal ORFs within ORF1. The asterisks in ORFs 1 and
2 locates the NTP-binding helicase domain. The triangle in ORFI1
designates the position of the RNA-dependent RNA polymerase consensus
sequence. The arrows correspond to the relative locations of the large (1.9
kb) and small (0.9 kb) sgRNAs.
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The remaining third of the FMV genome is occupied by a minimum of four
ORFs. ORF2 spans nucleotides 4132 to 4842 and could encode a protein with a predicted
M, of 26.4 K. ORF?2 shares its last 68 nucleotides with ORF3 which begins at nucleotide
4775 and finishes at nucleotide 5092, encoding a protein with a M, of 11.3 K. ORF4
encompasses nucleotides 5139 to 5297 and would encode a protein with a M, of 5.8 K.
The latter overtaps ORFSA, which encodes a readthrough protein (Mackie er al., 1988)
which is translated in vitro from FMV gRNA although probably not in vivo. ORFSA
starts at nucleotide 5227 and leads into the 23.7 kDa coat protein cistron (ORFS) which
initiates at nucleotide 5371 and terminates at nucleotide 6018. The identity of ORFS as
encoding the coat protein was established unambiguously by a direct comparison with the
amino acid sequence of 18 residues of an internal peptide from purified FMV coat
protein generated by CNBr cleavage (Bancroft er al., 1991). The size of the coat protein
as well as the amino acid composition predicted from the nucleotide sequence also
corresponds to that estimated hy Short and Davies (1987) from amino acid analyses. It
is, however, approximately 7 kDa smaller than that previously established by
electrophoresis (Mackie er al., 1988). The anomalous mobility of the coat protein in
SDS-polyacrylamide gel has also been reported for PVX and cactus virus X coat proteins
(Koenig, 1972). Presumably, it reflects the possible glycosylation state of the subunits
(Tozzini er al., 1994) and non-ideal binding of detergent.

Several ORFs which might encode proteins of 6.4 to 9.6 kDa are found in the
negative RNA strand of FMV, as is also the case for PMV, PVX, and WCIMYV (strain
M) minus-strand RNAs. Their significance is unknown.

The sizes of the anhydrous proteins predicted from the FMV ORFs are generally
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within the range found for other potexviruses. FMV, however, possesses the smallest
ORF3 (11.3 kDa) and ORF4 (5.8 kDa) of all potexviruses (11.9 to 14 kDa and 6.5 to
13 kDa for ORF3 and ORF4, respectively, for other members).

1.3 The 3’ non-coding sequence.

The 3’ non-coding region of FMV RNA is 133 nucleotides long and is followed
by a poly(A) tail of variable length. A putative polyadenylation signal (AAUAAA) is
found in the non-coding region of FMV, 107 nucleotides from the poly(A) tail, as well
as in most but not all 3’-end sequences of potexviruses (Table 2.1). This signal was
recognized independently by Guilford et al. (1991) who also demonstrated its importance
in polyadenylation of WCIMV RNA. Polyadenylation of eucaryotic mRNAs generally
occurs in the nucleus, directed by the polyadenylation motif AAUAAA which is usually
located 15-23 nucleotides upstream of the polyadenylation start site (reviewed by
Wickens, 1990). In contrast, the potexviral motif is located 7-119 nucleotides upstream
of the poly(A) tail. Nonetheless, the putative polyadenylation signal of most potexviral
RNAs exactly matches the higher eucaryotic poly(A) signal while only 39% of the
mRNAs examined from plants contain a precise match (Joshi, 1987). Assuming that
potexviral infections take place in the cytoplasm of cells, a cytoplasmic poly(A)
polymerase activity would be required. Such activity has not been described for plants
but has been found in the cytoplasm of oocytes and HeLa cells (Wickens, 1990).

A common six-nucleotide sequence, ACUUAA, w’s also identified 30 to 80
nucleotides from the 3’-terminus of all potexviral sequences (Table 2.2). It is conceivable
that this consensus sequence may be involved in the production of the minus-strand

gRNA during viral replication by acting as a recognition sequence for the replicase



Table 2.1 Putative polyadenylation signals in potexviral RNAs.

56

Virus* Putative Signal

CyMvV AAUAAC - 75nt (A),
P1AMV AAUAAg - 29nt (A),
SMYEAV absent

NMV AAUAAAAUAAA - 1int (A),
WC1MV (M) ARUAAA - 7nt (A),
PVX (X3) absent

CYMV AAUAAA -104nt (A),
PMV AAUAAA -119nt (A),
LVX AAUAAC - 97nt (A),
PaMV AaUAAA - 1llnt (A),
FMV AAUAAAUAAA -107nt (A),

* The complete name of the viruses is given in the text and in the list of abbreviations.



Table 2.2 Conserved sequences near the 3'-termini of potexviral RNAs.
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Virus Sequence

CyMV ACUUAA - 64nt - (A),
P1AMV ACUUAA - 80nt - (A),
SMYEAV ACUUAA - 34nt - (A),
NMV ACUUAA - 59nt - (A),
WC1IMV (M) ACUUAA - 33nt - (A),
PVX (X3) ACaUAA - 58nt - (A),
CYMV ACUUAA - 35nt - (A),
PMV ACUUAc -~ 32nt - (A),
LVX ACUUAA - 32nt - (A),
PaMV ACUUAA - 60nt - (A),
FMV ACCUAA - 39nt - (A),
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complex. White and coworkers (1992b) have provided further support for this hypothesis.

The mutagenesis of this hexamer motif in the sequence of a defective RNA of CYMV
abolished its ability to accumulate in host plants when co-inoculated with the helper
virus. Another partiaily conserved sequence near the 3’ terminus of some potexvirus
RNAs has been identified (Orman et al., 1990) but is matched poorly by FMV gRNA
(13/23 residues).

2, Similarity of the putative proteins encoded by the FMV genome to
corresponding proteins of other potexviruses.

The predicted protein sequences of all potexviruses (including FMV) were
compared using the GAP alignment program (UWGCG) with a gap weight of 3.0 and
a length weight of 0.1. The percentage of identity and similarity of residues encoded by
each ORF with the corresponding ORF of other members of the potexvirus family were

obtained and are summarized in Table 2.3.
2.1 Non-structural proteins.

The ORF1 product from FMYV is closely related to that of the other potexviruses,
since the percentage of similarity of both the amino and carboxyl ends is in a constant
range for all comparisons (Table 2.3). The N-terminal region of FMV ORF1 contains
the putative methyltransferase domain which is well conserved among the sindbis-like
viruses (Rozanov ef al., 1992). The C-terminal domain of ORF1 contains both the NTP-
binding helicase consensus sequence (Gorbalenya ef al., 1988; Hodgman, 1988) and the
RNA-dependent RNA polymerase consensus motif (Argos, 1988) (Fig. 2.2), as reported
for other potexviruses (Skryabin er al., 1988b). The NTP-binding and polymerase motifs

are not only well conserved in potexviruses but also in most positive-strand RNA plaiit
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Table 2.3  Similarities of FMV ORFs to ORFs in other sequenced potexviruses

compared to similarities among all other potexviruses®.

FMV OTHERS
Protein
encoded range average range average
by $sim.® %sim. %id. $sim. $sim. %$id.
ORF1 N-tern® 60-67 62 41 60~72 65 46
c-term’ 63-68 66 49 66-73 69 54
ORF2° 48-57 52 32 46-63 53 34
ORF3 57-64 60 44 47-72 56 39
ORF4 36-60 50 27 36-59 47 26
ORFS (CP) 40-47 43 26 47-65 55 38

o & o @

Data for ORF1 and ORF4 were obtained from an eight-member comparison, data for
ORF2 and ORF3 from a nine-member comparison and for ORFS, eleven potexviral
sequences were compared.

% similarity represents the sum of the % identical (id.) and similar (sim.) residues.
First 400 residues of the ORF1 encoded product.

Last 800 residues of the ORF1 encodad product.

Includes the putative ORF2 of SMYEAYV although it lacks a start codon for this ORF
(Jelkmann et al., 1992).
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viruses (Habili and Symons, 1989). The 26-kDa protein (ORF2) of FMV also contains

a NTP-binding helicase motif, located at the N-terminus as in other potexviruses
(Skryabin er al., 1988b). The remaining ORF2 sequences from all other potexviruses are
less related to each other than are ORF1 and ORF3 (11-kDa protein) sequences (Table
2.3; see also Zuidema et al., 1989). FMV ORF3 and ORF4 are related to that of other
potexviruses in that they contain stretches of hydrophobic residues predicted to form
transmembrane helices (Morozov er al., 1987; Forster et al., 1988; Skryabin er al.,
1988b) bordered by charged residues. Although FMV has the smallest ORF4 of all
potexviruses, the common N-terminal hydrophobic region is conserved. Frequent
conservative exchanges among hydrophobic amino acids have occurred suggesting that
the function of the product of ORF4, if any, is not impaired by such replacements. Two
sequenced potexviruses lack one of the ORF described. Although open reading frames
appear to be present, SMYEAYV and LVX lack a start codon which could specify ORF2
and ORF4, respectively. Nonetheless, it remains possible that the translation of these
reading frames involves an unusua! initiation codon.
2.2 Capsid protein.

The coat proteins (ORFS) of potexviruses are the only translation products with
a defined function which may be used to help interpret their amino acid sequences. The
amino acid sequence of FMYV coat protein is not as similar to the coat protein sequences
of the other potexviruses as these are a~-ongst themselves (Table 2.3) but maintains
consersus regions (Fig. 2.3). In the optimal alignment in Figure 2.3, only 9 residues are
absolutely conserved and are predominantly found between amino acids 121 to 145 (on

the FMV sequence). The most striking feature in this region is the 11-residue amphipa-



Figure 2.3

Comparison of the amino acid sequence of the coat protein of 11
potexviruses.

A multiple alignment of the sequences was created using the program
GAP (UWGCG) and was manually optimized. Conserved residues a-e in
uppercase. Underlined residues in the consensus line are strictly
conserved. The numbering is that of the FMV coat protein sequence. The
sequ:nces of strain M of WCIMV and of strain X3 of PVX were used to
perform the comparison. SMYE refers to the sequence of the potexvirus
associated strain SMYEAV.
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thic "core” consensus KFAAFDFFDGV. In contrast to the relative divergence of
potexviral coat proteins, 25 of 158 residues in 7 different tobamovirus coat proteins are
absolutely conserved (Altshuh er al., 1987). This relatively high number of conserved
residues may be related to the fact that tobamovirus members are rigid helical viruses and
all strains may require fairly uniform properties encompassed in a rigid structure.
Although all potexviruses have the same general size and shape, they are flexuous,
relatively “loose” structures with variable true repeats (Richardson er al., 1981).
Consequently, structural options not available to TMV may exist with flexuous viruses
and may be reflected in a greater permissible amino acid sequence variation than found
among tobamoviruses, or those of other rigid viruses. In addition, the 11-residue core
consensus described above is not only well conserved among potexvirus coat proteins but
also among the other filamentous viruses, i.e. carla-, poty-, clostero- and bymoviruses.
However, it is not present in the rigid helical tobamo-, tobra-, hordei- and furoviruses
(Dolja er al., 1991). Therefore, this r- 3ion may be structurally important for the flexible
properties of these viral particles.
3. Subgenomic termini and "promoters".
3.1 Abundant sgRNAs.

Bancroft and co-workers (1991) have determined the exact 5° terminus of the
~0.9 kb sgRNA of FMV by S1 nuclease mapping. It is located 43 nucleotides upstream
of th. start codon for ORF5 (encoding the coat protein), at position 5323 (Fig. 2.4(2)).

The 5’ terminal nucleotides of this sgRNA are 5’GAAGA'. A putative promoter sequence

'By analogy to other potexvirus sgRNAs, the coat protein sSgRNA of FMV is likely capped,
giving the sequence m’'GpppGAAGA. However, capping was not tested.




Figure 2.4

Initiation of th: synthesis of FMV sgRNAs.

Top: The synthesis of sgRNAs likely involves the recognition of a cis-
acting element on the (—) strand RNA template by the polymerase. The
position of the start sites for the synthesis of the 2.0 kb sgRNA (1) and
the 0.9 kb sgRNA (2) are indicated.

(1) The proposed promoter sequerce for the synthesis of the 2.0 kb
sgRNA (3'CCgAUUgA) is shown on the (—) strand template. It is located
5 nucleotides (nt) upstream of the putative sgRNA synthesis start site. The
5’ end of the sgRNA (5°’GAcGA) would be located 17 nucleotides
upstream of the ORF2 start codon.

(2) The proposed promoter sequence for the synthesis of the 0.9 kb
sgRNA (3’aCAAUcCc) is shown on the (—) strand template. It is located
14 nucleotides upstream of the demonstrated 5° end of the sgRNA
(5’ GAAGA) which lies 43 nucleotides upstream of the coat protein start
codon.

The uppercase letters in the promoter and 5’ end of sgRNA sequences
indicate a match with the consensus motifs proposed by Skryabin er al. .
(1988b) and White er al. (1992b).
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for the synthesis of sgRNAs of potexviruses has been identified by Skryabin and

coworkers (1988b). It is centered around the usually conserved nucleotides:

5° .GGUUAAGU..
3* .CCAAUUCA..

upstream of the presumed or demonstrated 5° end of sgRNAs of potexviruses. The
complementary sequence of this putative sgRNA promoter (underlined) (as it would be
present on the (—) strand, i.e. the template for the sgRNA synthesis; Fig. 2.4) resembles
the hexanucleotide motif 5’.. ACUUAA (Table 2.2), as noticed by White er al. (1992b).
The sequence 5'..uGUUAgGg.. ((+) strand sequence; nucleotides 5301-5308), 14
nucleotides upstream of the demonstrated 5 end of the coat protein sgRNA of FMV best
matches the proposed promoter sequence (capital letters indicate a match) (Fig. 2.4(2)).
Although the exact S’ end of the 1.9 kb sgRNA of FMV has not been determined,
the sequence 5°..GAcGA (nucleotides 4116-4120), 13 nucleotides upstream of the start
codon specifying ORF2, may denote the terminus of the 1.9 kb sgRNA (Fig. 2.4(1)). It
resembles the coat protein sgRNA 5 terminal sequence and a subgenomic message
initiating at this location would have a size of 2.0 kb, which corresponds to the
experimental value of 1.9 kb (Mackie er «l., 1988). Moreover, the sequence
5'..GGcUAACcU ((+) strand sequence; nucleotides 4103-4110), S nucleotides upstream
of the proposed 5° end of the 1.9 kb sgRNA, resembles the putative sgRNA promoter
of potexviruses (Fig. 2.4(1)). Therefore, the cis-acting elements suspected to direct the
synthesis of the sgRNAs of FMV generally conform to those proposed for other
potexviruses. The similarities of these putative promoter sequences among potexviruses
suggest that a common mechanism ay be employed by potexviruses for the synthesis

of their sgRNAs and gRNAs by the RNA-dependent RNA polymerase.
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3.2 Minor ORF:.

No sgRNAs have been detected for the 11 kDa (ORF3) and 6 kDa (ORF4)
cistrons of FMV (Mackie et al., 1988). The predicted size of a sgRNA for ORF4 would
be close to that encoding ORF5 (1.0 kb versus 0.83 kb without a poly(A) tail) and may
have escaped detection. A sgRNA for ORF3 would be about 1.4 kb and should be
resolved from other viral RNA species. However, no messages other than those of ORF2
and ORFS have been noted for most potexviruses including FMV (Mackie et al., 1988).
The presence of a series of additional sgRNAs has been reported in two cases, those of
PVX (Dolja er al., 1987) and of daphne virus X (Guilford & Forster, 1986). The lack
of sgRNAs for ORF3 and ORF4 of FMV is consistent with the absence of a potential
"promoter” sequence or of any other shared motif upstream of the c:~*:ng regions of the
two ORFs. The mechanism by which these ORFs are expressed, assuming that they are,
is not understood. It could in'’olve internal ribosome binding on the larger sgRNA or on
the gRNA near the start codons for ORF3 and ORF4 (Forster er al., 1993; Hefferon et
al., 1994). The p13 product encoded by beet necrotic yellow vein virus, which shares
sequence similarity with the product encods ' by ORF3 of FMV and of other
potexviruses, is expressed in vivo (Niesbach-Kldsgen er al., 1990) despite the apparent
absence of a corresponding sgRNA. This may also be the case for the FMV ORF3
product. Despite these ambiguitics, ORFs 2, 3 and 4 have been demonstrated to play a
role in the cell-to-cell movement of potexviruses (Beck er al., 1991). Interestingly,
SMYEAY which lacks a start codon specifying ORF2, has only been detected in phloem
parenchyma cells (Jelkmann ez al., 1990). LVX, which lacks the start codon for ORF4,

accumulates to very low concentrations in infected tissues and is poorly sap transmissible



(Stone, 1980).

The nucleotide sequence of FMV, and indeed of other potexviruses, offers few
clues regarding the function or mode of expression of the putative products of ORFs 3
and 4. Nonetheless, these sequences will serve as a basis for the design of approaches

to elucidate their functions, such as by mutagenesis (Beck er al.,, 1991) and

immunological means (Price, 1992).



CHAPTER 3

PARTIAL PURIFICATION AND CHARACTERIZATION OF
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3.1 INTRODUCTION

Replication of positive sense RNA virus genomes is achieved by RNA-dependent
RNA poiymerases (RdRp). Using genomic RNA (gRNA) as template, this enzyme
catalyzes the synthesis of a complementary (—) sense RNA which in turn serves as a
template for the production of progeny gRNA (see Fig. 1.4). RdRps of a number of plant
viruses have been isolated and purified to various extents (reviewed in Quadt and Jaspars,
1989). It has been a difficult task to obtain template-dependent RdRp preparations
(enzymes which are able to copy exogenously added template in vitro), rather than
template-independent RdRps (enzymes which copy RNAs endogenous to the enzyme
preparation). Nevertheless, specific template-dependent enzymes have been obtained in
a few cases, such as for cucumber mosaic virus (CMV) (Hayes and Buck, 1990), brome
mosaic virus (BMV) (Quadt and Jaspars, 1990), turnip yellow mosaic virus (TYMV)
(Mouches er al., 1974) and alfalfa mosaic virus (AIMV) (Houwing and Jaspars, 1986;
Quadt ez al., 1991) but not for tobacco mosaic virus (TMV) (Young and Zaitlin, 1986),
cowpea mosaic virus (Dorssers ef al., 1984) and velvet tobacco mottle virus (Rohozinski
et al., 1986).

Although several members of the potexvirus group have been well charactgrized
at the molecular level, their replication is poorly undersicod. The first open reading
frame (OR.°1) of the potexviral genome likely encodes the viral component of the RNA-
dependent RNA polymerase because it contains the helicase-like and polymerase-like
motifs found in the amino acid sequences of non-structural proteins of most (+) strand
RNA viruses (Habili and Symons, 1989). The importance of the polymerase-like motif

for repiication of potexviruses has been demonstrated with mutants of potato virus X
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(type member of the potexvirus group) which failed to accumulate in protoplasts because
of point mutations in this motif (Longstaff et al., 1993). As a first step in elucidating the
replication process and in identifying polypeptides which participate in potexviral
replication, we have undertaken the purification of the RdRp complex of foxtail mosaic
vr.us (FMV). This chapter describes a procedure for the partial purification of FMV
RdRp and the characterization of the products it synthesizes in virro. Most of the findings

presented in this chapter have been published elsewhere (Rouleau et al., 1993).

3.2 MATERIALS AND METHODS

1. Enzymes and chemicals.

Miracloth and dodecyl-sucrose were purchased from Calbiochem (California).
Glass beads were from Sigma (St-Louis). Glyoxal was from Kodak (Rochester).
[a”P]CTP was obtained from Amersham or New England Nuclear. The Protein Assay
Kit was purchased from Bio-Rad Inc. Micrococcal nuclease, T4 DNA polymerase, SP6
and T7 RNA polymerases, DNase 1 and RNAguard were from Pharmacia. Taqg DNA
polymerase and pGEM-4 were obtained from Promega Biotech Inc. (Madison). Moloney
murine leukaemia virus reverse transcriptase (M-MuLV RT) was from Bethesda Research
Laboratories (Burlington, Ont.). Plasmid pET-3c and Escherichia coli strain BL21(DE3)
(Studier er al.,, 1990) were purchased from Novagen (Madison). Isopropyl-8-
thiogalactopyranoside (IPTG) was from Boehringer Mannheim (Laval, Qué). Nonidet P-
40 (NP-40) was from Particle Data Laboratories Ltd. (Illinois) and Tween-20 was from
Sigma. Alkaline phophatase-conjugated goat anti-rabbit antibodies were obtained from

Sigma Imiunochemicals. 5-bromo-4-chloro-3-indoyl phosphate p-toluidine salt and p-
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nitro-blue tetrazolium chloride were purchased from Bio-Rad Inc. Nitrocelluiose and

polyvinyldifluoride (PVDF) membranes were purchased from Bio-Rad Inc. and Millipore

(Bedford, MA), respectively. All other reagents were obtained as described in Chapter 2.
2. Inoculation of plants.

Inocula were prepared by grinding leaves systemically infected with the
appropriate virus in H,O in a mortar. Leaves of the plants to be inoculated were dusted
with aluminum oxide (Grit 600), which served as an abrasive. Leaves were then gently
rubbed with the sap inoculum.

3. Viral infections, RNAs and coat protein.

FMY and clover yellow mosaic virus (CYMV) virions were propagated in barley
(Hordeum vulgare) and broad bean (Vicia faba), respectively. Virions and gRNAs were
prepared as described by Bancroft er al. (1979) and Erickson and Bancroft (1978),
respectively (see also section 2.2.5). The FMV coat protein was prepared frem purified
virions using 4M LiCl. One volume of virus solution was mixed with an equal volume
of 4M Li”] containing 10 mM EDTA, pH 8.0. Prior to its use, the LiCl solution was
treated overnight with 0.1 % diethylpyrocarbonate (DEPC) and autoclaved, to destroy
any ribonuclzases which may be present. The virus-LiCl mixture was kept frozen at
-20°C for approximately 48 hrs, thawed on ice and centrifuged at 10,000 rpm for 10 min
(JA-20 rotor, Beckman) to pellet the viral RNA. To remove remaining virion particles,
the solution was subsequently centrifuged at 40,000 rpm for 1 hr (Ti 70.1 rotor,
Beckman). The supernatant solution, containing the coat protein, was dialyzed for 12-24
hrs against S0 mM Tris-HCI, pH 8.0. BMV virions were grown in barley and BMV

gRNAs were prepared according to Bancroft er al. (1968). Virus titres in the sap of
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infected plants were measured by a standard half-leaf technique (Matthews, 1991) using
Chenopodium quinoa as the local lesion assay host. Five to eight leaves were used per
assay. All plants were raised in a greenhouse at 26-28°C. For trial purifications, FMV
was grown in C. quinoa kept at higher temperatures (30-32°C) necessary for good lesion
formation, and in barley (a systemic host) at ~26°C. C. guinoa leaves were usually
harvested 4-6 days following inoculation, when lesions were well developed. The mid-rib
of harvested C. quinoa leaves was removed prior to homogenization. For barley, only
systemically infected leaves were harvested, around 2 weeks following inoculation, when
systemic symptoms were evident.

4. Extraction of RNA-dependent RNA polymerase (RdRp) from FMYV infected
plants.

The procedure used to isola‘e an active RARp membrane fraction is based on that
developed by Bradley and Zaitlin (1971) for TMV. All steps were carried out at 4°C.
Leaf tissue (5 g) was homogenized in a mortar, using 14 ml of buffer A (0.4 M sucrose;
10 mM KCl; 5 mM MgCl,; SO0 mM Tris-HCI, pH 8.2; 20% glycerol; 10 mM 8-
mercaptocthanol). For barley leaves, glass beads were also included in the
homogenization mixture. The homogenate was filtered through a single layer of
Miracloth prior to centrifugation at 1,000 x g for 10 min (JA-20 rotor) to remove cell
debris. The resulting supernatant solution was centrifuged at 30,000 x g for 30 min in
a JA-20 rotor, in order to separate the soluble material (S30K) from the membrane
fraction (P30K). The P30K fraction was resuspended in 1 ml of buffer B (0.75 M KCI;
25 mM NH/CI; 50 mM Tris-HCI, pH 8.2; 7.5% glycerol; 2.5% dodecyl-sucrose; 10

mM B-mercaptoethanol; 0.1 mM phenylmethylsulfonyl fluoride (PMSF); 10 mM EDTA).
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The suspension was stirred for 1.5 hr and then centrifuged at 120,000 x g for 1 hr (70.1

Ti rotor) to separate the solubilized RdRp activity (S§120K) from the membrane fraction.
A number of detergents were tested for their ability to solubilize the RdRp activity, such
as CHAPS, Triton X-100, NP-40, 8-dodecyl maltoside and dodecyl sucrose, in various
concentrations, in the presence of 0.1-1 M KCl. 8-dodecyl maltoside and dodecyl sucrose
in the presence of 0.75 M KCl gave optimal solubilization of the activity. The volume
of the S120K fraction was reduced to 0.25 ml using an Amicon ultrafiltration unit
equipped with a YM-10 membrane and was subsequently diluted to 0.5 ml in buffer B
devoid of KCl and glycerol. This step allowed a reduction i> the dunsity of the S120K
fraction prior to loading it onto a 25-45% linear glycerc™ gradient (11.5 ml) prepared in
buffer B containing 100 mM KCl and 2.0% dodecyl-sucrose. Gradients were centrifuged
at 33,000 x g in a SW 41 Ti rotor (Beckman) for 20 hr at 2°C. Fractions (0.5 ml) were
collected from the bottom of the tube using a peristaltic pump and assayed for RdRp
activity. A flow diagram of this purification procedure is shown in Appendix III.
S. RNA-dependent RNA polymerase assays.

RdRp activity was tected in a 100 ul reaction mixture containing 50 ul of the
fraction to be tested, 5 mM MgCl,, 20 mM (NH,),SO,, 100 mM Tris-HC!, pH 8.0, 0.5
mM each of ATP, GTP, UTP, § uM CTP, 4 uCi [«-*’P]CTP (3000 Ci/mmol) and 7.5
mM dithiothreitol (DTT). Reactions were incubated at 30°C for 60 min, then terminated
by the 24dition of 50 ul of a stop mixture (30 mM EDTA; ¢ M ammonium acetate; 100
ng/ul yeast RNA). In some assays, actinomycin D was added to the reaction mixture, in
concentrations described in the text. A stock solution of actin.mycin D (2 ug/ul) was

prepared in 95 % ethanol (Sambrook er al. 1989). Control reactions containing 95 %
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ethanol in proportions similar to the reactions containing the drug were nrepared. RNA
products were extracted twice with P/C/I and precipitated with ethanol.
6. Micrococcal nuclease treatment of RdRp fractions.

Fifty pul of 2 RdRp fraction was supplemenied with calcium chloride (final
concentration of 1 mM) prior to the addition of 4 to 20 units of micrococcal nuclease.
The final volume of the mixture was brought to 70 ul with ddH,O prior to incubation for
30 min at 30°C. Nuclease activity was subsequently stopped by the addition of EGTA
to a final concentration of 5 mM and the treated fraction was assayed for polymerase
activity in conditions similar to those described above.

7. Analysis of RdRp reaction products.

RNA products were resuspended in 8 ul DEPC treated-H,0O, mixed with 2 ul of
gel loading buffer and electrophoresed in 1.2% agarose gels using 1 mM sodium
phosphate (pH 7.0) running buffer (McMaster ar.d Carmichael, 1977). The buffer was
recirculated during electrophoresis. The gel was subsequently placed onto a piece of
Whatman paper, dried for 60 min in a 43°C oven and then for an additional 1.5 hr in
a gel drier at 80°C. Products were detected by autoradiography of «he dried gel at -70°C.
The bands corresponding to high molecular weight products were cut out of the gel and
counted for Cerenkov radiation in order to quantify the RdRp activity of each fraction.
Alternatively, relative RARp activity was estimated by densitometric analysis of
autoradiographs using a Gel Print system (BioPhotonics corporation) equipped with the
Ge' Print Toolbox software.

8. Nuclease treatment of RdRp products.

i) 81 nuclease. RARp products generated by a P30K fraction were resuspended
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in S1 buffer (280 mM NaCl; SO mM sodium acetate, pH 4.5; 4.5 mM ZnSO,; 20 ug/ml

denatured salmon sperm DNA). S1 nuclease was added to a final concentration of 5-1000
U/ml. Samples were incubated at room temperature for 30 min.

ii) Ribonuclease A. RdRp products generated by a S120K fraction were
resuspended in either 2X or 0.1X SSC (2X SSC: 300 mM NaCl, 30 mM sodium citrate,
pH 7.0). RNase A was added to a final concentration of 0.1 or 1 xg/ml and samples
were incubated at 37°C for 1S min. Both nuclease treatments were subsequently
terminated by the addition of a stop mixture (250 ug/ml yeast RNA; 25 mM EDTA; 2
M ammonium aceiate), products were extrzcted once with P/C/I, precipitated with
ethanol and subsequently analyzed by electr.,phoresis in non-denaturing conditions as
described above.

9. Plasmid constructions.

Plasmids p133X [1430-6151(A,y], p124X {17-1194], p133XS [4696-6151(A,,)],
p107X [1-2007]) and p90X [1863-6151(A,)] consist of cDNA fragments spanning different
regions of FMV genome describc ' by the coordinates indicated between brackets,
inserted in the vector pSP65 (Melton ez al., 1984) as described previously (Bancroft er
al., 1991).

Plasmid pMR1, which contains sequences from the 5’ and 3’ extremities of FMV
gRNA, was constructed as follows. First, a cONA fragment containing the 5° terminal
604 nucleotides of FMV gRNA was prepared by reverse transcription (RT) followed by
polymerase chain reaction (PCR). The synthesis of the first cDNA strand was initiated
by annealing 100 pmoles of oligonucleotide MR-8 (Appendix I) to 0.5 ug of purified

FMYV gRNA in a volume of approximately 13 ul. The mixture was heated at 95°C for
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2 min, then incubated sequentially at 45°C and room temperature, each for 10 min.
Exteasion of the primer was carried out at 50°C for 40 min in a reaction volume of 25
ul containing 50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl,, 0.8 mM each of the
four deoxyribonucleoside triphosphate and 200 U of M-MuLV RT. The cDNA produced
was then used as a template for PCR amplification. The cDNA cynthesis mixture was
supplemented with 100 pmoles of a second primer, MR-2 (Appendix I), which contains
the sequence of an EcoRI restriction site, followed by a T7 RNA polymerase promoter
sequence and nucleotides 1-25 of FMV gRNA sequence. Amplification buffer (to give
final concentrations of 50 mM KCl, 10 mM Tris-HCI, pH 9.0, 1.5 mM MgCl,, 0.01 %
gelatin and 0.1 % Triton X-100), 2.5 U Taq polymerase and ddH,0 to a final volume
of 100 ul were then added and the reaction mixture was overlayed with 100 ul paraffin
oil to prevent evaporation during the PCR. The amplification was carried out for 30
cycles. The first cycle consisted of a denaturation step at 95°C for 5 min, annealing step
at 50°C for 2. ‘n and an elongation step at 72°C for 5 min. The 28 subsequent cycles
had a denaturation of 1 min, annealing of 2 min and elongation of 4 min. The last cycle
had an extended elongation step of 10 min. The products of the PCR reaction were
analyzed in a non-denaturing polyacrylamide gel in TBE buffer and eluted from the gel
as described in section 2.2.3. The PCR-derived cDNA was subsequently restricted with
Ncol (at nucieotide 604) and blunt-end repaired. For this reaction, the mixture consisted
of 33 mM Tris-acetate, pH 7.9, 66 mM potassium acetate, 10 mM magnesium acetate,
0.5 mM DTT, 100 ug/ml bovine serum albumin (BSA), 0.125 mM each of dATP,
dCTP, dGTP and dTTP. and 0.25 U/ul of T4 DNA polymerase in a final volume of 50

ul. It was incubated for 15 min at ambient temperature. The reaction mixture was
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subsequently extracted once with P/C/I and precipitated with ethanol. The recovered

cDNA fragment was then restricted with EcoRl and ligated to EcoRI/Si.al digested
pSP64 (Melton et al., 1984). The recombinant plasmid was subsequently restricted with
Ncol and Xbal and ligated to a Ncol/Xbal fragment from p133XS, corresponding to the
3’ terminal 584 nucleotides of FMV genome followed by 13 adenines, to generate pMR1.
The Ncol/Xbal DNA fragment was prepared by restriction of p133XS with the enzymes
Ncol and Xbal. Analysis and elution of the fragment from a polyacrylamide gel were as
described above.

Plasmid pAW1, containing a full-length cDNA fragment of CYMV defective
RNA (D-RNA), has been described previously (White ef al., 1991). Plasmid pAWA,,,
which consists of the 3’ terminal 250 nucleotides of CYMV genome and a poly(A) tract
of 14 residues cloned between EcoRI and Sall sites in pGEM-4, was a gift from Dr K.A.
White.

10. Synthesis of RNA transcripts.

Transcripts used in this study are schematically represented in Table 3.1 (p.107).
Plasmids p133X and p90X were linearized with Pvull and served as templates for FM(+)
and FM(—) transcript synthesis, respectively; p124X was linearized with HindIII and
directed the synthesis of I-MS(+) transcript; p133XS and pMR1 were linearized with
Xbal and were templates for FM3(+) and FMV mini-RNA(+) transcript synthesis,
respectively; p107X was linearized with Accl to direct FM5(—) synthesis; Sall linearized
p90X served as template for FM3(—); pAWA,, was linearized with EcoRI or with
HindIIl and directed the synthesis of CY3(+) and CY3(—), respectively; pAW1 was

linearized with Sall to direct the synthesis of CYMV D-RNA(+).
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Transcription reactions contained 50 ng/ul of linearized plasmid, 10 mM DTT,

1 U/ul RNAguard, 0.5 mM each of ATP, CTP, GTP and UTP, 40 mM Tris-HCl, pH
7.5, 6 mM MgCl,, 2 mM spermidine, 10 mM NaCl and 0.6 U/ul RNA polymerase ir
a 100 ul reaction volume. Transcription was catalyzed by SP6 RNA polymerase, except
for the synthesis of FMV mini-RNA(+), CY3(+) and CYMV D-RNA(+), for which
T7 RNA polymerase was used. Reactions were incubated for 1 hr at 37°C, the
concentration of the polymerase was raised to 1.2 U/ul and incubation at 37°C was
continued for an additional hour. Ten units of DNase I were added to the reaction
mixtures and incubated at 37°C for 15 min. Final transcription mixtures were extracted
once with P/C/I and precipitated twice with ethanol. The resulting RNA transcripts were
resuspended in 50 ul H,0 and were quantified by measuring their A,y or by assessing
their quality and quantity from ethidium bromide-stained polyacrylamide gels in which
the transcripts were electrophoresed. The vector pSP6S linearized with Pvull served as
a template for SP6 RNA polymerase to prepare control transcripts. The synthesis of 32P-
labeled RNA transcripts was in conditions similar to those described heve with the
following exceptions. The concentration of CTP was 5 uM and 50 »" " of |«’?P]JCTP

(3000 Ci/mmol) was added to the reaction mixture.

11. Characterization of RdRp products.
i) Isolation of RARp products. Products generated by forty 100 ul reactions
catalyzed by the P30K fraction were fractionated by centrifugation through 5-20%
sucrose gradients prepared in 10 mM Tris-HCI, 100 mM LiCl, 1 mM EDTA, 0.1%

SDS, pH 7.4. Fractions containing high molecular weight products were combined, the




RNA was precipitated with ethanol and resuspended in 10 ul DEPC-H,0.

ii) Slot blots and hybridization. RNA transcripts and purified FMV gRNA were
denatured in 1 M deionized glyoxal, SO0 % (v/v) dimethyl sulfoxide and 10 mM Na
phosphate, pH 7, at 50°C for 60 min, :n a final volume of 30 ul (McMaster and
Carmichael, 1977). Twenty X SSC (60 ul) was added to each RNA sample prior to
blotting onto nitrocellulose according to Sambrook er al. (1989) using a slot blot
apparatus (Schieicher and Schuell). The nitrocellulose membrane was baked for 2 hrs at
80°C. The membrane was then prehybridized in a standard hybridization buffer (50 %
formamide, 5X SSC, 5X Denhardt’s solution, 0.1 % SDS, 250 ug/ml yeast RNA) at
47°C for 12-24 hrs. The **P-labeled RNA products were denatured by heating at 95°C
for 3 min, cooled on ice and added to 12 ml of hybridization buffer (~ 4 x 10* cpm/ml)
in which the membrane was incubated at 47°C for 12 hrs. The membrane was washed
twice for 10 min in 2X SSC, air dried and autoradiographed. In control experiments, the
labeled RNA product probe was replaced by »?P-labeled FM(+) or FM(—) transcripts
(~ 1 x 10° cpm/ml) to verify the specificity of hybridization.

12. Generation of an anti-serum against p152, the ORF1-encoded product of
FMV,

i) Construction of a p152 expression plasmid. Plasmid p105X (section 2.2.3) was
restricted with EcoRI and served as a template for the amplification of a portion of the
ORF1 coding region (nucleotides 1511-2120) by PCR. Primers used in the PCR reaction,
FMVI1-1 and FMV1-2 (Appendix I), were designed to introduce BamHI restriction sites

flanking the coding regions. Primers were also designed to introduce a C-+T change at

position 1519 to create a start codon (FMV1-1) and a C-»G change at position 2111 to




81

introduce a stop codon (FMV1-2). The amplification was carried out as described in
section 3.2.9 using 100 pmoles of each primer and 100 ng of p105X. The PCR-amplified
c¢cDNA was restricted with BamHI, analyzed in and eluted from a non denaturing
polyacrylamide gel as described in section 2.2.3. It was then ligated to BamH1-linearized
pET-3c vector. E. coli strain MV1190 was transformed with the ligation mixture and
recombinant plasm:ds were prepared as described in section 2.2.3. Recombinant plasmids
were identified by digestion with BamHI. The nucleotide sequence of the FMV-derived
insert in the recombinant plasmid was verified by the dideoxynucleotide chain termination
method as described in section 2.2.4.

ii) Expression of rtion of pl 152s) in E, coli. E. coli strain BL21(DE3)
was transformed with the recombinant vector, grown at 30°C in 100 ml M9ZB (1%
casitone, 0.5% NaCl, 0.1% NH,Cl, 0.3% KH,PO,, 0.6% Na,HPO,, 0.2% glucose, 1
mM MgSQ,) until an OD¢y of 0.5 was reached. Expression of T7 RNA polymerase and 4
p152s were induced by dilution of the culture with 100 ml of M9ZB containing 1 mM
isopropyl-B-thiogalactopyranoside (IPTG) followed by incubation for 3 hrs at 30°C. Cells
were pelleted by centrifugation in a JA-14 rotor (Beckman) at 10,000 x g for 10 min,
resuspended in an ice-cold lysis buffer (20 mM Tris-HCI {H 7.4; 500 mM NaCl; 10%
glycerol; 1 mM EDTA; 1 mM PMSF; 5 ug/ml leupeptin; 0.1% NP-40) and frozen in
a dry ice/ethanol bath. Cells were stored overnight at -70°C. All subsequent steps were
carried out at 4°C. Cells were thawed and lysed by two passages in a French pressure
cell at 12,000 psi. The cell paste was centrifuged in a JA-20 rotor at 10,000 x g for 10
min. The pellet, which contained most of the overexpressed p152s, was washed three

times in lysis buffer containing 3 % NP-40 and 0.5 M NaCl.
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iii) Generation of antibodies. Proteins in the washed pellet fraction were

electrophoresed in 6 % polyacrylamide preparative gels in conditions described in the
following section. Gels were stained with a 0.05% Coomassie Blue R-250 solution for
20 min and destained in water. The region of the gel containing p152s was excised.
Polyacrylamide gel pieces were lyophilized and pulverized with a mortar and pestle.
Approximately 100 mg of dehydrated ground gel powder (containing approximately 200
ug of p152s) was hydrated in 1 ml of 0.85% NaCl for 30 min at room temperature. The
mixture was emulsified with 1 ml of Freund's incomplete adjuvant using a drill press
fitted with a stainless steel spatula with a twisted blade prior to multiple intramuscular
injections into a rabbit. A pre-immune serum was obtained prior to the first injection and
subsequently, six series of injections were performed at three week intervals. The rabbit
was then exanguinated by heart puncture.
13. Protein analysis.

The concentration of proteins in the various fractions obtained during the RdRp
purification was determined by the Bradford dye-binding procedure (Bradford, 1976)
using the Bio-Rad Protein Assay Kit.

Analysis of proteins on gels was as follows. Protein samples were prepared in 1X
SDS-sample buffer (120 mM Tris-Cl, pH 6.8; 3% SDS; 50 mM dithiothreitol; 10%
glyceroi; 0.1% bromophenol blue), boiled for 3 min and electrophoresed in 6 %
polyacrylamide gels (36:1 acrylamide:bisacrylamide) containing 0.1% SDS in Laemmli
running buffer (25 mM Tris; 192 mM glycine; 0.1% SDS) (Laemmli, 1970). Gels were
soaked for 30 min in transfer buffer at room temperature prior to blotting. Proteins were

then transferred to a polyvinyldifluoride (PVDF) membrane using a carbonate transfer
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buffer (10 mM NaHCO,; 3 mM Na,CO,; pH 9.9; 20% CH,OH) (Dunn, 1986) in a Bio-

Rad mini-transblot system. Transfer was for 1 hr at a constant current of 0.25 A (voltage
was approximately 30-40 V). The protein blots were subsequently reacted with the anti-
p152s serum [diluted 1:100 in PTBN buffer (20 mM Na phosphate, pH 7.0; 0.1 mM
bovine serum albumin; 0.85% NaCl; 0.05% Tween-20; 1 mM NaN;,; pH 7.4) containing
5% casein] at room temperature, for 2 hrs with shaking. Blots were washed in three
changes of PTBN for 15 min and were then incubated for 1.5 hrs with alkaline
phosphatase-conjugated goat anti-rabbit IgG antibodies (diluted 1:3000 in PTBN) and
washed as described above. The bound antibodies were detected using S-bromo-4-chloro-
3-indoyl phosphate p-toluidine salt and p-nitro-blue tetrazolium chloride as substrates as

described by the manufacturer (Bio-Rad 'nc.).

3.3 RESULTS AND DISCUSSION
1. Partial purification of FMV RdRp.

We designed a procedure for the isolation and partial purification of FMV RdRp
from infected C. quinoa, a local lesion host of FMV. Infected tissue was homogenized
and fractionated by differential centrifugation. The membrane fraction (P30K) contained
a polymerizing activity capable of synthesizing products of various sizes when incubated
in the presence of ribonucleotides (Fig. 3.1A, lane 2). In contrast, the supernatant
fraction (S30K) contained little of this activity (not shown). Heterogeneous products of
low molecular weight (< 2.2 kb; LMW) as well as a relatively discrete higher molecular
weight product with an apparent size of approximately 9.4 kb were generated by a P30K

fraction prepared from infected C. quinoa (Fig.3.1A, lane 2). In contrast, the P30K




Figure 3.1

FMV RdRp activity during the course of its partial purification from C.
quinoa. A flow diagram of the purification procedure is shown in
Appendix III.

(A) Products generated by P30K (lanes 1, 2), S120K (lanes 3, 4) and
P120K (lanes 5, 6) fractions prepared from either healthy (lanes 1, 3, 5)
or FMV-infected (lanes 2, 4, 6) plants (as in section 3.2.4) were analyzed
by electrophoresis in non-denaturing conditions and detected by
autoradiography (section 3.2.7). HMW: high molecular weight products;
LMW: low molecular weight products. In the right margin, the arrow
indicates the mobility of FMV gRNA and the mobility of A-HindIII DNA
markers (kbp) is shown.

(B) Solubilized RdRp was centrifuged through a glycerol gradient and
fractions were collected from the bottom of the tube, as in section 3.2.4.
The relative RARp activity was determined by counting the radioactivity
of the products generated by 50 ul of each fraction. The protein
concentration of each fraction was also assayed (section 3.2.13).
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fraction obtrined from healthy plants only catalyzed the synthesis of LMW products (Fig.

3.1A, lane 1), suggesting that synthesis of the high molecular weight (HMW) product
is the result of FMV infection. The synthesis of both types of products required the
presence of all four ribonucleotides, indicating that the labeled products do not arise from
a terminal transferase-like activity (Fig. 3.2, lane 2). Moreover, actinomycin D partially
inhibited the synthesis of LMW products, while synthesis of HMW product was not
affected by this inhibitor of DNA-dependent RNA synthesis (Fig. 3.2, lanes 3-6).

In order to define the time of harvest post-inoculation (p.i.) which would be most
suitable for obtaining maximum yields of enzyme, we monitored the appearance of the
polymerizing activity following the inoculation of C. quinoa and of the systemic host
barley. P30K fractions were prepared from infected leaves and were assayed for RdRp
activity. In C. quinoa, the membrane-associated activity was detectable as early as two
days following inoculation (Fig. 3.3A, lane 2) and peaked between days 3 and 4 (Fig.
3.3A, lane 4), when lesions were developing. The RdRp activity was maintained for at
least 12 days p.i. (Fig. 3.3A, lane 12), by which time the necrotic lesions were well
developed. The virus titres (Fig. 3.3B), measured from the sap of the same leaf
homogenates prepared for measurements of RdRp activity, were determined using C.
quinoa for local lesion assays. In general, the increase in RARp activity paralleled the
increase in virus titre. These observations are summarized in Figure 6.1A (Chapter 6).
The kinetics of accumulation of FMV RdRp were slower in barley than in C. quinoa
(Fig. 3.3C). Using only non-inoculated leaves as starting material, the RdRp activity was
first detected on day 8 p.i. (Fig. 3.3C, lane 8), when symptoms were just developing,

peaked between days 12 and 13 (Fig. 3.3C, lanes 12 and 13) and remained detectable for




Figure 3.2

Characterization of RARp activity in P30K fraction from infected C.
quinoa.

Terminal transferase activity. Products were synthesized in normal
conditions (lane 1) or in a reaction mixture lacking ATP, GTP and UTP
and containing only [o*’P]CTP (lane 2) as in section 3.2.5.

Effect of actinomycin D. Reactions mixtures were supplemented with 0.5
% (lane 3) or 5 % (lane 5) of ethanol or with 10 ug/ml (lane 4) or 100
pg/ml (lane 6) of actinomycin D as described in section 3.2.5.

Products generated were electrophoresed in non-denaturing conditions and
detected by autoradiography (section 3.2.7). The arrow in the right margin
indicates the HMW products.






Figure 3.3

FMYV RdRp activity and virus titres following inoculation of plants.

Products generated by FMV RdRp activity in P30K fractions prepared
from C. quinoa (A) or barley (C) on the days post-inoculation indicated
above the lanes or from a mock-inoculated (M) plant were separated by
electrophoresis and detected by autoradiography. The arrowhead in the
right margin indicates HMW products. The infectivity of sap from C.
quinoa (B) or barley (D) at times of harvest was measured by a standard
half-leaf technique and is expressed relative to the infectivity of the sap at
the last day of the respective experiment.
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at least 6 additional days (Fig. 3.3C, lane 19). In barley, the continuous spread of the

virus to growing leaves likely contributes to the maintenance of the observed stable levels
of RARp activity. The increase in virus titre measured in barley extracts also coincided
with the increase in RdRp activity (Fig. 3.3D). These data are correlated with several
other parameters of the infection in Figure 6.1B. Several varieties of barley were tested
for the propagat.on and the extraction of the RdRp activity. There was no significant
difference in terms of yields of enzyme among the varieties, and these yields were lower
than those obtained with C., quinoa (data not shown). Since the local lcsion host C.
quinoa produced the highest yields of enzyme per gram of wet weight with a shorter lag
after inoculaiion, it was chosen as the preferred host for investigating the further
purification of FMV RdRp.

As is the case for virtually all RdRps of plant viruses examined, FMV RdRp
activity is associated with a membrane fraction (P30K). Optimal solubilization of the
RdRp complex from the membranes was achieved by treating the P30K fraction with the
detergent dodecyl-sucrose in the presence of KCl as described in section 3.2.4. Soluble
and membrane fractions were subsequently resolved by centrifugation at 120,000 x g.
This treatment resulted in the solubilization of approximately 60-75% of the total activity
contained in the P30K fraction (Fig. 3.1A, compare lanes 4 and 6). Optimal
solubilization was obtained at a concentration of 0.75 M KCl and 2.5% dodecyl-sucrose.
In contrast, dodecyl-sucrose or KCl alone did not release any of the RdRp activity from
the membranes (not shown). The solubilized RdRp fraction (S120K) was further purified

by fractionation in a 25-45% glycerol gradient, aliowing a significant separation of FMV

RdRp frowmn the bulk of the contaminating proteins (Fig. 3.1B). The wide distribution of
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RdRp activity in the gradient suggests that the enzymatic complex is heterogeneous. This
observation was not investigated further, however. P30K, S120K and pooled active
glycerol gradient (GGP) fractions generated by this purification procedure were stored
at -70°C for several months wiithout any detectable loss of activity and withstood several
frecze-thaw cycles. FMV RdRp activity is strictly dependent on the presence of Mg?*
ions and exhibits optimal activity in the presence of 5 mM MgCl, (data not shown).
Further fractionation of FMV RdRp by chromatography of the GGP on DEAE-Sepharose
CL-6B in buffer B lacking KCI (section 3.2.4) resulted in the complete loss of RdRp
activity (data not shown).
2. Distribution of p152 in fractions from the RdRp purification.

It has been previously proposed that the protein encoded by ORF1 (p152) is the
viral component of the RARp complex of potexviruses. To obtain further support for this
hypothesis, we have raised antibodies against p152 and analyzed the distribution of p152
in the fractions generated during the purification of the RdRp activity. The anti-serum
detected p152 in P30K, S120K and P120K fractions prepared from infected tissues (Fig.
3.4A, FMV lanes) but not in samples from mock-inoculated plants (Fig. 3.4A, MOCK
lanes). Similarly, p152 was present in active RdRp fractions from glycerol density
gradients of infected tissues (Fig. 3.4B, FMYV lanes) whiie protein bands with a mobility
similar to p152 were not detected in equivalent fractions from the gradients of mock-
inoculated plant samples (Fig. 3.4B, MOCK lanes). Proteirs with smaller molecular
weights were also detected in samples from infected plants by the p152 anti-serum (Fig.
3.4A and B, FMV lanes). These are likely degradation products of p152 since the

majority is not present in the mock-inoculated samples (Fig. 3.4A and B, MOCK lanes).




Figure 3.4

Distribution of p152 in fractions from FMV-infected C. quinov and
barley.

(A) Protein samples prepared from the fractions P30K, S120K, and P120K
(3™ and 7* lanes from left) equivalent to 2 or 25 mg (P120K, 4® and 8*
lanes from left) of leaves from mo-k-inoculated (MOCK) or FMV-infected
(FMV) C. quinoa. They were separated by SDS-PAGE, electroblotted
onto PVDF membrane and immunoreacted with the p152 anti-serum as
described in section 3.2.13. The fractions from which the samples were
prepared are indicated above the lane ("K" was omitted for reasons of
space). The mobility of molecular weight markers (kDa) is indicated in the
left margin.

(B) p152 in glycerol gradient fractions. S120K fractions from mock-
inoculated (MOCK) or FMV-infected (FMV) leaves were separated
through glycerol gradients (see section 3.2.4). Fractions #2, #6, #12 and
#18 from each gradient were then analyzed, using protein samples
equivalent to 5 mg of leaves.

(C) Time-course of appearance of p152 in C. quinoa. P30K fractions from
mock-inoculated plants (M) or from plants infected with FMV for 2, 4,
6, 8, 10 or 12 days were analyzed using protein samples corresponding
to 2 mg of fresh tissue for each lane. The mobility of molecular weight
markers (kDa) is indicated in the left margin.

(D) Time course of appearance of p152 in barley. P30K fractions from
mock-inoculated plants (M) or from plants infected with FMV for 6, 8,
10, 11, 12 13, 14, 15, 17 or 19 days were analyzed using protein samples
corresponding to 2 mg of fresh tissue for each lane.

Arrowheads point at p152.
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The level of RARp activity, evaluated by the amount of radioactive products

synthesized, generally correlated well with the levels of p152 detected serologically in
the various fractions. The relative amounts of p152 in the glycerol gradient fractions
(Fig. 3.4B, FMV lanes) paralleled the l2vei 0. RdRp activity in the same fractions (Fig.
3.1B). Similarly, the S12GK fraction contained more RdRp activity (Fig. 3.1A, lane 4)
and p152 (Fig. 3.4A, FMV S120 lane) than the P120K fraction (Fig. 3.1A, lane 6; Fig.
3.4A, 7th lane). This was also the cuse between P30K and S30K fractions (data not
shown). These observations strengthen the idea that p152 is associated with the RdRp
activity.

However, the kinetics of appearance of p152 protein in C. quinoa and barley did
not strictly parallel the accumulation of RdRp activity. In C. quinoa, p152 was first
detected at day 2 p.i., levels peake between days 5 and 6 p.i. (Fig. 3.3C, lane 6) and
subsequently declined although p152 was detected for at least 12 days p.i. (Fig. 3.3C,
lanes 8-12). The peak of p152 was therefore delayed by 1 to 2 days relative to that of
the RdRp. These results are also compared in Figure 6.1A. In contrast, in barley, p152
was first detected on day 6 p.i. but its peak level preceded that of the RdRp activity by
1 day, occuring at day 11 (Fig. 3.3D, lanes 6 and 11), and then slowly declined although
it remained detectable until at least day 19 p.i. (Fig. 3.3D, lane 19). These results are
also correlated in Figure 6.1B, Despite the apparent delay between peak levels of p152
and RdRp activity, both generally followed a similar trend in that their levels peaked and
subsequently declined, in contrast to levels of p26 (the ORF2-encoded protein of FMV)
and coat protein which remain at high levels subsequent to their peak (see below; section

4.3.5; Fig. 6.1). Moreover, since the RdRp consists of a complex of proteins, maximal
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activity levels should only be reached in the presence of the optimal concentration of
each of the components forming the complex (one of which would be p152) as well as
optimal concentration of the substrate. Therefore, the general trend of the expression of
p152 and RdRp, as well as the correlation between the presence of p152 and the RdRp
activity in the purified fractions described above, generally agree with the hypothesis that
p152 is associated with the RdRp activity.

3. Characterization of FMV RdRp products.

In order to obtain a definitive proof that HMW products generated in vitro by the
partially purified enzyme consist of FMV RNA molecules, we tested their ability to
hybridize to FMV gRNA sequences. HMW products generated by the P30K fraction
were separated from LMW products by centrifugation through a sucrose gradient. The
HMW products were then used to probe slot blots (Fig. 3.5A) containing either FMV
gRNA isolated from purified virions or in virro synthesized RNA transcripts
corresponding to viral sequence of (+) and (—) polarities (i.e. FM(+) and FM(—)
respectively; see Table 3.1 for a description of these transcripts, p.107). The HMW
products hybridized to FMV gRNA (Fig. 3.5A, slots 1 and 2) and RNA transcripts of
both polarities (Fig. 3.5A, slots 3 and 4). In contrast, HMW products did not hybridize
to an RNA transcript consisting of plasmid pSP65 sequences (Fig. 3.5A, slot 5).
Moreover, the specificity of hybridization was controlled by probing similar slot blots
with either labeled FM(+) or FM(—) transcripts (Fig. 3.5B). Each probe hybridized to
its complementary blotted transcript (Fig. 3.5B, slots 3 and 5) but not to itself (Fig.
3.5B, slots 2 and 6). Likewise, only FM(—) hybridized to the gRNA (Fig. 3.5B, slot 4).

Therefore, we conclude that each probe is displaying the expected specificity and that




Figure 3.5

Characterization of FMV RdRp products.

(A) HMW RNA products isolated by sucrose gradient centrifugation ( see
section 3.2.11i) were used to probe slot blots containing 2.5 pmoles (slot
1) or 12.5 pmoles (slot 2) of purified FMV gRNA or 2.5 pmoles of the
following transcripts (prepared as described in section 3.2.10): FM(+)
(slot 3), FM(—) (slot 4), pSP65 (slot §).

(B) Control hybridizations. Blots consisting of 0.2-0.4 pmoles FMV
gRNA (slots 1, 4), FM(+) (slots 2, 5) or FM(—) (slots 3, 6) were probed
with [*’P]-labeled transcripts FM(+) (slots 1-3) or FM(—) (slots 4-6).

(C) Nucleasc treatment of RdRp products.
Nuclease S1 was used in the following concentrations (U/mil): 0
(lane 1), 50 (lane 2), 100 (lane 3), 500 (lane 4), or 1000 (lane 5).

Prior to treatment with ribonuclease A, RdRp products were
resuspended in 2X SSC (lanes 6, 7, 9) or in 0.1X SSC (lanes 8,
10). They were then treated with 0 (lane 6), 0.1 (lanes 7, 8) or |
(ianes 9, 10) ug/ml ribonuclease A (see section 3.2.8).

Products were then electrophoresed in non-denaturing conditions
and detected by autoradiography (section 3.2.7). The arrowhead
indicates HMW products.




A C

12345 678910

wwces @ ¢ <

FM(+) FM(-)

1 gRNA - 4
FM(+) a 5
3 a» FM(~) 8




99
HMW products consist of FMV sequences of both messenger and complementary senses,

supporting the idea that they arise from FMV RdRp activity.

The mobility of HMW products in non-denaturing conditions is significantly
slower than that of FMV gRNA (Fig. 3.1A), suggesting that the HMW products consist
of double-stranded RNA molecules. To test this observation, RdRp products were treated
with increasing concentrations of nuclease S1 or ribonuclease A (Fig. 3.5C). LMW
products generated by a P30K RdRp fraction were sensitive to S1 at a concentration of
100 U/ml or higher (Fig. 3.5C, lanes 3-5), indicating that they consist mainly of single-
stranded RNA molecules. In contrast, the abundance and mobility of the HMW products
was not affected by this nuclease, even at a concentration of 1000 U/ml (Fig. 3.5C, lane
5), supporting the idea that HMW products consist of double-stranded RNA molecules.
Further evidence for this conclusion was obtained by exposing products generated by a
S$120K fraction to ribonuclease A, in conditions favouring double-stranded (2X SSC) or
single-stranded (0.1X SSC) states of the RNA molecules. HMW p-nducts were highly
susceptiole to degradation by ribonuclease A in 0.1X SSC (Fig. 3.5C, lanes 8 and 10)
while they were resistant to or only moderately degraded by increasing concentrations
of the ribonuclease in 2X SSC (Fig. 3.5C, lanes 7 and 9, respectively) .

4. FMV RdRp does not copy exogenous gRNA template.

The RNA polymerase isolated by the procedure described above must use
endogenous RNA as template, since no exogenous FMV gRNA is added to the RdRp
assay. In order to characterize the template specificity of the RdRp activity, we attempted
to remove the endogenous template RNA from active fractions using micrococcal

nuclease. Interestingly, the template RNA in the P30K and S120K fractions was
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completely resistant to micrococcal nuclease, even at concentrations as high as 20 U/ul,
since HMW products were generated by both intact and nuclease-treated fractions (Fig.
3.6, lanes 1-3). Nuclease treatment, though, resulted in a considerable decrease in the
synthesis of LMW products, indicating that the nuclease was active in the conditions used
since it could presumably degrade endogenous mRNAs (Fig. 3.6, compare lanes 1 and
3). The resistance of the FMV-induced RdARp activity to micrococcal nuclease in crude
fractions contrasts strongly to RdRp preparations of BMV and CMV (Bujarski er al.,
1982; Hayes and Buck, 1990) where the RNA template is readily removed by
micrococcal nuclease treatment of the P30K fraction ¢~ by solubilization of the BMV
RdRp complex with detergent and salt (Quadt and Jaspars, 1990). The endogenous
template in the purer GGP fraction was, however, susceptible to micrococcal nuclease.
A concentration of 4 U/ul of nuclease was sufficient to abolish RNA synthesis completely
(Fig. 3.6, compare lanes 4 and 5). This suggests that fractionation of the S120K in
glycerol gradients induces a change in the RdRp complex, such as reorganization and/or
loss of component(s) which may result in the exposure of RNA templates to the nuclease.
Samples of the GGP fraction previously treated with micrococcal nuclease were incubated
with increasing amounts of purified FMV gRNA. However, the polymerizing activity
was not restored upon addition of template RNA to the assay (Fig. 3.6, lane 6). We do
not believe that exogenous template was rapidly degraded by residual nuclease activity
since incubation of labeled RNA transcripts of unrelated sequences in a micrococcal
nuclease-treated GGP sample for 60 min did not result in significant degradation of this
RNA (data not shown). Therefore, the absence of HMW products in lane 6 (Fig. 3.6)

suggests that the enzymatic complex cannot initiate RNA synthesis on new templates, For




Figure 3.6  Products synthesized by micrococcal nuclease-treated RARp fractions.

Samples of the S120K fraction (lanes 1, 2, 3) or the GGP fraction (lanes
4, 5, 6) were treated with O (lanes 1, 4), 4 (lanes 2, 5) or 20 (lane 3) U/ul
of micrococcal nuclease and were subsequently assayed for RdRp activity
following the chelation of Ca’* by EGTA (section 3.2.6). The GGP
fraction in lane 6 was treated with 4 U/ul of micrococcal nuclease and
was assayed for RdRp activity in the presence of purified FMV gRNA
(0.1 ug/pl). The arrowhead indicates HMW products.
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this reason, we believe that products synthesized in vitro arise from RdRp elongating and
terminating the synthesis of RNA copies of endogenous templates previously initiated in
vivo. This conclusion is also supported by the observation that accumulation of HMW
products ceased after 60 min in a RdRp assay (data not shown), suggesting that all
nascent chains have been completed by that time and that the RdRp can only complete
the synthesis of one strand in vitro. The failure of nuclease-treated RdRp to copy an
exogenous template may result from the loss during the purification procedure of one or
more subunits of the polymerase complex required for initiation of replication and/or
elongation. Alternatively, reinitiation of RNA synthesis may be inhibited by
contaminating proteins present in the GGP fraction.

5. Potexviral gRNAs interfere with RNA synthesis on endogerous template.

5.1 Specificity of the inhibition to potexviral RNAs.

As a second means of investigating the ability of RdRp to initiate RNA synthesis
on exogenously added template, we supplemented an untreated samp'e of the GGP
fraction with various amounts of purified FMV gRNA and investigated its effect on the
levels of RNA products generated in RdRp assays. Surprisingly, the presence of
increasing amounts of exogenous templates in the assays caused a gradual reduction in
the yield of labeled products (Fig. 3.7, lanes 1-4). To quantify this inhibition, the labeled
products separated by electrophoresis were excised from the dried gel and their
radioactivity determined. RNA synthesis was reduced by as much as two thirds in the
presence of 0.2 ug/ul FMV gRNA (Fig. 3.7, lane 4). This concentration-dependent
inhibition of RNA synthesis by FMV gRNA was consistently observed with various GGP

preparations. In order to determine the specificity of this inhibition, RdRp activity in the




Figure 3.7

Effect of added RNA on RNA synthesis on endogenous template.

RdRp activity in the GGP fraction was assayed in the presence of: lane 1,
no RNA added; lane 2, 0.05 ug/ul FMV gRNA; lane 3, 0.1 ug/ul FMV
gRNA; lane 4, 0.2 ug/ul FMV gRNA; lane §, 0.1 ug/ul CYMV gRNA;
lane 6, 0.1 ug/ul BMV gRNAS; lane 7, 0.1 ug/ul yeast RNA. Products
were subjected to autoradiography following electrophoresis. The
inhibition of RNA synthesis was quantified by measuring the radioactivity
of the labeled products generated by each reaction and is expressed
relative to the amount of labeled products generated in a normal assay
(i.e. no RNA added, lane 1). The arrowhead indicates HMW products.
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GGP was assayed in the presence of yeast RNA or of virion RNA purified from CYMV,

another member of the potexvirus family, or from BMV, a bromovirus. Interestingly,
the inhibitory effect of CYMV gRNA (55%; Fig. 3.7, lane 5) was similar to that
obtained with RNA purified from FMV virions (50%; Fig. 3.7, lane 3) while RNA from
BMYV virions or from yeast did not change the yield of FMV RNA products (Fig. 3.7,
lanes 6 and 7, respectively). Clearly, potexviral RNAs specifically interfere with the
synthesis of RNA copies of endogenous templates. This finding contrasts with results
obtained with several other RdRps where addition of exogenous templates to template-
independent RARp preparations had no effect on their activity (Mouches er al., 1974,
Dorssers et al., 1984; Houwing and Jaspars, 1986; Rohozinski er al., 1986; Young and
Zaitlin, 1986). The inhibitory effect of potexviral RNAs was not caused by trace amounts
of contaminating coat protein since addition of coat protein purified from FMV virions
(50 ng/ul) had no detectable effect on the levels of FMV RdRp products generated (data
not shown).
5.2 Identification of inhibitory regions.

In an attempt to identify region(s) of the potexviral genome responsible for the
inhibition of RNA synthesis, transcripts of cloned cDNAs spanning the FMV gRNA
sequence were generated | able 3.1) and added to in vitro assays programmed by the
GGP fraction. Transcripts of genomic polarity FM(+), FM5(+), and FM3(+), which
collectively span most of the genome (with the exceptiun of the seventeen 5° terminal
nucleotides and 235 nucleotides at coordinates 1195-1429) did not interfere with RNA
synthesis (Tavle 3.1). Similarly, CY3(+) transcripts, corresponding to the 3’ terminal

250 nucleotide region of the CYMV genome, did not inhibit RNA synthesis (Table 3.1).
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Table 3.1  Effect of RNAs corresponding to various regions of the potexviral genome
on RNA synthesis on endogenous templates.

relative relative

RNA*" molar  jnniition®
amount
FMV gRNA 1 +++
FMI(+) L ——————————— 1 -
FM5(+) L ——— 1 -
FM3(+) ans——— : | -
FMV mini {+) -_— e eem- — 1 +
o 3 ++
FM(-) R —— 1 +4+
FMS5(-) ——————— 1 +
FM3(-) m— 1 +
CYMV gRNA T —— 1 4
D-RNA (+) — e _ . - 1 -
TTT 3 +
CY3i+) - 1 -
5 -
CvY3(-) - 1 -
5 ++
1 kb

* The gRNAs were purified from virions.

* The polarity of each transcript is indicated in parentheses. Transcripts FM(+) and FM(-) contain a 204
nucleotide extension at their 3’ and 5’ ends, respectively. This extension corresponds to pSPES sequences
between the Xbal and Prull restriction sites. An extension of 34 non-viral nucleotides is also present at the
§’ end of transcript FM(+) and at the 3’ end of transcripts FM(-), FM5(-) and FM3(-).

* Transcript FMS(+) lacks the first 17 nucleotides of the FMV genome.

* The relative inhibition was estimated by dessitometric scanning of autoradiographs of RdRp products
separated by electrophoresis. For each RNA tested, the relative inhibition was estimated from 1 to 4
assays, by comparison with inhibition obtained with FMV gRNA. Maximal inhibition, represented by
"4+ 4", corresponds (0 36-60% inhibition, "+ +" corresponds to 21-35% inhibition and "+ " corresponds
to 10-20% inhibition.
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In contrast, FMV mini-RNA(+) transcripts, which contain 604 and 584 nucleotides from

the 5° and 3’ ends of the genome, respectively, as well as transcripts of CYMV D-
RNA(+), which also contain §' and 3° segments of the CYMV genome (757 and 415
nucleotides, respectively; White et al., 1991), did inhibit RNA synthesis (Table 3.1). A
common feature of the inhibitory (+) sense transcripts is the presence of both termini
of the potexviral genome, suggesting that these regions are simultaneously necessary for
inhibition of RNA synthesis. The inhibitory effect of the 5* and 3’ terminal regions of
the RNA may be enhanced by the presence of internal sequences since none of the
synthetic RNAs tested could produce the same extent of inhibition obtained with FMV
gRNA, even in molar amounts 3 times that of the viral RNA (Table 3.1). The presence
of a cap structure on transcripts of FMV mini-RNA(+) or CYMV D-RNA(+) did not
modify the level of inhibition produced. Moreover, a longer poly(A) tail on CY3(+)
transcripts (up to 40 A residues) did not improve its ability to inhibit RNA synthesis
(data not shown). It is unlikely that the non-viral nucleotide extension of some synthetic
RNAs reduced their inhibitory potential since other RNAs with this feaiure did interfere
with RNA synthesis (e.g. FM(—); Table 3.1). Moreover, others have shown that full-
length RNA transcripts of white clover mosaic potexvirus carrying 198 non-viral
nucleotides at their 3’ end are still infectious, suggesting that the non-viral nucleotides
do not interfere with replication (Beck er al., 1990).

Transcripts complementary [(—) sense] to various regions of the potexviral
genome also produced some interference with RNA synthesis on endogenous template
[Table 3.1, FM(—), FM5(—), FM3(—), CY3(—)). The FM(—) transcript, which spans

two thirds of the genome, was the most effective inhibitcr among the negative sense
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transcripts tested (Table 3.1). However, some inhibition was also produced by shorter

FMV transcripts and by high concentrations of transcript CY3(—), which is
complementary to the 3° terminal 250 nucleotides of CYMV gRNA (Table 3.1). Unlike
the inhibition by (+) sense transcripts, which requires sequences of both extremities of
the viral RNA, the inhibitory effect of (—) sense transcripts was exerted by RNAs which
contained sequences of only one [FM(—), FM3(—), CY3(—)] or no [FMS5(--)] terminal
region.

The inhibition of RNA synthesis on endogenous templates, which is specifically
produced by potexviral RNAs, could result from the interaction of the added RNA with
1) endogenous RNA templates and/or 2) component(s) of FMV RdRp. In regard to the
former, it is conceivable that added RNA may anneal to RNA templates of the
complementary strand, preventing the RdRp from moving along its substrate. This is
unlikely because various (+) sense transcripts of FMV sequence added to the RdRp
assays did not cause inhibition whereas CYMV gRNA and CY3(—) did, even though
their sequences differ significantly from that of FMV gRNA (CY3(—) shares 39%
complementarity with the corresponding region of the FMV genome). Therefore, the
anti-sense mechanism, if occuring, cannot explain all cases ~f inhibition of RNA
synthesis observed. The alternative, whereby added RNA molecules compete with
endogenous RNA for binding to component(s) of the replication machinery, is more
plausible. Previous reports have shown that purified RARps can respond to the gRNAs
of related viruses (Quadt and Jaspars, 1990; Quadt er al., 1991) and it is conceivable that
FMYV RdRp does also. The signals recognized by the RdARp would probably be terminally

located. This observation is consistent with the in vivo multiplication of CYMV D-RNA
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(White et al., 1992a), which lacks ~80% of the internal nucleotides of CYMV gRNA,

and with its inhibitory effect along with that of FMV gRNA and FMV mini-RNA(+).
Thus, the simultaneous interaction of 5' and 3 termini of added (+) sense RNA
molecules may displace endogenous template but not be copied itself because partially
purified RdRp may lack essential co-factors to initiate the replicative process.
Altematively, the terminal regions may associate with one (or more) components of the
RdRp leading to its dissociation from the RdRp complex. This type of inhibition,
produced by the interaction of small (+) sense transcripts with a purified RdRp, has been
observed previously with TYMV RdRp (Morch ez al., 1987).
6. Summary.

We have established a procedure to partially purify a potexviral RNA-dependent
RNA polymerase from infected tissues. Although the purified enzyme is not template-
dependent, RNA synthesis on endogenous template is sensitive to the presence of RNA
of potexviral sequences. Delineation of segments of the genome which interfere with
RNA synthesis may help identify the template regions recognized by potexviral RdRps.
Moreover, a search for factors which apparently interact with the added inhibitory RNAs

may lead to the identification of structural components of potexviral RdRps.
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PURIFICATION, PROPERTIES AND SUBCELLULAR LOCALIZATION

OF FMV 26-kDa PROTEIN
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4.1 INTRODUCTION

Intercellular movement of plant viruses appears to occur by passage through
plasmodesmata. A few viral proteins which facilitate movement have been characterized
and appear to function in one of two general modes (Maule, 1991; Deom ef al., 1992).
The tobacco mosaic virus (TMV) P30 protein induces an increase in the size of the
plasmodesmatal permeable space (Wolf er al., 1989) and possesses non-specific single-
stranded RNA binding activity (Citovsky er al., 1990; 1992). In contrast, the movement
proteins of the comoviruses (Shanks er al., 1989; van Lent ez al., 1990), caulimoviruses
(Linstead ez al., 1988) and nepoviruses (Wieczorek and Sanfagon, 1993) participate in
the formation of tubular structures which extend from plasmodesmata and in which virus-
like particles have been detected.

An analysis of mutants of the genome of white clover mosaic potexvirus revealed
a requirement for the central three ORFs (ORFs 2, 3 and 4) for systemic spread in whole
plants but not for replication in protoplasts, suggesting their involvement in cell-to-cell
movement of the virus (Chapter 1; Beck er al., 1991). These ORFs, often referred to as
the "triple gene block” (see Fig. 1.3A), have counterparts in the genomes of carla-, furo-
and hordeiviruses. They are related both in sequence (Foster, 1992; Huisman ef al.,
1988) and in function since they are essential not only for the movement of potexviruses,
but also of beet necrotic yellow vein furovirus (BNYVYV; Gilmer ez al., 1992) and barley
stripe mosaic hordeivirus (BSMV; Petty and Jackson, 1990). It is not understood what
role each of these proteins plays in movement.

The 24-26 kDa protein encoded by the potexviral ORF2 does not share significant

sequence similarity with the movement proteins described above. It does contain,
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however, a motif common to proteins possessing nucleoside triphosphate binding and
hydrolysis as well as, in some cases, helicase activities (Gorbalenya ef al., 1989; Habili
and Symons, 1989). This motif is characteristic of a growing family of demonstrated or
putative NTP binding helicases of prokaryotic, eukaryotic and viral origins which play
roles in various cellular processes such as translation, splicing, replication, transcription,
recombination and repair (Gorbalenya er al., 1989). Among positive-sense RNA viruses,
a number of putative NTP-binding/helicase proteins have recently been demonstrated to
exhibit NTP hydrolysis activity (Lain er al., 1991; Wengler and Wengler, 1991;
Rodriguez and Carrasco, 1993; Tamura et al., 1993; Warrener et al., 1993) and nucleic
acid unwinding activity (Lain er al., 1990).

In view of the diverse properties of viral proteins implicated in cell-to-cell
movement, we have sought to define the functional properties, kinetics of expression and
subcellular localization of the potexviral ORF2-encoded protein using foxtail mosaic virus
26-kDa protein (p26) as a model. Most of the findings presentcd in this chapter have

been accepted for publication (Rouleau er al., 1994).

4.2 MATERIALS AND METHODS
1. Enzymes and chemicals.

Ammonium sulfate of Ultrapure grade was obtained from Gibco/BRL. Reagents
for the embedding of tissues for electron microscopy were from E.F. Fullam (Latham,
New-York). Lead citrate was from Fluka. {o®?P)-ATP, -CTP and -GTP were purchased
from Amersham. Bio-Gel A0.5m and hydroxylapatite were purchased from Bio-Rad Inc.

Blue dextran 2000 was obtained from Sigma. Polyethyleneimine-cellulose plates were
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from Macherey-Nagel (distributed by Mandel Scientific Ltd, Guelph). The plasmid

pET-11 (Studier er al., 1990) was obtained from Novagen. Triton X-100 was purchased
from Boehringer Mannheim. 10 nm and 30 nm gold-conjugated goat anti-rabbit
antibodies were obtained from British Biocell International (distributed by Cedarlane
Laboratories Ltd, Homby, Ont.). Plasmids used for the im vitro transcription as well as
other reagents and enzymes were described in Chapters 2 and 3.

2. Construction of the p26 expression plasmid pET-ORF2.

Plasmid p133X, which contains a cDNA fragment corresponding to the FMV
sequence at coordinates 1430-6151(A,,) in the vector pSP65 (Bancroft ez al., 1991;
described in section 3.2.9), was linearized at its unique BamHI site and served as a
template for the amplification of the ORF2 region by the polymerase chain reaction
(PCR). Primers used in the PCR reaction, FMV2-1 and FMV2-2 (Appendix I), were
designed to introduce a ribosome binding sequence (5° AGGAGGT) upstream of the
ORF2 start ~odon and BamHI restriction sites flanking the ORF2 region. The
amplification was carried out for 30 cycles as described in section 3.2.9 using 100 pmol
each of primers FMV2-1 and FMV 2-2 and 100 ng of BamHI-linearized p133X. The
PCR-amplified ORF2 cDNA fragment was restricted with BamH]I, electrophoresed in a
non-denaturing polyacrylamide gel in TBE buffer, eluted from the gel and ligated to
BamHI-linearized pEi-11 vector. Escherichia coli strain MV 1190 was transformed with
the ligation mixture and recombinant plasmids were prepared as described in section
2.2.3. Recombinant plasmids were identified by digestion with BamHI. The nucleotide
sequence of the FMV-derived insert in the recombinant plasmid pET-ORF2 was verified

by the dideoxynucleotide chain termination method as described in section 2.2.4.
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3. Expression and purification of p26.

The growth of E. coli BL21(DE3) transformed with the parental vector pET-11
(strain MR1) or with the recombinant vector pET-ORF2 (strain MR2) and the induction
of the expression of p26 (in cultures of MR2) was performed as described in section
3.2.12ii. Induction with IPTG was for 5 hrs. Initial steps in the purification of p26 from
cultures of MR2 followed a modified version of a general procedure described by
Pognonec et al. (1991). Cells were pelleted by centrifugation in a JA-14 rotor at
10,000 x g for 10 min, resuspended in ice-cold lysis buffer (section 3.2.12ii) and frozen
in a dry ice/ethanol bath. Cells were stored overnight at -70°C. All subsequent steps
were carried out at 4°C. Cells were thawed and lysed by two passages in a French
pressure cell at 12,000 psi. The cell paste was centrifuged in a JA-20 rotor at 10,000 x
g for 10 min. The supernatant solution, containing a large proportion of p26, was
recovered, ammonium sulfate was added to 33% saturation, and salted-out proteins were
collected by centrifugation at 15,000 x g for 15 min (JA-20 rotor). The pelleted material
was resuspended in 1 ml lysis buffer containing 200 mM NacCl, centrifuged at 14,000 x
£ for 10 min in a microfuge, and the supernatant fraction (S3) was saved. The pellet was
resuspended in 0.75 ml of lysis buffer lacking NaCl, recentrifuged and the supernatant
fraction was combined with S3 to generate fraction I.

Fraction I (~ 1.5 ml) was cleared of any insoluble material by a 10 min
centrifugation in a microfuge at 14,000 x g and its NaCl concentration was raised to 400
mM. It was subsequently fractionated on a Bio-Gel A0.5m column (1 cm x 40 cm)

equilibrated in lysis buffer containing 200 mM NaCl. Prior to the chromatography of

fraction I, the column was calibrated as follows. The void volume of the column was
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determined by measuring the elution volume of blue dextran 2000. The molecula~ weight
standards BSA, ovalbumin and lysozyme prepared in lysis buffer containing 400 mM
NaCl were subsequently fractionated and their elution pattern was determined. Proteins
were eluted with S0 ml of lysis buffer containing 200 mM NaCl at a flow rate of 2.8
cm/hr. Fractions (1.0 ml) were collected and analyzed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) as described below (Laemmli, 1970). Fractions containing
the majority of p26 were pooled and dialyzed overnight at 4°C against lysis buffer
lacking glycerol and containing 20 mM NaCl. The dialyzed material constituted fraction
II.

Fraction II was loaded onto a hydroxylapatite column (1.5 cm x 3 cm)
equilibrated with 1 mM NaCl/1 mM EDTA, pH 8.0. Proteins were eluted with a solution
of Na phosphate (pH 7.0) containing 1 mM EDTA, in steps of increasing concentration
of Na phosphate as follows: 5 mM (volume of step: v ml); 25 mM (10 ml); 100 mM
(10 mil); 200 mM (10 ml); 300 mM (10 ml), at a flow rate of approximately 25 cm/hr.
Fractions (1 ml) were collected and analyzed by SDS-PAGE. Fractions containing the
peak of p26 were pooled, dialyzed overnight against 50 mM N-2-hydroxy
ethylpiperazine-N’-2-ethanesulfonic acid [HEPES; pH 7.5]; 20 mM NaCl; 5% glycerol;
1 mM EDTA; 0.1 mM phenylmethylsulfonyl fluoride). This fraction, which constituted
fraction III, was stored at -70°C.

4. Protein analysis.
The concentration of proteins in the various fractions obtained during the

purification of r 26 was determined using the Protein Assay Kit purchased from Bio-Rad.
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Analysis of proteins on gels was as described in section 3.2.13. Protein samples
were prepared in SDS-sample buffer, boiled and electrophoresed in 15 % polyacrylamide
gels (Laemmli, 1970). For direct visualization, the proteins were stained with a
Coomassie blue solution (0.05% Coomassie blue R-250, 45% CH,0H; 10% CH,COOH).
For Western blotting, proteins were transferred to a nirrocellulose or a polyvinyl-
difluoride (PVDF) membrane as described in section 3.2.13. To improve the quality of
the blots containing plant extracts, gels were soaked for 30 min in transfer buffer at room
temperature prior to blotting. The protein blots were subsequently reacted with anti-p26
serum [diluted 1:5000 in PTBN buffer containing 5% casein] or with FMV anti-serum
(diluted 1:7500 in PTBN containing 5% casein) and processed as described in section
3.2.13.

5. Generation of anti-sera.

i) p26 antibodies. The proteins in fraction I were electrophoresed on 15 % SDS-
polyacrylamide preparative gels. Gel slices containing p26 were prepared as described
in section 3.2.12iii. Approximately 100 mg of dehydrated ground gel powder (containing
approximately 120 ug of p26) was hydrated in 1 ml of 0.85% NaCl for 30 min at room
temperature. The mixture was emulsified as described in section 3.2.12iii prior to
multiple intramuscular injections into a rabbit. A pre-immune serum was obtained prior
to the first injection and subsequently, four series of injections were performed at three
week intervals. The rabbit was then exanguinated by heart puncture.

ii) FMV antibodies. The FMYV anti-serum was obtained from J.B. Bancroft. It was

prepared using FMV virions as antigen. FMV virions were isolated from systemically

infected barley leaves and were purified as described (Bancroft et al., 1979). Their purity
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was verified by electron microscopy and analytical centrifugation. FMV anti-serum was

prepared by multiple intravenous injections of the virions into a rabbit.
6. Amino acid analysis of p26 expressed in E. coli.

A gel slice containing p26 from fraction I was prepared from a large 15 %
polyacrylamide gel as described in section 3.2.12iii. A piece of acrylamide corresponding
to 4-5 ug of p26 was cut in small pieces, mixed with 1-2 ml 6 N HCI containing 0.25 %
8-mercaptoethanol and hydrolyzed under vacuum in a sealed glass tube for 72 hrs in a
110°C oven. The solution was cooled to 4°C overnight, filtered through a 0.2 um pore
size filter and amino acids were analyzed by ion exchange chromatography using a
Beckman (model 119CL) single column analyzer. The elution of amino acids was
performed with three sodium citrate buffers of ascending pH and concentration: 0.2 N,
pH 3.25; 0.4 N, pH 3.95; 1 N, pH 6.4 according to the instructions of the manufacturer.
Automated identification of amino acids consisted in the reaction of the eluate with a
ninhydrin based reagent, heating at 100°C and measurement of the ODy,;,. The elution
pattern generated was corrected by subtracting the elution pattern obtained by subjecting
a piece of acrylamide gel devoid of proteins to similar hydrolysis and chromatography.
This was necessary to correct for contaminating substances arising from the gel slice
itself such as glycine. Amino acid standards (6.25 nmoles) were fractionated and
analyzed as for the hydrolysate and the value of the ODy;, reading obtained for each
amino acid was used to calculate the relative amounts of the amino acids in the protein
sample.

7. Photochemical crosslinking of proteins to RNA and nucleotides.

2p-labeled RNA transcripts were prepared by in vitro transcription as described
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in section 3.2.10. The vector pSP64 linearized with Pvull served as a template for the

synthesis of a 232-nucleotide-RNA transcript of sequence unrelated to the viral sequence.
Plasmid p124X linearized with HindlIlI served as a template for the synthesis of a 1194-
nucleotide-transcript of viral sequence (FM5(+); see section 3.2.10 and Table 3.1).
Plasmid p90X (section 3.2.9) was linearized with Scal and served as a template for the
synthesis of a 156-nucleotide-RNA transcript of sequence complementary to the viral
sequence. Transcription was directed by SP6 RNA polymerase. RNA crosslinking
reaction mixtures contained 20 mM Tris-HCI (pH 7.4), 50 mM NaCl, 10% glycerol, 1
mM EDTA, 5 mM MecCl,, 2.5-5 ng RNA (~ 4 x 10’ cpm/ug) and 2.5-3 ug proteins
from fraction I prepared from cultures of MR1 or MR2, in a final volume of 10 pul.
Mixtures were incubated for 10 min at room temperature and subsequently irradiated for
S min on ice in a UV Stratalinker 1800 (Stratagene; California) at 8 cm from the light
source (0.78 J/cm?). Reaction mixtures were supplemented with 5 ug RNase A and
incubated for 30 min at 37°C to digest excess, uncrosslinked RNA. One volume of SDS-
sample buffer was subsequently added to the mixtures. For nucleotide crosslinking,
reaction mixtures were identical to those described for RNA crosslinking with the
following exceptions: the labeled RNA was replaced by 1.6 pmol NTP (specific activity
3000 Ci/mmol) and 1.5 ug of proteins from fraction I were used in a final volume of 10
pl. Mixtures were incubated and irradiated as described above and one volume of SDS-
sample buffer was added. Samples were boiled for 3 min and analyzed by SDS-PAGE
and autoradiography of the dried gels.

8. ATP hydrolysis assays.

Reaction mixtures contained 20 mM HEPES (pH 7.5), 10% glycerol, 1 mM
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EDTA, 5 mM MgCl,, 0.1 mM ATP (specific activity 0.5 Ci/mmol) and proteins either

from fractions I (3 ug), I (2 ug) or III (0.5 ug) in a final volume of 10 ul. Mixtures
were incubated for 2 hrs at 37°C and the reaction was stopped by adding EDTA to a
final concentration of 20 mM. Subsequently, 0.5 ul of each reaction mixture was spotted
onto a polyethyleneimine-cellulose coated plastic sheet and developed by ascending
chromatography using 0.375 M KR,PO, (pH 3.5; Tamura er al., 1993). Products of
hydrolysis were then visualized by autoradiography of the dried sheet. To quantify the
enzymatic activity, regions of the sheet corresponding to ATP and ADP were excised and
Cerenkov radiation was measured in a scintillation counter to determine the conversion
of ATP to ADP. In some assays, the reaction mixture was supplemented with poly(A)
RNA (final concentration of nucleotide bases 0.3-0.7 mM; Sigma) or with RNA
transcripts (0.3 mM) of either 9S RNA sequences (Cormack and Mackie, 1992) or of
FMV sequences (FM5(+); section 3.2.10; see also Table 3.1).
9. Subcellular fractionation of plants.

The leaves of the local lesion host Chenopodium quinoa and the systemic host
barley (variety Herta) were infected with FMV and fractionated essentially as described
in section 3.2.4. Leaf tissue (5 g) was homogenized with a mortar and pestle in 10 ml
homogenization buffer A (0.4 M sucrose; 10 mM KCl; 5 mM MgCl,; SO mM Tris-HCI,
pH 8.2; 20 % glycerol; 10 mM B-mercaptoethanol). The homogenate was filtered
through Miracloth to obtzin the cell wall (CW) fibers. The filtrate was centrifuged at
1,000 x g (JA-20 rotor) to recover the pellet fraction P1. The supernatant solution was
centrifuged at 30,000 x g (JA-20 rotor) to generate a supernatant fraction (S30) and a

pellet fraction (P30). P1 and P30 were washed by resuspending pellets in 1 ml of
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homogenization buffer and recentrifugation at 30,000 x g prior to resuspension of the
washed pellets in 1 ml ESB (4.5 % SDS; 9 M urea; 7.5 % 8-mercaptoethanol; 75 mM
Tris-HCI, pH 6.8; Godefroy-Colburn er al., 1986). The CW fibers were resuspended in
S ml (C. quinoa) or 15 ml (barley) homogenization buffer containing 1% Triton X-100
and stirred for 60 min at 4°C to extract any protein loosely bound to the fibrous
material. The CW fibers were recovered by filtration through Miracloth and resuspended
in 1.5 ml (C. quinoa) or 8 ml (barley) ESB. P1, P30 and CW fractions were boiled for
10 min, centrifuged for 10 min and the supernatant solutions were saved for analysis.
10. Immunocytochemical methods.

All steps were carried out at room temperature. Leaf discs (1 mm diameter) were
cut out of 4-day-infected C. quinoa leaves in areas showing lesions or of equivalent areas
of mock-inoculated leaves. Discs were fixed for 1 hr in 100 mM cacodylate buffer, pH
6.8, containing 1.5% p-formaldehyde and 0.5% glutaraldehyde, and rinsed twice for 10
min in cacodylate buffer. Tissues were subsequently post-fixed for 1 hr with OsO, 2%
in cacodylate buffer) to enhance preservation and visibility of organelles. Leaf discs were
then rinsed twice for 10 min in ddH,0 and stained for 20 min with saturated aqueous
uranyl acetate. Tissues were dehydrated by 10 min-exposures to an ascending series of
20%, 50%, 70% and 90% ethanol solutions in ddH,0, followed by two 30 min-
incubations in absolute ethanol and two 15 min-incubations in propylene oxide. Tissues
were subsequently infiltrated for 1 hr intervals through a graded series of propylene
oxide: Epon-Araldite resin mixtures consisting of the following proportions: 3:1, 1:1 and
1:3. This was followed by an infiltration with slow end-over-end rotation overnight in

pure resin, then for 4-5 hrs in fresh, pure resin. Tissues were then placed in rectangular
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molds filled with fresh resin which was then allowed to polymerize for 45-60 hrs in a

60°C oven. The Epon-Araldite resin consisted of: 4.5 ml Epon 812, 3.5 ml Araldite 502,
18 ml dodeceny! succinic anhydride and 0.5 ml tri- (dimethylaminomethyl) phenol. The
last chemical was only added after good mixing of the other components of the resin.

E. coli coli cuitures (10 mi) of strains MR1 and MR2, which were induced for
3 hrs with IPTG, were also used for embedding. Cells were pelleted by a 1 min
centrifugation in a microfuge. The culture media was removed and cells were washed
once in 0.85% NaCl solution. Cells were subsequently pre-embedded in 2% agar which
was then trimmed to 1-2 mm® blocks. These blocks were subsequently processed for
fixation, dehydration and resin infiltration as described for plant tissues.

Ultrathin sections, prepared using a Sorvall Porter-Blum MT2 ultramicrotome
equipped with a diamond knife, were lifted on 400-mesh nickel grids. Grids were
immunostained by floating them (section side down) onto drops of appropriate solutions
as described below. Sections were first etched for 15 min with a saturated aqueous NalO,
solution. This step results in the exposure of antigenic sites at the surface of the sections
by a reduction of the OsO, which would otherwise mask the antigens. Excess NalQ, was
blotted with filter paper and sections were washed by floating them over 4 drops of
ddH,0 over a period of 4 min. Sections were blocked for 10 min with PTBN and
subsequently incubated overnight with the anti-p26 serum (1:5000 in PTBN) in a
moisture chamber. Moisture chambers were prepared by placing a piece of parafilm on
top of a filter paper soaked in ddH,0, in glass petri dishes. Dishes were covered at all
times to prevent drying of drops of sera solutions which were placed on the piece

parafilm. Grids were washed with 4 drop changes of PTBN and then incubated for 30
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min with gold-conjugated goat anti-rabbit antibodies (10 or 30 nm gold particles; 1:50

in PTBN lacking Tween-20) in a moisture chamber. Sections were washed by passage
onto 4 drops of ddH,0, stained with saturated aqueous uranyl acetate for 10 min and
washed again. Lastly, grids were stained with lead citrate for 45 seconds in a petri dish
containing a few NaOH pellets to create a CO,-free environment in order to prevent the
precipitation of lead onto tissues. The lead citrate solution was prepared by dissolving
approximately 35 mg lead citrate in 10 ml ddH,0 to which 2-3 drops of freshly prepared
10 N NaOH were added. Prior to use, undissolved lead was pelleted by centrifugation
in a microfuge at 14,000 rpm for 1 min. Sections were subsequently observed with a

Philips CM-10 electron microscope at 60 or 80 kV.

4.3 RESULTS
1. Expression and purification of p26.

The p26 protein was expressed in Escherichia coli from the recombinant
expression plasmid pET-ORF2 constructed by introducing the FMV ORF2 sequence into
the expression vector pET-11. The design of pET-ORF2, schematically represented in
Figure 4.1, is such that signals for bacterial expression would direct the synthesis of the
entire p26 protein as encoded by the viral genome, without the introduction of additional
amino acids at either end of the protein.

Cultures of MR1 or MR2 {strain BL21(DE3) transformed with pET-11 or pET-
ORF2, respectively] were grown and induced for 5 hrs with IPTG. Total cellular proteins
from each culture were analyzed by SDS-PAGE (Fig. 4.2). A prominent polypeptide

with an apparent molecular weight of 26 kDa is present in the culture of MR2 (Fig. 4.2,




Figure 4.1

Schematic .zpresentation of the p26 expression plasmid pET-ORF2.

A cDNA fragment containing a Shine-Dalgamo sequence fused to the viral
ORF2 sequence was generated by PCR and ligated into the BamHI
restriction site of the bacterial expression vector pET-11 as described in
section 4.2.2. The relative position of the start (ATG) and stop (TGA)
codons and of the T7lac promoter, Shine-Dalgarno (SD) and T7
terminator regulatory sequences are indicated.
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Figure 4.2

Analysis of the expression and purification of p26 by 15% SDS-PAGE
and Coomassie blue staining.

The expression of p26 is shown by a comparison of total protein extracted
from cultures of MR1 (—; lane 2) or of MR2 (+; lane 3) following a §
hr induction with IPTG (see section 4.2.3). An ammonium sulfate
precipitation of soluble proteins generated fraction 1 (lane 4). Fraction 11
(lane 5) consisted of pooled, dialyzed fractions obtained by gel filtration
chromatography of fraction 1. Fraction III (lane 6) consisted of pooled,
dialyzed fractions obtained from the chromatography of fraction II on
hydroxylapatite. The size of molecular weight markers (lane 1) are shown
in the left margin (kDa) and the arrow in the right margin points at p26.
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lane 3) but not in the culture of MR1 (Fig. 4.2, lane 2). The size of the novel

polypeptide is consistent with it being p26. The identity of the overexpressed protein was
nonetheless confirmed by an analysis of its amino acid composition (Table 4.1). The
composition of the bacterially expressed protein was comparable with that of p26,
deduced from its sequence. For a few amino acids, the values slightly differed, likely due
to the slower hydrolysis of some peptide bonds (i.e. those involving Val or lle; Ozols,
1990), because of contamination from the gel slice itself, such as from the running buffer
(Gly; see section 4.2.6).

Lysis of the MR2 cells released a large proportion of p26 into the soluble
fraction. It was quantitatively precipitated from the soluble fraction by 33% (NH,),SO,
to generate fraction I, significantly enriched in p26 (Fig. 4.2, lane 4). Further
fractionation of the protein from bacterial contaminants was achieved by size exclusion
chromatography (exclusion limit: 500 kDa) as described in section 4.2.3. The efficiency
of this step was optimized by maintaining the NaCl concentration of fraction I above
200 mM to reduce the level of aggregation of p26 with the contaminating polypeptides.
Even under these conditions, most of the protein still eluted in the void volume of the
column (Fig. 4.3). Fractions containing p26 were pooled to produce fraction II (Fig. 4.2,
lane 5) which was fractionated further on hydroxylapatite equilibrated in 1 mM NaCl.
Most of the viral protein eluted in the 100 mM Na phosphate elution step. The fractions
containing p26 were pooled to generate fraction III (Fig. 4.2, lane 6). In some
experiments, proteins of bacterial origin co-eluted with p26 during the hydroxylapatite
chromatography and are faintly visible in some preparations of fraction III (see below).

The abundance of these contaminants varied among preparations, but the purity of the
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Table 4.1  Analysis of the amino acid composition' of the protein expressed in E.
coli: comparison with the predicted composition of p26.

Mole percent?

Amino acid® experimental® calculated®
Ala 9.4 8.9
Arg 6.6 6.8
Asp + Asn® 7.0 6.7
Glu + GIn® 11.5 9.7
Gly’ 8.3 7.2
His 5.0 5.5
Ilet 33 4.2
Leu 10.7 10.1
Lys 4.1 3.4
Phe 3.1 34
Pro 5.2 5.1
Ser 4.3 4.2
Thr 10.9 10.2
Tyr 4.5 4.6
Val 6.1 6.8

! Determined by hydrolysis of the bacterially expressed protein in 6 N HCI, 0.25 % 8-
mercaptoethanol, 72 hrs, 110°C.

? Values represent inolar proportions expressed as a percentage. A difference of + 0.5
% between the experimental and calculated values represents a 1 amino acid difference
since p26 is 236 amino acids long.

3 Met, Cys and Trp were not determined.

4 Relative amounts of amino acids were determined by post-column derivatization with
ninhydrin (section 4.2.6).

% Calculated from the amino acid sequence which was deduced from the nucleotide
sequence of ORF2 (section 2.3.1).

¢ Asn and Gin are hydrolyzed quantitatively to Asp and Glu respectively.

7 The difference between experimental and calculated values is due to the large Gly
contamination in the running buffer used for the gel electrophoresis (Laemmli, 1970).
$ Several Ile-X, X-lle, Val-X and X-Val peptide bonds are slowly hydrolyzed (Ozols,
1990), resulting in a lower expzarimental than calculated values.




Figure 4.3

Profile of the p26 elution pattern during size exclusion chromatography.

Pioteins from fraction I (prepared from cultures of MR2) containing
400 mM NaCl were separated on a Bio-Gel A0.5Sm column (1 cm x 40
cm) at a flow rate of 2.8 cm/hr. Fractions (1.0 ml) were collected and
analyzed for protein concentrations as described in sections 4.2.3 and
4.2.4. The relative concentration of p26 in cach fraction was estimated
from a Coomassie blue-stained gel of the fractions. The column was
calibrated prior to the chromatography of fraction I with the following
molecular weight standards: bovine serum albumin (BSA), 66 kDa,
ovalbumin (OVA), 45 kDa and lysozyme (LYS), 14 kDa. The void
volume (V,) was determined using blue dextran 2000. Arrows indicate the
fractions containing the peak of each standard.
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p26 in fraction III, evaluated by scanning Coomassie blue-stained SDS-polyacrylamide
gels, was greater than 90% in all preparations obtained. We estimated that approximately
200 ug of the viral protein is purified from a 200 ml culture of MR2.

2. Nucleotide binding activity of p26.

The ability of the bacterially expressed p26 to interact directly with nucleotides,
suggested by the presence of the NTP-binding helicase motif in its amino acid sequence,
was tested by photochemical crosslinking. Fraction I prepared from cultures of MR1 or
MR2 was incubated with [a-**P]-labeled ATP, CTP or GTP. Covalent nucleotide-protein
interactions were generated by UV irradiation of the reaction mixtures and labeled
proteins were analyzed by SDS-PAGE. The results of such an experiment are shown in
Figure 4.4. A labeled protein band with mobility identical to that of p26 is detected in
fraction I prepared from a culture of MR2 incubated with CTP (Fig. 4.4, lane 3) and
ATP (Fig. 4.4, lane 6). This labeled protein band is not produced when the same
reaction mixtures are not UV irradiated (Fig. 4.4, lanes 2 and 5) or when the nucleotides
are incubated with fraction I prepared from a culture of MR1, expressing only the
parental vector (Fig. 4.4, lanes 1 and 4). Similarly, little labelling was detected when
fraction I obtained from a culture of MR2 was incubated and UV irradiated in the
presence of [a-*2P] labeled GTP (Fig. 4.4, lane 9). These results indicate that p26 binds
CTP and ATP well but not GTP. The binding of CTP and ATP was strictly dependent
on the presence of divalent metal ions (Fig. 4.4, lane 7). Optimal binding occurs at Mg?*
concentrations of S mM. Mn?*, but neither Ca?* nor Zn?*, could substitute for Mg?* in

promoting binding (data not shown).




Figure 4.4

Nucleoside triphosphate binding activity of p26.

Autoradiograph of SDS-polyacrylamide (15%) gels containing fractions 1
from cultures of MR1 (—; lanes 1, 4) or MR2 (+; lanes 2, 3, 5-9)
incubated in the presence of [*2P]-labeled CTP (lanes 1-3), ATP (lanes 4-
8) or GTP (lane 9) and subjected to UV light (see section 4.2.7). The UV
irradiation treatment was omitted in samples shown in lanes 2 and 5.
Mg?* was absent in the reaction mixture shown in lane 7. In lane 8, the
sample was treated with proteinase K prior to analysis on the gel. The

mobility of molecular weight markers (in kDa) and of p26 (arrow) is
indicated in the right margin.
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3. NTPase activity of p26.

In a preliminary assay, ATP and CTP hydrolysis was detected in fraction I
prepared from cultures of both MR1 and MR2 (Fig. 4.5, lanes 2, 3, 6, 7). The CTPase
activity was not present in fraction II (Fig. 4.5, lane 8), indicating that it was not
associated with p26 but rather with a bacterial contaminant(s) which was eliminated
during gel filtration chromatography. In order to determine if p26 contributed to the
observed ATPase activity, we analyzed selected fractions obtained by hydroxylapatite
chromatography of fraction 11 for their protein content by SDS-PAGE (Fig. 4.6A) and
for their ability to hydrolyze [a-*?P]-labeled ATP. Products from the ATPase assays were
separated by thin layer chromatography (Fig. 4.6B). The elution pattern of the ATPase
activity closely matched that of p26 rather than the elution of any of the visible bacterial
protein contaminants. Moreover, fraction III of p26 shown in Fig. 4.2 (lane 6), which
lacks detectable contaminants, also exhibits significant ATPase activity. The specific
activities of fraction III shown in Fig. 4.2 and of pooled material (fractions 54 to 66 in
Fig. 4.6) were calculated and found to be comparable within the limits of the assay. On
the basis of these results and of those of the preceding section, it is likely that p26
contributes to the ATPase activity detected in fraction III. However, we cannot exclude
the possibility that some of the ATPase activity in fractions 54 to 85 (Fig. 4.6B) is due
to contaminating proteins.

The ATPase activity was dependent on the presence of Mg** ions and optimal
conditions consisted of 2.5-5.0 mM MgCl,, pH 7.5 (in HEPES buffer) at 37°C. Mn?*,
Ca®* or Zn?* could not efficiently replace Mg?* (data not shown). Bearing in mind that

p26 may be a helicase, we also tested the effect of RNA on the ATPase activity of



Figure 4.5

ATPase and CTPase activities of fractions prepared from cultures of MR1
and MR2.

Fraction I from a culture of MR1 (—; lanes 2, 6) or MR2 (+; lanes 3, 7),
or fraction II from a culture of MR2 (+; lanes 4, 8) were incubated in the
presence of [a-?P] ATP (lanes 2-4) or [a-*P] CTP (lanes 6-8) as
described in section 4.2.8. The products were resolved by thin layer
chromatography and autoradiography. [a-’PJATP and [«-*’P]CTP
incubated in reaction buffer alone were resolved in lanes 1 and 5
respectively. The mobility of the nucleotides is indicated in the right
margins.




137



Figure 4.6

Frotein content and ATPase activity of fractions from hydroxylapatite
chromatography of fraction II.

(A) Coomassie blue stained 15% SDS-polyacrylamide gel of
hydroxylapatite fractions (section 4.2.3). The numbers of the fractions
analyzed are shown below the lanes. The arrow points at p26 and the
mobility of molecular weight standards (kDa) is shown.

(B) Autoradiograph of ATPase products generated by the corresponding
fractions. Products resulting from the incubation of [a-*’P] ATP in a
reaction buffer lacking (—) or containing a sample from the fractions
analyzed were resolved by thin layer chromatography (TLC) (section
4.2.8). The mobility of ATP and ADP is shown in the right margin.
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fraction III. However, ATP hydrolysis was not stimulated by poly(A) RNA, by RNA

transcripts of viral sequences or by highly structured RNA molecules such as E. coli 9S8
RNA (a precursor to 5S rRNA) (data not shown).
4. RNA binding activity of p26.

Photochemical crosslinking was also used to test the RNA binding activity of the
viral protein. Fraction I obtained from cultures of MR1 or MR2 was incubated in the
presence of 3?P-labeled RNA transcripts and was subjected to UV irradiation. Excess
RNA was degraded by RNAse A and proteins were analyzed by SDS-PAGE. RNA
transcripts of three different sequences were tested: a transcript of FMV viral sequences
[(+) strand], one of sequences complementary to that of the viral genome [(—) strand]
and one of a transcribed region of the vect;)r pSP64 which is unrelated to the viral
genome sequence. Similar results were obtained with the three transcripts (Fig. 4.7A).
The radioactive label was transferred to three distinct proteins: two of them, with MW
of ~65 kDa, are common to fraction 1 prepared from cultures of either MR1 or MR2
(Fig. 4.7A, lanes 1, 2, 5-8), indicating their bacterial origin, while a labeled protein with
a MW of ~27 kDa is detected only in extracts of MR2 (Fig. 4.7A, lanes 2, 6, 8). The
mobility of this protein and its absence from extracts of MR1 strongly suggest that it is
the p26 protein. In addition, a similar labeled protein band was generated when a sample
of fraction III was used in the incubation mixture (Fig. 4.7A, lane 9). The slightly slower
mobility of the labeled band relative to p26 is likely to result from the few nucleotides
which remain covalently attached to p26 following the RNase treatment. Since similar
RNA-protein complexes are formed with the three transcripts tested and efficient

competition can be achieved using yeast RNA (Fig. 4.7A, lane 4), we conclude that p26




Figure 4.7

RNA binding activity of p26.

(A) Autoradiograph of an SDS-polyacrylamide (15%) gel containing
fraction 1 from cultures of MR1 (—; lanes 1, 5, 7) or MR2 (+; lanes 2,
3, 4, 6, 8) or fraction HI from cultures of MR2 (lane 9). Fractions were
incubated in the presence of the P’?P]-labeled RNA transcript indicated
above the lane and subjected to UV light followed by treatment with
RNase A as described in section 4.2.7. In lane 3, the sample was treated
with proteinase K prior to analysis. The reaction mixture analyzed in lane
4 was supplemented with § ug (1000 fold excess) of competitor yeast
RNA. The mobility of molecular weight markers (kDa) and of p26
(arrow) are indicated in the right margin.

(B) Effect of increasing the NaCl concentration on .he stability of RNA-
P26 complexes. Complexes were formed and analvzed as in (A) in the
presence of NaCl at molar concentrations indicateu above the lanes,
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1s an RNA-binding protein lacking sequence specificity. The binding of RNA by the viral

protein was dependent on the presence of Mg?* ions, concentrations of 1-10 mM giving
similar levels of p26-RNA complex formation. We routinely performed our assays at 2-
5 mM MgCl, which was also optimal for the other activities of p26.

The strength of protein-RNA interactions has been often evaluated on the basis
of the stability of the complexes to increasing salt concentrations (Citovsky es al., 1990;
1991; Osman er al., 1992; Schoumacher et al., 1992). The presence of NaCl at
concentrations greater than 0.2 M in our assay mixtures resulted in reduced levels of
RNA-p26 complex formation (Fig. 4.7B). The stability of the complex was independent
of the sequence of the RNA used, similar levels of complex formation being observed
with RNA transcripts of viral or unrelated sequences (data not shown). Previously
characterized RNA-binding proteins from plant viruses do not appear to require Mg?*
ions for binding. The reason for this is not understood. The stability of p26-RNA
complexes observed lies in a range similar to that reported for other plant virus RNA-
binding proteins. It is greater than that formed with alfalfa mosaic virus P3
(Schoumacher ez al., 1992) and with cauliflower mosaic virus gene I protein (Citovsky
et al., 1991) which show decreased binding at 0.2 M NaCl. However, it is not as stable
as complexes formed with the movement proteins of red clover necrotic mosaic virus
(Osman et al., 1992) and TMV (Citovsky er al., 1990) which are stable at 0.4 and 0.6 M
NaCl, respectively.

5. Expression and localization of p26 in FMV-infected plants.
The rabbit anti-serum raised against the bacterially produced p26 allowed an

investigation of the kinetics of appearance of the viral protein following inoculation as
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well as of its subcellular localization in two FMV infected hosts, Chenopodium quinoa
and barley. On Western blots, the rabbit anti-serum reacted with only one polypeptide,
whether in fraction I prepared from MR2 or in a homogenate from FMV-infected C.
quinoa (Fig. 4.8, lanes 2 and 4, respectively) while no proteins were immunoreactive in
fraction I from a culture of MR1 or in mock-inoculated plant homogenates (Fig. 4.8,
lanes 1 and 3, respecuvely). Therefore, the anti-serum specifically reacts with p26
synthesized in E. coli and in infected plants. No difference could be detected between the
mobility of the p26 produced in E. coli or infected plants (Fig. 4.8, compare lanes 4 and
5), suggesting that p26 does not undergo major post-translational modifications in plants.
Leaf homogenates from the systemic host barley and from the local lesion host
C. quinoa were prepared at different times following inoculation with FMV and were
analyzed by Western blotting using the anti-p26 serum. The temporal expression of p26
was monitored (Fig. 4.9 A and B) using the extracts previously assayed for the presence
of p152, viral RNA synthesis and virus titres (sections 3.3.1 and 3.3.2), allowing a
comparison of the accumulation of each component during infzction. In order to extend
the comparison of the expression of the viral components further, the presence of the
coat protein (CP) in the same plant extracts was monitored (Fig. 4.9 C and D). In the
local lesion host, p26 was first detected 2 days following inoculation and maximal levels
of the protein were observed 6 days post-inoculation (p.i.) (Fig. 4.9A) while symptoms
of the infection were visible by day 3 p.i. Significant levels of p26 were also detected
for 6 additional days (Fig. 4.9A), at which time the experiment was terminated. The
pattern of expression of the CP in C. quinoa paralleled that of p26. It was first detected

2 days p.i., peaked at day 6 p.i. and remained at a high and constant level following its




Figure 4.8

Comparison of the p26 anti-serum reaction with p26 expressed in E. coli
and in infected-C. quinoa by Western blotting.

Proteins to be analyzed were separated by SDS-PAGE, electroblotted to
nitrocellulose and immunoreacted with p26 anti-serum as described in
section 4.2.4. Fractions I (0.4 ug proteins) from cultures of MR1 (—; lane
1) or MR2 (+; lanes 2, 5) or total cell homogenates corresponding to 3.6
mg of fresh tissue from mock-inoculated (M; lane 3) or 4-day-FMV-
infected (I; lane 4) C. quinoa were analyzed. The mobility of molecular
weight markers (kDa) is indicated in the left margin.
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Figure 4.9

Expression of p26 and coat protein in C. quinoa and barley.

Proteins to be analyzed were separated by SDS-PAGE, electroblotted to
PVDF membranes and immunoreacted with p26 anti-serum (A, B) or
FMV anti-serum (C, D) as described in section 4.2.4.

(A) Time-course of appearance of p26 in C. quinoa. Leaf homogenates
from mock-inoculated plants (lane M) or from plants 2, 4, 6, 8, 10 and
12 days post-inoculation (see section 4.2.9) were analyzed, using protein
samples corresponding to 3.6 mg of fresh tissue for each lane. The arrow
points at the p26 protein.

(B) Time-course of appearance n _26 in barley. Leaf homogenates from
mock-inoculated plants (lane M) or from plants 6, 8, 10, 11, 12, 13, 14,
17 and 19 days post-inoculation were analyzed using protein samples
equivalent to 4.3 mg of fresh tissue in each lane. The arrow points at the
p26 protein.

(C) Time-course of appearance of the coat protein in C. quinoa. The
protein blot was prepared as in (A). The arrow points at the coat protein
and the arrowhead points at a degradation product of the coat protein,

(D) Time-course of appearance of the coat protein in barley. The protein
blot was prepared as in (B). The arrow points at the coat protein and the
arrowhead points at a degradation product of the coat protein.
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peak (Fig. 4.9C). Levels of p152 and virus titres were also maximal at day 6 p.i. (Fig.

3.4C and 3.3B, respectively), while the RNA-dependent RNA polymerase (RdRp)
activity peaked at day 4 p.i. (Fig. 3.3A). The levels of RdRp activity and pi52 differed
from those of p26 and CP in that they declined slowly subsequent to their peak (Fig.
3.3A and 3.4C, respectively). These comparisons are summarized in Figure 6.1A
(Chapter 6). A slower pattern of expression was detected in the systemic host. p26 was
first detected 6-8 days p.i. when symptoms were just appearing on secondary leaves and
reached maximal levels 13 days p.i. (Fig. 4.9B). Again, relatively high levels of p26
were maintained in barley for at least 6 more days (Fig. 4.9B). CP was also first
detected in samples from 6-8 days p.i. but it only reached maximal levels 17-19 days p.i.
(Fig. 4.9D). Maximal levels of p152, RdRp activity and virus titres were found at days
11, 12 and 15 p.i., respectively (Fig. 3.3C, D and 3.4D). Again, p152 and RdRp activity
differed from p26 and CP in that their levels declined subsequent to the peak (Fig. 3.3C
and 3.4D).

Infected leaves from C. quinoa and barley were fractionated by differential
centrifugation to produce a cell wall (CW), 1000 x g pellet (P1), 30 000 x g pellet (P30)
and soluble (S30) fractions and were then analyzed by Western blotting for their content
in p26 and CP. The distribution of p26 was similar in fractions from C. quinoa and
barley (Fig. 4.10A and B). Immunodetection revealed that p26 is found predominantly
in the S30 fraction (Fig. 4.9A and B, lanes S), although low but significant amounts were
also present in the other fractions analyzed, particularly in the CW fractions (Fig. 4.9
A and B, lanes CW). However, since the leaf protein equivalents analyzed were five

times smaller for S30 than for CW, P1 and P30 fractions (see legends, Fig. 4.10), it is



Figure 4.10 Distribution of p26 and coat protein in C. quinoa and barley.

Proteins to be analyzed were separated by SDS-PAGE, electroblotted to
PVDF membranes and immunoreacted with p26 anti-serum (A, B) or
FMYV anti-serum (C, D) as described in section 4.2.4.

(A) Subcellular localization of p26 in infected C. quinoa tissues. A leaf
homogenate from 4 day-infected C. quinoa was fractionated into cell wall
(CW), 1000 x g pellet (P1), 30 000 x g pellet (P30) and soluble protein
(S30) fractions as described in section 4.2.9 and their content of p26 was
analyzed. For fractions CW, P1 and P30, proteins equivalent to 12.5 mg
of leaves were analyzed while for S30, proteins equivalent to 2.5 mg of
leaves were used. The arrow points at the p26 protein.

(B) Subcellular localization of p26 in infected barley tissues. Samples were
prepared as described in (A) from 14 day-infected barley. Proteins
equivalent to 10 mg of fresh tissue were analyzed for CW, P1 and P30
fractions. Proteins corresponding to 2 mg of barley leaves were used for
the S30 fraction. The arrow points at the p26 protein.

(C) Subcellular localization of coat protein in C. quinoa. The protein blot
was prepared as in (A). The arrow points at the coat protein and the
arrowhead points at a degradation product of the coat protein.

(D) Subcellular localization of coat protein in barley. The protein blot was
prepared as in (B). The arrow points at the coat protein and the arrowhead
points at a degradation product of the coat protein.
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clear that p26 mainly partitioned into the soluble fraction. The distribution of the CP
paralleled that of p26, in both C. quinoa (compare Fig. 4.10C with 4.10A) and barley
(compare Fig. 4.10D with 4.10B). It was found predominantly in the S30 fraction (Fig
4.9C and D, lanes S) but in significant amounts in the other fractions as well. This
distribution of the p26 and CP differs from that of p152 and RdRp activity which were
detected predominantly in the P30 fraction (sections 3.3.1 and 3.3.2). Although it is not
critical to this analysis, the mobility of the CP in the samples CW, P1 and P30 is slightly
retarded relative to that in the S30 sample (Fig. 4.10C and 4.10D, compare lanes S with
other lanes). This is possibly due to the use of ESB sample buffer (which contains 9 M
urea and 4.5 % SDS) in the preparation of the CW, P1 and P30 fractions (but not of
$30). The coat protein of FMV typically displays an anomalous behavior during
electrophoresis in SDS-PAGE. Its mobility usually corresponds to a molecular weight of
31 kDa rather than the 24 kDa predicted from its amino acid sequence (section 2.3.1)
perhaps due to associated glycosides (see section 2.3.1; Tozzini ef al., 1994), and may
be sensitive to conditions of preparation or storage.
6. Immunocytochemical localization of p26.

To investigate further the location of p26 in planta, ultrathin sections of mock-
inoculated and 4-day-infected C. quinoa leaves were immunogold labeled using the anti-
p26 serum and visualized by electron microscopy (Fig. 4.11-4.17). In sections of infected
tissue, the p26 anti-serum specifically decorated distinct cytoplasmic areas which often
exhibited a fibrillar appearance (Fig. 4.13, 4.14, 4.15). These cytoplasmic inclusions

were clearly distinguishable from virus particles, which were not labeled by the

antibodies (Fig. 4.12B, 4.13-4.16A). Specific labeling by the anti-p26 serum was found




Figures 4.11-4.17: Localization of p26 in C. quinoa leaf tissues using anti-p26 and gold-
conjugated antibodies as described in section 4.2.10. Infected tissues were harvested 4
days following inoculation.

Figure 4.11 Low magnification electron micrograph of FMV-infected C. quinoa cells.

Epidermal (E) and mesophyll (M) cells contain numerous aggregates of
viral particles (arrowheads) and p26 inclusions (arrows). The boxed area
is shown at higher magnifications in Fig. 4.12. Bar represents 2 um.
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Figure 4.12 Virus aggregates and p26 inclusions in a mesophyil cell.

(A) Clusters of virus particles (arrowheads) occupy a large area of the
cytoplasm. The area containing the gold-labeled p26 inclusion is boxed.
An enlarged view of the boxed area is shown in (B). cw: cell wall; Va:
vacuole. Bar represeats 400 nm.

(B) Gold-labeled p26 inclusion next to virus particles (V). Arrowheads
specify the edges of the inclusion. Bar represents 200 nm.
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Figure 4,13 Distribution of p26 inclusions in infected cells.
(A) Lower magnification micrograph of a gold-labeled, elongated p26
inclusion adjacent to aggregates of virus particles viewed transversely (V)
or longitudinally (V). Bar represents 400 nm.
(B) Large gold-labeled p26 inclusion next to virus particles (V).

The diameter of gold particles is 30 nm (A) or 10 nm (B). Bar represents
200 nm.






Figure 4.14 Small gold-labeled p26 inclusion adjacent to virus particles.

The fibrillar appearance of the labeled area is clearly seen. The
arrowheads specify the lower edge of the inclusion. Mitochondria (m), cell
wa. {CW) and virus particles (V) are indicated. Bar represents 200 nm.
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Figure 4.1 Small p26 inclusion adjacent to viral particles.

The filamentous organization of the p26 inclusion is 1n continuity with but
distinct from the virus particles (V). The two structures do not blend. The
junction between the particles and the p26-associated fibrillar structures
is indicated by arrows. The cytoplasm, vacuole (Va) and mitochondria (m)

are not labeled. 30 nm diameter gold particles were used. Bar represents
200 nm.
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Figure 4.16 Plasmodesmata of infected tissues and samples from mock-inoculated
tissues.

(A) Plasmodesma (p) adjacent to aggregates of virus particles (V) and

gold-labeled p26 inclusion is not labeled by p26 antibodies. Bar represents
200 nm.

(B) Mock-inoculated C. qui::oa tissues are not decorated by the p26 anti-
serum. Bar represents 300 nm.







Figure 4.17 Virions and gold-labeled p26 inclusion in the vicinity of a nucleus.

Aggregates of virus particles (v) and a p26 inclusion (open arrowc)
accumulate next to the nuclear membrane (arrowheads) but not within the
nucleus or nucleolus (Nu). Bar represents 300 nm.
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only in the cytoplasm of cells examined. Inspection of 32 plasmodesmata (Fig. 4.16A)

and 23 nuclei (Fig. 4.17) in infected cells failed to reveal any labeling. Low numbers of
gold particles were detected on the cell wall of cells in both FMV-infected and mock-
inoculated leaf sections but no other areas of mock-inoculated tissues were significantly
labeled by the anti-p26 serum (Fig. 4.16B).

In C. quinoa, the aggregates of virus particles and the cytoplasmic inclusions were
distributed primarily in epidermal and mesophy!' cells (Fig. 4.11). The “p26 inclusions”
were present only in cells containing aggregates of virus particles and were generally
located close to them (Fig. 4.11-4.17). The inclusions varied in size and shape (Fig.
4.12B, 4.13-4.15) perhaps as a function of the cutting angle. Although they were not
enclosed by a membrane, the inclusions had a defined outline and did not mix with other
cytoplasmic components (Fig. 4.13A, 4.14, 4.15). Within each inclusion, the decorated
structures often appeared as an array of parallel intertwined fine filaments (Fig. 4.13A,
4.14, 4.15). The orientation of these filaments was independent of that of viral particles
in separate neighbouring cluster(s) and did not blend with them (Fig. 4.13-4.15).

We have also investigated the distribution of p26 in E. coli cells from cultures of
MR2 which were induced for the expression of the viral protein (Fig. 4.18-4.19A).
Interestingly, p26 was localize. - discrete areas of the bacterial cells rather than being
distributed evenly throughout the cytoplasm (Fig. 4.18-4.19A). The reason for this is not
clear. Mostly, p26 was present at one extremity of the bacterial cell (Fig. 4.19A) and/or
in elongated, tubular shaped structures which were located in various areas of the cell
(Fig. 4.18-4.19A). The tubular shaped aggregates often appeared to span the nascent

septum of dividing bacterial cells (Fig. 4.18-4.19A). The structural organization of the




Figure 4.18 Distribution of p26 in recombinant E. coli cells.

Sections of E. coli cells from a culture of MR2 induced for 3 hrs with
IPTG were analyzed for the localization of p26 by immuno-electron
microscopy as described in section 4.2.10. The gold label is distributed
over a tubular shaped inclusion which spans the dividing cell. Bar
represents 100 nm.
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Figure 4.19 Distribution of p26 in recombinant E. coli cells. E. coli cells from a
culture of MR2 (A) or MR1 (B) induced for 3 hrs with IPTG were
analyzed for the localization of p26 by immuno-electron microscopy.

(A) In MR2 cells, the gold-labeled p26 is associated with tubular and
globular shaped inclusions in defined areas of the bacterial cells.

(B) The MR1 cells do not contain similar inclusions and are not labeled
by the p26 anti-serum.

Bars represent 200 nm.




171




172
areas labeled by the p26 anti-servm could not be clearly distinguished. Moreover, it did

not obviously resemble that of the p26 inclusions formed in infected plant tissues. E. coli
cells from a culture of MR1 (expressing only the parental vector) did not contain any
structures which could resemble the tubular or globular shaped aggregates. Moreover,

the p26 anti-serum did not label any area of the control cells (Fig. 4.19B).

4.4 DISCUSSION

The functional properties of p26 demonstrated in this study are consistent with the
requirement of this protein for the post-replicative metabolism of FMV genomic RNA
leading to cell-to-cell movement of the virus. First, the RNA binding activity of p26 may
be necessary to tag or sequester viral RNA molecules for their subsequent transport to
neighbouring cells. Because of the lack of sequence specificity in binding displayed by
p26, we cannot exclude the possibility that the viral protein may also interact with host
RNAs. This lack of specificity of the FMV protein is also true for the movement proteins
of TMV (Citovsky et al., 1990), red clover necrotic mosaic virus (Ocman ef al., 1992),
cauliflower mosaic virus (Citovsky ef al., 1991) and alfalta mosaic virus (Schoumacher
et al., 1992). However, specificity in RNA recognition by movement proteins may be
provided by the compartmentalization of viral processes such as RNA synthesis and
translation and/or by the involvement of other protein factors, such as, for potexviruses,
the products of ORF3 and ORF4 (Beck er al., 1991) and possibly the viral ceat protein
(Chapman ef al., 1992a, 1992b; Forster et al., 1992). Second, since viral movement is

an active process, it is conceivable that it may involve an energy-dependent

transformation of the viral RNA or particles prior to transport. Our results suggest that
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p26 could participate in such a process, perhaps using energy provided by ATP
hydrolysis. Although it is tempting to speculate that p26 is an ATP-dependent RNA
helicase, we did not detect any stimulation of the ATPase activity in the presence of
RNA molecules. This, indeed, contrasts with the significant stimulatory effect of single-
stranded RNA on other viral ATPases (Lain et al., 1991: Tamura ez al., 1993; Warrener
et al.. 1993) but resembles the poliovirus 2C ATPase activity (Mirzayan and Wimmer,
1994). Based on amino acid sequences flanking the core NTP-binding motif, proteins
carrying this motif have been classified in three groups: sindbisvirus-like, picornavirus-
like and flavi-pesti-potyvirus NTPaszs (Gorbalenya er a!l., 1989). The stimulation of the
Nr1Pase activity by single-stranded RNA has so far been observed only for proteins of
the latter group and may be another characteristic of these NTPases, which is not shared
with the picornavirus-like (poliovirus 2C protein) and sindbisvirus-like (FMV p26)
ATPases.

Our analysis of the temporal accumulaticn and distribution of p26 in FMV-
infected systemic and local lesion hosts indicates that .. is a stable protein which is
predominantly found in the soluble fraction of infected plants. These findings generally
agree with those recently published on the corresponding ORF2 product of potato virus
X (PVX), the type member of the potexviruses (Davies et al., 1993). The PVX
homologue is found in all of the infected leaf fractions analyzed but is most prominent
in the low speed pellet (P1), from which it is easily released by washes in the initial
grinding buffer. In our study, the P1 and P30 fractions analyzed consisted of washed
fractions (see section 4.2.9). We indeed detected significant amounts of p26 on Western

blots in both washing solutions (data not shown), but the level of p26 observed did not
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exceed that found in the S30 fraction. We cannot, accordingly, determine whether the
association of the ORF2 product w:th the pellet fractions is biologically significant.
However, the laminated inc.usion components {LICs) with which the PVX 25-kDa
protein is associated, are characteristic of and unique to PVX infections (Lesemann,
1985) aind may contribute to the more abundant partition of the PVX 25-kDa protein to
Pl.

The cytoplasmic inclusions detected in FMV-infected tissue by the anti-p26
antibodies have not been reported in previous descriptions of FMV-related cytopatho-
logical effects (Short, 1983; Lesemann, 1985). Presumably, they escaped detection
because their electron density renders them difficult to distinguish from other cytoplasmic
material. The FMV "p26 inclusions” are structurally distinct from the LICs, often
appearing as a homogenous mixture of intertwined fine filaments rather than the beaded
structures forming LICs. Since our immunocytochemical analysis of p26 was restricted
to infected cells of primary lesions ¢ Z. gi.inoa leaves, we cannot exclude the possibility
that p26 may be associated with LIC-like structures in cells systemically infected by
FMV. However, observation of systemically infected barley tissue by electron
microscopy has failed to reveal any structures which resemble LICs. No p26 inclusions
were found in the nuclei of 23 FMV-infected cells whereas 3/20 nuclei in cells infected
with PVX contained LICs (Davies er al., 1993). Although we cannot exclude that some
FMY p26 inclusions may be found in nuclei at a later stage of infection, it is clear that
p26 is most abundant in the cytoplasm of infected cells whereas TMV (Tomenius et al.,
1987) and "tubule-forming" (see section 4 1) movement proteins are found almost

exclusively in plasmodesmata of infected cells.

-
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During the viral infection, levels of the FMV 26-kDa protein reach a steady-state
after the initial growth period which contrasts with the transient expression of the TMV
movement protein in early infection, both in protoplasts (Watanabe et al., 1984) and in
synchronized leaf infections (Lehto et al., 1990). The expression and subcellular
localization of triple gene block homologous proteins of other plant viruses which carry
the NTP-binding helicase motif also seem to differ from that of the potexviral 26-kDa
protein. The BNYVV p42 protein, which is stably maintained at high levels in infected
plants, partitions almost exclusively to the P30 fraction (Niesbach-Kl6sgen et al., 1990).
The BSMV B8, protein, which reaches high levels early in the infection but subsequently
declines, is abundant in both soluble and cell wall fractions (Donald er al., 1993).
Interestingly, B, is likely the BSMV-encoded protein which complexes with the
unencapsidated viral RNA in early stages of infections in vivo and which appears to be
uniformly distributed in the cytoplasm of infected cells (Brakke er al., 1988).
Complementation studies involving BSMV and PVX have demonstrated that each virus
can act as a helper for the infection of the other in a normally non-host plant
(Malyshenko er al., 1989; Prody and Jackson, 1993). Therefore, although the triple gene
block homologous proteins may accumulate in somewhat different cellular locations, it
is possible that they exert similar functions in movement.

In view of the putative role of p26 in cell-to-cell transport, the reason for the
formation of inclusions and for the apparent abundance of the protein, suggested by the
size and number of these inclusions, is unknown. Davies er al. (1993) postulated that the
PVX inclusions might consist of an inactive pool of the ORF2-encoded protein, the active

proteins being located in other cellular areas and escaping detection due to their low
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concentration. This could also be true for the p26 inclusions after adjacent cells become
infected, unless the transfer process continues regardless of their being infected.
However, there is no reason to exclude the possibility that the cytoplasmic inclusions
may actually constitute the active site where specific processing reactions take place,
leading to successful invasic;n of neighbouring cells by the virus. This could also involve
the products of ORF3 and ORF4 and possibly the coat protein which collectively would
perform functions similar to the TMV movement protein. Since p26 is an RNA-binding
protein, it is conceivable that the p26 inclusions contain viral RNA sequestered and
possibly modified for subsequent transport or assembly. This could be tested, in the
future, by in situ hybridization. Despite their structural differences, a common feature
of the cytoplasmic PVX inclusions and FMV p26 inclusions is their proximity to
aggregates of virus particles, in planta (Shalla and Shepard, 1972; Davies er al., 1993},

and this may be related to particle processing prior to movement.
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5.1 INTRODUCTION

The short distance movement of plant viruses involves passage from one cell to
adjacent ones through intercellular connections, the plasmodesmata (reviewed by Maule,
1991; Deom et al., 1992). Plant virus genomes code for protein(s) which facilitate cell-
to-cell transport. Two mechanisms by which these movement proteins promote virus
transport have so far been described, both involving structural alterations of the
plasmodesmatal channel. The movement proteins of tobacco mosaic tobamovirus (TMV)
and red clover necrotic mosaic dianthovirus (RCNMYV) are single-stranded RNA binding
proteins (Citovsky er al., 1990; Osman et al., 1992) which can also induce an increase
in the plasmodesmatal space available for passage of molecules (‘Wolf et al., 1989;
Lommel et al., 1994). In contrast, the movement proteins of cowpea mosaic comovirus
(CPMYV), cauliflower mosaic caulimovirus (CaMV) and tomato ringspot nepovirus
(TomRSV) participate in the formation of tubular structures which extend from
plasmodesmatal channels (van Lent er al., 1990; Linstead er al., 1988; Wieczorek and
Sanfagon, 1993). Other mechanisms by which viral proteins can facilitate cell-to-cell
spread are conceivable. For example, the movement protein of alfalfa mosaic virus is
found in middle lamellae of cell walls rather than the plasmodesmata (Stussi-Garaud et
al., 1987). Similarly, one of the three movement proteins of the potexviruses, encoded
by ORF2 (p26 of FMV), is aggregated in inclusions in the cytoplasm of infected cells
and is not present in plasmodesmata (Davies et al., 1993; this thesis, Chapter 4).

In addition to different modes of action of movement proteins, viruses themselves
move from cell 10 cell in various forms. The production of coat protein during infection

has been prevented by suitable mutagenesis of the genomes of TMV (Dawson et al.,
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1988), RCNMV (Xiong et al., 1993), tobacco rattle tobravirus (Hamilton and

Baulcombe, 1989), tomato bushy stunt tombusvirus (Scholthof et al., 1993), turnip
crinckle carmovirus (Hacker et al., 1992) and barley stripe mosaic hordeivirus (Petty and
Jackson, 1990). Nornetheless, these viruses continue to exhibit short distance movement.
This indicates that they do not move as virions and that unpolymerized protein is not
required for their movement. In contrast, CPMV, CaMV and TomRSV move in their
encapsidated form and viral particles can be detected in the modified plasmodesmata (van
Lent et al., 1990; Linstead er al., 1988; Wieczorek and Sanfagon, 1993). Alfalfa mosaic
virus (AIMV), potyviruses and potexviruses also require coat protein for cell-to-cell
movement, although the need for encapsidation has not been clearly established from
mutational analyses (Chapman er al., 1992a, 1992b; Forster er al., 1992; Sit and
AbouHaidar, 1993; van der Vossen er al., 1994; Dolja et al., 1994). No virus particles
can be isolated from plants infected with an AIMV coat protein mutant which can,
nonetheless, spread from cell to cell. This suggests that although this mutant AIMV
apparently cannot form stable virions, its short distance movement is not impaired. This
is possibly because nnpolymerized mutant coat protein is still present in infected cells
since an AIMV mutant which cannot produce any coat protein will not spread (van der
Vossen et al., 1994). In contrast, tobacco etch potyvirus and potexviruses potato virus
X (PVX) and white clover mosaic virus (WCIMV) mutated in their coat protein coding
sequence were unable to spread to adjacent cells although they could form virions in
infected plants. This suggests that virion assembly is not the only role of the poty- and
potexviral coat proteins in cell-to-cell movement and that coat protein might have

different domains —some involved with assembly and others with transport in
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conjunction with the other movement proteins produced by potexviruses (Chapman et al.,
1992b; Forster et al., 1992; Dolja er al., 1994). An ultrastructural analysis of tissues
infected with potato virus Y (the prototype potyvirus) has suggested that electron dense,
elongated particles resembling virions can be seen in plasmodesmata (Weintraub et al.,
1974) but this observation has not been verified.

In an effort to characterize the movement function of potexviruses further and to
obtain more insight into the possible implications of virus particles and/or of the coat
proteins in transport, we have monitored the distribution of foxtail mosaic virus (FMV)

and cactus virus X (CVX) in infected Chenopodium quinoa by immunocytochemistry.

5.2 MATERIALS AND METHODS
1. Enzymes and Chemicals.
The various products used in this study have been described in section 4.2.1.
2. Anti-sera.

Anti-sera against FMV and CVX were obtained from J.B. Bancroft. The
production of the FMV anti-serum was described in section 4.2.5. A serum against CVX
was prepared similarly, using virions isolated from C. quinoa as antigen.

3. Plants and viruses.

C. quinoa plants approximately 12 inches tall were dusted with aluminum oxide
and inoculated as described in section 3.2.2. Purified "barrel cactus virus", a strain of
CVX (Attathom et al., 1978), was used to inoculate C. quinoa plants. The CVX infection

was developed by growing plants in a greenhouse at 24-28°C.
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4. Embedding of C. guinoa for electron microscopy and immunocytochemical
analysis.

Leaves of C. quinoa bearing primary chlorotic lesions 4 or 11 days following
inoculation with FMV or CVX, respectively, were harvested and processed immediately
for embedding. Leaf discs were cut out of the chlorotic lesions or of equivalent areas of
mock-inoculated leaves and were embedded in Epon/Araldite epoxy resin as described
in section 4.2.10. Ultrathin sections were prepared ard treated with anti-sera as described
in section 4.2.10. Anti-FMV and anti-CVX sera were diluted in phosphate buffered
saline (pH 7.0) containing 0.1 % bovine serum albumin to 1:5000 and 1:2500,
respectively. The 10 nm gold-conjugated goat anti-rabbit IgG antibodies were used at a

dilution of 1:50.

5.3 RESULT.
1. Distribution of viral particles in FMV-infected C. guinoa cells.

Initially, sections of infected tissues were examined to determine the distribution
of viral particles. Most of the epidermal and mesophyll cells examined contained
aggregates of viral particles (Fig. 5.1-5.3). A few vascular parenchyma cells were also
infected but not the tracheary or sieve elements (not shown). Viral particles were
orgarized in parallel but curved arrays in the cytoplasm of infected celis (Fig. 5.1-5.3).
These relatively compact fibrous aggregates of particles varied in size and could occupy
a large proportion of the cytoplasm (Fig. 5.1, 5.2).

Subsequently, an FMYV anti-serum was used in immunogold labeling experiments

to evaluate the distribution of the coat protein antigens. As expected, the viral particles




Figures 5.1-5.7B: Distribution of FMV in FMV-infected C. quinoa cells 4 days
following inoculation. Unless otherwise stated, the tissues were labeled with FMV
antibodies.

Figure 5.1 Immunodetection of FMV in a mesophyll cell.

The gold-labeled virus particles (arrowheads) are clustered in curved
arrays in the cytoplasm but not in the vacuole (Va) of the mesophyl! cell.
Mitochondria (m), chloroplast (Ch) and the cell walls (CW) are not
labeled. Bar represents 400 nm.
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Figure 5.2

Aggregates of viral particles in a mesophyll cell.

Higher magnification view of gold-labeled FMV virions (V) in the
cytoplasm. A few gold-labeled virus particles are also seen in the vacuole
(Va). The cell wall (CW), mitochondria (m) and areas of the cytoplasm
filled with ribosomes (r) are not labeled by the FMV antibodies. Bar
rep- ~sents 200 nm.
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Figure 8.3  Control of the immunolabeling of FMV-infected C. quinoa cells.

The viral particles (arrowheads) in tissues incubated with a pre-immune
(A) or with gold-conjugated goat anti-rabbit antibodies alone (B) are not
labeled. Plasmodesmata (p) are also seen in (B). Bars represent 200 nm.
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were labeled by the anti-FMV serum (Fig. 5.1, 5.2). No other cellular componeat was

labeled by the same serum, including the nuclei of 32 infected cells (not shown),
chloroplasts and mitochondria (Fig. 5.1, 5.2). This demonstrates not only the specificity
of the labeling but also the absence of viral particles in the nucleus and cellular
organelles. Moreover, neither mock-inoculated tissues incubated with the anti-FMV
serum (Fig. 5.7C) nor FMV-infected tissue incubated with pre-immune serum (Fig.
5.3A), with anti-CVX serum (Fig. 5.7A, B) or with goat anti-rabbit antibodies alone
(Fig. 5.3B) were decorated in any area.

Since coat proteins and/or viral particles are suspected to participate in the
movement of potexviruses, cell wali and plasmodesmatal areas were examined for the
presence of gold particles. Although it is difficult to obtain good sections throughout the
plane of plasmodesmata, labeling was observed in or near a considerable number of them
(Fig. 5.4-5.6). In several occasions, small clusters of viral particles were present next
to plasmodesmata (Fig. 5.4A) and sometimes in continuity with them (Fig. 5.4B). These
small clusters could also be noticed embedded in the cell wall although no plasmodesma
were distinguishable (Fig. 5.4C). Moreover, several plasmodesmata were labeled even
though clusters of viral particles were not seen adjacent to them (Fig. 5.5, 5.6). Although
these plasmodesmata were only moderately labeled, the quantity of gold particles was
significant when compared with control tissues (Table 5.1). Several lines of evidence
suggest that the observed labeling did not result from a non-specific reaction of the serum
with a plasmodesmatal component. First, not all plasmodesmata were labeled (Table 5.1).
Labeled plasmodesmata were usually those connecting cells of which at least one was

infected. Second, the anti-FMV serum did not decorate plasmodesmata in mock-inoculated




Figure 5.4 Plasmodesmata and small clusters of virus particles in mesophyll cells.

(A) Gold-labeled FMV particles are located next to a labeled
plasmodesma (p). Virus particles cannot be seen in the plasmodesma.

(B) The cluster of gold-labeled virus is in continuity with a
plasmodesmata (p) sectioned obliguely.

(C) Small cluster of compartmentalized labeled virus particles
(arrowheads) embedded in the cell wall (CW) in an area where no
plasmodesma is seen. Aggregates of gold-labeled virus particles (V) are
seen in the adjacent cell.

Bars represe~t 200 nm.
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Figure 5.5 Plasmodesmata decorated by the FMV anti-serum.

(A) View of labeled plasmodesmatal channels (p) connecting 2 cells
containing virions (arrowheads).

(B) View of labeled plasmodesmata (p) sectioned transversely. The cell
below the wall contains virions (V).

Bars represent 200 nm.
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Figure 5.6 Higher magnification views of plasmodesmata, in FMV-infected cells,
labeled by the FMV anti-serum. Bars represent 100 nm.







Figure 8.7

Control of the immunolabeling of cells in plasmodesmatal areas.

(A, B) FMV particles (arrowhead) and plasmodesmata (p) in FMV-
infected tissues are not labeled by the CVX anti-serum.

(C) Transverse section of plasmodesmata (p) in mock-inoculated tissues
which are not decorated by the FMV anti-serum.

Note that the electron dense material in the cytoplasm consists of
ribosomes and not of gold particles. Bars represent 300 nm.
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Table §.1 Distribution of gold label within plasmodesmata of mock-inoculated and
infected C. quinoa incubated with anti-FMV and anti-CVX sera.
labeled plasmodesmata average # goia particles
serum tissue observed plasmodesmata per labeled plasmodes.
mock 1/42 (2.4 %) 2
a-FMV
FMVz-inf. 17/28 (60.7 %) 11
mock 0/31 0 %) -
a-CVX

CVX-inf. 28/48 (58.3 %) 6




198
tissues (Fig. 5.7C; Table 5.1) or other regions of the cell wall (in infected and healthy

tissues) (Fig. 5.1, 5.2, 5.4-5.6). Third, neither a pre-immune serum (data not shown) nor
the anti-CVX serum (Fig. 5.7A, B) labeled plasmodesmata (or any other cellular
structure) in FMV-infected C. quinoa sections. The result of the latter heterologous
incubation largely eliminates the possibility that labeling of plasmodesmata results from
the recognition of a host protein whose expression is induced during potexviral
infections.

2. Distribution of viral particles in CVX-infected C. guinoa cells.

To extend our findings and to test their generality, we examined tissues infected
with a second potexvirus, CVX. The distribution of CVX resembled that of FMV, CVX
particles were mostly located within epidermal and mesophy!l cells (Fig. 5.8, 5.9, 5.11,
5.12) and in a few vascular parenchyma cells (Fig. 5.13). CVX differed from FMV in
that it was also present in close proximity to osmiophilic (lipid) globules present in some
vascular parenchyma cells (Fig. 5.13). CVX particles sometimes had accumulated in
aggregates larger than those formed by FMV particles (Fig. 5.8, 5.9, 5.11). Moreover,
the parallel arrays of CVX particles were only slightly curved and generally were packed
less tightly than FMV particles (compare Fig. 5.2 with 5.9 and 5.14) except in epidermal
cells where CVX particles were aggregated in compact parallel arrays (Fig. 5.11). The
tightness of the packing of the virus particles in epidermal cells can be particularly
appreciated in aggregates of virions cut transversely (Fig. 5.12). Typical cytoplasmic
material was almost completely excluded from the large areas occupied by the
cytoplasmic aggregates of viral particles (Fig. 5.8, 5.9). On occasion, single viral

particles could be observed in the vacuole of mesophyll cells, either alone or next to




Figures 5.8-5.18SA, 5.16: Distribu..on of CVX in CVX-infected C. quinoa cells 11 days
following inoculation. Unless otherwise stated, tissues were labeled with CVX antibodies.

Figure 5.8 Immunodetection of CVX in a mesophyil <ell.

The gold-labeled virus particles (V) fill a large portion of the cytoplasm.
Mitochondria (m), chloroplast (Ch) and cell walls (CW) are not labeled.
The vacuole (Va) does not contain virus particles. Bar represents 400 nm.
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Figure 8.9 Large aggregate of CVX particles in the cytoplasm of a mesophyll cell.

The virions in the aggregate are intensely labeled by the CVX anti-cerum
while mitochondria and chloroplast are not labeled. The cytoplasm filled
with ribosomes (r) is almost completely excluded from the area containing
virus. Bar represents 200 nm.







Figure 5.10 Single CVX particles located in the vacuole of a mesophyll cell.

The arrows point at particles which are probably complete. Most of the
virus rods seen are shorter, probably due to the sectioning angle. A

portion of an aggregate of virus (V) is also seen. Bar represents 200 nm.







Figure 5.11 Aggregate of CVX particles in an epidermal cell.

The gold-labeled viral particles are tightly packed in one area of the
cytoplasm next to the cell wall (CW). Bar represents 200 nm.







Figure §.12 View in cross-section of an aggregate of CVX particles in an epidermal
cell.

Most of the virus particles are cut transversely and appear as small
pinhead structures in the aggregate. Virus particles in the upper left of the
aggregate are probably sectioned obliquely. The cell wall (CW) is not
labeled by the CVX anti-serum. Bar represents 200 nm.







Figure 5.13 CVX particles in a vascular parenchyma cell.

The gold-labeled viral particies are close to the osmiophilic globules (O).
CVX appears associated with the lower right globule (arrowheads). The
cytoplasm in the cell at the left of the thin cell wall is gold-labeled (arrow)
although no viral particles are seen. Bar represents 200 nm.
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Figure 5.14

CVX aggregates in a mesophyll cell.

CVX particles are packed in parallel aggregates which are labeled by the
CVX anti-serum. The cytoplasm next to the virus aggregates is also
labeled by the CVX anti-serum although viral particles are not seen. The
cell wall, chloroplast and vacuole are not labeled. Bar represent 200 nm.







213

aggregates of virions (Fig. 5.10). This was also seen in FMV-infected tissues (not
shown). The length of the loose rods appeared variable, with only a few being
approximately 520 nm long, the normal length of CVX particles (Attathom et al., 1978).
This probably results from the cutting angle during the sectioning of tissues, since the
loose virus particles were apparently oriented randomly.

The large aggregates of CVX particles were intensely labeled by CVX anti-serum
(Fig. 5.8, 5.9, 5.11, 5.14). Interestingly, areas of the cytoplasm where viral particles
could not be seen were also moderately labeled (Fig. 5.13, 5.14, 5.16A), suggesting that
there were too few viral particles to be clearly seen or that unpolymerized coat protein
was present. The labeling was specific to the cytoplasm. Chloroplasts, mitochondria and
18 nuclei within infected cells were not labeled (Fig. 5.8, 5.9, 5.13, 5.14). Moreover,
tissue from mock-inoculated leaves was not decorated by anti-CVX serum (Fig. 5.15B,
C) and a pre-immune serum did not label infected C. quinoa cells (Fig. 5.15A).

The anti-CVX serum also decorated plasmodesmata connecting a number of
mesophyll cells (Fig. 5.16), at least one of which contained virions. The number of
labeled plasmodesmata resembles that described for FMV-infected tissues although the
intensity of labeling was lower in CVX-infected tissues 7 Table 5.1). Moreover, small
clusters of CVX particles were not seen in the proximity of plasmodesmata or embedded
in the cell wall as it was the case in FMV-infected C. quinoa. The anti-CVX serum did
not labe. plasmodesmata of cells from mock-inuculated leaves (Fig. 5.15C) nor did pre-
immune serum label plasmodesmata of CVX-infected cells /not shown), supporting the
specificity of the labeling obtained with the CVX anti-serum. Moreover, CVX-infected

C. quinoa incubated with anii-FMYV serum did not result in the decoration of any area,




Figure 5.1 Control of the immunolabeling of CVX-infected and mock-inoculated C.
quinoa.

(A) The pre-immune serum does not label CVX particles (V) or any other
structures of an infected cell.

(B, C) The CVX anti-serum does not label any area of a mock-inoculated
tissue, including the cytoplasm, chloroplast, cell wall or
plasmodesmata (p).

Bars represent 200 nm.
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Figure §.16 Plasmodesmata labeled by the CV" anti-serum in CVX-infected C.
quinoa.

(A) Plasmodesmata (p) connecting two cells containing the viral antigen
(gold in the cytoplasm of the upper cell) and virions (arrowhead). One of
the plasmodesmatal channels is gold-labeled.

(B) Labeled plasmodesma {p) connecting mesophyll cells. The cell above
the wall contains a CVX aggregate (V).

Bars represent 200 nm,
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including plasmodesmata (not shown).

5.4 DISCUSSION

This i:nmunocytochemical study describes the distribution of viral particles and
possibly of coat protein subunits in C. quinoa cells infected with the potexviruses FMV
and CVX. The distribution of CVX differed from that of FMV only by its presence near
lipid globules in vascular parenchyma cells. A similar observation has been described for
beet yellows closterovirus (Esau and Hoefert, 1971). The lipid globules are also present
in cells of healthy tissue (Esau and Hoefert, 1971; data not shown) indicating that they
are not virus-induced structures. The reason for their proximity to CVX virions (and beet
yellows virus) in infected tissues is not known. Although most of the viral antigen is
assembled into virions in the cytoplasm of infected cells, small but significant amounts
of both FMV and CVX antigens are associated with plasmodesmata. The latter
observation has not been reported previously.

Mutational analysis of the coat protein in the genomes of PVX and WCIMV
demonstrated that the coat protein plays a role in the spread of the viruses in host plants
(Chapman er al., 1992a, 1992b; Forster e al., 1992). However, because mutations in
the coat protein also exerted an effect on the accumulation of the gRNA in infected
plants, it could not be ruled out that the role of the coat protein in movement was
indirect. This indirect role may be to reduce the level of gRNA produced or to affect the
expression of the viral proteins involved in movement (encoded by ORFs 2, 3 and 4).

The presence of gold label in plasmodesmata is consistent with the idea that the viral coat

antigen, in some form, is directly involved in the cell-to-cell spread of the virus infection
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in host plants. We could not clearly distinguish rod-shaped particles in the labeled

plasmodesmata. Whether this is due to the absence of virions in the plasmodesmata or
to the possible difficulty of resolving a few viral particles in this structure remains to be
determined. A number of scenarios in which the coat protein could participate in the
movement process of potexviruses can be envisaged. Since virions cannot be seen in
plasmodesmata, ribonucleoprotein particles containing a few coat protein molecules may
be invoived in the translocation. Alternatively, the coat protein may alter the structure
of the plasmodesma which in turn could facilitate the passage of a free viral RNA or of
a viral RNA complexed with other proteins, a mechanism resembling that proposed for
the movement protein of TMV (Deom er al., 1992). These mechanisms are not mutually
exclusive. We cannot exclude the possibility that targetting of the viral RNA to
plasmodesmata occurs in its encapsidated form, a notion supported by the presence of
clusters of viral particles adjacent to or in continuity with plasmodesmata in FMV-
infected tissues. The subsequent translocatior to adjacent cells could then occur in
another form, as described above. If so, virions would have to be fully or partially
stripped.

Similarities between potyviral and potexviral coat proteins have been documented
previously. Poty- and potexviruses both have flexuous filamentous particles. The amino
acid sequences of their coat proteins are significantly related (Dolja er al., 1991).
Moreover, like potexviruses, the cell-to-cell movement of potyviruses requires the coat
protein, as demonstrated for tobacco etch potyvirus (Dolja et al., 1994). Interestingly,
an immunocytochemical study of wheat streak mosaic virus (another potyvirus) recently

demonstrated the localization of the coat protein in plasmodesmata of infected cells
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although the presence of viral particles could not be assessed (Elhassani er al., 1994).

Therefore, the coat protein of these two groups of filamentous viruses may share not only

similar sequences but also similar functions.




CHAPTER 6

CONCLUSIONS AND PERSPECTIVES
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Foxtail mosaic virus is a member of the potexvirus family which primarily infects
monocotyledonous plants. Its flexuous filamentous particles are 500 nm long and consist
of a messenger sense RNA encapsidated by a single type of coat protein. We have
determined the nucleotide sequence of the FMV gRNA as well as the organization of its
coding sequences. The gRNA is 6151 nucleotides long and contains five major open
reading frames (ORF). The amino acid sequences of the putative proteins are closely
related to homologous proteins of other sequenced potexviruses. The least similar of the
proteins encoded by FMV to those of other potexviruses is the capsid protein, which
nonetheless retains apparently critical consensus regions.

We have established a procedure for the partial purification of the RNA-dependent
RNA polyme.ase from tissues infected with FMV. We determined that the enzyme
isolated is template-independent, i.e. it could not copy added RNA templates. The
products synthesized in vitro by the enzyme were double-stranded RNA inolecules.
Therefore, it appears that the FMV RdRp (and probably other potexviral RdRps)
resembles many other RdRps previously isolated from unrelated viruses in that it is
difficult to obtain an enzyme able to copy exogenous templates. So far, only the
tricornaviridae (i.e. alfalfa mosaic, brome mosaic and cucumber mosaic viruses) and
turnip yellow mosaic tymovirus have an RdRps which can be purified highly while
retaining a significant template-dependent polymerase activity. Since the FMV RdRp
probably consists of a quaternary protein complex, further attempts to purify it may be
more likely to succeed with gentle separation procedures which are based on size
fractionation (e.g. chromatography by size exclusion or density gradient centrifugation)

rather than with fractionation procedures based on properties of such as charge or
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hydrophobicity, which may promote the dissociation of components of the RdRp. The
FMV RdRp, however, differed from other template-independent enzymes in that
potexviral RNAs specifically inhibited the RNA synthesizing activity. At this stage,
further characterization of the FMV enzyme could exploit this inhibitory aspect of
potexviral RNAs on synthesizing activity. It has been suggested that inhibition results
from a competition for the binding of essential component(s) of the RdRp (Chapter 3).
Photochemical cross-linking using labeled inhibitory RNA transcripts could be used to
initiate an investigation of potential proteins which can interact specifically with RNA of
viral sequences and which may be part of the RdRp complex.

We have examined the temporal expression of various elements of the viral
infection. The RdRp activity was followed by measuring the activity of plant extracts
prepared at different days following inoculation of C. quinoa (in primary lesions) and
barley (in systemically infected leaves) (Chapter 3). The levels of the virally-encoded
proteins p152 (Chapter 3), p26 (Chapter 4) and coat protein (Chapter 4) were measured
using the same plant extracts by Western blotting. In addition, relative virus titres were
determined by local lesion assays of the sap from each time point on C. quinoa leaves.
A summary of the kinetics of appearance determined for each parameter is presented in
Figure 6.1. Maximal levels of RdRp activity preceded maximal levels of p26, coat
protein and virus titres, in both hosts. The kinetics of appearance and accumulation of
the RdRp activity also differed from that of p152. In C. quinoa, peak levels of RdRp
activity preceded maximal levels of p152 (Fig. 6.1A) while in barley, the opposite was
observed (Fig. 6.1B). Nonetheless, the levels of only RdRp activity and p152 declined

significantly subsequent to their peak, whereas those of p26 and coat protein remained




Figure 6.1

Relative concentrations of parameters of the viral infection.

Relative concentrations were estimated visually from autoradiographs of
RNA products synthesized (Fig. 3.3, RdRp) or from Western blots (Fig.
3.4, p152; Fig. 4.9, p26 and coat protein (CP)). For each protein, the
maximal concentration was given a value of 100 and values at other time
points are expressed relative to the maximal concentration. The infoctivity
of the sap [virus titres (VT)] at times of harvest is expressed relative to
the infectivity of the sap at the last day of the experiment (section 3.2.3;
Fig. 3.3).

(A) Infection in C. quinoa. Arrow indicates the day at which primary
lesions were first detected. Lesions continued to expand as the infection
progressed.

(B) Infection in barley. Arrow indicates the day at which symptoms were
first detected on some secondary (non-inoculated) leaves.
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high, reaching their maximum levels after those of RdRp and pi52. Since the RdRp

consists of a complex of proteins, the level of activity should be maximal only in the
presence of the optimal concentration of each of the components forming the complex.
One of these could be p152. Therefore, the general trends of the levels of the activity
and of the protein are consistent with the hypothesis that p152 is associated with the
RdRp activity. This is also supported by the presence of p152 in all of the active RdRp
fractions obtained during the purification procedure (Chapter 3, section 3.3.2).

The accumulation of the viral indicators (i.e. RdRp activity, p152, p26 and virus
titres) followed similar trends in both plant hosts, although it was slower in the systemic
host barley than in C. quinoa. The levels measured in barley represent the average levels
found in the leaves infected to different extents since infection continues to spread to new
cells and leaves throughout the course of the experiment. Ideally, the kinetics of
appearance of the indicators should be measured during a synchronous infection, thereby
allowing measurements of true steady state levels. In this regard, C. quinoa provides a
better system than barley, since during the formation of primary lesions, the infection is
approximately at the same stage in each lesion. However, since each lesion consists of
more than one cell, the correlation of the appearance of the various indicators may vary
slightly with that obtained with a true synchronous infection, which can be generated
using protoplasts.

The p26 protein of FMV, encoded by ORF2, possesses ATP, CTP and RNA
binding activities as well as an ATP hydrolysis activity. These properties may all be
required for the cell-to-cell spread of FMYV in plants, a process in which p26 is believed

to participate. We found that p26 is located in the cytoplasm of infected cells ather than
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in plasmodesmata, unlike the movement proteins of most other plant viruses. p26 was
associated almost exclusively with inclusions having the appearance of fine intertwined

filaments. These inclusions were generally situated adjacent to aggregates of virus

particles. In contrast, the immunocytochemical study of the distribution of the coat

protein antigen in infected tissues indicated that small amounts of coat protein antigens
are present in plasmodesmata. This finding agrees with those found previously from
mutational analyses of the potexviral genome and, taken together, supports a direct role
for the coat protein in the cell-to-cell spread of potexviruses. Furthermore, these
observations point to the multiplicity of potexviral coat protein functions. The coat
proteins interact not only with viral RNA and with each othor, but also with
plasmodesmata.

Clearly, there is no universal mechanism for the cell-to-cell movement of viruses
in plants. Unlike TMV and several other viruses so far characterized which encode a
single movement protein, potexviruses probably require four virally-encoded products for
efficient cell-to-cell transport (i.e. the triple gene block proteins and the coat protein).
The specific role played by each protein as well as the interactions among them necessary
for an efficient process remain to be determined. We have proposed (Chapter 4) that p26
is involved in particle or RNA processing for transport rather than acting at the
plasmodesmata, since it is located exciurively in the cytoplasm of infected cells. Since
p26 is an RNA binding protein and since the inclusions with which it is associated are
generally adjacent to virus particles, perhaps the inclusions consi -7 a pool of RNA or
of ribonucleoprotein particles which are at a specific stage of the viral maturation.

Indeed, it may be necessary to sequester these (immature) virai eutities in a particular
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area of the cell in order to reach a specific threshold sufficient for subsequent movement
to occur. The quantity of viral entities (i.e. RNA, immature particles or completed virus)
required over short time periods so that some molecules would be in proximity of a
plasmodesmata is probably necessarily large, even if the process is more directed than
that found in a random walk. This is an aspect of virus movement which is yet to be
addressed.

The potexviral entity that traverses plasmodesmata has not been identified. As a
next step to elucidate the movement process of potexviruses, future work should
determine whether the virions, RNA or non-virion ribonucleoprotein particles are
transported to adjacent cells. Additional mutagenesis of the coat protein coding sequence
in the potexviral genome should indicate whether encapsidation and movement are
separable activities of the coat protein, i.e. whether coat protein mutants which are
unable to encapsidate RNA can still promote cell-to-cell spread of the infection. This
would show whether virus moves as an encapsidated or as a non-virion entity.
Immunocytochemical analyses of tissues infected by mutants would also contribute in
defining the role of the coat protein in the movement process.

The proteins encoded by ORF3 and ORF4 both contain stretches of hydrophobic
amino acids bordered by charged ones, a motif characteristic of a transmembrane
domain. Expression of these proteins in vitro using a membrane-enriched Krebs-2 cell
extract to translate synthetic RNAs provided experimental support to the predicted
membrane-bound properties of both proteins (Morozov er al., 1990). Further
characterization of the subcellular location of these proteins in infected tissues should

give more insight into their potential roles in movement.
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APPENDICES

Appendix 1. Synthetic oligonucleotides used in this study.

Oligo- Sequence coordinates'

nucleotide

GM40 5° ACTGCCTCGATAGACATAGTG 76-96 -)

MR22 5’ CGCGAATTCTAATACGACTCACTA- 1-25 (+
TAGAAAACTCTTCCGAAACCGAAACTG

MR8 5" TGAAGGGACTCCATTCT 633-649 —)

MR413 5’ ATCACTGAGGTGCCTCGATGA 5999-6019 )

MR418 5" ATAAGCGATGTGTGCATTCA 61326151 (—)

FMVI-1? 5' CGCGGATCCAGGAGGTTGAGATCA- 1511-1533 (+)
tGCTTGACGAGGAAG

FMV1-2? 5" GAGGGATCCAGCCTCAATCTAGCCCCTG 21022120 (—)

FMV2-14 5' CGCGGATCCAGGAGGTAATAACAA- 4125-4145 (+)
TGGATAGTGAAAT

FMV2-2 5’ CTGAGGATCCCTTTCGTGTTGTCAGGCGGAG 4863-4833 (-)

! Coordinates on the FMV genomic sequence. The oligonucleotides are either of
sequence identical (+) or complementary (—) to the FMV sequence.

2 The first 26 nucleotides do not correspond to FMV sequences.

3 The lower case nucleotide indicates a mismatch with the FMV sequence.

4 The first 16 nucleotides do not correspond to FMV sequences.
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fix 1L Purification of EMV RdRp from infected tissues: flow cl

homogenization
filtration
centriJugation
1000 x g
1
PIK S1K
centrifugation
30000 x g
!
P30K S30K
(membrane) (soluble)

2.5 % dodecyl-sucrose
0.75 M KC1

!

centrifugation
120000 x g

P120K S I}OK

centrifugation through
a glycerol gradient
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