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Beet yellows virus (BYV) is a filamentous, positive-strand RNA virus that belongs to

the family Closteroviridae. BYV particles encapsidate a 15.5 kb RNA and posses

complex polar architecture. A long virion body is formed by the major capsid protein

(CP), whereas the minor capsid protein (CPm) assembles a short tail that encapsidates the

5'-terminal region of BYV RNA. In addition to proteins required for viral RNA

replication and encapsidation, BYV encodes four proteins whose role in the virus life

cycle was unknown. These proteins include a small, 6-kDa, hydrophobic protein (p6), a

homolog of the cellular 70-kDa heat shock proteins (Hsp7Oh), a 64-kDa protein (p64),

and a 20-kDa protein (p20). It was found recently that Hsp7Oh, pfi4, and p20 are

incorporated into BYV virions, and that Hsp7Oh is required for the virus movement from

cell to cell.

In this study, we characterized genetic requirements for BYV assembly and cell-to-

cell movement, and determined relationships between these two processes. It was
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demonstrated that in addition to Hsp7Oh, p6, p64, CP, and CPm are each essential, but

not sufficient for virus movement. These results indicated that five-component movement

machinery of BYV is the most complex among plant viruses. Extensive mutational

analysis of CP and CPm revealed strong correlation between abilities of BYV to

assemble tailed virions and to move from cell to cell, suggesting that formation of

functional virions is a prerequisite for virus translocation. We have found that CPm,

Hsp7Oh, and p64 are necessary for the efficient virion tail formation. Assembly of the

virion tails and bodies was shown to occur independent of each other and likely to

involve two separate packaging signals within the genomic RNA.

Our work demonstrated that BY'V encodes one conventional movement protein, p6,

whose only known function is to mediate virus movement. The other four movement-

associated proteins of BYV, CP, CPm, Hsp7Oh, and p64 are the virion components, each

of which is required for assembly of the tailed, movement-competent virions. Based on

these and other data, we propose that BYV and other closteroviruses evolved virion tails

as a specialized device for the directional cell-to-cell movement of large RNA genomes.
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1.1 Life cycles of plant viruses

Life cycle of a typical virus within the infected plant can be divided into phases of

cell-autonomous replication, cell-to-cell movement, and systemic transport. The first

phase occurs immediately after virus entry into a cell via vector transmission or

incidental cell wounding. This phase includes virus uncoating, replication, expression,

and encapsidation of the viral genome. During the next phase, virus moves from initially

inoculated epidermal or trichome cells into adjacent epidermal or mesophyll cells (Fig.

1.1). For intercellular movement, viruses use plasmodesmata (PDs), specialized

structures interconnecting the cells and providing means for intercellular

communications. Eventually, this relatively slow movement results in the virus entry into

the phloem, where it moves much faster with the flow of photoassimilates (Carrington et

al., 1996).

Initially infected cell

Seive elements Phloem
Companion cells J tissue
Phloem parenchyma
Bundle sheath cells
yll cells

cells

Fig. 1.1. Virus cell-to-cell movement in plants. Asterisk marks the initially-inoculated
cell, whereas arrows indicate direction of virus movement between cells, as well as into,
and through the sieve elements.
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Virus invasion into the phloem occurs via bundle sheath cells and companion cells

from which virus enters into sieve elements (Fig. 1.1). The phase of long-distance

transport is followed by virus unloading from the phloem and its cell-to-cell movement

into adjacent tissues. The ultimate result of replication, local and systemic spread of the

virus is colonization of the entire plant and onset of viral disease. Because certain viruses

are not able to exit the phloem, their initial inoculation, replication, and spread are

limited to the phloem.

1.2 Viral cell-to-cell movement

Viral cell-to-cell movement can be subdivided into stages of intracellular and

intercellular movement (Carrington et al., 1996; Beachy and Heinlein, 2000). During the

first stage, viral genomes or assembled virions are transported from sites of replication

andlor assembly to the cell periphery. Because of the extremely viscous and highly

compartmentalized nature of the cytoplasm, it is believed that large macromolecular

complexes including viruses can not freely diffuse through cell milieu, but need to be

specifically targeted and actively transported to the plasmodesmatal vicinity. Most of

plant viruses possess positive-strand RNA genomes that replicate in the cytoplasm in

association with membranous structures (vesicles) derived from the endoplasmic

reticulum (ER; Restrepo-Hartwig and Ahlquist, 1996; Schaad et al., 1997; Hills et al.,

1987), chloroplast envelope (Prod'homine et al., 2003), or other types of

endomembranes. Therefore, before the viral genome is translocated into an adjacent cell,

it has to move intracellularly from the sites of replication to PDs.

It is believed that the movement of viral RNA in the cytoplasm occurs via recruitment

to preexisting cellular pathways. Translocation of the endogenous RNAs within the cell

has been characterized in several systems such as budding yeast cell (Sacchoromyces

cerevisiae), Drosophila embryo cells, and in certain plant tissues (rice endosperm cells

and tobacco protoplasts). It was found that RNA transport depends on the cytoskeleton

and associated motor proteins. The underlying trafficking mechanisms were suggested to

involve condensation of RNA molecules into granules or ribonucleoprotein (RNP)

particles, and cytoskeleton-dependent transport to the sites of localization (Saxton, 2001;



Kioc et al., 2002; Tekotte and Davis, 2002; Hamada et al., 2003). In addition to the

cytoskeleton components, proteins involved in vesicular transport were demonstrated to

have a role in mRNA translocation as well. In particular, it has been suggested that

Rab 11, a homolog of Rab-GTPase proteins provides specificity of vesicle docking and

fusion and was shown to be required for efficient polarized mRNA trafficking in

Drosophila oocytes (Dollar et al., 2002). Analogously, viral RNAs could be targeted to

the PD vicinity as RNP or virions in association with the components of the cytoskeletal

motility system or vesicle trafficking pathway. Passage through PDs followed by the next

cycle of virus replication completes the process of virus cell-to-cell movement.

1.2.1 Structure and function of plasmodesmata

In healthy plants, PDs function in communications between cells, including transport

of the small molecules such as photosynthesis products or hormones, as well as larger

molecules such as transcription factors or microRNAs that are involved in temporal and

spatial regulation of plant development.

The current model of the PD structure (Fig. 1.2) is based on the results of electron

microscopy studies using tobacco leaf PDs preserved by high-pressure freezing (Ding et

al., 1992). According to the model, desmotubule or appressed ER lies at the center of the

PD. It is formed by ER passing through the PD and by regularly spaced globular particles

of -3 nm in diameter, which surround ER. Proteinaceous filaments connect these

particles in the inner and outer ER leaflet. Globular particles are attached to the inner

leaflet of the plasma membrane and may restrict the pore size of PDs. PDs were

suggested to be connected to the actin cytoskeleton. Immunolocalization experiments

indicated that actin, actin-nucleating complex Arp213, and myosin are present near or

within PDs (White, 1994; Van Gestel et al., 2003; Radford and White, 1988).

Microinjections of actin perturbants (profihin, an actin depolymerizing protein and drugs

cytocholasin B and D) have been reported to increase the PD size exclusion limit (SEL;

Ding et al., 1996). It was also suggested that actin filaments might physically link the

desmotubule to the plasma membrane. Reorganization of the actin filaments induced via

specific actin binding proteins could change the permeable space of PDs.
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Fig. 1.2 Structure of plasmodesmata showing longitudal (left) and cross-sections
reconstructed from the electron microscopy data (Ding et al., 1992).

Two types of PDs can be distinguished based on the developmental, morphological

and functional features. Primary or simple PDs are found in young tissues and consist of

a single channel (shown in Fig. 1.2) generated during cell plate formation. Secondary or

branched PDs are present in older tissues. These PDs are derived from the primary PDs

and possess multiple channels leading to the large central cavity.

Historically, it was first shown that low molecular weight components and viruses are

able to pass through PDs (Kitajima and Lauritis, 1969; Oparka, 1993). Later it was found

that endogenous macromolecules such as proteins and RNA are also transported via PDs.

Plant proteins that were able to move from cell to cell were termed 'non-cell autonomous

proteins' or NCAPs (Lucas and Wolf, 1999). Two types of PD transport were described,



passive and active. During passive transport by diffusion, PDs are unmodified and the

available space is limited to small (2.5 nm) microchannels between the globular

particles. Low molecular weight components, tracers, green fluorescent protein (GFP),

and some transcriptional factors were shown to pass via unmodified PD (Wu et al.,

2003). Plasmodesmatal SEL is suggested to be modifiedlincreased in active or selective

transport. Many NCAPs as well as viruses were shown to modify the SEL in order to

facilitate their translocation into adjacent cells.

Examples of NCAPs include certain transcriptional factors that were demonstrated to

move intercellularly and to transport their own mRNAs. KNOTTED 1 (KN1) was one of

the first transcriptional factors shown to possess NCAP activity. KN1 is expressed in

maize shoot apical meristem. In microinjection experiments (Lucas et al., 1995), it was

shown that KN1 dilates PDs, moves rapidly between mesophyll and bundle sheath cells

of tobacco and maize leaves, and supposedly modifies the plasmodesmatal SEL. KN1

also facilitates movement of its own mRNA. CmPP16 is the other NCAP identified in

phloem sap of Cucurbita maxima (Xoconostle-Cazares et al., 1999). When CmPP16 is

naturally expressed in plants, it is confined to the sieve elements, but its mRNA is present

in phloem tissue. Microinjected CmPP16 has been reported to interact with PDs, modify

SEL, and move from cell to cell transporting its own mRNA.

In addition to certain mRNAs, small interfering RNAs (siRNAs) were proposed to

move via PDs (Voinnet, 2001). The siRNAs and related microRNAs are generated during

the processes of RNA silencing. These processes involve sequence-specific degradation

of cellular mRNAs, as well as viral or retrotransposon RINAs. RNA silencing has been

involved in regulation of plant development and plant defense against viruses and mobile

genetic elements (Voinnet, 2001; Bartel and Bartel, 2003). It was shown that in addition

to a cell-autonomous component, RNA silencing results in generation of a silencing

signal that moves from cell to cell and systemically, via phloem (Voinnet et al., 1998;

Himber et al., 2003). Although the exact composition of the silencing signal is unknown,

it is likely to contain siRNA. The mechanism of intercellular translocation of the

silencing signal is unclear, but it is suggested to move via PDs. Recently, a

transmembrane protein from C.elegans, SID-1 required for RNA silencing spread, has
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been identified (Winston et al., 2002). This protein was expressed in Drosophila tissue

culture cells. In contrast to plants and nematodes, Drosophila possesses a cell-

autonomous RNA silencing mechanism but lacks a SID- 1 homolog, and does not support

systemic gene silencing. SID-1 expression led to uptake of double-stranded RNA

(dsRNA), siRNA precursor by Drosophila cells with a potency that is dependent on its

size: longer dsRNA silenced the targeted gene more potently than shorter RNA. These

results suggested that that SID- 1 enables transport of dsRNA in systemic RNA silencing

process (Feinberg et al., 2003). It would be interesting to investigate if PDs harbor a

protein that is homologous or functionally analogous to SID-1.

1.2.2 Viral movement proteins

To potentiate their cell-to-cell movement, all non-defective plant viruses

characterized so far were shown to encode specialized movement proteins (MPs;

Lazarowitz, 1999; Oparka, 2004). By definition, these proteins are essential for the

transport of viral genomes, but they are not required for viral replication or encapsidation

processes. Although there is generally low amino acid sequence similarity between MPs

of different viruses, several distinct MP families have been identified. These families

include the '30K' superfamily, triple gene block proteins, tymoviral MPs, and several

others. Many viruses were found to encode not one but two, or even three MPs. In

addition to MPs, movement of some viruses requires function of the capsid proteins.

Among current mechanistic models of virus cell-to-cell movement, the following three

appear to be more advanced.

Tobacco mosaic virus movement. The first model is represented by one of the best-

characterized viruses, Tobacco mosaic virus (TMV) which encodes a 30-kDa MP (P3 0)

from the '3 OK' superfamily (Melcher et al., 2000). This protein was identified by

mapping a temperature-sensitive mutation that restricted virus cell-to-cell movement to

initially inoculated cells, but this mutation did not affect its replication at the non-

permissive temperature (Ohno et al., 1983).

It was later demonstrated that P30 is capable of binding single-stranded nucleic acids

and melting their secondary structures leading to the formation of the rod-like RNP
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complexes (1.5-2.0 nm in diameter; Citovsky et al., 1990, 1992). Further mutational

analysis of the MP identified two nucleic acid binding domains (Citovsky et al., 1992).

Similar RNP complexes formed by P30 and TMV RNA were visualized by atomic force

microscopy (Kiselyova et al., 2001). P30 expression in vitro and in protoplasts revealed

that P30 possesses multiple phosphorylation sites (Citovsky et al., 1993; Haley et al.,

1995) suggesting that activities of this protein could be regulated via phosphorylation

(Waigmann et al., 2000).

During viral infection, TMV MP has been shown to interact with various cellular

components. Early in infection, P30 accumulates at the ER where virus replication occurs

(Heinlein et al., 1998; Mas et al., 1999). Later increase in the amount of P30 results in

ER restructuring and formation of inclusion bodies derived from the ER. These inclusion

bodies are proposed to be the sites of viral replication and protein synthesis. During the

mid-stage of the infection, selective degradation of P30 by the host 26S-proteosome

allows the cell to restore the ER (Reichel and Beachy, 2000).

P30 was also demonstrated to associate with microtubules and microfilaments in vivo

and in vifro (ITenlein et al., 1995, McLean et al., 1995). Computer analysis revealed that

tobamovirus MPs and tubulins share a short structural motif (Boyko et al., 2000).

Temperature-sensitive mutations in this motif abolished virus cell-to-cell movement and

P30 association with microtubules at the non-permissive temperature, suggesting that

association of the MP with microtubules is required for TMV cell-to-cell movement

(Boyko et al., 2000). Later, two independent reports (Gillespie et al., 2002; Kawakami et

al., 2004) questioned the importance of microtubules for TMV movement. In both

studies, disruption of the microtubule network with pharmacological agents did not affect

viral spread. In contrast, inhibition of actin polymerization was shown to halt cell-to-cell

movement of the virus (Kawakami et al., 2004). A plant microtubule binding protein,

MPB2C was shown to co-localize with P30 on microtubules and interfere with MP cell-

to-cell movement (Kragler et al., 2003). TMV MP mutant defective in MPB2C binding

did not accumulate at microtubules and had enhanced cell-to-cell movement (Kragler et

al., 2003) suggesting that microtubules are not involved in virus translocation. P30-



microtubule association was hypothesized to be a negative regulation pathway of the MP

activity via the host 26S-proteosome degradation pathway (Gillespie et cii. 2002).

Electron microscopy and immunogold labeling showed that P30 is targeted to PDs in

infected and transgenic plants (Tomenius et al., 1987; Ding et ai'., 1992). How viral RNP

complexes are delivered to PD is still unknown. The MP was demonstrated to bind

specifically to the cell wall-localized pectin methylesterase (PME; Chen et al., 2000).

Although the exact role of PME in the virus cell-to-cell movement has yet to be

established, it was hypothesized that PME could play a role in the MP targeting to the

cell periphery. P30 was also reported to modify or gate PDs (Wolf et al., 1989). P30

accumulation at PDs and its gating activity appeared to be temporary: PD SEL was

restored behind the infection front. It was proposed that the MP activity in the infected

cell is likely to be negatively regulated (via P30 phosphorylation or degradation by the

host 26S-proteosome) in order to normalize cell-to-cell communications after virus

movement to the neighboring cells.

Mutational analysis was used to identify functional domains of P30 (Kahn et al.,

1998). N-terminal region of the protein (9-11 amino acid residues) was implicated in

inclusion body formation and PD targeting. Microtubule association is likely to be

controlled by the region near residues 49-51, whereas the region 88-101 is important to

both microtubule and ER! inclusion body association.

The current model of TMV movement is based on P30 properties and the results of

the time course experiments with the plants and protoplasts infected with recombinant

TMV expressing GFP-tagged P30 (Kawakami et al., 2004). During the early stages of

TMV infection, viral replicase, MP, coat protein and viral RNA are produced. P30 is

phosphorylated and targeted to the ER where viral replication complexes (VRCs) are

formed. The VRCs exhibit intracellular movement in association with cytoskeletal

proteins. Later in the infection, movement of VRCs is stopped and some of these

complexes lodge adjacent to PDs that are modified and opened by the action of P30.

VRCs are translocated via PDs, spread to adjacent cells, and viral replication is initiated

in secondarily infected cells. This model has yet to answer many important questions.

What is the role of the P30-ER and P30-microtubule associations? How are VRCs
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translocated to and through PDs? What is transported to adjacent cells, VRCs or P30-

TMV RNA RNP complexes?

Cowpea mosaic virus transport. The second mechanism of virus transport was

described based on the cell-to-cell movement of some icosahedral RNA viruses and

pararetroviruses. In the infected plants, these viruses induce formation of tubular

structures interconnecting two adjacent cells. Cowpea mosaic virus (CPMV) encodes a

48-kDa protein identified by mutagenesis as a MP (van Lent et al., 1990). Both the MP

and capsid protein are required for CPMV translocation.

Similarly to TMV MP, CPMV MP is capable of binding single-stranded nucleic acid

and has GTP-binding activity (Carvalho et al., 2004). The MP was shown to interact with

CPMV virions and possess several functional domains. Its C-terminal region is

responsible for association with the virions (Carvaiho et al., 2003), whereas the

remaining part of the protein is required for MP polymerization and tubule formation

(Bertens et al., 2000).

In CPMV infected plants, MP forms tubules that project to adjacent cells. Immuno-

electron microscopy studies revealed that tubules are composed of viral MP and contain

virions (van Lent et al., 1990). Similar tubules were found on the surface of protoplasts

infected with CPMV or transiently expressing MP, indicating that MP is the only protein

required for tubule formation (van Lent et al., 1991; Kasteel et al., 1993; Wellink et al.,

1993). MP polymerization occurs at specific areas of the plasma membrane. Several

regions located in N- and C-terminal parts of the MP that are important for its targeting to

the cell periphery were identified (Pouwels et al., 2003). None of the drugs disrupting

polymerization of microtubules or microfilaments, as well as inhibiting the secretion

pathway prevented MP targeting to the cell periphery (Pouwels et al., 2002).

A model of CPMV cell-to-cell movement was proposed by Pouwels et al. (2003)

based on the results of mutational analysis and cellular distribution of MP. At the first

step, the MP is diffusedltargeted to the plasma membrane, where it accumulates in spots

and subsequently polymerizes into tubules. Plasma membrane targeting is suggested to

occur via interaction with a host protein. Tubules grow within the PDs, remove the
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desmotubule, and project into adjacent uninfected cells. After that, the tubules are

disassembled thereby releasing the virions that start new infection cycle.

Based on this model, many questions remain to be addressed: i) How is disassembly

of the tubule achieved? ii) What is the role of MP RNA and GTP-binding activities in the

translocation process? iii) How are MP and viral particles transported to the sites of

tubule nucleation at the plasma membrane? iv) What is the cellular receptor at the sites of

nucleation?

Recent experiments with MP of the CPMV-relative Grapevine fanleaf virus helped to

clarify some of these questions (Laporte et al., 2003). In this work, distribution of the

GFP-MP fusion was studied in a transgenic tobacco BY-2 cell line. In interphase cells,

MP was demonstrated to mainly localize to PDs in cross walls, although in dividing cells

it preferentially accumulated within the cell plate. Inhibition of the secretion pathway

prevented tubule formation and led to MP redistribution to the cytosol. Disruption of the

microtubular network interfered with MP targeting to the cell plate but not to the cell

periphery, and did not interrupt tubule formation. Complete disassembly of both

microtubules and microfilaments also resulted in redistribution of the MP to the cytosol.

In addition, MP was shown to interact with KNOLLE, a t-SNARE protein involved in

vesicle docking and fusion during cellular secretion process (Lauber et al., 1997; Ungar

and Hughson, 2003). Although KNOLLE could contribute to MP trafficking to the cell

plate during cytokinesis, the existence of an alternative, KNOLLE-independent

mechanism was proposed for non-dividing cells where expression of this protein is

repressed. Taken together, these data suggested that MP trafficks in association with the

secretion vesicles using both microtubule-dependent and microfilament-dependent

motility systems.

Potato virus X trafficking. An even more complex system of virus translocation was

described for several filamentous and rod-shaped viruses including Potato virus X

(PVX). This virus encodes three overlapping genes termed triple gene block (TGB). TGB

encoded proteins, TGB 1, TGB2, and TGB3 were identified as viral MPs. In addition to

these proteins, viral coat protein was demonstrated to be required for intercellular

movement of PVX (Chapman etal., 1992; Baulcombe etal., 1995).
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TGB 1, a 25-kDa protein, possesses several conserved sequence motifs that are found

in RNA helicases (Habili and Symons, 1989). TGB 1 binds ATP and nucleic acids in vitro

and possesses ATPase activity (Kalinina et al., 1996). Immunogold labeling of the

infected tissue revealed that TGB 1 is associated with the cytoplasmic inclusion bodies,

but not with the cell wall or PDs (Davies et al., 1993). TGB2, a 12-kDa protein with two

putative transmembrane domains, and TGB3, an 8-kDa hydrophobic protein with

variable sequence (Koonin and Dolja, 1993) localize to the ER. This localization

correlated with the ability of PVX to move in tobacco plants (Mitra et al., 2003;

Krishnamurthy et al., 2003). In addition, TGB3 was shown to localize within cell walls

(Hefferon et al., 1997). PVX coat protein was the only viral protein that localized to PDs

in PVX infected leaves (Oparka et al., 1996; Cruz et al., 1998). The movement activity of

TGB1 was suggested to be regulated by interactions with each TGB2, TGB3, and capsid

protein (Yang et al., 2000).

TGB proteins were also reported to modify SEL of PDs (Angell et al., 1996; Cruz et

al., 1998). Yeast two-hybrid experiments demonstrated that TGB1 specifically binds host

factors TIP 1, 2 and 3 which were shown previously to interact with beta- 1,3 -glucanase,

the enzyme that may regulate plasmodesmal SEL through callose degradation. This

finding led to a hypothesis that PVX could regulate plasmodesmal SEL via interaction of

TGB1 and TIP factors (Fridborg et al., 2003).

According to the current model of PVX cell-to-cell movement (Lough et al., 1998),

all three PYX MPs and coat protein are likely to act in concert in virus translocation.

TGB 1 forms a complex with the viral KNA and coat protein and moves intercellularly.

TGB2 and TGB3 are required for PD localization and the intercellular transport of the

viral movement complex.

Despite multiple publications on functions and cellular localization of TGB proteins,

the mechanism of the PVX translocation and the exact role of each MP remain unclear.

Currently, it is also debated in what form (RNP or virion) the virus is translocated (Lough

et al., 1998; Cruz et al., 1998). Interestingly, in addition to functions in viral cell-to-cell

movent, TGB1 was demonstrated to possesses RNA silencing suppression activity

(Voinnet et al., 2000). Extensive mutational analysis of TGB 1 revealed a correlation
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between its functions in virus translocation and RNA silencing suppression suggesting

that two processes could be connected (D. Baulcombe, pers. conimun.).

Although mechanisms described for TMV and PVX MPs seem to be different, it was

shown in complementation experiments that TGB mutation can be complemented by

TMV MP 30K but not by tubule-forming MPs (Lauber et al., 1998).

1.3. Bee/yellows virus (BYV)

BYV is a positive-strand RNA virus with a 15.5kb genome that is the type member of

the genus Closterovirus, family Closteroviridae (Dolja, 2003). Similar to other members

of this genus, BYV is transmitted by aphids. Long filamentous virions of BYV possess

two distinct parts (Fig. 1.3; Agranovsky etal. 1995).

Major capsid protein (CP) forms a long body of the virion. A short tail (5% of the

virion length) is assembled by the minor capsid protein (CPm) that encapsidates a 5'-

terminal region of the viral RNA (Zinovkin etal., 1999; Peremyslov etal., 2004).

1.3.1. Genome structure and expression

BYV genome encodes nine open reading frames (ORFs; Fig. 1.4). ORF1a is

expressed via direct translation of the capped virion RNA. ORF1b is presumably

translated by +1 frameshift mechanism that involves ribosome pausing upstream from the

ORF la stop codon (Agranovsky et al., 1994). This leads to translation of two replicase

polyproteins that correspond to ORF la and combined ORFs la and lb. The smaller

polyprotein includes from N- to C-terminus a leader proteinase (L-Pro), a

methyltransferase domain (MET), large interdomain region of the unknown function, and

a RNA helicase domain (HEL). In addition to these, a larger protein includes a RNA-

dependent RNA-polymerase domain (POL).
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Fig.1.3 BYV virion imaging using (A) electron microscopy and immunogold labeling of
the CPm-tails (A) and atomic force microscopy (B and C).

Upon translation, L-Pro is released from the polyprotein via autocatalytic processing

by the papain-like proteinase domain at its C-terminus (Agranovsky et a!, 1994;

Peremyslov et al., 1998; Peng and Doija, 2000). Other domains of the viral replicase

were also suggested to be proteolyticaly separated (Erokhina et al., 2000). BYV proteins

encoded by remaining seven ORFs are expressed via a set of 3'-coterminal subgenomic

mRNAs, each of which is functionally monocistronic (Hagiwara et al., 1999;

Peremyslov et al., 2002).

1.3.2 Functions of the BYV proteins

MET, HEL and POL domains play critical roles in viral RNA replication. These

domains are highly conserved among all viruses of the family C!osteroviridae. Moreover,

these domains are a hallmark of the Sindbis virus-like superfamily of positive-strand

RNA viruses that includes large number of plant and animal viruses (Goldbach et al.,

1994; Rozanov et al., 1992; Koonin & Dolja, 1993). L-Pro is a multifunctional protein

that functions in polyprotein processing and as a strong enhancer of viral replication and
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long distance transport (Peng and Doija, 2000; Peng et. a!, 2003). Another BYV protein

required for efficient accumulation of the viral RNA is a 21 -kDa protein (p21). Recently,

p2! was shown to be a suppressor of RNA silencing, a potent host defense response that

targets viral RNAs for degradation in a sequence-specific manner (Peremyslov et al.,

1998; Reed etal., 2003).

ORF Ia
lb

L-Pro MET HEL POLcap

ORF Ia

ORFIb +1FS

_A

7 subgenomic

mRNAs:

p6 p64 CP p21

p6- - Hsp7Oh

_I CPm

p2 QIIL.....

p2i11

Fig 1.4. BYV genome organization. The top part shows ORFs from la to 8 coding for a
leader proteinase (L-Pro), an RNA replicase possessing putative methyltransferase
(MET), RNA helicase (HEL), and polymerase (POL) domains, a 6 kDa-protein (p6), an
Hsp7O-homolog (Hsp7Oh), a 64 kDa-protein (p&4), minor capsid protein (CPm), major
capsid protein (CP), a 20 kDa-protein (p20), and a 21 kDa-protein (p2!). The arrow
marks the site of self-cleavage by L-Pro.

The remaining six BYV proteins are not required for RNA accumulation. As was

mentioned above, two of these proteins, CP and CPm assemble into tailed virions. BYV

Hsp7Oh, a homologue of the cellular 70-kDa heat shock proteins, has a conserved N-
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terminal ATPase domain. A less conserved C-terminal domain of Hsp7Oh exhibits

limited sequence similarity with the substrate-binding domains of the cellular Hsp7Os

(Agranovsky et al., 1991). Plant closteroviruses are the only viruses known to encode a

Hsp7O homolog. It was demonstrated that Hsp7Oh localizes to PDs in BYV infected

leaves (Medina et al., 1999) and is required for BYV cell-to-cell movement (Peremyslov

et al., 1999). The functions of BYV genes encoding a 6-kDa protein (p6), a 64-kDa

protein (p64), and a 20-kDa protein (p20) were not known at the time when my Ph.D.

project started.

Polyprotein
processing,
Replicational
enhancer

Essential for Replication

L-Pro MET HEL

Replicational enhancer,
silencing suppressor

Superfluous

p6 p64 CP p2!

Virion components

3,

Fig.1.5. Functions of BYV-encoded proteins. Methyltransferase (MET), RNA helicase
(HEL), and polymerase (POL) domains play critical roles in viral RNA replication.
Leader proteinase (L-Pro) functions in polyprotein processing and as an enhancer of viral
replication. 21 -kDa protein (p21) is a replicational enhancer and a suppressor of RNA
silencing. Virion components, an Hsp7O-homolog (Hsp7Oh), a 64 kDa-protein (p64),
minor capsid protein (CPm), major capsid protein (CP), a 20 kDa-protein (p20), and a 6
kDa-protein (p6) are superfious for virus replication.
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2.1. Abstract

A beet yellows closterovirus (BYV) variant expressing green fluorescent protein and

leaves of BYV local lesion host Claytonia perfoliata were used to reveal genetic

requirements for BYV cell-to-cell movement in leaf epidermis and mesophyll. A series of

mutations targeting genes that are not involved in amplification of the viral positive-

strand RNA was analyzed. The products of genes coding for a 6-kDa hydrophobic

protein (p6), a 64-kDa protein (j64), as well as for minor and major capsid proteins were

found to be essential for intercellular translocation of BYV. In a previous work, we have

demonstrated that the BYV Hsp7O-homolog (Hsp7Oh) also plays a critical role in viral

movement (Peremyslov et aL, 1999). Altogether, a unique protein quintet including three

dedicated movement proteins (p6, p64, and Hsp7Oh) and two structural proteins is

required to potentiate the cell-to-cell movement of a closterovirus. The corresponding

BYV genes are clustered in a block that is conserved among diverse representatives of

the family Closteroviridae.

2.2. Introduction

Over the past decade, the cell-to-cell movement of plant viruses has been a rapidly

progressing area of plant virology and cell biology (e.g., Hull, 1989; Atabekov and

Taliansky, 1990; Deom et al., 1992; Maule, 1994; Lucas and Oilbertson, 1994;

Carrington et al., 1996; McLean et al., 1997; Lazarowitz and Beachy, 1999). Whereas the

cellular components of the machinery translocating viruses between cells are yet to be

identified, a wealth of data on the viral proteins involved in this process has been

generated. At least two classes of these movement-associated proteins can be delineated.

The first class includes dedicated movement proteins (MPs) whose main role in the virus

life cycle appears to potentiate virus translocation from cell to cell. The second class

comprises proteins that participate in movement and other processes such as genome

replication or virion assembly.



The number of virus-specific protein components of translocation machinery vary

dramatically among plant virus families. The seemingly simplest and best studied

examples are provided by the rod-shaped Tobacco mosaic virus (TMV) and icosahedral

Red clover necrotic mosaic virus (RCNMV). Each of these viruses requires only a 30-

kDa MP in order to move from cell-to-cell, whereas the capsid protein (CP) is

dispensable for this process (Deom et al., 1987; Dawson et al., 1988; Giesman-

Cookmeyer and Lommel, 1993; Xiong et al., 1993). It has been suggested that the RNA

genomes of TMV and RCNMV move in a complex with MP (Citovsky et al., 1990;

Fujiwara et al., 1993). In addition to RNA-binding activity, MPs of these viruses were

implicated in plasmodesmatal targeting (Tomenius et al., 1987; Oparka et al., 1997), in

affecting permeability of plasmodesmata (Wolf et al., 1989; Storms et al., 1998), in

binding cytoskeletal elements (Heinlein et al., 1995; McLean et al., 1995), and in

association with the ER (Heinlein etal., 1998; Reichel etal., 1999).

The bipartite geminiviruses possess a two-component translocation machinery with

one MP mediating transfer of viral DNA from nucleus to cytoplasm, and another

potentiating its cell-to-cell translocation (Nouery et al., 1994; Pascal et al., 1994;

Sanderfoot et al., 1996). Remarkably, the former MP functions in association with the

cortical ER (Ward etal., 1997).

A distinct two-component machinery operates in translocation of comoviruses and

several other plant virus families. These components include an MP forming tubular

structures traversing cell walls, and CPs assembling virions that are found inside the

tubules (Wellink and van Kammen, 1989; van Lent et al., 1990; Perbal et al., 1993;

Kasteel et al., 1997).

Intercellular movement of potyviruses still remains an enigma. Although it was

demonstrated that potyviral CP, RNA helicase, and, possibly, P3, are involved in cell-to-

cell movement (Doija et al., 1994a; Carrington et al., 1998; Rodriguez-Cerezo et al.,

1997), none of these proteins can be considered as dedicated MP suggesting that the

potyviral translocation machinery is composed of multifunctional proteins that are also

required for genome replication and assembly.
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In hordeiviruses, the movement is potentiated by three MPs encoded by a triple gene

block (TGB; Petty and Jackson, 1990). TGB is also found in potexviruses (Beck et al.,

1991), in Beet necrotic yellow vein virus (Gilmer et al., 1992), and in several other virus

genera (e.g., Rupasov et al., 1989; Kanyuka et al., 1992; Koenig et al., 1996; Herzog et

al., 1998). Since in addition to 1GB MPs, the cell-to-cell movement of potexviruses

requires the CP, this group possesses the four-component translocation machinery

(Chapman et al., 1992; Santa Cruz et al., 1998). Although the exact mechanisms by

which diverse viruses translocate themselves from cell to cell may be different, important

elements of the general picture are starting to emerge (Lazarowitz and Beachy, 1999;

Reichel et al., 1999).

Until recently, closteroviruses were terra incognita on the maps of virus movement.

Genome analysis revealed that closteroviruses do not possess members of the MP

families found in other virus taxa (Dolja et al., 1994b). In the infected plants,

closteroviruses are associated preferentially with the phloem (Bar-Joseph et al., 1979). In

particular, virions of Citrus fristeza virus and Lettuce infectious yellows virus were found

exclusively in the phloem cells of citrus and lettuce plants, respectively (Price, 1966;

Hoefert et al., 1988). On the other hand, beet yellows virus (BYV) that is a prototypic

closterovirus, is capable of exiting from the vascular tissue, translocating between the

leaf mesophyll cells, and reaching epidermis in several host species (Esau, 1960; Esau

and Hoefert, 1971; Medina et al., 1999). Relatively broad host range of BYV includes

plant species that respond with localized or systemic infection to mechanical inoculation

with the virus (Russel, 1963; Dufflis, 1973). Because of that, BYV provides most

convenient experimental system for studying closterovirus cell-to-cell movement.

The recent generation of full-length cDNA clones has permitted a functional analysis

of closteroviral genomes, the largest among plant viruses. It was demonstrated that the

products of ORFs 1 a and lb located in the 5'-terminal region of the genome are the only

proteins essential for the RNA replication (Klaassen et al., 1996; Peremyslov et al., 1998;

Satyanarayana et al., 1999). These products include papain-like leader proteinase (L-Pro)

and bona fide replicase possessing methyltransferase, RNA helicase, and RNA

polymerase domains (Fig. 2.1; Agranovsky etal., 1994; Klaassen et al., 1995; Karasev et
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al., 1995; Peremyslov et al., 1998). Although the regions outside ORFs la and lb show

considerable variation in gene content, a block of five genes is conserved among all

members of the diverse family Closteroviridae (Dolja et al., 1 994b). In BYV, this block

encodes a 6-kDa hydrophobic protein, a homolog of Hsp7O, a 64-kDa protein, as well as

minor and major capsid proteins (CPm and CP, respectively; Fig. 2.1; Agranovsky et al.,

1991). None of these five proteins is required for BYV RNA replication or transcription

(Peremyslov et al., 1998; Hagiwara et al., 1999). The filamentous virions of

closteroviruses possess a long body and a short tail that are formed by the CP and CPm,

respectively (Agranovsky et al., 1995; Tian et al., 1999).

ORF la
lb 2 3 4 5 F 6 7 8

L-Pro MET HEL HSP7Oh CPm CP p21POL

p6 p64 GFP p20

I * CPmD * CPD I

Fig. 2.1. Genomic map of the BYV-GFP and mutations designed for probing functions of
the five BYV genes. The top part shows ORFs from la to 8 coding for a leader proteinase
(L-Pro), an RNA replicase possessing putative methyltransferase (MET), helicase (HEL),
and polymerase (POL) domains, a 6 kDa-protein (p6), an Hsp7O-homolog (Hsp7Oh), a 64
kDa-protein (p64), minor capsid protein (CPm), green fluorescent protein (GFP; encoded
by an ORF F, for foreign), major capsid protein (CP), a 20 kDa-protein (p20), and a 21
kDa-protein (p21). The arrow marks the site of self-cleavage by L-Pro. The bottom part
is an expanded view showing ORFs 2 through 7 with the mutations studied. Asterisks
designate start codon replacements

The remaining, 3'-proximal BYV ORFs code for a 20-kDa protein of unknown

function, and for a 21 -kDa protein required for efficient RNA accumulation (Peremyslov

et al., 1998). Closteroviruses are the only viruses that encode a homolog of Hsp7O

molecular chaperones found in all cells (Hsp7Oh). In a recent work, we demonstrated that
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BYV Hsp7Oh is a closteroviral MP, being the only known MP closely related to a cellular

protein (Peremyslov et al., 1999). Similar to TMV MP, BYV Hsp7Oh is expressed early

in infection (Hagiwara et al., 1999), is found in plasmodesmata (Medina et al., 1999),

and possesses an in vitro microtubule-binding ability (Karasev et al., 1992).

Here, we have tested the roles of all non-replicational BYV proteins in virus

movement between the leaf epidermis and mesophyll cells, and demonstrate that the

closteroviral translocation machinery includes three dedicated MPs and two structural

proteins. This five-component machinery is the largest among currently described for any

plant virus.

2.3 Materials and methods

2.3.1 Generation of the BYV mutants

All of the mutations used in this study were generated via site-directed mutagenesis

(Kunkel et al., 1987) and introduced into pBYV-GFP, a full-length BYV cDNA clone

tagged by insertion of the ORF encoding the green fluorescent protein (GFP; Fig. 2.1;

Peremyslov et al., 1999). The only exception is the pBYV-GUS-p21 variant described

previously (Hagiwara et aL, 1999). Since the direct mutagenesis of the full-length clone

was impractical, its partial derivatives were utilized to introduce mutations and subclone

them into the full-length clone as described (Peremyslov et al., 1998). A series of

mutations were designed to inactivate the start codons in ORFs 2, 4, 5, 6, and 7 encoding

p6, p64, CPm, CP, and p20, respectively, via replacing them with AUA codons as

described previously (Peremyslov et al., 1998; Fig. 2.1). The mutagenic primers each

with prefix "No" followed by the name of the product of the corresponding ORF are

shown in Table 2.1. Mutation p6TAG resulted in generation of a premature stop codon in

place of the 16th codon of the ORF 2 (Fig. 2.1). An analogous mutation generating two

consecutive stop codons after codon 324 was introduced into ORF 4 using primer N64S

(Table 2.1; Fig. 2.1). The invariant arginine codons in ORFs 3 and 4 (numbers 128 and

114, respectively) were replaced with aspartic acid codons using primers CPmD and CPD
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(Table 2.1) targeting CPm and CP, respectively (Fig. 2.1). The large in-frame deletion in

mutant A64N (Table 2.1, Fig. 2.1) resulted in the removal of ORF 4 codons 33 through

324. Likewise, in deletion mutant Ap2O, the codons from 1 to 71 were removed (Table

2.1, Fig. 2.1). Since the only potential start codon in the remaining part of ORF 7 is

located near the ORF 3'-end, corresponding mutant could produce only a 55 amino acid-

long polypeptide representing less than a third of wild-type p20. Each of the eleven

mutations was verified by nucleotide sequencing.

Table 2.1 Oligonucleotides used in the study

Oligonucleotide Nucleotide sequence a (5 3')

Nop6 CTTCGCGGTGATATCCTGTGTACTCCG

Nop64-C ACCGCGTCGTCGTATGAACTGAAC

NoCPm TTTTGTGGAAAGACGTCGGCGCCCGAAG

NoCP CTTGAGTTTCGTATACGCATCAGCCGAACC

Nop2O AGCCACCGGAAAGTAGCTAGCTCTGTCG

p6TAG CATTCGGGTTTTAGATCTGCTTGTTTCTTT

N64S GTGCGTGTTGATAGCCGGCTATCACAAAAGAAGTTCGG

A64N GATAGTCGGAATTTTAGCTTCAGACATCAAG

CPmD AACCCAATCCTGTCGACACGTTTTGTGCTAC

CPD GAAAGCCTAACAAAATCGATTGTTTCTGCCGTAC

Ap2O CTAGCCACCGGAAAATAGGGTTGAAACCCAGTTC

1 a-2-5 GCGGATCCTTGAGCTCCGTTC

1 a-2-3 GCATGCATCCCGTGTTCGCCC
a Underlined nucleotides represent restriction endonuclease sites.
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2.3.2 Plant inoculation and analysis of mutant phenotypes

Capped RNA transcripts were generated using the Sma I-linearized pBYV-GFP

variants and SP6 RNA polymerase as described (Peremyslov et al., 1998). The products

of 50 il transcription reactions were used in 8tl aliquots for manual inoculation of

mature leaves of Claytonia perfoliata with the aid of carborundum. The inoculation

experiments were reproduced at least twice. To account for plant-to-plant variations in

susceptibility to BYV infection, each of the mutants and the parental pBYV-GFP variant

were inoculated onto separate leaves of each of the six plants. The GFP-specific

fluorescence of the infection foci was observed in detached leaves at 10 days post

inoculation as described by Peremyslov et al. (1999). Statistical analysis of the data was

conducted using the t test and Microsoft Excel 4 software package.

2.3.3 Analysis of RNA encapsidation in tobacco protoplasts

Tobacco protoplasts derived from suspension culture were transfected via

electroporation as described (Dolja et al. 1997) using -4x106 cells and products of 50 tl

transcription reactions per transfection. Protoplasts were held in the dark at room

temperature for 4 days and harvested for RNA encapsidation analysis. This analysis,

based on the protection of encapsidated RNA from degradation by exogenous RNases,

was developed by Wu and Shaw (1996). The detailed protocol used in this study,

including detection of the protected RNA by RT-PCR amplification, was recently

published (Medina et al., 1999). The oligonucleotide primers used to amplify the internal

part of the BYV genome encompassing BYV nts from 3,460 to 4,210 were la-2-5 and

la-2-3 (Table 2.1). The expected size of the amplification products was 750 bp.

2.4 Results

A tagged BYV variant expressing free GFP (BYV-GFP) was used throughout this

study. The cell-to-cell movement of BYV-GFP in the inoculated leaves of the virus local

lesion host, Claytonia perfoliata, was monitored via fluorescent microscopy (Peremyslov

et al., 1999). All mutations were introduced into the BYV-GFP background, and the
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resulting mutants were compared to the parental variant in their ability to move between

the cells of the leaf epidermis and mesophyll. Fig. 2.2A illustrates the size distribution of

BYV-GFP-induced infection foci; although 20% of them remained unicellular at 10 days

post inoculation (d.p.i.), the majority of the foci were multicellular with diameters

ranging from 2 to 9 cells.

A

Li1

..-

B

ft ::

Fom diameter (milt) I 2 3 4 5 6 7 9 9

Fig. 2.2. Size distribution analysis of fluorescent infection foci produced at 10 days post
inoculation of RNA transcripts to C. perfoliata leaves. (A) The parental BYV variant
(BYV-GFP). (B and C), two BYV-GFP variants harboring the mutant forms of the ORF
7 coding for p20. n, number of analyzed infection foci.

As we have demonstrated previously, free GFP produced in mature leaves of C.

perfoliata using mechanical inoculation by BYV-GFP was able to move from cell to cell

only when expressed by a movement-competent virus (Peremyslov etal., 1999).

2.4.1 6-kDa hydrophobic protein and 64-kDa protein are BYV MPs

It was observed previously that the 6-kDa protein (p6) of BYV bears a marginal

similarity to one of the TGB MPs (Agranovsky et al., 1991). To test the predicted role of

this protein in virus movement, two point mutations were introduced into ORF 2 (Fig.

2.1). The first mutation, named Nop6, inactivated the ATG start codon via replacing it

with ATA; since no other methionine codons are present in ORF 2, this mutation resulted

in complete arrest of p6 expression. In vitro translation experiments showed that no

product was directed by corresponding mutant mRNA (data not shown). The second

mutation, p6TAG, was designed to express a truncated form of p6 due to introduction of

a premature termination codon after the 15th codon of the 54 codon-long ORF 2.
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Inoculation of C. perfoliata leaves demonstrated that each of the two p6 mutants was

completely restricted to single inoculated cells, whereas 80% of the foci formed by the

parental BYV-GFP variant were multicellular at 10 d.p.i. (Table 2.2).

Table 2.2 Cell-to-cell movement of BYV-GFP and its derivatives harboring mutations in
ORFs 2, 4, 5, and 6

Virus variant BYV-GFP Nop6 p6TAG Nop64 N64S A64N NoCPm CPmD NoCP CPD

Mutant ORF No. N/A 2

No. of foci observed 238 52

% of multicellular 80 0
focia

2 4 4 4 5

115 48 173 80 114

0 0 0 0 0

5 6 6

114 124 220

0 0 0

A11 foci with diameters of two cells and larger were considered multicellular. The focus
size distribution for BYV-GFP is also shown in histogram form on Fig.2.2A.

It can not be formally excluded that these mutations affected expression of the

Hsp7Oh, which is required for BYV cell-to-cell movement (Peremyslov etal., 1999). The

ORFs 2 and 3 encoding p6 and Hsp7Oh, respectively, overlap by one nucleotide, and it is

not known if their products are expressed from the same or separate subgenomic RNAs.

Because of that, mutations introduced into p6 ORF could affect transcriptional or

translational control of Hsp7Oh expression. It seems, however, unlikely that each of these

point mutations located at the distance of 45 nucleotides from each other resulted in

inactivation of Hsp7Oh expression. In fact, in vifro translation studies using synthetic

mRNA possessing ORFs 2 and 3 showed that Nop6 and p6TAG variants produced

elevated levels of Hsp7Oh (not shown).

The proteins related to BYV 64-kDa protein (p64) are conserved among all

closteroviruses (Zhu et al., 1998), whereas they exhibit no significant similarity to any

non-closteroviral proteins in the database. Analysis of multiple aliglmTlents of the p64-like
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proteins suggested that the p64 molecule can be subdivided into a highly conserved C-

terminal domain and less conserved N-terminal domain (Koonin and Dolja, unpublished

data). Three mutations were designed to probe the function of p64 in the BYV life cycle

(Fig. 2.1). The Nop64 mutation inactivated the start codon in the ORF 4. The closest,

downstream, in-frame ATG is not in an optimal context; if it were to initiate translation,

the resulting product would be shorter by 30 amino acid residues. The second mutant,

N64S, acquired two stop codons in place of codons 325 and 326 in ORF 4. This mutant

can express only the N-terminal domain of p64. In the third mutant, designated A64N,

most of the N-terminal domain was deleted, resulting in expression of the conserved C-

terminal domain fused to the first 32 residues of the N-terminal domain. The

corresponding 5'-terminal stretch of ORF 4 was left intact since it overlaps the 3'-terminal

part of ORF 3 coding for Hsp7Oh. Deletion of this region would result in movement-

incompetent virus due to loss of Hsp7Oh function. In the plant inoculation experiments,

all three variants with the mutant p64 forms exhibited identical movement-deficient

phenotypes. All of the 301 fluorescent infection foci observed for these mutants were

represented by single cells at 10 d.p.i. (Table 2.2), demonstrating that intact p64 is

essential for BYV movement from cell to cell.

Since p6 and p64 are superfluous for BYV RNA replication and transcription

(Peremyslov et al., 1998; Hagiwara et al., 1999), whereas each of these proteins is

essential for BYV cell-to-cell movement, p6 and p64 fit the definition of the plant virus

MPs.

2.4.2 Each of two structural proteins is essential for BYV cell-to-cell movement

Closteroviruses possess filamentous particles of a peculiar, tailed morphology. It

seemed intriguing to reveal the roles of the minor and major BYV CPs in virus local

spread. To this end, we generated two types of the CPm and CP mutants (Fig. 2.1). In

NoCPm mutant, replacement of the start codon was expected to result in production of

the truncated CPm variant missing 20 N-terminal amino acid residues, provided that the

second ATG codon was used as a start codon. The analogous NoCP mutant was

incapable of producing CP, because no additional ATG codons are present in ORF 6.
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This expected phenotype of the NoCP mutant was confirmed in protoplast transfection

experiments (not shown). The second type of mutations targeted arginine residues that

are invariant among all CPs of filamentous viruses including closteroviral CPs and CPms

(Dolja et al., 1991; Boyko et al., 1992). In CPmD and CPD mutants, these residues were

replaced with aspartic acid residues. As it was shown previously for the tobacco etch

potyvirus, an equivalent mutation resulted in assembly-incompetent virus that was

incapable of moving from cell to cell (Dolja et al., 1994a).

Test plant inoculations revealed that each of the four mutations targeting CPm and CP

arrested BYV movement from cell to cell (Table 2.2). Each of the 572 foci detected at 10

d.p.i. was composed of a single fluorescent cell. These data provided compelling

evidence for essential roles of CPm and CP in cell-to-cell translocation of BYV.

2.4.3 RNA encapsidation and cell-to-cell movement

The requirement for each of the two BYV structural proteins for the cell-to-cell

movement suggested that RNA encapsidation is a prerequisite for virus translocation. To

further explore this possibility, we have tested encapsidation of the mutant RNAs using

transfected protoplasts and indirect RNA protection assay (Wu and Shaw, 1996; Medina

et al., 1999). In brief, tobacco protoplasts were harvested and homogenized at 4 days

after transfection with RNA transcripts. The homogenates were incubated at 37°C to

allow degradation of non-encapsidated RNA by endogenous RNases. The RNAs were

isolated, and the presence of encapsidated and protected viral RNA was assessed using

RT-PCR and primers designed to amplify a 750 nt region in BYV ORF la. The deletion

mutant GUS-p2 1, lacking ORFs 2 through 7 including the ORFs encoding CPm and CP

(Hagiwara et al., 1999), was used as a negative control, whereas non-modified BYV-GFP

variant served as a positive control. In addition, the RNA preparations obtained from

each protoplast sample prior to incubation of extract at 37°C were analyzed by RT-PCR

to ensure that successful genome amplification occurred.

As expected, the GUS -p21 mutant was incapable of RNA encapsidation; no

corresponding RT-PCR product was detected using the RNase protection assay (Fig. 2.3).
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Fig. 2.3. Analysis of RNA encapsidation in protoplasts using indirect RNA protection
assay and RT-PCR. The products of RT-PCR amplification were separated in a 2%
agarose gel. Lane 1 represents the analysis of the RNA derived from the protoplasts
transfected using GUS-p2 1 variant (negative control); lane 2, Nop6 mutant; lane 3, A64N
mutant; lane 4, NoCPm mutant; lane 5, CPmD mutant; lane 6, NoCP mutant; lane 7, CPD
mutant; lane 8, parental BYV-GFP (positive control). (A) RT-PCR analysis of RNAs
isolated after incubation of protoplast extracts at 3 7°C. (B) Similar analysis of the RNAs
isolated prior to incubation at 37°C. The primer pair used for RT-PCR analysis was
specific for the internal RNA region. M, size markers; the lengths of two DNA fragments
in base pairs are shown at the left.

Likewise, the CP-deficient NoCP mutant was defective in RNA encapsidation (Fig.

2.3). Furthermore, CPD mutant producing CP with the replacement of the invariant

Argi 14 residue was also deficient in RNA encapsidation. These results indicated that the

CPm alone is incapable of coating the complete BYV genome. In contrast, in each of the

analogous CPm mutants the internal region of BYV RNA has been protected (Fig. 2.3).

However, we did not test for the presence of the virion 'tails' normally formed by CPm. It

seems likely that these tails were absent from particles assembled by NoCPm and CPmD

mutants resulting in movement-deficient phenotypes (see above).

We were also interested to see if the formation of functional p6 and p64 is required

for RNA protection. As it is evident from Fig. 2.3, the two tested mutants, Nop6 and

A64N, exhibited no detectable defects in protection of the internal part of virion RNA,
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suggesting that none of these proteins is required for the assembly of the virion body.

However, it is possible that one or both of these proteins can assist in formation of the

virion tail or other, unidentified components of the BYV particle.

2.4.4 20-kDa protein is not required for virus movement from cell to cell

The 20-kDa BYV protein (p20) has no close relatives among other closteroviruses

(Dolja et al., 1994b; Zhu et al., 1998). In order to address possible role of p20 in BYV

cell-to-cell movement, we designed two mutants (Fig. 2.1). The Nop2O mutant lacked the

start codon in ORF 7; the second, in-frame, ATG codon is located at a distance of 68

codons from the ORF's beginning. In another mutant, Ap2O, the region from first to 71st

codons was deleted such that the use of the last remaining ATG codon for translation

initiation would result in production of only a C-terminal, 55 residue-long polypeptide.

Further extension of this deletion in the 3 '-direction could affect expression of the

downstream ORF 8 that is required for RNA accumulation (Peremyslov et al., 1998).

In contrast to all characterized mutants harboring defects in ORFs 2, 4, 5 and 6, each

of the ORF 7 mutants tested positive for its ability to move from cell to cell upon

inoculation to leaves of C. perfoliata (Fig. 2.2 B and C). Quantitative analysis revealed

that 70% of the infection foci found for Nop2O mutant were multicellular compared to

80% in the parental BYV-GFP (Figs. 2.2 A and B). The proportion of the multicellular

foci was somewhat lower for the Ap2O mutant (60%; Fig. 2.2C). Statistical evaluation of

the data revealed that Nop20 and Ap20 variants were each significantly different from the

parental BYV-GFP (p < 0.00 1). We concluded that p20 is not essential for the BYV cell-

to-cell movement, although this protein may provide an accessory function required for

the efficient translocation of virus.

2.5 Discussion



The purpose of this work was to identify non-replicational genes required for BYV

cell-to-cell movement using BYV expressing GFP as a reporter protein. As we have

demonstrated, the BYV-GFP system provides an accurate measure of virus movement in

the mature leaves of C. perfoliata: no intercellular translocation of the free GFP without

the aid of virus was observed (Peremyslov et al., 1999 and Oparka et al., 1999). We have

analyzed eleven point mutations and deletions targeting five BYV ORFs that are

superfluous for genome replication and transcription (Peremyslov et al., 1998; Hagiwara

etal., 1999).

The products of ORFs 2, 4, 5, and 6 were found to be essential for BYV cell-to-cell

movement. Together with the ORF 3-encoded Hsp7Oh, whose critical role in BYV

movement was recently described (Peremyslov et al., 1999), BYV requires at least five

proteins for intercellular translocation. For three of these proteins, namely p6, Hsp7Oh,

and p64., potentiation of the cell-to-cell movement appears to be a primary function.

Because of that, p6, Hsp7Oh, and p64 fall into the ranks of the plant viral MPs. Since

none of the movement-associated proteins alone is sufficient for BYV translocation, it

seems likely that these proteins function in a coordinated or interactive fashion.

It is an important question if the assembly of the unusual tailed virions is a

prerequisite for BYV translocation. The fact that cell-to-cell movement requires each of

the viral structural proteins suggests that the virion is the transported form. Moreover,

movement-deficient phenotype of the CPD mutant that produces assembly-incompetent

CP, further supports this hypothesis. An interesting aspect of the role of the virions in

cell-to-cell movement is a possible involvement of one or more of BYV MPs into aiding

assembly. Although it appears that none of the MPs is required for the assembly of the

virion body (Medina et al., 1999 and this paper), it is possible that BYV MPs are

involved in the formation of functional, tailed virions.

Co-localization of the Hsp7Oh with virions in BYV-infected cells (Medina et al.,

1999), as well as detection of Hsp7Oh in partially-purified preparations of Lettuce

infectious virus (LIYV; Tian et al., 1999) suggested the physical association between this

protein and virions. The LIYV 59-kDa protein which is homologous to BYV p64 was

also found in these preparations (Tian et al., 1999). Moreover, recent observations
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indicated that each of the homologs of BYV p6, Hsp7Oh, and p64 encoded in Citrus

tristeza virus (CTV), is required for the formation of infectious virions in transfected

protoplasts (W.O. Dawson, personal communication). These indirect data strongly

suggest that virion assembly is an important aspect of closteroviral movement from cell

to cell. It remains to be determined what other activities of p6, Hsp7Oh, and p64

contribute to closteroviral translocation. Localization of the BYV Hsp7Oh to
plasmodesmata (Medina et al., 1999) indicates that this molecular chaperone may be

involved in guiding virus from cell to cell.

A conspicuous feature of the closteroviral movement machinery is that the quintet of

participating proteins is coded for by a gene cluster that is conserved among all members

of the family Closteroviridae (Fig. 2.4) (Doija et al., 1994b; Klaassen et al., 1995;

Karasev et al., 1996; Jelkman et al., 1997; Zhu et al., 1998). By analogy to the TGB

found in several genera of plant viruses (Morozov et al., 1989), we propose naming this

cluster a quintuple gene block, or QGB. The analogies between TGB and QGB expand

far beyond the juggling with words. Indeed, each of the TGB proteins is an MP (Petty

and Jackson, 1990; Beck et al., 1991; Gilmer et al., 1992), similar to QGB proteins

encoded by ORFs 2 to 4. A hydrophobic domain of BYV p6 is marginally similar to

putative membrane-bound domain of one of the TGB proteins (Agranovsky et al., 1991).

ATPase activity has been reported for the largest TGB protein that is an RNA helicase

homolog (Rouleau et al., 1994; Donald et al., 1997; Morozov et al., 1999), as well as for

the largest QGB protein, Hsp7Oh (Agranovsky et al., 1997). Furthermore, the TGB-

containing, filamentous potexviruses require CP and virion formation for their cell-to-cell

movement (Chapman et al., 1992; Santa Cruz et al., 1998), analogously to the

requirement for both CP and CPm in BYV. It should be emphasized that the model

system utilized in this study allowed identification of genes required for BYV transport

in leaf epidermis and mesophyll. It is possible that the virus movement between the

phloem cells involves a distinct set of genes. Conservation of the QGB in the phloem-

limited closteroviruses such as CITY and LIYV, however, suggests that the core parts of

translocation machinery are the same in all closteroviruses.
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Fig. 2.4. Diagram of the genome summarizing the functions of BYV proteins. The
designations are the same as in Fig. 1A. The requirements for BYV RNA amplification
were characterized by Peremyslov et al. (1998) and Hagiwara et al. (1999); the essential
role of quintuple gene block (QGB) proteins in BYV cell-to-cell movement was
demonstrated by Peremyslov et al. (1999) and in this work; the morphology of the tailed
BYV virions was described by Agranovsky et al. (1995).

Four of the QGB members are expressed early in BYV infection (Hagiwara et al.,

1999) indicating that cell-to-cell movement is an early phase of the plant virus life cycle.

The only exception appears to be a gene encoding p64. Another BYV protein that is

expressed late in infection is p20 (Hagiwara et al., 1999). This study shows that although

p20 is not essential for the cell-to-cell movement in mesophyll, it may provide an

accessory function facilitating this process. We can not exclude that, in addition to QGB

proteins, one or more of BYV proteins associated with RNA accumulation is also

required for cell-to-cell movement. The precedents of this sort include RNA polymerase

of a bromovirus (Traynor et aL, 1991) and RNA helicase of a potyvirus (Carrington et

al., 1998).

What is the significance of mapping the cell-to-cell movement requirements of a

closterovirus? First, comparative analysis of the movement machineries found in diverse

virus families is an important approach for identif'ing the common elements and,

ultimately, revealing the general mechanisms of intercellular translocation of viruses in

plants. Second, identification of specific functions distributed among the five BYV
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proteins involved in virus transport may highlight novel aspects of these translocation

mechanisms. Third, the high level of similarity between closteroviral and cellular

HSP7Os permits one to apply the knowledge available for cell molecular chaperones to

dissect structure to function relations in the closteroviral MP.
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3.1. Abstract

Diverse animal and plant viruses are able to translocate their virions between

neighboring cells via intercellular connections. In this work, we analyze the virion

assembly and cell-to-cell movement of a plant closterovirus and reveal a strong

correlation between these two processes. The filamentous virions of a closterovirus

possess a long body formed by the major capsid protein (CP) and a short tail formed by

the minor capsid protein (CPm). Genetic and biochemical analyses show that functions of

these virion components are distinct. A virion body is required primarily for genome

protection, whereas a tail represents specialized device for cell-to-cell movement.

Furthermore, the tail assembly is mediated by the viral Hsp7O homolog (Hsp7Oh) that

becomes an integral part of the virion. Inactivation of the ATPase domain of Hsp7Oh

results in assembly of tailless virions that are incapable of translocation. A dual role of

the viral molecular chaperone Hsp7Oh in virion assembly and transport combined with

the previous finding of this protein in intercellular channels allowed us to propose a

model of closteroviral movement from cell to cell.

3.2. Introduction

Molecular chaperones that belong to the family of '-70 kDa heat shock proteins

(Hsp7O) are found in all types of cellular organisms. The Hsp7Os aid cell survival under

heat shock (Lewis and Pelham, 1985) and function in protein folding, assembly of

multiprotein complexes, translocation of proteins between cell compartments, etc.

(Bukau and Horwich, 1998; Ellis and Hartl, 1999). Functionally distinct Hsp7Os share the

same type of structural organization (Boorstein et al., 1994) with the conserved, N-

terminal, ATPase domain (Flaherty et al., 1990) and more variable, C-terminal domain

(Zhu et al., 1996). Furthermore, the Hsp7Os share the basic mechanism of action. This

mechanism involves repeated cycles of binding and release of the target proteins

regulated by ATP hydrolysis (Pelham, 1986; Bukau and Horwich, 1998; Ellis and Hartl,

1999).
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Originally, the molecular chaperones were discovered due to their role in the

bacteriophage infection (Georgopulos et al., 1990). Among those, a bacterial Hsp7O

DnaK is required for assembly of the bacteriophage replication machinery. It was found

thereafter, that the diverse bacterial, plant and animal viruses rely on the multiple abilities

of the Hsp7Os (Sullivan and Pipas, 2001). Hsp7Os were implicated in adenovirus

replication (Glotzer et al., 2000), hepadnavirus assembly and reverse transcription (Hu et

al., 1997), trafficking of the glycoproteins of the influenza virus (Gething et al., 1986)

and HJV (Knarr et al., 1999), polyomavirus assembly (Cripe et al., 1995), etc. Various

animal and plant viruses induce expression of the Hsp7Os (La Thangue et al., 1984;

Phillips et al., 1991; Arranda et al., 1996; Liberman et al., 1999) or recruit Hsp7O via

interaction with the virus-encoded J-domains (Kelley, 1999). Certain animal viruses such

as vaccinia (Frischknecht et al., 1999) and herpes simplex (Johnson et al., 2001), and

virtually all plant viruses actively translocate between adjacent cells in the course of

infection. Cell-to-cell movement of plant viruses proceeds through the plasmodesmata

and involves functions of virus-encoded movement proteins (MPs) (Maule, 1994;

Carrington et al., 1996; Lazarovitz and Beachy, 1999; Lucas, 1999; Chen et al., 2000;

Citovsky and Zambryski, 2000; Voinnet et al., 2000). These MPs are able to functionally

modify (Wolf et al., 1986; Oparka et al., 1999) or restructure the plasmodesmata (van

Lent et al., 1991; Perbal et al., 1993). Some of the plant viruses are thought to pass

through plasmodesmata in a virion form (Wellink and van Kammen, 1989; Dolja et al.,

1 994a; Santa Cruz et al., 1998), while others translocate their genomes in a complex with

the MPs (Citovsky etal., 1990; Giesman-Cookmeyer and Lommel, 1993).

Beet yellows virus (BYV) is the prototype member of the C!osteroviridae family of

positive-strand RNA viruses (Doija et al., 1994b; Karasev, 2000). The 15.5 kb genome of

BYV codes for at least 10 proteins required for RNA replication, virion assembly, and

cell-to-cell movement (Fig. 3.1A). Remarkably, closteroviruses encode the only known

virus-specific Hsp7O homologs (Hsp7Oh) (Agranovsky et al., 1991). The Hsp7Oh of BYV

was shown to localize to plasmodesmata (Medina et al., 1999) and to function as one of

the viral MPs (Peremyslov et al., 1999).
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Fig. 3.1 Genome map of the beet yellows virus (BYV). L-Pro, leader proteinase (the
arrow below shows the site of L-Pro self-cleavage); MET, HEL and POL, the
methyltransferase, RNA helicase and RNA polymerase domains of the BYV replicase,
respectively; p6, a 6 kDa movement protein; p64, a 64 kDa movement protein; Hsp7Oh,
Hsp7O homolog; CPm and CP, the minor and major capsid proteins, respectively; p20
and p21, the 20 and 21 kDa proteins, respectively. (B) Electron micrograph of the BYV
virion. The virion tail assembled by CPm was decorated with the CPm-specific
antibodies and labeled with 10 nm gold particles (black dots). The virion body that is
assembled by CP was not labeled. (C) Multiple alignment of the amino acid sequences of
the CP and CPm of the BYV and Grapevine leafroll-associated virus-2 (GLR) generated
using the Macaw program (Schuler et al., 1991). The conserved amino acid motifs are
boxed; the N-terminal motif unique to CPms (CPm box) is shown in gray. The four
amino acid residues that are invariant among all capsid proteins of closteroviruses and
conserved in most of the filamentous viruses are highlighted in bold and with asterisks.
The numbers of amino acid residues in each protein are shown.
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Other BYV MPs include small hydrophobic protein (p6) and a 64-kDa protein (p64)

(Alzhanova et al., 2000). In addition, the BYV leader proteinase was proposed to play

important, albeit indirect role in virus movement from cell to cell (Peng et al., 2001).

The rod-shaped and filamentous virions of plant viruses share the helical symmetry,

and are normally assembled of a single type of a capsid protein. However, the

filamentous virions of closteroviruses contain two types of the capsid proteins, major

(CP) and minor (CPm). The CP forms long virion body, whereas the CPm forms a short

tail encompassing -5% of the virion length (Fig. 3.1 B) (Agranovsky et al., 1995; Tian et

al., 1999). Both CP and CPm share conserved amino acid sequence motifs with other

filamentous plant viruses (Dolja et al., 1991; Boyko et al., 1992). It was further revealed

that both CP and CPm are required for BYV movement (Alzhanova et al., 2000), and that

the Hsp7Oh is associated physically with the virions (Tian et al., 1999; Napuli et al.,

2000). Moreover, Hsp7Oh was implicated recently in the efficient assembly or

stabilization of another closterovirus (Satyanarayana et al., 2000).

In this work, we examine the relations between assembly of the BYV virions and

translocation of the virus from cell to cell. We demonstrate that virion tails possess a

specialized function in BYV cell-to-cell movement, and that Hsp7Oh is required for tail

formation. A working model that implies a dual role for Hsp7Oh in assembly of the

virion-associated movement device and in translocation of the virions towards and

through the plasmodesmata is proposed.

3.3 Materials and methods

3.3.1 Generation of mutants and plant inoculation

Mutations in the CP and CPm genes were generated via site-directed mutagenesis and

introduced into two variants of a full-length BYV cDNA clone, pBYV-4 (wild type) and

pBYV-GFP (tagged by insertion of the ORF encoding the green fluorescent protein, or

GFP) as described (Peremyslov et al., 1999; Alzhanova et al., 2000). Among the 38

mutations targeting CP and CPm, 31 were alanine scanning mutations, in which charged
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(Asp, Glu, Arg, Lys) or polar (Gin) residues were repiaced with Aia (Tabies 1 and 2). In

the D9G mutation in CPm gene, Gly was used instead of Ala to avoid changing the amino

acid sequence in the C-terminal part of p64., the coding region of which overlaps that of

CPm. Mutations R114D in the CP and R128D in the CPm are identical to CPD and CPmD

mutations, respectively, that were described earlier (Alzhanova et al., 2000). In the

remaining four mutations, invariant Ser and Gly residues of the CP and CPm were

replaced with Trp. Each of the mutations was verified by nucleotide sequencing. The

nucleotide sequences of the primers used for mutagenesis, sequencing, and RT-PCR (see

below) are available upon request. The Nop6, a null mutation in the p6 gene (Peremyslov

et al., 1998), as well as AXho, NoPhl, and NoCol mutations in the Hsp7Oh gene

(Peremyslov et aL, 1999), were generated previously.

3.3.2 Protoplast transfection, virion isolation, and plant inoculation

Tobacco protoplasts were isolated from suspension culture and transfected via

electroporation using '-4x1 6 cells and products of 50 tl transcription reactions per

transfection (Alzhanova et al., 2000). The in vitro transcriptions were conducted using

SP6 RNA polymerase (Epicentere) and 1 jig of the DNA of pBYV-4 variants linearized

at the unique Sma I site (Peremyslov et al., 1999). Protoplasts were held in the dark at

room temperature for 4 days and harvested for further analysis. For virion isolation, 12

individual protoplast batches were pooled together and cells were pelleted at 1,000 rpm

in a Marathon 6K (Fisher Scientific) centrifuge. The pellet was frozen in liquid nitrogen

and thawed twice, and ground in 1 ml of extraction buffer (0.1 M tris-HC1, pH 7.4 with

0.5% Na2SO3, 0.5% 2-mercaptoethanol, and 2% Triton X100) with the Teflon pestle.

After addition of 4 ml of buffer, extracts were incubated on ice for 2 hrs with periodical

vortexing, and centrifuged at 10,000 rpm in an Eppendorf centrifuge for 5 mm. The

volume of supernatant was adjusted to 10 ml with extraction buffer, layered over 2 ml

sucrose cushion (20% sucrose in TE buffer), and centrifuged at 100,000 x g, 4°C, for 1 h.

The pellet was soaked overnight in 0.1 ml of TE buffer, resuspended in 0.9 ml of the TE

buffer containing 2% Triton X100, incubated at 4°C for 2 hrs with constant mixing, and

the resulting extract was clarified by 5 mm centrifugation at 10,000 rpm in Eppendorf
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centrifuge. The supernatant was layered over 0.2 ml of the sucrose cushion and subjected

to a second cycle of ultracentrifugation. The pelleted virions were soaked in 50 .il of TE

buffer overnight and resuspended by pipeting.

To test the viral cell-to-cell movement, RNA transcripts of pBYV-GFP variants were

inoculated manually to leaves of the indicator plant Claytonia perfoliata as described

(Peremyslov et al., 1999). The green fluorescent infection foci were analyzed using

epifluorescent stereoscope Leica MZFLIII at 8 days post inoculation. At least two

experiments, each involving 6 inoculated leaves, were done for each variant.

3.3.3 RNase protection assays

The detailed protocol for the analysis of BYV RNA protection from degradation by

endogenous protoplast RNases, including detection of the protected RNA by RT-PCR

amplification was published by Medina et al. (1999). In brief, three quarters of harvested

cells were subjected to one cycle of freezing-thawing in liquid nitrogen, resuspended in

buffer containing DNase I, and incubated for 1.5 hrs at 37°C to degrade the uncoated

RNAs, and the RNA was isolated using TRIZOLR reagent (Gibco-BRL). The remaining

one-quarter of the cells were used to isolate untreated RNAs as a control. To further

ensure the complete and uniform degradation of the unprotected KNAs, this procedure

was modified to include exogenous RNase Ti. In preliminary experiments, it was

determined that incubation of -2 tg of pBYV-4 transcripts with lunit of RNase Ti

results in complete degradation of RNA in 15 mm (not shown). Accordingly, the kNase

protection assays were supplemented with lunit of RNase Ti prior to 1.5 hr incubation at

3 7°C. The RT-PCR amplification of the protected RNAs was conducted using pairs of

primers that were designed to amplify the internal (BYV nts 3,459-4,208), 5'-terminal

(BYV nts 1-428), or 3'-terminal (BYV nts 15,090-15,468) regions of the BYV RNA. An

alternative protocol included isolation of the virions from transfected protoplasts (see

above) followed by a treatment with RNase Ti (iunit per 50 tl of virion suspension; 15

mm at 3 7°C). The resulting reaction mixtures were used directly for electroporation into

fresh batch of the protoplasts.
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3.3.4 Analyses of virion composition and morphology

The protein composition of the virions isolated from protoplasts was analyzed using

rabbit anti-CP (Napuli et al., 2000) or anti-CPm (He et al., 1998) serum diluted 1:2000

and 1:1000, respectively, and ECL Western blotting detection kit as recommended by

manufacturer (Amersham/Pharmacia Biotech). Transmission electron microscopy was

conducted as described earlier (Napuli et al., 2000). For the analysis of virion length

distribution, the virions from protoplast extracts were trapped on anti-CP serum-treated

grids, and the lengths of 100 or more randomly selected particles were measured for each

variant using NIH Imaging software. The immunodecoration and immunogold labeling of

the virion tails was conducted using anti-CPm serum followed by treatment with anti-

rabbit immunoglobulin conjugated to 10 nm gold particles (Ted Pella, Inc.) as described

by Tian et al. (1999).

3.4 Results

3.4.1 Computer analysis of the closteroviral capsid proteins

To further explore relations between structures of the CP and CPm, we generated

multiple alignment of these proteins encoded by two members of the Closterovirus

genus, BYV and Grapevine leafroll-associated virus 2 (GLRaV-2)(Zhu et al., 1998). As

illustrated in Fig. 3.1 C, these proteins share extensive similarity throughout their entire

lengths with the exception of the N-terminal regions. The signature amino acid motifs

centered around invariant Ser, Arg, and Asp residues that are found in all capsid proteins

of the filamentous viruses (Doija et al., 1991) were easily identifiable in CPs and CPms

of BYV and GLRaV-2. In addition, the latter of these motifs harbors a Gly residue that is

invariant among closteroviral capsid proteins (Zhu et al., 1998).

Several sequence motifs were found to be specific for each type of capsid protein.

Most remarkable of these was a 28 residue-long motif present in the N-terminal regions

of the BYV and GLRaV-2 CPms (gray box in Fig. 3.1 C). We will refer to this motif as a

"CPm-box". Pair wise comparisons revealed 41% sequence identity between the two

CPms and 33% identity between the two CPs. In contrast, only 21% and 14% identity
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was found for the CP and CPm pairs within BYV and GLRaV-2, respectively. These

results demonstrate that in addition to extensive conserved regions, the closteroviral CPs

and CPms possess distinct structural features that may be involved in their functional

specialization.

3.4.2 Virion body: roles in assembly and genome protection

To address the roles played by the major BYV CP in formation of the tailed virions

and genome protection, we utilized a mutant in which an invariant, positively-charged

Arg- 114 (Fig. 3.1 C) was replaced with a negatively-charged Asp residue (mutant R114D).

It was demonstrated previously that a structurally equivalent mutation in the potyviral CP

resulted in complete inactivation of virion assembly (Doija et al., 1 994a). Moreover,

limited characterization of the BYV R1 14D mutant suggested that it is assembly-

incompetent (Alzhanova et al., 2000). The mutant and wild type full-length cDNA clones

of BYV were transcribed in vitro, and corresponding RNAs were transfected into tobacco

protoplasts. The resulting phenotypes of infection were analyzed at 4 days post

transfection.

The immunoblot analysis of the total protein extracts of the transfected protoplasts

revealed that accumulation of the mutant CP was comparable to that of the wild-type CP

(Fig. 3.2, left panel). We next isolated partially purified virions from the protoplasts

using differential ultracentrifugation. As expected, the immunoblot analysis of the wild-

type virions revealed a strong CP-specific signal. However, the mutant variant failed to

produce any detectable signal (Fig. 3.2, right panel), suggesting that the mutation

abolished CP function in formation of the virion bodies. In full agreement with these

results, the electron microscopic analysis revealed BYV virions only in the protoplasts

transfected with the wild-type RNA transcripts, whereas no virions were observed in

mutant-transfected protoplasts (not shown). Taken together, these data indicate that

replacement of the invariant amino acid residue resulted in accumulation of the

nonfunctional CP subunits that failed to assemble the virion bodies.
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Fig 3.2 Immunoblot analysis of the total protein extracts and virions derived from the
transfected protoplasts. M, mock-transfected protopiasts; WT, transfection with the wild-
type RNA transcripts derived from pBYV-4; R1 14D, transcripts harboring the
corresponding mutation in the CP gene. Anti-CP serum was used to detect protein bands.

It was suggested recently, that the tails cover the 5' -terminal region of the BYV RNA

of -..900 nts in length (Zinovkin et al., 1999). Accordingly, it could be anticipated that in

the 'bodiless' virions formed by the R114D mutant, this region of RNA will still be

protected by the CPm, and will not be accessible for degradation by the RNases. To test

this possibility, we employed the RNase protection assays. The harvested protoplasts

were homogenized and incubated at 37°C for 1.5 hrs in the presence of endogenous

RNases and RNase Ti to allow degradation of the unassembled and unprotected viral

RNA. The concentration of Ti was selected to ensure complete degradation of the

unprotected BYV RNA under experimental conditions (see Materials and Methods).

After incubation, the RNA was isolated and analyzed using RT-PCR and three sets of

primers specific for the internal (--'75O nts), 5 '-terminal (-.430 nts), and 3 '-terminal (-P3 80

nts) regions of the BYV RNA. The RNAs isolated prior to incubation were used as the

controls. As shown in Fig. 3.3, protoplast transfection with the wild-type transcripts

resulted in protection of each of the tested genome regions. In contrast, the R1 14D mutant

variant was unable to protect any of the BYV RNA regions. These results indicate that

the assembly of virion body is critical for virus genome protection. Moreover, these

results suggest at least two major possibilities that are not mutually exclusive: i) body



formation is a prerequisite for tail assembly; ii) tails do not coat and protect an extended

region of the BYV RNA.
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Fig 3.3 Analysis of RNA encapsidation using RNase protection assays. The protoplast
homogenates were incubated in the presence of endogenous RNases and RNase Ti, and
the protection of encapsidated RNA was assessed using RTPCR and primer sets specific
for the internal, 5'-terminal and 3'-terminal regions of the BYV genome. The products of
RTPCR were separated in a 1% agarose gel and visualized under UV following staining
with ethidium bromide. SM, size markers; R1 14D and R128D, transfection with the RNA
transcripts harboring corresponding mutations in the CP and CPm genes, respectively.
Other designations are as in Figure 3.2.

3.4.3 Virion tail is not required for genome protection

To determine the functions of the virion tail in virion assembly and genome

protection, we focused initially on a detailed analysis of a CPm mutant R128D that is

structurally analogous to the CP mutant R114D (Fig. 3.iC). Immunoblot analysis of wild

type virions using anti-CPm serum detected a specific CPm band (Fig. 3.4A, upper

panel). In contrast, virions isolated from the protoplasts transfected with R128D variant

revealed no specific signal, indicating that this mutant is incapable of the tail formation.

This result confirmed that the invariant Arg residue is critical for the assembly
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competence both in the CP and CPm. By analogy to the CP mutant R114D, we assumed

that the phenotype of of the CPm mutant R128D was due to protein misfolding rather than

destabilization.

A Anti-CPm serum B °
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CPm* 20

'5
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CII -+

ID

ISO 200 300 400 600 700 900 1000 UQO 260 1300 1600 1000 Mo..
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R2sD

Fig. 3.4 (A) Protein composition of the virions isolated from transfected protoplasts.
R128D, transfection with RNA transcripts harboring the corresponding mutation in the
CPm gene. The type of antiserum used for analysis is shown above the panels. Other
designations are as in Figure 3.2. (B) Length distribution profile of the wild-type (WT)
and tailless (CPm mutant R128D) virions.

Interestingly, immunoblot analysis of the virion preparation using anti-CP antiserum

was positive for this CPm mutant (Fig. 4A, lower panel). Furthermore, the electron

microscopic analysis revealed abundant BYV virions. Although these virions lacked the

tails (see above), their size distribution was similar to that of the wild-type virions (Fig.3.

4B). The possible 5% difference in length between the wild type and tailless virions was

likely beyond the resolution of our analysis. These data demonstrate that formation of the

tails by CPm is not strictly required for the assembly of the virion bodies by CP.

According to the proposal that CPm encapsidates the 5'-terminal, 9OO nt-long

region of the BYV RNA (Zinovkin et al., 1999), it could be expected that in the tailless

virions, this region will be unprotected and accessible for degradation by the RNases. As

in previous experiments, we used combined treatment with endogenous and Ti RNases
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and sets of primers specific for the internal, 5 '-terminal, and 3' -terminal regions of the

BYV RNA. The RNase protection assays presented in Fig. 3 clearly showed that each of

these RNA regions was protected in the R128D mutant.

To further confirm that the tailless, RNase-treated virions contain an intact, infectious

RNA, these virions were used for the second round of protoplast transfection. Completely

protected genomes in the wild-type virions served as a positive control, whereas

unprotected RNA of the CP R114D mutant variant was used as a negative control. The

results of these transfections were evaluated using immunoblot analysis and anti-CP

serum. To ensure that the signal detected at 4 days post transfection is due to the newly

formed CP rather than to CP introduced with the inoculum, we conducted a time course

experiment with wild-type virions. As seen in Fig. 3.5A, the input CP is undetectable at

time zero, whereas the newly made CP appears and increases on days 2 to 4 due to

replication and expression of the virus genome.

Fig. 3.5 Infectivity of the virions tested in the second round of protoplast transfection.
CP was detected in extracts of protoplasts using immunoblotting and anti-CP serum. (A)
Time course of CP accumulation in protoplasts following transfection with wild-type
virions isolated from protoplasts. The numbers correspond to days post-transfection. (B)
Infectivity of the wild-type virions and tailless virions assembled by the wild-type CP in
the presence of mutant CPm (R128D). Note that CP mutant R1 14D used as a negative
control failed to produce any infectious virions.

As expected, the infectivity of the RNase-treated, wild type virions was preserved in

the second transfection, while no infection was observed for the R114D CP-mutant that

lacks virion bodies (Fig. 3.5B). Examination of the R128D CPm-mutant revealed that the



infectivity of the RNase-treated virions was comparable to that of the wild-type virions

(Fig. 3.5 B). We concluded that the virion tail is dispensable for protection of genomic

RNA. These results can be interpreted to mean either that tails do not nonnally

encapsidate any RNA, or that CP is capable of encapsidation of the entire RNA, but only

in the absence of functional CPm.

3.4.4 Correlation between assembly of the virion body and cell-to-cell movement

Our previous work suggested that each of the two BYV capsid proteins is involved in

virus movement from cell to cell (Alzhanova et al., 2000). To further address the

relations between assembly of the virion body and BYV cell-to-cell movement, we used

systematic alanine-scanning mutagenesis guided by the alignment shown in Fig. 3.1C.

Typically, negatively or positively charged amino acid residues distributed throughout the

proteins' sequence were replaced with Ala (Table 3.1).

The exceptions were the R114D mutation described above and two mutations targeting

invariant Ser-67 and Gly- 145 residues that were replaced with structurally dissimilar Trp

residues. In total, we analyzed phenotypes of 17 CP mutants.

The assembly of the corresponding viruses was examined using protoplast

transfection followed by RNase protection assay and EM analysis. In the RNase

protection assay, eight mutants were indistinguishable from wild type, five mutants

showed decreased level of protection, and four mutants showed no protection (Table 3.1).

Strikingly, each of these protection-defective mutants was a replacement of one of the

four invariant amino acid residues (Table 3.1 and Fig. 3.6). The results of the EM

analysis agreed with the RNase protection assays (Table 3.1). It should be noted,

however, that virions of apparently normal morphology were observed even for the

variants that exhibited reduced levels of genome protection.

To examine the ability of these 17 BYV mutants to move from cell to cell, each

mutation was introduced into a BYV-GFP variant tagged by insertion of the GFP reporter

(Peremyslov et al., 1999), and corresponding RNA transcripts were inoculated

mechanically to leaves of an indicator plant.
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Table 3.1: Phenotypes of the CP mutants in the protoplast transfection and plant
inoculation experiments

BYV variant RNA protection Virion morphology Cell-to-cell
movement (cells ± SD)a

Wild type complete normal 4.6 ± 2.1
E5A complete normal 3.4 ± 2.2
E14A complete normal 4.0 ± 2.1
D2OA partial normal 3.7 ± 1.7
D28A complete normal 3.4 ± 2.0
D3OA complete normal 4.9 ± 2.2
E37A partial normal 3.9 ± 1.9
E47A partial normal 3.9 ± 1.9
S67W none no virions 1.0 ± 0
R114D none no virions 1.0 ± 0
Q121A partial normal 4.7 ± 2.0
G145W none no virions 1.0 ± 0
D156A none no virions 1.0 ± 0
D166A complete normal 5.7 ± 2.1
Q169A complete normal 5.1 ± 2.0
E177A complete normal 4.1 ± 2.3
E183A complete normal 3.6 ± 2.2
R198A partial normal 3.8 ± 2.0

aCell..to..cell movement was quantified as the mean diameter of the infection foci in cell
numbers.

Analysis of the virus movement revealed two dramatically different mutant

phenotypes. All 13 mutants that were capable of virion formation were also competent in

cell-to-cell movement (Table 3.1). Statistical analysis indicated that the mean diameters

of the infection foci formed by corresponding BYV-GFP variants were not significantly

different from that of the parental BYV-GFP (p>0. 1 for all variants). In contrast, each of

the four mutants deficient in virion assembly was arrested completely to single, initially

inoculated cells (Table 3.1). To ensure that the movement-positive phenotypes of the

tested variants were not due to in planta reversions of the mutations, we isolated RNAs

from the virus progeny, amplified the CP region by RT-PCR, and sequenced the



corresponding products. In all cases, the original mutations were preserved in the

progeny viruses (not shown). The results of this analysis imply a strong correlation

between the abilities of CP to assemble virion bodies, to protect virus RNA, and to

support BYV movement from cell to cell.

3.4.5 Tail formation is a prerequisite for cell-to-cell movement

In total, we analyzed 21 CPm mutants, 18 of which were alanine-scanning mutants,

whereas the remaining three were the R128D mutant described above, as well as S85W and

G158W mutants harboring replacements of the invariant Ser and Gly residues (Fig. 3.1 C).

Most of the mutations were introduced into CPm in the positions structurally analogous

to the positions of the CP mutations (Fig. 3.6). The important exceptions are represented

by the mutations located in the CPm-box that is unique for the minor capsid protein (Fig.

3.1C).

Examination of the cell-to-cell movement of the CPm mutants allowed us to

distinguish three statistically significant phenotypic classes (p<O.05 for any two mutants

that belong to different classes). The first class contained 9 mutants that were similar to

the wild type (Table 3.2).

Analyses of the corresponding progeny RNAs confirmed the retention of the original

mutations (data not shown). The three second class-mutants exhibited inefficient cell-to-

cell movement, whereas the remaining 9 mutants were restricted to single, initially

inoculated cells (Table 3.2).

Comparison of the movement phenotypes of the CP and CPm mutants points to the

following important implications. First, the mutations targeting each of the four invariant

residues located in the central region of both the CP and CPm completely block cell-to-

cell movement. Second, four mutations introduced into the N-terminal CPm-box

impaired or debilitated movement. Third, four more CPm mutations located in the central

and C-terminal protein regions (E66A, E135A, D180A, and E182A) resulted in defective

movement in contrast to analogous CP mutations (E47A, Q121A, D167A, and Q169A) that

did not affect movement (Fig. 3.6).
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Table 3.2: Phenotypes of the CPm mutants in the protoplast transfection and plant
inoculation experiments

BYV variant Cell-to-cell movement Class Tail formation b

(cells SD)a

Wild type 5.2 ±2.2 I yes
E5A 5.0 ±2.6 I
D9G 5.1 ±2.5 I
E15A 5.3 ±2.2 I
D19A 5.3 ±2.3 I
D29A 1.0 ±0 III no
E35A 2.1 ±1.3 II
K4OA 2.9 ±1.6 II
E45A 1.0 ±0 III no
E48A 3.9 ±2.0 I
E55A 4.4 ± 2.0 I
E66A 3.1 ±2.0 II
S85W 1.0 ±0 III
R128D 1.0 ±0 III no
E135A 1.0 ±0 III no
G158W 1.0 ±0 III
D169A 1.0 ±0 III
D18OA 1.0 ±0 III no
E182A 1.0 ±0 III no
D195A 5.1 ±2.1 I
K205A 3.4 ±2.7 I
R214A 3.5 ±1.8 I

aCell..to..cell movement was quantified as the mean diameter of the infection foci in cell
numbers.
bThe data are presented for analyzed variants.

Compared to CP, CPm appears to be more prone to mutations that affect cell-to-cell

movement over its entire length. This conclusion poses the question: Are these

differences between CP and CPm due to differences in assembly requirements for virion

body and tail, respectively? To address this question, we tested the tail assembly of the





RNA interactions. If so, tail formation may require activity of some alternative factors. A

natural candidate for the factor is BYV Hsp7Oh which was found in tight association with

the virions (Napuli et al., 2000).

Anti-CPm serum

M WT D29A E4SA EI3SA DisoA EiszA

CPm-*

Anti-CP serum

M WT D29A E45A EI3SA DisoA EIS2A

cP

Fig. 3.7 Protein composition of the virions assembled in protoplasts by five movement-
deficient CPm mutants. The names of mutants and type of antiserum used for analysis are
shown above each panel.

To test the possible role of Hsp7Oh in tail formation, we used three Hsp7Oh

mutations. Among these, AXho lacks most of the }TIsp7Oh ORF, whereas NoPhl and

NoCo 1 are point mutations replacing Asp-7 and Glu- 181, respectively, with Lys. The

NoPhl mutation targets a phosphate 1 motif, whereas NoCol targets a connect 1 motif

(Bork et al., 1992). It was demonstrated previously that the analogous mutation in the

phosphate 1 motif debilitates ATP hydrolytic activity of the bovine Hsp7O (Wilbanks et

al., 1994). The mutation in the connect 1 motif of the bacterial Hsp7O results in

uncoupling the ATPase activity from substrate binding and loss of function (Buchberger

et al., 1994). Strikingly, the NoPhi and NoCol mutations were shown to inactivate BYV

Hsp7Oh function in cell to cell movement (Peremyslov et al., 1999). In addition to the

Hsp7Oh mutants, we included in our analysis a mutant Nop6, in which expression of
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another BYV MP, p6, was inactivated due to replacement of corresponding start codon

(Alzhanova et aL, 2000).

Immunoblot analysis using anti-CP serum showed that the amount of virions purified

from the protoplasts transfected with each of the Hsp7Oh mutants and a p6 mutant was

similar to that of the wild type (Fig. 3.8, lower panel). Strikingly, the anti-CPm serum

revealed the presence of virion tails in a wild type and in a p6 mutant, but in none of the

Hsp7Oh mutants (Fig. 3.8, upper panel).

CPm-
Anti-CPm serum

M WI Xho NoPhi NoCol Nop6

AntiCP serum

M WT Xho NoPhi NoCol Nope

I+

Fig. 3.8 Protein composition of the virions assembled by four BYV variants possessing
mutant movement protein Hsp7Oh or lacking movement protein p6. A Xho, deletion of
most of the Hsp7Oh ORF; NoPhl and NoCol, mutations in the phosphate 1 and connect 1
motifs of Hsp7Oh, respectively; Nop6, inactivation of the p6 start codon. The names of
mutants and type of antiserum used for analysis are shown above the panels.

The morphology of the mutant virions was further characterized using electron

microscopy. Fig. 3.9A shows that full-size virions were detected in each of the three

Hsp7Oh mutant variants. However, each of these mutants exhibited a reduced proportion

of full-size virions (1200-1400 nm) compared to the wild type. We have further tested if

the full-size virions formed by the Hsp7Oh mutants contained intact, infectious genomes.
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To this end, the virions isolated after original protoplast transfection with the RNA

transcripts were treated with the RNase Ti, and used for a second transfection as

described above. As seen from Fig. 3.9B, the infectivity of mutant virions was

comparable to the wild type for each of the three Hsp7Oh mutants.

I
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100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 More

Virion length distribution in 100 nm increments
E]WT AXho NoPhl NNoCoI

B M WT iXbo NoPhi Nop6

Fig. 3.9 (A) Length distribution profile of the BYV virions formed by three Hsp7Oh
mutants compared with that of the wild-type virions. (B) Infectivity of the virions tested
in the second round of protoplast transfection. The designations of the Hsp7Oh and p6
mutations are the same as in Figure 3.8.

These results demonstrate that Hsp7Oh is essential for the tail, but not the body

assembly, although it may aid in efficient formation and/or stabilization of the full-size
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virion bodies. Comparison of the phenotypes of NoPhi and NoCol mutants to those

described for nonviral ITsp7Os (Wilbanks et al., 1994; Buchberger et al., 1994) strongly

suggests that AlP hydrolytic activity coupled to substrate binding is critical for the

function of BYV Hsp7Oh in tail assembly. In addition, it can be concluded that another

BYV movement protein, p6, is not required for the virion assembly.

3.5 Discussion

The universal function of virions is to protect viral genomes in the environment. In

addition, virions of animal and bacterial viruses promote virus entry into host cells. Since

plant viruses initiate infection through wounds in the rigid cell walls, it is assumed that

there are no specific virion-cell interactions mediating virus entry (Lazarowitz, 2001).

However, virions of certain plant viruses are required for symplastic spread of the

infection from cell to cell. In this paper, we analyze assembly of the unusual, bipartite

virions of a plant closterovirus, and address the relationship between virus assembly and

cell-to-cell movement. We find that closteroviruses evolved into a remarkable biological

system that recruited a molecular chaperone from the Hsp7O family to aid virion

assembly and intercellular translocation.

A paradigm of helical virion assembly is provided by Tobacco mosaic virus, whose

virions are self-assembled from an RNA molecule and -2000 identical copies of the

capsid protein (Butler and Kiug, 1971; Namba and Stubbs, 1986). In contrast, the helical,

tailed virions of closteroviruses are formed by two capsid proteins, CP and CPm.

Moreover, recent work suggested that two additional proteins, Hsp7Oh and 60-kDa

protein are present in the virions (Tian et al., 1999; Napuli et al., 2000), and assist in

virion formation or stabilization (Satyanarayana et al., 2000). It was also proposed that

the CPm is required for the plant-to-plant transmission of closteroviruses by insects (Tian

etal., 1999).

In order to dissect structure-to-function relations within closterovirus virions, we

employed site-directed mutagenesis of the BYV CP, CPm, and Hsp7Oh, followed by

analyses of virion composition, morphology, and protection of virion RNA from
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degradation. These analyses revealed that the assembly of virion bodies by CP does not

require functional CPm or Hsp7Oh, and that the tailless virion body protects the entire

virus genome. Conversely, inactivation of the CP results in a lack of protection,

suggesting that in a normal virion tail does not encapsidate extended region of the RNA.

It was also found that the tail formation requires not only CPm, but also Hsp7Oh.

Interestingly, although the inactivation of Hsp7Oh allows formation of the full-size virion

bodies, it also results in prevalence of the incomplete BYV virions (Fig. 3.9A). This

effect was even more dramatic for the related citrus tristeza virus (Satyanarayana et al.,

2000). These observations suggest that the Hsp7O-assisted tail formation and attachement

is required for virion stability and that tail disassembly may promote RNA uncoating.

We were next interested in the relationship between BYV assembly and cell-to-cell

movement. Systematic analysis of 38 CP and CPm mutants clearly indicated that

assembly of the tailed virion is a prerequisite for BYV movement. Each mutation

introduced into CP or CPm that prevented assembly of the virion body or tail, resulted in

complete arrest of virus translocation. It appears, however, that the roles played by virion

body and tail are distinct. Because CP is the only virion protein that is essential for

genome protection, the major role of the body may be to prevent RNA degradation during

its translocation inside and between cells. An additional role of the body is to provide a

structural platform for tail attachment. In contrast, tails are not essential for body

formation and genome protection, but critical for virus movement. Because of that, the

tail may be considered a specialized movement device attached to an otherwise ordinary

filamentous virion.

Taken together with the previous observations, current data allow us to propose the

following working model of closteroviral assembly and movement (Fig. 3.10). Similar to

other helical plant viruses, the virion body of a closterovirus is self-assembled from viral

RNA and CP. The tails are formed by the CPm and Hsp7Oh, and attached to the body

with the aid of Hsp7Oh. As a consequence, tails do not encapsidate and protect an

extended region of the viral RNA. The fact that the Hsp7Oh mutants NoPhl and NoCol

with an inactivated or deregulated ATPase domain are deficient in tail assembly suggests

the requirement for ATP hydrolysis that is coupled to substrate binding. Mature, stable
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virions are chaperoned toward plasmodesmata presumably via an association of Hsp7Oh

with the cytoskeleton (Karasev etal., 1992). Anchoring of Hsp7Oh in the plasmodesmatal

channel is mediated by an intrinsic localization signal (Medina et al., 1999). The

subsequent virion translocation through the channel may involve mechanical force

generated by Hsp7Oh, analogous to the 'trapping and pulling' model proposed for Hsp70-

mediated translocation of proteins into mitochondria and endoplasmic reticulum (Pilon

and Schekman, 1999). Relocalization of the Hsp7Oh to plasmodesmata may trigger tail

disassembly and destabilize the body. As a result, a short region of virion RNA may be

exposed to interact with ribosomes and start a new cycle of infection.

The key features of our model can be tested in the following experiments: i)

reproduction of the tail and body assembly in vitro from purified components; ii)

resolution of the virion's fine structure; iii) genetic dissection of the Hsp7Oh roles in tail

assembly, plasmodesmatal targeting, and virion translocation. It is of particular

importance to reveal localization of each tail protein relative to its counterparts. Although

the tail architecture presented in Fig. 3.10 is hypothetical, preliminary data on Hsp7Oh

interaction with the CPm are compatible with the model. To be complete, this model also

needs to account for the roles played in virus assembly and/or movement by a virion-

associated p64 and a membrane-associated p6.

Participation of the Hsp7Os in virion assembly is not without the precedent. Indeed,

cellular Hsp7Os were implicated into assembly of such diverse animal viruses as

hepadnaviruses (Hu et al., 1997), papovaviruses (Cripe et al., 1995), enteroviruses

(Macejak and Sarnow, 1992), and poxviruses (Jindal and Young, 1992; reviewed in

Sullivan and Pipas, 2001). It appears that closteroviruses went one step further and

adopted ITsp7O to facilitate assembly of the tailed virions and virus translocation from

cell to cell, setting the first example of a plant virus movement protein that is an integral

part of the virion. it is, however, reminiscent of the gE/gI glycoproteins of the Herpes

simplex virus. These virion envelope proteins are dispensable for entry of the

extracellular virus, but are required for efficient virus spread from an infected cell to a

neighboring cell (Johnson et al., 2000). Moreover, similar to plasmodesmatal targeting of

Hsp7Oh, gE and gI are targeted to gap junctions through which Herpes simplex virus is
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translocated intercellularly. It seems possible that the cell-to-cell movement of other plant

and animal viruses may also involve incorporation of the movement proteins into or in

association with the virions.

HSP7Oh aids
tail assembly

Hsp7Oh
CPm

Body self.assembles

cP

Plasmodesmatal

cw

Tail is attached
to the body

HSP7Oh chaperones
stable visions to

plasmodessnatal neck

HSP7Oh associates
with the channel

and

translocates
virions in an AT?-

driven process

+

Loss of HSP7Oh
triggers tail
disassembly

Unstable body
exposes RNA

cw

Fig. 3.10 Hypothetical model of BYV assembly and cell-to-cell movement. CW, cell wall
separating adjacent plant cells.

Cellular Hsp7Os were implicated previously in a variety of processes involving

protein folding, assembly and disassembly of multiprotein complexes, and protein

trafficking (Pelham, 1986; Bukau and Horvich, 1998). Our work provides a first example

of the Hsp7O that functions in two basic processes of the virus life cycle, virion assembly

and intercellular translocation. Why do closteroviruses need a specialized movement
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device that includes Hsp7Oh? One possible reason is that the closteroviruses are

exceptionally long. Accordingly, their translocation may require additional energy that

can be provided by the Hsp7Oh-mediated ATP hydrolysis. It appears that the Tomato

spotted wilt virus (TSWV), which belongs to the Bunyaviridae family of the enveloped,

negative-strand RNA viruses, may adopt a similar movement strategy. It was found that

TSWV MP interacts with the helical nucleocapsid and with plant Hsp4Os (Soellick et al.,

2000). Since a J-domain of the Hsp4Os binds the Hsp7Os (Kelley, 1998), this finding

suggests the recruitment of plant Hsp7O into TSWV movement machinery. Thus, the

theme of molecular chaperones assisting in virus transport may be more general than

previously thought.
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4.1 Abstract

Beet yellows virus (BYV) possesses a 15.5 kb positive-strand RNA genome and

forms complex, tailed virions. We have demonstrated previously that the major and

minor capsid proteins (CP and CPm, respectively), as well as Hsp7O homolog and 64-

kDa protein (Hsp7Oh and p64, respectively) of BYV are each incorporated into virions

and required for virus cell-to-cell movement. Among these proteins, CPm, Hsp7Oh, and

p64 form -'lOO nm-long virion tails, whereas CP forms 1,300 nm-long virion bodies.

Here, we describe the development of the Agrobacterium-based in planta assembly

system that permits isolation and analysis of the mutant virions. We use this system to

characterize genetic and biochemical requirements for assembly of the movement-

competent virions. We demonstrate that inactivation of the CP results in formation of the

bodiless tails that are not able to move from cell to cell. Conversely, virions formed in the

absence of CPm assemble virion bodies, but lack both Hsp7Oh and p64, suggesting that

the incorporation of these proteins requires the presence of the functional CPm.

Strikingly, both Hsp7Oh- and p64-deficient mutants possessed virtually identical

phenotypes: they contained reduced amounts of CPm and were unable to move from cell

to cell. Furthermore, incorporation of Hsp7Oh required expression of the functional p64

and vice versa. Assessment of the virion morphology using immunogold electron

microscopy and CPm-specific antibody revealed that in the absence of Hsp7Oh, p64, or

both, CPm formed abnormal tails of the variable length. Taken together, these results

suggest that assembly of the virion tails and bodies occurs independent of each other and

likely involves two separate packaging signals within the genomic RNA. In addition, we

propose that Hsp7Oh and p64 form a complex and act in concert to aid assembly of the

morphologically-uniform, -100-nm tails required for BYV movement from cell to cell.

4.2 Introduction

BYV is a filamentous virus that assembles virions composed of two distinct parts. A

long body (-4,300 nm) of the virus particle is formed by a major capsid protein, or CP.

Virion tail formed by a minor capsid protein (CPm) is much shorter (-j 100 nm), has



smaller diameter, and exhibits a segmented structure (Agranovsky et al., 1995,

Peremyslov et al., 2004). In our previous experiments, it was demonstrated that BYV

encodes complex five-component machinery that facilitates cell-to-cell movement of the

virus. This machinery includes a conventional movement protein p6, whose only known

function is to mediate virus translocation. The remaining four movement-associated

proteins are CP, CPm, Hsp7Oh, and p64. Each of these proteins is incorporated into

virions (Agranovsky et al., 1995; Napuli et al., 2000, 2003) and is essential, but not

sufficient for the virus transport (Peremyslov et al., 1999; Alzhanova et al., 2000).

Extensive mutational analysis of CP and CPm revealed strong correlation between the

abilities of BYV to assemble tailed virions and to move from cell to cell (Alzhanova et

al., 2001). Furthermore, inactivation of Hsp7Oh or p64 also resulted in profound defects

in the virion tail formation and cell-to-cell movement (Alzhanova et al., 2001, Napuli et

al., 2003). It was revealed recently that both Hsp7Oh and p64 are the minor components

of the virion tails (Peremyslov et al., 2004). Collectively, these results suggested that

formation of the functional, tailed virions is a prerequisite for the virus movement.

In these previous studies, we used protoplast transfections to isolate and characterize

virions generated by movement-deficient mutants. However, this experimental system

provided only miniscule amounts of the virions therefore limiting the sensitivity of our

analysis of the virion composition. Indeed, we were able to confidently detect CP and

CPm, but not Hsp7Oh or p64 in the mutant virions. This prompted us to develop in planta

assembly system that allowed us to increase virion isolation. This system is based upon

A robacterium-mediated launching of viral RNA. More specifically, viral cDNA is

cloned into binary vectors and mobilized into bacterium. Induced bacterial cultures are

introduced into leaf tissue using needle-less syringe and manual infiltration. This results

in the nuclear transfer and transcription of the viral genomes that are able to replicate

upon nuclear export. Simultaneous expression of the strong viral RNA silencing

suppressors launched from the separate binary vectors further increased virus

accumulation in the infiltrated tissue.

Using this versatile and robust system, we re-examine here the genetic and

biochemical requirements for the virion assembly and cell-to-cell movement of BYV. We
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demonstrate that the apparently normal tails that are composed of CPm, Hsp7Oh, and p64

can be assembled in the absence of CP. We reconfirm that CPm, Hsp7Oh, and p64 are

each required for the formation of functional virion tails. We also find that Hsp7Oh and

p64 mutants exhibit identical phenotypes characterized by the reduced incorporation of

CPm into virions and formation of the abnormal, variable-length tails. Interestingly,

inactivation of the Hsp7Oh prevented incorporation of the p64 and vice versa. Mutation

of CPm resulted in assembly of the tailless virions that lacked both Hsp7Oh and p64.

Based on these results, we propose that CPm, Hsp7Oh and p64 likely form a tertiary

complex that functions in the assembly of the movement-competent virion tails. We

suggest that assembly of the tails and bodies by CPm and CP involves two independent

packaging signals. We also suggest that closteroviruses have evolved complex virion

architecture to potentiate the directional cell-to-cell movement of the large RNA

genomes.

4.3. Materials and Methods

4.3.1 Generation of mutant BYV variants

Single mutants. Mutant variants BYV Hsp7Oh, p64, and CPm were described

previously (Peremyslov et al., 1999; Alzhanova et al., 2000, Napuli et al., 2003). These

mutations were introduced into p35S-BYV-GFP via transferring SnaBI-BstEII fragments

from the corresponding pBYV-GFP variant. Generation of the p35S-BYV-GFP plasmid

that expresses BYV genome under the strong Cauliflower mosaic virus 35S promoter

was described by Prokhnevsky et al. (2002). A self-cleaving ribozyme sequence was

introduced at the 3'-end of the BYV sequence to allow cleavage of the BYV RNA and

generation of the proper BYV 3'-terminus after the virus sequence is transcribed.

Double mutants. BYV variants carrying double 'No' mutations that inactivate the

start codons in ORFs encoding Hsp7Oh and p64, Hsp7Oh and CPm, or p64 and CPm were

generated via two-step cloning. Fragments harboring a 'No' mutation from the BYV-

GFP variants were inserted into the respective BYV-GFP variants carrying another 'No'

mutation described previously (Peremyslov et al., 1999; Alzhanova et al., 2000) to yield



double 'No' mutant BYV variants (Table 4.1). At the next step, double 'No' mutations

were transferred into p35S-BYV-GFP by insertion of the SnaBI-BstEII fragments from

the corresponding pBYV-GFP variant.

Table 4.1 Generation of the double 'No' BYV mutant variants (Step I). Fragments
harboring a 'No' mutation from the BYV-GFP variants were inserted into the respective
BYV-GFP variants carrying 'No' mutation to yield double 'No' mutant BYV variants

Double 'No' BYV fragment Transferred from Inserted into
mutation

NoHsp7Oh-Nop64 SphI-BstEII pBYV-GFP-Nop64 pBYV-GFP-NoHsp7Oh

NoHsp7Oh-NoCPm NdeI-BstEII pBYV-GFP-NoCPm pBYV-GFP-NoHsp7Oh

Nop64-NoCPm Bpul 1021-BstEII pBYV-GFP-NoCPm pBYV-GFP-Nop64

ACP/p20/p21 mutant. Deletion of the large region (FseI-MluI) containing CP, p20,

and part of p21 ORFs was made in p3'BYVGFP, a construct containing 3'-terminal

fragment of the BYV genome (BamHl-SmaI; Peremyslov et al., 1998,1999). The

resulting mutation was transferred into p35SBYV-GFP plasmid via insertion of the

BamHI-EcoPJ fragment.

4.3.2 Agroinfection of plants and virion isolation

Generated p35S-BYV-GFP plasmids were mobilized into A grobacterium tumefaciens

strain C58 by electroporation. pCB3O2-P1/HCPro plasmid expressing a strong silencing

suppressor from tobacco etch virus described by Chapman et al.(2004) was transfected

into the same A. tumefaciens strain. Nicotiana benthamiana (6- to 8-leaf stage) plants

were co-inoculated with agrobacteria carrying p35S-BYV-GFP variant and pCB3O2-

P1/HCPro by using a 3-ml plastic syringe to infiltrate the leaf tissue. Agroinfiltrated



plants were incubated for two weeks. Isolation of the virions from infiltrated leaves was

carried out using a standard technique described previously (Napuli et al., 2000).

4.3.3 Analyses of virion composition and morphology

The protein composition of the virions isolated from agroinfiltrated leaves was

analyzed using rabbit anti-CP serum diluted 1:2000 or anti-CPm, anti-Hsp7Oh, anti-p64

antiserum in 1:1000 dilution, respectively, and ECL western blotting detection kit as

recommended by manufacturer (Amersham/Pharmacia Biotech). Transmission electron

microscopy was conducted as described earlier (Napuli et al., 2000). The

immunodecoration and immunogold labeling of the virion tails was conducted using anti-

CPm serum followed by treatment with anti-rabbit immunoglobulin conjugated to 10 nm

gold particles (Ted Pella, Inc.) as described by Tian et al. (1999).

4.3.4. Northern blot analysis

Total RNA was extracted from purified virion preparations of BYV ACP/p20/p2 1 or

from wild type BYV particles by using TRizol (Invitrogen) according to the

manufacturer's protocol, and the hybridization analysis was carried out as described

(Peremyslov et al., 1998). Generation of [32P]UTP-labeled, negative-sense RNA probes,

534 and 590 nucleotides from the BYV RNA 5'- and 3'-regions, respectively, was

previously described by Peremyslov et al. (2004). To detennine the size of the virion

RNA fragment, a set of RNA size markers corresponding to 5'-proximal 140, 270, 490,

840, 1,580, and 2,150 nucleotides of BYV RNA was prepared (Peremyslov et al., 2004).

Detection of the RNA size markers was made by hybridization with the 5'-end, negative-

sense RNA probe.





virions and were unable to move from cell to cell (Alzhanova et al., 2000; 2001). We

have confirmed these results and also addressed the question whether functional CPm is

required for incorporation of Hsp7Oh and p64 into virions. Interestingly, R128D mutant

contained essentially no Hsp7Oh and p64, implying that misfolded CPm prevented

incorporation of these proteins into the virions (Fig 4.1B; Table 4.2). For the NoCPm

mutant, only minor amounts of Hsp7Oh and p64 were detected (Fig 4. 1A; Table 4.2).

Taken together, these results demonstrate that functional CPm is required for efficient

incorporation of both Hsp7Oh and p64 into virions.

Table 4.2 Protein composition of NoCPm and CPmR128D virions determined using
immunoblot analysis and antibodies specific to each of the virion proteins. Preparations
of mutant and wild type virions were normalized with respect to the amounts of CP
loaded on the gel.

Virion components NoCPm CPmR128D

CP 100% 100%

CPm U/D* UID

Hsp7Oh 6% U/D

p64 5% U/D

* - Undetactable

Four Hsp7Oh mutants were used to reveal the role of this protein in the virion tail

formation. Among these, the NoHsp7Oh mutant harbored inactivated start codon, whereas

in the AXho mutant, most of the Hsp7Oh ORF has been deleted (Fig 4.2 A, B).

In the two remaining mutants, the invariant phosphate-binding 1 and the connect 1

motifs of Hsp7Oh ATPase domain predicted by computer analysis were inactivated

(NoPhi and NoCol mutants, respectively; Fig.4.2 C, D). These mutations are presumed

to interfere with ATP binding and hydrolysis by Hsp7Oh. Our previous analyses have

shown that all these mutants were defective in virus cell-to-cell movement and CPm
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Surprisingly, p64 incorporation was either abolished (NoHsp7Oh, AXho, NoCol), or

dramatically reduced (NoPhi) in each of the Hsp7Oh mutants (Table 4.3). These results

indicate that efficient incorporation of p64 into virions depends on the presence of

functional Hsp7Oh.

Table 4.3 Protein composition of NoHsp7Oh, Hsp7OhAXho, Hsp7OhNoPhl, and
Hsp7OhNoCOl virions determined using inimunoblot analysis and antibodies specific to
each of the virion proteins. Preparations of mutant and wild type virions were normalized
with respect to the amounts of CP loaded on the gel.

Virion NoHsp7Oh Hsp7OhAXho Hsp7OhNoPhl Hsp7OhNoCOl
components
CP 100% 100% 100% 100%

CPm 29% 25% 33% 5%

Hsp7Oh UID* U/D U/D 7%

p64 U/D U/D 25% U/D
* - Undetactable

We have also characterized two p64 mutants, Nop64 and R386A (Fig 4.3 A, B; Table

4.4). The latter mutant was analogous to the CPmR128D mutant; as we have previously

demonstrated, p64 possesses a CP/CPm-like C-terminal domain with the invariant Arg386

residue being functionally equivalent to CPm Arg128 residue (Napuli et al., 2003). Both

mutations were shown previously to affect BYV cell-to-cell movement and CPm

incorporation (Alzhanova et al., 2000, Napuli et al., 2003). As expected, neither of these

variants contained p64 in the virus particles (Table 4.4).

Similar to Hsp7Oh mutants, inactivation of p64 resulted in reduced (2 to 8-fold)

incorporation of the CPm into mutant virions (Fig 4.3 A, B; Table 4.4). Furthermore,

these virions contained either minute (-60 fold reduction compared to wild type in

Nop64 mutant) or undetectable (R386A mutant) amounts of Hsp7Oh (Fig 4.3 A, B; Table

4.4). These results clearly show that functional p64 is required for efficient incorporation

into virions of both CPm and Hsp7Oh.





4.4.2. Analysis of the double mutants

To further define contributions made by CPm, Hsp7Oh, and p64 into virion tail

formation, three double mutants were generated. In these mutants, start codons in ORFs

encoding Hsp7Oh and p64, Hsp7Oh and CPm, or p64 and CPm were inactivated. As in

previous analyses, the virion composition of the double mutants was compared to that of

the wild type using samples containing equal amounts of the CP. The phenotype of a

double NoHsp7OhINop64 mutant was similar to those of either of the single mutants. The

mutant virions contained 4.O-fold less CPm than the wild type virions; as expected,

neither Hsp7Oh, nor p64 was detectable (Fig 4.4 A; Table 4.5). In the absence of CPm

and Hsp7Oh in NoHsp7OhINoCPm mutant virions, p64 incorporation was barely

detectable (32-fold reduction compared to the wild type; Fig 4.4 B; Table 4.5). Finally,

Hsp7Oh was absent from the virions of a double Nop64INoCPm mutant (Fig 4.4 C; Table

4.5).

Taken together, these results indicated that the reduced level of the CPm

incorporation can be sustained in the absence of both Hsp7Oh and p64, and that the

efficient tail assembly by CPm requires concerted action of all three proteins.

4.4.3. Virion tails are formed independently of the bodies

To determine if the tail formation requires assembly of the virion body by CP, we

examined a NoCP mutant. All attempts to isolate bodiless tails from plants agroinfected

with this mutant failed, suggesting that either tails are not formed in the absence of a

functional CP, or that the accumulation and/or stability of the tails was insufficient for

their successful isolation. In order to elevate tail accumulation (if any), we generated a

deletion mutant lacking CP, p20, and p21 ORFs (ACP/p20/p21).





P1/HC-Pro. We were able to obtain presumably tail-containing material from plants

agroinfiltrated with ACP/p20/p2 1 variant using the differential centrifugation procedure

for virion isolation (Fig. 4.5).

Table 4.5 Protein composition of NoHsp7OhINop64, NoHsp7OhINoCPm, and
Nop64/NoCPm virions determined using immunoblot analysis and antibodies specific to
each of the virion proteins. Preparations of mutant and wild type virions were normalized
with respect to the amounts of CP loaded on the gel.

Virion NoHsp7OhINop64 NoHsp7OhINoCPm Nop64fNoCPm
components

CP 100% 100% 100%

CPm 25% U/D* U/D

Hsp7Oh U/D U/D U/D

p64 U/D 3% UID

* - Undetactable

To investigate the protein composition of this material, the 'tails' and wild-type

virion samples were equalized based on the CPm content (Fig 4.5A). Conspicuously, the

immunoblot analyses revealed that the ACP/p20/p2 1 samples contained Hsp7Oh and p64

in proportions similar to the wild type virions (Fig 4.5A). We have also conducted

northern blot hybridization analyses to determine the RNA content of the tail-like

material. As seen in Fig. 4.5B, this material harbored a 5'-terminal region of the virion

RNA of -'500 nts in length. The rest of the virion RNA was unprotected and have been

degraded during isolation procedure by the plant nucleases. No RNA corresponding to

the 3'-terminal region of BYV genome has been detected. These results are in close

agreement with the recently published study of the BYV tails isolated following

fragmentation of the wild-type virions by ultrasound (Peremyslov et al., 2004).
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Fig 4.5 BYV virion tail assembly. (A) Protein composition of the isolated
ACP/p20/p2 1 and wild type virion preparation determined by western blot analysis using
antibodies specific to CPm, Hsp7Oh and p64. Various amounts of the wild type virions
(WT) were applied to evaluate protein concentrations in ACP/p20/p2 1 preparation. (B)
RNA content in the 'tails', ACPIp2O/p2l, sample was determined by Northern blot
analysis using radioactive 500 nt probe specific to either BYV RNA-5' (left panel) or -3'
(right panel) terminus. The size of the RNA fragment was evaluated based on the gel
mobility of the fragment compared to that of the SM, size markers.

Collectively, the data obtained using a ACP/p20/p2 1 variant indicated that the

apparently normal tails containing CPm, Hsp7Oh, and p64, and encapsidating the 5'-

extremity of the BYV RNA can be formed in the absence of virion bodies.

4.4.4. Morphology of the mutant virions

Morphology of the mutant virions was examined using CPm-specific antibodies and

immunogold electron microscopy (IGEM). Fig. 4.6 B, C and D show microphotographs

of the three types of virions observed for the AXho mutant that produces no functional



Hsp7Oh. Many mutant virions did not possess detectable tails (Fig 4.6 B). In some

virions, CPm-tails looked apparently normal (Fig. 4.6C), whereas the third type of virions

possessed abnormally long tails (Fig 4.6D). This latter phenotype was also frequently

found in the NoPhl mutant (Fig. 4.6E).

WT

L

Hsp7Ohi\Xho

Hsp7OhNoPhl

F

Fig. 4.6 Tail morphology in mutant and wild-type BYV virions. Tail structure was
examined by the immunodecoration and immunogold labeling using anti-CPm serum
followed by treatment with anti-rabbit immunoglobulin conjugated to 10 nm gold
particles. The names of the mutants are shown above each panel: (A) wild type, 'WT';
(B), (C), (D) Hsp7OhAXho; (E) Hsp7OhNoPhl; (F) Nop64. The phenotypes of the
virions are marked as 'N' (normal tail), 'E' (elongated tail), and 'A' (tail is absent).



Limited analysis of the Nop64 virions revealed tail-less virions as well as a small

number of the virions with the apparently normal tails (Fig 4.6 F). Although the IGEM

analyses of the mutant BYV variants need to be extended to include statistically

significant data on each of the mutants, combination of the existing results with the data

on protein composition and RNA content suggest that even though CPm alone is capable

of limited formation of the variable-length-tails, both Hsp7Oh and p64 are required for

efficient assembly of the normal-length, movement-competent tails.

4.5. Discussion

Development of the robust in planta assembly system allowed us to further

characterize molecular composition and function of the closterovirus virions and to refine

our model of the virion assembly. One of the more important advancements is

demonstration that apparently normal tails can be assembled in the absence of virion

bodies. These tails encapsidate -500 nt-long, 5'-terminal region of the BYV RNA and,

similar to the tails found in the wild type virions, contained CPm, Hsp7Oh, and p64.

In our previous work (Alzhanova et al., 2001), we have shown that the tail-less virion

bodies can be assembled by CP in the absence of functional CPm. Collectively, these

results suggest that the tail and body assembly can be initiated independent of each other

and these processes are likely to involve two distinct packaging signals. This conclusion

is further strengthened by the ability of CPm to encapsidate extended regions of the

virion RNA (up to its full length) in the absence of other virion proteins. This ability was

demonstrated for both BYV (Peremyslov et al., unpublished data) and for a close relative

of BYV, CTV (Satyanarayana et al., 2004). Moreover, the CPm packaging signal has

been localized within 5'-region of the CTV RNA (Satyanarayana et al., 2004).

What are the specific roles of each virion component in the processes of virion

assembly? For CP, the answer seems to be quite straightforward: its role is to encapsidate

and protect -45,000 nt, or -97% of the viral genome. Likewise, the major structural role

of CPm is to coat the remaining -3% of the genome that is adjacent to its 5'-terminus.
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The roles of the Hsp7Oh and p64 appear to be more complicated. Because only a few

molecules of each of these proteins are present in each virion (Napuli et al., 2000, 2003),

it seems unlikely that these proteins play a major structural or protective roles.

Inactivation of the Hsp7Oh ORF or of the ATPase domain of this protein results in

inefficient incorporation of CPm into virions. Our preliminary IGEM data suggest that

many of the mutant virions lack tails, whereas other virions contain abnormally long

tails. Interestingly, these defective particles contain virtually no p64. Conversely,

mutations introduced into p64 affect incorporation of CPm and Hsp7Oh. The fact that

phenotypes of the Hsp7Oh and p64 mutants are very similar, and that Hsp7Oh is required

for p64 incorporation and vice versa suggests that these two virion proteins form a

complex and act in concert to aid efficient assembly of the uniform, 100 nm-long, tails.

In a sense, the Hsp7Oh-p64 duo chaperones CPm and provides a 'molecular measure' for

tail formation. However, in a striking contrast to the cellular Hsp7Os and other molecular

chaperones that dissociate from the macromolecular complexes upon their completion,

BYV Hsp7Oh and p64 remain incorporated into the final assembly product, a mature

tailed virion.

As shown previously, inactivation of CPm results in formation of the tailless virus-

like particles (Alzhanova et al., 2001). Now we find that these mutant particles lack both

Hsp7Oh and p64. This fact demonstrates that the functional CPm is required for efficient

incorporation of the Hsp7Oh and CPm into virions.

Based on the available data, here we propose a working model for the assembly of the

complex BYV virions. By analogy with the TMV assembly, CPm self-assembles into

disks that can recognize a packaging signal located near 5 '-end of the viral RNA. A

chaperone complex including Hsp7Oh and p64 attaches to these discs and mediates their

efficient interaction with the packaging signal and/or subsequent attachment of additional

discs. This process continues until the RNA element that signals completion of tail

assembly is reached. This signal is located -'500-nt from the 5'-end of RNA, and

functions via recognition of the Hsp7Oh/p64 complex. Interaction between this protein

complex and the RNA signal may trigger a conformational change in the disc structure

and 'lock' it to prevent further growth of the tail. The chaperone-assisted formation of the
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relatively short tails is accelerated by the energy produced by the ATPase domain of

Hsp7Oh. Slower assembly of the long virion bodies is initiated independently by

interaction of the CP discs with the corresponding packaging signal. This process

continues until the tail on one end and the 3'-terminus of RNA on the other end of the

growing virion is reached.

Even though certain aspects of this model are speculative, it provides a framework for

the future experimentation. The key predictions of a model include: i) an RNA element

required for stopping tail growth after it reaches -'100 tim length; ii) an independent

packaging signal recognized by CP; iii) the presence of the several Hsp7OhIp64

complexes interspersed between the tail segments and between the tail and body. Each of

these predictions is amenable for experimental testing using genetic, biochemical, and

ultrastructural analyses.
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Chapter 5

Conclusion

The major objective of this study was to systematically characterize genetic

requirements for BYV cell-to-cell movement and assembly, and to understand a

relationship between these two processes.

As we have demonstrated, in addition to Hsp7Oh, p6, p64, CP, and CPm is each

essential, but not sufficient for BYV cell-to-cell movement, indicating that BYV

possesses a five-component movement machinery, the most complex among plant viruses

(Chapter 2). The requirement of CP and CPm for BYV movement raised the more

general question of the functional relationship between the processes of virion assembly

and cell-to-cell movement. Analysis of a large number of CP and CPm mutants revealed

a strong correlation between the abilities of BYV to assemble tailed virions and to move

from cell to cell, suggesting that formation of the functional virions is required for virus

translocation (Chapter 3). In a parallel project, it has been found that in addition to CPm,

both Hsp7Oh and p64 are integral components of the virion tails (Napuli et al., 2000,

2003). As we have shown in Chapters 3 and 4, inactivation of CPm results in formation

of the "CP only" virus-like particles that contain neither Hsp7Oh nor p64. These data

imply that the incorporation of the two latter proteins into virions requires presence of the

functional CPm.

Interestingly, both Hsp7Oh and p64 are also essential for the proper assembly of the

tailed virions (Chapter 4). Mutants in which either of these proteins was inactivated had

virtually identical phenotypes. These mutants possessed reduced amounts of CPm and

were unable to move from cell to cell. Requirement of Hsp7Oh for p64 incorporation and

vice versa indicated that these two virion proteins are likely to form a complex and act in

concert in both tail assembly and virion translocation. Surprisingly, inactivation of the CP

did not abolish virion tail formation. Similar to the wild type virions, the tails assembled

in the absence of CP contained CPm, Hsp7Oh and p64, and encapsidated the 5'-terminal
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region of the viral RNA (cf. Chapter 4; Peremyslov et al., 2004a). These data

demonstrate that assembly of the virion tails and bodies occur independent of each other

and likely involve two separate packaging signals within the genomic RNA. We have

found that among five viral proteins required for the cell-to-cell movement, only p6 can

be defined as a dedicated MP: it is not incorporated into BYV virions and is not required

for the virion assembly (Chapter 3). Recently, it was shown that p6 is a transmembrane

protein that resides in the endoplasmic reticulum and functions as a dimer (Peremyslov et

al., 2004b).

Based on the available data and by analogy with the assembly mechanism of TMV

(Hull, 2002), which shares the helical virion morphology with BYV, we developed the

following working model. We propose that similar to TMV CP, BYV CPm self-

assembles into disks, which recognize a packaging signal located near the 5' -terminus of

the viral RNA. Unlike TMV, whose assembly requires only CP discs and viral RNA,

CPm disks associate with a chaperone complex formed by Hsp7Oh and p64. This

complex mediates efficient binding of CPm discs to the packaging signal and subsequent

incorporation of the additional discs. The tail assembly process continues until the

hypothetical cis-acting stop signal is reached. Such a signal is likely located at a -'500-nt

distance from the 5'-end of the viral RNA and functions to determine a border between

the virion tail and body. Interactions between the Hsp7OhIp64 protein complex and the

RNA signal could lead to a conformational change in the disc that prevents further

growth of the tail. We propose that the body assembly is initiated independently by

interaction of the CP discs with the corresponding packaging signal. Because formation

of the apparently normal, 'CP-only' virions that incorporate the entire viral RNA does

not require either CPm, or Hsp7Ohlp64 complex, it is similar to the self-assembly process

described for TMV.

Why do closteroviruses need complex, tailed virions, whereas other plant viruses

with helical symmetry possess simple virions assembled by a single type of a capsid

protein? At least in part, the answer may be related to the fact that BYV and other

members of the family Closteroviridae possess the largest genomes among all currently

known plant viruses. It seems feasible that the protection and dissemination of such large
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genomes within the host plants dictates the need in additional virion components that

function in these processes.

One aspect of this problem is that the large closterovirus RNA is an easy target for

RNA silencing, a host defense system that degrades viral RNAs (Voinnet et al., 2001). It

is known that the TMV is transported between cells in a non-virion form, as a

ribonucleoprotein formed by the TMV RNA and MP (Beachy and Heinlein, 2000). In

contrast, BYV movement requires assembly-competent CP that is likely to provide better

protection of a large RNA genome than that achieved within a MP-RNA complex.

However, protection of the entire closteroviral genome can be provided by either CP

(Chapter 3) or CPm (Satyanarayana et al., 2004) alone. Why then there is a need to

incorporate both CP and CPm, as well as Hsp7Oh and p64 into closteroviral particles?

The most obvious role of the three latter virion proteins is to form a virion tail. We

believe that the available data are best compatible with the interpretation of the virion tail

as a specialized transport device, which evolved to mediate translocation of the very long

virions.

There are several lines of evidence to support this hypothesis. First, each of the tail

proteins is required for virus cell-to-cell movement (Chapter 2; Peremyslov et al., 1999;

Napuli et al., 2003). Second, it was shown that, similar to MPs of many plant viruses,

BYV Hsp7Oh is targeted to PDs (Medina et al., 1999). Recent work from our laboratory

established that Hsp7Oh is autonomously transported to PDs in association with actin

microfilaments (Prokhnevsky et al., unpublished). Because microfilaments play a critical

role in BYV movement between cells, we propose that Hsp7Oh functions by bridging

virions to microfilaments and directing them to PDs. The experimental proof of this

hypothesis requires genetic dissection of the Hsp7Oh functions in virion assembly and

trafficking.

In PDs, Hsp7Oh could translocate the virion through the channel. How this process

occurs is not known. Recently, it was demonstrated that the phloem HSPc7O (HSP

cognate 70) isolated from PD-rich fractions (Aoki et al., 2003) possesses a specific motif

for PD SEL modification and transports itself via the channel. Insertion of the SEL motif

into human HSP7O, that normally lacks the motif, allowed this protein to move via PDs.
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Interestingly, BYV Hsp7Oh does not possesses the SEL modification motif, suggesting

that it is likely to use a different pathway to translocate virus through PDs.

The third line of evidence supporting our interpretation of the tail as a transport

device has to do with p20, a BYV protein that is specifically required for the virus long-

distance trafficking through the phloem. Strikingly, even though p20 is not essential for

the assembly of tailed, cell-to-cell movement-competent virions, it is incorporated into

virion tails (Prokhnevsky et al., 2002; Peremyslov et al., 2004a). Therefore, each of the

known components of virion tails functions either in local or in systemic transport of

BYV.

The fact that the tails specifically encapsidate the 5 '-terminal RNA region seems also

be compatible with tail function in virion trafficking. Indeed, if Hsp7Oh and possibly

other tail components were to guide virions through PD channel in a 'tail-first' manner,

the 5'-end of RNA will be inserted into the cytosol of the neighboring cell. The

disassembly of the tail could expose a cap structure and initiate translation of the viral

RNA by host ribosomes. This, in turn, could promote co-translational disassembly and

translocation of the viral genome into the cell, and result in production of viral replicase

followed by amplification and expression of the viral genome. In contrast, if the 3'-end of

viral RNA were to get into the cell first, its exposure after disassembly could result in

RNA degradation and abortion of virus spread.

How could genes encoding proteins with multiple functions in BYV assembly and

cell-to-cell movement evolve? Computer analysis of the protein sequences revealed that

three of these proteins, CP, CPm, and p64 (C-terminal domain) are homologous (Napuli

et al., 2003). It was suggested that the CPm and p64 genes have originated via two

sequential events of CP gene duplication and functional divergence in the common

ancestor of the closteroviruses. Because Hsp7O genes are present in virtually all cellular

organisms from bacteria to vertebrates, but are absent from all viruses with the

closteroviruses being the only known exception, it seems logical to propose that the

original Hsp7Oh gene was acquired from the host genome. This could be achived via

recombination between cellular mRNA and viral RNA genome.
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Although the presented work defined BYV genes required for virus assembly and

transport and allowed us to propose advanced working models of these processes, several

important questions remain to be addressed. What is the exact molecular architecture of

the virion tails? This problem can be investigated using ultrastuctural analyses such as

cryoelectron and atomic force microscopy in combination with immunolabeling of the

individual tail proteins. A complementary approach is to determine the entire network of

interactions between virion proteins using yeast two-hybrid screening and co-

immunoprecipitation techniques.

What are the mechanisms by which virions are delivered to and through PDs and

what are the exact roles of Hsp7Oh and p64 in these processes? These questions can be

answered by identification of the host proteins that interact with Hsp7Oh and p64 in a

physiologically-relevant maimer using genomics and proteomics approaches. The

requirement of actin cytoskeleton for virus transport and association of Hsp7Oh with MFs

and PDs provide a starting platform for such studies. An analogous approach can be used

to address the mechanisms by which p6 acts to utilize and possibly modify ER for the

needs of virus movement. Even though the exact molecular and cellular mechanisms of

BYV assembly and transport are yet to be understood, this virus has already proved to be

an extremely interesting and productive model for studies into viral evolution, functional

genomics, and virus-host interactions.
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