
ABSTRACT

TURNER, KATHERINE ANNE.  Localization of Red Clover Necrotic Mosaic Virus

Polymerase Proteins at the Endoplasmic Reticulum of Living Plant Cells.

Prepared under the supervision of Dr. Steven A. Lommel, Dr. Nina S. Allen

and Dr. Steven Spiker.

The replication of positive strand RNA viruses requires association with

host membranes and frequently results in membrane proliferation and

rearrangement. The fact that widely divergent virus families share form and

function of replication strategies is likely due to common evolutionary origin and

suggests that elucidating the reproduction strategies of one virus provides insight

to virus life cycles in general.

Red clover necrotic mosaic virus (RCNMV) is a positive-strand RNA virus

in the Dianthovirus genus, Tombusviridae family.   RCNMV encodes N-terminally

overlapping proteins of 27 kDa and 88 kDa (p27 and p88).   p88 contains motifs

characteristic of RNA-dependent RNA polymerases, and while the function of

p27 is unclear, it is very likely to be part of the RCNMV replication complex.

I have investigated the localization of the RCNMV replicase proteins in

plants using green fluorescent protein (GFP) fusions observed in live cells using

confocal microscopy.



The GFP:p27 and GFP:p88 fusions were expressed in N. benthamiana

epidermal cells and protoplasts.  GFP:p27 consistently localized to the

endoplasmic reticulum (ER) and caused membrane restructuring and

proliferation.  Fractionation of virus-inoculated leaves demonstrated the

association of p27 with isolated ER membranes.  Additionally, GFP:p27 co-

localized with ER-targeted YFP.  GFP:p88 also localized to the ER and co-

localized with GFP:p27.  In addition, GFP:p27 and GFP:p88 were associated

with invaginations of the nuclear membrane.   These grooves and channels of

ER crossed the nucleus, giving the appearance of fluorescence within the

nucleus, while the signal from GFP:p27/p88 was actually associated with ER.

GFP:p88 co-localized with GFP:p27 in two expression systems. This and the fact

that GFP:p27 localized to the cortical ER, the nuclear envelope, and cytoplasmic

ER domains in the presence of viral genomes as well as in the absence of any

viral proteins suggests that the two proteins co-localize to the ER during

infection.  Microscopic observations suggest that the virus remodels ER structure

to create membranous bodies containing active viral replication complexes. The

fact that both proteins independently accumulated in the ER and perturbed the

ER morphology suggests that the proteins function together, as part of a larger

replication complex.  This is the first report of a Tombusvirus replicating in

association with the ER.
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Previous Localizations of Plant Viral Polymerases and the Use of Green

Fluorescent Protein as a Reporter Gene

Introduction

Viral replication is fundamental to the infection cycle.  The replication of

positive strand RNA viruses takes place in association with host membranes.

This membrane localization has been shown to be required for replication

(Rohozinski and Hancock, 1996; Carette et al., 2000; Miller et al., 2001; Lee et

al., 2001). Membrane association appears to be universal across (+) RNA

viruses, including species that infect plants, animals, insects, and yeast

(Schwartz et al., 2002).

Viruses exhibit modular evolution, and genetically compromised viruses

can often be complemented by functionally related proteins from another,

distantly related virus (Matthews, 1991).  Viruses are the ultimate scavengers,

and have evolved or appropriated a wide variety of replication strategies,

genome organizations, and functional groups.  It is their diversity and ability to

rapidly develop new characteristics that make them such robust pathogens.  It is

very unusual for so many viruses to share a characteristic such as this

requirement for membrane association during replication.  If the mechanism

underlying the requirement were known, it would have application to nearly all (+)

strand viruses, and could be the foundation of broadly effective antiviral

therapies.
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We selected Red clover necrotic mosaic virus (RCNMV) as a model

system to study the subcellular localization of a viral replicase.  Labeled p27 and

p88 were produced by fusing the Aequoria victoria green fluorescent protein

(GFP) to the RCNMV proteins.    GFP was chosen as the intracellular reporter

because it provides the opportunity to observe the polymerase in live cells,

reducing preparation artifacts and allowing dynamic observations.  Laser

scanning confocal microscopy allows images of the cell interior to be recorded in

real-time, without distortion from out-of-focus light.   Here, a review of RCNMV

biology, related viruses, RNA virus replication, GFP, and the endomembrane

system of plants is presented.

RCNMV taxonomy

RCNMV was first reported in 1976 as Clover primary leaf necrosis virus

(Ragetli and Elder, 1976). It is a species of the Dianthovirus genus, named after

the host genus (Dianthus) of the type species, Carnation ringspot virus (CRSV).

Sweet clover necrotic mosaic virus (SCNMV) and Furcrea necrotic streak (FNSV)

are the only other known species comprising this genus (Matthews, 1991).  The

key taxonomic feature that distinguishes this virus genus from other plant virus

genera is their bipartite single-stranded (SS) RNA genome.  Dianthoviruses are

members of the plant RNA virus family Tombusviridae, which also contains the

genera Carmovirus, Tombusvirus, Necrovirus, and Machlomovirus (Hull, 2002)

(Matthews, 1991; Murphy et al., 1995) and others.  This family was established

on the basis of remarkable genetic conservation among the polymerases.
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Interestingly, the polymerases of the Tombusviridae also have high sequence

conservation with the polymerases of the barley yellow dwarf virus (BYDV)-like

Luteoviruses (Xiong and Lommel, 1989).  All of these virus genera fall within the

sindbis (alpha) virus supergroup (Buck, 1996; Matthews, 1991).

Biology and economic significance

RCNMV is restricted to dicotyledonous hosts and is found throughout the

temperate regions of the world.  It is readily transmissible by physical contact

between plants or through soil and groundwater.  The natural host range includes

red and white clover as well as alfalfa.  Experimental hosts include legumes,

cucurbits and members of the Solanaceae (Hamilton and Tremaine, 1996).

Symptoms in natural infections include mosaic, vein clearing, stunting, and leaf

deformation.  In the laboratory hosts Nicotiana benthamiana and Nicotiana

clevelandii, more severe symptoms of mosaic, necrotic spots, rings, and epinasty

are observed after manual inoculation.  Symptoms of the virus are masked at

temperatures over 25° Celsius, appearing most strongly when plants are

maintained at 15 to 20° C.   It has recently been shown that the Canadian strain

of RCNMV cannot replicate at elevated temperatures, and that the determinant of

the temperature sensitivity resides in the 3’ untranslated region of RNA-1

(Mizumoto et al., 2002).

In general, RCNMV does not kill its hosts.  CRSV caused severe problems

for the carnation industry (Hamilton and Tremaine, 1996) until the advent of

certified virus-free plant propagation material and strict sanitation procedures.
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RCNMV infections of forage legumes are often so mild that little impact on yield

is realized, though economic loss can be a risk if temperatures remain below 20°

C for extended periods (Ragetli and Elder, 1976).

Genetics

 The RCNMV genome is split between two (+) sense genomic RNAs,

RNA-1 (3883 nucleotides) and RNA-2 (1407 nucleotides) (See Figure 1).    RNA-

1 has 3 open reading frames (ORFs) encoding 27 kDa, 88 kDa, and 37 kDa

proteins (Xiong and Lommel, 1989).   The ORF 1 is expressed as a 27 kDa

protein and an inclusive 88 kDa protein.  A  -1 ribosomal frameshift at the stop

codon of p27 allows expression of the 88 kDa protein at low levels (Kim and

Lommel, 1994).  The mechanism of frameshifting is similar to that of retroviruses,

and involves a shifty heptanucleotide at the p27 termination codon (Xiong et al.,

1993). ORF 2 is the post-frameshift region of the 88 kDa protein, which produces

a 57 kDa protein in in vitro translation assays.  This protein cannot be identified in

vivo (Xiong and Lommel, 1989).

RNA-1
CP

-1 FS

p88
p27p27

RNA-2

Figure 1.  Schematic diagram of RCNMV RNA-1 and RNA-2.  ORFs are indicated as
open boxes, and the –1 frameshift site (FS) and subgenomic promoter site are indicated (arrow).
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RNA-1 also produces a subgenomic RNA of 1524 nucleotides (Osman

and Buck, 1990).  The subgenomic promoter contains a 14 nucleotide positive

strand promoter sequence homologous to the 5’ terminus of RCNMV RNA-1.

RNA structure mapping predicts a stable stem-loop structure at the 5’ end of the

sub-genomic RNA, including the (-) strand promoter, which could be important for

transcription initiation from full-length negative sense RNA-1 (Zavriev et al.,

1996).  The coat protein (CP) is translated from this sub-genomic RNA because

the CP ORF on RNA-1 is inaccessible to eukaryotic translation machinery.  A

conserved region of RNA-2, the trans-activator, is required for efficient

transcription of sub-genomic RNA from RNA-1 (Vaewhongs and Lommel, 1995).

The trans-activator is a 34 nucleotide stem loop on the genomic sense RNA 2

that base pairs to RNA-1 upstream from the start site of sub-genomic RNA

synthesis (Turner and Buck, 1999; Sit et al., 1998). This region is within the

subgenomic promoter of the CP.  This mechanism for controlling the timing of

coat protein expression may have evolved to ensure that sufficient quantities of

RNA-1 and RNA-2 are present before viral assembly begins (Sit et al., 1998).

The p27 gene product and its p88 extension are the viral contribution to

the replication complex.  The p27 and p88 proteins have been shown by

immunoprecipitation (Xiong et al., 1993; Bates, 1995) to be components of

membrane-bound replicase isolated from infected tissue.  In vivo, p27 is

produced at 10- to 20 times the level of p88 due to the inefficiency of the

ribosomal frame-shifting mechanism.  This stoichiometery makes it unlikely that

there is a 1:1 physical interaction between the proteins (Xiong et al., 1993; Xiong
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and Lommel, 1991).  However, p27 is essential for replication of the genome

(Paje-Manalo and Lommel, 1989; Xiong and Lommel, 1991) and has sequence

conservation with similarly located pre-readthrough portions of polymerases of

the Tombusviridae (Koonin, 1991).  p88 has high conservation with the

polymerases of Turnip crinkle virus (TCV) and Carnation mottle virus (CarMV)

(Xiong and Lommel, 1989) and contains the ‘GDD’ motif (Koonin, 1991),

suggesting that it is the catalytic portion of the RCNMV replication complex.

These data taken together strongly suggest that p27 and p88 are the viral

contribution to the RCNMV replication complex and that they work in concert, if

not by direct interaction, to replicate the genome and provide templates for

translation.

  The 3’ ORF of RNA-1 produces the CP (Xiong and Lommel, 1989).  180

copies of the CP assemble to form a T=3 icosahedral virion.  The CP is very

basic (pI  ~10) which suggests a mode of interaction with RNA (Xiong and

Lommel, 1989).  The CP has strong sequence conservation with Turnip crinkle

virus (TCV) and Carnation mottle virus (CarMV)(Xiong and Lommel, 1989).  The

CP forms large cytoplasmic aggregates when expressed as a GFP fusion (S.

Lommel, unpublished results).  The CP is not necessary for replication or cell-to-

cell movement and does not appear to interact with p27 or p88 in vivo (Paje-

Manalo and Lommel, 1989; Buck, 1996).

 RNA-2 is monocistronic, and encodes the 35 kDa movement protein (MP)

(Lommel et al., 1988). The MP functions in cell-to-cell and long distance

movement of the virus through plant cells (Lommel et al., 1988; Fujiwara et al.,
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1993).  The MP is functionally homologous to Tobacco mosaic virus (TMV) MP.

Both MPs enlarge plasmodesmata size exclusion limits, transport RNA through

plasmodesmata, and bind nucleic acids in vitro (Geisman-Cookmeyer et al.,

1995).   Although the two proteins have very low sequence identity, the two

viruses appear to use a common mechanism for cell-to-cell movement

(Geisman-Cookmeyer et al., 1995).

The MP itself is not required for replication (Paje-Manalo and Lommel,

1989) although the trans-activator, a RNA sequence motif present in the MP

ORF, is necessary for transcription from the sub-genomic promoter of RNA-1 (Sit

et al., 1998; Vaewhongs and Lommel, 1995) and translation of CP.  Both the MP

and trans-activator are necessary for systemic infection (Sit et al., 1998;

Vaewhongs and Lommel, 1995; Wang et al., 1998).   When fused to GFP, the

MP appears at the cell wall of infected cells, in punctate spots assumed to be

plasmodesmatal pit fields (Wang et al., 1998; S. A. Lommel, in preparation).

Similar punctate spots have been shown to be associated with plasmodesmata in

Tobacco mosaic virus infected leaves by immunogold cytochemical localization

of virus proteins within the plasmodesmata (Tomenius et al., 1987).

Cytopathology of RCNMV

Very little is known about the intracellular localization of Dianthoviruses.

CRSV causes large aggregates of virus and tubular inclusions in the nuclei of

infected Dianthus barbatus (Sweet William) and Vigna unguiculata (cowpea)

(Weintraub et al., 1975).  Spherical inclusion bodies have also been seen in the
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nuclei of Sweet William, but not of cowpea.  Clusters of proliferated ER with

dilated cisternae were common in CRSV-infected Chenopodium quinoa and

Nicotiana megalosiphon (Koenig et al., 1988). Membranous vesicles and patches

of densely stained amorphous material were present in the cytoplasm (Francki et

al., 1985), and chloroplast vesiculation was observed in red clover infected with

RCNMV-Can, a Canadian strain of RCNMV (Ragetli and Elder, 1976).

   A review of the plant endomembrane system

The plant endomembrane system has many features in common with the

more highly investigated animal endomembrane system, as well as several

features found only in plants.  Although not a membrane, the plant cell wall is of

course a major addition that affects growth and expansion dramatically, as well

as protein export from the cell, endocytosis, and cell division.  Just inside the cell

wall, the plasma membrane is the first of many bilayers that are important for the

health and productivity of the cell.  As one moves through the cell, the

endoplasmic reticulum (ER), Golgi apparatus (GA), nucleus, vacuole, plastids

and mitochondria are encountered, as well as many types of transfer vesicles.  In

past years, the cell was often considered a ‘bag of molecules’ and shown as a

rectangular box (in the case of walled cells) with a few spheroid organelles

seemingly hanging unsupported within.  We now know that this image of the cells

as relatively empty and unstructured is incorrect.  The cytoskeleton (actin,

microtubules, and their associated proteins) interacts with every organelle in the



10

cell (Buchanan, 2000), sometimes passing completely through them (Collings et

al., 2000). The organelles also interact with each other, forming connections and

subdomains that provide for communication and material transfer (Buchanan,

2000).  We are now learning how dynamic and flexible the endomembrane

system can be.  It has been suggested that the organelles and their membranes

are more like the appendages of one entity, rather than individuals acting

autonomously (Check, 2002; Cole and Lippincott-Schwartz, 1995).  It is certainly

the case that the lipids cycle between organelles freely (Grabski et al., 1993;

Staehelin, 1997), carrying membrane proteins and vesicle contents like cargo.

For purposes of this discussion, we will focus on the ER and its downstream

partner, the GA.

The plant ER has many different domains and shapes.  It functions in

almost all important cellular processes, including the synthesis, processing, and

sorting of proteins, production of lipids and glycolipids, and regulation of cytosolic

calcium.  Morphological features or functional properties can be used to

distinguish the 16 elucidated domains, some of which include rough ER, nuclear

envelope, protein bodies, oil bodies, microtubule nucleation domains, lipid

recycling domains, cortical, smooth (tubular), and transitional ER (See figure 2).

The ER extends throughout the cytoplasm, composed of both flat lamellae

and tubular networks. The earliest observations of the ER suffered from the

effects of fixatives used to prepare samples for the electron microscope. It wasn’t

until contrasting agents such as osmium ferricyanide were included post-fixation

that the fine cortical tubules and the ER lumen were studied (Harris, 1979). The
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cortical ER is directly under the plasma membrane, and is distinguished

from the ER tubules that cross the cytoplasm by its relatively static and two-

dimensional structures (Figure 3) (Hepler, 1981; Hepler et al., 1990).  The flat

lamellae are the polysome-bearing rough ER domains, and the tubular cisternae

are smooth (Staehelin, 1997).   The tubular strands that cross the cell interior

(Figure 3) are more mobile than the cortical ER and depend upon the actin

cytoskeleton for their movement (Allen and Brown, 1988; Collings et al., 1998;
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Boevink et al., 1998; Hawes and Satiat-Jeunemaitre, 2001).  The tubules of

smooth ER overlay the actin cytoskeleton very closely, and specialized domains

of the ER appress directly against the microfilaments, suggesting a physical

interaction (Allen and Brown, 1988; Lichtscheidl et al., 1990; Staehelin, 1997).

The motion of the ER is sensitive to cytochalasin D, a drug that disrupts actin

microfilaments (Knebel et al., 1990).   In animal cell ER, in contrast, movement

and reorganization of the cisternae and tubules depends on microtubules (Cole

and Lippincott-Schwartz, 1995).

 It has recently been shown that

the ER ramifies through the nucleus and

creates channels through which the

cytoskeleton and vesicles can pass

(Collings et al., 2000). In Nicotiana and

onion epidermal cells the tubules were

observed to be stable (Collings et al.,

2000).  Such grooves substantially

increase the surface area available for

interaction with the cytoplasm.  It has

previously been shown that animal nuclei

contain tubes of ER and invaginations (Fricker et al., 1997) and that the

inclusions preferentially associate with nucleoli.  It has been suggested that ER

channels through the nucleus function in delivering messenger RNA to
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ribosomes on nearby rough ER, or function in calcium signaling (Lui et al.,

1998a).

In addition to close interactions with the nucleus and actin cytoskeleton,

the ER is associated with mitochondria.  Both in animal and plant cells, the ER

and mitochondria are part of the calcium signaling cascade, and are so closely

associated that their interaction has been compared to that of neural synapses

(Csordas et al., 1999).  One of the best-known examples of this association is

muscle contraction, during which calcium is released from the sarcoplasmic

reticulum (Alberts et al., 1994).

It has been demonstrated that small mobile particles are associated with

the ER in cells of Acetabularium (giant algae; Allen and Schumm, 1990).  The

particles could be equivalent to calciosomes, calsequestrin- containing

organelles found in animal cells (Volpe et al., 1998).  It was speculated that the

particles are functional in signal transduction (Allen and Schumm, 1990).  In

previous studies small, oval shaped organelles associated with the ER were

shown to be ER inclusions contained within the membrane (Haseloff et al., 1997;

Gunning, 1998). The inclusions move rapidly along the ER tubules and

presumably must interact with the cytoskeleton by transmembrane linker

proteins, yet to be characterized (Hawes and Satiat-Jeunemaitre, 2001).  In

addition, the bodies of the Golgi apparatus (GA) are associated with and move

over cortical and tubular ER (Haseloff et al., 1997; Boevink et al., 1998; Gunning,

1998).
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The Golgi apparatus is important for cell wall synthesis and post-

translational modification of most cellular proteins.  The plant Golgi utilizes the

same protein machinery that animal and yeast Golgi use for their secretory and

biosynthesis functions, but it uses the machinery in novel ways that address the

unique needs of plants (Nebenfuehr and Staehelin, 2001; Scales and al., 2000).

Plant Golgi bodies are small, compact stacks that are dispersed through out the

cytoplasm (Boevink et al., 1998; Horsley et al., 1993). COP-I coated vesicles bud

from the Golgi bodies with cargo bound for the lysosome or cell wall (Boyko et

al., 2000). COP-I is a vesicle ‘coatamer’ protein that helps sort vesicle content for

targeted delivery (Nebenfuehr, 2001). In addition, the Golgi bodies travel along

the actin cytoskeleton by means of a Golgi-specific myosin motor (Boevink et al.,

1998).  The bodies exhibit stop-and-go motions that are characteristic of specific,

directed motility rather than passive riding along with cytoplasmic streaming.

This is different from the centralized, microtubule- based location of the animal

Golgi apparatus (Nebenfuehr and Staehelin, 2001).

 In addition, Golgi body movements along actin cables follow the ER

tubules present in the cortical region directly under the plasma membrane

(Boevink et al., 1998).   This could allow them to sweep up secretory vesicles as

they pass sites of protein export from the ER.   It has been observed that Golgi

bodies in mitotic cells are positioned near the forming cell plate (Nebenfuehr,

2001).  These observations suggest that Golgi bodies could be recruited to ER

export sites or to locations where their products are needed for cellular growth

(Nebenfuehr, 2001) Thus, Golgi could be recruited to sites of virus replication
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and packaging to bring structural proteins or host replication components to the

viroplasm.

Green fluorescent protein:  properties and usage

Chemists and biologists often wish to label a protein with a fluorescent tag

in order to study its localization or biochemistry in vivo.  Traditionally, this meant

isolating the protein to be labeled, conjugating a fluorescent chemical dye such

as fluorescein to the protein and re-purifying, followed by delivery techniques that

involved permeabilization of the plasma membrane or microinjection.  Such

methods are time consuming, damaging to the cells, and technically complex.  In

the 1990s, utilization of the green fluorescent protein (GFP) from Aequoria

victoria as a cell marker revolutionized cell biology (Prasher et al., 1992; Chalfie,

1994; Heim et al., 1994).

GFP is a small 23 kDa protein containing 238 amino acids. In the jellyfish,

it is found in small light-emitting organelles, termed lumisomes (Haseloff and

Amos, 1995).  Inside the lumisomes are two photoproteins, aequorin and GFP.

Aequorin was first isolated from Aequoria aequoria in 1962 by Osamu

Shimomura and generates blue light in the presence of calcium (Shimomura et

al., 1962).  The light produced by aequorin is absorbed by GFP (Shimomura et

al., 1962), which then emits green fluorescence efficiently without the assistance

of a cofactor and requiring only molecular oxygen (Heim et al., 1994).  GFP was

isolated in 1974 and has two excitation peaks, one at 395 nm and a second,

smaller peak at 475 nm (Morise et al., 1974).  A single emission peak is found at
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508 nm.  The internal chromophore is composed of a cyclic Ser-Tyr-Gly group at

residues 65-67, which oxidizes to produce fluorescence.  The reaction is

reversible and repeatable (Prasher et al., 1992; Cubitt et al., 1995).   The

potential to express a stable, non-intrusive fluorescent marker protein in situ was

enormously exciting to geneticists, biochemists, and cell biologists, and once a

clone of the GFP gene was available (Prasher et al., 1992), numerous

researchers began screening, mutating, and modifying the protein to make a

better molecular reagent.

GFP expressed in E. coli, C. elegans,(Chalfie et al., 1994) S.

cerevisiae,(Heim et al., 1994) and D. melanogaster (Wang and Hazelrigg, 1994)

was fluorescent without additional modification, and appeared to be non-toxic.

With that reagent in hand, Cubitt et al. (1995) created the first important mutation

of wild-type (wt) GFP, which shifted the primary excitation peak from 395 nm to

488 nm, combining the area under the two peaks into a single larger peak.  This

change was the result of a single mutation in the chromophore, mutating serine

65 to a threonine (Cubitt et al., 1995).  The mutation had several other beneficial

effects, including six-fold brighter fluorescence, faster oxidation, and little or no

photobleaching of the chromophore (Cubitt et al., 1995).  Haseloff et al. (1997)

optimized wt GFP for expression in plants by demonstrating that a cryptic intron

was efficiently removed from GFP cDNAs between nucleotides 400 and 483 in

Arabidopsis.  The resultant protein was non-fluorescent (Haseloff and Amos,

1995).  A modified version of the gene was created that mutated the splice sites

and altered codon usage to reduce the AU content of the mRNA.  Transgenic
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plants stably expressing the modified GFP (mGFP) were created, demonstrating

proper expression of the protein in plants (Haseloff et al., 1997).  Many other

groups optimized and reshaped GFP, creating spectral variants altered in both

excitation and emission maxima.  The most distinguishable mutant form of GFP

features a tyrosine to histidine change at residue 66, resulting in blue

fluorescence rather than green (Palm et al., 1997).  The existence of two

spectrally distinguishable fluorescent proteins made dual-labeling experiments a

possibility and spurred the development of additional variants (Davis and

Vierstra, 1998).   Molecular evolution through DNA shuffling was used by

Crameri et al. (1996) to generate mutant GFPs with 42-fold greater brightness

and increased solubility (which later became the basis of enhanced GFP “eGFP”

as sold by BD Biosciences, Palo Alto; Crameri et al., 1996).  Eventually, “yellow”

(ex. 525 nm em. 540 nm) and “cyan” (ex. 425 nm em. 475 nm) GFPs (Heim and

Tsien, 1996) emerged as the most useful variants with regard to brightness,

stability, and efficiency (Angres and Green, 1999) and are now commonly

available standardized reagents.

GFP as a reporter

GFP retains fluorescence when fused to another protein at either the N- or

C- terminus (Leffel et al., 1997).  This property makes it an ideal fluorescent tag

to monitor subcellular localization of proteins, organelles, and biochemical

processes.  GFP is efficiently expressed to high levels by the Cauliflower mosaic
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virus (CaMV) 35S promoter in plants, comprising as much as 0.5% of the total

cellular protein (Leffel et al., 1997).  These characteristics make GFP a nearly

ideal reporter system, and it is the “first truly in vivo system to become available

for use in whole plants” (Leffel et al., 1997).  The earliest uses of GFP as a

reporter simply used GFP as a visible marker, a separate co-transformant that

identified those individuals that had been successfully transformed, whether

transiently or stably (Haseloff et al., 1997; Oparka et al., 1996).  Many methods

can be used to express GFP along with the gene of interest, including

Agrobacterium-mediated gene transfer (Zhang et al., 2001), microprojectile

bombardment (Kotlizky et al., 2000), transfection (Toth et al., 2001),

transformation (Chalfie et al., 1994), and expression from a viral genome

(Oparka et al., 1996).  Quickly researchers began to use GFP as a translationally

fused visible marker, present anywhere the gene of interest was expressed.  In

addition, GFP was fused to organelle targeting tags.  This resulted in GFP

localized to subcellular structures including the ER (Haseloff and Amos, 1995),

nucleus (Grebenok et al., 1997), mitochondria (Kohler et al., 1997), cytoskeleton

(Katz et al., 1998), Golgi apparatus (Boevink, 1998), chloroplasts (Kohler et al.,

1997), and peroxisomes (Jedd and Chua, 2002).

GFP is now the favored method of labeling cell components.  Traditional

methods of cell fractionation and immunoelectron microscopy are being

complemented by non-invasive, versatile techniques including confocal

microscopy coupled with GFP labeling, deconvolution, and video using CCD

cameras.  The ability to study live cells without fixation or permeablization has
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resulted in new information about cell structure and dynamics (Boevink et al.,

1998).  In some cases, the use of GFP has revealed previously unknown

structures (Collings et al., 2000; Kohler, 1998) or resolved ambiguities in the

literature (Gillespie et al., 2001; Heinlein et al., 1998; Oparka et al., 1997).

While GFP has been a boon to cell biology, it is not an appropriate protein

tag for all experimental systems.  Fusion of GFP to structural proteins can alter

their properties, preventing self-interaction as dimers and multimers and leading

to loss of fusion protein function and spurious localizations (Katz et al., 1998;

Thomas and Maule, 2000).  In addition, peptides fused to GFP can be degraded

without loss of fluorescence, causing free GFP to accumulate in the cytoplasm

and the vacuole, obscuring the true localization of the peptides (Persson et al.,

2002).  When expressed in the cytoplasm of transgenic plants, GFP can inhibit

regeneration of transformants.  This could be due to toxicity from fluorescence-

related free radicals (Haseloff and Amos, 1995; Haseloff et al., 1997).  Finally,

the fluorescence of GFP is inhibited at low pH (<6) (Scott et al., 1999) making it

inconvenient for studies of the cell wall or vacuole.

Plant virus polymerase localizations

The replication of positive strand RNA viruses takes place in association

with host membranes. This membrane localization has been shown to be

required for replication (Rohozinski and Hancock, 1996; Carette et al., 2000).

The specific type of membrane system utilized in assembling the viral replication

complex depends on the individual virus, and is likely to be genetically
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determined (Burgyan et al., 1996; Rubino and Russo, 1998).   Within the plant

virus family Tombusviridae, which includes RCNMV, peroxisomes and

mitochondria are the sites of replication for Tomato bushy stunt virus (TBSV)

(Scholthof et al., 1995b) Carnation Italian ringspot virus (CIRV) (Rubino et al.,

2000) and Cymbidium ringspot virus (CymRSV) (Burgyan et al., 1996).  No

members of the Tombusviridae have previously been shown to associate with

the endoplasmic reticulum (ER).

In other virus families, it is common to find polymerase proteins associated

with the ER, the most abundant membrane form in the plant cell.  Very few

viruses have been localized to subcellular structures, and it is not yet possible to

say whether this likelihood indicates a taxonomic trend or is merely a

coincidence.  Picorna-like viruses including Cowpea mosaic virus (CPMV)

(Carette et al., 2000) and Tobacco etch virus (TEV) (Schaad et al., 1997) and

Alpha-like viruses including Brome mosaic virus (BMV) (Oparka et al., 1996),

Tobacco mosaic virus (TMV) (dos Reis Figureira, 2002; Mas and Beachy, 1999),

and Peanut clump virus (PCV, family Pecluvirus) (Dunoyer et al., 2002) all direct

replication proteins to the ER.

Viruses can be found replicating on most other subcellular membranes as

well.   Invaginations of the chloroplast outer membrane are associated with

Turnip yellow mosaic virus (TYMV, family Tymovirus) replication and assembly

(Prod'homme et al., 2001; Rohozinski and Hancock, 1996), while Alfalfa mosaic

virus (AMV) replication proteins interact at the vacuolar membrane (Van Der

Heijden et al., 2001).
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Involvement of host factors

Plant viral replication complexes often co-purify with host components,

and genetic screens have identified host mutations that impair viral accumulation

(Callaway, 1998; Sullivan and Ahlquist, 1997; Mouches et al., 1984; Hayes and

Buck, 1990).  The proteins encoded in viral genomes are often the core catalytic

domains of the polymerase.  Viruses rely on recruited host proteins to provide

accessory functions, such as separation of transcription and translation or

topoisomerase activity (van der Heijden and Bol, 2002).  Identification of the host

factors involved in virus replication gives greater understanding of the cellular

processes that enable virus infection.  Unfortunately, very few host factors have

been identified, and of those that are known, the role in viral replication is

understood for an even smaller number.

The only virus for which the composition of the replication complex is

completely known is the bacteriophage Qâ.   A model for replication of the phage

RNA that includes the phage-encoded core polymerase subunit and four host-

encoded proteins has been proposed (Brown and Gold, 1996).  The holoenzyme

initially includes three host translation factors:  ribosomal protein S1, elongation

factor Tu (EF-Tu) and elongation factor Ts (EF-Ts) (Blumenthal et al., 1972).  A

fourth factor, known as host factor (HF-1), is recruited to initiate minus strand

synthesis (Barrera et al., 1993).  The host proteins apparently function as dual

function transcription/translation factors, bringing the necessary components into
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proximity for transcription while excluding the translation machinery until it is

needed.  The same factors later promote translation (Brown and Gold, 1996).

For eukaryotic (+) strand RNA viruses, the manner in which host factors

facilitate viral replication is largely unknown.  Host factors have been co-purified

with the replicase complex of Turnip yellow mosaic virus, (Mouches et al., 1984)

and Cucumber mosaic virus, (Hayes and Buck, 1990), but the identity of these

proteins is unknown, and their role in replication unclear. Many of the identified

host factors bind to viral RNA, viral proteins, or both. The protein- and RNA-

binding proteins are hypothesized to aid replication by separating transcription

and translation in time, or by promoting template selection.  For example, BMV

replication and accumulation in yeast is dependent on mab1-1, mab2-1, and

mab3-1.  mab1-1 and mab2-1 interfere with the ability of BMV 1a to stimulate 2a

mRNA and protein accumulation (Ishikawa et al., 1997). The mab-1

complementation group encodes Lsm1p, a yeast protein related to core RNA

splicing factors (Diez et al., 2000).  The Lsm1p protein is required for template

selection by BMV 1a, the catalytic polymerase subunit.  It was suggested that

Lsm1p’s connection with poly-(A) function indicates an interaction with factors

binding RNA 5’ ends, which could suggest a mode of interaction with BMV (van

der Heijden and Bol, 2002; Diez et al., 2000).

  BMV 2a protein associates with barley eukaryotic initiation factor 3 (eIF-

3) subunit p41 (Quadt et al., 1993), resulting in a 3-fold stimulation of (-) strand

synthesis in vitro.  The known functions of eIF-3 include binding mRNA and tRNA

and stabilization of the ribosome complex (Moldave, 1985). In addition, the yeast
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eIF-3 subunit GCD10 (the RNA-binding subunit) binds the methyltransferase

domain of TMV126/183 kDa replicase proteins (Osman and Buck, 1997; Taylor

and Carr, 2000).  Cucumber poly-(A) binding protein specifically interacts with the

RdRp of Zucchini yellow mosaic virus (Wang et al., 2000) and the TEV-Oxnard

strain NIa protein, which can confer host genotype-specific movement functions,

interacts with tomato eIF-4E (Schaad et al., 2000).   A relationship between

protein biosynthesis and viral replication has been proposed based on the

presence of functional tRNA-like structures on many viral RNAs (for a review see

(Mans et al., 1991)). Host translation factors that are utilized by the virus as RNA

binding proteins and transcriptional regulators may be the bridge between the

host and the virus.

A second class of identified host proteins includes membrane binding or

trafficking proteins like TOM1 from Arabidopsis that interacts with the helicase

domain of the TMV replicase (Yamanaka et al., 2000).  TOM1 has been cloned

and is predicted to be a multipass transmembrane protein. TOM1 interacts with

membranes in an in vitro assay, and may be the membrane anchor for the

assembling TMV replication complex (Yamanaka et al., 2000).  BMV requires the

yeast OLE1 gene, which encodes Ä9 fatty acid desaturase (Lee et al., 2001).  It

was shown that the proper lipid composition of the membrane is necessary for

replication, rather than the OLE1 gene product.  Mutant ole1 yeast blocked BMV

replication prior to the initiation of (-) strand synthesis (Lee et al., 2001).

Carette et al. (2002) used a yeast two-hybrid screen to identify two

proteins that specifically interact with the CPMV ‘60K’ protein, the nucleotide-
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binding domain of the polymerase plus the Vpg.  VAP27-1 and VAP27-2 are

Arabidopsis proteins thought to be SNARE- like proteins that function in vesicle

targeting and trafficking (Carette et al., 2002).  The two VAP proteins can form

multimers in protoplasts, and other SNARE-like proteins are known to form

multimers through coiled-coil regions or transmembrane domains (Weir et al.,

2001).  The VAP27-1 and –2 proteins localized to the ER in a yeast transient

expression assay, suggesting that they may play a role in vesicular transport to

or from the ER.  Proliferation of the ER is characteristic of CPMV infections

(Carette et al., 2000), and expression of the ‘60K’ protein induced dramatic

vesiculation of yeast membranes (Carette et al., 2002).  It has been speculated

that 60K interference with VAP protein function could mediate this membrane

proliferation.

Even in the instances where the host factors contribute to the localization

of the replication complex by serving as the membrane anchor or altering the

lipid composition of the membrane, the virus-encoded components of the

replication complex independently localize to the proper intercellular membrane

(Lee et al., 2001; Yamanaka et al., 2000).  Further elucidation of the cellular

conditions necessary for productive viral infections may shed light on how the

viral and host proteins assemble together on the correct membrane and how the

membrane association facilitates replication of the virus and production of

progeny virus particles.
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Localization of viral genes with GFP

The use of GFP to observe intercellular structures and proteins is still an

emerging technology.  Many of the subcellular localization studies previously

performed on viral proteins utilized biochemical techniques such as tissue and

cell fractionation, electron microscopy combined with immunolocalization, or

histochemical staining.  These methods all have the disadvantage that the cells

are disrupted and/or fixed prior to observation, and the risk of preparation

artifacts is high (Niwa et al., 1999).  It is also impossible to observe the cells in

real time as they respond to viral invasion.  The use of GFP as a non-invasive

label allows observations of subcellular structures via confocal microscopy in live

cells.  It is possible to tag nearly any protein with GFP (Chalfie et al., 1994), and

virus researchers have made use of it to label the MP, CP, and polymerase, as

well as other viral accessory proteins.  The viruses that have been investigated

with this technology do not fall easily into categories.  There does not seem to be

any correlation between taxonomy and intercellular localization of viral proteins.

An overview of some viruses that have been investigated using GFP tags and

the results of those investigations is presented.

movement protein:GFP   Perhaps the single most intensely studied virus with

respect to protein localization is Tobacco mosaic virus (TMV). This virus system

is also the best example of the potential of GFP as a cell biology tool.  The use of

GFP in this system has supplanted traditional biochemistry and yielded

discoveries that might not have been possible any other way.  Research using
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TMV MP:GFP from many researchers is presented and discussed to illustrate the

effectiveness of GFP as a non-invasive reporter (reviewed in Beachy and

Heinlein, 2000).  Research using other viral MPs is also discussed to highlight

themes in MP localization.

TMV MP:GFP was shown to localize to the cortical ER, plasmodesmata,

and microtubules at different times during infection  (Heinlein et al., 1998).  MP

initially localizes to plasmodesmata (Pd), modifying their size exclusion limit

(Heinlein et al., 1998).  After approximately 12 hours, MP accumulates at the ER,

where viral replication and protein synthesis occurs (Mas and Beachy, 1998).

The ER localization of the MP:GFP is not required for the MP to function in

intercellular movement of viral RNA (Boyko et al., 2000).

 Approximately 16 hours post infection, the MP relocates to the underlying

microtubule network, where it directs the movement of the viral genome and

proteins to adjacent cells and long-distance (Heinlein et al., 1998; Mas and

Beachy, 1998). MP targets microtubules and plasmodesmata by independent

mechanisms, and intercellular transport of viral RNA (vRNA) depends on the

localization of MP to Pd at the leading edge of infection (Boyko et al., 2000).

Tobamovirus MPs bind a specific consensus sequence on microtubules,

and may utilize microtubule assembly to drive viral RNA transport within the cell

(Boyko et al., 2000).  Additionally, it was later found using fusions of TMV MP to

both GFP from Aequoria and DsRed from Discosoma that the MP specifically

localizes only to the ER during the early stages of infection, and later transfers

from the ER to the underlying microtubule network.  A single amino acid mutation
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prevents transfer of MP to microtubules.  This mutant fails to localize to

microtubules while exhibiting enhanced movement.  It is possible that the mutant

evades a host degradation pathway in which microtubules normally target

ubiquitinated MP to the proteasome (Gillespie et al., 2001).

No other virus MPs have been investigated as extensively as the TMV

MP.  Several virus families are represented among those others that have been

investigated, and a few themes emerge.  MPs often target to punctate spots at

the cell periphery, generally assumed to be plasmodesmata. The MPs of Apple

chlorotic leafspot virus (ACLV) (Yoshikawa et al., 1999), Alfalfa mosaic virus

(AlMV) (Huang and Zhang, 1999), and Cucumber mosaic virus (CMV) (Itaya et

al., 1997) have all been localized to the cell periphery using GFP.  In addition,

tubules containing MP can form at the periphery of protoplasts, usually projecting

from the GFP:MP punctate bodies.  ACLV GFP-50kDa (Satoh et al., 2000) and

Cauliflower mosaic virus (CaMV) MP:GFP fusions (Huang et al., 2001) both

produce surface tubules.  Some MPs can target the endomembrane system,

perhaps for transport to the plasmodesmata.   AMV MP:GFP fusions co-localized

with the ER of the plant cells but did not induce tubule formation (Huang and

Zhang, 1999).

In viruses that have multiple movement proteins, one protein generally

traffics to the ER and another targets the periphery.  This implies a division of

labor and may indicate that the localization is necessary for or dependent upon

function. For example, GFP was used to localize the second and third genes of

the Poa semilatent hordeivirus (PSLV) triple gene block.  A TGBp2 15k:GFP
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fusion localized to the cortical ER.  The TGBp3 18k :GFP fusion protein localized

to punctate spots at the periphery of the cells.  TGBp2 15k:GFP co-expressed

with TGBp3 18k (native) was re-directed to the peripheral bodies.  No sequence

dependency was found for this targeting.  In addition, TGBp2 proteins were

shown to effectively target heterologous TGBp2 proteins from to the cell

periphery, suggesting that the targeting is part of a generalized mechanism

(Solovyev et al., 2000).

There are more examples, but those cited here illustrate that viral MPs

use several common mechanisms to solve the problem of how to escape from

the initially infected cell.  The other viral proteins are not so amenable to analysis,

and often there is no discernable pattern to their localizations.

One exception to the pattern of ER/plasmodesmata localization of

GFP:MP fusions should be noted.  GFP fusions have been used to investigate

intra- and intercellular movement of Maize streak virus (MSV) movement protein,

V1. Geminiviruses are ssDNA viruses.  The V1:GFP protein moved from cell-to-

cell on bombarded tobacco or maize leaves in the absence of other viral proteins,

but did not localize to the Pd in either maize or tobacco (Kotlizky et al., 2000).  It

is possible that the ER/Pd targeting of MP is a feature of RNA viruses only.

polymerase:GFP  Although the positive strand RNA viruses studied to date all

utilize intercellular membranes in their replication complexes, the mechanisms of

replication are unknown in many viruses, and the factor that indicates which

membrane will host replication is equally elusive.   As mentioned above in the
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discussion of viral polymerases, it is common for polymerase proteins to target

the ER, and many that have been investigated with GFP do.  CIRV and CymRSV

are the only examples of a GFP-polymerase fusion targeting to a membrane

other than the ER.

BMV has been studied most extensively, and will serve as the detailed

example here. In this case, GFP fusions have served to complement and extend

results obtained using traditional methods.

BMV has two replication proteins, 1a and 2a.  The two proteins are

expressed from separate RNAs, and have been shown to form a 1:1 bimolecular

complex in vitro (Kao and Ahlquist, 1992b).  The interaction of 1a and 2a is

necessary for replication (Kao et al., 1992). The sequences required for the 1a

protein to bind the 2a protein reside in the C- terminal helicase-like domain of 1a.

This domain is highly resistant to proteases, while the 1a N-terminus is rapidly

degraded.  This protected domain is found in other tripartite virus polymerases

and is probably important for the interaction between 1a and 2a and hence for

replication (O'Reilly et al., 1995).

GFP was fused to the 1a protein to investigate the interaction of 1a and

2a.  The GFP:1a  associated with the cytoplasmic face of the ER, with no

lumenal protrusions.  A region C-terminal to the core methyltransferase was

sufficient for ER localization.  Additional sequences within 1a acted as modifiers,

narrowing the ER domains targeted by 1a (den Boon et al., 2001).

GFP was also fused to the 2b protein. When expressed alone, GFP:2b

showed a cytoplasmic distribution similar to free GFP.  When expressed in the
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presence of BMV 1a, the GFP:2a localized to the ER.  The N-terminal 120 aa of

2a that interacts with 1a is necessary and sufficient for directing 2a to the ER.  As

the interaction between 1a and 2a is essential for RNA replication in vivo, these

results suggest that BMV 1a directs the assembly and organization of the

replication complex (Chen and Ahlquist, 2000; Kao and Ahlquist, 1992b; O'Reilly

et al., 1995).

Yeast (S. cerevisiae ) strains that express BMV 1a, 2a and RNA 3 from

expression plasmids have been created.  These cells form active BMV replication

complexes (Restrepo-Hartwig and Ahlquist, 1999).  1a and 2a were shown to co-

localize to the ER in the yeast cells, as they do in plants, establishing the yeast

system as a good model for a natural plant infection. 1a and 2a remained in the

ER and did not accumulate in the Golgi apparatus.  In addition, incorporation of

BrUTP showed that nascent vRNA co-localized with BMV 1a.  This suggests that

the observed sites of 1a and 2a accumulation represented sites of active viral

replication (Restrepo-Hartwig and Ahlquist, 1999).

 This engineered yeast was used to demonstrate that BMV replication

depends on fatty acid synthesis.  In yeast, a mutation of the chromosomal OLE 1

gene severely inhibits BMV replication (Lee et al., 2001).   OLE 1 encodes ∆9

fatty acid desaturase, an ER integral membrane protein and the first enzyme in

unsaturated fatty acid synthesis (Stukey et al., 1990).  In ole1 mutant yeast, BMV

1a and 2a still interact and localize to the ER correctly and bind RNA templates,

but RNA replication is blocked prior to the initiation of minus strand synthesis.

Mutation analysis showed that fatty acids are required for BMV replication rather
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than the OLE1 gene product.   This demonstrates that viral RNA synthesis is very

sensitive to lipid composition and that the correct membrane fluidity is important

for an early step in viral replication (Lee et al., 2001).

Tobacco mosaic virus 126 kDa replicase protein has been shown to be

associated with the ER (dos Reis Figueira et al., 2002) via 126 kDa:GFP fusions.

Both a nuclear localization signal located in the N-terminal 70 amino acids and

an ER-association domain in the C-terminal half of the protein have an effect on

localization.  The nuclear localization signal appears to modify the ER localization

and cause the replicase protein to form inclusions associated with the ER.

In addition to BMV, TEV (Schaad et al., 1997) and PCV (Dunoyer et al.,

2002) have been localized to the ER using GFP fusions of polymerase genes.

The PCV localization is interesting because multivesicular bodies (MVBs) that

contained pinched and broken ER membranes were observed (Dunoyer et al.,

2002), suggesting that viral replication caused disruption of the ER membranes.

In an example of a viral polymerase that targets a membrane other than

the ER, GFP was fused to the CIRV 36 kDa protein to study the topology of the

polymerase complex in association with the mitochondrial membrane.   The 36

kDa:GFP fusions were expressed in S. cerevisiae to analyze the distribution of

36k in the absence of a virus infection.  The fluorescence was observed in a

defined part of the cytoplasm, with some fluorescence in structures representing

mitochondria (Rubino et al., 2000). The polymerase of a very closely related

virus, CymRSV, localizes to the peroxisomes.  It was shown that the organelle

targeting sequence is located in the 33 kDa (CIRV) or 36 kDa (CymRSV) protein
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encoded by ORF 1 (Rubino and Russo, 1998).  These proteins have high

sequence identity to RCNMV p27.  It is possible that p27 performs a similar

function.

structural genes:GFP  Most often GFP is fused to the coat protein of viruses,

resulting in labeled virus particles. The fluorescence is a visible indication of

tissues harboring the virus.  In some cases, particularly when GFP was first

introduced, GFP was simply expressed from the virus, as part of the polyprotein,

or from a subgenomic promoter.  When expressed this way, GFP is not fused to

any viral gene, and simply tracks the movement of the virus.  As might be

expected, no specific subcellular localization is observed in these studies.  In

cases where the CP is labeled and expressed independently of the virus, no

correlation can be drawn between the taxonomy of the virus and the localization.

PVX (Oparka et al., 1996), Potato leaf roll virus (PLRV) (Nurkiyanova et al.,

2000), and Lettuce mosaic virus (LMV-E) (German-Retana et al., 2000) have

been studied with GFP, among others.

Concluding remarks

In an effort to increase our understanding of RCNMV replication

mechanisms, we undertook a study of the intercellular localization of p27 and

p88 (Figure 1). It has previously been shown that p27 and p88 are the viral

contribution to the replication complex.  In association with host proteins and

utilizing a host membrane (Bates et al., 1995) RCNMV produces viral RNA,
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proteins, and progeny virus.   Knowledge of which membranes are used, how

they are modified, and why membranes are required would increase our

understanding of viral replication mechanisms and could inspire antiviral

compounds or technologies.  To investigate our hypothesis that p27 and p88

specifically interact during infection and that such interaction takes place at the

ER, it was necessary to label the replicase proteins and observe their location

during infection.  In order to observe p27 and p88 in live plant cells, fusions were

made to the green fluorescent protein of A. victoria (Heim et al., 1994).  Both p27

and p88 localized specifically and independently to ER in N. benthamiana

epidermal cells.  In addition, p27 and p88 were observed associated with tubules

of ER traversing the nucleus.  Multi-vesicular bodies formed near the nuclei of

cells expressing p27 and p88, and were also observed in the cytoplasm.  In

general, presence of a viral protein caused thickening and distortion of the ER,

as well as brightly fluorescent inclusion bodies.  I demonstrated that foreign

proteins can enter ER tubules inside the nucleus, which may provide access to

transcription factors and other host proteins appropriated by the virus replication

machinery.
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Red Clover Necrotic Mosaic Virus Replication Proteins Accumulate at the

Endoplasmic Reticulum

Abstract

The replication of positive strand RNA viruses requires association with

host membranes and results in membrane proliferation and rearrangement. The

fact that widely divergent virus families share form and function of replication

strategies is likely due to common evolutionary origin and suggests that

elucidating the reproduction strategies of one virus may provide insight to virus

life cycles in general. Red clover necrotic mosaic virus (RCNMV) is a positive-

strand RNA virus in the Tombusviridae family.   RCNMV encodes two N-

terminally overlapping proteins of 27 kDa and 88 kDa (p27 and p88).   p88

contains motifs characteristic of RNA-dependent RNA polymerases and is the

catalytic portion of the replication complex.  While the function of p27 is unclear,

it is very likely to be part of the RCNMV replication complex (Bates et al., 1995).

We have investigated the localization of the putative RCNMV replicase proteins

in plant cells using green fluorescent protein (GFP) fusions observed in live cells

using confocal microscopy.

The GFP:p27 and GFP:p88 fusions were expressed in N. benthamiana

epidermal cells and protoplasts.  GFP:p27 consistently localized to the

endoplasmic reticulum (ER) and caused membrane restructuring and

proliferation.  GFP:p88 also localized to the ER and co-localized with GFP:p27.
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In addition, GFP:p27 and GFP:p88 were associated with invaginations of the

nuclear membrane. Fractionation of virus-inoculated leaves demonstrated the

association of p27 with isolated ER membranes.  Additionally, GFP:p27 co-

localized with ER-targeted YFP.

GFP:p88 co-localized with GFP:p27 in two expression systems. This and

the fact that GFP:p27 localized to the ER in the presence of heterologous and

homologous viral genomes as well as in the absence of any viral proteins

suggests that the two proteins co-localize to the cortical ER, the nuclear

envelope, and cytoplasmic ER domains.    The fact that both proteins

independently accumulated in the ER and perturbed the ER morphology

suggests that the proteins function together, as part of a larger replication

complex.  The data suggest that the virus remodels ER structure to create

aggregates containing active viral replication complexes.  This is the first report

of a member of the Tombusviridae replicating in association with the ER.

Introduction

Viral replication is a critical step in the infection cycle, and as such is often

the target of anti-viral strategies.  Much research focuses on the conserved

aspects of replication, including viral factors, host factors, and cellular

localization.   Some virus genera such as the Noda- and Bromoviruses replicate

in hosts from multiple kingdoms (plant, insect, and yeast cells) (Miller et al., 2001;

Restrepo-Hartwig and Ahlquist, 1999), suggesting that the host components that

contribute to the replication complex are conserved across kingdoms and must
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function in critical pathways.  Additionally, a recent study demonstrated that the

Brome mosaic virus (BMV) replication proteins 1a and 2a, along with essential

cis-acting replication signals, duplicate the functions of Gag, Pol and RNA

packaging signals in Retrovirus and Foamy virus cores (Schwartz et al., 2002).

The fact that widely divergent virus families share form and function of replication

strategies is likely due to a common evolutionary origin (Schlegel et al., 1996;

Buck, 1996; Schwartz et al., 2002), and suggests that elucidating the

reproduction strategies of one virus will provide insight to virus life cycles in

general.

One feature common among positive strand RNA viruses is a requirement

for replication in association with host membranes (Rohozinski and Hancock,

1996; Carette et al., 2000; Miller et al., 2001; Lee et al., 2001).  The presence of

a replicating virus frequently induces proliferation and rearrangement of the host

membranes (Reichel and Beachy, 1998; Rubino et al., 2000; Rohozinski and

Hancock, 1996; Bong et al., 1999), and can also be required for viral assembly

(Rohozinski and Hancock, 1996).

The specific type of membrane system utilized in assembling the viral

replication complex depends on the individual virus, and is likely to be genetically

determined (Burgyan et al., 1996; Rubino and Russo, 1998).  It is most common

to find polymerase proteins associated with the endoplasmic reticulum  (ER), the

most abundant membrane form in the plant cell.  Picorna-like viruses including

the plant Comoviruses (Carette et al., 2000) and Potyviruses (Schaad et al.,

1997) and Alpha-like viruses including Bromoviruses (Oparka et al., 1996),
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Tobamoviruses ( dos Reis Figueira, et al., 2002;  Mas and Beachy, 1999), and

Pecluviruses (Dunoyer et al., 2002) direct replication proteins to the ER.  Reports

in the literature indicate that replication complexes also target most other

subcellular membranes.

Within the family Tombusviridae, which includes RCNMV, mitochondria

and peroxisomes are the sites of replication for Tomato bushy stunt virus (TBSV)

(Scholthof et al., 1995b) Carnation Italian ringspot virus (CIRSV) (Weber-Lotfi et

al., 2002; Rubino et al., 2000; Rubino et al., 2001) and Cymbidium ringspot virus

(CyRSV)  (Burgyan et al., 1996).  In other families, invaginations of the

chloroplast outer membrane are associated with Tymovirus replication and

assembly (Prod'homme et al., 2001; Rohozinski and Hancock, 1996), and Alfalfa

mosaic virus (AMV) replication proteins interact at the vacuole membrane (Van

Der Heijden et al., 2001).

 In animal cells, Nodaviruses replicate in association with mitochondrial

outer membranes (Miller et al., 2001), while polioviruses generate vesicles

containing membranes from ER, the Golgi apparatus, and lysosomes (Dunoyer

et al., 2002; Schlegel et al., 1996).  Although membrane association is a common

feature of viral replication, in most cases the mechanism of membrane targeting

is unknown and there is no correlation between phylogenetic relationships and

which membranes are recruited for replication.

RCNMV is a positive-strand RNA virus in the Dianthovirus genus,

Tombusviridae family.   The RCNMV genome is comprised of 2 RNA molecules

(Xiong and Lommel, 1989) (Figure 1).   RNA-1 replicates independently of RNA-2
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in protoplasts, but both RNAs are required for movement and plant infection

(Osman and Buck, 1987; Sit et al., 1998).  The RNA-1 of RCNMV encodes two

N-terminally overlapping proteins of 27 kDa and 88 kDa (p27 and p88).  p88 is

generated via a –1 ribosomal frameshifting event (Xiong et al., 1993),  and

contains the GDD motif characteristic of RNA-dependent RNA polymerases

(Bates et al., 1995; Xiong et al., 1993).  Both p27 and p88 have a high degree of

sequence identity with replicases from other species in the Tombusviridae (Xiong

and Lommel, 1989).   While the role of p27 during infection is unclear, it is very

likely to be part of the RCNMV replication complex.  Both p27 and p88 are

immunoprecipitated from functional, membrane-bound template-dependent

polymerase preparations isolated from RCNMV-infected Nicotiana benthamiana

and are required for viral replication (Xiong and Lommel, 1991). RNA-1 also

encodes the capsid protein of the virus, which is not required for replication

(Xiong and Lommel, 1991).

To gain insight into the mechanism of viral replication in the host and how

the virus causes disease, we have investigated the localization of the RCNMV

replicase proteins in plant cells using green fluorescent protein (GFP) fusions.

Laser scanning confocal microscopy allowed the subcellular localization of

fluorescence from the GFP:p27 and GFP:p88 fusions to be observed in real time

and at high resolution.  In this study, we demonstrate that RCNMV p27 and p88

localize to the ER and modify the morphology of the cortical and cytoplasmic ER

domains.
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Materials and methods

RCNMV RNA-1 expressing only p88.  An RCNMV cDNA clone of RNA-1 was

created that expressed only the 88 kDa protein from the 5’ terminal ORF. The

cDNA sequence that represents the wild-type (wt) RCNMV sequence

surrounding the –1 frameshift is 5’GAGGATTTTTAGGCGGC 3’. The ribosome

slips backward from the bold p27 termination codon to the underlined codon and

continues translation in the –1 frame (Kim and Lommel, 1994).  To eliminate the

frameshift and create one continuous ORF we used site-directed mutagenesis to

insert one nucleotide (bold) into the wt sequence, which would then be

5’GAGGATTTTTTAGGCGGC 3’.  This changed the terminator codon at the 3’

end of the p27 gene to a tyrosine codon. Site directed mutagenesis was

performed using the long-PCR method of Callaway (Callaway, 1998) with

primers FpRC169p88 and RpRC169p88 (Table 1).

GFP:p27 expressed from RCNMV RNA-1.  A cDNA copy of RCNMV RNA-1,

termed R16sG3, was engineered to express a synthetic copy of GFP from

Aequoria victoria  [sGFP, courtesy of Jen Sheen (Chiu, et al., 1996)] from the

capsid protein subgenomic promoter.  Genes ligated to the 3’ end of sGFP in

R1s6G3 are produced as translational fusions with GFP. The sGFP was

amplified by PCR (Stratagene) with primers sGFP 3’ ∆NM and sGFP 5’ 6xHIS

(Table 1) and ligated into a construct coding for RNA-1 replacing the CP ORF.

RCNMV p27 was amplified by PCR with primer p27-5’ClaI/NcoI and primer p27-

3’XhoI/MluI (Table 1).  The PCR product was digested and cloned in frame
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behind the sGFP, creating R1-G27.   These constructs were verified by

sequencing the 5’ end of the sGFP and p27 ORFs, and western blot analysis

was performed using anti-p27 (Xiong et al., 1993) to verify that the constructs

produced full-length fusion proteins.

GFP:p27 and GFP:p88 expressed from the CaMV 35S promoter.  In order to

label p27 independently from p88 without compromising the replication capacity

of RNA-1, a previously engineered plant expression vector for translational

fusions (pRTL2, Topfer et al., 1987) was used to drive production of GFP:p27

and GFP:p88 from the CaMV 35S promoter.  sGFP (Chiu et al., 1996) was

amplified by PCR with primers sGFP 5’ 6xHIS and sGFP 3’ MKSX (Table 1),

digested with NcoI and XbaI  and ligated to pRTL2 to produce pSX, which

expresses sGFP.  p27 was amplified by PCR with primers P88-5’Mlu/Kpn and

p27-3’Xba/Bam (Table 1), digested with MluI and XbaI and ligated to pSX to

produce pRTL2-GFP:p27.

In addition, p88 was amplified from RC169-p88 that expresses only the 88

kDa protein from the RCNMV N-terminal ORF by PCR with primers p88-

5’Mlu/Kpn and p88-3’ Not/Spe (Table 1), digested with MluI and SpeI, and ligated

to pSX to produce pSX-GFP:p88.  These clones were verified by sequencing.

GFP: p27 expressed from a TBSV vector.  To uncouple the localization of p27

from its role in viral replication, we used a heterologous viral RNA vector.  An

infectious cDNA clone of Tomato bushy stunt virus (TBSV) was previously
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engineered to allow transcription of foreign sequences from the CP subgenomic

promoter (pHST2; Scholthof and Scholthof, 1996).  The GFP:p27 cassette

previously engineered for expression from RCNMV RNA-1 was digested with

ClaI and MluI and cloned into a similarly digested pHST2-sGFP backbone.  The

resultant construct (pHST2-G27) expresses the GFP:p27 fusion to high levels in

inoculated leaves of N. benthamiana.  The clone was verified by sequencing.

To verify co-localization of the ER and p27, a control construct was

created that expresses the yellow fluorescent protein (YFP, BD BioSciences,

Palo Alto, CA) and includes an ER targeting signal sequence and the cognate

‘KDEL’ ER-retention peptide.  The ER:YFP was amplified by PCR using primers

ERYFP 5’Sna/Xho and ER YFP 3’ Sca/Xba (Table 1), digested with XhoI and

SacI, and ligated into pHST2. The clone was verified by sequencing.

 To ensure that GFP and YFP were both expressed in a single cell, a

movement-defective version of pHST2-G27 was created.  The p22 movement

protein of TBSV was digested with NcoI and Eco RI, and a small fragment was

removed.  The overhanging ends were filled in with the Klenow fragment of DNA

polymerase I (Promega, Madison WI) and re-ligated.  The resultant clone,

pHST2-g27∆AH, does not produce the p22 movement protein and transcripts

produced from this template cannot traffic out of the inoculated cell.  The integrity

of this clone was verified by sequencing.

Microprojectile bombardment.  1 µm gold particles (Bio-Rad, Hercules, CA)

were coated with pRTL2-sGFP, pPRTL2-GFP:27, or pRTL2-GFP:p88 DNA alone
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or in combination  following the manufacturer’s directions.  Particles were

delivered into Nicotiana benthamiana epidermal cells on detached leaves using

the Biolistic PDS-1000/He system (Bio-Rad) with 1100 psi rupture disks under

vacuum of 27 inches of Hg.   After bombardment, the cut petioles of leaves were

wrapped in damp kimwipes (Fisher Scientific Co., Pittsburg, PA) and the leaves

sealed in plastic Petri dishes.  Leaves were incubated at room temperature

overnight before being imaged via fluorescence microscopy.

Live cell microscopy.  Plant cells were observed and selected for further

confocal observation using an epifluorescence microscope (Zeiss Axiopohot)

equipped with a long-pass FITC filter set.   Confocal microscopy was carried out

on a Leica DMIRBE inverted microscope equipped with a spectral scanning head

and a 63X 1.2 N.A. water-immersion lens.  An argon laser (488- and 514 nm

lines) was used to discriminate between the GFP and YFP fluorochromes. In

experiments where both fluorochromes were analyzed, the emission signal from

GFP was collected via photomultiplier tube from 500-515 nm, and the emission

from YFP was collected from 530-565 nm.   In single-label experiments the signal

from GFP was collected from ca. 500-565 nm. The GFP channel was assigned

false green and the YFP channel false red color.  Images were processed using

Photoshop 4.0 software (Adobe Systems, Mountain View, CA) and overlaid using

MetaMorph (Universal Imaging Corp.).
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Plant inoculations.  RCNMV and TBSV RNAs were transcribed from SmaI

linearized templates as previously described (Geisman-Cookmeyer and Lommel,

1993; Scholthof et al., 1995b; Xiong and Lommel, 1991).  RNA in 10 mM

phosphate buffer was used to inoculate four leaves of N. benthamiana plants at

the six- to eight-leaf stage. The plants were grown in a glasshouse at 21°C.

Each construct was inoculated to two plants and each experiment was repeated

at least three times.

Protoplast preparation.   Protoplasts were prepared from young N.

benthamiana plants and N.  benthamiana suspension cell culture (a kind gift from

Dr. Linda Hanely-Bowdoin) and inoculated essentially as described in Negrutiu et

al. 1987, with modifications described in Brough et al. 1992.  Briefly, after

preparation, the protoplasts were inoculated with 5 µg of DNA in the presence of

PEG 4000 (Fluka) to permeablize the membranes, washed with buffer, and

allowed to recover overnight before being imaged by fluorescence microscopy.

Membrane fractionation.  Equal weights of N. benthamiana leaves inoculated

with wt RCNMV and mock-inoculated leaves were ground in buffer A (50 mM Tris

HCl pH 7.4, 15 mM MgCl2, 10 mM KCl, 0.1%β -mercaptoethanol, 1 µm pepstatin,

0.1 mM PMSF, 20% glycerol) using a mortar and pestle. The slurries were

filtered through cheesecloth, and equal volumes of the filtrates were applied to

the tops of sucrose density gradients ranging from 51% sucrose at the bottom to

40% sucrose at the top.  The gradients were equilibrated by centrifugation at
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15,000 X g in a tabletop microfuge.  The membrane fraction floating on top of the

40% sucrose fraction was identified by the bright green color due to the presence

of chloroplast membranes and designated the “supernatant.”  The pellet at the

bottom of the tube contained cell debris, nuclei, and heavier plastids (den Boon

et al., 2001).  The pellet was washed and designated  “pellet”.  Volumes

equivalent to the volume of applied homogenate were collected from the pellet

and supernatant.

Western Blots.  Protein extracts from ground leaves were prepared as

described (Petty et al., 1989) and quantified using the Bradford Assay (Bio-Rad).

Samples of the leaf extracts were applied to either 15% acrylamide hand-cast or

12.5% acrylamide pre-cast (BioRad) SDS-PAGE gels and separated at 100V for

1.5 hours in Laemmli running buffer (Laemmli, 1970) in a Bio-Rad Protean II

apparatus. The proteins were transferred to PVDF membranes (Millipore,

Bedford, MA) in transfer buffer (25mM Tris 40 mM glycine, 10%methanol) using

a BioRad trans-blotter. GFP was detected using an anti-GFP antibody (Clontech)

and p27/p88 was detected using a polyclonal anti-p27 antibody (Xiong et al.,

1993).  BiP was detected using a polyclonal anti-BiP antibody kindly provided by

Dr. Rebecca Boston (Fontes et al., 1991). Primary antibodies were detected with

alkaline phosphatase-conjugated secondary antibodies (Bio-Rad, Hercules, CA),

and the labeled proteins were visualized using the CDP-Star chemiluminescence

kit (Novagen) as directed by the manufacturer, and exposed to Kodak BioMax

MS film.
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Densitometry.  The exposed films were quantified using ImageQuant Mac

software version 1.2 (Molecular Dynamics) with constant areas selected between

bands, and background subtraction performed by the software.

Results

GFP:p27 expressed from RCNMV RNA-1

To localize RCNMV p27 within living plant cells during a natural infection,

we constructed plasmids in which a cDNA copy of RCNMV RNA-1 was used as a

vector. The coding sequence of the CP gene was removed, facilitating insertion

of foreign gene sequences.  Absence of the CP does not impair normal

replication of the virus (Xiong and Lommel, 1989).  The coding sequence of

Aequoria victoria green fluorescent protein (GFP) was fused to the RCNMV p27

gene (pre-frameshift) and the fusion was inserted in RNA-1 to produce GFP:p27

from the subgenomic promoter (Figure 1A).  The fusion proteins were expressed

in N. benthamiana epidermal and mesophyll cells along with the entire unlabelled

RCNMV genome as part of the replication cycle of RCNMV during a local

infection.  Infectious transcripts of the modified virus were generated and

inoculated to leaves (Xiong and Lommel, 1991).  This infection resulted in the

accumulation of wt levels of unlabelled p27 and much higher levels of GFP:p27,

presumably equal to the levels of CP in a natural infection.
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The construct generated a productive infection that moved cell-to-cell and

expressed GFP:p27.  The GFP:p27 fusion protein was associated with the

endoplasmic reticulum (ER) throughout the cell.  A web-like, reticular network of

relatively stationary interconnected tubules is characteristic of the ER in the

cortical region of plant and animal cells (Terasaki and Reese, 1992; Staehelin,

1997; Knebel et al., 1990). Fluorescence was observed in such a polygonal

network of cortical ER (Fig. 2A and B, arrows) but was also seen in thick, flowing,

tubular ER (Fig. 2A and 2B, darts) and several sub-domains, including the

nuclear envelope (Fig. 2A, small arrow).  In addition, fluorescence was observed

in large, amorphous aggregates that flowed along or within the tubular

cytoplasmic ER (Fig. 2B, small arrow).  The membranous aggregates were seen

to fuse with the nuclear membrane and then detach again, flowing around the

periphery of the nucleus, likely as a result of cytoplasmic streaming. The

aggregates represented a distortion of normal ER structure, and likely indicate

that the virus caused proliferation of ER cisternae (Carette et al., 2000; Rubino et

al., 2000).   In order to determine the localization of p88, another experiment was

needed.

GFP:p27 and GFP:p88 expressed from the CaMV 35S promoter

We wanted to determine the localization of the core polymerase p88

independently of p27.  We therefore performed a second set of experiments in

which a previously engineered plant expression vector for translational fusions
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(pRTL2, Topfer et al., 1987) was used to drive production of GFP:p27 and

GFP:p88 from the CaMV 35S promoter.

Epidermal cells.  We assumed that it was not possible to fuse GFP to the p88

post-frameshift protein without destroying the replication ability of the RCNMV

vector.  We had previously attempted to fuse GFP to the N-terminus of p27 in

RCNMV RNA-1, but that construct did not generate an infection.   As a

consequence we constructed a plasmid containing GFP fused to a mutated p88

gene in which the frameshift signal had been abolished, creating an

uninterrupted ORF expressing the 88kD protein (Figure 1B). In addition, we

constructed a plasmid containing GFP fused to the p27 gene (Fig. 1B).  The

fusion proteins were expressed in N. benthamiana leaf epidermal cells via

microprojectile bombardment (Sanford et al., 1993).  24 hours after

bombardment, the cells were examined by confocal microscopy.   In cells that

had been bombarded with GFP:p27, fluorescence was observed associated with

the ER throughout the cell (Fig. 2, C, D, E, F, G, H, and O) .   Fluorescence was

seen in the cortical ER, similar to the patterns observed in R1G27.1 inoculated

cells (Fig. 2 D and F, arrows), as well as in the nuclear envelope (Fig. 2F and H,

arrowheads).  The patterns of fluorescence in R1G27.1 inoculated cells were

nearly identical to the patterns in pRTL2 inoculated cells.  The cortical ER is not

as bright in the R1G27.1 inoculated cells, due to overexpression of GFP:p27  in

the bombarded cells.

 In addition to regular endomembrane patterns, fluorescence was also

seen in large aggregates of membranes or proteins (Fig. 2C, D and E, labeled
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‘A’) and numerous small, motile bodies (Fig. 2C, F and H, small arrows), which

flowed along the tubules of ER. These aggregates are again suggestive of

membrane proliferation.  Spherical membranous structures were seen

associated with the tubular ER; these appeared to be composed of ER

containing the GFP:p27 fusion (Fig. 2H, doubled dart).  During short observation

periods (20 minutes or less) the structures were immobile. In addition,

fluorescence was sometimes detected within the nucleus (Fig. 2D, small

arrowheads and enlargment 2O).  In cells where fluorescence was apparent

within the nucleus, the characteristic reticular pattern of ER was still present,

indicating that the fusion had acquired a secondary localization in addition to its

ER localization rather than reverting to a cytosolic localization.  It was often

possible to see strands or tubes of fluorescent material within the nucleus (Fig.

2D, small arrowheads and 2O).   The cells which showed large aggregate bodies

also had very fine strands of membrane stretched between the aggregates,

suggesting that they were contained within the endomembrane system (Fig. 2F

and H). These large bodies were rarely motile.  In all cases, the fluorescence

patterns observed were distinct from the diffuse cytoplasmic fluorescence

observed in cells bombarded with GFP alone (Fig. 2 I and J).

The GFP:p88 fusion protein was also associated with the endomembrane

system throughout the cell.  Specifically, fluorescence was detected in the

reticular network of the cortical ER (Fig.  2K and L, arrows), in smooth ER

tubules bundled along the actin (Staehelin, 1997) cytoskeleton (Fig. 2L, small

arrow) and in large membrane or protein aggregates (Fig. 2K and L, labeled ‘A’).
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Some cells also showed apparent nuclear localization of GFP:p88 (Fig. 2M, N).

There are no identifiable nuclear targeting signals in either p27 or p88, and the

GFP:p88 fusion protein is ca 115 kDa, far too large to diffuse into the nucleus

passively.  As with the GFP:p27 fusion proteins, it is possible to see strands or

fluorescent tubules within the nucleus (Fig. 2K, dart and enlargement 2P) as well

as large, densely fluorescent bodies pressed against the nucleus (aggregates,

labeled ‘A’ in Fig 2 K and L).  These are likely multivesicular bodies, common to

Tombusvirus infections (Burgyan et al., 1996).  In some cells expressing

GFP:p88, the characteristic polygonal pattern of the ER appeared diffuse and

faint, resembling the cytoplasmic distribution of fluorescence in cells expressing

unfused GFP only (compare Fig. 2M, N with Fig. 2I, J).  This appearance is

particularly pronounced in computer projections of multiple confocal scans of leaf

epidermal cells. The overall fluorescence level of the epidermal cells’ expression

GFP:p88 was very low compared to the expression of free GFP controls.  In

order to more efficiently identify cells expressing GFP:p88 and GFP:p27,

protoplasts were made from inoculated leaves.

Protoplasts.  The same CaMV 35S constructs were PEG-inoculated to

protoplasts to study the expression of p27 and p88 in a more optically favorable

cell type.   Twenty-four hours after inoculation with pRTL2-GFP:p27,

fluorescence was observed in punctate spots throughout the cytoplasm of the

protoplasts (Fig. 3B).  The aggregates were connected by a network of finely

stretched membranes, suggesting that they were derived from ER or contained
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within it (Fig. 3B). This fluorescence pattern strongly resembles the early stages

of ER disruption by brefeldin A (Figure 4 L).

Fluorescence generated from the GFP:p88 fusion protein was detected

throughout the cytoplasm and appeared to localize to the nucleus (Fig. 3C).   In

addition, fluorescent aggregates associated with the endomembrane system in a

pattern similar to that seen for GFP:27 (data not shown). Approximately 22%

(62/283) of the cells expressing GFP:p88 showed the punctate pattern of

fluorescence, with the remainder showing diffuse fluorescence.   In many cells,

fluorescent protein appeared to occupy the entire cytoplasmic volume of the cell,

suggesting that overexpression of the GFP:p88 was causing distortion of the ER,

or that once the ER had exceeded its storage capacity, additional proteins were

shunted into the nucleus or remained untargeted in the cytoplasm (Fig. 3C and

D).

In protoplasts inoculated with both pRTL2-GFP:p27 and pSX:p88 three

distinct fluorescence patterns were observed.  The first resembled the pattern of

GFP:p27 alone (aggregates in the ER, seen in ca. 4% (9/216) of the fluorescent

cells), the second resembled the pattern of p88 alone (GFP in the entire cell,

seen in about 16% (35/216)), and the third had elements of both (seen in ca.

80% (172/216) of the cells, Fig. 3D).  In the protoplasts inoculated with both

constructs, fluorescence was observed in aggregates throughout the

endomembrane system, which was swollen and distorted. It is also likely that

proliferation of the ER membranes was induced, creating even more volume to

distort the normal ER morphology.   In addition, fluorescence could be detected
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from within the nucleus (Fig. 3D, E, F), in strands and aggregates.  It has been

demonstrated that the ER forms grooves and tunnels throughout the nucleus in

plant cells (Collings et al., 2000) including N. benthamiana, suggesting that the

fluorescence observed in the nucleus is actually GFP:p88 and GFP:p27 localized

to the ER.  In all cases, the percentage of protoplasts that survived inoculation

with the RCNMV fusions was very low, and the cells often appeared stressed.

The fluorescence output per cell was also low compared with free GFP controls.

Consequently, in another attempt to express the fusions efficiently in healthy

cells, a heterologous viral vector was used.

GFP:p27 expressed from pHST2

To further localize GFP:p27 in plant cells that retained normal ER

structure, GFP:p27 was engineered to be expressed from the CP subgenomic

promoter (sgp) of Tomato bushy stunt virus (TBSV).  In vitro transcripts of the

pHST2-GFP:p27 construct were mechanically inoculated onto N. benthamiana.

Two days after inoculation, the leaves exhibited hundreds of brightly fluorescent

foci.  The cells were imaged using the laser scanning confocal microscope.

Similar to the GFP:p27 expressed from the RCNMV sub genomic promoter, the

fluorescence was localized to the ER, particularly the cortical ER (Fig. 4A), the

perinuclear ER (Fig. 4B, arrow) and thick cytoplasmic tubes of ER (Fig. 4B,

arrowhead).  In addition, numerous tiny (ca. 1µm), highly fluorescent bodies were

present along the tubular ER and associated with the polygonal cortical ER

network.  The tiny bodies moved quickly along the ER tubules, often in a
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coordinated fashion, and additionally displayed discontinuous movements,

including reversing direction and stopping entirely for a brief time before

resuming motion (Fig. 4B, small arrow, and supplemental video). The cells

expressing GFP:p27 appeared healthy and maintained wild-type ER structure, as

well as rapid cytoplasmic streaming.

In order to confirm the ER localization of the GFP:p27, a co-localization

experiment was performed.  A second pHST2 construct was created that

expressed YFP (BD Biosciences) modified with a calreticulin ER targeting signal

peptide and cognate ‘KDEL’ ER retention signal (Fliegel, 1989).  In addition, a

third pHST2 construct was produced, based on the pHST2-GFP:p27 clone,  in

which the p22 movement protein of TBSV had been partially deleted.  This clone,

termed pHST2-GFP:p27∆AH, was unable to escape the initial inoculated cell

unless it was complemented by a functional p22 movement protein expressed

from the ER-YFP clone.  In this manner, it was guaranteed that both constructs

were present in cells located in foci of green fluorescence-expressing cells. In

vitro transcripts of the pHST2 ER-YFP construct were co-inoculated with pHST2-

GFP:p27∆AH to N. benthamiana leaves and the resultant foci imaged with the

confocal microscope.   Although the spectra of GFP and YFP overlap

considerably, care was taken with the microscope settings to minimize crosstalk

between the fluorochromes (see materials and methods).  The resultant images

were pseudo-colored green for the GFP:p27 signal and red for the ER YFP

signal and digitally overlaid.  Areas where the two signals overlapped appeared

yellow due to the mix of red and green pixels.



65

When the co-inoculated cells were observed with 514 nm (green) light,

yellow fluorescence from YFP was observed throughout the endomembrane

system.  The cortical ER was clearly visible (Fig. 4 E, arrow) as were tubes of

cytoplasmic ER (Fig. 4 E, arrowheads).  In all cases, the YFP was observed

within the nucleus as well as in the lumen of the nuclear envelope, which is

contiguous with the lumen of the ER (Fig. 4 C).  This was an unexpected result.

The ER targeting signal sequence in this construct was derived from rabbit

calreticulin (Fliegel, 1989; Clontechniques, April 1999).  Although calreticulin is

conserved throughout eukaryotes, in the virus-based system the signal peptide

that provides ER localization properly in mammals does not have the same

stringency as in plants.  It is possible that the rabbit signal peptide is in a slightly

different context or has a slightly different structure than that needed for the

signal sequence to correctly direct proteins to the plant ER alone.  The YFP also

used a ‘KDEL’ ER retention signal (Angres and Green, 1999) rather than the

HDEL signal often found in plants (Gomord et al., 1997).  The YFP may have

been correctly directed to the ER, but inefficiently retained.

When the same cells were observed under 488 nm (blue) light, green

fluorescence from GFP was observed associated with the endomembrane

system throughout the cell, in identical patterns to those observed with pHST2-

GFP:p27, discussed above (Fig. 4 D).  It could be clearly seen in the pseudo-

color overlays of ER YFP and GFP:p27 that the fusion proteins co-localized,

suggesting the GFP:p27 accumulated predominantly within the cortical and

tubular ER (Fig. 4 E).  In most co-inoculated cells the interior of the nucleus
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exhibited red pseudo-color from the mistargeted ER YFP, while signal from both

fluorochromes was apparent within the nuclear envelope (Fig. 4 C) in some

cases, signal from GFP:p27 was also seen within the nucleus. It is not clear

whether this is due to fluorescence associated with intranuclear ER tubules or a

side effect of the mistargeting of ER YFP. The fluorophores were scanned

independently to minimize crossover between the two channels.

ER response to viral infection

Transgenic N. benthamiana plants expressing GFP targeted to the ER

(seed lines courtesy of Dr. David Baulcombe, John Innes Institute, Norwich, UK)

were employed to observe the effect of viral infection on the ER.  The only

fluorescence in this system was derived from GFP with an ER-targeting signal

sequence and cognate ‘HDEL’ ER retention signal, completely contained within

the ER lumen (Fig. 4 G).  These transgenic plants (GFP-ER N. benth) were

inoculated with each of the TBSV constructs described above.   pHST2, the

TBSV vector, caused aggregations of ER to appear in the cortical region, and

caused thickening of the smooth ER strands that transverse the cell (Fig. 4 H)

Some of the aggregates were in the perinuclear area (Fig. 4 H, dart).  pHST2-

p27 caused similar changes in ER structure, to a slightly more severe extent (Fig.

4 I).  The aggregates of ER were larger and the smooth strands were thicker and

more evident in the cortical region.  This suggests proliferation of ER membranes

(Fig. 4 I). The aggregates were also in the perinuclear region (Fig. 4 I, dart).  In

GFP-ER N. benth cells inoculated with wt RCNMV, the perinuclear aggregates
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were very large, while the cortical aggregates were reduced in size and

increased in number.  The smooth ER strands were thickened and proliferated

(Fig. 4 K).   The structure of the ER in RCNMV-inoculated GFP-ER plants was

very similar to the fluorescence pattern observed in epidermal cells bombarded

with GFP:p27 and GFP:p88, as well as to the pattern in epidermal cells

expressing GFP:p27 from the RCNMV subgenomic promoter ( compare Fig. 2 A,

C, E, G, and K  with Fig. 4 K).  The cytoplasmic aggregates observed in a wt

RCNMV infection were not as large as those in the engineered infections, but the

perinuclear aggregates were similar in size.  Overall, the distortion of the ER in

the wt RCNMV infection was less severe than that observed in a engineered

infection, which is likely a consequence of the overexpression of the proteins.

In both the TBSV construct inoculations and RCNMV inoculation, the

reticular web of cortical ER in the GFP-ER transgenic plants remained visible and

relatively normal, with the aggregates and thickened strands superimposed upon

it.  Interestingly, in transgenic cells inoculated with pHST2- ER YFP, large

aggregates of ER formed in the perinuclear and cortical regions (Fig. 4 J, dart),

as well as very small aggregates, similar to those seen with RCNMV (Fig. 4 K).

The cortical ER was not as evident in the cells, and the smooth ER strands were

thickened and distorted (Fig. 4 J, arrow).  It was not immediately apparent why

the presence of ER YFP would perturb the ER structure beyond the changes

caused by the viral vector alone.
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 Cell Fractionation

Cellular fractionation experiments were performed to physically verify the

membrane association of p27.  Equal weights of leaf tissue from N. benthamiana

inoculated with wt RCNMV and mock-inoculated were homogenized and

separated on sucrose gradients.  The pellet and supernatant fractions were

separated by SDS-PAGE, transferred to PVDF, and analyzed by western blot.

Antibodies to p27 and BiP, an ER-resident protein (Wrobel, 1997; Terasaki and

Reese, 1992), were used to identify fractions containing those proteins.  BiP was

associated with the supernatant fraction containing cellular membranes in both

RCNMV- and mock-inoculated control tissues (Fig. 5).  Interestingly, the BiP

signal was much stronger in RCNMV inoculated tissue, suggesting that viral

infection stimulates BiP production. BiP is a chaperonin, a protein the cell

deploys to help other proteins fold correctly inside the ER (Wrobel, 1997;

Terasaki and Reese, 1992).  Elevated levels of BiP could indicate that the cell

has proliferated ER, or that increased levels of chaperonins are needed in

response to viral infection.  Densitometry of the exposed films indicated that at

least 20% more BiP signal was present in the RCNMV inoculated tissue

(compare Fig. 5B Mock (T) with RCNMV (T)).  p27 was also predominantly

located in the supernatant of RCNMV-inoculated tissue, with some signal

remaining in the pellet.  It is likely that the p27 associated with the nuclear

envelope and in large, dense protein aggregates is responsible for detection of

signal in the pellet fraction.  No p27 signal is detectable in mock-inoculated

tissue.
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Discussion

Eukaryotic (+) stranded RNA viruses replicate in association with

intercellular membranes.  This holds true for both plant and animal viruses, even

for those that are non-enveloped and do not use glyco- or phospholipids for

assembly or transmission (Ahlquist et al., 1994; Schlegel et al., 1996; Schwartz

et al., 2002, and references therein).  It is remarkable for such a requirement to

be nearly universal across so many virus families with different protein

expression, packaging, and replication strategies.  Even more remarkable, with a

few exceptions (Lee et al., 2001; Schwartz, 2002), the replication mechanism

that underlies the requirement for association with a cellular membrane remains

unknown.  In this study, we investigated the intercellular localization of the

RCNMV p27 and p88 replication proteins.  In three different expression systems,

GFP:p27 was found to accumulate in the ER of inoculated cells and to distort

normal ER morphology, likely due to induced proliferation of ER membranes.

Wild-type RCNMV caused morphological changes in the ER of GFP-ER

transgenic plants similar to those observed in the GFP:p27 and GFP:p88

expressing cells, including thickening of ER tubules and formation of large

fluorescent aggregates near the nucleus.  p27 and p88 were found primarily in

the membrane fractions of infected N. benthamiana leaves, and RCNMV infected

cells displayed elevated levels of ER resident binding protein BiP, a chaperonin,

consistent with ER proliferation and pathology (Fig. 5).  In addition, GFP:p88 co-

localized with GFP: p27 in the ER of inoculated N. benthamiana epidermal cells
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and protoplasts.    Both p27 and p88 independently localized to the ER and

caused morphological changes, suggesting that both proteins work to establish a

replication site within the cell.   Because p27 and p88 independently localized to

the ER, both the pre- and post-readthrough portions must share an N-terminal

localization domain or have distinct ER targeting properties.  This suggests that

the targeting of one protein is not dependent upon the targeting of the other.  It

has been hypothesized that one component of bipartite viral polymerases

functions as a membrane anchor, while the other components assemble the

holoenzyme around the anchor (Schaad et al., 1997).  RCNMV may be a case of

a replication complex that assembles without an anchor, each component

associating with membranes or other components through hydrophobic

interactions.

P27 expressed from RCNMV RNA-1 localizes to ER

In this study, we used a variety of techniques to demonstrate that p27 and

p88 accumulate in the ER of infected N. benthamiana.  GFP:p27 was first

produced from the subgenomic promoter of RCNMV RNA-1.  Fluorescence was

observed in the nuclear envelope, the cortical ER, and in strands of cytoplasmic

ER.  Fluorescence in the nuclear envelope that does not enter the nucleus

interior (giving the appearance of a ‘ring’ around the nucleus in optical sections)

and a web-like reticular pattern evident just under the plasma membrane are

widely considered to be canonical indicators of ER (Allen and Schumm, 1990;

Cole and Lippincott-Schwartz, 1995; Staehelin, 1997; Terasaki and Reese,
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1992).  The GFP:p27 inoculated cells exhibited cytoplasmic streaming and

movement of ER inclusions, indicating relative good health.

GFP:p27 was also associated with the ER in isolated membrane fractions

of RCNMV-inoculated N. benthamiana leaves.  Inoculated leaves appeared to

have increased relative levels of BiP, a molecular chaperone confined to the ER

lumen (Boston et al., 1991; Terasaki and Reese, 1992).  An effort was made to

standardize the amount of membrane loaded on the gels by loading slurry

prepared from equivalent tissue weights.  Increased signal from the anti-BiP

could reflect either a greater amount of membrane loaded or an increased ratio

of BiP to membrane volume.  Since virus-infected plants appear to have

relatively more membranes, it is likely that any ER marker used as a loading

control will give increased signal, and would be no more informative than BiP.

Increased levels of ER resident proteins are consistent with ER proliferation as a

result of RCNMV replication.  This behavior is also consistent with other

tombusviruses, which induce membrane proliferation and distortion during

replication (Burgyan, et al. 1996; Rubino et al., 2000; Rubino et al., 2001).

  The technique of expressing GFP:p27 from the RCNMV subgenomic

promoter is limited in that it produces extremely high amounts of GFP:p27 in

addition to the unlabelled p27 normally produced during infection. The presence

of an unlabelled copy of p27 in the cells simultaneously with GFP:p27 makes it

impossible to guarantee that this localization is biologically relevant.  The ER

may be distorted simply as a result of increased protein production, and the

localization of GFP:27 could reflect the cell’s attempt to sequester the viral
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proteins prior to degradation, rather than any activity of the virus.  To address

these concerns, a heterologous vector system was devised.

GFP:p27 and GFP:p88 expressed from CaMV 35S promoter localize to ER

The RCNMV replicase does not complement replication in trans (Kim and

Lommel, 1998).  In order to genetically uncouple the expression of p88 from that

of p27, we generated CaMV 35S constructs that produce GFP:p27 and GFP:p88.

The constructs were used to inoculate both whole leaves and protoplasts.  In

epidermal cells both proteins independently localize to the cortical ER, the

nuclear envelope, and tubular ER.  In addition, tubular projections of

fluorescence could be observed within the nucleus.  While sequence analysis

indicates that there are no recognized ER or nuclear targeting or retention

signals present in p27 or p88, both proteins localize to the ER in the absence of

any other RCNMV proteins.  A general feature of Tombusvirus infections is the

appearance of multi-vesicular bodies (MVB), large aggregates of viral proteins

and proliferated, vesiculated membranes (Burgyan et al., 1996).  The large

aggregates seen in the ER and near the nucleus in cells expressing p27 and p88

are a form of MVB, although the fluorescence intensity is too great to discern any

internal structures.  With other Tombusviruses nascent RNA synthesis often

takes place in MVB (Burgyan et al., 1996; Rubino and Russo, 1998), and this is

likely to occur with RCNMV as well.

   In inoculated protoplasts, p27 and p88 accumulated in distorted ER, and

fluorescent aggregates could be observed within the nucleus.   Particularly in



73

protoplasts, the pathological condition induced by over-expression of p27 and

p88, as well as damage done to the cells during preparation and inoculation

perturbed the ER to such a degree that the typical reticular structure and

streaming were not evident.  In many cells, the entire cell volume was filled with

fluorescence.  In this condition, the cells were not amenable to observation of

subcellular structures.  The ER often appeared vesiculated and patchy, and the

nuclear envelope was not evident.

Collings et al. (2000) demonstrated that plant nuclei may have extensive

grooves and invaginations that are contiguous with the ER membranes.  These

tubes ramify throughout the nucleus of plant and animal cells (Collings et al.,

2000; Fricker et al., 1997).  Such an intimate connection between the nuclear

interior and the ER could provide increased surface area for translation, or could

provide isolated domains for assembly of protein complexes destined to be

transported by the secretory pathway (Fricker et al., 1997; Lui et al., 1998a).  It is

consistent with this observation that fluorescence from p27 and p88 could be

associated with the ER while appearing to be inside the nucleus.

In protoplasts inoculated with both GFP:p27 and GFP:p88, three patterns

of fluorescence were evident: one similar to GFP:p27 alone, one similar to

GFP:p88 alone, and one pattern that had characteristics of both.  Since the two

constructs were on separate plasmids, it was impossible to guarantee that each

protoplast received both constructs.  It is likely, therefore, that the range of

patterns reflected cells that received one or the other construct, or both.  The
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protoplasts that had characteristics of both patterns were assumed to express

both p27 and p88, and were selected for further study.

In epidermal cells and protoplasts the fluorescence pattern of

overexpressed GFP:p88 was variable and included large aggregates, the web of

cortical ER, and diffuse fluorescence that could not be unambiguously attributed

to any organelle.  In previous tombusvirus studies it has been shown that GFP-

labeled viral proteins cannot localize to chloroplasts if there are no chloroplasts in

the infected cell, regardless of targeting signals (Burgyan et al., 1996).  It follows

that if the normal ER structure were absent from the GFP:p88 inoculated cells,

the fluorescence pattern would reflect that lack.   In addition, in studies of

poliovirus, it has been found that cellular markers for the ER, Golgi and

lysosomes are equally represented in the membranous bodies produced during

infection, even though electron micrographs show direct budding of poliovirus-

induced membranes from rough ER and brefeldin A inhibits poliovirus RNA

replication (Schlegel et al., 1996), strongly suggesting the ER membranes as the

source of MVB.  These contradictory data could indicate that virus infection

perturbs the lipid balance of the entire secretory pathway, or even of the whole

cell.  It has been shown that some RNA viruses require a specific lipid

environment for replication (Bong et al., 1999; Carette et al., 2000; Lee et al.,

2001).  The diffuse fluorescence pattern in GFP:p88 inoculated cells is likely due

to degradation of the normal reticular ER structure, and may be indicative of

general membrane reorganization in the cell.
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GFP:p27 expressed from TBSV localizes to ER and co-localizes with ER

YFP

A heterologous viral vector based on TBSV, a species in the same virus

family as RCNMV, was used to uncouple the expression of p27 and p88 from

replication while avoiding the excessive damage caused by protoplasting.

Expression of GFP:p27 from the vector confirmed the results obtained with

RCNMV.  p27 accumulated in the ER of inoculated cells.   Fluorescence was

observed throughout the ER, including the nuclear envelope and cortical ER.  In

this system, the cells were able to tolerate high levels of GFP:27 expression

without apparent pathology.  While the ER network appeared thicker and more

prolific than in control plants (compare Fig. 4 G and I), the cortical ER was crisp,

with detailed structures.  Numerous tiny motile bodies displayed intense

fluorescence and directed movement.  Golgi are associated with and move over

cortical and tubular ER (Boevink et al., 1998; Haseloff et al., 1997).    The tiny,

bright fluorescent bodies in GFP:27 inoculated cells greatly resemble Golgi

bodies.  The larger fluorescent aggregates appearing in inoculated cells are more

stationary, and are likely related to the ER inclusions studied by Haseloff  (1997).

Both types of ER-associated bodies must use transmembrane linker proteins to

travel along the actin cytoskeleton and are perfectly positioned to play a role in

intercellular communication or protein synthesis.

In order to verify the ER localization of GFP:p27 and GFP:p88, a co-

inoculation experiment was performed.  GFP:p27 co-inoculated with ER YFP co-

localized with the ER targeted yellow fluorescence in the cortical and cytoplasmic



76

ER.  Unexpectedly, the ER YFP was also visualized in the interior of the nucleus

in all the fluorescent cells.  The rabbit-derived signal targeting sequence may not

have been able to direct the YFP solely to the ER in plant cells, or the presence

of replicating TBSV in the cell may have disturbed the ER to such an extent that

contents from the ER lumen were misdirected into the nucleus.  Since GFP

generally stayed within the nuclear envelope, while YFP escaped, (Fig. 4 C) it is

more likely that the signal targeting sequence was not stringent enough in this

system.   This brings up interesting questions about the mechanisms of protein

targeting in plants and animals.  In animals the Golgi apparatus (GA) is

represented by one or two large stacks of membranous sacks, generally situated

close to the ER and generally stationary except during cell division (Cole and

Lippincott-Schwartz, 1995).  In plant cells, the structure of the Golgi apparatus is

very different, with the stacks divided into hundreds of small, mobile vesicles that

move in association with the ER (Boevink et al., 1998; Nebenfuehr et al., 1999).

Yet, even with these rather dramatic differences, the GA targeting sequence from

rat sialyl transferase seems to localize GFP to the plant Golgi unambiguously

(Wee et al., 1998; Horsley et al., 1993).  For the future, it will be important to

determine what other systems are different in plants and animals, and if these

differences impact protein targeting. In the meantime, it is important to consider

the origin of targeting sequences when designing experiments.

Although the YFP ER construct displayed nuclear localization in addition

to the expected cortical and smooth ER localization, it is still a useful visible

marker for ER in the cell.  The fact that GFP:p27 co-localized extensively with



77

YFP ER in co-inoculated cells supports the hypothesis that the RCNMV replicase

accumulates at the ER in virus infected plants.

The ER is distorted when viruses are present

Transgenic plants expressing GFP-ER were inoculated with TBSV- based

viral constructs and wt RCNMV to observe the effects of various viral proteins on

the fluorescent ER.  The only fluorescence in the system came from the GFP-

ER, contained within the ER lumen.  All of the constructs tested perturbed the ER

to some degree, including the TBSV vector alone.  This makes interpretation of

the experiments using that vector problematic, as effects of the RCNMV proteins

must be observed in a background of effects from the TBSV vector.  It is clear

that RCNMV p27 localizes to the ER.  The fact that wt RCNMV caused

perinuclear aggregates and small cytoplasmic aggregates in the GFP-ER plants

indicates that some of the ER distortion observed in pHST2-GFP:p27 inoculated

plants is due to the presence of p27. We cannot quantify how much of the

distortion is due to RCNMV.  The ER in RCNMV inoculated GFP-ER plants is

similar in appearance to the fluorescence patterns in GFP:p27 and GFP:p88

inoculated cells.  This is a confirmation that the ER localization observed in those

experiments represents a biologically relevant part of the natural RCNMV

replication cycle, and not an artifact of protein overexpression, an artifact of GFP

expression, or a spurious localization.
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In conclusion

Each of the methods of the expression of GFP:p27 has revealed new

information about  its localization.  It is possible that the localization of p27

changes over the course of time, in response to undiscovered factors.

Multifunctional proteins often have multiple localizations (Kong and Hanley-

Bowdoin, 2002).   It has been observed that TBSV p33 and p92 proteins

accumulate in the membrane fractions isolated from protoplasts early in infection

and accumulate in the cytoplasmic fraction later in infection, prior to collapse of

the tissues (Scholthof et al., 1995b).  It has also been shown that virus replication

proteins can have multiple localizations correlated with time after infection.  At

early stages of infection the TMV 126/183k replicase co-localizes with ER (Mas

and Beachy, 1999).  During the middle stages of infection, the replicase moves

from the ER to microtubules, and later traffics along them to the plasmodesmata

(Mas and Beachy, 1999); (Gillespie et al., 2001).

In all cases, the fluorescence observed in GFP:p27 inoculated plants

accumulated at the ER. In some cases, there appeared to be additional sites of

localization such as MVB, Golgi apparatus, or unidentifiable diffuse fluorescence.

Expression of GFP:p27 from the TBSV vector gave the highest percentage of

fluorescent, phenotypically normal cells and was the most efficient system to

work with.  It is more challenging to interpret the results gained from this system

however, as inoculation with TBSV vector alone changes the ER dynamics (Fig.

4 G).  Fluorescent aggregates and tiny fluorescent bodies were observed in
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transgenic plants expressing GFP-ER inoculated with PHST2-p27 and pHST2.

The ER tubules also became thicker and had mobile inclusions.  In spite of these

distortions, the ER segregated normally into membrane fractions and  fluorescent

cells seemed to have normal streaming.

 TBSV is a member of the family Tombusviridae, as is RCNMV.  The two

viruses have high sequence identity in the replicase proteins.  While TBSV has

also been shown to be associated with membrane fractions of virus-infected

plants, no tombusvirus other than RCNMV has previously been shown to

associate with the ER (Burgyan et al., 1996; Rubino and Russo, 1998).  It is

important to emphasize that while TBSV is related to RCNMV and appears to

have a mild effect on ER structure, in this investigation it was used only as a

vector and its relationship to RCNMV is incidental.  The evidence that RCNMV

replicase accumulates at the ER is persuasive, regardless of the perturbation of

normal ER structure due to the vector.

 GFP:p88 co-localizes with GFP:p27 in two expression systems.  In

addition to this, the fact that GFP:p27 localizes to the ER when expressed from

three different promoters, in the presence of heterologous and homologous viral

genomes, as well as  in the absence of any viral proteins suggests that the two

proteins co-localize to the cortical ER, the nuclear envelope, and tubular

cytoplasmic ER domains.  The RCNMV replicase components do not

complement replication when expressed in trans from separate RNAs (Kim,

1993).  It is therefore impossible to directly observe the individual labeled

proteins in a functional replication complex.  The fact that both proteins, when
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expressed alone, accumulate in the ER and perturb the ER morphology suggests

that the proteins function together, as part of a larger replication complex.  Such

a complex likely contains host proteins as well as those of RCNMV (Bastin and

Hall, 1976; Lee et al., 2001; Schwartz et al., 2002).
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Table 1. Primers used to produce cloning inserts for GFP:p27 and GFP:p88
expression vectors
FpRC169p88 CTAGGCGGCCCACTCAGCTTTCCGGTT

RpRC169p88 GAAATCCTCAAGGGATTTGAACCCGGCAACA

sGFP 3’ ∆NM GTACGCGTCCATGGCCTTGTACAGCTCGTCCATGC

sGFP 5’ 6xHIS GTCCATGGGATCGATGCATCATCATCATCATCATGTGAGCAAGGGC
GAGGAGCTG

p27-5’ Cla/Nco CTATCGATGGCCATGGGTTTTATAAATCTTTCGC

p27-3’ Xho/Mlu GCACGCGTCTCGAGCTAAAAATCCTCAAGGGATTTG

sGFP 3’ MKSX GCATTCTAGATTAACTAGTCATGGTACCACGCGTCTTGT

P88-5’ Mlu/Kpn GATACGCGTGGTACCATGGGTTTTATAAATCTTTCGCTT

p27-3’ Xba/Bam CTAGGGATCCTCTAGACTAAAATCCTCAAGGGATTTGAAC

p88-3’ Not/Spe TAAACTATACTAGTGCGGCCGCTTATCGGGCTTTGATTA

ERYFP5’ Sna/Xho TAGCTATACGTACTCGAGATGCTGCTATCCGTGCCGTT

ERYFP3’ Sca/Xba CTAGAGCTCTCTAGATTACAGCTCGTCCTTCTTGTACAG
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Figure 1.  Genome maps of RCNMV and TBSV and various derivative p27- and p88-

expressing constructs.  (A)  Schematic diagram of RCNMV RNA-1, RNA-2,  R1sGFP,

and R1G27.  ORFs for p27, the –1 ribosomal frameshift (FS) product p88 and CP are

labeled.  R1sGFP replaces the CP with sGFP (shaded box) (Sit et al., 1998). The

sGFP is expressed from subgenomic RNA-1.  R1G27 produces p27 as a 3’ translational

fusion to GFP.  GFP:p27 is produced from the subgenomic RNA-1.  (B) Constructs

prepared for microprojectile bombardment.  A doubled CaMV 35S promoter, TEV leader

sequence and NOS terminator are labeled (open arrows and hatched boxes).  PRTL2-

sGFP is based on pRT100 (Topfer et al., 1987) and expresses GFP to extremely high

levels in the cytoplasm of bombarded tissues.  pRTL2-GFP:p27 expresses p27 fused to

the 3’ end of GFP.  pSX-GFP:p88  is also based on pRT100, but has three additional

restriction sites beyond those in pRTL2.  p88 is expressed as a 3’ fusion to GFP.  (C)

Diagram of the TBSV genome, the TBSV expression vector pHST2, and derivatives

produced for this study.  In the pHST2 vector, the CP ORF was engineered to accept

and express foreign genes (Scholthof and Scholthof, 1996).  The dashed line shows the

deleted portion of the CP gene.  pHST2- sGFP produces GFP from the subgenomic

RNA.  PHST2-G27 produces p27 fused to the 3’ terminus of GFP.  pHST2-G27∆AH

produces GFP:27 as well, but the lack of TBSV p22 movement protein prevents it from

trafficking out of the inoculated cell.  pHST2-ER YFP produces YFP (darker shaded box)

with an ER signal targeting sequence and cognate ‘KDEL’ retention signal.   It has a

functional TBSV p22 movement protein and can complement cell-to-cell movement of

co-inoculated pHST2-G27∆AH.
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Figure 2.  Confocal images of GFP:p27 and GFP:p88 accumulating  in the ER of N.

benthamiana epidermal cells.  (A,C,E,G, I, J, K M, N, O, P) computer projections of

multiple confocal sections of each cell, each section of approximately 1 µm focal depth.

Each projection displays at least 10 sections.  (B,D,F,H, L) 1 µm individual sections of

the same cells.  The boxes indicate which region of the cell is enlarged. Arrows indicate

cortical ER. Arrowheads indicate the nuclear envelope.  Small arrows indicate small

motile bodies.  Small arrowheads indicate fluorescence in nuclear strands or tubes.

Doubled darts indicate spherical membranous structures. (A and B)  In vitro transcripts

of RCNMV RNA-1 expressing GFP:p27 from the subgenomic RNA were manually

inoculated to N. benthamiana leaves and observed for fluorescence using laser

scanning confocal microscopy.  (A) typical pattern of fluorescence produced after

inoculation with R1G27  (B) cortical section showing tubular cytoplasmic ER and

polygonal cortical ER.  (C-H) N. benthamiana epidermal cells expressing pRTL2-

GFP:p27 after microprojectile bombardment. (C and D) prominent multivesicular bodies

and ER tubules through the nucleus. (E and F) protein aggregates and very fine cortical

ER, with tiny, highly fluorescent bodies. (G and H) bright motile bodies and stationary

spheres. (I, J) unfused GFP with an even, cytoplasmic distribution.  (K-N) N.

benthamiana epidermal cells expressing pSX-p88 after microprojectile bombardment.

(K and L) multivesicular bodies  and reticular ER, as well as strands through the

nucleus.  (M and N) diffuse fluorescence pattern.  (O and P) enlargements of areas

within the small boxes in C and K to show detail.  Scalebars equal 10 µm.





86

Figure 3.  Confocal images of GFP:p27 and GFP:p88 in PEG-inoculated

protoplasts.  Protoplasts were prepared from N. benthamiana epidermal and

mesophyll cells and inoculated with pRTL2-sGFP, pRTL2-GFPp27 or pSXp88.

24 hours after inoculation, the fluorescence was observed via confocal

microscopy.  A-D) Computer projections of multiple confocal sections.  A’-D’)

corresponding brightfield micrographs of the cells. (E and F) GFP:p27 + GFP:p88

single 1µm confocal section (E’ and F’) GFP:p27 + GFP:p88 corresponding

brightfield micrograph  (A) pRTL2-sGFP characteristic diffuse fluorescence

throughout the cytoplasm and nucleus. The large central vacuole does not

contain GFP.   (B) pRTL2-GFP:p27  protein aggregates and fine membranes

stretched between them.  (C) pSXp88 fluorescence appears to fill the volume of

the cell. The dark circular patches represent where GFP:p88 is excluded from the

chloroplasts.  (D) pRTL2-GFP:p27 and pSxp88  fluorescence fills the entire

volume of the cell, distorting the ER membranes.  Fluorescent aggregates are

within the nucleus. ( E and F) pRTL2-GFP:p27 and pSxp88.  Individual 1 µm

sections demonstrate that the fluorescent aggregates occur in the area bounded

by the nuclear membrane, and are not simply visible “through” the nucleus as an

artifact of confocal imaging.  Scalebar equals 10 µm.



Steven A. Lommel
to go back to page 62 (73 of the pdf), click the blue link box



88

Figure 4.  Confocal images of pHST2-GFP:p27, pHST2- ER YFP and pHST2-

GFP:p27∆AH. (A, C, G-K) computer projections of multiple confocal sections of each

cell, each section approximately 1µm focal depth.  Each projection displays at least 10

sections. (B, D, E, F) individual 1µm sections.  The boxed area in A represents the area

enlarged in D-F. In vitro transcripts of pHST2 constructs were manually inoculated to N.

benthamiana leaves.  Fluorescent cells were imaged using confocal microscopy.  (A) A

typical pattern of fluorescence produced after infection with pHST2-GFP:p27 (B) interior

section  of similar cell showing characteristic ring around the nucleus ( large arrow),

cortical ER and smooth ER tubules (arrowhead), as well as bright mobile spots (small

arrows).  (C) False color overlay of pHST2- ER YFP and pHST2-GFP:p27∆AH.  (D)

pHST2-GFP:p27∆AH in the cortical region, showing the reticular cortical ER and

punctate spots.  (E) pHST2-ER YFP in the same cell.  (F) False color overlay of the two.

GFP:p27 and ER YFP co-localize in the reticular network.

(G-K) Transgenic N. benthamiana plants expressing GFP-ER.  The fluorescence shown

is exclusively from the ER-localized GFP.  Transgenic plants were manually inoculated

with in vitro transcripts of pHST2 clones.  (G) mock inoculation, represents unperturbed

ER structure. (H) GFP-ER N. benthamiana inoculated with pHST2 vector. (I) GFP-ER N.

benthamiana  inoculated with pHST2- GFP:p27.  (J) GFP-ER N. benthamiana inoculated

with pHST2- ER YFP.  The red circle indicates the nucleus. (K) GFP-ER N. benthamiana

inoculated with wt RCNMV. The red circle indicates the nucleus (L) GFP-ER N.

benthamiana after 4 hour incubation in 200 µg/mL brefeldin A, a fungal metabolite that

disrupts ER structure (Boevink et al., 1998).  The loss of fluorescence in the cortical

region and large blebs of membrane are characteristic of stressed, disrupted ER.
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Figure 5.   Immunoblot analysis of p27 and BiP proteins in fractions of RCNMV

inoculated N. benthamiana.   Mock- and RCNMV inoculated plant tissues were

homogenized in buffer A, applied to a 40- 51% sucrose gradient, and centrifuged

at 15,000 x g.  Total (T), pellet (P), and supernatant (S) fractions were separated

by SDS-PAGE and visualized with anti-p27 or anti-BiP. Cellular membranes

remain in the supernatant.  (A) RCNMV p27 is found predominantly in the

membrane fraction of RCNMV inoculated tissue.  A minor portion (less than 20%)

remained in the pellet.  No signal was detected in fractions from mock-inoculated

tissue.  (B) ER-resident binding protein (BiP) is found in the membrane fraction of

mock- and RCNMV inoculated tissue.  Trace amounts were visualized in the

pellet fractions.  The total amount of BiP present appears greater in RCNMV

inoculated plants (compare Mock (T) with RCNMV (T) in B).
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Removal of the Plant Cell Wall does not Perturb Endoplasmic Reticulum

Channels and Grooves Through the Nucleus

Abstract

The plant endoplasmic reticulum (ER) is directly involved in the detection

of physical and chemical signals, their transmission through the release of

secondary messengers, and their presentation to the nuclear machinery.

The outer nuclear membrane is continuous with the ER and shares its proteins

and functional properties, facilitating such signaling .  The lumens of the ER and

the nuclear envelope are continuous, and transmembrane proteins that directly

interact with chromatin can be accessed via this shared compartment.  The

nuclear envelope often exhibits grooves, invaginations, and channels.  These

structures greatly increase the surface area of the membrane available for

nucleo-cytoplasmic transport and often show affinity for nucleoli, further

suggesting a role in transcriptional or translational regulation.

We investigated the effects of removing the cell wall on ER and nuclear

membrane structure.  Protoplasts were prepared from NT-1 suspension culture

cells expressing GFP-ER and imaged using a laser scanning confocal

microscope. Surprisingly, cells digested to remove the cell wall retained nuclear

invaginations and normal cortical ER morphology 3 hours after protoplasting.  We

hypothesize that the nuclear invaginations and the ER in general are protected
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from the disruptive effects of cell wall removal due to their critical role in providing

access to chromosomal domains.

Introduction

Cells are composed of interacting systems of transport, communication,

and development or growth. These systems often share components and depend

on one another for feedback and regulation.  One such system, the endoplasmic

reticulum (ER), is involved in protein synthesis, intercellular communication, cell

growth, and cell division (Buchanan, 2000; Staehelin, 1997; Gunning and Steer,

1996; Nebenfuehr, 2001).  The ER is intimately associated with the cytoskeleton

(Terasaki et al., 1986; Allen and Brown, 1988; Boevink et al., 1998; Fuhrmann et

al., 1990) and with formation of the cell wall (Hepler, 1982; Staehelin, 1997).  The

ER may also interact with the cell wall via a cytoskeleton ‘sheath’ containing

integrin-like proteins that mediate interactions between the cytoskeleton and the

cell wall (Reuzeau et al., 1997).

  Physical and chemical signals detected at the cell wall induce specific

secondary messengers such as calcium and inositols that propagate the signals

through intracellular compartments (primarily the ER) to the nuclei, where

specific changes in gene expression allow the plant to respond to its environment

(Davies et al., 1996; Edwards and Pickard, 1987).  Facilitating such signaling, the

outer nuclear membrane is continuous with the ER and shares its proteins and

functional properties (Ellenberg et al., 1997).  The lumens of the ER and the

nuclear envelope (NE) are continuous, and in mammalian cells, transmembrane
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proteins including lamin receptors and protein kinase C (Burn, 1988), which

directly interact with chromatin, can be accessed via this shared compartment

(Gunning and Steer, 1996). Nuclear lamins have not yet been identified in plants,

but lamin-like proteins have been identified that perform similar functions though

they have different sequences (Minguez and Diaz de la Espina, 1993).   In this

way the ER is directly involved in the detection of physical and chemical signals,

their transmission through the release of secondary messengers, and their

presentation to the nuclear machinery.

 The nuclear envelope often exhibits grooves, invaginations, and channels

(Broers et al., 1999; Collings et al., 2000; Ellenberg et al., 1997; Fricker et al.,

1997).  In certain cells, nuclear invaginations seem to originate during meiosis,

and may be used to bring specific NE domains in contact with the condensing

chromatin (Sheffield et al., 1979). These structures massively increase the

surface area of the membrane available for nucleo-cytoplasmic transport (Singh

et al., 1998) and often show affinity for nucleoli (Collings et al., 2000; Ellenberg et

al., 1997; Fricker et al., 1997), further suggesting a role in transcriptional or

translational regulation.  Electron microscopy has shown the invaginations to be

cytoplasmic channels bounded by double membranes that contain nuclear pores

(Ellenberg et al., 1997).  The lumen of the double membrane contains proteins

commonly recognized as ER residents such as protein disulfide isomerase

(Fassio and Sitia, 2002).  Actin filaments can occupy the channels and grooves,

sometimes passing completely through the nucleus (Collings et al., 2000).
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Nuclear invaginations have been observed in Nicotiana benthamiana,

tobacco suspension culture, onion (Collings et al., 2000) and Lilium (Singh et al.,

1998) cells, as well as at least 10 different mammalian cell culture lines

(Echevarria and Nathanson, 2002; Ellenberg et al., 1997; O'Neill et al., 2002;

Thrower et al., 2001; Broers et al., 1999; Fricker et al., 1997) and even insect

cells (Rasmussen, 1976).  With so many types of cells exhibiting nuclear

invaginations and evidence that the ER is involved in intercellular signaling, the

question arises whether the interaction of the ER with the cell wall can have

affects on the nucleus via the ER.  With this in mind, we investigated the effects

of removing the cell wall on ER and nuclear membrane structure in protoplasts

prepared from NT-1 suspension culture cells expressing GFP-ER (Collings et al.,

2000; Haseloff et al., 1997).

Materials and methods

Cell culture.  Nicotiana tobaccum 1 (NT-1) cells stably transformed to express

mGFP5 ER-targeted GFP (GFP-ER, courtesy of Dr. G. Allen; Collings et al.,

2000; Haseloff et al., 1997) were maintained with shaking in MS-1 media

(Gibco/Invitrogen, New York) at 27 °C.  The cultures received 12 hours light per

day.  Cells were harvested by centrifugation at ~2000 rpm for 2 minutes in an

IEC clinical tabletop centrifuge.

Protoplast preparation.  Protoplasts were prepared from transformed NT-1

suspension cell culture (Collings et al., 2000) by incubation in digestion media
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[0.1% pectolyase Y23 (Karlan Research Products, Santa Rosa, CA), 2.0%

cellulase YC (Karlan), 0.7 M manitol (Fisher) pH 5.5] for one hour at room temp.

Protoplasts were isolated from debris by centrifugation at 2400 rpm for 3 minutes

through a 20-50% sucrose gradient and washed in fresh 0.7 M manitol prior to

confocal microscopy.

Microscopy.  Protoplasts were mounted in manitol on glass slides and protected

by coverslips.  Small dabs of vacuum grease at the corners of the coverslips kept

the protoplasts from being crushed, and the coverslips were sealed with valap

(1:1:1 vaseline, lanolin, paraffin).  Confocal images were collected using a Leica

DMIRBE inverted microscope (Leica, Wetzlar, Germany) equipped with a

spectral scanning head using a 63X 1.2 N.A. water-immersion lens.  The

emission signal from GFP excited at 488 nm was collected via a photomultiplier

tube from ca. 500-565 nm.  DIC images were collected concurrently.  Images

were processed using Photoshop 4.0 software (Adobe Systems, Mountain View,

CA).

Results
Tobacco NT-1 cells expressing GFP-ER (Collings et al., 2000) were

digested to remove the cell wall.  After washing to remove wall debris and

enzymes, the cells were examined under epifluorescent light.  Many of the cells

appeared healthy, with trans-vacuolar cytoplasmic strands visible, particles

traveling in the cytoplasmic strands, and intact vacuoles and plasma membranes.

Some cells were clearly stressed, with no cytoplasmic movement, vesiculation of
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the ER, and blebbing of the nucleus.   Healthy cells were selected for further

observation and imaged using the laser scanning confocal microscope.  The cells

were imaged 1-2 hours after protoplasting.  Fluorescence from the GFP-ER was

visible throughout the ER lumen, illuminating the cortical ER, cytoplasmic ER

strands, and the nuclear membrane. A representative cell is presented in Figure

1.  The protoplasts showed a normal distribution of ER in the cortical region

(Figure 1A, arrows).  The nuclei were large (ca. 20 µm), with rough surfaces and

grooves visible (Figure 1A).  Here nuclear grooves are defined as areas where

the NE is folded inward to create a cleft or depression in the nuclear surface.

Tubular invaginations of the nuclear envelope were visible in optical sections

through the nuclei.  Invaginations are cytoplasmic incursions into the intranuclear

space, surrounded on three sides by the NE, while channels are invaginations

that completely cross the nucleus, emerging on the opposite side.  The

membranous ER inclusions were most often long tubes, but a few vesicular

inclusions were at the surface of the nucleus (Figure 1B, arrows, 1C, arrowhead,

and 1I, arrowhead). Channels that passed completely through the nucleus were

also observed (Figure 1G, arrowhead).  A region lacking fluorescence in the

center of each imagination indicated that they were hollow tubes with cytoplasm

in the center (Figure 1C and 1D, arrows).  One of the tubes caught in cross

section also had a central region lacking fluorescence, consistent with its

appearance as a tube composed of cytoplasm surrounded by double membranes

(Figure 1E, arrowhead).  The invaginations appeared to go directly through the

nucleolus (compare Figure 1F and 1C).  Due to the limited ability of transmitted
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light to reveal three-dimensional structures, neither channels nor invaginations

were visible in transmitted light micrographs (figure 1F). The transmitted light

micrograph shown in Figure 1 H revealed some interior structure in the nucleus,

but due to the reduced resolution inherent in vertical confocal scans it is not

possible to determine if those structures correspond to nuclear envelope

invaginations.  It has been previously shown that untransformed NT-1 nuclei

exhibit nuclear grooves and invaginations, demonstrating that the grooves were

not induced by the transformation procedure (Collings et al., 2000).

Discussion

The nuclear membrane of NT-1 suspension culture cells exhibited

channels and grooves on the cytoplasmic face, as well as extensive nuclear

invaginations.  Cells digested to remove the cell wall (producing protoplasts)

retained normal cortical ER morphology as well as the nuclear ER tubules.   The

ER is a sensitive, dynamic organelle that quickly responds to changes in the

intercellular environment (Staehelin, 1997), and physical manipulation of cells

often results in changes to the architecture of the ER (Kiss et al., 1990;

Ritzenthaler et al., 2002).  We assumed that disruption of normal ER- and

cytoskeleton-plasma membrane-cell wall connections would perturb the

ER/cytoskeleton matrix to a perceptible degree.

In animal cells, actin and intermediate filaments promote cell-cell adhesion

and communication.  At the cell periphery, integrins interact with both the

cytoskeleton and the extracellular matrix (Alberts et al., 1994).  Plant cells



106

address adhesion and communication through the cell wall.  Parallel systems to

integrins and intermediate filaments in animal cells are being sought in plants.   A

spectrin-like polypeptide that could attach microtubules to the plasma membrane

has been identified (Reuzeau et al., 1997) (Faraday and Spanswick, 1993) and

microtubules have been shown to help cytoplasmic strands interface with the

plasma membrane through an integral membrane protein (Lichtscheidl et al.,

1990; Pont-Lezica et al., 1993). This interface is important for signal transduction

from the cell wall to the cell interior (Edwards and Pickard, 1987; Schindler et al.,

1989).  The ER and the cell wall are part of a cellular communication and

structural system, interconnected by the cytoskeleton and associated proteins

(Collings and Allen, 2000a; Staehelin, 1997).  Microtubules can play a critical role

in the deposition and orientation of the plant cell wall under some conditions

(reviewed in Baskin, 2001), and microfilaments are important in maintaining

structure of the ER (Hepler et al., 1990).  It seems clear that the animal

extracelluar matrix and the plant cell wall are functionally related structures

because they both provide structural support to the cell and provide anchorage

for the internal scaffold proteins (reviewed in Baskin, 2001, and references

therein).  So how then can a dynamic and sensitive structure like the ER be at

once interconnected with the cell wall and insulated from its disruption?

Perhaps clues lie in the form and function of the nuclear channels.   The

invaginations and channels observed in NT-1 protoplasts wrapped around and

through the nucleolus.  Singh (1998) found that the increased nuclear reticulum

in Lilium cells ensured that no DNA was situated more than 0.5 µm from a
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nuclear pore, greatly facilitating communication between the nucleus and the

cytoplasm.  The nuclear reticulum described by Singh (1998) was composed only

of infoldings of the inner nuclear envelope membrane, in contrast to the present

investigation, where tunnels composed of both NE bilayers cross the nucleus.

Cytoskeletal proteins can access these tunnels (Collings et al., 2000) and

capitalize on the proximity of the transcriptional machinery.  The fact that the

invaginations co-localize with DNA during chromatin condensation in animal cells

suggests that they play a role in chromatin organization, perhaps through DNA

interactions with the nucleoplasmic domains of lamin receptors (Collings et al.,

2000; Ellenberg et al., 1997).  The invaginations are stable in many cell types,

persisting through nuclear migrations and reforming after mitosis (Collings, et al.,

2000; Ellenberg et al., 1997; Fricker et al., 1997).  It has been suggested that this

stability is likely due to associations with the nuclear matrix (Yu et al., 1994), and

depolymerization of actin does not affect the nuclear invaginations (Collings and

Allen, 2000a).  Recently, the Arabidopsis protein ANGUSTIFOLIA has been

demonstrated to be both a regulator of the microtubule-based cytoskeleton and

of transcription (Folkners et al., 2002; Kim et al., 2002; discussed in De Lanerolle

and Cole, 2002).  This discovery provides the direct evidence that a microtubule

binding protein can affect gene expression.  Plant elongation factor 1α (EF1α)

also has a long-established role in translation but can bind both actin and

microtubules and regulate actin filament assembly (Ransom et al., 1998).

Perhaps cytoskeleton-associated proteins are regulating the form of the ER via

its association with actin and microtubules to optimize gene expression.  The
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cytoskeleton is intimately associated with the ER and the nucleus (Allen and

Brown, 1988; Davies et al., 1996; Staehelin, 1997), and may provide a stabilizing

scaffold for the ER during cell shape changes.   We hypothesize that ER nuclear

invaginations and the ER in general are protected from the disruptive effects of

cell wall removal due to their critical role in providing access to chromosomal

domains. The reorganization of the cytoskeleton has previously been associated

with wound response, (Davies et al., 1996; Grolig et al., 1990) and it could be

speculated that upon removal of the cell wall, the cytoskeleton reorganizes to

maintain the interior structure most efficient for cell recovery and growth.

We investigated the effects of cell wall removal on the ER and nuclear

invaginations.  The characteristic ER distribution and form appeared unchanged,

as did that of the nuclear invaginations.  It would be most interesting to know if

specific genes were up- or downregulated in response to such a stimulus, and if

the cytoskeleton, the ER, or both played a role in the transduction of the

regulatory signals.  With the discovery of a plant protein that is both a

microtubule binding protein and transcriptional regulator, it is possible to envision

myriad multifunctional proteins in signaling cascades that connect the

cytoskeleton, the nucleus, and the endomembrane system.  It will be interesting

to see which of the many hypothesized interactions are active in plant cells.
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Figure 1.  NT-1 protoplasts expressing GFP-ER.  Confocal microscopy was used

to generate ~0.5µm optical sections of a single cell.  (A-E) Fluorescent ER in the

protoplasts. The numbers indicate which section in the stack is presented.

Arrows in A indicate cortical ER, in B indicate surface inclusions of the nuclear

membrane, in C and D indicate hollow tubes.  Arrowheads in C and I indicate

surface inclusions of the nuclear membrane, while in E and G they indicate

hollow tubes with cytoplasm centers. Inset in E shows hollow tube at higher

magnification.  (F) DIC image of the same section shown in C. N=nucleus, n=

nucleolus (G, H, I) A vertical confocal scan (an XZ scan through the Y plane) of

the same cell, showing a vertical channel through the nucleus. (G, I)

Fluorescence from the ER.  (H) DIC image of the same section shown in G.

Scalebar = 10 µm.
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Expression of p27 and p88 in E. coli

Introduction

 A few experiments performed early in the Ph.D. program were not

included in either of the manuscripts prepared for publication that were presented

in Ch 2 and Ch 3 of this thesis.  Those experiments are described here to provide

a record of the aims, methods, and results for future investigators.

RCNMV p27 and p88 are the viral contribution to the replication complex.

In other members of the Tombusviridae, the 5’ ORF determines the origin of

MVBs (Burgyan et al., 1996) and has been implicated in determining host range

specificity (Rubino and Russo, 1998).   p27 expressed in TBSV gives equivalent

or better symptoms than intact virus (T. Sit, personal communication) and the 5’

ORFs of Tombusviridae have been shown to be critical in host symptomatology

(Burgyan et al., 2000).

Since the function of p27 is unknown, we wanted to test the ability of p27

to interact with the RCNMV MP and to bind viral RNA.    To this end, p27, p88,

and the post-readthrough portion p57 were expressed in E. coli.  The expressed

proteins were to be used to perform gel shift assays similar to those performed

with expressed MP and RCNMV RNA (Fujiwara et al., 1993; Geisman-

Cookmeyer and Lommel, 1993).  It was also intended to investigate the physical
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interaction between p27 and p88 using biochemical methods such as circular

dichroism, which measures a change in absorption of polarized light due to

changes in conformation of two proteins upon interaction.

 Previously, p27 and p88 had been translated in vitro to study the

polymerase frameshifting mechanism (Kim and Lommel, 1994) and antibodies

had been produced to synthetic oligopeptides IRENKAVAGFKSLEDF

representing the C terminus pf p27 and PTHYSRIHKDLIKAR representing the C

terminus of p57 and p88 (Xiong et al., 1993).  The antibodies were affinity-

column purified and used to immunoprecipitate in vitro translation products of

RNA-1.  In another lab, fusion proteins of p27 and p57 with a maltose-binding

protein were produced in E. coli and used to test antibodies raised against

different peptides representing the p27 and p57 proteins (Bates et al., 1995).

The proteins and antisera were unavailable, hence our attempts to express

proteins and produce antibodies of our own.

Materials and methods

DNA manipulations.  RCNMV p27 and p88 were cloned into pET 35b (ligation

independent cloning- LIC) vector (Novagen) following the manufacturer’s

instructions (Novagen Xa/LIC vector kits manual, Novagen publication #TB184,

1/98).  These vectors produce RCNMV proteins as fusions with the S Tag, a

cellulose-binding domain used for purification. LIC-competent ends were created
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on p27 and the post-readthrough portion of p88, designated p57, using primers

p27 LIC S (5’ggtaatgagggtcgcatgggttttataaatctttcgctttttg3’),

p27 LIC AS (5’agaggagagttagagcccctaaaaatcctcaagggatttg3’) and p57 LIC S

(5’ggtattgagggtcgcatgaaaagtaagagagtcgtag 3’), p57 LIC AS

(5’agaggagagttagagcctttatcgggctttgattagatc 3’) respectively.  To produce p88

with LIC ends, p27 LIC S and p57 LIC AS were used. The resultant plasmids

were used to transform the expression strain BL21 DE3, pLys S (Novagen) using

standard methods (Sambrook et al., 1989).

For expression in the baculovirus system, p27 was amplified using primers

p27 3’Xba/Bam (see table 1, chapter 2) and pUC reverse sequencing primer

(#1223, New England Biolabs) (5’gcggataacaatttcacacagga3’).  p88 was

amplified using primers p88 3’ Nco/Spe (see table 1, chapter 2) and pUC reverse

sequencing primer.  The inserts were cloned into pIZ/V5-His (Invitrogen).

Protein analysis.   2 hours after induction of protein expression by isopropylthio-

β-D-galactoside (IPTG) (Sigma), the cells were harvested by centrifugation and

lysed by boiling in loading buffer (Laemmli, 1970).  Samples were separated by

SDS-polyacrylamide gel electrophoresis as described by Laemmli (1970), with

the exception that 7.5% polyacrylamide gels were used.  Proteins were

transferred to PVDF membranes (Millipore, Bedford, MA) in transfer buffer

(25mM Tris 40 mM glycine, 10%methanol) using a BioRad trans-blotter.

Expressed p27 was detected by anti-p27 primary antibody (p27-663C) and

horseradish peroxidase-conjugated secondary goat anti-rabbit antibodies as
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previously described (Vaewhongs and Lommel, 1995), followed by visualization

using the CDP-Star chemiluminescence kit (Novagen) as directed by the

manufacturer. p88 was detected with anti-p88 (p88 Bam/Bgl II) primary antibody

and alkaline phosphatase-conjugated secondary antibodies (Bio-Rad, Hercules,

CA). The blot was developed in AP buffer (0.1M Tris-HCl, pH 9.5, 0.1M NaCl,

5mM MgCl2 ) plus 0.1% NBT/BCIP (nitro blue tetrazolium/5-bromo-4chloro-3-

indoyl phosphate; Fisher) for 10 minutes.

RNA structure modeling.  The p27 nucleotide sequence was analyzed online

using mFold software available  from Dr. Michael Zucker at

http://bioinfo.math.rpi.edu/~zuckerm/

Results and Discussion

In an effort to produce purified proteins with the intent of studying the

physical properties of p27 and its interaction with p88, expression vectors

producing RCNMV p27, p88, and p57 as fusions to the S Tag were produced

and transformed into E. coli.  After induction, the total bacterial proteins were

analyzed by western blot (Figure 1 A).  The bacteria harboring the p57

expression plasmids produced a protein of approximately 80 kDa after induction

(Fig. 1B, arrowheads).  No induced proteins were discernable in lanes

representing the p27- and p88-transformed bacteria (Fig. 1 A).  The anti-p88
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antibody reacted non-specifically with many E.coli proteins, producing

background bands present in all lanes.  The amount of cell lysate loaded in each

lane was very high, contributing to the background staining.  A different antibody

was chosen for further expression trials, and the proteins were visualized with

expression-tag based chemiluminescence.  After transfer of the cell lysates to

PVDF membranes, the blots were incubated with S Tag- alkaline phosphatase

conjugate, which detects the S Tag fused to expressed proteins.

This detection system also revealed strong induction of the p57- S Tag

fusion (Figure 1C).  Surprisingly, truncated protein products were also revealed in

the lysates of p27- and p88-transformed bacteria (Figure 1C).  The p57 S Tag

fusion appeared to migrate at a rate comparable to that of an approximately 60

kDa protein, which is smaller than the anticipated fusion product.  This rate is

also faster than the apparent rate observed in the blot shown in fig. 1 A, which is

comparable to an 80 kDa protein.   The protein standards used in the two

detection systems are produced by different manufacturers and are composed of

different individual proteins.  It is this variation that is the likely explanation for the

difference in migration, rather than truncation of the fusion product.  Further

experiments are needed to resolve this confusion.

The p27 and p88 products detected by the S Tag alkaline phosphatase

conjugate are very small, and most likely represent the S Tag (approximately 23

kDa) alone or the S Tag and a few amino acids of the p27 protein.  A predicted

structure model of the p27 (+) sense RNA revealed a large (250 nucleotides) and

stable (energy = -195) stem loop beginning just after the AUG codon of p27 (Fig.
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2).  It is likely that this stem loop causes the ribosome to pause during translation

of the fusion proteins, resulting in termination of translation.  Since the N-

terminus of p88 is identical to that of p27, this would explain why both constructs

produced only truncated products in vitro.

It is possible that the presence of the native RCNMV 5’ non-translated

region of the RNA would prevent the RNA from forming the stem-loop structure

that prevented efficient translation in vitro.  To investigate this expression

strategy, vectors were produced for expression of p27 and p88 in an insect cell

culture system.  In this system, expression of foreign genes is directed by a

baculovirus, which allows the 5’ non-translated region to be included in the

construct.  The results of expression trials using this system will be presented

elsewhere.
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Figure 1.  Western Blot of cell lysates showing induction of RCNMV protein

expression, and SDS-PAGE of expressed proteins.  Lysates from induced (I) and

uninduced (U) cell cultures are shown.  The p57 and p88 10x I lanes show

lysates of cultures induced with 10 x the amount of IPTG used to induce the

other cultures. (A) Total proteins produced by BL21 DE3 pLys S cells

transformed to express RCNMV p27, p57 or p88.  A colorimetric alkaline

phosphatase substrate and an antibody to the 5’ half of p88 were used to detect

the proteins.  The antibody is reacting non-specifically with many E.coli proteins,

producing background bands present in all lanes.   (B) Magnification of boxed

area in A.  Darts show location of band representing p57-S Tag fusion protein

induced by IPTG.  (C) SDS-PAGE showing expressed RCNMV proteins detected

by anti-p27 and visualized using chemiluminescence. The band representing the

induced p57 protein (p57 I) is the correct size for the 57K RCNMV protein plus

the 23K cellulose binding domain, while the bands representing the p27 and p88

induced proteins (p27 I and p88 I) are too small to be full-length proteins.
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Figure 2.  Schematic diagram of the predicted structure of RCNMV RNA-1 ,

nucleotides 122-825 (the p27 ORF).  The putative secondary structure was

predicted by mFold software (Zuker, 2002).  The arrows show the p27 5’ end and

indicate the number of nucleotides from the 5’ end, progressing clockwise around

the putative structure.
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Summary and Future Research

The goal of this thesis project was to provide further evidence that

RCNMV p27 and p88 interact in vitro and to investigate the subcellular in vivo

location of that interaction.  Many methods were employed to reach that goal,

with varying degrees of success.  Initially, we assumed that a biochemical

approach would be most straightforward, hence the protein expression

constructs described in Chapter 4.  When the GFP-labeling experiments started

to produce data early in the third year of the project, the protein expression

studies became less important and were eventually discontinued.

The three expression strategies used to deliver GFP:p27 each provided

unique and relevant information about the localization of p27 without providing a

complete  picture of the biology at work.  GFP:p27 expressed from the

subgenomic promoter of RCNMV best approximated the natural circumstances

of infection, since most of the RCNMV genome including non-translated control

regions was present in normal amounts.  In vitro transcripts of this modified virus

were only periodically infectious, and we were unable to determine what

variables caused a productive infection one week but prevented it the next.   The

CaMV 35S constructs that expressed GFP:p27 and GFP:p88 consistently

provided transiently transformed cells, but at such a low expression level that it

was nearly impossible to identify the cells expressing p27 and p88.  Attempts to

improve the efficiency of the system were unsuccessful, leading us to believe
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that an inherent property of RCNMV, or perhaps of p27 and p88, was preventing

high expression of the GFP-labeled genes.  The presence of replicating viruses

is known to induce proliferation and pathology of intercellular membranes

(Carette et al., 2000).  It is likely that the presence of P27 and p88 in cells

already damaged by bombardment and protoplasting induced a pathological

condition that killed the cells.  Only those cells that expressed GFP:p27 and

GFP:p88 to very low levels survived.  The last method employed, expressing

GFP:p27 from a heterologous vector, was the most successful in providing high

numbers of brightly fluorescent cells, but was most limited in that the vector alone

induced changes in ER structure.  The results obtained with this system had to

be carefully analyzed to prevent vector effects from biasing our conclusions.

Even with these limitations, taken together, the data are convincing.

GFP:p88 co-localizes with GFP:p27 in two expression systems.  In addition to

this, the fact that GFP:p27 localizes to the ER when expressed from three

different promoters, in the presence of heterologous and homologous viral

genomes, as well as  in the absence of any viral proteins, suggests that the two

proteins co-localize to the cortical ER, the nuclear envelope, and cytoplasmic ER

domains. The fact that both proteins, when expressed alone, accumulate in the

ER and perturb the ER morphology in similar ways suggests that the proteins

function together, as part of the larger replication complex purified by Bates et al.

(1995).

Inspection of protoplasts inoculated with GFP:p27 and GFP:p88 revealed

that p27 and p88 associate with nuclear invaginations and channels.  These
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channels are membranes that are homologous to both the nuclear envelope and

ER (Ellenberg et al., 1997; Fricker et al., 1997) with as-yet undiscovered

functions. Viral replication complexes situated within these channels would be

ideally placed to access the nuclear pores.  It could be that p27 and p88 interact

with chromatin to induce expression of host genes necessary for viral infection,

or could interact with transmembrane proteins to indirectly affect signal

transduction within the cell.

Future Research.  Schwartz et al. (2002) proposed a model of BMV replication

complexes that features the bipartite polymerase sequestered inside ‘spherules’

of ER.  The ~ 60nm invaginations of the outer nuclear envelope provide a

dedicated environment for production of viral RNA.  It has been suggested (W.L..

Schneider, personal communication) that viruses that do not genetically protect

themselves from gene-silencing based host defense mechanisms instead create

physically protected domains for viral replication.  This could explain the

requirement for association with host membranes found in (+) strand RNA

viruses. RCNMV does not encode a known suppressor of silencing protein.  It

would be very interesting to conduct EM studies of RCNMV infected tissues to

investigate whether RCNMV produces similar spherules.  Thin sections of the

nuclear envelope treated to preserve membrane structure and enhance contrast

should reveal the spherules, if they are present.

Experiments should also be performed to further investigate the nature of

the fluorescent aggregates observed in GFP:p27- and GFP:p88-inoculated cells.
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A labeling experiment following bromo-uridine incorporation into nascent RNA

would determine if the aggregates represent active viral replication complexes

producing viral RNA.  Treatment of the cells with cerulinin, an inhibitor of de novo

lipid synthesis, would indicate if p27 and p88 induce membrane proliferation or

simply rearrangement. A control experiment with unrelated viruses such as AMV

would verify that the concentration of cerulinin used was not inhibitory to viral

replication in general, but was inhibitory to membrane synthesis-dependent

replication (Carette et al., 2000).  In addition, antibodies to p27 and p88 could be

used with in situ hybridization to confirm the location of p27 and p88 within the

fluorescent aggregates.  At the same time, antibodies for the Golgi apparatus

could  be used to verify that the aggregates are not derived from Golgi stacks.

The nature of the membrane association could be investigated by treating

isolated membrane fractions from RCNMV-inoculated cells with alkaline, urea,

and high salt conditions.  Transmembrane proteins are not disassociated from

membranes under these conditions (den Boon et al., 2001).  A detergent

treatment will remove transmembrane proteins.  Additionally, creating scanning

mutations throughout the ORF and testing the mutants for loss of membrane

association in isolated cell fractions could map the domains of p27/p88 required

for the membrane association.

Experiments to confirm the association of p88 with ER, following the

experiments performed with p27, would complete the current picture.  A construct

expressing GFP:p88 from the TBSV heterologous expression system and

containing a deletion in the TBSV movement protein (similar to pHST2-G27ÄNE)
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would produce labeled p88 in single cells.  When co-inoculated with pHST2-YFP

ER, the intact movement protein in the YFP clone would complement movement

of the p88 clone, producing foci of-GFP:p88-expressing cells.  Confocal

microscopy would then be used to observe the localization of GFP:p88 and

YFP ER in the cells.
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APPENDIX

Non-fluorescent GFP fusion clones

During the course of the investigations discussed in Chapter 2, many

constructs were made that fused GFP to the C terminus of p27 and p88.  None of

these clones reproducibly gave fluorescence after manual inoculation or

microprojectile bombardment.  In addition, constructs were made that fused p27

and p88 to blue fluorescent protein (BFP). None of the BFP clones produced

visible levels of fluorescence when inoculated via microprojectile bombardment.

R1 p27-GFP (Figure 1) was made with primers 5’ p27 C/N previously

described (see Chapter 2, table 1) and p27G 3’ cla 2

(5’ttatcgataaatcctcaagggatttg3’).  This construct codes for a leucine in place of a

tryptophan at the final codon of the primer, because the final tg should have been

a ttg. The amplified p27 product was digested and ligated to the 5’end of sGFP in

R1sG3, producing p27-GFP.  These clones did not produce fluorescence in

multiple bombardment trials, and no further tests were performed.  The DNA is

stored at –80� C.

An RNA 1 vector expressing BFP (R1-BFP, Figure 1A) was made with

primers p27 B/F (forward primer)

(5’cccgggcgccgatatcgctagcatgcatcatcatcatcatcatagtaaagga 3’) with a 6xHis tag

(underlined) incorporated and primer p27 B/R (reverse)

(5’gcctacgcgtgggccctttgtatagttcatccat 3’).   In addition, 35S clones expressing
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p27 and p88 fused to BFP were also produced (Figure 1B). These clones were

designated pRB p27 and pRB p88 to signify derivation from pRTL2 and BFP.

Primers Rp27-35S (5’ ccatggcaaatcctcaagggatttgaacc3’) and Rp88-35S2

(5’gggggaaccatggctcgggctttgattagatctttg3’) were used in conjunction with p27 5’

C/N. These clones produced only faint fluorescence in bombardment trials on

onion epidermis, N. benthamiana and N. clevelandii.  It was determined that

excitation with 395 nm light was insufficient to produce strong blue fluorescence.

The BFP chromophore is optimized for excitation with 360 nm light.  While these

clones were not useful for the current study, they could be useful in an

experiment performed with a confocal microscope equipped with a 360 nm laser.

The DNA is stored at –80� C.

35S clones expressing YFP (pRTL2-YFP) were produced with primers

sGFP 3’ X/M and sGFP 5’ 6x HIS (see Chapter 2, table 1). These clones

produced only faint fluorescence in bombardment trials on onion epidermis, N.

benthamiana and N. clevelandii. They were not investigated further. The DNA is

stored at –80� C.
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Figure 1.  Schematic diagram of RCNMV, CaMV, and TBSV based clones

created for the current investigation but not used. (A) Clones expressing GFP

and BFP from various positions in RCNMV RNA-1.  (B) Clones utilizing the

CaMV 35S promoter to drive expression of various fusions of GFP or BFP, and a

control YFP vector that does not produce fusions.
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