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Stellingen behorende bij het proefschrift getiteld “Origin of the membrane compartment for
cowpea mosaic virus replication”.
Jan Carette, Wageningen 2002,

1. Het endoplasmatisch reticulum is donor van de membraanblaasjes waarmee in cellen de
replicatie van cowpea mozaiek virus (CPMYV) is geassocieerd.
Dit proefschrift.

2. Het celdodend vermogen van de door CPMV gecodeerde eiwitten 32K en 60K wordt
tijdens infectie van planten onderdrukt door snelle aggregatie van de eiwitten in
electronendichte structuren.

Dit proefschrift.

3. De geringe homologic van het door CPMV gecodeerde 32K eiwit met eiwitten van
poliovirus en andere verwante virussen heeft geleid tot onderschatting van de rol van dit
eiwit voor de replicatie van CPMV.

Dit proefschrift.

4. De observatie dat de lokalisatic van het door grapevine fanleaf virus gecodeerde eiwit 2A
gefuseerd met het green fluorescent protein gedeeltelijk samenvalt met die van de replicatie
eiwitten, is niet voldoende om te concluderen dat het eiwit 2A een actieve rol speelt bij het
dirigeren van RNA2 moleculen naar de plaats van replicatie.

Gaire et al. (1999) Virology 264, 25-36

5. Budding uit het ER via het COPII mechanisme en niet autofagie is betrokken bij de formatie
van vesicles geinduceerd in met poliovirus geinfecteerde cellen.

Suhy et al. (2000) J. Virol. 74, 8953-8965

Rust et al. (2001} J. Virol. 75, 9808-9818

6. Het gebruik van het gist two-hybrid systeem voor onderzoek naar eiwit-eiwit interacties is niet
aan te raden nu de resultaten verkregen met dit systeem weinig reproduceerbaar blijken te zijn,
Uetz et al. (2000). Nature 403, 623-627

Tto et al. (2001). Proc. Natl. Acad. Sci. USA 98, 4569-4574

7. Zolang het effect van een vaccin tegen beta amyloide op gedrag en geestelijk welzijn van
mensen niet te testen is, moet het gebruik van zo'n vaccin om de ziekte van Alzheimer te
voorkomen, ontraden worden.

Schenk et al. (1999). Nature 400, 173-177




8. Het tegenhouden van veldprocven met genetisch gemodificeerde gewassen door de
Nederlandse regering is onredelijk en frustreert het publicke debat over het nut en de risico’s van
genetisch gemodificeerde gewassen voor de landbouw en de voedselproductie.

9. Gezien de economische ontwikkelingen is zelfs op de markt je euro geen dollar waard.

10. Wageningen is een mooie stad maar het mooiste uitzicht heb je toch als je er met je rug naar
toe staat.
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QUTLINE OF THIS THESIS

Replication of many positive-strand RNA viruses takes place in association with
intracellular membranes. Often these membranes are induced upon mfection by vesiculation
or rearrangement of membranes from different organelles inchiding the early and late
endomembrane system. Upon infection of cowpea cells with cowpea mosaic virus (CPMV)
typical cytopathological structures are formed which consists of an amorphous matrix of
electron-dense material traversed by rays of small membranous vesicles. The membranous
vesicles are closely associated with CPMV RNA replication. CPMV, a bipartite positive-
stranded virus, is the type member of the Comoviruses, which bear strong resemblance to
animal Picorraviruses both in gene organization and in amino acid sequence of replication
proteins. RNA1 and RNA2 are separately encapsidated and code for large polyproteins, which
are proteolytically cleaved into different proteins by a virus-encoded proteinase. CPMV
RNA1 is able to replicate in cowpea protoplasts independently from RNAZ, and in such
RNAl-infected protoplasts vesiculation and electron-dense material is also found suggesting
that RNAl-encoded proteins are responsible for the formation of the vesicles. This thesis
describes the studies that were undertaken to define the cellular components involved in the
establishment of the site of viral RNA replication consisting of vesiculated membranes and
electron-dense maierial. Furthermore, the role of individual viral proteins as well as host
proteins in this process was investigated.

The significance of vesiculated intracetlular membranes for the replication of different
positive-stranded RNA viruses is reviewed in chapter 1. Special attention is given to CPMV-
induced membrane rearrangements.

Chapter 2 describes the severe effect that CPMV-infection exerts on the morphology of
the endoplasmic reticulum (ER) as was observed using the green fluorescent protein (GFP)
specifically targeted to ER membranes. Rearranged ER membranes were found in close
association with replication proteins suggesting that the ER produced the vesicles involved in
replication, Furthermore lipid biosynthesis was found to be essential for CPMV -replication.

In chapter 3 we have visualized viral RNA in CPMV-infected protoplasts to study the
distribution of viral replication complexes during the course of a CPMV-infection. The actin
cytoskeleton appeared to play an important role in the establishment of the site of replication.

To identify host proteins interacting with the 60K protein a yeast two-hybrid screen was
performed in chapter 4. Initial characterization of the interactor proteins took place by
transient expression in CPMV-infected protoplasts.

In chapter § individual RNA1-encoded proteins were expressed separately from CPMV-
infection using the tobacco rattle virus vector. The 32K and 60K proteins were found to




associate with membranes mainly derived from the ER. Prolonged expression of these
proteins resulted in cell death.

Chapter 6 describes a mutational analysis of the VPg protein to discem the structural
requiremenis necessary for proper functioning of VPg.

Finally, in chapter 7, we discuss how the experiments described in the preceding chapters
added to the knowledge on CPMV-replication and we present a model how viral replication in
association with rearranged cellular membranes is effected.
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INTRODUCTION




Chapterl

Introduction

Viruses are amongst the smallest pathogens known and are the causative agent of many
clinically and economically important diseases. Because viruses contain only limited genetic
information, they must rely on existing or modified cellular machineries for many steps of
macromolecular synthesis including protein translation and RNA replication. Replication of
positive-stranded RNA viruses occurs in the cytoplasm of the infected cell and is often
associated with rearranged intracellular membranes. These modified membranes appear to
play a key role in the viral replicative cycle.

Cowpea mosaic virus (CPMV) infection induces the formation of numerous small
membranous vesicles that are the site of viral replication. The aim of the investigations
described in this thesis was to explore the interactions of CPMV-encoded proteins with these
membranes and to discover host components involved in the formation of the membranous
site of viral replication. In this chapter we will first give an overview of the remarkable
diversity of intracellular membranes that are used by different positive-stranded viruses and
the complex interactions of viral replication proteins with these membranes. In the last
paragraphs we wilt briefly summarize the knowledge on CPMV-induced membrane

alterations that was available at the start of the project.

Virus-induced rearrangements of intracellular membranes

It has long been recognized that infection with positive-strand RNA viruses induces clear
morphological changes of intracellular membranes to promote efficient replication of the
virus. The membrane alterations involve vesiculation of a wide variety of different organelles
depending on the infecting virus. Poliovirus, mouse hepatitis virus, equine arteritis virus,
Kunjin virus and Semliki Forest virus (SFV) induce rearrangements of membranes from the
early and late endomembrane system (88, 102, 128, 161, 173, 186), pea enation mosaic virus
modifies the nuclear envelope (34), cymbidium ringspot virus the peroxisomal membrane
(22), turnip yellow mosaic the chloroplast outer membrane (179), carnation Italian ringspot
virus the mitochondrial membrane (22) and alfalfa mosaic virus the vacuolar membrane
(104). Cytological studies, where replication proteins, double-strand RNA (dsRNA) species
or metabolically labeled RNA molecules were found to colocalize with the vesiculated
membranes, pointed to a role of these membrane in viral replication. For example, the
smooth, double-membraned vesicles that are induced upon poliovirus infection are associated
with both the 2BC protein and newly synthesized RNA molecules as was shown using
immunocytology and autoradiography (14). Kunjin flavivirus induces formation of vesicle
packets of smooth membranes that dual label with anti-dsRNA and anti-NS1 or anti-NS3
antibodies (199). Already in 1968 Grimley et al (58) recognized that in SFV-infected cells
cytoplasmic vacuoles (denoted CPV-1) were formed that could be pulse-labeled with tritiated
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Introduction

uridine indicating that RN A synthesis took place at CPV-I. Only recently it was demonstrated
that all the nonstructural proteins of SFV localized to the CPV-I (88).

Viral replication activity is associated with intracellular membranes

The notion that replication complexes are tightly associated with membranes was further
established in biochemical experiments aimed at isolating the viral RNA dependent RNA
polymerase (RdRp). For many positive-strand viruses replication complexes isolated by
differential centrifugation of homogenates of infected cells were exclusively found in the
crude membrane fraction (for a review see 20, 31). Generally, RNA synthesis by such
complexes consisted of the completion of strands already initiated in vive. Often
solubilization of the replication complexes did not result in loss of the RNA synthesis activity,
which indicates that a membranous environment is not a prerequisite for in vitro RNA-
elongation. There are however indications that for complete, template dependent in vitro
replication membranes are important. Replication complexes that are able to initiate de nove
RNA synthesis programmed by an added RNA template were produced for a number of
viruses by removal of endogenous RNA from the replication complexes with micrococcal
nuclease (31). In most of these systems only negative-strand RNA was synthesized with the
positive-strand RNA as template. Synthesis of both negative- and positive-strands RNA in
vitro was demonstrated for tobacco mosaic vims (TMV) using an RNA polymerase
preparation obtained from a crude membrane fraction of TMV-infected tomato leaves (123).
The template dependent activity was lost afier solubilization of the polymerase preparation.
For Flockhouse virus addition of certain phosphoglycerolipids (PGL) to the polymerase
preparations isolated from a crude membrane fraction was required to obtain in vitro synthesis
of both negative- and positive-strands while in the absence of PGL only negative-strand
synthesis occurred (205) (206). These results strongly suggest that for complete in vitro
replication a membranous environment is essential. For cucumber mosaic virns {(CMV)
however it was demonstrated that a highly purified, solubilized polymerase preparation
isolated from infected N. fabacum leaves was capable of catalyzing the complete replication
of CMV RNA (66). It should be noted that replication in this system was very inefficient with
only a small fraction of the template being copied and the ratio of positive- to negative-
strands was much lower than the ratio observed in vivo.

For poliovius complete replication in a cell-free translation/replication system was almost
completely inhibited in the presence of cerulenin, an inhibitor of de nove lipid biosynthesis,
whereas the translation was unaffected (114). The effect of cerulenin on poliovirus replication
was noted before in vivo suggesting that newly formed membranes are important for viral
replication {60). Also addition of oleic acid, that alters membrane fluidity, inhibited polioviral
replication both in the in vitro system and in vive (59, 114). Fractionation of the
translation/replication mixture further revealed that the replication activity was present in the
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pellet sedimented at 15,000 x g and not in the supernatant fraction indicating that the de novo
generated replication complexes were physically associated with membranes (9).

Virus-encoded replication proteins interact with membranes

Many viruses encode membrane-associated nonstructural proteins that in some cases have
been further characterized by expression of individual proteins separately from viral infection.
As summarized in table | transient expression of these proteins often leads to vesiculation of
different intracellular membranes resembling the merphological changes occurring in virus-
infected cells. These nonstructural proteins often contain one or more transmembrane o-
helices that consist of a stretch of approximately 20 amino acids with mostly hydrophobic
side chains. For example poliovirus 3A contfains a 22 amino acid hydrophobic domain,
conserved amongst the Enterovirus and Rhinovirus genera, that by mutational analysis was
shown to mediate membrane binding of 3A in vitro (177). For some nonstructural proteins an
amphipathic helix domain was identified that can mediate membrane binding by insertion of
the hydrophobic part of the helix in the lipid membrane and by interaction of the hydrophilic
part with the aqueous face (43, 187). Mutational analysis of the amphipathic helix of
coxsackie protein 2B showed that this domain is required for RNA replication (187). These
membrane-associated proteins may play a dual role. Firstly, the induction of membrane
rearrangements by these proteins could compartmentalize viral RNA synthesis. Secondly,
these proteins could promote the interaction of viral RARp with the rearranged membranes.

The targeting of viral membrane associated proteins to specific organelles seems to
determine the origin of the virus-induced membranes that are the site of RNA replication. A
striking example of this is the formation of multivesicular bodies (MVBs) that occurs upon
infection of N, benthamiana cells with the tombusviruses cymbidiunm ringspot (CymRSV) and
carnation Ttalian ringspot (CIRV). While the origin of the MVBs induced by wild-type CIRV
is exclusively the mitochondrial membrane and by CymRSV the peroxisomal membrane, in
plant cells infected with chimeric CIRV/CymRSV viruses where a small part of the N-
proximal region of ORF1 is exchanged, MVBs are formed that are derived from both
organelles (22, 150). This demonstrates the diversity of intracellular membranes that can be
modified by different viruses, even when these viruses are closely related.
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Table 1. Viral non-structural proteins that induce vesiculation of target membranes.

Virus Protein Target membrane*  Other properties Reference

Brome mosaic virus la ER m’'G Methyltransferase, (26, 141)
nucleotide binding

Carnation [talian ringspot virus 36K Mitochondria (trans) (150, 151)
Cymbidium ringspot virus 33K Peroxisomes (trans) {150)
Equine arteritis virus NSP2-3  ER Protease (170)
Hepatitis C virus NSP4B ER 69

NS4A ER Co-factor protease 20D
Poliovirus 2B ER (amph) (3,27, 173)

2BC ER (amph) Nucleotide binding (3,27, 173)

3A ER (trans) (40, 173)
Semliki Forest virus NSP1 Plasma membrane, m’G Methyltransferase (88, 91, 130)

endosomes and
lysosomes (palm)
NSP3 ? Phosphoprotein (129)

Tobacco etch virus 6kDa ER (trans) (160)

*Between brackets motif responsible for membrane association: trans, transmembrane domain;
amph, amphipathic helix; palm, paimitylation site

In some cases the origin of the membrane-induced vesicles is not obvious. Poliovirus-
induced vesicles are not attached to membranes of a particular organelle and bear protein
markers from the ER, the Golgi apparatus and the lysosomes (161). Individual expression of
polioviral proteins in different cell types has revealed that proteins from the 2BC3AB region
were responsible for the extensive vesiculation. 2BC and 2C induced formation of small
membranous vesicles probably derived from the ER that were morphologically similar to
poliovirus-induced vesicles (3, 7, 27). The 3A protein, when expressed in isolation, associated
with ER membranes causing swelling of these membranes but no small membranous vesicles
were formed (40, 41). Recently it was reported by Suhy et ai that co-expression of 3A and
2BC resulted in formation of vesicles that were similar in both ultrastructure and in
biochemical properties as the vesicles induced in a poliovirus infection (173).
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CHAFPTER 2

COWPEA MOSAIC VIRUS INFECTION INDUCES A MASSIVE PROLIFERATION OF
ER BUT NOT GOLGI MEMBRANES AND IS DEPENDENT ON DE Novo
MEMBRANE SYNTHESIS

Abstract

Replication of cowpea mosaic virus {CPMV} is associated with small membranous vesicles
that are induced upon infection. The effect of CPMV replication on the morphology and
distribution of the endomembrane system in living plant cells was studied by expressing the
Green Fluorescent Protein {GFP) targeted to the endoplasmic reticulum (ER) and the Golgi.
CPMV infection was found to induce an extensive proliferation of the ER whereas the
distribution and morphology of the Golgi stacks remained unaffected. Immunolocalization
experiments using fluorescence confocal microscopy showed that the proliferated ER
membranes were closely associated with the electron-dense structures that contain the
replication proteins encoded by RNAL. Replication of CPMV was strongly inhibited by
cerulenin, an inhibitor of de nove lipid synthesis, at concentrations where the replication of
the two unrelated viruses alfalfa mosaic virus and tobacco mosaic virus were largely
unaffected. These results suggest that proliferating ER membranes produce the membranous
vesicles formed during CPMV infection and that this process requires continuous lipid
biosynthesis.

Carette, J.E., Stuiver, M., Van Lent, J., Wellink, I. and Van Kammen, A. (2000} J. Virol. 74,
6556-6563




Chapter 2

replication (60). Furthermore, poliovirus infection stimulated the biosynthesis of
phosphatidylcholine (191).

To study the effect of CPMV replication on the morphology and distribution of membranes
of the secretory pathway we have expressed the Green Fluorescent Protein {GFP) targeted to
the ER and the Golgi and used confocal microscopy to visualize the organelles in living plant
cells infected by CPMYV. Furthermore, we have tested the action of cerulenin on virus

replication.

Results

Moerphological changes of the ER but not the Golgi apparatus upon CPMYV infection

Transgenic Nicotiana benthamiana plants, expressing GFP targeted to the lumen of the ER
(65), were mechanically inoculated with CPMV. Three days p.i. the leaves were examined by
confocal fluorescence microscopy and compared to mock inoculated leaves. As was to be
expected, in epidermal cells of mock inoculated leaves green fluorescence was detected in the
typical stationary cortical ER network (Fig. 2A), the nuclear envelope (Fig. 2B} and the ER
tubules traversing the cytoplasmic threads (data not shown). In contrast, in the epidermis of
CPMV-infected leaves clusters of cells were found which contained, in addition to the ER
structures as occurring in the mock inoculated cells, a large GFP containing structure often
located near the nucleus. High-resolution imaging showed that this structure was connected to
the cortical ER network and consisted of a ball of tubular ER (Fig. 2C). Once formed, this
structure remained present in the infected cell for two weeks, which was the duration of the
experiment. To obtain insight in morphological changes of the ER preceding the formation of
this large fluorescent structure, a cluster of infected cells four days p.i. was examined. From
the center to the periphery such a cluster of infected cells represents an approximate time
course of infection because CPMYV infection starts at a single epidermal cell and subsequently
spreads to neighboring cells within two days p.i. ((198); unpublished results). Newly infected
cells at the periphery of the cluster showed several small, highly mobile, bodies of
fluorescence, which were connected to the cortical ER network (Fig. 2D for a close-up). In
these cells the large stationary fluorescent body present in cells infected for a longer period,
more inward to the cluster of infected cells, was absent. It should be noted that the cortical ER
network in both newly infected cells (Fig. 2D) and cells infected for a longer period (Fig. 2C)
remained intact despite the formation of these highly fluorescent bodies, suggesting that they
are formed by a process of proliferation of pre-existing ER membranes rather than
aggregation of these membranes.

To confirm that CPMV induced ER proliferation also takes place in cells from the natural
host plant Vigna unguiculata L., cowpea mesophy] protoplasts were isolated and transfected
with pUC-mGFP5-ER alone or together with CPMV RNA., Typically 40% of the protoplasts
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CPMV-induced ER proliferation

showed GFP fluorescence whereas over 80% of the protoplasts were infected as was tested
two days p.i. by immunofluorescence with antibodies directed against the RNAI encoded
110K protein. The organization of the ER in uninfected living cowpea protoplasts was
examined 42 h post transfection, and differed somewhat from the epidermal cells in the
transgenic Nicotiana benthamiana plants. Again the cortical ER network and nuclear
envelope were readily visible but the majority of fluorescence was seen in disordered ER
tubules in the cytoplasin surrounding the nucleus and the chloroplasts (Fig. 2E). In the
CPMV-infected protoplasts, additionally a large body of fluorescence often near the nucleus
was observed in the majority of the pUC-mGFP5-ER transfected cells (Fig. 2F). Observation
of the infected protoplasts at an earlier timepoint (18 h p.i.) did not reveal changes of the ER
structure in comparison to uninfected cells although the disorderly nature of the ER in the
cytoplasm could have obscured minor changes in ER structure. Next it was tested whether
RNALI replication alone, without expression of the viral capsid proteins and movement
proteins encoded by RNA2, was able to induce the observed changes in ER structure. For this
purpose RNA transcripts of an infectious cDNA clone of RNA1 were co-transfected with
pUC-mGFP3-ER and 2 days p.i. observed with a fluorescence microscope. Again the large
regions of proliferated FR membranes were apparent in protoplasts infected with RNA1 alone
(data not shown).

Since in plant cells the Golgi stacks are closely associated with the endoplasmic reticulum
{16), it was of interest to study the distribution of the individual Golgi stacks and the possible
proliferation of Golgi derived membranes in CPMV-infected cells. For this purpose two
different Golgi markers were used in vivo: An Arabidopsis thaliana homologue of the yeast
HDEL receptor fused to GFP, which accumulates mainly in the Golgi stacks and partly in the
ER (pMON-ERD2-smYFP) (16), and the N-terminal transmembrane domain of the rat sialyl
transferase fused to GFP, which accumulates exclusively in the Golgi stacks (pMON-STtmd-
¢YFP) (16). In uninfected cowpea protoplasts the numerous Golgi stacks as visualized by
both ERD2-smYFP and STtmd-¢YFP were scattered uniformly throughout the cytoplasm,
mainly surrounding the chloroplasts and in cytoplasmic threads (ERD2-smYFP: Fig. 2G, 2G’;
STimd-eYFP: data not shown). Using the faint background staining of the ER by ERD2-
smYFP it was verified that the Golgi stacks were associated with ER tubules as was reported
previously ((16); data not shown). [n CPMV-infected protoplasts the amount and distribution
of the Golgi stacks did not differ from uninfected cells (ERD2-smYFP: Fig. 2H, 2H’, 2H’’;
STtmd-eYFP: data not shown) in spite of the presence of the large region of proliferated ER
observed with ERD2-smYFP (Fig, 2H"’).

. The data indicate that CPMV infection causes a strong proliferation of ER membranes
starting at the cortical ER network ultimately leading to a large region of densely packed ER
membranes often near the nucleus. The changes in ER morphelogy can be induced by
infection with RNA1 alone suggesting a role of these structures in viral RNA replication. The
distribution and morphelogy of the Golgi stacks remains unaffected in CPMV-infected cells.
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GFP Antibodies

Merged

Figure 2 Confocal fluorescence micrographs of healthy (A, B, E, G, G”) and CPMV-infected (C, D, F, H, H’,
H™") plant ¢ells expressing GFP/YFP targeted to the ER (A-F) or the Golgi (G-H’"). The confocal images were
collected with focal depth of | uM using standard FITC filter settings to detect GFP or YFP (pscudo-colored
green) and standard rhodamine filter settings to detect autofluorescence of the chlorophyll (pseudo-colored red).
(A-D) Nicotiana benthamiana mGFP5-ER epidermal cells. (A) Reticulate pattern of cortical ER network, (B} J
Fluorescent halo of mGFP5-ER in nuclear envelope. (C) Large body of proliferaied ER adjacent to nucleus in
CPMV-infected cell. (D) Small cortical body of proliferated ER early in infection. {E-H”") Cowpea mesophyll
protoplasts. (E) Disorganized ER tubules in cytoplasm surrounding chloroplasts and nuclews in uninfected cells.
(F) Large bedy of proliferated ER in CPMV-infected cell. (G, G”) Golgi stacks in uninfected celi scattered
through cytoplasm visualized by ERD2-smYFP fluorescence, shown in combination with autofluorescence of
chloroplasts (G) or alone (G”). (H, H’, H*") Similar distribution in CPMV-infected cells using ERD2-smYFP
shown in combination with autofluorescence of chloroplasts (H) or alone (H™). ERD2-smYFP faintly stains the
ER showing the nuclear envelope and the CPMV induced large body of proliferated ER (H"’). (Bars =5um).

Figure 3. Immunofluorescence double-labeling showing the intracellular distribution of mGFPS-ER targeted to
the ER (A, B) and STimd-eYFP targeted to the Golgi (C) and viral proteins in CPMV-infected cowpea
protoplasts. Cells were fixed 48h p.i. and processed for indirect immunofluorescence using rabbit antibodies
against the viral proteins followed by anti-rabbit antibodies conjugated to Cy3. GFP/YFP retained its
fluorescence throughout the procedure. Rows show GFP/YFP (left), viral protein {middle), and their
superposition (right) of a representative cell. The antibodies used were raised against the replication proteins
110K (A’) and VPg (C’) and the 48K movement protein (B"). Arrow indicates the mbular structure formed by
the movement protein 48K. (Bars =Sum)
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CPMV-induced ER proliferation

RNA/ proteins involved in replication colocalize with the ER but not the Golgi stacks

CPMV RNA replication occurs on clusters of smooth membranous vesicles located near
the farge electron-dense structures that contain the bulk of the replication RNA1 encoded
proteins (33). To determine whether the observed bodies of proliferated ER membranes
colocalize with this cytopathological structure, CPMV-infected cowpea protoplasts
transfected with pUC-mGFPS-ER were fixed and immunostained with antibodies raised
against the RNAT encoded proteins VPg and 110K. In the infected cells intermediate cleavage
products accumulate of which the anti-VPg antibodies recognizes the 170K, 112K, 84K and
60K proteins and the anti-110K recognizes the 170K, 112K, 87K, and the 84K proteins (see
Fig. 1). Furthermore, an antibody was used against the RNA2 encoded 48K movement protein
to determine possible colocalization with the proliferated ER membranes.

GFP retained its green fluorescence during the imrnunostaining procedure, and the
antibodies raised against the viral proteins were stained with red fluorescence by treatment
with goat-antirabbit-Cy3 as secondary antibody. Confocal microscopy showed that in the
majority of cells the replication proteins were localized in one or several large fluorescent
bodies per cell (Fig. 3A’, 3C’) probably corresponding to the matrix of electron-dense
structures observed by electron microscopy. The proliferated ER membranes stained by
mGFP5-ER were always found to surround and iraverse these bodies (anti-110K: Fig. 3A-
3A”’; anti-VPg: data not shown). A small proportion of the proteins recognized by the anti-
48K antibodies colocalized with the proliferated ER membranes but the majority was
localized in the nucleus and in the typical tubular structures formed by the movement protein
(Fig. 3B-3B’"). On the other hand no colocalization was found of the replication proteins
visualized with anti-VPg and the Golgi markers STimd-eYFP and ERD2-smYFP (STimd-
eYFP: Fig. 3C-3C”’; ERD2-stnYFP: data not shown).

To further analyze the presence of proliferated ER in the cytopathological structures, leaf
tissue of CPMV-infected Nicotiana benthamiana plants transgenic with ER-GFP were
prepared for electron microscopy. ER tubules could be distinguished based upon their
morphology and were shown to be present near the electron-dense structures and the small
membranous vesicles (Fig. 4A). Immunolabeling with anti-GFP confirmed that ER-GFP was
present in ER tubules near these structures (Fig. 4B). No specific labeling of ER-GFP was
found in the small membranous vesicles.

These data show that the cytopathological structures are enriched with proliferated ER
membranes but not with Golgi membranes suggesting that the ER produces the small
membranous vesicles which are the sites of viral RNA replication.
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Figure 4. Electron microscopy of cytopathological structures in CPMV-infected Nicotiana benthamiana
mesophyll cells carrying the mGFP5-ER transgene. (A) ER tubules (arrows) located near electron-dense
structures (Eds) and small membranous vesicles {Ve). (B) Immunolabeling with anti-GFP shows labeling of
the ER tubules (arrows) and not the vesicles, (Ch=chloroplasts, Va=vacuole; Bars =300nm)

Replication of CPMV requires continuous lipid biosynthesis

To examine whether the proliferation of ER membranes is essential for viral RNA
replication, the effect of cerulenin, an inhibitor of de novo lipid synthesis (124, 162), on the
replication of CPMV was tested,

For this purpose cowpea protoplasts were infected with virus, divided in four portions and
cerulenin was added in different concentrations to the incubation medium. Two days p.i. the
protoplasts wete fixed and stained with antibodies raised against the viral proteins and the
percentage of fluorescent cells was calculated. Because viral proteins only accumulate to
detectable levels when replication of the virus takes place, the percentage of fluorescent cells
is considered to correspond to the percentage of infected cells (183). Fig. 5 summarizes the
resuits of 2 independent experiments. The infection percentage of the sample in which no
cerulenin was added was normalized to 100 percent. The presence of 15 pM cerulenin in the
incubation medium markedly decreased the infection rate to 50% while concentrations of 30
uM and 50 uM further decreased the infection rate to 10% and 0% respectively. These results
show that CPMV replication is strongly inhibited by cerulenin. To exclude the possibility
that the observed inhibitory effect is due to a reduced viability of the protoplasts and not the
inhibition of de novo lipid synthesis per se, the effect of cerulenin on the replication of the
unrelated viruses TMV and AMV was tested using identical concentrations of cerulenin. As
shown in Fig, 5 cerulenin slightly decreased the infection rate of AMV and TMV to 65% at
the highest concentration of 50 uM. The requirement of continuous lipid biosynthesis for
CPMYV replication suggests that the formation of new membranes plays an essential role in
the viral replicative cycle.
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Figure 5 Cerulenin inhibits CPMV but not TMV or AMV replication in cowpea
protoplasts. Infected protoplasts were divided in 4 equal portions and were incubated 48h
in the presence of 0, 15, 30 or 50 pM cerulenin. Subsequently the protoplasts were
processed for indirect, immunofluorescence using antisera against CPMV 110K, TMV CP
and AMV CP and the percentage of infected cells was determined. For each virus two
independent experiments were performed and error bars indicate the standard deviation.

Discussion

In this study we have shown with confocal fluorescence microscopy using living tissue
expressing GFP targeted to the ER and the Golgi, that CPMYV infection induces a massive
proliferation of ER resulting in the formation of a cytopathological structure highly enriched
in ER membranes but not Golgi stacks. The Golgi stacks were moving in close association
with the cortical ER network, which remained intact during the whole infection process.
Remarkably, they were excluded from the region of proliferating ER membranes indicating
that this region is a distinct sub domain of the ER disturbed in its normal function of protein
trafficking through the secretory pathway. The rapid formation of such a sub-region of the ER
specialized in viral replication exemplifies the remarkable versatility and adaptability of this
organelle. In plants as much as 6 ER domains can be distinguished based on morphological
features and their known or postulated functional properties (172).

The proliferated ER membranes were present in the cytopathological structure as was
shown with immunolabeling experiments using confocal microscopy and electron
microscopy. The enrichment of ER membranes in this region suggests that they produce small
membranous vesicles, which are the sites of viral replication (33). Since in plant cells the
endoplasmic reticulum is the site where the synthesis of the majority of the phopsholipids
takes place (121), CPMV might stimulate this synthesis leading to ER proliferation and
vesiculation. ER membranes are implicated in viral replication due to their intimate
association with replication proteins for many positive-stranded RNA viruses including
tobamoviruses (106), bromoviruses (141, 142), flaviviruses (57), potyviruses (160) and
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nidoviruses {128). The Golgi membranes did not proliferate and the amount and distribution
of Golgi stacks did not differ from uninfected cells, suggesting at most a minor role for this
organelle in CPMV induced vesiculation. In contrast, poliovirus infection causes a complete
disassembly of the Golgi stacks (157) and isolated membrancus vesicles involved in
replication were shown to contain molecular markers from throughout the secretory pathway
including the ER, trans-Golgi stacks, trans-Golgi network and lysosomes (161). The clusters
of vesicles in the cytopathological structures in CPMV-infected tobacco leaf cells transgenic
with mGFP5-ER, did not show this marker in electron microscopy. Also the poliovirus-
induced vesicles proven to originate from the ER (14) contained a relatively low amount of
the lumenal ER marker protein-disulfate isomerase (PDI) (161). This indicates that during the
generation of these vesicles lumenal ER proteins are excluded.

Investigation of a cluster of infected cells on transgenic Nicotiana benthamiana leaves
expressing GFP targeted to the ER allowed us to observe different stages of the infection
cycle. At the border of infection sites, several fluorescent bodies at the cortical ER were found
to be the first signs of proliferation of ER membranes. These bodies then aggregate into one
large fluorescent body usually near the nucleus. Also for poliovirus it has been described that
RNA replication starts at small clusters of membranous vesicles distributed through most of
the cytoplasm, and that viral RNA associated with these vesicles later in infection migrate to
the center of the cell (18).

The unique opportunity to observe virus-mediated changes of ER in planta using mGFP3-
ER has been exploited for several viruses including potato virus X (PVX), tobacco etch virus
(TEV) and TMV (17, 140, 160). The morphological changes of the ER induced by infection
with these viruses all involved the formation of large fluorescent structures as seen with
CPMV but comparison brings to light some remarkable differences. For TMV and TEV
infection, it was reported that the formation of the large fluorescent structures coincides with
the disappearance of the typical cortical ER network (140, 160) suggesting that pre-existing
ER membranes aggregate to form the structure. In contrast during PVX (17) and CPMV
infection the typical cortical ER network remains present indicating that the fluorescent
bodies are formed by proliferation of membranes. Our results that CPMV, but not TMV
replication requires formation of new membranes as was tested with the inhibitor cerulenin, is
consistent with this observation. Furthermore, TMV-induced changes of the ER network are
transient and seem to coincide with the synthesis and subsequent degradation of the
movement protein (106, 140), while the CPMV-induced changes are permanent and
independent from expression of the movement protein of CPMYV. The latter was shown in
cowpea cells where infection with RNA1 alone showed ER proliferation. Previous
experiments using electron microscopy already showed that in RNA1 infected protoplasts
small membranous vesicles were formed (143),

Although the movement protein plays no role in the induction of the modified ER
membranes, a small proportion of the proteins recognized by anti-48K colocalized with this
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structure in CPMV-infected protoplasts. It should be noted that the anti-48K recognizes both
the 48K movement protein and the co-C-terminal 58K protein that has been implicated in
replication of RNA2 (183). Possibly the observed colocalization with proliferated ER
membranes reflects primarily S8K proteins present in replication complexes at the site of viral
replication. Previous experiments however indicate that the bulk of the 58K proteins
accumulates in the nucleus (83). Alternatively the colocalization reflects 48K and 58K
proteins, which are recently synthesized and not yet distributed to the tubules and the nucleus,
as it is likely that the site of replication corresponds to the site of translation of viral proteins
{(180). Like the 58K protein, the N-terminal 2A protein of grapevine fanleaf virus (GFLV),
another member of the Comoviridae, is required for RNA2 replication (49). Moreover, it was
shown that a 2A-GFP fusion protein, transiently expressed from a plant expression vector,
partly colocalized with the sites of viral replication. This observation led the authors to
suggest that this domain within the polyprotein is responsible for targeting RNA2 to the
replication site (49).

The observation of this radical virus-induced proliferation of ER membranes, which the
virus uses for its replication, raises the question on how the virus accomplishes the
disturbance of a normal function of healthy cells. The CPMV-induced ER proliferation
resembles the drastic changes in ER morphology which occur after over-expression of certain
endogencus ER resident membrane proteins in yeast and in animal cells {e.g. HMG-CoA
reductase (80, 8§4), cytochrome P-450 (120) and malfolded cytochrome P-450 (71)). It was
shown in these cases that overcrowding of the ER membrane and/or improper folding of the
over-expressed integral ER membrane proteins affected the triggering of the so-called
unfolded protein response (UPR). This is a mechanism to relieve ER stress by both the up-
regulation of ER resident chaperone proteins like the heavy-chain binding protein (BiP), PDI
and KAR2 and an increase in phospholipid synthesis (for a review: (164)). We speculate that
CPMYV infection triggers this UPR, which leads to the observed CPMV-induced proliferation
of ER membranes and rationalizes the requirement of CPMV replication on de novo
phospholipid biosynthesis. The viral protein responsible for triggering this response might be
the RNA1 encoded 60K protein because it was shown that this protein expressed in insect
cells using the baculovirus expression system induces the formation of small vesicles (181).

Materials and methods

Construction of the plasmids

pMON-ERD2-smYFP: This construct contains a plant optimized mutant of the Green
Fluorescént Protein (GFP) fused to the coding sequence of the Arabidopsis ERD2 homologue
(94) in pMON999. The plant expression vector pMON999 contains a multiple cloning site
(MCS) between the double CaMV 35S promoter and a terminator sequence of the nopaline
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synthase gene (Tnos) (183). pMON-smYFP1 (generously provided by G. van der Krogt,
Wageningen University, Wageningen, The Netherlands) contains an EcoRI site immediately
downstream of the ATG start codon of the coding sequence of the soluble modified Yellow
Fluorescent Protein (smYFP), constructed by PCR overlap extension introducing the S65T,
V6E8L, S72A, T203Y mutations in smGFP (30) which improve the {luorescence intensity of
the GFP using standard FITC settings. The coding sequence of the Arabidopsis ERD2
homologue (94) was PCR amplified from an Adrabidopsis two-hybrid c¢cDNA library
(Clontech) using the following primers, which created additional restriction sites (bold); the
start codon is underlined. : GGTCTAGATCAACCATGAATATCTTTAGATTTG and
GGGAATTCAGCCGGAAGCTTAAGTTTGGTG. This PCR fragment was digested with
Xbal and FEcoRlI and cloned in pMON-smYFPI1 digested with the same enzymes. The
resulting clone was designated pMON-ERD2-smYFP.

pMON-STtmd-eYFP: This construct contains the first 53 amino acids of the rat sialyl
transferase gene containing the transmembrane domain fused to a mutant of the green
fluorescent protein. pMON-eYFP (generously provided by G. van der Krogt, Wageningen
University, Wageningen, The Netherlands) contains an Neol site overlapping the start codon
of the coding sequence of eYFP obtained by PCR using yellow cameleon-2 (112) (generously
provided by R.Y. Tsien, University of California, San Diego, USA) as template. The
complete cDNA of the rat sialyl transferase (ST) was released from pSMH4 (generously
provided by S. Munro, Cambridge University, Cambridge, UK) using HindIll and Xbel and
subcloned in pBSK(-) creating a Clal recognition site directly upstream of the 5
nontranslated region (NTR} of ST. Subsequent digestion with Clal and Ncol created a
fragment containing the 5° NTR and the coding region for the first 53 amino acids of ST and
this fragment was cloned in pMON-eYFP digested with the same restriction enzymes. The
resulting clone was designated pMON-STtmd-e YFP,

pUC-mGFP3-ER: pUC-mGFP5-ER contains the plant optimized GFP5 (165) with an N-
terminal Arabidopsis thaliana basic chitinase signal sequence and a C-terminal HDEL ER
retention signal (65).This region was released from pBIN m-GFP3-ER (generously provided
by J. Haseloff, Cambridge University, Cambridge, UK) and cloned as an Xbal Sst1 fragment
in the smBFP vector (30) (obtained from the Arabidopsis Biological Research Centre at the
Ohio State University) replacing the GFP present in the original construct. The resulting clone
contains m-GFP5-ER between a CaMV 358 promoter and a Tnos in the high copy plasmid
pUCI118 and is referred to as pUC-mGFP5-ER.

Fluorescence microscopy

The Zeiss LSM 510 confocal microscope was used to obtain images. Standard filter for
FITC and rhodamine were used to detect GFP5/YFP and Cy3 in fixed protoplasts or
GFP53/YFP and the chlorophyll in living protoplasts (FITC: ex. 488nm em. BP305-550;
rhodamine: ex 543nm em LP560)
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Transfection of cowpea protoplasis and infection of plants

Cowpea (Vigna unguiculata L.) mesophyll protoplasts were prepared and transfected by
PEG mediated transformation as described previously (183).
Five week old Nicotiana benthamiana plants carrying the mGFP3-ER transgene (152)
(generously provided by D. Baulcombe, John Innes Centre, Norwich, UK) were dusted with
carborundum and inoculated with a homogenate of CPMV-infected leaves.

Immunofluorescent analysis of transfected protoplasts

Immunofluorescent detection of accumulation of viral proteins to determine the number of
infected cells using the inhibitor cerulenin was performed as described previously (183).

For the double-labeling experiments a different method of fixation was used to retain the GFP
fluorescence as follows:

42 h post transfection the protoplasts were harvested for immunofluorescent staining. The
protoplasts were allowed to settle on poly-L-lysine coated coverslips and one volume of
fixing solution (4% paraformaldehyde; 0.1% glutaraldehyde; 0.25M mannitol; 50mM
sodivmphosphate) was added to the protoplast suspension. After an incubation of 15 min the
liguid was removed, replaced with fixing selution and allowed to incubate another 30 min.
The cells were washed three times with PBS and permeabilized with a 0.5% Triton X-100
solution in PBS for 10 min. Aspecific antibody binding was reduced using an incubation step
of 10 min in blocking solution (1% BSA, 0.8% gelatine from cold water fish skin in PBS).
Subsequently, the protoplasts were incubated for one hour with dilutions of the primary anti-
48K (197), anti-VPg (44) or anti-110K (181) in blocking solution. After three washes with
PBS, the protoplasis were incubated with goat anti-rabbit antibodies conjugated to Cy3
(Sigma) for another hour. After two washes with PBS the coverslips were mounted on

microscape slides using Citifluor.

Electron microscopy analysis of Nicotiana benthamiana mesophyll cells infected with CPMV
For electron microscopy, samples were cut from infected leaf tissue and fixed in
glutaraldehyde/paraformaldehyde, followed by post-fixation with osmium tetroxide and
uranyl acetate, dehydration with ethanol and embedding in LR White as described by van
Lent et al. (190). For immunogold staining, thin sections were treated with saturated sodium
metaperiodate for | h at room temperature, washed with distilled water and subsequentiy
labeled and stained as described by van Lent er al. (190) using commercially available
polyclonal antibodies to GFP (Molecular Probes).
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THE COALESCENCE OF THE SITES OF COWPEA MosalCc VIRUS RNA
REPLICATION INTO A CYTOPATHIC STRUCTURE

Abstract

Cowpea mosaic virus (CPMV) replication induces an extensive proliferation of
endoplasmic reticulum (ER) membranes and leads to the formation of small membranous
vesicles where viral replication takes place. Using fluorescent in situ hybridization we found
that early in infection of cowpea protoplasts, CPMV plus-strand RNA accumulates at
numerous distinct subcellular sites distributed randomly throughout the cytoplasm which
quickly coalesce to a large body located in the center of the cell often near the nucleus. The
combined use of immunostaining and of a GFP ER-marker revealed that during the course of
an infection CPMV RNA and the 110K viral polymerase colocalize and are always found in
close association with proliferated ER membranes indicating that these sites correspond to the
membranous site of viral replication. Experiments with the cytoskeleton inhibitors oryzalin
and latrunculin B pointed to a role of actin filaments in establishing the large central structure.
Induction of ER-membrane proliferations in CPM V-infected protoplasts did not coincide with
increased levels of BiP mRNA indicating that the unfolded protein response was not involved

in this process.

Jan Carette, Kerstin Giihl, Joan Wellink and Ab Van Kammen
Submitted for publication
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Introduction

Infection of positive-stranded RNA viruses often canses extensive membrane
rearrangements in the host cell to establish a distinct compartment where viral RNA synthesis
occurs. The viral replication complexes are associated with these membranes, which can
originate from different intracellular membranes including the late and early endomembrane
systemn (88, 102, 128, 161, 173, 186). Despite the central role of such virus-induced
membranous compartment in the replicative cycle, the cellular components that are involved
in the formation of this compartment are largely unknown.

Cowpea mosaic virns {CPMV), a bipartite positive-stranded RNA virus, is the type
member of the Comoviruses which bear strong resemblance to animal Picornaviruses both in
gene organization and in amino acid sequence of replication proteins (4, 47). Both RNA1 and
RNA2 are translated into large polyproteins, which are proteolytically cleaved into the
different cleavage products by the 24-kDa (24K) proteinase (Fig. 1). The proteins encoded by
RNAI are necessary and sufficient for replication, whereas RNA2 codes for the capsid
proteins and the movement protein.

207 5805
co-pro ntbh VPg pro pol
RNA1 VPg— 32K ssk || 24k 87K AAA
7N
Qs Qs aMm QG
161 012 329
crimp coat proteins

RNA2 VPg 58K/48K LCP SCP [—AAA

QM QG

Figure 1 Genetic organization of the CPMV genome. Open reading frames in the RNA
molecules are indicated by open bars. Nucleotide positions of start and stop codons are shown
above and cleavage sites in the polyproteins are shown below the open reading frame.
Abbreviations: co-pro, cofactor for proteinase; ntb, nucleotide binding protein; pro, proteinase;
pol, core polymerase; er, cofactor for RNA2 replication; mp, movement pretein; LCP, large coat
protein; SCP, small coat protein.

Upon infection of cowpea plants with CPMV, a typical cytopathic structure is formed
often adjacent to the nucleus, consisting of an amorphous matrix of electron-dense material,
which is traversed by rays of small membranous vesicles (33). Autoradiography in
conjunction with electron microscopy on sections of CPMV-infected leaves treated with

[*H]uridine revealed that the membranous vesicles are closely associated with CPMV RNA
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replication (33). Additional support for that view came from analyzing different fractions of
homogenates of CPMV-infected leaves in which the double-stranded, replicative form of
CPMV RNA was mainly present in the microsomal fraction (5). Also the viral RNA
dependent RNA polymerase activity was found to cofractionate with the crude membrane
fraction of CPMV-infected leaves (44, 174). However, using electron microcopy, the bulk of
the replication proteins was immunolocalized in CPMV-infected cells not to the vesicles but
to the adjacent electron-dense structures, suggesting that only a small subset is present in
active replication complexes (196).

The membranous vesicles induced upon CPMYV infection may originate from the
endoplasmic reticulum (ER). Experiments using transgenic N. benthamiana plants expressing
the green fluorescent protein (GFP) targeted to the lumen of the ER showed that CPMV
infection leads to a strong proliferation of ER membranes and that these membranes are
associated with the viral cytopathic structure (24). Also for poliovirus the ER has been
suggested to serve as source for the virally induced membranous vesicles although
tmmunoisolated vesicles were found to contain marker proteins of both the ER and of the late
endomembrane system (161). It has been proposed that the small membranous vesicles in
CPMV-infected cells are due to the unfolded protein response (24), a well described cetlular
reaction occurting atter overcrowding of ER membranes which results in both a proliferation
of ER membranes and the upregulation of ER chaperones like protein disulphide isomerase
and the lumenal binding protein (BiP) (63).

In this study, the intracellular distribution of CPMV RNA during vinus infection was
visualized using fluorescent in siru hybridization (FISH). The combined use of FISH and
immunofluorescence detection of viral proteins allowed us to determine the spatial
relationship of CPMV RNA accumulation and accumulation of CPMV proteins involved in
replication and encapsidation, and to establish the role of cellular components in formation of
the cytopathic structure. Furthermore it was tested whether the unfolded protein response was
involved in the proliferation of ER membranes in CPMV-infected cells by monitoring the
level of BiP mRNA accumulation.

Results

Localization of CPMV RNA in infected protoplasts

The intracellular accumulation of CPMV viral RNA during CPMYV infection in cowpea
protoplasts was visualized by fluorescence in sitw hybrization vsing a plus-strand-specific
probe corresponding to nt 2894 to 3857 of CPMV RNAL labeled with FITC-UTP by in vitro
transcription. The carliest time point at which viral proteins and infectious viral particles can
be detected in cowpea protoplasts using immunofluorescence and a local lesion assay
respectively, is 12 hours post infection (hpi) and between 12 and 24 hpi, the number of
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infected cells and the production of infectious particles increase rapidly to reach a maximum
at 36 hpi (68). This implies that viral RNA synthesis peaks between 12 and 24 hpi in these
cells. Cowpea protoplasts were infected with CPMV RNAI and RNA2, collected at 16 hpi,
and hybridized with the probe. The fluorescent signals were measured with a focal depth of 1
pm by confocal microscopy. The majority of the plus-strand RNA was localized in a large
irregularly shaped body often near the nucleus (Fig. 2C). Similar localization patterns were
observed with protoplasts harvested at 24 hpi (data not shown) and 36 hpi (fig 3B). Since
typically 40% of the protoplasts became infected, the background staining could be evaluated
on the same microscope slide. As shown in Fig 2D no background staining was observed
when identical settings were used for the confocal. This was confirmed using mock-infected
protoplasts (data not shown). To determine the localization of plus-strand RNA early in
infection, protoplasts were harvested 12 hpi. At this time point the plus-strand RNA labeling
was still weak and signals higher than background (Fig. 2B} could be observed only in a small
percentage of the protoplasts (typically 5%). Approximately half of these protoplasts
displayed the accumulation of plus-strand RNA in large irregular bodies located near the
nucleus as was observed at later time points. In the other half, the fluorescence patiern
differed markedly and plus-strand RNA was observed in multiple smaller bodies scatiered
over the cytoplasm (Fig. 2A). At later time points (14-36 hpi) this fluorescence pattern was no
longer observed suggesting that the smaller bodies occur as a preliminary stage, preceding the
large juxtanuclear amorphous structure,

CPMV MOCK CPMV MOCK RNA1
12 hpi 12 hpi 16 hpi 16 hpi 16hpi

Figure 2 Intracellular distribution of plus-sirand viral RNA in protoplasts infected with CPMV RNA.
Protoplasts were collected at the indicated time points after infection with CPMV RNAL and RNA2 (CPMV),
CPMV RNAI1 (RNA1) or water (MQOCK) and hybridized with a fluorescein-RNA probe that recognized plus-
strand CPMV RNAI. Fluorescent signals were visualized by confocal microscopy, measuring optical sections
with a focat depth of | pm. (A) At 12 hours post infection (hpi} viral RNA is localized in multiple smail
bodies dispersed over the eytoplasm. (C and E) At 16 hpi viral RNA is observed in one or several large,
amorphous bodies of fluorescence located in the center of protoplasts infected with CPMV (C) or with CPMV
RNAI alone (E}). (B + D) Background fluorescence was evaluated in mock-infected protoplasts using identical
settings at 12 hpi (B) and 16 hpi (D). Bars, 10pm.

In order to visualize the accumulation of minus-strand RNA, a minus-strand-specific probe
was prepared corresponding to nt 2305 to 3857 of RNA1. With this probe a fluorescent signal
above background could not be observed at 12 hpi, 16 hpi and 36 hpi (data not shown) even
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when the samples were denatured thermally at 65°C prior to hybridization, a treatment

reported to be necessary for detection of poliovirus minus-strand RNA (18). Also with probes

spanning different regions of RNA1 or RNA2 no specific signal corresponding to minus-
strand RNA was observed {(data not shown). This suggests that minus-strand RNA

accumulation in CPMV infected protoplasts is much lower than plus-strand accumulation,

which is in line with earlier findings using Northern hybridization studies (35).

Taken together these results suggest that plus-strand CPMV RNA accumulates at multiple

siles early in infection, which quickly coalesce to a large irregular shaped body located

juxtanuclear.

Combined localization of plus-strand RNA
and CPMV proteins

The accumulation of plus-strand viral
RNA
resembles the immunofluorescence pattern

in a large amorphous structure
observed using antibodies against the viral
replication proteins (24, 183). On the
ultrastructural level, the replication proteins
accumulate in electron-dense material that
is found in close proximity to the small
membranous vesicles, which are the site of
RNA synthesis and presumably RNA
accumulation. To examine the spatial
relationship between the site of viral plus-
strand RNA accumulation and the location
of CPMV proteins involved in replication,
CPMV-infected
immunostained with different antibodies
The
distribution of the 110-kDa polymerase

protoplasts were

prior to ir sife hybridization.
(110K), visvalized with Cy3-conjugated
secondary antibody (Fig. 3B; red) was
almost exactly similar to that of viral plus-
strand RNA (Fig. 3B; green) at 36 hpi as is
clearly visible in the digitally superimposed
image (Fig. 3B; merged) where green and
red signals that coincide together produce a
yellow signal. Also at 12 hpi, when the

large amotphous structure in the center of

{+}RNA Antibody

Merged

a-110K
12 hpi

a-110K
36 hpi

a-32K
36 hpl

a-CPMV
36 hpi

o~48K
36 hpi

Figure 3 Dual localization of plus-strand viral RNA
with different viral proteins in CPMV-infected
protoplasts. Protoplasts were coliected at the indicated
time points after infection with CPMV RNA,
hybridized with a fluorescein-RNA  probe that
recognized plus-strand CPMV RNA1 (green signal) and
immunostained with the indicated antisera (red signal).
(A and B} At 12 hpi and 36 hpi, the 110K polymerase
was localized almost exclusively in sites where viral
RNA accumulated. Colocalization of the two signals is
shown in the merged image as vellow. (C) The 32K
cofactor for the protetnase also colocalized substantially
with viral RNA. (D) Viral particles localized to the
periphery of the cell and did not colocalize with sites of
viral RNA accumulation. (E) The 58K protein
recognized by the anti-48K serum localized mainly in
the nuclens and did not colocalize with viral RNA.
Bars, 10pum.
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the cell is not yet formed, 110K colocalizes with the plus-strand RNA (Fig. 3A). Using
antibodies raised against the RNA1 encoded VPg and 32K a similar colocalization was found
(Fig 3C and data not shown} at 36 hpi although with slightly more variation in intensity of the
red and green fluorescence than with the anti-110K serum. At present we do not know
whether these differences reflect real differences in the localization of minor portions of the
replication proteins recognized by anti-32K and anti-VPg serum and the viral RNA.

After synthesis, plus-strand RNA is encapsidated in viral particles. To investigate the
spatial relationship between plus-strand RNA visualized by FISH and the particles,
immunolabeling was performed using an antibody raised against purified virus particles. As
shown in Fig. 3D, the viral particles accumulate at the periphery of the cell at 36 hpi whereas
plus-strand RNA is found centrally, near the nucleus. It is clear from the merged image that
celocalization of viral RNA and viral particles is not observed, which is somewhat surprising
because the viral particles contain plus-strand RNA. This suggests that encapsidated plus-
strand RNA does not hybridize to the probe under these experimental conditions. Using anti-
48K serum that recognizes both the 48K movement protein (MP) and the co-C-terminal 58K
protein, the majority of the anti-48K signal was present in the nucleus at 36 hpi whereas only
a faint signal was present diffusely in the cytoplasm, which only partly overlapped with the
fluorescently-labeled viral RNA (Fig. 3E). The signal in the nucleus is in agreement with
earlier studies localizing 58K, an RNA2-encoded protein essential for RNA2 replication, in
the nucleus (197). The lack of colocalization of plus-strand RNA with the 58K, MP or the
capsid proteins may suggest that these RNA2-encoded proteins play no role in the
establishment of the sites of viral RNA accumulation. This was. strengthened by the
observation that the localization of viral RNA in cowpea protoplasts infected with RNAI
alone was similar to the localization observed in cells infected with both RNA1 and RNA2
(Fig. 2E).

Effects of cytoskeletal inhibitors on establishment of the site of replication

As shown above, both viral RNA and the 110K polymerase colocalize in multiple bodies
early in infection, which later in infection coalesce to a large irregular shaped body. To test
the possible involvement of the plant cytoskeleton in the formation of this structure, the
cytoskeletal inhibitors latrunculin B and oryzalin were used. The highly specific toxin
latrunculin B, isolated from a red sea sponge, has been shown to effectively depolymerize
actin filaments in all eukaryotic cells ((6) and references therein). Oryzalin is an herbicide,
which has been shown to bind strongly to plant tubulin monomers thereby stimulating the
complete disassembly of the microtubular network ((10) and references therein). Protoplasts
were infected with CPMV and then divided in three equal portions. One sample was left
untreated whereas either oryzalin (1OuM) or latrunculin B (20uM) was added to the
incubation medium of the other two samples, directly after infection. The protoplasts were
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