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The helicase-like 1a and polymerase-like 2a proteins of brome mosaic virus (BMV) are required for viral
RNA replication in vivo, are present in membrane-bound viral RNA polymerase extracts, and share conser-
vation with the many other members of the alphavirus-like superfamily. To better understand BMV RNA
replication and BMV-host interactions, we used confocal microscopy and double-label immunofluorescence to
determine and compare the sites of 1a, 2a, and nascent viral RNA accumulation in BMV-infected barley
protoplasts. 1a and 2a showed nearly complete colocalization throughout infection, accumulating in defined
cytoplasmic spots usually adjacent to or surrounding the nucleus. These spots grew throughout infection and
by 16 h postinoculation often assumed a vesicle-like appearance. The BMV RNA replication complex incor-
porated 5-bromouridine 5*-triphosphate into RNA in vitro and in vivo, allowing immunofluorescent detection
of nascent RNA. The cytoplasmic sites of BMV-specific RNA synthesis coincided with the sites of 1a and 2a
accumulation, and at the resolution of confocal microscopy, all sites of 1a and 2a accumulation were sites of
BMV RNA synthesis. Double-label immunofluorescence detection of selected subcellular markers and 1a or 2a
showed that BMV replication complexes were tightly associated with markers for the endoplasmic reticulum
but not the medial Golgi or later compartments of the cellular secretory pathway. Defining this association of
BMV RNA replication complexes with endoplasmic reticulum markers should assist in identifying and char-
acterizing host factors involved in BMV RNA replication.

For most or all positive-strand RNA viruses of eukaryotes
examined to date, the viral RNA-dependent RNA replication
complex copurifies with membrane extracts from infected cells
(4, 11, 16, 21, 45, 46, 55). In some cases, negative-strand RNA
synthesis activity can be solubilized from such membrane ex-
tracts (55, 64), but in vitro studies with positive-strand RNA
viruses as varied as picornaviruses and nodaviruses suggest that
membrane association is important for synthesis of positive-
strand RNA (3, 47, 64). For a number of positive-strand RNA
viruses, RNA replication also has been implicated in infection-
specific changes in the ultrastructure of membranes in various
parts of the cellular secretory pathway (6, 19, 20, 29, 38, 48).
Defining the mechanisms of positive-strand RNA virus RNA
replication thus appears important for understanding infection
pathology, as well as the basic life cycle, control, and beneficial
uses of such viruses. However, at present neither the mecha-
nisms of positive-strand RNA virus RNA replication nor the
nature and function of its membrane association are well un-
derstood.
Brome mosaic virus (BMV), type member of the Bromovirus

genus, is a positive-strand RNA virus in the alphavirus-like
superfamily (1). The BMV genome is composed of three
RNAs, designated RNA1 to RNA3. RNA3 encodes the 3a
protein, which is required for cell-to-cell movement of BMV
infection in its natural plant hosts, and the coat protein, which
is translated from a subgenomic mRNA, RNA4. RNA1 and
RNA2 encode nonstructural proteins 1a and 2a, respectively,
which are essential RNA replication factors (17, 37). The 109-
kDa 1a protein contains motifs conserved with m7G methyl-
transferases and helicases, while the 94-kDa 2a protein has

extensive similarities with RNA-dependent RNA polymerases
(2, 28). 1a and 2a interact in vitro (36), and genetic studies
show that compatible 1a-2a interaction is essential for RNA
replication in vivo (15, 60). Recently it was shown that BMV
RNA derivatives can replicate and express marker genes in the
genetically tractable yeast Saccharomyces cerevisiae (33).
As first shown by Hall and colleagues, BMV-infected cells

can be extracted to yield a membrane-bound, infection-spe-
cific, template-dependent, RNA-dependent RNA polymerase
(RdRp) that selectively copies added BMV positive-strand
RNAs into full-length negative-strand RNAs (8, 26, 46). After
detergent solubilization, this BMV RdRp activity copurifies
with an immunoprecipitable complex of 1a, 2a, and 5-6 host
factors (55, 56). An equivalent, initially membrane-bound
BMV RNA polymerase activity can be isolated from yeast
expressing the BMV 1a and 2a proteins and replicating BMV
RNA derivatives (54). Since 1a and 2a lack obvious membrane-
spanning domains, the nature of their association with mem-
branes in such complexes is not yet clear.
To better understand the roles and interaction of BMV

RNA replication proteins 1a and 2a and their association with
cell membranes, and to provide a cell biology context for in-
terpreting the involvement of host factors that genetic studies
may implicate in BMV RNA replication, we explored the lo-
calization of 1a and 2a in BMV-infected protoplasts from a
natural BMV host, barley. Using high-resolution immunoflu-
orescence confocal microscopy and new RNA labeling ap-
proaches, we compared the intracellular distributions of 1a, 2a,
BMV RNA synthesis, and selected markers for relevant cell
membrane compartments.

MATERIALS AND METHODS

Cells and virus stocks. Isolation and inoculation of barley protoplasts (Hor-
deum vulgare L. cv Morex) were performed as previously described (39). Virions
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were prepared from infected cells and transfected into protoplasts as described
by Sakal et al. (59).
Antibodies. Mouse monoclonal immunoglobulin G’s (IgGs) to 2a were a

generous gift from Rick Hershberger. These antibodies were raised against 2a
protein excised from a glutathione S-transferase–2a fusion polyprotein expressed
in Escherichia coli and were purified by using protein A–Sepharose CL-4B
columns (30). Anti-2a monoclonal antibody 10B3, which recognizes the poly-
merase-like domain, was used for most experiments, including all those repre-
sented in the figures. Occasionally, anti-2a monoclonal antibodies 13E2 and
6G12, which recognize the N terminus and the C terminus, respectively, were
used with equivalent results (see Results). To prepare the antigen for anti-1a
antiserum (Fig. 1A), site-directed mutagenesis (41) was used to create NdeI sites
in full-length BMV RNA1 cDNA clone pB1TP3 (34) by adding the nucleotides
CAT immediately before the 1a initiator ATG (creating pB1MR2) and then
adding CATATG immediately after 1a codon 502 in pB1MR2. After confirma-
tion of the sequence, the NdeI-NdeI fragment was isolated, purified, and inserted
into NdeI-digested pET11a (Novagen), generating a plasmid, pB1MR6, giving
isopropylthiogalactopyranoside (IPTG)-induced expression of 1a amino acids 1
to 502. pB1MR6 was transformed into E. coli BL21, 1a expression was induced
with 0.5 mM IPTG, and the cells were grown further 3 h at 378C, harvested, and
lysed. The insoluble protein fraction, containing the 1a fragment, was isolated
and electrophoresed on a 0.1% sodium dodecyl sulfate (SDS)–10% polyacryl-
amide gel, and the proteins were visualized by precipitation of SDS-protein
complexes upon soaking the gel in 0.25% KCl. The IPTG-specific 1a band was
excised, fragmented by repeated passage through a 22-gauge syringe needle,
diluted in phosphate-buffered saline (PBS; 37.5 mM K2HPO4, 10 mM KH2PO4,
150 mM NaCl), and used for injecting a New Zealand White rabbit (27). The
rabbit was injected intradermally with antigen-complete Freund’s adjuvant emul-
sion, boosted subcutaneously 4 weeks later with the same emulsion, and boosted
twice at 3-week intervals with antigen-incomplete Freund’s adjuvant emulsion.
Serum was isolated 2 weeks after the last boost. All animal procedures were
performed at the Animal Care Unit of the University of Wisconsin—Madison
Medical School.
Antisera to the tomato binding protein (BiP) and to a xyloglycan epitope were

generous gifts from Maarten Chrispeels (unpublished results and reference 42,
respectively). Antiserum to barley calreticulin was a kind gift from Fuqiang Chen
(10).
Immunoblot analysis. Full-length 1a was expressed in E. coli from a pET11a-

derived plasmid constructed by transferring the NdeI-NcoI fragment from
pB1MR2, containing 1a codons 1 through 682, into NdeI-NcoI-cut pD502ET
(35). Baculovirus-expressed full-length 2a has been described elsewhere (36).
SDS-polyacrylamide gel electrophoresis (PAGE), transfer to an Immobilon-P
membrane, probing with antibodies, and detection by chemiluminescence were

performed essentially as described previously (36) except that the primary anti-
bodies were used at 1:6,000 dilution and incubated with the blot for 1 h at room
temperature.
Immunofluorescence staining. Protoplasts were harvested at the times indi-

cated in the text and figures and processed for indirect immunofluorescence as
described by van Lent et al. (61), with minor modifications. Briefly, the proto-
plasts were transferred to acid-washed, poly-L-lysine-coated slides, allowed to
settle for 2 min, and fixed for 20 min in 96% ethanol at room temperature. To
inhibit nonspecific antibody binding, cells were incubated 15 min in 5% bovine
serum albumin (BSA) in PBS. Primary antibodies were diluted 1:100 in 1%
BSA–0.05% Nonidet P-40 in PBS and incubated with the cells for 1 h at room
temperature. After three washes with PBS, donkey anti-rabbit or anti-mouse
secondary antibodies conjugated to fluorescein, lissamine rhodamine, or cyanine
(Jackson Laboratories) were added at 1:100 dilution for 1 h at room tempera-
ture. After three washes with PBS, the slides were dried and coverslips were
mounted with 60% glycerol containing 0.3% phenylenediamine. For nuclear
staining, a 30-min incubation in propidium iodide (0.5 mg/ml) was added after
secondary antibody treatment. Images were obtained for 0.5-mm optical sections
by using a Bio-Rad MRC-600 or MRC-1000 confocal microscope and appropri-
ate filters, saved in COMOS format, and processed on Macintosh computers
using Adobe Photoshop software. To ensure examination of the full range of
normal results in BMV infection, each experiment was performed 4 to 10 times.
For each independent experiment and for each relevant test in that experiment,
many cells were examined and images were recorded for 6 to 14 cells.
Labeling and detection of nascent RNA. BMV RdRp was isolated and solu-

bilized as described previously (55). BMV RdRp assays using [a-32P]CTP label
were carried out as described previously (55) or with the substitution of 5-bro-
mouridine 59-triphosphate (BrUTP) for UTP. The resulting double-stranded
RNA products were recovered by phenol extraction, treated with S1 nuclease to
eliminate any nontemplated nucleotide additions by possible contaminating ter-
minal transferase activity (55), separated by nondenaturing agarose gel electro-
phoresis, and visualized by exposing the dried gel to a PhosphorImager screen.
For in vivo labeling with BrUTP, cells were inoculated and incubated for the

times indicated in the text, at which point 80% of the medium was removed and
actinomycin D was added to 20 mM where indicated. After 60 min of further
incubation at 308C, BrUTP was added to 10 mM, and after 2 to 6 min more at
room temperature, cells were transferred to poly-L-lysine-coated microscope
slides, allowed to settle 2 min, fixed in 96% ethanol, and processed for indirect

FIG. 1. (A) Schematic diagram of BMV proteins 1a (109 kDa) and 2a (94
kDa) (open boxes), showing the methyltransferase-like (met) and helicase-like
(hel) domains of 1a and the polymerase-like (pol) domain of 2a (brackets). The
portion of 1a (amino acids 1 to 502) that was expressed in E. coli and used to
raise the anti-1a antiserum is indicated by the black bar beneath the protein
representation. (B and C) Western blot analyses using anti-1a antiserum (B) and
anti-2a IgG (C) (see Results). Lane 2a, insoluble fraction from 2a-expressing
baculovirus-infected Sf21 insect cells; 1a, insoluble protein fraction from E. coli
expressing full-length 1a; M, total SDS-soluble protein extracted from mock-
inoculated barley protoplasts at 20 hpi; V, total SDS-soluble protein extracted
from BMV virion-inoculated barley protoplasts at 20 hpi. Samples were loaded
and electrophoresed, in the mirror image order shown, on a single 0.1% SDS–
10% polyacrylamide gel, with prestained molecular weight markers (high-range
SDS-PAGE standards; Bio-Rad) loaded in a single lane between the two panels
shown. After electrophoresis, the proteins were transferred onto an Immo-
bilon-P membrane, which was then sliced through the center of the lane con-
taining the prestained molecular weight markers. The resulting two halves of the
membrane were probed with either anti-1a antiserum or anti-2a IgG, as shown,
and the bound antibodies were visualized by chemiluminescence. Before expo-
sure to film, the membrane halves were realigned by using the visible, prestained
molecular weight markers as guides. The positions of full-length 1a and 2a are
indicated in the center.

FIG. 2. Independent immunostaining of BMV-infected (left panels) or
mock-inoculated (right panels) barley protoplasts for 1a and 2a. Each panel
shows a separate, representative barley protoplast (approximately 20 to 25 mm in
diameter), which fills most of the panel (see faint background in upper left
panel). At 21 hpi, the protoplasts were processed for indirect immunofluores-
cence using either anti-1a antisera (top panels) or anti-2a IgG (bottom panels) as
primary antibodies followed by appropriate secondary antibodies conjugated to
a fluorescent tag; they then were stained with propidium iodide to visualize
nuclear DNA. For each cell, the differentially fluorescing protein and nuclear
DNA images were gathered separately from the same 0.5-mm optical section by
using a confocal microscope and appropriate filters, and the two images were
digitally superimposed to depict the distribution of 1a or 2a relative to the
nucleus. Blue, DNA; red, 1a; green, 2a. Bar 5 5 mm.
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immunofluorescence as described above, using a primary antibody that detects
incorporated BrUTP (32). For some samples, nascent RNA was removed by
adding a 20-min treatment with RNase A (100 mg/ml) between cell fixation and
immunostaining.

RESULTS

BMV 1a and 2a localize in cytoplasmic patches. To visualize
the intracellular distribution of BMV RNA replication pro-
teins 1a and 2a by immunofluorescence, we used a polyclonal
rabbit antiserum raised against the N-terminal half of 1a (ami-
no acids 1 to 502; Fig. 1A) (anti-1a) and a purified mouse
monoclonal IgG preparation that recognized the central poly-
merase-like domain of 2a (anti-2a). As shown in Fig. 1B, an-
ti-1a recognized E. coli-expressed full-length 1a and a number
of 1a degradation products in the E. coli extract (lane 1a).
Anti-1a also recognized a protein of full-length 1a mobility in
extracts from BMV virion-inoculated barley protoplasts (lane
V) but did not cross react with baculovirus-expressed 2a (lane
2a). Conversely, as shown in Fig. 1C, anti-2a recognized bac-
ulovirus-expressed 2a (lane 2a) and a protein of the same
mobility in the extract from BMV virion-inoculated protoplasts
(lane V) but did not cross-react with 1a (lane 1a). Neither
anti-1a or anti-2a reacted with proteins extracted from mock-
inoculated protoplasts (lanes M).
To obtain populations of efficiently and synchronously in-

fected cells, leaf mesophyll protoplasts from barley, a natural
BMV host, were isolated and infected with BMV virions. After
21 h of incubation, the protoplasts were harvested, fixed, and
processed for indirect immunofluorescence using either an-
ti-1a or anti-2a. To visualize the nucleus, the cells were stained
with propidium iodide, a fluorescent intercalator of DNA.
Double-label fluorescence images of 1a or 2a and nuclear

DNA were then collected by using a confocal microscope to
image optical sections with a focal depth of only 0.5 mm, thus
removing out-of-focus glare and improving resolution (63). As
illustrated by the representative examples in Fig. 2, 1a (colo-
rized red, upper left panel) and 2a (colorized green, lower left
panel) each appeared in defined spots in the cytoplasm of
infected cells. Many, but not all, of these spots closely sur-
rounded the nucleus, as revealed by DNA staining (colorized
blue). Uninfected cells processed and imaged in parallel
showed equivalent nuclear DNA staining, but no signal was
seen for either anti-1a (upper right panel) or anti-2a (lower
right panel). In addition to the anti-1a and anti-2a antibodies
described above, two other anti-2a monoclonal antibodies and
a polyclonal serum to the C-terminal 460 amino acids of 1a
(which do not overlap the N-terminal 1a region expressed
above) were also used in immunofluorescence microscopy of
BMV-infected and mock-inoculated cells, yielding results
equivalent to those shown in Fig. 2.
1a and 2a largely colocalize throughout infection. Because

1a and 2a coprecipitate from BMV replication complex prep-
arations (55, 57), interact in vitro (35, 36), and function inter-
dependently in vivo (15), it seemed likely that at least portions
of the 1a and 2a populations would colocalize. To examine this
possibility, we fixed cells at different times postinoculation and
performed double-label indirect immunofluorescence with an-
ti-1a and anti-2a, visualized with rhodamine- and fluorescein-
conjugated secondary antibodies, respectively. Representative
images from cells harvested at five different times postinocu-
lation are shown in Fig. 3. Each column presents three images
from the same focal plane of a cell harvested at the indicated
time: the top panel shows 1a immunofluorescence (colorized
red), the center panel shows 2a immunofluorescence (colo-

FIG. 3. Time course of 1a and 2a accumulation and colocalization in barley protoplasts. The five columns show representative images from five different BMV
virion-inoculated protoplasts fixed at the indicated times after inoculation and processed for double-label immunofluorescence using anti-1a antisera and anti-2a IgG.
Top row, 1a immunofluorescence (red); center row, 2a immunofluorescence (green) imaged in the same 0.5-mm optical section as 1a; bottom row, digital superposition
of the 1a and 2a images, where colocalization of 1a and 2a signals produces yellow. Bar 5 5 mm.
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rized green), and the bottom panel shows the superposition of
1a and 2a signals. At 4 h postinfection (hpi), 1a and 2a were
both visible in cytoplasmic spots near the nucleus. The size of
these immunofluorescent structures increased with time, and
by 16 to 26 hpi, they often appeared as vesicle-like structures
(Fig. 3).
As shown in the bottom panels of Fig. 3, digital superposi-

tion of the colorized 1a and 2a fluorescence images allows fine
comparisons, since colocalization of red and green signals in a
single pixel produces yellow, while separated signals remain
red or green. At all time points, such superposition revealed
nearly complete colocalization of 1a and 2a. While the gener-
ally coincident relation of 1a and 2a was apparent throughout
Fig. 3, some differences in the fine structure of 1a and 2a signal
distributions could sometimes be noted in high-resolution im-
ages (e.g., 16-hpi images in Fig. 3). Whether this reflected real
differences in the localization of minor portions of the 1a and
2a populations or occasional imperfections in detecting the full
extent of each protein population is not yet clear.
Serial optical sectioning of 1a and 2a distribution. The

distribution of 1a and 2a throughout the cell was further ana-
lyzed by imaging successive confocal optical sections, spaced at
0.5-mm intervals, through individual infected cells. In the rep-
resentative example shown in Fig. 4, a cell was fixed at 21 hpi
and processed for indirect immunostaining using anti-2a. 2a
staining was visible in at least 22 contiguous optical sections of
the cell, corresponding to a region of 11-mm thickness in the
center of this approximately 25-mm diameter cell.
Beginning at one edge of this region in image 1, 2a appeared

first in a small discrete spot. In successively deeper focal planes
of the cell (images 2 to 11), this spot grew to form an initially
fragmented and then complete ring, whose diameter expanded
through the succeeding sections to approximately 8 to 9 mm.
The circular region enclosed by 2a was also clearly visible in
superimposable Nomarski images of the same sections (com-
pare images 11 and 11a) and appears to correspond to the
nucleus, as determined by comparison of Nomarski imaging
and nuclear DNA staining of other cells, and on double-label
imaging of 2a and nuclear DNA as in Fig. 2. In successively
deeper focal planes (images 12 to 14), 2a initially continued to
ring the nucleus, with some protrusions emanating away from
this central ring into the cytoplasm. In deeper optical sections
(images 15 to 23), 2a extended over only part of the nuclear
circumference, yielding an increasingly fragmented semicircle.
By images 19 to 23, the intensity of the 2a signal was probably
also reduced by photobleaching as a result of the repeated
laser scanning used to produce images 1 to 18.
Together, the serial images in Fig. 4 indicate that 2a was

distributed around a portion of the outer nuclear surface,
forming an irregularly bounded girdle or crown with some
protrusions away from the nucleus. Serial optical sections were
also gathered for protoplasts immunostained for 1a, or for 1a
and 2a, with results similar to those in Fig. 4. In most or all cells
examined closely, at least a portion of the 2a and 1a distribu-
tions were associated with the nuclear boundary. However, in
some sections of some cells, protrusions of the 1a and 2a
distribution into the cytoplasm, or sites of 1a and 2a accumu-
lation well separated from the nucleus, were much more prom-

FIG. 4. Distribution of 2a throughout a representative BMV-infected protoplast. Immunofluorescence images were gathered for consecutive optical sections spaced
every 0.5 mm through a BMV-infected protoplast that had been fixed at 21 hpi and immunostained for 2a. The images shown correspond to the sequential optical
sections in which 2a immunofluorescence was detected. As an aid to visualizing the protoplast, panel 11a shows a Nomarski image of the same optical section as panel
11. Bar 5 5 mm.
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inent than in Fig. 4 (see Fig. 2, 3, and 5 to 7). This distribution
of perinuclear sites with cytoplasmic extensions is consistent
with additional results, shown below, indicating that 1a and 2a
colocalize with markers of the endoplasmic reticulum (ER).
Figure 4 also illustrates that since each confocal image repre-
sents a single, narrow optical section or plane from a cell, the
2a and 1a pattern visualized from a given cell can vary dramat-
ically according to the focal plane selected and the rotational
orientation of the cell with respect to the focal plane.
BrUTP incorporation by BMV RNA replication complex in

vitro and in vivo. We were interested in determining whether
any or all sites of 1a and 2a accumulation were also sites of
RNA synthesis. [3H]uridine has been used to label in vivo sites
of RNA synthesis for some positive-strand RNA viruses, in-
cluding Semliki Forest virus, poliovirus, and broad bean mottle
virus (7, 14, 24). However, present [3H]uridine detection meth-
ods are cumbersome and incompatible with simultaneous im-
munofluorescence detection of other markers such as viral
proteins. In a recent alternate approach, nascent RNA tran-
scribed in the nucleus from human or adenovirus DNA has
been labeled with the nonradioactive UTP analog BrUTP and
visualized by indirect immunofluorescence, allowing double-
label comparisons with the distributions of other factors (32,
53).
The ability of the BMV replication complex to incorporate

BrUTP into viral RNA was first tested in vitro, using a BMV
RdRp extract able to synthesize negative-strand RNA from
added BMV positive-strand RNAs (46, 55, 56; see also the
introduction). Reaction mixtures contained BMV RdRp ex-
tract, added BMV virion RNA1 to RNA4 as templates, ATP,
GTP, [a-32P]CTP, and either UTP or BrUTP. After 60 min at
308C, RNA products were recovered, separated by gel electro-
phoresis, and visualized by exposing the dried gel to a Phos-
phorImager screen to allow quantitative analysis. When RdRp
assays were performed in the presence of UTP, prominent
full-length negative-strand RNA products were detected for all
four BMV RNAs (Fig. 5A, lane UTP). Replacing UTP with
BrUTP resulted in essentially the same levels of viral RNA
products as UTP (Fig. 5A, lane BrUTP): in Fig. 5A and similar
experiments, total incorporation was 95 to 128% of that with
UTP. When added UTP or BrUTP was omitted (Fig. 5A, lane
2), only small amounts of labeled RNA (less than 4% of that
made with added UTP or BrUTP) were synthesized, possibly
by using residual UTP in the BMV RdRp extract. Thus, in
vitro, BMV RdRp can incorporate BrUTP nearly as efficiently
as UTP into full-length BMV RNA products.
To determine whether BMV RdRp incorporated BrUTP in

vivo, BMV-infected or mock-inoculated cells were incubated
for 4 to 8 min in the presence of BrUTP, immediately fixed,
and processed for indirect immunofluorescence using a pri-
mary antibody that detects bromouridine-containing RNA
(32). In mock-inoculated cells, a fluorescent signal was ob-
served only in the nucleus (Fig. 5B, upper left panel). In in-
fected cells, similar nuclear staining was seen together with
stronger staining in cytoplasmic patches, primarily adjacent to
the nucleus (Fig. 5B, upper right panel).
To further distinguish the sites of host transcription from

those of infection-specific RNA synthesis, cells were incubated
with actinomycin D, which blocks host DNA-dependent tran-
scription without affecting BMV-directed, RNA-dependent
RNA synthesis (43). As expected, when cells were preincu-
bated with actinomycin D for 60 min prior to BrUTP addition,
no nuclear signal was observed in either mock-inoculated or
BMV-infected cells, but the strong cytoplasmic signals present
in BMV-infected cells were unaffected (Fig. 5B).
Colocalization of RNA synthesis with 1a and 2a. To test the

possible relationship between the sites of infection-specific

RNA synthesis and the sites of 1a and 2a accumulation, BMV-
infected cells were incubated for 8 min in the presence of
BrUTP, fixed, and analyzed by double-label immunofluores-
cence using antibodies that recognize 1a and bromouridine-
containing RNA. Representative results are shown in Fig. 6A,
where each column presents three images of a single focal
plane in a separate infected cell tested at 20 hpi: the top panel
shows 1a immunofluorescence (colorized red), the center im-
age shows BrUTP-labeled RNA immunofluorescence (colo-
rized green), and the bottom image shows the superimposition
of both. As illustrated, there was a striking coincidence be-
tween the distribution of 1a and BrUTP-labeled RNA. Similar
results were observed when the cells were sequentially probed
with mouse anti-2a, rhodamine-conjugated donkey anti-mouse
antiserum, and a fluorescein-conjugated mouse antibody that
recognizes bromouridine-containing RNA.
Prior immunofluorescence studies of BrUTP-labeled DNA-

dependent transcription (22, 32, 53, 62) and the absence of
BrUTP signal in mock-inoculated cells preincubated with ac-

FIG. 5. In vitro and in vivo incorporation of BrUTP by the BMV RNA
replication complex. (A) Autoradiograph of a nondenaturing 1% agarose gel
showing the electrophoretic mobility of negative-strand RNA products synthe-
sized in vitro by BMV RdRp extract on added BMV virion RNA1 to RNA4
templates in the presence of ATP, GTP, [a-32P]CTP, and either UTP (left lane),
BrUTP (center lane), or no added UTP (right lane). The positions of the BMV
RNA1 to RNA4 products (which hybridize to the positive-strand template RNAs
and so migrate as double-stranded RNAs) are indicated on the left. (B) Repre-
sentative images from mock-inoculated (left panels) or BMV-infected (right
panels) barley protoplasts incubated for 20 hpi, then incubated an additional
hour with (bottom panels) or without (top panels) actinomycin D, labeled for 8
min with BrUTP, fixed, and processed for indirect immunostaining with an
antibody that recognizes incorporated BrUTP. Bar 5 5 mm.
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tinomycin D (Fig. 5B) indicated that unincorporated BrUTP
was not detected by the antibody and immunofluorescence
protocol used for Fig. 5 and 6. To further confirm that the
BrUTP labeling sites visualized in BMV-infected cells repre-
sented BrUTP incorporated into nascent viral RNA and not,
e.g., BrUTP bound to BMV replication complexes, infected
cells were treated with RNase A after incubation with BrUTP
and fixation and before immunostaining. After such RNase
treatment, 1a detection was unaffected (Fig. 6, right column,
top panel), but no BrUTP signal could be detected (Fig. 6,
right column, middle panel). Thus, the infection-specific im-
munofluorescence signal resulting from incubating cells with
BrUTP represents labeling of RNA.
BMV 1a and 2a colocalize with ER markers. As noted

above, the perinuclear/cytoplasmic distribution of 1a and 2a
suggested a possible relation with the ER. To test for associ-
ation of BMV replication complexes with one or more mem-
brane compartments of the cellular secretory apparatus, we
performed double-label immunofluorescence using anti-1a or
anti-2a together with antibodies to ER-resident proteins or to

a xyloglycan epitope found in the trans-Golgi and later parts of
the secretory pathway (Fig. 7).
As markers for the ER, we used antibodies to the binding

protein BiP from tomato and to calreticulin from barley. BiP is
an abundant ER lumenal protein involved in folding and as-
sembly of new proteins in the ER (23). BiP is strongly con-
served among eukaryotes, including mammals, plants, and
yeasts (13, 49, 58), and is widely used as an ER marker (23, 25,
51). Calreticulin is a predominantly ER-localized calcium-
binding protein whose sequence is also highly conserved across
eukaryotes (50). Among other studies indicating a chiefly ER
localization for calreticulin in many cell types, prior fluores-
cence microscopy studies of tobacco cells indicated that the
major sites of calreticulin accumulation correspond to those of
BiP (12). Representative optical sections from two different
BMV-infected cells stained for BiP and 2a, and from two
separate BMV-infected cells stained for calreticulin and 2a,
are shown in Fig. 7A. BiP immunostaining (colorized green)
revealed partial outlining of the nuclear envelope and cyto-
plasmic patches or vesicles, some of which were usually adja-

FIG. 6. Colocalization of incorporated BrUTP with 1a and RNase sensitivity of the incorporated BrUTP signal. (A) The two columns show images from two
different, representative BMV-infected protoplasts incubated for 20 hpi, then labeled for 8 min with BrUTP, fixed, and processed for double label immunofluorescence
using antibodies that detect 1a and incorporated BrUTP. Top row, 1a (red); center row, incorporated BrUTP (green) imaged in the same 0.5-mm optical section as
1a; bottom row, digital superposition of 1a and incorporated BrUTP. (B) Representative images from a BMV-infected protoplast processed as for panel A except that
RNase A was added after fixation and before immunostaining. Bar 5 5 mm.
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cent to the nucleus (upper panels, left two columns in Fig. 7A
and similar experiments). Calreticulin immunostaining (colo-
rized green) revealed similar perinuclear and cytoplasmic
structures but also included additional punctate sites of immu-
nofluorescence in the cytoplasm (upper panels, right two col-
umns in Fig. 7A and similar experiments). These additional
punctate sites might arise as a result of localization of a frac-
tion of calreticulin outside the ER or cross-reaction of the
calreticulin antiserum with another factor. Alternatively, since
barley protoplasts were analyzed, the anti-barley calreticulin
antiserum used might provide more sensitive detection than
the anti-tomato BiP antiserum. BiP and calreticulin immuno-
fluorescence patterns were also examined for uninfected barley
protoplasts but revealed no consistent, significant variations
from the BiP and calreticulin patterns seen for infected cells in
Fig. 7A and other experiments (see also Discussion).
As in previous figures, 2a immunostaining (colorized red)

revealed cytoplasmic patches or vesicle-like structures (Fig.
7A, middle row). When the green-colorized BiP or calreticulin
distributions and red-colorized 2a distributions from the same
cell sections were superimposed (Fig. 7A, bottom row), the
resulting yellow regions showed that the structures within
which 2a accumulated also corresponded to sites of BiP and
calreticulin accumulation. Nearly all of the large (.1.5-mm
diameter) patches or vesicles stained by anti-BiP or anti-calre-
ticulin antiserum also stained with anti-2a. However, only a few
of the smaller (,1-mm diameter), punctate sites of calreticulin
immunofluorescence showed 2a immunofluorescence (Fig. 7A,
left two columns).
To compare the localization of the BMV RNA replication

apparatus to post-ER compartments in the secretory pathway,
we used an antibody against a xyloglycan epitope that is added
to proteins in the medial Golgi and is found in this and later
parts of the secretory pathway (42, 65, 66). Xyloglycan immu-
nostaining primarily localized to the cell perimeter, to ovoid or
fan-shaped structures adjacent to the cell perimeter, and to
occasional distinct spots in the cytoplasm (Fig. 7B, top row,
and similar experiments). In contrast, anti-2a immunofluores-
cence in the same focal planes revealed completely different
patterns (Fig. 7B, middle row, and similar experiments), con-

sistent with previously observed 2a distributions. When the
green-colorized xyloglycan distributions and red-colorized 2a
distributions from the same focal planes were superimposed
(Fig. 7B, bottom row), little if any colocalization was visible. In
some regions, the immunofluorescent signals of 2a and xylo-
glycan were in close proximity (e.g., Fig. 7B, lower right panel,
lower edge of the cell), consistent with the interactive relation
of the ER and Golgi apparatus. However, even in these re-
gions, the red 2a and green xyloglycan signals remained almost
completely distinct and there was a nearly total absence of the
yellow signal of red/green superposition that was so prominent
in Fig. 7A.

DISCUSSION

The 1a protein, which contains putative RNA capping and
helicase domains, and the polymerase-like 2a protein are the
only BMV-encoded proteins necessary for viral RNA replica-
tion and transcription. In this study, we used immunofluores-
cence confocal microscopy to show that the sites of 1a accu-
mulation, 2a accumulation, and BMV RNA synthesis are all
tightly associated in infected cells and highly localized with
respect to cell architecture.
Colocalization of 1a, 2a, and BMV-specific RNA synthesis.

Throughout infection, 1a and 2a were localized to distinct
cytoplasmic sites in infected cells (Fig. 2). Consistent with in
vivo genetic and in vitro biochemical results indicating that 1a
and 2a interact (15, 35, 36, 55), the 1a and 2a distributions
showed a high degree of colocalization (Fig. 3). This colocal-
ization was not an artifact of the detection methods, since
similar patterns were obtained when 1a and 2a were visualized
independently by single-label immunofluorescence or simulta-
neously by double-label immunofluorescence, when antibodies
against other regions of 1a or 2a were substituted, and when
fluorescent tags were exchanged between 1a and 2a.
To visualize the sites of BMV RNA synthesis, we adapted

BrUTP-labeling and detection approaches previously used to
identify nuclear sites of DNA-dependent RNA transcription
(32). In vitro, BMV RdRp incorporated BrUTP as readily as
UTP into full-length viral RNA products, and, in vivo, BMV

FIG. 7. ER association of BMV 1a and 2a. Each column shows images from a different, representative BMV-infected protoplast fixed at 20 hpi and treated for
double-label immunofluorescence using anti-2a IgG and antibodies to ER-resident proteins calreticulin or BiP (ER markers) (A) or a xyloglycan epitope added to
proteins in the trans-Golgi (post-ER marker) (B). Top row, immunofluorescence signal for the relevant cellular marker (green); center row, 2a immunofluorescence
(red) imaged in the same 0.5-mm optical section; bottom row, digital superposition of the 2a and relevant cellular marker distributions. Bar 5 5 mm.
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directed cytoplasmic, infection-specific and actinomycin D-in-
sensitive incorporation of BrUTP into RNase-sensitive prod-
ucts. Continued nuclear transcription in BMV-infected cells
was not unexpected since BMV infection does not inhibit host
protein synthesis (37). Nevertheless, in keeping with the high
level of BMV RNA accumulation in infected cells (18), BMV-
specific cytoplasmic BrUTP incorporation in cells infected for
18 to 21 h was much stronger than nuclear BrUTP incorpora-
tion (Fig. 5B).
Double-label immunofluorescence showed that the cytoplas-

mic sites of BMV-specific RNA synthesis corresponded closely
to the sites of 1a and 2a accumulation. The nearly total coin-
cidence of BrUTP and 1a or 2a signals over the intricate
patterns observed (Fig. 6) showed that, at least at the resolu-
tion of confocal microscopy and at later stages of infection (ca.
20 hpi), virtually all sites of 1a and 2a accumulation were sites
of active RNA synthesis. However, although the general colo-
calization was striking, minor differences were occasionally ob-
served in the distributions of 1a, 2a, and BrUTP incorporation.
As noted above, these variations might result from real differ-
ences in distribution or occasional imperfections in detection.
For example, in the generally yellow pattern of 1a-BrUTP
superposition in the bottom left panel in Fig. 6A, a single green
spot reveals a site where the fluorescence signal for BrUTP
incorporation was detected in the absence of a corresponding
1a signal. Since mutational analysis shows that 1a is required
for all forms of BMV RNA synthesis (40), this may reflect a
flaw in visualizing either the 1a or incorporated BrUTP pat-
tern. Alternatively, it might reflect movement of some RNA
product from its site of synthesis, although to minimize such
movement, BrUTP labelling was carried out for only 4 to 8 min
and the rest of the incorporated BrUTP remained superim-
posed with 1a.
Association of BMV RNA replication complexes with the

ER. 1a and 2a accumulated in cytoplasmic patches that in-
creased in size during infection and often assumed a vesicular
appearance (Fig. 2 to 6). Most of these patches were adjacent
to the nucleus, and by late infection in some cells, the 1a-2a
distribution enveloped much of the nuclear surface, with some
protrusions farther into the cytoplasm (Fig. 4). As suggested by
this pattern, double-label immunofluorescence showed that all
sites of 1a and 2a accumulation corresponded to sites of the
ER markers BiP and calreticulin, and by late infection, most
sites of BiP accumulation were also occupied by 1a and 2a (Fig.
7A). Complementing these results, there was no overlap be-
tween the distribution of 2a and that of a xyloglycan marker for
the post-ER compartments of the secretory apparatus (Fig.
7B), confirming that little or none of the BMV replication
complex passed from the ER into the trans-Golgi or the rest of
the secretory pathway.
The association of 1a and 2a with the ER is consistent with

the membrane association of BMV RdRp in extracts of in-
fected cells (26, 55). At the resolution of confocal microscopy,
no gross variations were evident in the distribution of ER (BiP
and calreticulin) or post-ER (xyloglycan) markers in BMV-
infected cells (Fig. 7) compared with uninfected cells (results
not shown). However, prior electron microscope studies of
bromovirus-infected leaf tissue and protoplasts reported dila-
tion and/or proliferation of ER membranes near the nucleus
and increased numbers of 50- to 100-nm cytoplasmic mem-
brane vesicles that were suggested to arise from the ER (9, 38,
44). Because of a lack of specific probes for viral or host
factors, these early studies were not able to define the rela-
tionship of these membrane effects to any specific BMV com-
ponents or infection processes, nor were they able to conclu-
sively establish the ER origin of the vesicles. Our results
suggest that such changes may occur in conjunction with the

ER-associated accumulation of 1a and 2a and synthesis of
BMV RNA, although further high-resolution studies will be
required to establish the ultrastructure of the sites of 1a and 2a
accumulation and BMV RNA synthesis and their relationship
to any specific membrane changes.
Poliovirus RNA synthesis has also been associated with ves-

icles that appear to be derived from dilated ER (5). However,
the nonstructural proteins and RNA replication complexes of
the alphaviruses, which are much more closely related to BMV
than is poliovirus, have been localized to the surface of mod-
ified endosomes and lysosomes (20, 52). Thus, different mem-
bers of the alphavirus-like superfamily appear to carry out
RNA replication on different membrane sites or subsets of the
cellular secretory and endocytosis pathways. This localization
specificity underscores that targeting and assembly of the RNA
replication complexes of these viruses must involve selective
interaction of one or more viral replication factors with par-
ticular host factors, while the use of functionally distinct mem-
branes by related viruses has implications about the type of
contributions that membrane association makes to RNA rep-
lication. Among other possibilities consistent with varied mem-
brane sites, membrane association might play a primarily struc-
tural or organizational role in the replication complex and/or
allow exploitation of a class of enzymatic functions associated
with multiple types of cytoplasmic membranes. Further inves-
tigation of the nature of virus-host interactions in BMV RNA
synthesis and the structure of the RNA replication complex
should be helpful in addressing these issues and defining the
mechanisms of replication complex assembly and function. In
turn, the definition of the ER as the site of 1a and 2a accu-
mulation and action should assist in interpreting the results of
yeast genetic studies identifying host genes whose function is
required for BMV RNA synthesis (31, 33).
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