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MARÍA RESTREPO-HARTWIG1† AND PAUL AHLQUIST1,2*

Institute for Molecular Virology1 and Howard Hughes Medical Institute,2 University of Wisconsin—Madison,
Madison, Wisconsin 53706

Received 10 June 1999/Accepted 30 August 1999

The universal membrane association of positive-strand RNA virus RNA replication complexes is implicated
in their function, but the intracellular membranes used vary among viruses. Brome mosaic virus (BMV)
encodes two mutually interacting RNA replication proteins: 1a, which contains RNA capping and helicase-like
domains, and the polymerase-like 2a protein. In cells from the natural plant hosts of BMV, 1a and 2a colocalize
on the endoplasmic reticulum (ER). 1a and 2a also direct BMV RNA replication and subgenomic mRNA
synthesis in the yeast Saccharomyces cerevisiae, but whether the distribution of 1a, 2a, and active replication
complexes in yeast duplicates that in plant cells has not been determined. For yeast expressing 1a and 2a and
replicating BMV genomic RNA3, we used double-label confocal immunofluorescence to define the localization
of 1a, 2a, and viral RNA and to explore the determinants of replication complex targeting. As in plant cells, 1a
and 2a colocalized on and were retained on the yeast ER, with no detectable accumulation in the Golgi
apparatus. 1a and 2a were distributed over most of the ER surface, with strongest accumulation on the
perinuclear ER. In vivo labeling with bromo-UTP showed that the sites of 1a and 2a accumulation were the
sites of nascent viral RNA synthesis. In situ hybridization showed that completed viral RNA products accu-
mulated predominantly in the immediate vicinity of replication complexes but that some, possibly more mature
cells also accumulated substantial viral RNA in the surrounding cytoplasm distal to replication complexes.
Additionally, we find that 1a localizes to the ER when expressed in the absence of other viral factors. These
results show that BMV RNA replication in yeast duplicates the normal localization of replication complexes,
reveal the intracellular distribution of RNA replication products, and show that 1a is at least partly responsible
for the ER localization and retention of the RNA replication complex.

The RNA replication complexes of all eukaryotic, positive-
strand RNA viruses studied to date are associated with intra-
cellular membranes (36, 39, 46). A variety of studies indicate
that interaction of viral RNA replication factors with mem-
branes is important for at least some steps of RNA replication
(29, 48). However, the nature and function of this membrane
association presently remain uncertain. Moreover, while mem-
brane association is general, the replication complexes of dif-
ferent positive-strand RNA viruses are associated with differ-
ent intracellular membranes. For example, alphavirus RNA
replication occurs exclusively on modified endosomes and ly-
sosomes (12, 30), while poliovirus RNA replication occurs on
infection-specific vesicles derived from the membranes of the
endoplasmic reticulum (ER), Golgi apparatus, and lysosomes
(39), and RNA replication by some plant viruses occurs on
chloroplast membranes (13).

A further example of the diversity in membrane targeting of
such replication complexes is provided by brome mosaic virus
(BMV). BMV encodes RNA replication factors sharing exten-
sive conservation with the endosome-targeted alphavirus rep-
lication factors (2, 14) but, in cells of its natural plant hosts,
directs assembly of its RNA replication complexes on ER
membranes (36). BMV encodes two RNA replication proteins:
1a (109 kDa) contains a C-terminal helicase-like domain and

an N-terminal domain required for m7G methyltransferase and
m7GMP covalent binding (putative m7G transferase) activities
implicated in RNA capping (3), while 2a contains a central
polymerase-like domain and an N-terminal region that inter-
acts with 1a (21, 22). 1a and 2a colocalize in infected plant
protoplasts at sites of BMV RNA synthesis, which are localized
to the ER and do not pass on into the Golgi or later parts of
the secretory apparatus (36). Moreover, 1a and 2a copurify
from infected cells in an initially membrane-bound state, in
combination with a BMV-specific RNA-dependent RNA poly-
merase activity (27, 33, 34). 1a and 2a are encoded by BMV
genomic RNA1 and RNA2, respectively. The third BMV
genomic RNA, RNA3, encodes two genes: a 59-proximal
movement gene required for cell-to-cell movement of infection
and a 39-proximal coat protein gene, which is translated from
a subgenomic mRNA, RNA4 (4, 28).

1a and 2a can direct RNA replication not only in cells of
BMV’s natural plant hosts but also in the yeast Saccharomyces
cerevisiae. In particular, when 1a and 2a are expressed in yeast
from DNA plasmids and RNA3 is introduced by transfection
or in vivo transcription, RNA3 is replicated and the RNA3-
encoded subgenomic mRNA, RNA4, is synthesized (17, 20).
Accordingly, the use of yeast as an alternate host can assist
some studies of viral (19, 44) and cellular (16) functions in
BMV replication. BMV RNA3 replication and subgenomic
mRNA synthesis in yeast parallel those in plant cells in all
aspects tested to date, including dependence on 1a, 2a, and
defined cis-acting RNA3 replication and subgenomic mRNA
synthesis signals, production of a similar excess of positive-
strand over negative-strand RNA, and other respects (17, 20,
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32, 44). As the S. cerevisiae genome is more closely related to
animal than to plant genomes (6), these results suggest that the
essential host features required for BMV replication are fairly
widely conserved. Similar to membrane fractions from BMV-
infected plant cells, the membrane fractions of yeast cells ex-
pressing 1a, 2a, and RNA3 contain 1a, 2a, and BMV RNA-
dependent RNA polymerase activity (32). However, the nature
of the yeast membrane(s) involved and the intracellular distri-
bution of 1a, 2a, and BMV RNA synthesis sites in yeast have
not been examined.

To determine the extent to which the normal membrane
localization of BMV RNA replication may or may not be
preserved in yeast and to provide a cell biology foundation for
studies of viral and host contributions to BMV RNA replica-
tion in yeast, we have now examined the distribution in yeast of
1a, 2a, nascent BMV RNA, and BMV RNA replication prod-
ucts. We report here that the localization of BMV replication
complexes in yeast closely parallels that in plant cells, that
completed viral RNAs remain preferentially localized near
replication complexes, and that, like the full BMV RNA rep-
lication complex, 1a localizes to the ER in the absence of other
viral factors.

MATERIALS AND METHODS

Yeast strain, cell growth, and plasmids. All experiments were performed with
S. cerevisiae YPH500 (MATa ura3-52 lys2-801 trp1-D63 his3-D200 leu2-D1). Yeast
cells were transformed with plasmids expressing BMV 1a, 2a, or RNA3 by the
LiCl-polyethylene glycol method (18) and were grown at 30°C on synthetic liquid
or solid medium containing 2% galactose and lacking relevant amino acids or
uracil to select for the DNA plasmids present (5). Cells were harvested for
analysis at a culture optical density at 600 nm of 0.4 to 0.7. BMV protein 1a was
expressed from pB1CT19, a yeast 2mm plasmid containing the BMV 1a open
reading frame between the yeast ADH1 promoter and polyadenylation site, plus
the HIS2 selectable marker gene (20). Similarly, BMV protein 2a was expressed
from pB2CT15, a yeast 2mm plasmid containing the BMV 2a open reading frame
between the yeast ADH1 promoter and polyadenylation site, plus the LEU3
selectable marker gene (20). BMV RNA3 was expressed from a yeast CEN4
centromeric plasmid, pB3RQ39, that contains a full-length BMV RNA3 cDNA
linked at its 59 end to the galactose-inducible yeast GAL1 promoter and at its 39
end to a self-cleaving ribozyme, plus the TRP1 selectable marker gene (17). A
URA3-selectable yeast CEN4 plasmid expressing a c-myc-tagged version of
EMP47 was kindly provided by Sean Munro (41).

Antibodies. Anti-2a mouse monoclonal antibodies 6G12 and 10B3 and anti-1a
rabbit polyclonal antiserum were used throughout (36). Rabbit polyclonal anti-
serum against Kar2p was kindly provided by Mark Rose (37). Mouse monoclonal
antibodies against c-Myc (9E10) and digoxigenin were from Boehringer Mann-
heim, while those against Dpm1p and bromodeoxyuridine were from Molecular
Probes and Sigma, respectively.

Immunofluorescence. Fixation of yeast cells with formaldehyde and double-
label immunofluorescence staining were performed as described previously (35).
Primary antibodies were diluted 1:100 in 1% bovine serum albumin (BSA)–
0.05% Nonidet P-40 in phosphate-buffered saline (37.5 mM K2HPO4, 10 mM
KH2PO4, 150 mM NaCl) and incubated with the fixed cells overnight at 4°C.
After three washes with 1% (BSA)–0.05% Nonidet P-40 in phosphate-buffered
saline, donkey anti-rabbit or anti-mouse secondary antibodies conjugated to
fluorescein, Texas red, or Alexa 488 (Molecular Probes) were added and incu-
bated for 2 h at room temperature. For nuclear staining, a 10-min incubation
with 1 mM To-Pro-3 iodide (Molecular Probes) was added after secondary
antibody incubation. Immunofluorescence images were obtained with a Bio-Rad
1024 confocal microscope at the Keck Neural Imaging Laboratory, University of
Wisconsin—Madison. To ensure the reproducibility of the results, each experi-
ment was performed three to six times.

Labeling and detection of nascent RNA. Semi-intact yeast cells were prepared
by the spheroplast freeze-thaw procedure of Schlenstedt et al., which permeabi-
lizes the plasma membrane while preserving intracellular membrane structure
and functional pathways for such processes as nuclear protein import, protein
secretion, and vacuole division (40). After permeabilization, bromo-UTP
(BrUTP), MgCl2, and dithiothreitol were added to 10 mM each, and the yeast
cells were incubated at 30°C for 5 to 15 min as noted in the text. After two washes
in 1 M sorbitol–0.1 M KPO4 (pH 7.5), the cells were fixed in formaldehyde and
processed for immunofluorescence as described above.

In situ hybridization. In situ hybridizations to detect positive-strand BMV
RNA3 and RNA4 were performed as described elsewhere (11, 26), with minor
modifications. After 45 min of fixation in 5% formaldehyde, yeast cells were
washed twice with SP (1.2 M sorbitol, 0.1 M KPO4 [pH 7.5]) and spheroplasted
for 30 min at 30°C in SP containing 10 mg of lyticase per ml, 30 mM b-mercap-

toethanol, and 20 mM vanadyl ribonucleoside complex (Gibco Life Sciences).
The cells were washed with SP, and an aliquot was transferred to polyethylenei-
mine-coated glass microscope slides and allowed to settle for 15 min. The SP was
removed by aspiration, and the cells were covered with 25 ml of 23 SSC (300 mM
NaCl, 30 mM sodium citrate [pH 7.0]) containing 40% formamide, 2.5 mg of
BSA per ml, 20 mM vanadyl ribonucleoside complex, 120 Units of placental
RNase inhibitor (Promega) per ml, 1 mg of salmon sperm DNA per ml, and 2.5
pmol each of four digoxigenin-labeled oligodeoxynucleotides. The oligonucleo-
tides used hybridized to four segments of the coat protein open reading frame
common to positive-strand BMV RNA3 and RNA4, i.e., to nucleotides 1480 to
1496, 1541 to 1558, 1757 to 1774, and 1377 to 1394 of RNA3 (1). These oligo-
nucleotides were end labeled with terminal deoxynucleotidyltransferase (Pro-
mega) and digoxigenin-dUTP (Boehringer Mannheim) according to the manu-
facturers’ recommendations. The cells were incubated with the probes for 3 h at
37°C and then washed twice for 5 min with 40% formamide–23 SSC at 37°C and
twice for 5 min with 13 SSC at room temperature. The slides then were pro-
cessed as indicated above for immunofluorescence with anti-BMV 1a and anti-
digoxigenin antibodies.

RESULTS

BMV 1a and 2a colocalize in yeast cytoplasm. As noted in
the introduction, yeast cells expressing BMV 1a, 2a, and RNA3
from expression plasmids form active BMV RNA synthesis
complexes that replicate RNA3 and synthesize the subgenomic
coat protein mRNA encoded by RNA3 (17, 20). Such cells
(hereafter referred to as 1a12a1RNA3 yeast cells) were used
for all experiments in this study except as discussed below for
Fig. 4B and 6. To visualize and compare the sites of 1a and 2a
protein accumulation in 1a12a1RNA3 yeast cells, we used
double-label confocal immunofluorescence microscopy with
rabbit polyclonal anti-1a serum and mouse monoclonal anti-2a
serum. The antisera used were previously shown to support
immunofluorescence localization of 1a and 2a in BMV-in-
fected cells of a natural plant host, barley (36). Figure 1A
shows representative immunofluorescence images of 1a12a1
RNA3 yeast cells. In contrast to animal or plant cells, such
yeast cells average only around 5 mm in length, requiring high
magnification to discern details of intracellular structure. Each
row in Fig. 1A presents three images of one focal plane in a
single cell, showing 1a (red), 2a (green), and their superposi-
tion. The source and independence of 1a and 2a immunoflu-
orescence signals were confirmed in control experiments in
which individual primary or secondary antisera for 1a or 2a
were omitted, fluors were switched between 1a and 2a second-
ary antibodies, and yeast cells expressing 1a alone, 2a alone, or
neither were treated with both anti-1a and anti-2a sera (Fig. 1B
and results not shown).

In general, the localization of 1a and 2a closely paralleled
each other through highly variable, complex patterns in differ-
ent cells (Fig. 1A). This predominant colocalization of 1a and
2a immunofluorescence was observed across hundreds of cells
in numerous independent experiments. However, as in BMV-
infected plant cells (36), occasional variations between 1a and
2a immunofluorescence patterns were seen in some cells. The
degree to which such variations reflect independent localiza-
tion of some 1a or 2a, failure to detect all colocalizing 1a or 2a,
or artifactual background is not yet clear. Examples of either
1a or 2a immunofluorescence signals without the other were
seen. However, sites of 1a immunofluorescence without any
detectable 2a immunofluorescence signal (e.g., Fig. 1A, bottom
row) were more frequently observed, perhaps because 2a flu-
orescence was weaker than 1a fluorescence in 1a12a1RNA3
yeast cells.

1a and 2a colocalize with ER proteins. To determine the site
or sites at which 1a and 2a colocalized, we first compared the
distributions of 1a and nuclear DNA in 1a12a1RNA3 yeast
cells. As found previously for BMV-infected barley cells (36),
1a accumulated primarily in partial haloes surrounding the
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nucleus and in cytoplasmic extensions from these perinuclear
haloes (Fig. 2). Since this perinuclear/cytoplasmic distribution
of 1a and 2a was similar to their ER-associated distribution in
BMV-infected plant cells, we used double-label immunofluo-
rescence to assess whether 1a and 2a also were associated with
the ER in yeast cells. As well-characterized yeast ER markers
with available antibodies compatible with simultaneous label-
ing of 2a and 1a, respectively, we used the Kar2 and Dpm1
(dolichol-phosphate mannose synthase) proteins. Kar2p is the
yeast homolog of the mammalian chaperone BiP/GRP78 (37).
Like BiP, Kar2p is localized to the ER lumen and is commonly
used as an ER marker (23, 47). Dpm1p is a transmembrane
ER protein (31, 38).

As shown in Fig. 3A, 2a and Kar2p showed intricate but

closely corresponding patterns. All sites of significant 2a im-
munofluorescence were also sites of Kar2p accumulation. Con-
versely, nearly all sites of Kar2p accumulation showed 2a im-
munofluorescence. This suggested that under the conditions of
2a expression and cell growth used in these experiments, 2a
was distributed over a significant fraction of the ER. Typical
features of the 2a/Kar2p distribution included prominent flu-
orescence in a partial or complete perinuclear ring (verified as
perinuclear by double labeling of Kar2p and nuclear DNA
stained with To-Pro-3 iodide [Molecular Probes] [results not
shown]), variable amounts of cytoplasmic processes, and in
some optical sections, labeling at the periphery of the cell.
Such appression of a portion of the ER against the plasma
membrane is frequently observed for yeast (23, 47), and both
2a and 1a signals were also seen on this peripheral ER (Fig. 3A
and B). In general, the strongest 1a and 2a signals were on the
perinuclear membrane, which is typical of many yeast ER
proteins (31).

Representative optical sections from cells stained for 1a and
Dpm1p are shown in Fig. 3B. As expected from the results
shown in Fig. 1A and 3A and the established ER localization
of Dpm1p, the Dpm1p and 1a distributions correlated closely
and were similar to those of Kar2p and 2a. As with Kar2p and
2a, virtually all sites of Dpm1p immunofluorescence also
showed 1a immunofluorescence, suggesting that 1a also was
distributed over most of the ER.

The close correlation of 1a and 2a localization with the ER
markers Kar2p and Dpm1p suggested that 1a and 2a were
absent from later compartments in the secretory pathway. To
examine this further, we performed simultaneous immunoflu-
orescence labeling of 2a and Emp47p, a Golgi-localized type I
transmembrane protein. We used a c-Myc-tagged version of
Emp47p that was previously shown to remain localized in a
Golgi-associated, punctate pattern (41). In keeping with these
prior reports, Emp47p localized in a punctate cytoplasmic pat-
tern distinct from the distribution of 1a (Fig. 3C). Thus, as in
plant cells (36), 1a did not detectably accumulate in the Golgi
apparatus.

Nascent viral RNA colocalizes with 1a. Previously we
showed that in vitro, BMV RNA-dependent RNA polymerase
efficiently incorporates BrUTP into full-length BMV RNAs
(36). We further showed that in BMV-infected plant proto-
plasts, a cytoplasmic, BMV-specific, and actinomycin D-
insensitive process incorporates BrUTP into RNase-sensitive
material recognized by an antibody that binds bromouridine-
containing RNA and that these sites of BMV-specific BrUTP
incorporation corresponded to the joint sites of 1a and 2a
accumulation (36). To apply similar BrUTP labeling to BMV
RNA synthesis in yeast, we first spheroplasted 1a12a1RNA3
yeast cells. Since directly incubating such spheroplasts in
BrUTP did not yield any BrUTP incorporation, we then sought

FIG. 1. BMV 1a and 2a colocalize in 1a12a1RNA3 yeast cells. (A)
1a12a1RNA3 yeast cells were processed for indirect, double-label immunoflu-
orescence using rabbit anti-1a and mouse anti-2a antisera followed by anti-rabbit
antibodies conjugated to Texas red and anti-mouse antibodies conjugated to
Alexa 488. Rows show 1a (left), 2a (middle), and their superposition (right) for
a 0.5-mm optical section of a representative, independent cell. Each image is 9
mm per side. (B) Sample negative controls for antibody specificity. Yeast ex-
pressing (expr.) 1a only or 2a only were processed for double-label immunoflu-
orescence using both anti-1a and anti-2a primary and secondary antibodies as
described above. The images shown illustrate the absence of 1a immunofluores-
cence signal from yeast expressing 2a only and the absence of 2a immunofluo-
rescence signal from yeast expressing 1a only. See text for additional controls.

FIG. 2. BMV 1a accumulates in perinuclear and cytoplasmic regions of
1a12a1RNA3 yeast cells. 1a12a1RNA3 yeast cells were processed for 1a
immunofluorescence (red) and stained for DNA with To-Pro-3 (blue). Each
image (9 mm per side) shows the superimposed 1a and DNA fluorescence
patterns from independent, representative cells.
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to facilitate BrUTP uptake by permeabilizing the plasma mem-
brane by using established procedures shown to preserve
cytoplasmic structure, secretory transport, nuclear protein
import, etc. (40). The permeabilized yeast cells then were in-

cubated with BrUTP for 5 to 15 min, fixed, and processed for
double immunofluorescence labeling with anti-1a antiserum
and an antiserum that recognizes bromouridine-containing
RNA but not free BrUTP. Figure 4A shows representative
optical sections from 1a12a1RNA3 yeast cells incubated for
10 min with BrUTP; incubation with BrUTP for 5 or 15 min
gave similar results. As in other experiments shown above, 1a
(red) localized to a perinuclear ring with projections into the
cytoplasm. Like 2a (Fig. 1A and 3), incorporated BrUTP
(green) colocalized with the strongest 1a signals, predomi-
nantly but not exclusively in the perinuclear region. Moreover,
close inspection showed that even fainter sites of 1a accumu-
lation, including those peripheral to the perinuclear region,
were also sites of weak but detectable BrUTP incorporation.
Conversely, the sites of BrUTP incorporation were also sites of
1a accumulation.

Parallel processing of yeast lacking 1a and 2a did not reveal
BrUTP incorporation detectable at this level of sensitivity. To

Kar2p 2a Kar2p + 2a

1a Dpm1p 1a + Dpm1p

1a Emp47p 1a + Emp47pC

B

A

FIG. 3. 1a and 2a accumulate on the ER but not the Golgi apparatus in
1a12a1RNA3 yeast cells. Each row shows immunofluorescence images for a
0.5-mm optical section of representative, independent BMV 1a12a1RNA3
yeast cells. The cells were processed for indirect, double-label immunofluores-
cence using primary antisera against BMV 2a and yeast ER protein Kar2p (A),
BMV 1a and yeast ER protein Dpm1p (B), and BMV 1a and yeast Golgi protein
Emp47p (C). Images of each individual label and their superposition are shown.
Each image is 9 mm per side.

1a Inc. BrUTP 1a + Inc. BrUTP

1a Inc. BrUTP 1a + Inc. BrUTP

A

B

FIG. 4. (A) Colocalization of newly synthesized BMV RNA with 1a.
1a12a1RNA3 yeast cells were permeabilized, incubated 10 min with BrUTP,
and then fixed and processed for indirect, double-label immunofluorescence with
primary antisera that recognize 1a and BrU incorporated into nucleic acid. Rows
show 1a (left), incorporated BrUTP (middle), and their superposition (right) for
a 0.5 mm optical section of a representative, independent cell. (B) Strong,
cytoplasmic BrUTP incorporation is dependent on the presence of a functional
BMV RNA replication template. 1a12a yeast cells were permeabilized, incu-
bated, fixed, and processed as for panel A for indirect immunofluorescence with
primary antisera that recognize 1a and BrU incorporated into nucleic acid. Each
image is 9 mm per side.
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further test whether the BrUTP labeling sites corresponded to
sites of BMV RNA synthesis rather than to, e.g., BrUTP bind-
ing by 1a or 2a, the same experiment was performed in parallel
with yeast cells expressing 1a and 2a but lacking the BMV
RNA3 replication template (i.e., 1a12a yeast cells). As shown
in Fig. 4B, 1a immunostaining was unaffected but no BrUTP
signal was detected, showing that the signal detected in Fig. 4A
was dependent on the presence of a functional BMV RNA
replication template. In Fig. 4A and B, the absence of nuclear
BrUTP incorporation signals comparable to those of BMV-
specific RNA synthesis was expected because of the short la-
beling periods and because in BMV-infected plant cells,
BrUTP incorporation into BMV RNA replication complexes
also was much stronger than nuclear transcription (36).

Intracellular distribution of RNA3 and RNA4 replication
products. When yeast cells coexpress 1a, 2a, and wild-type
RNA3 from the plasmids used in this study, BMV RNA rep-
lication amplifies RNA3 almost 50-fold over the basal level of
DNA-derived RNA3 transcripts in yeast cells carrying the
RNA3 expression plasmid alone (17, 19). Thus, approximately
98% of the positive-strand RNA3 in 1a12a1RNA3 yeast cells
is derived from 1a- and 2a-directed, RNA-dependent RNA
replication rather than from DNA plasmid-directed transcrip-
tion. In addition, 1a and 2a use negative-strand RNA3 as a
template for synthesis of the subgenomic coat protein mRNA,
RNA4, which accumulates to approximately 60% of the level
of replicated RNA3 (17). No RNA4 can be detected in RNA3-
expressing yeast in the absence of 1a and 2a (17, 19).

To visualize these RNA products in 1a12a1RNA3 yeast
cells and compare their distribution with that of BMV repli-
cation factors, we used in situ hybridization according to ap-
proaches previously optimized for yeast (11, 26). To increase
signal strength, we probed the yeast with a mixture of four
digoxigenin-labeled oligonucleotides complementary to non-
overlapping sequences of BMV RNA3. To further maximize
signal strength, all four hybridization probes were complemen-
tary to sequences in the coat protein open reading frame,
which is present in both RNA3 and RNA4. After yeast fixation
and hybridization, the oligonucleotide probes were visualized
together with 1a, using antidigoxigenin and anti-1a antisera
(Fig. 5). As expected, 1a distributions (red) were similar to
those seen previously. The strongest sites of RNA3 and RNA4
accumulation (green) usually coincided with or were in the
immediate vicinity of strong sites 1a immunofluorescence, but
weaker RNA3 and 4 hybridization signals were also generally
diffused through the cytoplasm (Fig. 5, cells in top and middle
rows). In a smaller fraction of cells, regions of strong RNA3
and RNA4 hybridization signals were seen adjacent to but
separated from sites of 1a accumulation (Fig. 5, cells in bottom
row). Possible reasons for such distributions are considered in
Discussion.

1a localizes to the ER in the absence of other viral compo-
nents. To explore the independent localization properties of
the 1a and 2a proteins, we expressed each separately in yeast.
In keeping with Western blotting results showing that 2a ac-
cumulation was enhanced by 1a coexpression (16), 2a immu-
nofluorescence in the absence of 1a was significantly less than
that in 1a12a yeast cells. As noted above, 2a immunofluores-
cence even in 1a12a cells was notably weaker than 1a immu-
nofluorescence, and the further weakening of 2a immunoflu-
orescence upon omitting 1a resulted in a signal that was too
weak and variable to allow us to unambiguously define the
intracellular distribution of 2a (see also Discussion).

In contrast, prior Western blotting showed that 1a protein
accumulation in vivo is not affected by the presence or absence
of 2a (16). Similarly, we found that the strength of 1a immu-

nofluorescence was unchanged when 2a was omitted. Further-
more, the 1a distribution pattern in the absence of 2a (Fig. 6)
was not distinguishable from that in 1a12a yeast cells (Fig.
3B). In both cases, the strongest 1a accumulation usually com-
prised a partial ring around the nucleus (identified by DNA
staining [results not shown]). Narrower strands of 1a immuno-
fluorescence extended from the perinuclear region into the
cytoplasm and, in some optical sections, to the periphery of the
cell. Double-label immunofluorescence showed that 1a ex-
pressed in the absence of 2a colocalized with the ER marker
protein Dpm1p (Fig. 6). Thus, in the absence of 2a, RNA3, or
any other viral factors, 1a localized to the ER. Moreover, as in
1a12a1RNA3 cells, 1a expressed alone localized to nearly all
sites of Dpm1p fluorescence (Fig. 6), showing that 1a was
distributed over most of the ER.

DISCUSSION

Localization of BMV RNA replication and replication fac-
tors to the yeast ER. The assembly of a multiprotein replica-
tion complex on intracellular membranes appears to be a gen-
eral aspect of RNA replication by all positive-strand RNA
viruses in their natural hosts. However, unknown variations in
virus-host interaction lead even related viruses to direct repli-
cation complex assembly to different membrane sites (12, 30,
36). In the present study we have shown that proper targeting
of RNA replication factors and the close connection of viral
RNA synthesis to specific intracellular membranes is preserved
in the BMV-yeast system. In yeast expressing BMV RNA rep-
lication factors 1a and 2a and actively replicating BMV RNA3,
we found that 1a, 2a, and nascent viral RNA all colocalized in

FIG. 5. BMV RNA3 and RNA4 accumulate predominantly but not exclu-
sively near 1a. 1a12a1RNA3 yeast cells were fixed and subjected to in situ
hybridization with four digoxigenin-labeled oligodeoxynucleotide probes (see
Materials and Methods) complementary to the positive strand of the coat protein
gene in RNA3 and its subgenomic mRNA, RNA4. After in situ hybridization, the
cells were processed for indirect, double-label immunofluorescence using pri-
mary antisera against 1a and digoxigenin. Rows show 1a (left), RNA3 and RNA4
(middle), and their superposition (right) for a 0.5-mm optical section of a rep-
resentative, independent cell. Each image is 9 mm per side.
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combination with the well-characterized yeast ER markers
Kar2p and Dpm1p. These results parallel the ER localization
of BMV RNA replication in infected cells of a natural plant
host (36), further supporting the suitability of yeast as a model
host for studies of BMV RNA replication. Moreover, as dis-
cussed below, we have further extended these localization re-
sults by showing that 1a independently targets the ER mem-
brane in the absence of other BMV components and by using
in situ hybridization to examine the intracellular distribution of
previously synthesized RNA replication products.

On close inspection, essentially all sites of 1a accumulation
in 1a12a1RNA3 yeast cells were also visualized as sites of
nascent viral RNA synthesis, as detected by BMV-specific
BrUTP incorporation (Fig. 4A). Thus, the observed 1a and 2a
distributions represented the distribution of active replication
complexes. Furthermore, in most yeast cells, 1a and 2a covered
a considerable fraction of the ER (Fig. 3A and B). As the yeast
cells in this study were harvested while still in exponential-
phase growth, the results in Fig. 3 imply that under the condi-
tions used, plasmid-directed expression of 1a plus 2a and BMV
RNA replication reached and maintained significant coverage
of the ER in pace with the active growth and cytoplasmic
expansion of the dividing yeast population. For comparison, in
synchronous BMV infections of nondividing plant protoplasts,
1a and 2a are first observed around 3 to 4 h postinoculation at
a few punctate sites on the ER and then slowly spread to
encompass most of the ER by late in infection (16 to 24 h
postinoculation [36]). The steady-state association of BMV
replication complexes with most of the yeast ER helps to
explain why, after 1a12a yeast cells are transfected with in
vitro transcripts of BMV RNA3 derivatives, these RNA3 de-
rivatives successfully reinitiate replication in most daughter
cells and can be maintained indefinitely in dividing yeast pop-

ulations as free RNA replicons in the absence of an RNA3
plasmid (15, 20). As in plant cells, 1a and 2a in yeast cells
remained strictly limited to the ER and did not accumulate
detectably in the Golgi apparatus (Fig. 3C). The basis for this
ER retention is not yet known.

Distribution of RNA3 and RNA4 replication products. Since
incubation with BrUTP was limited to periods of 5 to 10 min
prior to cell harvest, BrUTP incorporation was expected to
label primarily nascent RNA or RNA products just completed.
Accordingly, BrUTP incorporation was detected only at sites
of 1a and 2a accumulation (Fig. 4A). In situ hybridization, by
contrast, detects any RNA containing the target sequence,
whether synthesized recently or long prior to cell harvest. In
keeping with this, the distribution of RNA3 and RNA4 hybrid-
ization signals in 1a12a1RNA3 yeast cells was more variable
than that of incorporated BrUTP. While the strongest in situ
hybridization signals in most cells were associated with sites of
1a and 2a accumulation, weaker hybridization signals were also
diffused throughout the cytoplasm (Fig. 5, top two rows).
Moreover, in some cells, substantial RNA3 and RNA4 accu-
mulation was found in areas separated from sites of 1a accu-
mulation (Fig. 5, bottom row). Since free RNA3 turns over
rapidly in yeast (19, 44), the accumulation of RNA at these
distal sites may involve its interaction with coat protein: in
1a12a1RNA3 yeast cells, RNA4 production leads to transla-
tion of coat protein, which selectively stabilizes BMV RNAs in
yeast (24, 44). In addition, some differences in RNA3 and
RNA4 distribution may reflect age differences between yeast
cells. Yeast cells are not immortal but survive for approxi-
mately 25 cycles of asymmetric budding to produce smaller
daughter cells (42). Cells with larger accumulations of RNA3
and RNA4 at sites distal to 1a and 2a may represent mature
mother cells that have accumulated BMV RNA for many cell
cycles. Conversely, in newly budded daughter cells, which con-
stitute 50% of the dividing cell population, BMV RNA may be
primarily localized to the vicinity of replication complexes.

Independent ER localization of 1a. In the yeast system de-
scribed here, the use of separate plasmids to express functional
levels of 1a and 2a provided the opportunity to explore the
independent localization of these factors. When 1a was ex-
pressed in the absence of 2a or RNA3, the level of its accu-
mulation (16) and immunofluorescence were unchanged from
the level in 1a12a1RNA3 yeast cells. More significantly, 1a
expressed alone (Fig. 6) localized to the ER in patterns not
distinguishable from those in 1a12a1RNA3 yeast cells (Fig.
3B). While the basis for the ER localization of 1a is not yet
known, host-specific differences in the level of RNA synthesis
segregate with the 1a gene in reassortants between BMV
strains, implying that 1a interacts directly or indirectly with one
or more host components in ways important for RNA replica-
tion (8). The nsP1 protein of the alphavirus Semliki Forest
virus, which is homologous to the N-terminal half of 1a, also
localizes to membranes specifically in the absence of other viral
factors: nsP1 appears first on the plasma membrane and then
on endosomal and lysosomal vesicles, the normal sites of Sem-
liki Forest virus RNA synthesis (30). nsP1 is palmitoylated, but
this modification is not required for its membrane association
(25).

While 2a interacts with 1a in vitro (21, 22) and in vivo (9, 43),
further work is necessary to determine whether the ER local-
ization of 2a in 1a12a1RNA3 yeast cells is dependent on 1a.
Due to the weaker immunofluorescence of 2a and its reduced
accumulation in the absence of 1a (this work and reference
16), it was not possible in this study to unambiguously deter-
mine the localization of 2a when expressed alone. To address

1a Dpm1p 1a + Dpm1p

FIG. 6. 1a colocalizes with ER markers in the absence of 2a or RNA3. Yeast
cells expressing 1a but not 2a or RNA3 were processed for indirect, double-label
immunofluorescence using primary antisera against 1a and yeast ER protein
Dpm1p. Rows show 1a (left), Dpm1p (middle), and their superposition (right)
for a 0.5-mm optical section of a representative, independent cell. Each image is
9 mm per side.
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this, experiments are in progress to increase the sensitivity of
2a localization by alternate detection methods (7).
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