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Positive-strand RNA virus replication complexes are universally associated with intracellular membranes,
although different viruses use membranes derived from diverse and sometimes multiple organelles. We
investigated whether unique intracellular membranes are required for viral RNA replication complex forma-
tion and function in yeast by retargeting protein A, the Flock House virus (FHV) RNA-dependent RNA
polymerase. Protein A, the only viral protein required for FHV RNA replication, targets and anchors repli-
cation complexes to outer mitochondrial membranes in part via an N-proximal sequence that contains a
transmembrane domain. We replaced the FHV protein A mitochondrial outer membrane-targeting sequence
with the N-terminal endoplasmic reticulum (ER)-targeting sequence from the yeast NADP cytochrome P450
oxidoreductase or inverted C-terminal ER-targeting sequences from the hepatitis C virus NS5B polymerase or
the yeast t-SNARE Ufelp. Confocal immunofluorescence microscopy confirmed that protein A chimeras
retargeted to the ER. FHV subgenomic and genomic RNA accumulation in yeast expressing ER-targeted
protein A increased 2- to 13-fold over that in yeast expressing wild-type protein A, despite similar protein A
levels. Density gradient flotation assays demonstrated that ER-targeted protein A remained membrane asso-
ciated, and in vitro RNA-dependent RNA polymerase assays demonstrated an eightfold increase in the in vitro
RNA synthesis activity of the ER-targeted FHV RNA replication complexes. Electron microscopy showed a
change in the intracellular membrane alterations from a clustered mitochondrial distribution with wild-type
protein A to the formation of perinuclear layers with ER-targeted protein A. We conclude that specific

intracellular membranes are not required for FHV RNA replication complex formation and function.

A universal feature of positive-strand RNA viruses is the
involvement of host intracellular membranes in RNA replica-
tion complex formation and function. This conclusion is based
primarily on four observations. First, immunofluorescence and
immunoelectron microscopy have localized viral replicase pro-
teins and nascent viral RNA synthesis to intracellular mem-
branes (16, 18, 24, 28, 29, 33, 42, 47, 51, 53, 56). Second, in vitro
viral RNA-dependent RNA polymerase (RdRp) activity co-
fractionates with cellular membranes (6, 8, 12, 51, 58). Third,
detergents suppress, and in some instances, phospholipids en-
hance the in vitro activities of viral replicase proteins (2, 8, 57,
58). Fourth, lipid synthesis inhibitors (20, 30, 36) and muta-
tions in lipid synthesis genes (26) inhibit viral RNA replication.
Recent results also show that at least some positive-strand
RNA viruses use membrane rearrangements to create virus-
specific, membrane-bounded compartments in which RNA
replication occurs (51).

Despite these observations, many fundamental questions re-
main about the interaction of viral replication factors with host
intracellular membranes and the specific roles of membranes
in viral RNA replication complex formation and function.
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Moreover, while most viruses assemble their replication com-
plexes on a specific membrane or membranes, different viruses
use different membranes. For various positive-strand RNA
viruses, membranes derived from the endoplasmic reticulum
(ER) (26, 29, 35, 42, 46-48, 51), Golgi apparatus (47), lyso-
somes (18, 24, 28, 47), endosomes (18, 24), vacuoles (52),
mitochondria (10, 15, 32, 33), perixosomes (9, 10), and chlo-
roplasts (14) have all been implicated in viral RNA replication
complex formation and function. The significance of this di-
versity of intracellular membranes used by different viruses is
unknown.

The wide variety of intracellular membrane compartments
used by different positive-strand RNA viruses, and their spe-
cific targeting, suggests that individual viruses may have unique
host factor requirements supplied by specific intracellular
membranes. Alternatively, many or all host intracellular mem-
branes could provide the functions necessary for viral RNA
replication complex formation and function, and the specific
intracellular localization of individual viruses may be related to
other steps in the viral life cycle, such as viral protein transla-
tion or encapsidation. Results that help distinguish between
these competing hypotheses potentially have significant thera-
peutic implications, as antiviral drugs designed to block viral
RNA replication complex formation or function on a specific
intracellular membrane compartment will be ineffective if al-
ternative membranes can be used efficiently.

To study intracellular viral RNA replication complex target-
ing, we use Flock House virus (FHV), an alphanodavirus that
has been used as a model to investigate viral capsid formation
and RNA packaging (49, 50, 59), viral RNA replication and
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subgenomic synthesis (3, 5, 22, 27), and RNA replication com-
plex assembly and function (32, 33, 57, 58). FHV replicates in
a wide variety of cells (4), including the yeast Saccharomyces
cerevisiae (37-39). FHV contains a 4.5-kb bipartite genome, in
which the larger RNA segment (RNA1) encodes protein A,
the FHV RdRp (4, 13). Protein A is the only viral protein
needed for FHV RNA replication (3, 21, 38), and it contains
the sequences necessary for the intracellular targeting of FHV
RNA replication complexes to outer mitochondrial mem-
branes (32, 33). The protein A mitochondrial outer membrane-
targeting sequence is located in the N-terminal 46 amino acids
and contains a 19-amino-acid transmembrane domain (TMD)
(32). The presence of a single essential viral protein, a defined
N-terminal targeting sequence, and the intracellular localiza-
tion of viral RNA replication complexes to a single organelle
all make FHV an attractive model to investigate whether viral
RNA replication complexes can be retargeted to an alternative
intracellular membrane.

In this report, we show that FHV RNA replication com-
plexes can be retargeted from the mitochondria to the ER via
the introduction of chimeric sequences into the protein A
N-terminal region. In addition, FHV RNA replication com-
plexes retargeted to the ER are functional in vivo and in vitro
and have enhanced RNA synthesis activity compared to mito-
chondrially targeted replication complexes.

MATERIALS AND METHODS

Yeast strain and plasmids. The haploid yeast strain BY4742 (MAT« his3A1
leu2A0 ura3A0) was used for all experiments. Yeast cells were transformed,
cultured, and induced with galactose as previously described (32) unless other-
wise indicated. Standard molecular biology procedures were used for all cloning
steps, and all products generated by PCR or with synthesized oligonucleotides
were verified by automated sequencing. Plasmids pFA and pFlg have been
previously described (27, 32, 38). For the present experiments, we changed pF1
from a HIS3-selectable yeast 2pm plasmid to a centromeric plasmid based on the
pRS313 backbone (laboratory designation, pFHV 1) to provide better control of
plasmid copy number and stability. Plasmid pFA-del was generated by PCR with
oligonucleotides designed to delete protein A amino acids 2 to 35 and insert a
unique BspEI site. We generated chimeric protein A expression plasmids from
pFA-del using mutually primed extension of overlapping nucleotides with flank-
ing BspEl sites. Inserted sequences and plasmid designations of chimeric protein
A expression plasmids are shown in Fig. 1A and described in Results below.

Antibodies. Mouse monoclonal antibodies (MAbs) against cytochrome oxi-
dase subunit III (CoxIII), mitochondrial porin, dolichyl-phosphate B-p-manno-
syltransferase (DPM), 3-phosphoglycerate kinase (PGK), vacuolar ATPase, and
Oregon Green 488-labeled concanavalin A were from Molecular Probes (Eu-
gene, Oreg.). All secondary antibodies for immunofluorescence and immuno-
blotting were from Jackson Immunoresearch (West Grove, Pa.). Rabbit poly-
clonal antisera against FHV protein A has been described previously (33).
Mouse MAbs against FHV protein A were generated from mice immunized with
a protein A-enriched insoluble pellet fraction from lysates of Escherichia coli
BL21-Codon Plus (RIL) cells transformed with the expression vector pET-
FHVPA (33). Hybridoma supernatants were screened for protein A reactivity by
enzyme-linked immunosorbent assay using lysates from mock- and FHV-infected
Drosophila S2 cells, and MADb specificity was confirmed by immunoblot and
immunofluorescence analyses. The protein A epitope specificities of three hy-
bridomas were further characterized by immunoblotting with lysates from yeast
cells expressing protein A deletion mutants (32). The epitope for clones
2-2.2.2.5.3 and 3-4.1.1.2 was located between protein A amino acids 99 and 230,
whereas the epitope for clone 2-1.1.2.4.8 was located between amino acids 230
and 399. Pooled ascites fluid from all three clones was used for immunoblot
analyses.

RNA and protein analyses. Total RNA isolation, Northern blot analyses and
quantitation, protein isolation, and immunoblot analyses and quantitation were
done as previously described (32). Cell lysates were fractionated by flotation in
Nycodenz gradients as previously described (32) with several modifications. To
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FIG. 1. (A) Chimeric FHV protein A sequences and plasmid des-
ignations. A schematic of protein A with the viral RdARp motif region
represented by the solid bar is shown on top for reference. The core
predicted protein A TMD from Leu 17 to Ser 35 is underlined (32).
The hydrophobic-to-hydrophilic amino acid mutations in pFA-mut are
also underlined. The unique BspEI site used to generate the chimeric
protein A constructs introduced a Ser-Gly at the insertion sequence
junctions (shown in boldface). The dashes indicate no amino acids and
are included for alignment purposes. (B) Schematic of plasmid-di-
rected FHV RNA replication in yeast. RNA1 templates with authentic
viral 5 and 3’ termini are generated from pF1 through precise place-
ment of the GALI promoter start site and a hepatitis d ribozyme (Rz),
respectively, and the frameshift at the indicated location disrupts trans-
lation. The GALI leader (L) and CYCI polyadenylation signal (A,)
flanking the protein A open reading frame (ORF) in pFA or deriva-
tives thereof disrupt its activity as a viral RNA replication template but
enhance its RNA polymerase II-directed transcription and translation.
pFA-derived protein A (ptnA) subsequently directs RNA1 replication
and subgenomic (sg) RNA3 synthesis from an RNAI template tran-
scribed from pFlg,.

avoid rapid FHV protein A and RNA degradation during spheroplast prepara-
tion, yeast cells were disrupted by mechanical shearing with glass beads for 1 min
at 4°C in the presence of a yeast protease inhibitor cocktail (Sigma, St. Louis,
Mo.) and the RNase inhibitor RNasin prior to equilibrium density gradient
centrifugation. Two equal-volume fractions were taken—one from the visible
membrane layer at the upper 5 to 35% Nycodenz interface and the other from
the lower region where the cell lysate was loaded—and designated the low-
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density (LD) and high-density (HD) fractions, respectively (32). The total pro-
tein concentration of each fraction was determined by Bradford assay using
bovine serum albumin as the standard, and total protein was equalized for
immunoblot and in vitro RdRp analyses. In vitro RdRp assays were done as
previously described (58) with several modifications. Reaction mixtures contain-
ing LD or HD fractions plus 50 mM Tris (pH 8.0); 50 mM potassium acetate; 15
mM magnesium acetate; 5 g of actinomycin D/ml; 40 U of RNasin/pl; 1 mM
(each) ATP, GTP, and CTP; 50 uM UTP; and 10 uCi of [**P]JUTP in a 25-l
total volume were incubated for 3 h at 26°C, extracted once with phenol-chlo-
roform, desalted with Sephadex G-50 columns, and analyzed in 1.2% nondena-
turing agarose gels.

Immunofluorescence and EM. Confocal immunofluorescence and transmis-
sion electron microscopy (EM) analyses were done as previously described (32,
51).

RESULTS

Retargeting sequence selection and FHV RNA replication in
yeast. We previously found that the N-terminal 46 amino acids
of FHV protein A functioned as a mitochondrial outer mem-
brane-targeting sequence (32). To investigate whether protein
A and FHV RNA replication complexes could be retargeted to
the ER, we constructed a series of chimeric protein A expres-
sion plasmids (Fig. 1A). Previous mapping studies showed that
deletion of amino acids 9 to 45 disrupted protein A in vivo
RdRp activity (32). Thus, we replaced the N-proximal region
located between the initiator Met and Lys 36, the amino acid
immediately downstream of the protein A TMD (32). For
controls, we constructed pFA-del, in which amino acids 2 to 35
were deleted; pFA-mut, in which the protein A TMD hydro-
phobic amino acids Leu, Val, and Ile were mutated to the
hydrophilic amino acids Asn, Asp, and Glu, respectively; and
pFA-T70, in which wild-type (wt) protein A amino acids 2 to 35
were replaced with the outer mitochondrial membrane-target-
ing sequence from the yeast import receptor protein Tom70
(31). We initially searched for well-characterized ER-targeting
sequences that contained an N-proximal TMD and were ~30
to 40 amino acids in length, similar in size to the deleted wt
protein A region in pFA-del. Few sequences fulfilled these
criteria, and thus, we expanded the search to include inverted
C-proximal TMDs, based on the observation that membrane
targeting of some yeast proteins depends on the TMD length
and composition but not the precise sequence (40). We chose
three ER-targeting sequences: (i) inverted amino acids 561 to
591 from the C terminus of the hepatitis C virus (HCV) NS5B
protein (48), (ii) amino acids 1 to 34 from the N terminus of
yeast NADP cytochrome P450 oxidoreductase (54), and (iii)
inverted amino acids 326 to 346 from the C terminus of the
yeast t-SNARE Ufelp as modified by Rayner and Pelham (40).
These sequences were inserted between wt protein A amino
acids 1 and 36 to generate plasmids pFA-HCV, pFA-P450, and
pFA-Ufel, respectively (Fig. 1A).

For all experiments, unless otherwise indicated, yeast cells
were cotransformed with pFA or derivatives thereof to provide
protein A expression and with pFl to provide an RNAI
template for FHV RNA replication in trans (Fig. 1B) (27, 32,
38). All plasmids expressed protein A or RNA1 from the
galactose-inducible, glucose-repressible GALI promoter. The
RNAL1 transcribed from the plasmid pF1,, contains authentic
FHV 5’ and 3’ termini and thus can serve as a template for
viral RNA replication but cannot be translated due to a 4-nu-
cleotide frameshifting insertion in the 5’ coding region (38).
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During RNA replication via a full-length genomic negative-
sense (—)RNAI intermediate, FHV produces a subgenomic,
positive-sense (+)RNA3 that is colinear with the 3’ end of
genomic (+)RNAL1 (4). Thus, both genomic (—)RNAI1 and
subgenomic (+)RNA3 syntheses provide quantitative mea-
surements of protein A-dependent FHV RNA replication.

Retargeted protein A chimeras localize to the ER. We used
confocal immunofluorescence microscopy to examine the in-
tracellular localization of protein A in yeast (Fig. 2). Consistent
with previous observations (32), mitochondria from control
yeast showed a peripheral distribution (Fig. 2A, top row),
whereas mitochondria from yeast expressing pFA showed a
clustered distribution that colocalized with protein A immu-
nofluorescence (Fig. 2A, second row). Mitochondria from
yeast expressing pFA-T70 also showed a clustered distribution
that partially colocalized with protein A immunofluorescence,
although the clustering was often not as prominent as that seen
with wt protein A (data not shown). In contrast to pFA and
pFA-T70, mitochondria from yeast expressing pFA-HCV
showed a normal peripheral distribution that was distinct from
the protein A immunofluorescence pattern (Fig. 2A, third
row). The protein A distribution in yeast expressing pFA-HCV
was predominantly centralized and perinuclear, similar to the
distribution of the ER-targeted brome mosaic virus 1a and 2a
replicase proteins in yeast (11, 41). A similar, largely perinu-
clear-type protein A distribution was seen in yeast expressing
pFA-P450 (Fig. 2A, fourth row) or pFA-Ufel (Fig. 2A, bottom
row). Immunofluorescence microscopy using a yeast ER
marker confirmed that chimeric protein A localized to the ER
in yeast expressing pFA-HCV (Fig. 2B, top row), pFA-P450
(Fig. 2B, second row), or pFA-Ufel (Fig. 2B, bottom row). As
a control for other intracellular membrane compartments, im-
munofluorescence microscopy showed no significant localiza-
tion of chimeric protein A to vacuoles in yeast expressing
pFA-HCV (Fig. 2C, top row), pFA-P450 (Fig. 2C, bottom
row), or pFA-Ufe-1 (data not shown). Thus, chimeric FHV
protein A with specifically selected targeting sequences derived
from the HCV NS5B polymerase, the yeast NADP cytochrome
P450 oxidoreductase, or the yeast t-SNARE Ufelp localized to
the ER in yeast.

ER-targeted protein A chimeras increase FHV RNA synthe-
sis in vivo. We analyzed FHV-specific RNA accumulation by
Northern blot analyses to compare FHV RNA replication in
yeast expressing wt protein A and in ER-targeted chimeras
(Fig. 3). Both subgenomic (+)RNA3 (Fig. 3A, top blot) and
(—)RNALI template (Fig. 3A, bottom blot) accumulations were
increased in yeast cells expressing pFA-T70, pFA-HCV, pFA-
P450, and pFA-Ufel. The increase in viral RNA accumulation
was not due to increased FHV RNA polymerase expression, as
protein A accumulations were similar in all constructs (Fig.
3B). Compared quantitatively to yeast expressing pFA,
(+)RNA3 accumulation increased 5- to 11-fold and (—)RNA1
accumulation increased 2- to 12-fold in yeast cells expressing
pFA-HCV, pFA-P450, and pFA-Ufel (Fig. 3C). The largest
increases in FHV RNA accumulation were seen with pFA-
T70, pFA-HCV, and pFA-P450, whereas pFA-Ufel showed a
smaller, although still significant, increase. In contrast to sub-
genomic (+)RNA3 and genomic template (—)RNA1 accumu-
lation, genomic (+)RNA1 accumulation was either unchanged
or only slightly higher in yeast cells expressing pFA-T70, pFA-
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HCV, pFA-P450, and pFA-Ufel (Fig. 3C). Genomic
(+)RNAL1 accumulation reflects both FHV RNA replication
and replication-independent yeast RNA polymerase II-di-
rected transcription from plasmid DNA (Fig. 1B). We con-
cluded from these data, in conjunction with the confocal-im-
munofluorescence results described above (Fig. 2), that FHV
RNA replication complexes retargeted to the ER were active
in vivo. Thus, FHV RNA replication complexes do not require
a unique intracellular membrane for in vivo activity in yeast.
The increased RNA replication in yeast cells expressing
pFA-T70, pFA-HCV, pFA-P450, and pFA-Ufel was not sim-
ply due to a change in the protein A TMD, as genomic
(—)RNAL and subgenomic (+)RNA3 accumulations in yeast
expressing pFA-mut were negligible (Fig. 3). We changed the
hydrophobic amino acids within the protein A TMD to hydro-
philic amino acids in pFA-mut based on the hypothesis that a
hydrophobic TMD was necessary for in vivo protein A RdRp
activity. However, (+)RNA3 accumulation unexpectedly de-
creased only 40% in yeast expressing pFA-del compared to
that in yeast expressing wt protein A, whereas (—)RNA1 ac-
cumulation increased almost twofold (Fig. 3). This suggests
that the protein A N-terminal 35 amino acids are not essential
for RdRp activity and that potential changes in secondary or
tertiary structure may have been responsible for the absent in
vivo RdRp activity with pFA-mut. Confocal immunofluores-
cence studies showed that protein A in yeast expressing pFA-
del had a more diffuse distribution that did not colocalize with
mitochondria (data not shown), similar to previously described

FIG. 2. Chimeric protein A is retargeted to the ER. (A) Yeasts
expressing pFlg plus a control plasmid lacking the protein A open
reading frame (top row), pFA (second row), pFA-HCV (third row),
pFA-P450 (fourth row), or pFA-Ufel (bottom row) were immuno-
stained with rabbit anti-protein A (Ptn A) and mouse anti-CoxIII for
mitochondria (mito), followed by Texas red-labeled goat anti-rabbit
and fluorescein isothiocyanate-labeled goat anti-mouse secondary an-
tibodies. Representative images for CoxIII (left; green), protein A
(middle; red), and merged signals (right) are shown. The merged
images represent a digital superimposition of red and green signals in
which areas of fluorescence colocalization are yellow. The images for
pFA-HCV (third row) are shown at approximately twice the magnifi-
cation of the other immunofluorescence images. (B) Yeast cells ex-
pressing pFlg plus pFA-HCV (top row), pFA-P450 (middle row), or
pFA-Ufel (bottom row) were immunostained with rabbit anti-protein
A and Oregon Green 488-labeled concanavalin A, followed by Texas
red-labeled goat anti-rabbit secondary antibodies. Representative con-
focal images for conconavalin A (left; green), protein A (middle; red),
and merged signals (right) are shown. The images for pFA-Ufel (bot-
tom row) are shown at approximately twice the magnification of the
other immunofluorescence images. Concanavalin A is a lectin that
selectively binds a-mannopyranosyl and a-glucopyranosyl residues.
Initial experiments demonstrated that the fluorescence pattern of con-
canavalin A reactivity in yeast colocalized with the immunofluores-
cence pattern of Kar2p, a yeast ER-resident protein (data not shown).
(C) Yeast cells expressing pFlg plus pFA-HCV (top row) or pFA-
P450 (bottom row) were immunostained with rabbit anti-protein A
and mouse anti-vacuolar ATPase for vacuoles (Vac), followed by
Texas red-labeled goat anti-rabbit and fluorescein isothiocyanate-la-
beled goat anti-mouse secondary antibodies. Representative confocal
images for vacuolar ATPase (left; green), protein A (middle; red), and
merged signals (right) are shown. The images for pFA-P450 (bottom
row) are shown at approximately twice the magnification of the other
immunofluorescence images.
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FIG. 4. ER-targeted protein A (Ptn A) chimeras maintain in-
creased FHV RNA accumulation in vivo after 72 h of induction. Total
RNA from equivalent numbers of cells was separated by electrophore-
sis and blotted with a **P-labeled complementary riboprobe that de-
tected (+)RNA1 and (+)RNA3. Duplicate representative samples
from yeast cells expressing pFlg plus pFA, pFA-HCV, or pFA-P450
are shown.

protein A mutants with N-proximal deletions (32). Neverthe-
less, some protein A mutants with N-proximal deletions that
include the TMD still maintain 40 to 60% membrane associ-
ation (32). Thus, the retained in vivo RdRp activity of pFA-del

FIG. 3. ER-targeted protein A chimeras increase FHV RNA accu-
mulation in vivo. (A) Viral RNA accumulation in yeasts expressing
pF1 plus the indicated protein A (Ptn A) expression plasmids. The
lane labels correspond to the plasmid designations shown in Fig. 1A.
Total RNAs from equivalent numbers of cells were separated by elec-
trophoresis and blotted with *?P-labeled complementary riboprobes
that corresponded to nucleotides 2718 to 3064 from FHV RNAT1 (38).
Note that RNA3 is colinear with the 3" end of RNA1 (13, 17) and that
the probe sequence is present in both RNAs. Control Northern blots
comparing known amounts of RNA1 and RNA3 in vitro transcripts
showed that, with the probes and the transfer and hybridization con-
ditions used, there was no significant difference between the detection
efficiencies of RNA1 and RNA3. Thus, the band intensities reflect the
molar ratios of RNA1 and RNA3. The riboprobes were either in the
antisense or sense orientation and detected (+)RNA1 and (+)RNA3
(upper blot) or (—)RNAL and (—)RNA3 (lower blot), respectively.
The positions of RNA1 and RNA3 are shown on the right. The
ethidium bromide-stained band of 25S rRNA is shown below the blots
as a loading control. The asterisk indicates the position of a back-
ground band seen prominently in yeast expressing template only but
also present to a lesser extent in all samples. This band was not present
in total RNA preparations from FHV-infected Drosophila cells,
whereas the (—)RNAIl-labeled band was present (not shown). Sub-
genomic (—)RNA3 is produced in yeast replicating FHV RNA and in
FHV-infected Drosophila cells and may function as a template for
subgenomic (+)RNA3 synthesis (27, 38). (B) FHV protein A accumu-
lation in yeast expressing pFl; plus protein A expression plasmids.
Total protein from equivalent numbers of cells was separated by elec-
trophoresis and blotted with rabbit anti-protein A antiserum. The
anti-PGK immunoblot is shown as a loading control. (C) Quantitative
analysis of (+)RNAI, (+)RNA3, and (—)RNA1 accumulation. North-
ern blots were quantitated by phosphorimager analysis, and the results
are expressed as the increase (n-fold) over yeast expressing pFly, plus
pFA. The horizontal line at 1 is placed for reference to the wt control.
Averages and standard errors of the mean of at least three indepen-
dent experiments are shown.
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could be due to either residual membrane association or mem-
brane-independent FHV RNA replication complex activity.
The latter hypothesis is consistent with the observation that
FHYV negative-strand templates can be produced in vitro in the
absence of membranes or phospholipids (57, 58). The obser-
vation that pFA-del retained some in vivo RdRp activity de-
spite the lack of clear mitochondrial localization supports the
conclusion that FHV RNA replication complexes do not re-
quire a unique intracellular membrane in yeast.

Effects of yeast growth and induction kinetics on viral RNA
synthesis in yeast expressing chimeric protein A. To assess
whether the increased FHV RNA synthesis in yeast expressing
chimeric protein A might have been due to a slowing of yeast
growth, thus allowing more time for viral RNA accumulation
per cell before cell division, we measured doubling times over
the entire 24-h induction period. When grown in selective
medium with galactose, yeast expressing pFA plus pFl, dou-
bled every 9.7 £ 0.4 h (mean = standard error of the mean),
compared to 9.3 = 1.2 h for control yeast. Doubling times were
not significantly different in yeast cells expressing pFA-del (9.5
+ (0.7 h), pFA-mut (10.7 = 0.8 h), pFA-HCV (8.5 = 0.2 h),
pFA-P450 (9.4 = 0.2 h), or pFA-Ufel (9.3 £ 0.5 h) when
compared to those of yeast cells expressing pFA. In contrast,
the doubling time in yeast expressing pFA-T70 was increased
almost twofold to 17.7 = 1.6 h (P < 0.0004 compared to pFA),
which may explain the increased (+)RNA3 and (—)RNAI1
accumulation seen in these yeast cells (Fig. 3). However, dif-
ferences in yeast growth kinetics did not explain the increased
FHV RNA accumulation in yeast expressing ER-localized
pFA-HCV, pFA-P450, or pFA-Ufel.

We also explored the impact of the induction period on
FHV RNA accumulation in yeast cells expressing pFl plus
pFA, pFA-HCV, or pFA-P450. Expression of FHV protein A
and RNAL1 replication templates was induced in selective me-
dium with galactose, and the yeast cells were passed every 24 h
into new media to maintain exponential growth and analyzed
72 h after induction (Fig. 4). FHV RNA accumulation after a
72-h induction was still increased in yeast expressing pFA-
HCV or pFA-P450 compared to that in yeast expressing pFA,
but the increase was less than that seen after the shorter 24-h
induction period. Subgenomic (+)RNA3 accumulation in
yeast expressing pFA-HCV or pFA-P450 was increased 2.5- *
0.2- or 3.0- = 0.2-fold, respectively, over yeast expressing pFA.
Thus, enhanced FHV RNA synthesis kinetics or RNA stability
may explain part of the increased FHV RNA accumulation in
yeast expressing retargeted protein A.

ER-targeted FHV protein A chimeras are membrane asso-
ciated and have increased in vitro RdRp activities. FHV pro-
tein A is membrane associated in infected Drosophila cells (33)
and in yeast transformed with protein A expression vectors
(32). To determine whether the ER-targeted protein A chime-
ras were also membrane associated, we used equilibrium den-
sity gradient centrifugation to examine the flotation behavior
of protein A from yeast expressing pF1; plus pFA, pFA-HCV,
or pFA-P450 (Fig. 5A). As an additional control for subse-
quent in vitro RdRp assays, we also examined yeast cells ex-
pressing pFA alone, which produce protein A but do not sup-
port FHV RNA replication (27, 32, 38). Protein A from yeast
cells expressing pFA, pFA-HCV, and pFA-P450 fractionated
almost exclusively into the membrane-enriched LD fraction
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FIG. 5. ER-targeted protein A (Ptn A) chimeras are membrane-
associated and have enhanced in vitro FHV RdRp activities. (A) Equi-
librium density gradient fractionation of lysates from yeast cells ex-
pressing pFlg alone (none), pFA alone [wt (—)], or pFl plus pFA
(wt), pFA-HCV, or pFA-P450. Equal amounts of total protein from
both LD and HD fractions were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and immunoblotted with mouse
MAbs to protein A, PGK, DPM, or porin. Loading equal amounts of
total protein resulted in an overrepresentation of individual proteins in
the LD fraction relative to the HD fraction, thus exaggerating the
residual PGK signal in the LD fraction. Protein A appears as a doublet
in immunoblots of equilibrium gradient fractions, where the lower
band represents a C-terminal degradation product (32). (B) In vitro
RdRp assay of equilibrium density gradient fractions. Equal amounts
of total proteins from both LD and HD fractions were incubated with
[**PJUTP and unlabeled ribonucleotides, and the reaction products
were separated by nondenaturing agarose gel electrophoresis. The
positions of in vitro-transcribed ssRNA1 and ssRNA3 are shown on
the left. The major reaction products corresponding to ssRNA1, ss-
RNA3, and presumed replicative intermediate dSRNA1 (arrow) were
quantitated by phosphorimager analysis in three independent experi-
ments, and the numbers represent the increases (n-fold) in total ra-
diolabeled products relative to the LD fraction of yeast expressing
pF1g plus pFA.

(Fig. 5A). The ER membrane protein DPM and the mitochon-
drial outer membrane porin protein were also present exclu-
sively in the LD fraction, whereas the soluble cytosolic protein
PGK partitioned predominantly into the membrane-depleted
HD fraction. Thus, ER-targeted protein A chimeras were
membrane-associated, consistent with the presence of TMDs
in the sequences chosen to retarget protein A to the ER (Fig.
1A).

To assess the in vitro activities of ER-targeted protein A
chimeras, LD and HD fractions from flotation gradients were
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FIG. 6. FHV protein A expression and RNA replication induces distinct ultrastructural membrane alterations in yeast. (A) Electron micro-
graph of yeast expressing pF1 only, showing normal nucleus (Nu), cell wall (CW), and mitochondria seen in longitudinal (black arrowhead) and
transverse (white arrowhead) sections. (B) Electron micrograph of yeast expressing pFA only, showing clustering of membrane-bounded organelles
(asterisks). (C) Electron micrograph of yeast expressing pFl plus pFA, showing clustered membrane-bounded organelles plus electron-dense
structures (arrows). (D) Electron micrograph (higher magnification) of membrane-bounded structures projecting into the organelle lumen of yeast
expressing pFlg plus pFA. Cyto, cytoplasm. (E) Electron micrograph of yeast expressing pFlg plus pFA-HCV, showing perinuclear membrane
layers (arrows). V, vacuole. (F) Electron micrograph (higher magnification) of perinuclear membrane layers in yeast expressing pFlg plus
pFA-HCV, showing an irregular appearance. Bars = 500 (A, B, C, and E), 100 (D), and 150 (F) nm.

equalized for total protein content and used for in vitro RdARp
assays (Fig. 5B). No exogenous FHV RNA template was added
to the RdRp reactions, and thus, any in vitro activity in the
gradient fractions represented functional replication com-
plexes that contained protein A, template FHV RNA, and any
accompanying host factors. Gradient fractions from yeast ex-
pressing either pFlg or pFA alone showed only faint high-
molecular-weight reaction products, predominantly in the HD
fractions. In contrast, the LD fractions from yeast expressing
pF1 plus pFA, pFA-HCV, or pFA-P450 showed distinct re-
action products that comigrated with in vitro-transcribed sin-
gle-stranded (ss) FHV RNA1 and RNA3. The most prominent
RdRp product migrated more slowly than ssRNA1 (Fig. 5B,
arrow) and likely represented double-stranded (ds) RNAI,
which is a replicative intermediate and the primary reaction
product previously described in in vitro FHV RdRp assays (57,
58).

The in vitro RdRp activities of LD fractions from yeast cells
expressing pFA-HCV and pFA-P450 were significantly greater
than that of yeast cells expressing pFA. When expressed as an
increase over pFA, the production levels of ssRNA1, ssRNA3,

and the presumed replicative intermediate dsSRNA1 in LD
fractions from yeast cells expressing pFA-HCV were increased
6.4- = 1.4-, 9.8- = 1.9-, and 8.5- = 1.1-fold, respectively. For
yeast expressing pFA-P450, these increases were 5.7- £ 1.4-,
8.6- = 1.8-, and 9.3- = 1.3-fold. The increased in vitro RdRp
activity was not due to increased protein A accumulation, as
LD fractions from yeast cells expressing pFA, pFA-HCV, and
pFA-P450 contained similar levels of protein A (Fig. SA, upper
blot). Thus, the in vitro RdRp activities of ER-targeted protein
A chimeras mirrored their increased in vivo activities (Fig. 3).

FHYV replication complexes targeted to mitochondria or the
ER induce distinct ultrastructural membrane alterations in
yeast. FHV infection of Drosophila cells induces distinct mito-
chondrial alterations, including mitochondrial clustering and
the formation of 40- to 60-nm-diameter membrane-bounded
spherical invaginations into the mitochondrial intermembrane
space (33). Similar spherical membrane structures have been
seen with a number of other positive-strand RNA viruses (7,
15, 18, 19, 24, 28, 51), and the localization of both viral repli-
case proteins and nascent viral RNA synthesis to these struc-
tures indicates that they are the intracellular sites of viral RNA
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replication complexes. To determine whether ultrastructural
membrane changes similar to those in FHV-infected Drosoph-
ila cells (33) were also present in yeast cells replicating FHV
RNA and to examine potential membrane changes induced by
ER-targeted protein A chimeras, we used transmission EM to
analyze yeast expressing pFA alone, pF1; plus pFA, or pFA-
HCV (Fig. 6). Compared to control yeast (Fig. 6A), yeast
expressing pFA alone showed a proliferation of intracellular
membranes and a marked clustering of membrane-bounded
organelles (Fig. 6B). These structures were often located asym-
metrically within cells and adjacent to nuclei, and normal-
appearing mitochondria were not readily visible. A similar
proliferation and ultrastructural appearance of intracellular
membranes has been described in yeast expressing the mito-
chondrial-targeted Carnation Italian ringspot virus (CIRV) 36-
kDa replicase protein (43). Yeast cells expressing pFlg, plus
pFA had a similar appearance, with clustered membrane-
bounded organelles (Fig. 6C). In addition, electron-dense
structures were often visible along the clustered membranes
(Fig. 6C), which at higher magnification appeared as tightly
compressed membrane-bounded circular or ellipsoid struc-
tures (Fig. 6D). These structures protruded into the lumen of
the organelle and had diameters of 30 to 50 nm, similar to the
mitochondrial spherules located in the intermembrane spaces
of FHV-infected Drosophila cells (33). However, the double
external membrane and internal cristae that are characteristics
of mitochondria were not readily apparent in the wt-protein
A-induced clustered membrane structures in yeast. Neverthe-
less, the absence of normal mitochondria, the confocal immu-
nofluorescence results demonstrating the localization of wt
protein A to mitochondria in yeast (32) (Fig. 2A), and the
similar ultrastructural appearances of FHV-infected Drosoph-
ila cells (33) and yeast expressing the CIRV 36-kDa replicase
protein (43) suggest that the clustered membrane-bounded
organelles in yeast expressing wt FHV protein A were mito-
chondria.

The ultrastructural appearance of the membrane alterations
in yeast expressing pFlg plus pFA-HCV were significantly
different than that in yeast cells expressing wt protein A. Mem-
brane proliferation was localized primarily to the perinuclear
region (Fig. 6E), consistent with the confocal-immunofluores-
cence results that showed localization of chimeric protein A to
the perinuclear ER (Fig. 2B). The number of membrane layers
adjacent to the nucleus varied from three to more than six, and
they often almost completely surrounded the nucleus. Al-
though spherule-like structures were not readily evident, high
magnification often demonstrated an irregular appearance of
the perinuclear membrane layers (Fig. 6F), suggesting the
presence of possible underlying structures not readily visible
under the fixation conditions used. Similar perinuclear layers
have been observed under some conditions for yeast replicat-
ing brome mosaic virus RNA (M. D. Schwartz, J. Chen, W. M.
Lee, and P. Ahlquist, unpublished data). Thus, the EM ultra-
structural studies were consistent with the confocal-immuno-
fluorescence results (Fig. 2) and suggested that structural dif-
ferences between mitochondrial- and ER-targeted FHV
replication complexes, or their associated membranes, may
have contributed to the functional differences observed both in
vivo (Fig. 3) and in vitro (Fig. 5).
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DISCUSSION

In this report, we investigated the roles of alternative intra-
cellular membranes in the formation and function of viral
RNA replication complexes by retargeting FHV protein A to
the ER. We drew three main conclusions. First, the introduc-
tion of engineered sequences from the HCV NS5B polymer-
ase, the yeast NADP cytochrome P450 oxidoreductase, or the
yeast t-SNARE Ufelp into the N terminus of protein A retar-
geted the FHV RNA polymerase from the mitochondria to the
ER. Second, ER-targeted FHV RNA replication complexes
were active in vivo and in vitro. Third, ER-targeted FHV RNA
replication complexes had enhanced RNA synthesis activity
compared to replication complexes targeted to mitochondria.
These observations indicate that unique intracellular mem-
branes are not required for FHV RNA replication complex
formation and function and suggest that any membrane-asso-
ciated host functions required for FHV RNA replication com-
plexes are provided either by a factor or factors present on
multiple membranes or by distinct, membrane-specific factors
with similar functions. The ability of FHV to replicate its RNA
on two different intracellular-membrane compartments in
yeast makes it a potentially valuable tool to investigate the
contributions of host membranes and other host factors to
RNA replication complex assembly and function. The natures
and functions of known host factors involved in positive-strand
RNA virus genome replication have recently been reviewed
(1).

The demonstration that FHV RNA replication complexes
can be retargeted is consistent with the results of a previous
study that suggested tombusvirus RNA replication complexes
could be retargeted (10). Tombusviruses are positive-strand
RNA viruses of plants whose infections are associated with the
formation of membranous cytoplasmic inclusions called mul-
tivesicular bodies. These structures form on mitochondria or
peroxisomes, respectively, in plants infected with the tombus-
viruses CIRV and cymbidium ringspot virus (45). Multivesicu-
lar bodies are surrounded by multiple 80- to 150-nm-diameter
vesicles that contain RNA, as detected by RNase susceptibility
(15), and viral replicase proteins (9), and thus they are thought
to represent the sites of tombusvirus RNA replication. Mul-
tivesicular-body localization is dependent on determinants en-
coded by the 5'-terminal region of the tombusvirus genome.
Replacement of 600 nucleotides from the 5’ region of the
CIRV genome with a similar region from the cymbidium ring-
spot virus genome changes the localization of multivesicular
bodies from mitochondria to peroxisomes (10). FHV and
CIRV show several similarities, including the normal mito-
chondrial localization of viral RNA replication complexes and
the formation of outer mitochondrial membrane spherules (15,
33) and the presence of TMDs within the mitochondrial local-
ization sequence of the replicase protein responsible for intra-
cellular targeting (32, 44, 55). In addition, both FHV and
CIRV can replicate viral RNA in yeast and induce the forma-
tion of similar intracellular-membrane structures (34, 37-39,
43) (Fig. 6). Further retargeting studies with FHV, CIRV, and
other positive-strand RNA viruses may identify broadly appli-
cable principles that define the interactions between viral rep-
licase proteins and host intracellular membranes that are nec-



VoL. 77, 2003

essary for positive-strand RNA virus replication complex
formation and function.

We retargeted FHV RNA replication complexes to the ER
because that membrane compartment is used for viral RNA
replication complex formation by a number of positive-strand
RNA viruses (26, 29, 35, 42, 46-48, 51). The effectiveness of
inverted C-terminal targeting sequences from the HCV NS5B
polymerase and the yeast t-SNARE Ufelp in retargeting FHV
RNA replication complexes to the ER was consistent with the
observation that the TMD amino acid composition and length,
rather than the specific sequence, are important determinants
for membrane localization (40). However, our results are not
consistent with the results of the study by Kanaji et al. that
showed a correlation between TMD hydrophobicity and intra-
cellular-membrane localization, in which TMD hydrophobici-
ties of <2.15 were associated with a mitochondrial localization
while TMD hydrophobicities of >2.30 resulted in ER or Golgi
localization (23). There was no correlation between TMD hy-
drophobicity and intracellular-membrane localization with the
protein A chimeras used in this study. The wt protein A TMD
has a hydrophobicity of 1.96, whereas the inverted HCV NS5B,
P450 oxidoreductase, and inverted Ufelp TMDs have average
hydrophobicities of 2.27, 1.19, and 2.18, respectively. One po-
tential explanation for this apparent discrepancy is that the Lys
residue immediately downstream of the protein A TMD was
present in all chimeric constructs (Fig. 1A), and the presence
of charged residues surrounding TMDs can impact intracellu-
lar localization (23, 25). Alternatively, we cannot exclude the
possibility that the ER was the default intracellular membrane
target when protein A was no longer targeted specifically to the
mitochondrial outer membrane, as we did not attempt to re-
target FHV replication complexes to an alternative intracellu-
lar membrane other than the ER.

Previous studies that have examined FHV RNA replication
in yeast (27, 38) have demonstrated significantly higher sub-
genomic RNA3/genomic RNALI ratios in yeast expressing wt
protein A than we found in this report (Fig. 3A and 4). Two
differences in experimental design potentially contribute to this
observation. We used the yeast strain BY4742, similar to the
mapping study that identified the FHV protein A TMD as an
important mitochondrial localization domain (32), whereas
Price et al. (38) and Lindenbach et al. (27) used the yeast strain
YPHS00, which at 24 h after induction produces a higher
subgenomic RNA3/genomic RNAT1 ratio than BY4742 (P. Mc-
Dowell and P. Ahlquist, unpublished data). Possibly due to the
higher growth rate of BY4742, similar differences in sub-
genomic viral RNA accumulation between these yeast strains
have been previously observed with brome mosaic virus (D.
Kushner and P. Ahlquist, unpublished data). In addition, pre-
vious studies used a high-copy-number 2pm plasmid for FHV
RNALI template expression (27, 38), whereas we used a low-
copy number centromeric plasmid to increase plasmid stability
and reduce potential differences in DNA-dependent FHV
RNA template expression levels between yeast cells expressing
wt and ER-targeted protein A.

The observation that retargeting FHV protein A to ER
membranes resulted in enhanced in vivo and in vitro RdRp
activities compared to mitochondrial membrane-associated
replication complexes was surprising, as nodavirus RNA rep-
lication is normally extremely robust. For example, in Drosoph-
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ila cells infected with black beetle virus, an alphanodavirus
whose RNA1 sequence shows 99% identity with FHV (4), viral
RNA synthesis accounts for almost 50% of total RNA synthe-
sis (17). Infectious-virion production in yeast spheroplasts
transfected with FHV RNA is similar to that in FHV-infected
Drosophila cells (39), and FHV RNAL levels per microgram of
total RNA are similar in infected Drosophila cells and yeast
expressing pF1 (38). These observations suggest that FHV
RNA replication efficiencies with wt protein A are similar in
yeast and insect cells. The mechanisms responsible for the
increased RNA accumulation observed in vivo (Fig. 3) and
RNA synthesis observed in vitro (Fig. 5) with ER-targeted
FHYV replication complexes are unknown but could involve
increased speed or efficiency of replication complex assembly,
template RNA recruitment, or substrate utilization or in-
creased stability of the template or product RNA. The reduced
magnitude of the differences in (+)RNA3 accumulation be-
tween yeast cells expressing wt and ER-targeted protein A
after prolonged induction (Fig. 4) implies that these differ-
ences reflect greater shifts in the early kinetics rather than in
the final accumulation of RNA replication products. The ob-
served differences in in vitro RdRp activities (Fig. 5B) and
membrane ultrastructures (Fig. 6) also suggest the possibility
that FHV RNA replication complexes targeted to mitochon-
drial or ER membranes may differ in accessibility to the cyto-
plasm for importing nucleotides or exporting product RNA, in
host factor composition, or in other characteristics. Further
experiments are being pursued to explore the underlying
mechanisms responsible for the unexpected and interesting
differences revealed by the retargeting of FHV RNA replica-
tion complexes.
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