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Positive-strand RNA [(+)RNA] viruses invariably replicate their RNA genomes on modified intracellular
membranes. In infected Drosophila cells, Flock House nodavirus (FHV) RNA replication complexes form on
outer mitochondrial membranes inside ~50-nm, virus-induced spherular invaginations similar to RNA rep-
lication-linked spherules induced by many (+)RNA viruses at various membranes. To better understand
replication complex assembly, we studied the mechanisms of FHV spherule formation. FHV has two genomic
RNAs; RNA1 encodes multifunctional RNA replication protein A and RNA interference suppressor protein B2,
while RNA2 encodes the capsid proteins. Expressing genomic RNA1 without RNA2 induced mitochondrial
spherules indistinguishable from those in FHV infection. RNA1 mutation showed that protein B2 was dis-
pensable and that protein A was the only FHV protein required for spherule formation. However, expressing
protein A alone only “zippered” together the surfaces of adjacent mitochondria, without inducing spherules.
Thus, protein A is necessary but not sufficient for spherule formation. Coexpressing protein A plus a repli-
cation-competent FHV RNA template induced RNA replication in frans and membrane spherules. Moreover,
spherules were not formed when replicatable FHV RNA templates were expressed with protein A bearing a
single, polymerase-inactivating amino acid change or when wild-type protein A was expressed with a nonrep-
licatable FHV RNA template. Thus, unlike many (+)RNA viruses, the membrane-bounded compartments in
which FHV RNA replication occurs are not induced solely by viral protein(s) but require viral RNA synthesis.
In addition to replication complex assembly, the results have implications for nodavirus interaction with cell

RNA silencing pathways and other aspects of virus control.

Eukaryotic positive-strand RNA [(+)RNA] virus genome
replication universally occurs on rearranged host intracellular
membranes (1, 37, 49). Membrane rearrangements used by
different viruses include, but are not limited to, membranous
webs of vesicles (24, 56), double-membrane vesicles (41), and
double-membrane layers (52). Among the most common virus-
induced membrane rearrangements are 50- to 80-nm mem-
brane invaginations or spherules which are associated with
RNA replication by alphaviruses, bromoviruses, nodaviruses,
flaviviruses, tymoviruses, tombusviruses, and other viruses (23,
35, 44, 48, 51, 62).

Such replication-associated membrane rearrangements are
often induced by one or a few viral nonstructural proteins. The
membranous web formed by hepatitis C virus (HCV) is in-
duced by HCV protein NS4B (19). Double-membrane vesicles
formed by the equine arterivirus are induced by the viral nsp2
and nsp3 proteins (55). Endoplasmic reticulum (ER) spherules
formed by brome mosaic virus (BMV) are induced by BMV
RNA replication protein 1a (51).

To better understand the mechanisms of (+)RNA virus
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replication complex formation, including membrane rear-
rangement, we examined Flock House virus (FHV) spherule
formation. FHV belongs to the family Nodaviridae and the
genus Alphanodavirus, whose members naturally infect insects
(9). FHV encapsidates a bipartite, single-stranded, positive-
sense RNA genome whose RNAs are capped but not polya-
denylated (Fig. 1) (9). RNALI (3.1 kb) encodes multifunctional
viral replicase protein A (112 kDa), the only FHV protein
required for RNA replication (8). During replication, RNA1
also produces subgenomic RNA3 (387 nucleotides [nt]), which
encodes the RNA interference (RNAi) suppressor protein B2
(12 kDa) (22, 26, 31). Genomic RNA2 (1.4 kb) encodes the
capsid precursor protein a (43 kDa) (21).

FHYV infection induces the formation of ~50-nm-diameter
membranous vesicles, or spherules, between the mitochondrial
outer and inner membranes (35). Three-dimensional electron
tomographic imaging shows all such spherules to be invagina-
tions of the outer mitochondrial membrane, with interiors con-
nected to the cytoplasm through ~10-nm-diameter open necks
(28). We previously showed that protein A and FHV RNA
synthesis localize to the interiors of these spherules, which thus
represent the FHV RNA replication complex (28).

In addition to providing RNA-dependent RNA polymerase
and likely capping functions for RNA synthesis (8, 9, 21, 27),
protein A has major roles in replication complex assembly.
Protein A localizes to mitochondrial outer membranes through
an N-terminal mitochondrial targeting and transmembrane se-
quence (34) and, in a step separable from RNA synthesis,
recruits FHV RNA templates to mitochondria (59, 60). Pro-
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FIG. 1. Schematic of FHV genome components and the corresponding expression cassettes used in Drosophila expression plasmids. Each FHV
component is expressed by a baculovirus IE1 promoter in a plasmid that also contains the baculovirus transactivating 4r5 enhancer. Plasmid pF1
expresses RNAI, and pF2 expresses RNA2 with a 8Rz-mediated authentic 3’ end (8Rz). pF1 and pF2 contain 46 nonviral nt between the IE1
transcription start site and the first viral nucleotide. pFA encodes protein A mRNA with nonviral 5" and 3’ untranslated sequences and a 3’
polyadenylation signal (An). pFA contains 52 nonviral nt between the IE1 transcription start site and the initiating methionine codon.

tein A also self-interacts in vivo through multiple domains in
ways important for RNA replication (16). Consistent with this,
immunogold localization of protein A, biochemical results, and
other data show that transmembrane, self-interacting protein
A is present at ~100 molecules per spherule, implying that
protein A forms a dense shell-like structure lining the interior
spherule membranes (28).

In this study, we examined the requirements for forming the
FHYV spherule RNA replication compartments. Although pro-
tein B2 can interact with protein A (5), we found that B2 and
FHYV capsid proteins were dispensable for spherule formation.
Protein A was required for spherule formation but, unlike the
case for many (+)RNA viruses for which one or more non-
structural proteins suffice for replication-associated membrane
rearrangements, was insufficient. The results show that spher-
ule formation requires a replication-competent RNA tem-
plate, occurs downstream of RNA template recruitment, and
depends on protein A polymerase activity. Thus, in contrast to
many other (+)RNA viruses, the membrane rearrangements
associated with FHV RNA replication are tightly linked to
viral RNA synthesis. These findings have mechanistic implica-
tions for RNA replication, RNA silencing, and virus control.

MATERIALS AND METHODS

Plasmids. Standard molecular cloning techniques were used (50), and all
plasmids and mutations thereof were verified by nucleotide sequencing. All FHV
Drosophila expression plasmids were cloned into plasmid pIE1"/PA, which con-
tains the baculovirus immediate-early 1 (IE1) promoter, the baculovirus trans-
activating /r5 enhancer, and a polyadenylation signal (11). Plasmids pF1, pFA,
and pFAp49,i Were described previously (60). pF1, pF2, and pF3 were made by
amplifying RNA1, RNA2, and RNA3, respectively, and a 3’ flanking antigeno-
mic hepatitis delta virus ribozyme (8Rz) from a yeast RNA1 or RNA2 expression
plasmid (courtesy of D. Miller) and ligating the Pstl- and HindIII-digested
product into common sites in pIE1""/PA. p(—15)F1; was made by amplifying
RNA1 with a primer that annealed to nt 16 of RNA1 and a 3’-flanking 8Rz from
pF1; and ligating the PstI- and HindIII-digested product into common sites in
pIE1""/PA, resulting in a deletion of the first 15 nt of the RNA1 5" untranslated
region (UTR). pF1-3'UTR was made by amplifying 38Rz using a primer that
contained 33 nt of the C-terminal coding region of protein A, including the stop
codon sequence and the first 18 nt of 3Rz and a flanking primer and ligating the
Blpl- and HindIII-digested product into common sites in pF1g. Plasmid pGFP is
pEGFP from reference 38. Plasmids used to generate double-stranded RNA
(dsRNA) for ago2-specific RNA silencing were created through insertion of part
of the open reading frame (ORF; nt 2807 to 3953) into pBS/KS+ (Stratagene).

The plasmids used to in vitro transcribe FHV mRNA1 and mRNA2 for gener-
ation of FHV clonal stocks have been described previously (7). The nucleotide
substitutions in RNA1 to make the protein B2 knockout have been described
previously (8, 31).

Cells and plasmid transfection. Drosophila melanogaster S2 cells were grown at
28°C in express five serum-free medium supplemented with 17 mM L-glutamine
(Gibco, Carlsbad, CA). D. melanogaster DL-1 cells were grown at 27°C in Schnei-
der’s medium supplemented with 10% fetal bovine serum and 17 mM L-glu-
tamine (Gibco, Carlsbad, CA). DNA plasmids were transfected into cells via a
Nucleofector apparatus (Lonza) following the manufacturer-recommended pro-
tocols using kit V and the G-030 pulsing parameter. All subsequent assays were
performed at 48 h posttransfection.

RNA silencing. The generation of dsRNA and transfection methods were
performed as previously described (30). Cells were transfected with ago2-specific
dsRNA in suspension and maintained in monolayer for 1 day at 27°C prior
to use.

RNA transfections, FHV generation, and infection. Full-length FHV RNA1
(wild type [WT] RNA1 or RNAI1 with B2 amino acid substitutions) and WT
RNAZ2 were in vitro transcribed from linearized plasmids and capped (Ampli-
Cap-Max T7 High Yield Message Maker kit; Epicentre). ago2-silenced DL-1
cells (2 X 10%ml) were cotransfected with RNA1 and WT RNA2 (200 ng each)
that were mixed with 20 pl 1,2-dioleoyl-3-trimethylammonium-propane—dioleyl-
phosphatidylethanolamine in serum-free TC-100 growth medium (Invitrogen).
After a 4-h incubation at room temperature, the cells were plated and the
transfection mixture was replaced with supplemented Schneider’s medium. After
2 days of incubation at 27°C, the cells and accompanying growth medium were
collected, lysed by freezing-thawing, and clarified by centrifugation (10,000 X g).
Fresh ago2-silenced DL-1 cells (2.8 X 107) were incubated with the clarified
lysates in suspension for 1 h. The FHV-infected ago2-silenced DL-1 cells were
diluted with supplemented Schneider’s medium, plated, and incubated at 27°C
for 2 days. The cells and accompanying growth medium were collected, treated
on ice with 0.5% (vol/vol) Nonidet P-40-0.1% B-mercaptoethanol, and clarified
by centrifugation (10,000 X g). FHV was purified by sucrose gradient purifica-
tion, and infectious FHV titers were determined by plaque assay on ago2-
silenced or normal DL-1 cells (53) that were overlaid with 0.6% SeaKem ME
agarose in Schneider’s medium. Plaques were visualized with 3 mg MTT (Thia-
zolyl Blue Tetrazolium Bromide; Sigma) per ml of phosphate-buffered saline, pH
6.2. Pass 2 virus was generated in ago2-silenced DL-1 cells at a multiplicity of
infection (MOI) of 5. An equal MOI determined on ago2-silenced DL-1 cells was
used for subsequent infections. D. melanogaster cells were infected with WT FHV
as described previously (28).

RNA extraction and Northern blot analysis. Total RNA from D. melanogaster
cells was isolated and prepared by phenol and chloroform extraction (50) using
acidic phenol. Northern blotting was performed as described previously (60), by
loading 1 pg RNA per lane. Probes against positive- and negative-strand RNA1,
RNA2, and RNA3 have been described previously (43).

Western blotting. Protein samples were solubilized in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis sample buffer, separated on Criterion 4 to
15% gradient Tris-HCI acrylamide gels (Bio-Rad) for protein A or 4 to 20% gels
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FIG. 2. Expression of protein A causes mitochondrial zippering. (A) Electron micrograph of a cell expressing GFP showing no apparent
alterations in mitochondrial morphology. (B) Electron micrograph of a cell infected with WT FHV at 14 hpi showing formation of mitochondrial
spherules (arrowhead) that represent the FHV RNA replication complex. (C) Higher-magnification view of spherules in panel B. (D and E)
Electron micrograph of cells expressing pFA, showing mitochondrial aggregation and zippering (arrows) but no spherules. (F) Higher-magnifi-
cation view of zippered mitochondria, showing structure between mitochondria that may be responsible for zippering effect (arrows). Mitochondria
(Mito), cytoplasm (Cyto), inner mitochondrial membrane (IMM), and outer mitochondrial membrane (OMM) are indicated. (G) Total protein
was analyzed by Western blotting with antibodies against protein A (ptnA; top) or actin (bottom).

for protein B2, transferred to polyvinylidene difluoride membranes, and blotted
with antibodies as described previously (35). Prior to probing for actin, blots were
stripped with Blot Restore from Millipore (Temecula, CA). Chemiluminescence
was detected with a Bio-Rad ChemiDoc XRS.

Antibodies. A rabbit polyclonal antibody against FHV protein A was described
previously (35). A rabbit polyclonal antibody against FHV protein B2 was pro-
duced by the expression of a Hisy/T7-tagged protein in Escherichia coli from
pET28 with partial purification over a Co-agarose column. The polyclonal B2
antibody was raised in rabbits by Harlan Bioproducts (Madison, WI). Mouse
monoclonal antibody to beta actin was purchased from Abcam (Cambridge,
MA). Alkaline phosphatase-conjugated secondary antibodies were purchased
from Bio-Rad (Hercules, CA).

EM. Electron microscopy (EM) was performed as described in reference 35.
Briefly, Drosophila cells were fixed with 4% paraformaldehyde and 2% glutar-
aldehyde in 0.1 M phosphate buffer, postfixed in 1% osmium tetroxide with 1%
potassium ferricyanide, stained with 1% uranyl acetate, dehydrated in an ethanol
series, and embedded in Spurr’s resin. Ultrathin 70-nm sections of the samples
were cut, placed on copper grids, and then stained with 8% methanolic uranyl
acetate, followed by Reynold’s lead citrate.

RESULTS

FHYV protein A induces mitochondrial clustering and zip-
pering. Prior fluorescence microscopy and immunogold EM

showed that protein A and FHV RNA synthesis localize to the
interior of mitochondrial spherules in FHV-infected cells (28)
and that, prior to RNA synthesis, protein A recruits FHV
RNA templates to mitochondrial membranes (59). To test
whether FHV protein A expression alone is sufficient for
spherule formation, we transfected Drosophila S2 cells with
previously described protein A expression plasmid pFA (60).
pFA expresses WT protein A, but the resulting RNA1-derived
transcript is not replicated because the 5’ and 3" FHV RNA1
UTRs, which include sequences required for RNA replication
(8), have been replaced with nonviral sequences (Fig. 1). Total
protein analysis by Western blotting with antibodies against
protein A showed that pFA directed protein A accumulation
to levels similar to those in FHV-infected cells (Fig. 2G).
Moreover, micrographs of cells transfected in parallel with a
green fluorescent protein (GFP)-expressing plasmid showed
that the transfection procedure used to introduce pFA had no
noticeable effect on mitochondrial membrane morphology
(Fig. 2A). However, in contrast to abundant spherules in cells
infected by FHV (Fig. 2B and C) or transfected with the full
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FHYV genome (next section), pFA-transfected cells expressing
protein A alone showed no mitochondrial spherule formation,
even after examining 2,527 mitochondria in 133 individual cells
by EM in three independent experiments (representative re-
sults are shown in Fig. 2D and E).

While no spherules formed, transfection with protein A-ex-
pressing plasmid pFA caused mitochondria to cluster tightly
with outer membranes “zippered” together in 70% of cell
sections showing mitochondria (Fig. 2D to F, arrows). While a
degree of mitochondrial clustering and localized appression of
mitochondrial membranes has been observed previously for
FHV infection (35), such extended tight zippering of the outer
mitochondrial membranes has not. The space between the
zippered outer mitochondrial membranes was ~20 nm, and
the intervening space contained some regular structure with a
periodicity of ~20 nm (Fig. 2E and F). This membrane zip-
pering may result from the fact that protein A is an integral
outer mitochondrial membrane protein that self-interacts (16).
As considered further in the Discussion, similar closely ap-
pressed membranes are induced by certain membrane-associ-
ated RNA replication proteins of other (+)RNA viruses and
by many self-interacting host membrane proteins. FHV infec-
tion causes progressive degradation in organization of the mi-
tochondrial matrix, with early time points showing a nearly
normal, condensed matrix with well-defined cristae (Fig. 2B
and C) and later time points showing disintegration of the
matrix (35). In general, crista morphology is variable and
highly dependent on the pathophysiological state of the cell
(25), and throughout this work we observed some variations in
crista morphology even within single cells. Nevertheless, on
average, the mitochondrial matrix was less electron dense with
fewer cristae in cells transfected with the protein A expression
plasmid (Fig. 2D to F) than in GFP-transfected or even FHV-
infected cells (Fig. 2A to C). This lower matrix electron density
may be associated with the extensive mitochondrial clustering
induced by expressing protein A alone, which reduces the
mitochondrial surface area available for exchange with the cy-
toplasm. In addition, in infected cells, the dilation of the in-
termembrane space associated with spherule formation ap-
pears to condense the matrix to a higher density than in
uninfected cells (compare Fig. 2B to A).

FHV genomic RNA1l induces mitochondrial membrane
spherules. Since protein A was not sufficient to induce mito-
chondrial spherules, we generated plasmids to express FHV
genomic RNA1 (pF1) and RNA2 (pF2), the full FHV genome,
from the baculovirus IE1 promoter (Fig. 1). The resulting
transcripts each had WT viral 3" ends produced by self-cleav-
age of a hepatitis delta virus antigenomic ribozyme (8Rz) and
46 nonviral nt at the 5’ end. In keeping with prior results that
even longer 5’ extensions did not inhibit RNA1 and RNA2
replication (29), cotransfecting pF1 plus pF2 into Drosophila
S2 cells resulted in full FHV RNA replication, as indicated by
the presence of positive- and negative-strand RNA1 and
RNA3 (Fig. 3A and B) and RNA2 (Fig. 3C and D). As ex-
pected, pF1 alone directed RNAL1 replication (Fig. 3, lane 4)
whereas pF2 did not induce RNA2 replication in the absence
of pF1 (Fig. 3, lane 5). Since RNA2 suppresses RNA3 repli-
cation (17), pF1 induced higher levels of RNA3 replication in
the absence of pF2 (Fig. 3A, lanes 3 and 4). Lesser differences
in the RNA3/RNAL ratio between cells transfected with pF1
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plus pF2 and cells infected with FHV virions may relate to
differing levels of RNA1 and RNAZ2 transcripts expressed from
pF1 and pF2.

We performed transmission EM (TEM) of Drosophila cells
transfected with pF1 and pF2 to investigate if they were capa-
ble of inducing spherule membrane rearrangements. Trans-
fecting pF1 plus pF2 produced mitochondrial spherules (Fig.
3F and G) equivalent in size and appearance to those observed
for FHV infection (Fig. 2B and C). Additionally, the WT
mitochondrial spherule phenotype was reproduced in cells
transfected with pF1 alone (Fig. 3H and I) but not in cells
transfected with pF2 (Fig. 3J). Thus, FHV RNAI is necessary
and sufficient to produce mitochondrial spherules in Drosoph-
ila cells, while RNA2 and its protein « capsid precursor prod-
uct are dispensable.

FHYV protein B2 is not required for mitochondrial spherule
formation. In addition to protein A, FHV RNAI encodes the
RNAI suppressor protein B2 (31), which is translated from
subgenomic RNA3 (22). Protein B2 is crucial for FHV RNA
replication and accumulation in cells with robust RNAi re-
sponses, such as normal Drosophila cells (31), but not in cells
where RNAI is suppressed or absent (31, 42). Recent work
showed that protein B2 interacts with protein A in vivo (5),
suggesting that B2 could be involved in spherule formation.

To test if protein B2 is required for spherule formation, we
first generated infectious FHV virions bearing a viral genome
that did not express protein B2 (FHVAB2) due to two previ-
ously documented mutations (Fig. 4A) (8, 31) that change the
B2 initiating methionine to a threonine (M1T) and serine 58 to
a stop codon (S58stop). These nucleotide substitutions could
be made without affecting the protein A amino acid sequence
because B2 is in a +1 reading frame with respect to the protein
A ORF. FHV RNAL1 with these B2 mutations and WT RNA2
were in vitro transcribed and cotransfected into Drosophila
cells whose RNAi machinery was inhibited by depleting the
RNAI effector Argonaute2 (ago2) by RNA silencing, which
allows FHV RNA replication in the absence of protein B2
(31). FHVAB?2 virions were collected from the transfected
cells, and titers were determined on ago2-silenced Drosophila
cells. Drosophila DL-1 cells were used for these experiments
because their extensive lysis provides a more accurate titer by
plaque assay than S2 cells (13).

Next, Drosophila cells were transfected with dsRNA to ago2,
and 24 h later, the ago2-silenced cells were infected with WT
FHV or FHVAB2 virions at an MOI of 10. At 14 h postinfec-
tion (hpi), infected cells were harvested and total RNA was
isolated and analyzed by Northern blotting with probes that
recognize either positive- or negative-strand RNA1 and RNA3
(Fig. 4B and C). Both WT FHV and FHVAB2 replicated to
similar levels in the ago2-silenced Drosophila cells. We also
analyzed total protein by Western blotting with an antibody
against protein B2, which confirmed that B2 was not expressed
in the FHVAB2-infected cells (Fig. 4E). Lastly, we examined
the FHVAB2-infected cells by TEM and observed mitochon-
drial spherules that were similar in size and appearance to WT
FHV-infected cells (Fig. 4G and H). Similar to FHV-infected
cells, the majority of the FHVAB2-infected cells contained
spherule-bearing mitochondria. Thus, FHV protein B2 is not
required for mitochondrial spherule formation.
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FIG. 3. Expression of replication-competent FHV RNAL is sufficient to induce mitochondrial spherules. (A to E) Total RNA and total protein
were isolated from Drosophila cells transfected with pGFP (mock) or pF1 and pF2 together or alone or infected with FHV. Total RNA was
analyzed by Northern blotting with 3?P-labeled cRNA probes for positive-strand RNA1 and RNA3 (A), negative-strand RNA1 and RNA3 (B),
positive-strand RNA2 (C), and negative-strand RNA2 (D). (E) Ethidium bromide (EtBr)-stained rRNA is shown as a loading control. FHV RNA1
(r1) and RNA2 (r2) replicate to rRNA levels and can be observed by EtBr staining. The asterisk in panel B represents cross-reactivity of the
negative-strand RNA1 probe with RNA2. The band that occurs between RNA1 and RNA3 in lane 2 of panel B may represent a defective
interfering RNA (63) or an RNA2-RNA3 heterodimer (4). A similar band is also visible in Fig. 4B. (F) Electron micrograph of a cell expressing
pF1 and pF2, showing the formation of mitochondrial spherules (arrowhead) similar to those observed for FHV infection (Fig. 2B and C).
(G) Higher-magnification view of spherules in panel F. (H) Electron micrograph of a cell expressing pF1 alone, showing spherule formation
(arrowhead). (I) Higher-magnification view of spherules in panel H. (J) Electron micrograph of a cell expressing pF2. Mitochondria (Mito) and
cytoplasm (Cyto) are indicated. It should be noted that, as previously established by EM tomography, mitochondria bearing FHV spherules are
frequently cup shaped, so that two-dimensional images of these mitochondria can appear quite different, depending on whether the plane of
sectioning is perpendicular (Fig. 3F) or parallel (Fig. 3H) to the axis around which the mitochondrion is cupped. See Fig. 1 in reference 28 for
further explanation.

Coexpressing a replicatable RNA template with WT protein a previously described trans replication system (32) that allows
A induces spherule formation. The above results show that independent manipulation and functional testing of protein A
protein A is the only FHV protein required to induce mito- and RNA templates. As one replication template, we used
chondrial spherules (Fig. 3 and 4) but is not sufficient to induce full-length RNA1 derivative RNA1, (pFly,), in which a frame-
spherules (Fig. 2). Since no FHV proteins beyond protein A shift blocks protein A expression (Fig. 5A) (32). Since RNA3
are required, we next addressed whether an RNA template is replicated by protein A in the absence of full-length RNA1
might be involved in spherule formation. To this end, we used (17), we also constructed plasmid pF3, expressing the complete
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FIG. 4. FHV protein B2 is not required for spherule formation.
(A) Schematic of RNA1 showing mutations in the B2 ORF. Total ()RNA3
RNA and total protein were isolated from Argonaute2 (ago2)-silenced e
Drosophila cells left uninfected (mock) or infected with WT FHV or D ll-d-d -2od-4 -4 RNA
FHV with mutations in the B2 ORF to block B2 expression
(FHVAB2). Total RNA was analyzed by Northern blotting with *P- E C— _ — pinA
labeled cRNA probes for positive-strand RNA1 and RNA3 (B) or F PN actin

negative-strand RNA1 and RNA3 (C). The asterisk represents cross-
reactivity of the negative-strand RNA1 probe with RNA2. (D) EtBr-
stained rRNA is shown as a loading control and also shows that RNA1
(r1) and RNA2 (12) are replicated to rRNA levels. Total protein was
analyzed by Western blotting with antibodies against protein B2 (E) or
actin (F) showing that cells infected with FHVAB2 do not express
detectable levels of protein B2. (G) Electron micrograph of ago2-
silenced cells infected with FHVAB2, showing spherule formation (ar-
rowhead) in the absence of protein B2 expression. (H) Higher-mag-
nification view of spherules in panel G. Mitochondria (Mito) and
cytoplasm (Cyto) are indicated.

RNA3 sequence (Fig. 5A). Both of these RNA templates had
5’ nonviral sequences equivalent to pF1.

As expected, Drosophila S2 cells transfected with RNA tem-
plate-expressing plasmid pF1, or pF3 alone did not show any
protein A expression or RNA replication (Fig. 5B to F, lanes 1
and 2). Cotransfecting pFA with pFl, or pF3 in each case
induced RNA replication (Fig. 5B and C, lanes 5 and 7).
Primer extension data indicate that the slightly slower migra-
tion of RNA3 derived from pF3 was due to the retention,
under the conditions and duration of this assay, of the 5’
nonviral sequences (P. Van Wynsberghe, personal communi-

FIG. 5. trans replication of FHV RNA templates. (A) Schematic of
plasmid-directed RNA1; and RNA3 expression in Drosophila cells. pFlg
is the same as pF1, except that a 4-nt sequence causes a frameshift (fs)
that prevents full-length protein A production. pF3 expresses RNA3 from
the IE1 promoter with a 8Rz-mediated authentic 3’ end (8Rz). The 5’
ends of pF1 and pF3 have 46 nonviral nt between the transcription start
site and the first viral nucleotide, as was shown for pF1 and pF2. Dro-
sophila cells were transfected with pF3, pFlg, pFA, pFApeosr, PFA plus
PFlg, PFApgook plus pFlg, pFA plus pF3, or pFA 0,k plus pF3. (B to D)
Total RNA was analyzed by Northern blotting with **P-labeled cRNA
probes for positive-strand RNA1 and RNA3 (B) or negative-strand
RNAL1 and RNA3 (C). Note that in panel B generally low but somewhat
varying levels of the expected pFA- or pFAeo,5-generated, nonreplicat-
able protein A mRNA transcripts are visible in lanes 3 to 8 at a position
slightly above the replicated positive-strand RNA1 band in lane 5. As
noted in an earlier study (59), the similarly sized, weak band near RNA1
in panel C, lane 7, appears to represent detection of an incompletely
denatured hybrid between negative-strand RNA3 and the positive-strand
protein A mRNA. This band does not represent negative-strand RNA1
since, despite its high position in the gel, the band is only detected with a
strand-specific probe against the common sequences of negative-strand
RNA3 and RNAL, but not with a strand-specific probe against the unique
3'-proximal portion of negative-strand RNA1, outside of the sequences
shared with RNA3 (59). (D) EtBr-stained rRNA is shown as a loading
control. Total protein was analyzed by Western blotting with antibodies
against protein A (E) or actin (F). The asterisk represents a slower-
migrating form of RNA3 that has been previously observed.
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FIG. 6. Coexpressing FHV RNA templates with WT protein A
induces mitochondrial spherules. (A) Electron micrograph of a cell
expressing pFlg alone, showing no mitochondrial spherules. (B) Elec-
tron micrograph of a cell expressing pF3 alone, showing no mitochon-
drial spherules. (C) Electron micrograph of a cell expressing pFA plus
pF1,, in which trans replication of RNAT1fs is occurring (Fig. 5, lane 5),
showing mitochondrial spherule formation (arrowheads). (D) Electron
micrograph of a cell expressing pFA plus pF3 in which trans replication
of RNA3 is occurring (Fig. 5, lane 7), showing mitochondrial spherule
formation (arrowheads). (E and F) Higher-magnification views of
spherules from panels C and D, respectively. Mitochondria (Mito) and
cytoplasm (Cyto) are indicated.

cation). The much slower-migrating form (*) visible upon high-
level RNA3 replication (Fig. 5B and C, lane 7) has been ob-
served previously and may represent dsSRNA3 or head-to-tail
RNA3 dimers (4, 32). TEM examination showed that cells
transfected with only pF1, or pF3 did not contain spherules
(Fig. 6A and B). However, in cells transfected with either of
these RNA template plasmids and pFA, mitochondrial spher-
ules formed (Fig. 6C to F, arrowheads) that were equivalent in
appearance to those in WT FHYV infection (Fig. 2B and C).
Thus, since pFA alone did not form spherules (Fig. 2D to F),
an RNA template is crucial for FHV spherule formation. In-
terestingly, the spherules were similar in size and appearance
regardless of whether the RNA template provided was RNA1,
(3.1 kb) or RNA3 (0.3 kb), showing that even a 10-fold change

J. VIROL.

in the template RNA size did not influence spherule dimen-
sions. Also, use of the trans replication system indicates that
protein A does not need to be translated from a viral RNA
replication product, and the FHV RNA replication compo-
nents do not need to be provided in cis to form spherules.

Protein A’s polymerase activity is required for spherule for-
mation. To test if RNA synthesis is necessary for spherule
formation, we used a protein A derivative with a polymerase-
inactivating D-to-E (amino acid 692) mutation at the first as-
partate residue in the conserved GDD motif of the polymerase
domain (pFApeor)- This previously described mutation elim-
inates protein A’s ability to replicate viral RNA yet retains the
other known functions of protein A, including the recruitment
of the viral RNA into a membrane-associated state at mito-
chondria (60). As expected, when pFAg0,r Was cotransfected
into cells with a replication-competent RNA template (pF1g
or pF3), RNAI1 and RNA3 replication was inhibited (Fig. 5B
and C, compare lane 5 to lane 6 and lane 7 to lane 8). Western
blot analysis also showed similar protein A levels between the
trans-replicating and nonreplicating cases (Fig. SE, compare
lane 5 to lane 6 and lane 7 to lane 8). When we used TEM to
examine 1,960 mitochondria in 111 individual cells cotrans-
fected with pFAgp plus the replicatable RNA template
pFl; in three independent experiments, no mitochondrial
spherules were observed, although mitochondria were clus-
tered and zippered (Fig. 7A) as when WT protein A was
expressed alone. Cells cotransfected with pFAg0.r plus the
replicatable RNA template pF3 also did not show any spherule
formation (Fig. 7B). This finding implies that protein A-RNA
template interactions are not enough to drive spherule forma-
tion. The possibility exists that since there is no replication
there are not enough RNA templates available to form an
amount of spherules that can be observed by TEM. However,
a previously published real-time RT-PCR analysis (60) showed
that, under equivalent conditions, pFA 40, directs the selec-
tive recruitment to mitochondrial membranes of ~8,000 FHV
RNAI1,, templates per Drosophila cell (Van Wynsberghe, per-
sonal communication). These ~8,000 FHV RNAI1,, templates
per Drosophila cell, which have been visualized to be highly
localized to mitochondrial membranes (59), are comparable in
number to our previous calculation of ~20,000 spherules and
~16,000 negative-strand RNA1 molecules per FHV-infected
cell (28). If even 10% of the RNAI template so recruited
formed spherules, this would have been readily observed by
our TEM analysis. Thus, spherule formation is dependent on
FHV RNA polymerase activity and/or FHV RNA polymeriza-
tion.

Deleting 3’-terminal sequences from FHV RNALI, including
just the last 5 nt, blocks negative-strand synthesis and RNA
replication (7, 8). Accordingly, to verify that the lack of spher-
ule formation was not due to an unexpected effect of the
D692E polymerase mutation, we expressed WT protein A and
blocked RNA replication by deleting the entire 71-nt 3" UTR
of RNAL1 from pF1, creating pF1-3"U. Cells transfected with
pFA plus pF1-3"U showed accumulation of the modified pos-
itive-strand RNA1 primary transcript but, as expected, did not
show any detectable negative-strand RNA1 synthesis or posi-
tive-strand RNA1 amplification (Fig. 7C to E). Nevertheless,
nt 40 to 190 of RNA1 were retained in this 3'-truncated RNA1
and are sufficient for efficient, protein A-mediated, selective
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FIG. 7. Spherule formation requires protein A polymerase activity and a replicatable RNA template. (A) Electron micrograph of a cell
expressing pFApgo plus pFlg in which no replication is occurring (Fig. 5, lane 6), showing no mitochondrial spherule formation but mitochon-
drial zippering (arrow), as occurs when expressing pFA alone (Fig. 2D to F). (B) Electron micrograph of a cell expressing pFA 40, plus pF3 in
which no replication is occurring (Fig. 5, lane 8), showing no mitochondrial spherule formation but mitochondrial zippering (arrows), as occurs
in panel A and when expressing pFA alone (Fig. 2D to F). Drosophila cells were transfected with pFA plus an RNA1 template with a truncation
of the first 15 nt [p(—15)F1] or a deletion of the 3’ UTR [pF1-3'U]. Total RNA was analyzed by Northern blotting with **P-labeled cRNA probes
for positive-strand RNA1 and RNA3 (C) or negative-strand RNA1 and RNA3 (D). (E) EtBr-stained rRNA. (F) Electron micrograph of cells
transfected with pFA plus p(—15)F1. (G) Higher-magnification view of spherules from panel F. (H) Electron micrograph of cells transfected with
pFA plus pF1-3'U, showing mitochondrial zippering but no spherules. Mitochondria (Mito), cytoplasm (Cyto), and spherules (S) are indicated.

recruitment of RNA1 derivatives into a membrane-associated
state (59). However, TEM examination of cells transfected
with pFA plus pF1-3'U showed no detectable spherules, even
after examination of sections of 1,382 mitochondria in 107 cells
over three independent experiments (Fig. 7H). Thus, in com-
bination, the Fig. 7 findings on inactivating mutations in FHV
RNA polymerase or in FHV RNA templates show that mito-
chondrial spherule formation requires protein A with polymer-
ase activity and a replication-competent viral RNA template.

In parallel with pF1-3'U, we also constructed and tested
p(—15)F1 by deleting the 5'-terminal 15 nt of RNA1 from
pF1;.. Consistent with prior findings that the replication tem-
plate activity of RNA1 is more tolerant of 5’ than 3" mutations
(7, 8), cells transfected with pFA plus p(—15)F1 showed nor-
mal levels of RNA1 replication (Fig. 7C to E) and spherule
formation (Fig. F and G). These results further extend the
close, consistent linkage between FHV RNA synthesis and
spherule formation.

DISCUSSION

This study reveals that while FHV and some other (+)RNA
viruses such as BMV replicate their RNA genomes in mem-
brane compartments of similar architecture, they generate
these compartments by very different RNA- and polymerase-
dependent or -independent pathways (Fig. 8). Below, we dis-
cuss the relationships of these findings to other features of
nodavirus RNA replication, to other viruses, and to viral in-
teraction with host innate immune defenses.

Relationship to RNA replication compartment formation by
other viruses. FHV and BMV, e.g., replicate their RNAs in 50-
to 70-nm, virus-induced membrane invaginations or spherules
on mitochondrial and ER membranes, respectively (28, 51).
Each FHV or BMV spherule contains one to a few hundred
copies of a membrane-associated, self-interacting viral replica-
tion factor, FHV protein A or BMV 1a, which is required for
spherule formation and appears to form a shell lining the
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FIG. 8. Polymerase independence and dependence of BMV and FHV spherule membrane rearrangements and replication complex assembly.
(A) BMV spherule generation by multifunctional BMV RNA replication factor la (blue). In the absence of BMV RNA-dependent RNA
polymerase 2a™, 1a localizes to ER membranes, self-interacts, and induces the formation of ~70-nm invaginations or spherules (39, 40, 51). In
a separable subsequent reaction dependent on the activity of the C-proximal 1a NTPase/helicase domain, 1a transfers genomic RNA (red line) to
the spherule interior (61). (B) In the presence of 1a and 2a™' (yellow), 1a also recruits 2a™' to ER membranes and directs spherule formation
and genomic RNA recruitment as in panel A. 2a”' then synthesizes negative-strand RNA (dashed black line) that is retained in the spherule and
repeatedly used as a template to synthesize new positive strands. (C) Protein A (green), the sole FHV-encoded RNA replication factor, localizes
to mitochondrial outer membranes (34) and self-interacts (16) but does not induce spherule formation unless replication-competent FHV RNA
templates are present and protein A’s RNA polymerase domain is active (Fig. 2 to 7). Active-site mutations abolishing protein A polymerase
activity or deletion of 3" RNA replication signals still allow protein A to recognize specific 5'-proximal elements in viral RNA templates and recruit
them to mitochondrial membranes (59, 60) but block RNA synthesis and invagination of FHV spherules (Fig. 7). See Discussion for additional

details, including the role of FHV RNA interference suppressor B2.

spherule interior (16, 28, 39, 40, 51). Each spherule also con-
tains one or two genomic RNA replication intermediates com-
posed of positive- and negative-strand RNAs and primarily
synthesizes (+)RNAs that are exported to the cytoplasm for
translation and encapsidation (28, 51). Based in part on these
results, similar models have been proposed for other viral
RNA replication complexes (46, 61, 62).

Despite such similarities, we find that FHV and BMV mem-
brane spherules are generated by highly distinct mechanisms.
BMYV la is the sole viral component required to induce BMV
replication spherules, with no requirement for viral RNA tem-
plates or the BMV RNA polymerase, 2aP' (51) (Fig. 8A and
B). Similarly, for many other (+)RNA viruses, one or two
nonpolymerase RNA replication proteins suffice to induce the
membrane rearrangements associated with RNA replication
(18, 19, 36, 47, 55).

These results and the above parallels with BMV 1a protein
in spherule architecture suggested that FHV protein A was
likely sufficient to form spherules. However, in this study, we
found that protein A, although the only viral protein required,
was insufficient for spherule formation (Fig. 2 and 4). Forming
FHYV spherules also required functional viral RNA templates
and protein A’s RNA polymerase activity (Fig. 8C). Multiple
results indicated that RNA synthesis was required. In the pres-
ence of WT protein A, spherule formation was supported by
genomic RNA1 or subgenomic RNA3, which are both repli-

cation templates (Fig. 3 and 6), but was blocked by the deletion
of 3’ replication signals (Fig. 7). Similarly, in the presence of
WT FHV RNA replication templates, spherule formation was
abolished by an active-site mutation that blocks protein A
RNA polymerase activity but not protein A’s binding to mito-
chondrial membranes or recruitment of viral RNA (60) (Fig. 5
and 7).

Viral RNA and polymerase activity might contribute to
FHYV spherule formation by inducing a necessary conforma-
tional change or posttranslational modification of protein A or
because it produces negative-strand or dsRNA, which might
recruit a necessary host factor or provide an RNA structure
equivalent to an encapsidation initiation site for triggering
assembly of the capsid-like protein A shell. The latter possi-
bility could have similarities to initiation of retrovirus RNA
packaging by an RNA signal dependent on viral RNA dimer-
ization (15). Further experiments are in progress to define the
nature of the requirement for RNA synthesis.

Relationship to RNA replication template recruitment.
These differences in BMV and FHV membrane spherule for-
mation parallel and appear potentially related to differences in
RNA template recruitment. FHV genomic RNA templates are
recruited to mitochondrial membranes by protein A in a step
that is independent of protein A polymerase activity (59, 60).
Thus, since our results above show that protein A polymerase
activity and RNA templates are essential for FHV spherule
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formation (Fig. 2 and 5 to 7), such RNA recruitment precedes
FHYV spherule formation (Fig. 8C, step 1).

In contrast, BMV spherule formation not only is indepen-
dent of viral RNA (51) but is required for normal RNA tem-
plate recruitment (33, 61). BMV protein 1a recruits viral RNA
templates into a membrane-associated, nuclease-resistant state
that multiple results imply to be the interior of the la-induced
spherules (1, 51). Accordingly, 1a and host cell mutations that
inhibit or stimulate spherule formation modulate RNA recruit-
ment in parallel (14, 33). Among other functions, la has a
nucleoside triphosphatase (NTPase)/helicase domain (2, 3,
61). Mutations throughout the conserved helicase motifs show
that the activity of this NTPase/helicase domain is not required
for spherule formation but is essential for transferring RNA
templates into a nuclease-resistant state (Fig. 8A, steps 1 and
2), suggesting that this NTPase/helicase activity may be in-
volved in translocating viral RNAs into preformed spherules
(61).

Unlike BMV 1a, FHV protein A has no identifiable NTPase
or helicase motifs or activities (27). Lacking the ability to
translocate RNA into a preformed spherule, FHV may be
obliged to trigger the formation of its replication compart-
ments around its RNA templates or replication intermediates.
Coupling such membrane rearrangements with RNA synthesis
further ensures that a replication-competent viral template is
enclosed within the replication compartment (Fig. 8C).

Interestingly, BMV and certain other (+)RNA viruses re-
quire viral RNA templates and, in some cases, RNA synthesis
at later stages of replication complex formation, after mem-
brane rearrangement. For example, membrane extracts from
cells expressing BMV RNA replication factors la and 2aP®'
contain normal levels of viral proteins and spherules but can-
not copy added viral RNAs in vitro unless functional BMV
RNA templates were coexpressed in vivo (45). Thus, in vivo,
BMV RNA activates the complex for later copying of other
RNAs in vitro, such as by recruiting a required host factor or
altering the state of viral replication factors. Similarly, forming
active poliovirus RNA replication complexes requires viral
RNA templates and RNA synthesis (18). Again, unlike FHV,
this block occurs after membrane rearrangement since, in the
absence of viral RNA synthesis, poliovirus nonstructural pro-
teins induce membranous structures indistinguishable from
those associated with natural infection (10, 18).

Protein A-induced clustering of mitochondria. While ex-
pressing FHV protein A alone in Drosophila cells induced no
detectable spherules, it caused mitochondria to cluster with
outer membranes that appeared zippered together (Fig. 2E
and F). This zippering of mitochondrial membranes was sim-
ilar to the ability of many self-interacting ER membrane pro-
teins, when overexpressed, to induce closely appressed ER
membrane layers called karmellae. Since karmella formation
depends on self-interaction of the inducing proteins (54), mi-
tochondrial clustering appears consistent with the ability of
transmembrane protein A to self-interact through multiple
domains (16).

Similar close appression of membranes is observed in cells
infected with some other (+)RNA viruses or cells expressing
certain membrane-linked viral RNA replication proteins. Tur-
nip yellow mosaic virus infection, e.g., induces spherule RNA
replication compartments on the outer membranes of chloro-
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plasts, and such chloroplasts also cluster in a fashion similar to
protein A-induced mitochondrial clustering (44). As another
example, expressing picornavirus membrane-associated RNA
replication protein 2C or 2BC in the absence of other viral
proteins rearranges ER membranes into stacked layers of
closely appressed or zippered membranes (12, 57).

The results presented here show that viral RNA synthesis or
its products must modulate protein A’s membrane or protein
interactions to favor invagination of single mitochondrial
membranes into spherules over protein A-induced zippering
between distinct mitochondria. Similarly, membrane-bound,
self-interacting BMV protein la can be modulated to either
invaginate ER membranes into spherules or zipper them to-
gether into stacks of double membrane layers, depending on
the level of 1a interaction with BMV 2a polymerase (52). Thus,
the potential for such varied ultrastructural outcomes may be
inherent in the balance of protein-protein, -membrane, and
-RNA interactions required for RNA replication by many
(+)RNA viruses.

Relationship to host RNAi defenses. One potential function
of membrane-bound replication compartments is to sequester
viral RNA replication intermediates from dsRNA-triggered
innate immune responses such as RNAi (1). However, our
results show that formation of FHV spherules requires FHV
RNA synthesis. Thus, there must be a stage in the FHV rep-
lication cycle, prior to spherule formation, when dsRNA rep-
lication intermediates are potentially accessible to the siRNA-
producing Dicer nuclease and other RNAi components (Fig.
8). These results provide an explanation for recent findings
that virus-specific siRNAs produced in FHV infection are de-
rived from both strands, implying that dsRNA replication in-
termediates are the predominant source of these siRNAs (5,
20, 58). Once spherules are formed, they may contribute to
protecting viral replication intermediates from RNAI recogni-
tion. Another major contributor to such protection is FHV’s
RNAI suppressor protein B2. B2 interacts with protein A in
vivo, which may facilitate B2 interaction with and protection of
newly synthesized FHV RNAs (5). Nevertheless, despite B2’s
interaction with protein A and its role in protecting viral RNA
from RNAI, spherule formation was unaffected by the pres-
ence or absence of B2 (Fig. 4).

Overall, our results show that FHV RNA polymerase activ-
ity plays important roles in generating membrane-bound viral
RNA replication compartments, as well as in their later func-
tion. RNA-dependent RNA polymerases are common targets
of antiviral drugs for several (+)RNA viruses (6). While in-
hibiting polymerase activity can attenuate the level of viral
replication and virus produced after RNA replication has
started, our results suggest that for some (+)RNA viruses,
polymerase inhibitors may also prevent fundamental steps in
the assembly of critical RNA replication compartments, pro-
viding a further, previously unrecognized, mode of action for
this important class of antivirals.
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