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Positive-strand RNA virus genome replication occurs in membrane-associated RNA replication complexes,
whose assembly remains poorly understood. Here we show that prior to RNA replication, the multifunctional,
transmembrane RNA replication protein A of the nodavirus flock house virus (FHV) recruits FHV genomic
RNA1 to a membrane-associated state in both Drosophila melanogaster and Saccharomyces cerevisiae cells.
Protein A has mitochondrial membrane-targeting, self-interaction, RNA-dependent RNA polymerase (RdRp),
and RNA capping domains. In the absence of RdRp activity due to an active site mutation (Ap49,), protein A
stimulated RNA1 accumulation by increasing RNAL1 stability. Protein A4, stimulated RNA1 accumulation
in wild-type cells and in xrnl~ yeast defective in decapped RNA decay, showing that increased RNA1 stability
was not due to protein A-mediated RNA1 recapping. Increased RNA1 stability was closely linked with protein
A-induced membrane association of the stabilized RNA and was highly selective for RNA1. Substantial N- and
C-proximal regions of protein A were dispensable for these activities. However, increased RNA1 accumulation
was eliminated by deleting protein A amino acids (aa) 1 to 370 but was restored completely by adding back the
transmembrane domain (aa 1 to 35) and partially by adding back peripheral membrane association sequences
in aa 36 to 370. Moreover, although RNA polymerase activity was not required, even small deletions in or
around the RdRp domain abolished increased RNA1 accumulation. These and other results show that prior to
negative-strand RNA synthesis, multiple domains of mitochondrially targeted protein A cooperate to selectively

recruit FHV genomic RNA to membranes where RNA replication complexes form.

All positive-strand RNA viruses replicate in association with
intracellular membranes. The particular membrane(s) used
during RNA replication varies, with many positive-strand
RNA viruses replicating in association with the endoplasmic
reticulum, while others use lysosomal, mitochondrial, peroxi-
somal, or other membranes (16, 17, 26, 28, 36, 42, 43, 45, 55,
56, 60). Some viral RNA replication proteins carry membrane-
targeting signals and interact with other viral proteins to local-
ize these to the sites of RNA replication complex formation
(18, 56, 58, 62). In a few cases, interactions contributing to
recruitment of viral RNA replication templates have also been
identified. Brome mosaic virus (BMV) helicase-like protein 1a,
e.g., induces formation of spherular endoplasmic reticulum
membrane invaginations and selectively recruits BMV 2a poly-
merase and BMV genomic RNAs to these structures to form
RNA replication complexes (1, 11, 12, 32, 62, 66). Similarly,
tomato bushy stunt virus replication protein p33 binds defec-
tive interfering RNA (DI-RNA) in vitro, and the related cu-
cumber necrosis virus p33 protein recruits such RNAs to rep-
lication complex sites in vivo (47, 48, 51, 54).

Flock house virus (FHV) is the best-studied member of the
alphanodaviruses in the Nodaviridae family. The bipartite FHV
genome consists of RNA1 (3.1 kb) and RNA2 (1.4 kb), which
encode protein A, a multifunctional RNA replication factor,
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and the capsid precursor, respectively (7, 13, 21-23). Both
genomic RNAs are capped, nonpolyadenylated, and copack-
aged into a nonenveloped icosahedral capsid with T=3 sym-
metry (61, 63). RNA1 also encodes a subgenomic RNA,
RNA3, which translates B2, a 12-kDa RNA silencing inhibitor
(20, 22, 27, 38).

FHV protein A (112 kDa) contains an RNA-dependent
RNA polymerase (RdRp) domain, self-interaction domains, a
putative RNA capping domain, and an N-terminal mitochon-
drial targeting and transmembrane domain that mediates pro-
tein A localization and insertion into the outer mitochondrial
membrane, where FHV RNA replication occurs in association
with spherular membrane invaginations strikingly similar to
those of BMV (15, 33, 35, 44, 45, 62). Based on amino acid
similarity within eight distinct RdRp motifs, protein A belongs
to the positive-strand RNA RdRp supergroup I (34, 35). The
sixth RdRp motif contains a GDD motif that is conserved
among RdRps of all positive-strand RNA viruses and is re-
quired for metal ion coordination in the polymerase active site
(4,9, 34, 35). Mutation of the GDD motif inhibits polymerase
activity in many viruses, such as hepatitis C virus, poliovirus,
and FHV (9, 31).

FHV was originally isolated from the insect Costelytra zeal-
andica and also productively infects Drosophila melanogaster
cells. In addition, FHV can replicate in animal, plant, Caeno-
rhabditis elegans, and Saccharomyces cerevisiae cells if RNA
templates are provided by transfection or DNA expression (6,
21, 40, 52, 63, 64). Like Drosophila, the budding yeast Saccha-
romyces cerevisiae supports autonomous replication of RNA1,
infectious virion production, RNA?2 inhibition of RNA3 repli-
cation, distinct mitochondrial membrane alterations, and other
features of natural FHV infection (39, 45, 46, 52, 53).
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Here we show that FHV protein A selectively induces RNA1
association with membranes in the absence of negative-strand
RNA1 synthesis. Simultaneously, protein A increases in vivo
FHV RNALI stability and accumulation. The protein A mem-
brane association domain and regions surrounding and includ-
ing the RdRp domain are required for these activities, while
significant regions of the N and C termini and some protein-
protein interaction domains are dispensable. Overall, the re-
sults imply that in a distinct step prior to negative-strand RNA
synthesis, the mitochondrially localized transmembrane pro-
tein A recruits FHV RNAI1 to the membrane-associated sites
of RNA replication complex formation.

MATERIALS AND METHODS

Plasmids. Standard molecular cloning techniques were used throughout (5,
59). All products generated by PCR were verified by sequencing. Detailed meth-
ods and primer sequences will be provided upon request. Numbering of FHV
RNA1 sequences is based on GenBank accession number NC_004146. FHV
RNA expression plasmids for RNAlg (pFl) and protein A, (pFA) have been
described previously (39, 44, 46, 52, 53). pF1, and pF1 are HIS3-selectable yeast
centromeric plasmids that contain full-length RNA1 flanked by the GALI pro-
moter and the hepatitis delta virus ribozyme (pF1 was provided courtesy of D.
Miller). A 4-nucleotide (nt) insertion at nt 373 in pF1g causes a frameshift in the
protein A open reading frame (ORF). pFA is a LEU2-selectable yeast centro-
meric plasmid that contains protein A mRNA flanked by the GALI promoter
and leader sequence at the 5’ end and a 3" CYCI polyadenylation signal.

(i) pFApgo2- PFA was amplified with two sets of primers that yielded over-
lapping PCR products containing a T-to-A mutation at nt 2115. PCR products
were mixed, amplified with bordering primers, digested with BlpI and RsrII, and
ligated into common sites in pFA.

(ii) pFA-YFP and pFAy9,5-YFP. The C-terminal coding region of pFA and
the yellow fluorescent protein (YFP) ORF of a protein A-YFP fusion-expressing
plasmid (courtesy of B. Dye) were amplified by PCR with overlapping primers at
the protein A mRNA-YFP mRNA junction. PCR products were mixed, ampli-
fied with bordering primers, digested with HindIII and BlpI, and ligated into
common sites in pFA and pFApgor to make pFA-YFP and pFApgog-YFP,
respectively. Both plasmids contain a stop codon after the protein A ORF.

(iii) pGlobin. pGlobin, previously described as GAL-IRA or pMS99 (66),
contains the B-globin ORF flanked by the GAL! promoter and leader at the 5’
end and the alcohol dehydrogenase 1 (ADHI) 3'-untranslated region (UTR).

(iv) pYFP. pYFP contains the YFP ORF flanked by the GALI promoter and
the ADHI 3'UTR. The GALI promoter region and the YFP ORF of pA-YFP
were amplified with primers that overlap at the GALI promoter-YFP mRNA
junction. PCR products were mixed, amplified with bordering primers, digested
with Agel and Xbal, and ligated into common sites in pGlobin.

(v) YFP probe template. The YFP ORF was amplified and ligated into
pGEM-T with a Promega pGEM-T Easy Vector System I kit (Madison, WI).
The YFP ORF was cut out of the pGEM-T vector with Sacll and Xhol and
ligated into common sites in pBluescript IT KS(+) (Stratagene, La Jolla, CA).

(vi) Protein A deletions. A two-step PCR process was used to make all protein
A deletions. First, two protein A sequences that flanked the deletion region were
amplified. The PCR products were then combined, amplified with bordering
primers, digested, and ligated into common sites in PFA 9o or pFApgoop-YFP.

(vii) Drosophila expression pl ids. All FHV expression plasmids were de-
rivatives of pIE1”"/PA, which contains the baculovirus immediate-early 1 (TE1)
promoter, the baculovirus transactivating Ar5 enhancer, and a polyadenylation
signal (10). pIE1-F1g was made by amplifying RNA1 from pF1 and ligating the
Pstl- and Sall-digested product into common sites in pI[E1”/PA. pIE1-FA was
made by amplifying the protein A ORF from pFA and ligating the HindIII- and
Sall-digested product into common sites in pIE1""/PA. pIE1-FApgo,r Was
made by ligating the Ncol-digested protein Apgo,g insert into common sites
in pIE1-FA.

Cells. The haploid yeast strains YPH500 (MATo ura3-52 lys2-801 ade2-101
trp1-A63 his3-A200 leu2-Al) and YPHS00 xrnl~ (MATo ura3-52 lys2-801 ade2-
101 trp1-A63 his3-A200 leu2-A1 xrm1A Bgl::URA3) were transformed by using an
E-Z transformation kit (Zymo Research, Orange, CA) (44). Yeast cells were
grown in 2% glucose selective medium for 2 days at 30°C. DNA-directed RNA
expression was induced by growth of yeast in 2% galactose selective medium for
16 to 20 h, to mid-log phase (optical density at 600 nm, 0.75 to 1.0). Drosophila
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melanogaster S2 cells were grown at 28°C in Drosophila serum-free medium
(SFM) supplemented with 17 mM L-glutamine (Gibco, Carlsbad, CA). For trans-
fections, 25 pg of plasmid DNA in 500 wl SFM was mixed with an equal volume
of SFM containing 160 pl of DOTAP-DOPE {N-[1-(2,3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium chloride salt and r-(phosphatidylethanolamine, dio-
leoyl)} liposomes for 30 min at room temperature (Sigma, St. Louis, MO). The
DNA and DOTAP-DOPE mixture was then added to previously plated S2 cells
(1 X 107 to 3 X 107 cells/T75 flask) in 3 ml of SFM.

Antibodies. A rabbit polyclonal antibody against protein A was described
previously (45). Mouse monoclonal antibodies against yeast 3-phosphoglycerate
kinase (PGK) and mitochondrial porin were purchased from Molecular Probes
(Eugene, OR). Rabbit polyclonal antibody against mitochondrial porin/voltage-
dependent anion channel was obtained from Affinity Bioreagents (Golden, CO).
Rabbit polyclonal antibody against actin was obtained from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA). Alkaline phosphate-conjugated secondary anti-
bodies were purchased from Bio-Rad (Hercules, CA).

RNA extraction and Northern blot analysis. Total RNA from yeast or D.
melanogaster cells was isolated and prepared by the hot phenol method (39).
Northern blotting was performed as previously described, except that 2 or 4 pg
RNA was separated in 1% (wt/vol) agarose-MOPS (morpholinepropanesulfonic
acid)-formaldehyde gels (39). Probes against globin and positive- and negative-
strand RNA1 and RNA3 have been described (52, 66). Probes against 18S rRNA
were derived from pTRI RNA 18S templates (Ambion, Austin, TX). Probe
templates against the DEAD box protein 2 (DBP2), pyruvate kinase 1 (PYKI),
and alcohol dehydrogenase 1 (ADH1) genes were made by amplifying 400 to 500
nt of their respective cDNAs (courtesy of D. Kushner) with an Ambion Lig'n
Scribe kit (Austin, TX). The actin mRNA probe targeted a 315-nt fragment of
actin mRNA expressed from pBluescript II KS(+) (Stratagene, La Jolla, CA).
Probes were synthesized using either a Strip-EZ RNA kit from Ambion (Austin,
TX) or an Epicenter Riboscribe probe synthesis kit (Madison, WI) with the
appropriate enzyme, i.e., T7, T3, or SP6 polymerase. Northern blots were imaged
on a Typhoon 9200 instrument (Amersham Biosciences, Piscataway, NJ). Band
intensities were analyzed with ImageQuant software (Molecular Dynamics, Pis-
cataway, NJ).

Protein extraction, Western blotting, and total protein analysis. For Fig. 1, 2,
8, and 9, total protein was extracted from yeast as described previously (44). For
Fig. 6B, to prevent the loss of material, yeast or Drosophila cells were resus-
pended in a 1% solution of B-mercaptoethanol and sodium dodecyl sulfate
(SDS), boiled, vortexed, and supplemented with cracking buffer (10 ml total,
containing 0.8 g SDS, 1.4 g Ficoll, 2 ml B-mercaptoethanol, 5 ml of 0.5 M
Tris-HCI, pH 6.8, and bromphenol blue). Cell lysates were separated in 10%
SDS-polyacrylamide gels and immunoblotted, and chemiluminescence was de-
tected with a Boehringer Mannheim Lumi-Imager as described previously (45).
The total protein concentration was determined with a reducing agent-compat-
ible BCA protein assay kit (Pierce, Rockford, IL).

RNA half-life. Yeast cells were grown and induced as described above and
then resuspended at an optical density at 600 nm of 1.0 in 2% dextrose selective
medium. Aliquots (1 ml) were taken in duplicate 0, 5, 15, 30, 60, and 120 min
after resuspension (66) and frozen on dry ice before RNA and protein extraction
as described above. Equal RNA concentrations and protein lysate volumes were
analyzed by Northern and Western blotting, respectively. Drosophila cells were
transfected and grown as described above. Two days after transfection, cell
suspensions were treated with actinomycin D at 20 pg/ml and incubated on a
rotator at room temperature. Aliquots (100 ul) were taken 0, 15, 30, 60, 90, 120,
150, 180, 210, and 240 min after treatment and frozen on dry ice before RNA
extraction and subsequent analysis by Northern blotting as described above.

Membrane flotation. Yeast cells were prepared for membrane flotation,
spheroplast formation, and lysis by Dounce homogenization as described previ-
ously (44). Drosophila cells were collected 2 days after transfection and incubated
in flotation buffer [50 mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES),
pH 7.4, 50 mM KCl, 5 mM EDTA, 2 mM MgCl,, 1 mM dithiothreitol, 4 mM
ribonucleoside vanadyl complex (New England Biolabs, Beverly, MA), and pro-
tease inhibitor cocktail (Sigma, St. Louis, MO)] for 10 min at 4°C before lysis by
100 strokes with a Dounce homogenizer. Cell debris, unlysed cells, and nuclei
were extracted from either yeast or Drosophila cells by centrifugation at 500 X g
for 5 min. Cell lysates were mixed with Nycodenz to a final concentration of
37.5%, loaded under a 5 to 35% Nycodenz discontinuous gradient, and centri-
fuged at 100,000 X g for 4 to 5 h in a Beckman TLS-55 swing-bucket rotor. Six
equal fractions were collected from each gradient. RNAs were isolated from half
of each fraction by hot phenol RNA extraction as described above. Equal
amounts of RNA, based on the bottom fraction’s concentration, were analyzed
by Northern blotting or real-time reverse transcription-PCR (RT-PCR), as de-
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FIG. 1. Protein A stimulates RNAI; accumulation. (A) Sche-
matic of plasmid-directed RNAI; and protein A expression in
yeast. pF1g expresses RNA1lg from a GALI promoter, with a hep-
atitis delta virus ribozyme-mediated authentic 3" end (8 Rz). Inser-
tion of a 4-nt sequence causes a frameshift (fs) in RNAI1 that
prevents full-length protein A production. pFA encodes protein A
mRNA flanked by a GALI leader sequence and a CYCI poly-
adenylation signal (An). The protein A GDD polymerase motif
occurs at aa 691 to 693. Insertion of YFP mRNA downstream of
and separate from the protein A mRNA increases the size of pro-
tein A mRNA. (B to G) Representative data from seven indepen-
dent experiments are shown. Total RNA and total protein were
isolated from yeast cells transformed with pF1 alone or together
with pFA, pFA-YFP, pFAp40k, 0r pFApge,e- YFP. Total RNA (2
pg) was analyzed by Northern blotting with *?P-labeled cRNA
probes for positive-strand RNA1; and RNA3 (B and C), negative-
strand RNA1 and RNA3 (D), and 18S rRNA (E). The blot in panel
C was exposed 100 times longer than that in panel B to allow for
visualization of positive-strand RNA1y in lane 3. Panels C and D
had the same exposure time. The asterisk represents a background
band (D). Total protein was analyzed by Western blotting with
antibodies against protein A (F) and the cytoplasmic yeast protein
PGK (G).
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scribed above and below, respectively. Half of each fraction was mixed with 3
protein loading buffer for protein analysis by Western blotting.

RNA analysis by real-time RT-PCR. RNAs from membrane flotation assays in
Drosophila cells or from total RNA assays in yeast and Drosophila cells were
treated with DNase by use of an Ambion Turbo DNA-free kit (Austin, TX). Five
nanograms of RNA (5 ng), based on the bottom fraction concentration, or total
RNA (75 ng) was analyzed by real-time RT-PCR for positive-strand RNA1; or
actin mRNA with a Tagman one-step RT-PCR master mix reagent kit (Applied
Biosystems, Foster City, CA) in an Applied Biosystems 7900 machine at a 9600
emulation setting (Foster City, CA). The conditions were as follows: 1X master
mix without uracil-N-glycosylase (AmpliTaq gold enzyme, deoxynucleoside
triphosphates, ROX, and buffer), 0.25 units/ul Multiscribe and RNase inhibitor
mix, a 700 uM concentration of each primer, 350 uM probe, and water to 10 pl.
The PCR conditions were as follows: 48°C for 30 min, 95°C for 10 min, and 40
cycles of 95°C for 15 s and 60°C for 1 min. Primer and probe pairs were designed
with the Primer Express program (Applied Biosystems, Foster City, CA), and
their sequences are available upon request. The Drosophila actin probe was
described previously (50). The RNA1 forward primer, reverse primer, and probe
initiated at nt 23, 153, and 110, respectively. The Drosophila actin forward and
reverse primers initiated at nt 507 and 748, respectively.

Cell fractionation. Spheroplasted yeast cells were divided into two fractions
and lysed by vigorous pipetting in lysis buffer (50 mM Tris-Cl, pH 7.4, 10 mM
ribonucleoside vanadyl complex [New England Biolabs, Beverly, MA]). Centrif-
ugation of half of each sample at 20,000 X g for 5 min separated the membrane-
enriched pellet (P) from the supernatant (S) fraction. RNAs were extracted from
the pellet, supernatant, and unspun (total [T]) fractions by successive treatments
with acidic phenol, phenol-chloroform, and 100% ethanol with sodium acetate.
Equal RNA amounts, based on the total RNA concentration, were analyzed by
Northern blotting.

RESULTS

Protein A stimulates RNA1,, accumulation. To study the
effects of protein A on RNAI prior to virus-induced RNA
synthesis, a previously documented, polymerase-inactivating
D-to-E mutation was made at the first aspartate (amino acid
[aa] 692) in the conserved GDD motif of the polymerase do-
main of protein A (9, 31). The resulting mutant and wild-type
(wt) protein A were expressed from plasmids pFApgor and
pFA, respectively (Fig. 1A). These plasmids contain the pro-
tein A ORF but lack the 5'- and 3'-noncoding regions of
RNAL, including cis-acting signals essential for RNA1 replica-
tion (39). Accordingly, the resulting transcripts of pFA and
PFApsoor did not serve as replication templates for protein A.
For a replication template, we used the previously character-
ized RNA1 derivative RNA1g, which bears the full-length se-
quence of RNAL1 together with a frameshift that blocks protein
A expression (Fig. 1A) (39). This trans-replication system sep-
arates the cis- and trans-acting RNA replication functions of
RNA1 onto separate plasmids for independent manipulation
(39).

In yeast cells, viral RNAs were under the control of the
GALI promoter. cis cleavage by a flanking hepatitis delta virus
antigenomic ribozyme produced a wt 3" end on RNA1,, while
the addition of a CYCI poly(A) tail protected protein A
mRNA (Fig. 1A). Total RNA was collected, and 2 pg of total
RNA was analyzed by Northern blotting. All experiments were
repeated at least three times, and representative results are
shown. Expression of pFl, alone in yeast yielded very low
levels of positive-strand RNA1, because its only source was
cellular transcription from the GALI promoter (Fig. 1B and C,
lanes 3). However, when pFl, and pFA were coexpressed,
trans-replication of RNA1,, occurred, as seen by the presence
of negative-strand RNA1,, and positive- and negative-strand
RNA3 (Fig. 1B to D, lanes 1). As expected, positive-strand
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FIG. 2. Protein A stimulates RNA1,, stabilization. Yeast cells transformed with pF1 alone (A) or together with pFA,-YFP (B) or pFApgo05:-
YFP (C) were grown in selective galactose medium to mid-log phase and then switched to selective glucose medium. Total RNAs and total proteins
were isolated from equal volumes of yeast cells collected 0 to 2 hours after the switch to selective glucose medium and were analyzed by Northern
and Western blotting as described in the legend to Fig. 1. RNA levels, determined from five independent experiments, were graphed as the
percentage of positive-strand RNA1 remaining compared to that at time zero (D).

RNA1, and RNA3 levels were about 25-fold higher than neg-
ative-strand RNA1 and RNA3 levels. (Fig. 1C and D had the
same exposure time, which was 100 times longer than that for
Fig. 1B, and the positive- and negative-strand RNA1 and
RNA3 probes had comparable relative radioactivities).

To independently follow the effects of protein A on its
mRNA and RNA1,, the YFP ORF was inserted into pFA
downstream of and separated from the protein A ORF (pFA-
YFP) (Fig. 1A). This allowed wt protein A expression but
increased the size of protein A mRNA by ~700 nucleotides.
Expression of pFA-YFP and pF1,, produced a second band
above the positive-strand RNA1, band that corresponded to
the YFP ORF-augmented protein A mRNA (Fig. 1B and C,
lanes 2). Protein A levels were equivalent in the presence of
either pFA or pFA-YFP (Fig. 1F).

As expected, coexpression of pFl,, and pFA 49, produced
neither negative-strand RNAI1; nor positive- or negative-
strand RNA3 (Fig. 1B to D, lanes 4). However, even in the
absence of protein A polymerase activity, pFApgo. markedly
stimulated positive-strand RNA1,, accumulation (Fig. 1B and
C, lanes 4). To isolate protein A’s effects on its own mRNA
from those on RNAI,, prior to RNA synthesis, pFApg9-x-YFP
was used. Expression of pFA.0,:-YFP and pFlg caused a
14-fold increase in RNA1 accumulation over that from pF1,,
alone (Fig. 1B and C, lanes 5). The sum of the protein A
mRNA and RNAIl bands in Fig. 1B, lanes 2 and 5, was
equivalent to the positive-strand RNA1 band intensities in Fig.
1B, lanes 1 and 4, respectively, which contained both protein A
mRNA and RNAI1,. Similar protein A levels were expressed
from pFALgor and pFAgo,e-YFP (Fig. 1F). Protein A did
not affect the 18S rRNA or PGK protein level (Fig. 1E and G).

Protein A stimulates RNA1,, stabilization. Protein Apggop-
stimulated RNA1 accumulation in the absence of protein A
polymerase activity might result from stimulating plasmid-
directed RNAL transcription or inhibiting RNA1 degrada-
tion. To investigate the first possibility, run-on transcription
assays were performed (32). Protein Apgo, did not increase
the DNA-dependent transcription of RNA1, other cellular
mRNAs such as actin, or other nonyeast genes, such as
globin or YFP, introduced via plasmid transformation (data
not shown).

To analyze protein A effects on FHV RNALI stability by
half-life analysis, we took advantage of the tightly regulated
galactose-inducible, glucose-repressible GALI promoter.
Yeast cells transformed with the appropriate viral plasmids
were grown in selective galactose medium overnight to induce
RNAI and protein A mRNA transcription. Viral RNA tran-
scription via the GALI promoter was shut off by switching
yeast cells grown to mid-log phase to selective glucose medium.
Yeast cells were collected at six time points over a 2-hour
period after this glucose-induced shutoff, and equal amounts of
total RNA were isolated and analyzed by Northern blotting.
When expressed alone, RNA1 rapidly degraded, with a half-
life of less than 5 minutes, while 18S rRNA and PGK protein
levels remained constant (Fig. 2A). The entire blot intensity
for pF1,, alone (Fig. 2A, top panel) was substantially enhanced
relative to that for Fig. 2B and C to allow for visualization of
the time zero RNA1 band. The actual relative band intensi-
ties of RNA1, alone compared to RNAl; with protein
Apeoop-YFP under these conditions are shown in Fig. 1B,
lanes 3 and 5, respectively. Time course analysis (Fig. 2D) was
used to calculate the RNAI half-life. Dissecting the pFlg
curve revealed two pools of RNAIlg. One pool, containing
>90% of the RNAI,, transcripts, degraded rapidly, with a
half-life of about 4 minutes. In contrast, about 5% of the
RNAI1,, transcripts persisted with a much longer half-life
throughout the time course studied, suggesting a second, mi-
nor pool, such as nuclear transcripts.

Coexpressing wt protein A from pFA,,.-YFP and pFlg
maintained a nearly constant level of RNAI1 per cell after
glucose-induced shutoff (Fig. 2B), representing the steady-
state level of RNA1, maintained by RNA replication in the
rapidly dividing yeast cells (Fig. 1B and D). In the absence of
protein A polymerase activity, protein Apgo,e-YFP dramati-
cally enhanced RNAI stability to a half-life of ~66 min (Fig.
2C and D). Since the PGK protein is an abundantly expressed
cytoplasmic protein in yeast and the PGK1 mRNA is very
stable (half-life is 45 min), the PGK protein was used as a
control (Fig. 2) (29). Despite occasional fluctuations in indi-
vidual measurements, 18S rRNA, PGK protein, and protein A
(where expressed) levels were constant, on average, at all time
points (Fig. 2A to C).
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FIG. 3. Protein A increases RNAI; accumulation in yeast defec-
tive in the mRNA decay pathway (xrn ). YPHS00 cells (wt or xrnl ™)
were transformed with pFl, pFly plus pFA,.-YFP, pFA,.-YFP,
PFApgooe-YFP, pFl, or pFlg plus pFApg,e-YFP. Total RNA was
isolated and analyzed by Northern blotting as described in the legend
to Fig. 1. Representative Northern blots from four independent ex-
periments are shown.

Increased RNA1,, accumulation is not due to protein A-me-
diated RNA recapping. RNAL is sufficient for viral replication,
and protein A contains a proposed guanylylation site that is
suggestive of guanylyltransferase activity (33). Consequently,
protein A likely adds the 5" 7-methylguanosine caps found on
FHV genomic RNAs (33). In yeast, the major mechanism of
mRNA decay occurs by decapping followed by Xrnlp-medi-
ated 5’-to-3" degradation (37, 65, 67). Because selective recap-
ping of decapped RNA1,, by protein A could increase RNA1,,
stability, we examined RNAI levels in wt and xrn/~ mutant
yeast. If protein A-stimulated RNA1 accumulation was due
only to RNA1, recapping by protein A, thus inhibiting RNA1
degradation, then protein Apge, should have no effect on
RNAI levels in xrnl ™~ yeast. Furthermore, the equal RNAT,
levels in xrnl ™~ yeast with or without protein Apgg,r should
match the high RNA1 levels in wt yeast expressing protein
Apeoop- Instead, we found that protein A still stimulated
RNA1; accumulation in xrml~ yeast approximately sixfold
(Fig. 3, lanes 11 and 12). Additionally, RNAIq, levels in xrnl "~
yeast lacking protein Apgep Were approximately fourfold
lower than RNA1, levels in wt yeast expressing protein Apgoop
(Fig. 3, lanes 6 and 11). Thus, a protein A function or functions
other than RNA1,, recapping caused increased RNA1,, accu-
mulation prior to negative-strand RNA synthesis.

Protein A selectively induces RNA1;, membrane association.
FHYV replicates in association with the outer mitochondrial
membrane (45). Consequently, FHV genomic RNA must lo-
calize to the outer mitochondrial membrane before or during
RNA synthesis. To test if protein A-stabilized RNA1 was
membrane associated, we used a Nycodenz gradient mem-
brane flotation assay. As expected, 18S rRNA and the cyto-
plasmic yeast protein PGK were recovered only in the soluble,
cytoplasmic fraction at the bottom of the gradient, while pro-
tein A and a yeast mitochondrial porin protein were present in
the membrane-associated fraction at the top of the gradient, as
seen by Northern and Western blotting (Fig. 4A). In the ab-
sence of protein A, ~80% of RNAI1, was present at the bot-
tom of the gradient, while in the presence of pFA49,:-YFP,
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FIG. 4. Protein A induces RNA1 membrane association in yeast.
Yeast cells transformed with pF1 alone or together with pFApe9k-
YFP were grown in galactose medium to mid-log phase. Equal
amounts of yeast were loaded under 5 to 35% discontinuous Nycodenz
gradients and centrifuged for 4 to 5 hours at 40,000 rpm. Total RNA
and protein were isolated from six equal-volume fractions from each
gradient and analyzed by Northern blotting as described in the legend
to Fig. 1 or by Western blotting with antibodies against protein A,
PGK, and the yeast mitochondrial porin protein. The asterisk marks
the protein A mRNA band (A). The amount of RNAIlg in each
gradient fraction, determined from four independent experiments, was
graphed as the percentage of RNAl in the entire gradient (B).

RNAI;, accumulation increased and ~70% of RNAIl, was
present at the top of the gradient (Fig. 4A and B). As described
for Fig. 2, in Fig. 4A the entire blot intensity for pF1, alone
was increased relative to that for the pF1,-plus-pF s pgoo- YFP
blot to visualize the fraction f band. See Fig. 1B, lanes 3 and 5,
for the actual relative band intensities of RNA1 in the ab-
sence or presence of pFA4-r under these conditions.

To determine if protein A preferentially increased the accu-
mulation and membrane association of RNAI,, relative to
those of nonviral RNAs, we used a cell fractionation assay.
Centrifugation of a cell lysate created a membrane-enriched
pellet(P) fraction and a membrane-depleted, cytoplasmic su-
pernatant (S) fraction. Total RNA was isolated from the S and
P fractions and an unfractionated yeast aliquot (total [T]).
Equal fractions of yeast expressing no plasmids or the select-
able plasmid pFl,, pGlobin, or pYFP in the presence or
absence of pFApgoor OF pPFA 6o~ YFP were analyzed by North-
ern blotting with **P-labeled RNA probes against positive-
strand RNAI, selected cellular mRNAs, globin mRNA, or
YFP mRNA. pF1, alone yielded a very low level of RNAI
accumulation that was mostly localized to the S fraction (Fig.
5A). However, when pFl; and pFA4,s-YFP were coex-
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isolated from each fraction, and equal amounts of RNA (2 pg of T)
were analyzed by Northern blotting with [*P]cRNA probes against
positive-strand RNAI, globin mRNA, YFP mRNA, DBP2 mRNA,
PYKI mRNA, ADHI mRNA, actin mRNA, and 18S rRNA. (B) RNA
levels in the T or P fractions in the presence and absence of pFA o5,
determined from three independent experiments.
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pressed, the RNA1 pool in the S fraction was joined by a
larger pool of RNAI in the P fraction (Fig. SA). Protein A
increased RNA1, levels ~60-fold and ~350-fold in the T and
P fractions, respectively (Fig. 5B). The level of protein A-stim-
ulated total RNA1,, accumulation determined in this cell frac-
tionation assay was higher than the 14-fold increase shown in
Fig. 1. This difference was likely due to minor assay differences,
such as the cell lysis and subsequent fractionation time prior to
RNA extraction and necessary differences in the RNA extrac-
tion methods themselves (see Materials and Methods), and
likely primarily reflected preferential decay of RNAIl in the
absence of protein A. Despite these differences, both assays
show that protein A greatly increases RNA1,, accumulation. In
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contrast, protein A had no detectable effect on PYKI mRNA,
ADHI mRNA, actin mRNA, and 18S rRNA (Fig. 5). Interest-
ingly, protein A also increased the accumulation of globin
mRNA, YFP mRNA, and DBP2 mRNA (Fig. 5A). However,
the effects of protein A on these cellular RNAs were dramat-
ically less (2- to 4-fold and 3- to 5-fold increases in the T and
P fractions, respectively) than the 60- to 350-fold increase for
RNAI (Fig. 5A and B).

Protein A stimulates RNA1,;, membrane association in Dro-
sophila melanogaster. Since FHV naturally infects insects, we
next analyzed the ability of protein A to stimulate membrane
association in Drosophila melanogaster cells, which support
productive FHV infection. To analyze RNA1,, levels in the
absence and presence of protein Ap g, in Drosophila cells, we
transfected these cells with plasmid pIE1-F1 in the absence or
presence of pIE1-FAp 9., Which expressed RNA1, and pro-
tein Apgoops respectively, from the baculovirus IE1 protein
promoter. Two days after transfection, cells were harvested,
lysed by Dounce homogenization, and assayed by flotation as
described for Fig. 4. Since plasmid transfection levels in D.
melanogaster cells are low and RNAl,, levels were further
diluted by fractionation in flotation gradients, Northern blot-
ting was insufficiently sensitive to reliably analyze RNA1 lev-
els in each gradient fraction. Accordingly, real-time RT-PCR
was performed on DNase-treated RNA (5 ng) samples, using
primer sets that selected for the wt FHV 5" UTR of RNA1g,
thus avoiding coamplification of protein Apge,p MRNA. In
parallel, Drosophila actin mRNA was analyzed by RT-PCR to
verify assay functionality and provide an internal control.

When RNA1,, was expressed alone in D. melanogaster, 16%
and 56% of RNA1, were present at the top and bottom of the
gradient, respectively (Fig. 6A). However, when protein
Apeoor Was expressed with RNAl in D. melanogaster, the
distribution reversed, with 62% and 20% of RNA1, present at
the top and bottom of the gradient, respectively (Fig. 6A). As
expected, Western blotting showed that protein A and the
voltage-dependent anion-channel mitochondrial porin protein
localized to the top of the gradient, while actin protein was
found at the bottom (data not shown). Thus, the behavior of
RNAI1,, and the effect of protein Apg,g 0N RNAT associa-
tion with membranes were equivalent in Drosophila cells (Fig.
6A) and yeast (Fig. 4). In contrast, the presence of protein
Apeoor did not increase total RNA1 levels in Drosophila cells,
as determined by Northern blotting and quantitative real-
time RT-PCR (Fig. 6B). This result differs from the 14-fold
protein A-stimulated RNA1, accumulation effect seen in
yeast (Fig. 1).

Conceivably, this difference in protein A-mediated RNA1
accumulation in yeast and Drosophila cells might result from
greater protein A expression in yeast than that in Drosophila.
Therefore, we determined the ratio of protein A to RNAI in
both yeast and Drosophila cells expressing RNA1, and protein
Apgoor (Fig. 6C). Protein A levels and total RNA (75 ng) were
analyzed by Western blotting and real-time RT-PCR, respec-
tively, as shown in Fig. 1 and described above. Total protein
levels were determined using a modified Bradford assay that
was compatible with reducing agents. The assays revealed that
there were no significant differences between yeast and Dro-
sophila cells in the ratios of protein A to total protein, RNA1
to total RNA, and thus, protein A to RNA1,, (Fig. 6C). Con-
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FIG. 6. Protein A induces RNA1 membrane association in Dro-
sophila. D. melanogaster cells expressing RNA1, alone or together with
protein Apggp Were collected 2 days after transfection. (A) Flotation
and RNA extraction were done as described in the legend to Fig. 4.
One-step real-time RT-PCR was performed on 5 ng of RNA, using
primers and a probe specific for either RNAI or actin mRNA. The
RNA1 amount in each gradient fraction, determined from four in-
dependent experiments, was graphed as the percentage of RNA1, in
the entire gradient. (B) Total RNA was extracted and analyzed by
Northern blotting as described in the legend to Fig. 1 or by real-time
RT-PCR as described above. Data from at least three independent
experiments are shown. (C) Protein and RNA were extracted from
equal cell volumes of yeast or Drosophila expressing RNA1l and
protein Apgo- and were analyzed by Western blotting for protein A as
described in the legend to Fig. 1 and by real-time RT-PCR for positive-
strand RNAL as described above, except that 75 ng of total RNA was
used. The ratios of protein A Boehringer light units to g of total
protein (Ptn A/total Ptn), positive-strand RNA1 molecules per ng of
RNA loaded to ng of total RNA (RNA1/total RNA), and protein
Altotal protein to RNA1/total RNA (Ptn A/RNA1) are graphed on
two different scales. Averages from three independent experiments are
shown.

sequently, differences in protein A expression levels did not
explain the differences in protein A-mediated RNA1, accu-
mulation in yeast and Drosophila cells.

Differences in RNA1, stability in the absence of protein A
could also affect protein A-mediated RNAI1 accumulation
levels. In these experiments with Drosophila cells, cellular tran-
scription of plasmid pIE1-F1; was the only source of RNA1,,.
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FIG. 7. RNAly is stable in Drosophila cells. D. melanogaster cells
expressing RNA1 alone were treated with actinomycin D or dimethyl
sulfoxide (None) 2 days after transfection. (A) Total RNA was ex-
tracted from equal cell aliquots collected 0 to 4 hours after treatment
and analyzed by Northern blotting as described in the legend to Fig. 1
(except that 4 pg of RNA was used). (B) RNA levels determined from
three independent experiments were graphed as the percentage of
positive-strand RNA1 remaining compared to that at time zero, using
the same scale as that in Fig. 2B.

Consequently, to measure RNA1,, stability, we treated Dro-
sophila cells with actinomycin D at 20 pg/ml 2 days after trans-
fection with pIE1-F1, to inhibit cellular transcription. Cells
were collected at 10 time points over a 4-hour time period after
actinomycin D treatment, and total RNA (4 pg) was isolated
and analyzed by Northern blotting. Cellular transcription was
inhibited within 30 min of actinomycin D treatment, as seen by
labeling with [**PJUTP for 15 min prior to each time point
(data not shown). However, even 4 hours after actinomycin D
treatment, RNA1,, levels were indistinguishable from RNAT,
levels in untreated Drosophila cells (Fig. 7) or in Drosophila
cells expressing protein Apgg. Consequently, the half-life of
RNAI, in the absence of protein A in Drosophila cells was at
least greater than 3 hours, and thus dramatically higher than
the approximately 4-min half-life of RNAI, in yeast (Fig. 2
and 7). Thus, differing RNA1, intrinsic stabilities in yeast and
Drosophila cells lacking protein A appear to account for the
difference between the abilities of protein Apgo, to stimulate
RNA1;, accumulation in yeast and Drosophila cells.

Protein A region(s) required for RNA1,, recruitment. Pro-
tein A is a multifunctional protein, and different regions of
protein A are required for its many functions. A transmem-
brane domain and additional mitochondrial targeting signals
are encompassed in the N-terminal 35 and 47 aa of protein A,
respectively (44). Regions within and including aa 1 to 400 and
700 to 800 of protein A self-interact in vivo (15). In addition,
the eight conserved RdRp motifs of protein A are located
between aa 513 and 752 (35). We have shown here that an-
other function of protein A is to recruit RNA1 to a membrane-
associated state (Fig. 1 to 7). To determine the region(s) of
protein A required for this new function, we made 29 in-frame
deletion mutants that spanned the length of protein A (Fig. 8A
and 9A). Yeast cells expressing RNA1,, and protein Apgop
deletion mutants were assayed for total RNA1, accumulation
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FIG. 8. Membrane association and the RdRp region of protein A are required for RNA1y accumulation. (A) Protein A map which identifies
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made and are indicated by boxes. Yeast cells were transformed with pF1 alone or together with full-length or a deletion mutant of pFA4g, OF
PFApgooi-YFP. Total RNA and protein were extracted and analyzed as described in the legend to Fig. 1 for positive-strand RNA1 (B), 18S rRNA
(C), protein A (D), and PGK (E). The asterisk in panel D denotes a background band. Levels of RNAT accumulation, determined from at least
four independent experiments after normalization to 18S rRNA, were expressed as percentages of RNA1; accumulation in the presence of
full-length pFAp40,5-YFP (F) and are indicated by deletion box shading (A).

and graphed as the percentage of RNA1, accumulation when
RNAI1, and full-length protein Apgq,p Were expressed (Fig.
8A and F). Although minor variations in accumulation of the
various protein A derivatives occurred in some experiments
(Fig. 8D and 9D), over many experiments the average levels of
the various protein A deletion mutants and full-length protein
Apeoor Were similar. Consequently, any differences in average
RNA1;, accumulation were due to differences in the specific
activities, not expression, of each protein A deletion mutant.

Multiple results implied that membrane association of pro-
tein A was required for RNA1, accumulation. Eliminating
protein A membrane association by deleting the N-terminal
370 aa (A1-370) (Fig. 8A and G) reduced RNAI,, accumula-
tion nearly fourfold (Fig. 8B, lane 3). Furthermore, adding
back just 35 to 47 aa of protein A sequence sufficient for
mitochondrial localization, including the transmembrane do-
main (aa 17 to 35), completely restored protein A membrane
association and RNA1, accumulation (A36-370 and A47-370)
(Fig. 8B, lanes 4 and 5, and G) (44, 46). Despite occasional
small fluctuations in individual RNA1,, accumulation measure-
ments, deleting the protein A transmembrane domain (A1-35)

caused a milder, on average approximately twofold decrease,
in RNA1,, accumulation (Fig. 8B and F, lanes 6) but main-
tained protein A membrane association (Fig. 8G). Despite the
fact that the entire region of aa 36 to 370 was dispensable for
protein A-mediated RNA1, accumulation (A36-370) (Fig. 8B,
lane 4), various partial deletions of 60 to 70 aa between aa 35
and 370 of protein A also caused milder reductions in protein
A-mediated RNA1, accumulation (A36-98, A99-170, A171-
230, A231-300, and A301-370) (Fig. 8B, lanes 7 to 11), suggest-
ing a perturbation of protein folding, interaction, or similar
functions.

The C-terminal 100 aa of protein A (A901-950 and A951-
998) were also dispensable for protein A-stimulated RNAT
accumulation (Fig. 8, lanes 17 and 18). In contrast, although
protein A RdRp activity was not required for RNAI accu-
mulation (Fig. 1), deletion of the RdRp region (A513-752)
significantly reduced RNA1,, accumulation (Fig. 8B, lane 14,
and 9B). To explore this further, we made separate deletions of
each RdRp motif, which ranged in size from 9 to 35 aa, and the
spaces between these motifs (Fig. 9A). The first RARp motif
(R1 [A513-752]) was dispensable for RNAI; accumulation
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FIG. 9. RNAI accumulation requires many RdRp motifs. (A) Map
of eight conserved RdRp motifs in protein A. Deletions of RdRp
motifs are labeled R1 through R8. Deletions of spaces between RdRp
motifs are labeled S1 through S5. Yeast cells were transformed with
pF1,, alone or together with full-length or deletion mutant pFA¢95k-
YFP. The asterisk in panel B denotes a protein A mRNA band. Total
RNAs and proteins were extracted and analyzed as described in the
legend to Fig. 7 (B to F). Averages from six independent experiments
are shown.

(Fig. 9B, lane R1). In contrast, deletion of all other RdRp
motifs and spaces between RdRp motifs reduced RNA1 ac-
cumulation to approximately threefold lower than RNA1,, lev-
els expressed in the presence of full-length protein Apggop-
YFP, although deletions of the third and fourth spaces
between RdRp motifs were the least defective (Fig. 9). RNA1,,
accumulation also required protein A regions immediately sur-
rounding the RARp motifs, since deletions of approximately 70
aa on either side of the RdRp motifs (A371-440, A441-512,
A753-825, and A826-900) significantly reduced RNA1,, accu-
mulation (Fig. 8B, lanes 12, 13, 15, and 16).

These results show that efficient protein A-mediated RNA1
recruitment requires protein A membrane association and the
regions surrounding and including RdRp motifs. However,
with the exception of the transmembrane domain, the N-ter-
minal 370 aa of protein A, including some protein A self-
interaction domains, and the C-terminal 100 aa of protein A
are dispensable for protein A-mediated RNA1 recruitment.

DISCUSSION

In this study, we used FHV to analyze selected aspects of
positive-strand RNA virus replication, revealing a new func-
tion for FHV protein A in recruiting genomic RNA1 to a
membrane-associated state. As discussed below, our results
imply that during an early stage of replication prior to nega-
tive-strand RNA synthesis, multiple regions of protein A, in-
cluding regions required for other protein A functions, act
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together to recruit RNA1 to membranes for FHV RNA rep-
lication complex formation.

Protein A recruits RNA1 to a membrane-associated state. In
both Drosophila and yeast cells, FHV protein A induced oth-
erwise cytoplasmic RNAL1 to become largely membrane asso-
ciated, causing similar near-inversions of the distribution of
RNAL between soluble and membrane-associated fractions in
both cell types (Fig. 4 and 6). This strong membrane localiza-
tion was induced by protein A even when viral RNA synthesis
was blocked by an RdRp active site mutation and was strongly
selective for FHV RNA, increasing the accumulation of
RNAI in the membrane-associated pellet fraction 70- to
>300-fold more than that of diverse nonviral mRNAs (Fig. 5).
Since protein A is the sole FHV protein required for RNA
replication and is a transmembrane protein localized almost
exclusively to outer mitochondrial membranes, the results im-
ply that protein A recruits RNALI prior to RNA replication to
the outer mitochondrial membranes, where FHV RNA repli-
cation complexes form (44, 45).

However, in yeast, this protein A-induced membrane asso-
ciation was linked with a >10-fold increase in RNA1 accumu-
lation, while in Drosophila cells no significant increase in
RNAL1 accumulation occurred (Fig. 1 and 6B). This difference
in protein A-mediated RNA1 accumulation was not caused by
differences in the amount of protein A available in each cell
type to confer RNAT stability, since the ratios of protein A to
RNAL in yeast and Drosophila cells were similar (Fig. 6C).
Rather, in yeast cells, which are widely diverged from FHV’s
natural insect host cells, the >10-fold increase reflected the
fact that RNA1 was stable in the presence of protein A (>60-
min half-life) but had low basal stability and accumulation in
the absence of protein A (4-min half-life) (Fig. 2). In contrast,
in Drosophila cells, which support productive FHV infection
(8, 63), the intrinsic stability (>3-hour half-life) of RNA1 was
much higher than that in yeast (Fig. 7). Accordingly, the accu-
mulation of RNA1 without protein A was close to that with
protein A (Fig. 6B). Similarly, the BMV 1a protein, which
recruits viral RNA replication templates to a membrane-asso-
ciated, highly stable state for RNA replication, increased BMV
genomic RNA3 stability and accumulation ~10-fold in yeast,
but little or not at all in Nicotiana benthamiana cells, appar-
ently because the basal stability of plant-adapted BMV RNA in
the absence of 1la is much higher in plant cells than in yeast
cells (25, 32, 66).

Nevertheless, the short, ~5-min half-life of BMV and FHV
RNAs in yeast cells in the absence of viral factors has been
useful as a marker to reveal and follow the la- and protein
A-induced changes in the state of viral RNA. For BMV, mul-
tiple additional studies have revealed that the la-induced
increase in viral RNA stability reflects important effects asso-
ciated with recruitment to a membrane-associated state, in-
cluding translation inhibition and sequestration of the RNA in
a nuclease-resistant compartment (1, 32, 62, 68). Since BMV
and FHYV replicate their RNAs in similar, virus-induced mem-
brane invaginations (45, 62), similar effects appear likely to
underlie the related protein A-induced changes in the state of
FHV RNALI. The increase in RNAI stability, and thus accu-
mulation, was not significantly due to the predicted ability of
protein A to cap FHV RNAs (33), since protein A increased
RNAI accumulation sixfold even in yeast lacking the Xrnlp
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5'-to-3" exonuclease that degrades uncapped RNAs (Fig. 3)
(37, 65, 67). A lack of RNA1 recapping by protein A is con-
sistent with the fact that cellular decapping enzymes produce
5’-monophosphate ends (67), while known positive-strand
RNA virus capping pathways require 5'-diphosphate sub-
strates (2, 3, 14, 30, 41), and with continuing stimulation of
RNAI1 accumulation after deleting the predicted guanylyl-
transferase active site (aa 91 to 93) from protein A (A36-370
and A47-370) (Fig. 8, lanes 4 and 5) (33).

Protein A regions required for RNA1 recruitment. Protein A
was the only viral protein required for FHV genomic RNAI
recruitment to membranes, implying that protein A interacts
directly or indirectly (via host proteins) with FHV RNALI to
recruit it to a membrane-associated state. Recruiting FHV
genomic RNAs required both membrane-targeting domains
and the RdRp domain of protein A (Fig. 8 and 9). This asso-
ciation of RNA recruitment with the FHV RdRp domain dif-
fers from the case for BMV, cucumber necrosis tombusvirus,
and tomato bushy stunt tombusvirus, for which genomic RNA
recruitment to membranes requires only viral protein la or
p33, respectively, which contain membrane-targeting and other
domains but lack the RARp domains carried by other proteins
of these viruses (47, 51, 54, 55, 62). Use of the FHV protein A
RdRp domain for template recruitment as well as polymeriza-
tion may reflect appropriate or essential economy for a virus
with a single RNA replication protein. Moreover, like the case
for FHV, carnation Italian ringspot tombusvirus recruitment
of DI-RNASs to a stabilized state is significantly enhanced by
the presence of both membrane-targeting and RdRp domains,
carried by the viral p36 and p95 proteins, respectively, although
either p36 or p95 confers some DI-RNA stabilization (35, 49,
56, 57). Additionally, the poliovirus protein 3CD, containing
protease and RdRp domains, is required to bind a 5’ cloverleaf
in poliovirus RNA to mediate the switch from translation to
viral RNA replication, a step that is at least a precursor to
recruiting viral RNA to the replication complex (24). When
expressed in vitro, 3CD and 3C, but not 3D, can bind the 5’
cloverleaf (70). However, mutations in both the 3C and 3D
regions of 3CD rescue complementary changes in the 5’-clo-
verleaf structure, suggesting that regions in both proteins are
important for RNA binding (69).

While active site mutation showed that polymerase activity
was not required, nearly all deletions within or flanking the
conserved RdRp motifs of FHV protein A dramatically sup-
pressed protein A-stimulated RNA1 accumulation (Fig. 8 and
9). The strong effect of even small deletions in this region
suggests that proper folding of the RdRp domain may be
important for RNA1 recruitment. Such folding might be re-
quired whether the RdRp domain contributes to recruitment
by RNA or to protein interactions that are the same or distinct
from those in RNA polymerization. For example, multiple
regions surrounding and including the conserved RdRp motifs
of foot-and-mouth disease virus 3D polymerase are involved in
binding RNA templates, as seen by X-ray crystallography (19),
and tomato bushy stunt virus p92 contains multiple RNA bind-
ing sites flanking and overlapping its conserved RdRp motifs
(54).

Our deletion analysis revealed a parallel between the mem-
brane association of protein A derivatives and their ability to
stimulate RNA1;, accumulation. Deleting the N-terminal 370
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aa of protein A (A1-370) eliminated protein A-membrane as-
sociation and increased RNA1,, recruitment, while retaining
protein A sequences sufficient for membrane association and
mitochondrial targeting (A36-370 and A47-370) fully restored
protein A stimulation of RNA1 accumulation (Fig. 8). De-
leting the transmembrane domain (A1-35) significantly inhib-
ited but did not completely eliminate increased RNA1,, accu-
mulation (Fig. 8). However, this derivative remained largely
membrane associated (Fig. 8) (46), showing that protein A has
more than one mode of membrane association and explaining
the remaining RNAI recruitment activity without violating the
membrane association correlation.

Several functions may contribute to the link between protein
A-membrane association and increased RNAI1 stability/accu-
mulation in yeast. Membrane association might alter the pro-
tein A conformation and would increase the local protein A
concentration, promoting protein A multimerization and po-
tentially cooperative binding to RNA1. Protein A forms mul-
timers in vivo, and this ability is linked to successful RNA
replication (15). While some N-proximal protein A self-inter-
action domains were dispensable for increased RNA1 accumu-
lation, a self-interaction domain overlapping the RdRp region
was required and might represent a significant contribution of
the RdRp domain (Fig. 8) (15). Similarly, self-interaction of
tomato bushy stunt virus p33 is required for DI-RNA recruit-
ment to the membrane sites of replication complex formation
(47, 51). As found for BMV (62), protein A-membrane binding
and the FHV-specific outer mitochondrial membrane invagi-
nations associated with RNA replication (45) may be impor-
tant for compartmentalizing RNA1 away from cellular trans-
lation and RNA decay pathways. We also cannot rule out that
membrane association may be important for protein A or
RNA1 association with host factors.

The results reported here for FHV in both D. melanogaster
cells and S. cerevisiae cells show some strong parallels with
BMYV and with recent emerging results for tombusviruses. In
all cases, a viral replication protein recruits genomic RNA to
membranes prior to negative-strand RNA synthesis (1, 47, 51,
62). Such recruitment is often accompanied by an increase in
genomic RNA stability and accumulation that is tightly linked
to RNA membrane association (12, 32, 62, 66). Membrane-
targeting domains and, in some cases, RdRp domains and
self-interaction domains within the viral replication proteins
are required for these effects on genomic RNA (12, 47, 49, 51,
54, 66). Given the many other substantial differences between
FHV, BMV, and the tombusviruses, these related features
suggest that some of the major principles involved in the RNA
recruitment processes revealed here may be applicable to a
range of positive-strand RNA viruses.
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