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Localization of RNA replication to intracellular membranes is a universal feature of positive-strand RNA
viruses. Replication complexes of flock house virus (FHV), the best-studied alphanodavirus, are located on
outer mitochondrial membranes in infected Drosophila melanogaster cells and are associated with the formation
of membrane-bound spherules, similar to structures found for many other positive-strand RNA viruses. To
further study FHV replication complex formation, we investigated the subcellular localization, membrane
association, and membrane topology of protein A, the FHV RNA-dependent RNA polymerase, in the yeast
Saccharomyces cerevisiae, a host able to support full FHV RNA replication and virion formation. Confocal
immunofluorescence revealed that protein A localized to mitochondria in yeast, as in Drosophila cells, and that
this mitochondrial localization was independent of viral RNA synthesis. Nycodenz gradient flotation and
dissociation assays showed that protein A behaved as an integral membrane protein, a finding consistent with
a predicted N-proximal transmembrane domain. Protease digestion and selective permeabilization after
differential epitope tagging demonstrated that protein A was inserted into the outer mitochondrial membrane
with the N terminus in the inner membrane space or matrix and that the C terminus was exposed to the
cytoplasm. Flotation and immunofluorescence studies with deletion mutants indicated that the N-proximal
region of protein A was important for both membrane association and mitochondrial localization. Gain-of-
function studies with green fluorescent protein fusions demonstrated that the N-terminal 46 amino acids of
protein A were sufficient for mitochondrial localization and membrane insertion. We conclude that protein A
targets and anchors FHV RNA replication complexes to outer mitochondrial membranes, in part through an

N-proximal mitochondrial localization signal and transmembrane domain.

The lack of broadly effective therapies for positive-strand
RNA virus infections motivates the identification and charac-
terization of common features of viral replication as potential
targets for novel antiviral agents. A universal feature of posi-
tive-strand RNA virus replication is the essential involvement
of host cell membranes. For different RNA viruses, RNA rep-
lication complexes form on membrane structures derived from
diverse intracellular organelles, including the endoplasmic re-
ticulum (30, 34, 39, 45, 52, 53), Golgi apparatus (52), lysosomes
(13, 26, 33, 52), endosomes (13, 26), and mitochondria (11, 37).
Viral proteins that target replication complexes to intracellular
membranes have been identified, such as the poliovirus 3AB
protein (21), the Semliki Forest virus nsP1 protein (40), the
brome mosaic virus la protein (7), and the carnation Italian
ringspot virus (CIRV) 36-kDa replicase protein (48). The iden-
tification of such viral targeting proteins and other features of
intracellular membrane association have provided valuable in-
sights into viral replication complex formation and function.

Flock house virus (FHV), the best-studied alphanodavirus in
the Nodaviridae family, shares viral replication features with
positive-strand RNA viruses from other families (2), and has
been useful to investigate fundamental aspects of viral repli-
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cation. FHV directs RNA replication and virion assembly in a
wide variety of cells, including insect (14, 57), plant (56), mam-
malian (1, 23), and yeast (31, 43, 44) cells, implying that any
host components required for FHV RNA replication are
widely conserved. FHV contains a 4.5-kb bipartite genome in a
nonenveloped icosahedral capsid (54, 55). The larger 3.1-kb
RNA species (RNA1) encodes protein A, a 112-kDa protein
with sequence motifs (41) and in vivo functions (1, 23, 31, 43)
of a viral RNA-dependent RNA polymerase (RdRp). The
smaller 1.4-kb RNA species (RNA2) encodes the capsid pre-
cursor protein (12, 54). During replication, FHV produces a
subgenomic, 0.4-kb RNA3 that is colinear with the 3’ end of
RNAL, and encodes a 10-kDa protein B of unknown function
(2). FHV RNA replication occurs on outer mitochondrial
membranes in infected Drosophila melanogaster cells (37). By
confocal immunofluorescence microscopy, we demonstrated
colocalization between protein A and both mitochondria and
newly synthesized viral RNA. In addition, electron microscopy
studies showed mitochondrial clustering and the formation of
40- to 60-nm membrane-bound spherules restricted to the mi-
tochondrial intermembrane space and connected to the outer
mitochondrial membrane, and immunogold electron micros-
copy localized protein A to the outer mitochondrial membrane
(37). Similar mitochondrial membrane-associated structures
are seen after infection with the related alphanodaviruses No-
damura and Boolarra virus (3, 15). Moreover, membrane-
bound spherules are associated with RNA replication by many
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other viruses, including tombusviruses (11) and togaviruses
(13, 17, 26, 33), suggesting that characterizing these structures
and the mechanisms of their localization may identify general
principles in positive-strand RNA virus replication.

FHYV replication in Saccharomyces cerevisiae has been shown
to duplicate many features of FHV replication in insect cells,
including independent replication of RNA1 (31, 43), down-
regulation of subgenomic RNA3 production by RNA2 (44),
and formation of infectious virions (44). One useful feature of
FHYV replication in yeast is the ability to separate the protein
coding and replication template functions of RNA1. An RNA1
derivative with a protein A frameshift can serve as a nontrans-
latable template for RNA replication and subgenomic mRNA
synthesis when protein A is provided in trans from a second,
nonreplicatable FHV RNA1 derivative with modified 5" and 3’
noncoding sequences. Such frans replication in yeast has been
used to identify cis-acting signals, including the long-distance
base pairing essential for RNA1 replication and subgenomic
RNA3 synthesis (31) and for FHV-directed foreign gene ex-
pression (42, 43).

In this report, we used FHV replication in S. cerevisiae to
identify the intracellular localization, membrane association
characteristics, membrane topology, and organellar targeting
signals of FHV protein A. The ability to separate the transla-
tion and replication template functions of FHV RNA1 allowed
us to construct and functionally test protein A derivatives. We
demonstrate by confocal immunofluorescence microscopy and
membrane flotation assays that FHV protein A localized to
mitochondrial membranes independently of viral RNA repli-
cation and that protein A was an integral membrane protein
inserted into the outer mitochondrial membrane with the N
terminus located in the intermembrane space or matrix and the
C terminus exposed to the cytoplasm. Furthermore, deletion
studies and gain-of-function assays with protein A-green fluo-
rescent protein (GFP) fusions demonstrated that the N termi-
nus of protein A contained sequences sufficient for mitochon-
drial localization and membrane insertion.

MATERIALS AND METHODS

Yeast strain, transformation, and culture conditions. The haploid yeast strain
BY4742 (MATo his3A1 leu2A0 lys2A0 ura3A0) was used for all experiments.
Yeast were transformed by using the E-Z Transformation Kit (Zymo Research,
Orange, Calif.), plated onto selective minimal medium with glucose (2% [wt/vol])
as the carbon source, and incubated at 30°C for 2 to 3 days until distinct colonies
developed. Individual clones were transferred to liquid media and grown at 30°C
for 42 to 48 h until early saturation phase. Yeast were washed once with distilled
water, resuspended at 107/ml in liquid media, and induced with galactose (2%
[wt/vol]) to initiate DNA-directed FHV RNA expression as previously described
(43), except that yeast were induced for 24 h at 26°C for all experiments. Two
independently derived clones were grown and induced separately for each ex-
perimental group, and samples were combined from an equal number of cells for
membrane flotation, protease digestion, and immunofluorescence analyses.

Antibodies. Rabbit polyclonal antisera against FHV protein A was generated
with gel-purified protein A expressed in Escherichia coli as previously described
(37). Rabbit polyclonal antisera against the yeast mitochondrial proteins p32 and
translocase of the outer membrane (Tom) 40 were the generous gifts of Deb-
kumar Pain (University for Medicine and Dentistry of New Jersey). Rabbit
polyclonal antisera against the yeast matrix heat shock protein Sscl was the
generous gift of Elizabeth Craig (University of Wisconsin—Madison). Rabbit
polyclonal antibodies against GFP and the influenza virus hemagglutinin (HA)
epitope tag were from Santa Cruz Biotechnology (Santa Cruz, Calif.), and mouse
monoclonal antibodies against HA (clone HA-7) were from Sigma (St. Louis,
Mo.). Mouse monoclonal antibodies against the yeast proteins cytochrome oxi-
dase subunit ITIT (CoxIII), 3-phosphoglycerate kinase, and mitochondrial porin
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were from Molecular Probes (Eugene, Oreg.). All secondary antibodies for
immunofluorescence and immunoblotting were from Jackson Immunoresearch
(West Grove, Pa.).

Plasmids. Standard molecular biology procedures were used for all cloning
steps unless otherwise indicated, and all products generated by PCR or with
synthesized oligonucleotides were verified by automated sequencing. FHV
RNA1 expression plasmids pF1, pFlg, and pFA have been previously described
(31, 43). pF1 and pFly are HIS3-selectable yeast 2 plasmids that contain
full-length ¢cDNA for FHV RNAL1 under control of the galactose-inducible—
glucose-repressible GALI promoter and are terminated by a self-cleaving hep-
atitis d ribozyme to generate authentic viral 3’ termini (Fig. 1A). RNA1 from pF1
and pF1 can serve as a template for protein A-directed RNA1 replication and
subgenomic RNA3 synthesis. RNAI from pF1 can also serve as mRNA for
protein A translation, whereas RNA1 from pFl contains a four-nucleotide
frameshifting insertion in the 5’ coding region (43). pFA is a LEU2-selectable
yeast centromeric plasmid that contains full-length cDNA for FHV RNA1 under
control of the GALI promoter but is flanked upstream by the GALI leader
sequence and downstream by the CYCI polyadenylation signal sequence (Fig.
1A). RNA1 from pFA cannot serve as a template for replication but can be
translated to provide protein A for RNA replication in the presence of a tem-
plate from pFlg,.

The protein A expression plasmids pFA-N/HA and pFA-C/HA were derived
from pFA and were designed to express protein A with an N- or C-terminal HA
epitope tag and an eight-amino-acid spacer (GGSGGSGG). We constructed
pFA-C/HA by using mutually primed extension of overlapping oligonucleotides
as previously described for the bacterial expression plasmid pET-FHVPA (37),
substituting HA for the hexahistidine epitope tag. To construct pFA-N/HA, we
used mutually primed extension of overlapping oligonucleotides that contained
68 nucleotides from the 5’ noncoding region of pFA, 78 nucleotides that encoded
the HA epitope tag, the eight-amino acid-spacer, and the first nine amino acids
from the protein A N terminus. The annealed and extended fragment was
inserted into the PstI/Avrll region of pFA to generate pFA-N/HA.

Plasmids with protein A deletion mutants were derived from pFA-C/HA. We
generated a series of 10 deletions that covered all but amino acids 1 to 7 of
protein A by using convenient restriction enzyme sites and blunt-end closure
where appropriate. The deletion mutant designations and corresponding restric-
tion enzyme sites were A8-230 (AvrlI/Nhel), A99-230 (BsiWI/Nhel), A99-686
(BsiW1/RsrIl), A231-988 (Nhel/BipI), A336-686 (BsaBI/RsrII), A399-826 (Mscl/
Mscl), A399-921 (Mscl/Neol), A473-686 (BglI/Rsr1l), A609-921 (Neol/Ncol), and
A687-1004 (Rsr11/BspEI). We generated a series of five overlapping N-proximal
protein A deletion mutants by PCR to delete amino acids 9 to 45, 89, 135, 209,
or 245. Primer pairs corresponding the SexAl site within RNA1 and the desired
deletion location with an engineered Avrll site were used to amplify fragments
that were inserted into AvrII/SexAl region of pFA-C/HA to generate the deletion
mutants A9-45, A9-89, A9-135, A9-209, and A9-245.

The GFP fusion protein expression plasmids were derived from pGFP, a
LEU2-selectable yeast 2 plasmid that contains a yeast-optimized cDNA for
GFP (8) under control of the GALI promoter. We constructed pT70TM/GFP by
using mutually primed extension of overlapping oligonucleotides that encoded
the first 30 amino acids of Tom?70 (35) with flanking NI sites. The annealed and
extended fragment was digested and inserted into the PstI site at the N terminus
of GFP. We generated a series of protein A-GFP fusions by PCR to attach
protein A amino acids 1 to 46, 81, and 121, 42 to 81, and 75 to 121 to the N
terminus of GFP. Primers pairs with engineered flanking PstI sites were used to
amplify fragments from pFA that were inserted into the PstI site of pGFP to
generate pPA1-46/GFP, pPA1-81/GFP, pPA1-121/GFP, pPA42-81/GFP, and
pPA75-121/GFP. The initial construction procedure for GFP fusion protein
expression plasmids added the amino acid sequence MQM to the GFP junction
site. To prevent potential downstream translation initiation, we changed the
junction sequence to the amino acids SG for all GFP fusion plasmids by oligo-
nucleotide-directed mutagenesis.

Immunofluorescence microscopy. We performed confocal immunofluores-
cence microscopy as previously described for FHV-infected Drosophila cells (37),
with modifications for yeast preparation (46). For selective permeabilization
experiments, fixed spheroplasts were permeabilized with either 0.2% (vol/vol)
Triton X-100 plus 0.002% (wt/vol) saponin or 0.002% saponin alone for 10 min
prior to immunofluorescence staining.

Northern blot analysis. Total RNA was isolated from intact yeast by using hot
acidic phenol (43), quantitated spectrophotometrically, and stored at —80°C
until analysis. RNA was separated on 1.4% agarose-formaldehyde gels, blotted
onto nylon membranes, and probed for positive- and negative-strand FHV
RNAL1 and RNA3 as previously described (37). We quantitated RNA levels with
ImageQuant software (Molecular Dynamics, Piscataway, N.J.).
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FIG. 1. FHV protein A localizes to mitochondria. (A) Schematic of
plasmids used for RNAI and protein A expression. Authentic viral 3’
termini are generated in pF1 and pF1 by a hepatitis  ribozyme (Rz).
A frameshift in pFl at the indicated location disrupts translation,
whereas the GAL! leader (L) and CYC1 polyadenylation signal (A,) in
pFA disrupt its activity as a template for replication but not its trans-
lation. (B) Yeast transformed with pF1 (top row), pF1 (second row),
pF1 plus pFA (third row), or pFA alone (bottom row) were immu-
nostained with rabbit anti-protein A and mouse anti-CoxIII, followed
by Texas red-labeled goat anti-rabbit and fluorescein isothiocyanate-
labeled goat anti-mouse secondary antibodies. Representative confo-
cal images for protein A (left images, red), CoxIII (middle images, green),
and merged signals (right images) are shown. The merged images rep-
resent a digital superimposition of red and green signals, where areas
of fluorescence colocalization are yellow. Northern blot analysis showed
viral RNA replication, determined by the presence of negative-strand
RNAL1 and positive-strand subgenomic RNA3, in yeast transformed
with pF1 and pF1g plus pFA, but not in yeast transformed with pFA or
pF1,, alone (31, 43; data not shown). (C) Yeast were immunostained
with rabbit anti-protein A and mouse anti-vacuolar ATPase. Repre-
sentative confocal images for protein A (left image, red), vacuolar
ATPase (middle image, green), and merged signals (right image) are
shown.

Immunoblot analysis. For total protein isolation, yeast were washed with
distilled water and resuspended in 20 mM Tris (pH 8.0), 0.2 M NaCl, 10 mM
MgCl,, 1 mM EDTA, and 5% (wt/vol) glycerol. Yeast cell walls were disrupted
by mechanical shearing with glass beads, sodium dodecyl sulfate (SDS) was
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added to 1% (wt/vol), and samples were heated to 100°C for 10 min. Glass beads
and insoluble cellular debris were removed by centrifugation at 10,000 X g for
5 min, and lysates were stored at —20°C until analysis. Cell lysates were separated
on reducing SDS-polyacrylamide gels, transferred to polyvinylidene difluoride
membranes, and immunoblotted as previously described (37). We quantitated
protein levels with Lumi-Imager software (Boehringer Mannheim, Indianapolis,
Ind.).

Membrane flotation. Yeast were spheroplasted in 1 M sorbitol-0.1 M potas-
sium phosphate (pH 7.6) for 15 min at 30°C, washed once, resuspended in
flotation buffer (50 mM HEPES [pH 7.2], 10 mM KCI, 5 mM MgCl,, 1 mM
EDTA) with a yeast protease inhibitor cocktail containing 1 mM 4-(2-aminoeth-
yl)benzenesulfonyl fluoride, 5 mM 1,10-phenanthroline, 22 uM pepstatin A, and
14 uM trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane and then stored
on ice for 10 min. Spheroplasts were disrupted with 10 strokes of a Dounce
homogenizer, and lysates were centrifuged at 500 X g for 5 min to pellet nuclei,
unlysed cells, and large debris. Nycodenz was added to postnuclear lysates to a
final concentration of 37.5% (wt/vol), loaded under a 5% to 35% Nycodenz
discontinuous gradient, and centrifuged to equilibrium in a Beckman TLS-55
swing-bucket rotor at 100,000 X g for 20 h. After centrifugation, the upper half
of the gradient was removed manually and designated the low-density (LD)
fraction, and the lower half was designated the high-density (HD) fraction. Equal
volume samples from each fraction were separated by SDS-polyacrylamide gel
electrophoresis (PAGE) and immunoblotted as described above. For membrane
dissociation assays, postnuclear lysates were centrifuged at 20,000 X g for 10 min
to pellet membranes and their associated proteins. Pellets were resuspended in
flotation buffer, 0.1 M Na,CO; [pH 11.5], 1 M NaCl, or 1 M NaCl with 1.5%
Triton X-100, incubated on ice for 30 min, and fractionated in Nycodenz gradi-
ents as described above.

Protease digestion. We used membrane fractions prepared by the method of
Glick and Pon (16) for protease digestion assays. Spheroplasts were lysed by
Dounce homogenization in lysis buffer (20 mM HEPES [pH 7.2], 0.5 M sorbitol,
50 mM potassium phosphate) with the protease inhibitor cocktail described
above and then centrifuged at 1,000 X g for 5 min to pellet the nuclei, unlysed
cells, and large debris. Postnuclear lysates were centrifuged at 12,000 X g for
10 min, pellets were resuspended in lysis buffer and centrifuged at 1,000 X g for
5 min, and the supernatant was recovered and used as the membrane fraction.
Proteinase K (0 to 10 pg/ml) was added in the presence or absence of 0.1%
Triton X-100, samples were incubated on ice for 30 min, and protease activity
was terminated by the addition of SDS-PAGE sample buffer and heating to
100°C for 10 min. Samples were separated by SDS-PAGE and analyzed by
immunoblotting as described above. Preliminary experiments showed that exog-
enous proteinase K at the concentrations used in protease digestion experiments
was not inhibited by residual protease inhibitors present in the membrane frac-
tion (data not shown).

Sequence analysis and transmembrane domain (TMD) prediction. We per-
formed sequence analysis with the following programs: DAS (9) (www.sbc.su
.se/~miklos/DAS/), Topred2 (62) (www.sbc.su.se/~erikw/toppred2/), Tmpred
(www.ch.embnet.org/software/TMPRED/), HMMTOP (59) (www.enzim.hu
/hmmtop/), and TMHMM v.2 (25) (www.cbs.dtu.dk/servicess TMHMM-2.0/).

RESULTS

Protein A localizes to mitochondria in yeast. We previously
found that protein A localizes with viral RNA replication to
outer mitochondrial membranes in FHV-infected Drosophila
DL-1 cells (37). To determine whether yeast duplicated the
localization of protein A in insect cells, we investigated protein
A localization in yeast with confocal immunofluorescence mi-
croscopy (Fig. 1). We used the inner mitochondrial membrane
protein CoxIII (6) as a mitochondrial marker. All experiments
were repeated multiple times, and representative results are
shown.

In wild-type yeast or yeast transformed with pF1g, a plasmid
that expresses an RNAI template but no protein A due to an
early frameshift (Fig. 1A) (31, 43), yeast mitochondria ap-
peared as a branched, peripherally distributed network (Fig.
1B, top row), a finding consistent with previously reported
yeast mitochondrial morphology (18). In yeast transformed
with pF1, a plasmid that expresses wild-type RNA1 and protein
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A (Fig. 1A) and hence initiates RNA replication (31, 43),
CoxlII distribution was altered and displayed a more localized,
clumped pattern that colocalized with protein A (Fig. 1B, sec-
ond row), similar to the mitochondrial clustering that occurs in
FHV-infected Drosophila cells (37). To address the possibility
that FHV RNA replication or protein A expression altered the
distribution of CoxIII to include nonmitochondrial mem-
branes, we also used antibodies against Sscl, a mitochondrial
matrix-specific heat shock protein (32) in confocal immunoflu-
orescence experiments, and found that protein A also colo-
calized with Sscl (data not shown). As controls for other
intracellular membrane compartments, immunofluorescence
microscopy showed no significant localization of protein A to
either vacuoles (Fig. 1C) or endoplasmic reticulum (data not
shown). Thus, based on the colocalization of protein A with
both a mitochondrial inner membrane and a mitochondrial
matrix protein, and the absence of colocalization with nonmi-
tochondrial markers, we concluded that yeast reproduced the
mitochondrial localization of protein A in FHV-infected Dro-
sophila cells (37).

Protein A localization to mitochondria is independent of
other viral proteins and RNA replication. In infected Drosoph-
ila cells, the presence of all FHV RNA and protein compo-
nents precluded determining whether other viral factors con-
tributed to protein A localization (37). Figure 1B showed that
mitochondrial localization of protein A did not require FHV
RNAZ2 or its encoded capsid proteins. Moreover, when RNA2
was coexpressed and coreplicated with RNA1, leading to cap-
sid protein expression and encapsidation, the colocalization
and globular patterns of protein A and CoxIII immunofluo-
rescence were indistinguishable from those with RNA1 repli-
cation alone (data not shown). These patterns also remained
unchanged when protein A was expressed in trans to replicate
an RNA1 frameshift derivative (Fig. 1B, third row) or when
protein A was expressed alone, without a replicatable RNA1
template or protein B (Fig. 1B, bottom row). Thus, protein A
localized to mitochondria and induced a clumped, globular
mitochondrial distribution in the absence of any other viral
proteins, subgenomic RNA3 synthesis, or RNA replication.

Protein A is membrane-associated in yeast. We previously
found that protein A from FHV-infected Drosophila cells frac-
tionated as a membrane-associated protein (37). To investigate
the intracellular membrane association of protein A in yeast,
we initially performed differential centrifugation experiments
with postnuclear yeast lysates. Protein A was recovered almost
exclusively in the 20,000 X g pellet fraction (data not shown),
suggesting that protein A was membrane associated. However,
protein A expression in yeast may lead to formation of sedi-
mentable aggregates, similar to FHV protein A expression in
E. coli (37) and expression of some brome mosaic virus la
derivatives in yeast (10). To discriminate between protein A
sedimentation due to membrane association or aggregation,
we used equilibrium density gradient centrifugation to examine
the flotation behavior of protein A from yeast lysates (Fig. 2).
Postnuclear lysates were adjusted to 37.5% Nycodenz, loaded
under a 5 to 35% Nycodenz gradient, and centrifuged to equi-
librium (Fig. 2A). In initial experiments, we divided gradients
into six equal volume fractions and found that membrane-
associated proteins reproducibly floated into the upper half of
Nycodenz gradients, whereas cytosolic proteins remained in
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the bottom fractions (data not shown). Thereafter, we divided
gradients into two equal fractions, and examined the upper LD
and lower HD fractions individually by immunoblot assay. The
LD fraction contained a visible membrane layer and the ma-
jority of the yeast outer mitochondrial integral membrane
porin protein, whereas the majority of the cytosolic protein
3-phosphoglycerate kinase (PGK) partitioned into the HD
fraction (Fig. 2A).

To investigate the membrane association of protein A in the
presence or absence of viral RNA replication, yeast trans-
formed with pF1,, pF1, pFl, plus pFA, or pFA alone were
lysed, and the lysates analyzed by Nycodenz gradient flotation
and immunobloting with antisera against protein A (Fig. 2B).
In the HD fractions, protein A antisera revealed only a cross-
reacting host protein band, which was present in all lysates
(Fig. 2B, asterisks), including lysates from yeast transformed
with only the protein A frameshift plasmid, pF1,. For lysates
from yeast expressing pFl, pFl, plus pFA, or pFA alone,
protein A partitioned into the LD fraction. Thus, protein A
was membrane associated in yeast independently of FHV
RNA replication. Protein A appeared as a doublet in yeast LD
fractions (arrows in Fig. 2B), whereas the same protein A
antisera reacts with a single band in infected Drosophila cell
lysates (37). The upper band in yeast LD fractions likely rep-
resented full-length protein A, and the lower band likely rep-
resented a C-terminal degradation product, since flotation
analysis with terminally epitope-tagged protein A derivatives
demonstrated that the upper band contained intact N and C
termini, whereas the lower band contained only an intact N
terminus (data not shown).

Protein A fractionates as an integral membrane protein. We
further examined the flotation behavior of protein A in yeast
lysates under conditions designed to dislodge peripherally as-
sociated membrane proteins (4). Postnuclear lysates from
yeast transformed with pF1 were centrifuged at 20,000 X g, and
pelleted membranes and their associated proteins were resus-
pended in lysis buffer, 0.1 M Na,CO; [pH 11.5], 1 M NaCl, or
1 M NaCl with 1.5% Triton X-100 and incubated for 30 min
prior to Nycodenz gradient fractionation (Fig. 2C). Protein A
remained in the LD fraction even at pH 11.5 or in the presence
of 1 M NaCl but was recovered in the HD fraction in the
presence of 1.5% Triton X-100. The mitochondrial integral
membrane protein Tom40 (20) behaved equivalently under
these conditions. Thus, protein A was tightly membrane asso-
ciated in yeast and had biochemical characteristics of an inte-
gral membrane protein. For both protein A and Tom40, full-
length protein recovery was reduced when membrane pellets
were resuspended in buffer containing Triton X-100 (Fig. 2C).
A similar reduced recovery was seen with other membrane
proteins in the presence of detergent (see below, Fig. 8C, and
data not shown), suggesting that endogenous proteases were
released upon detergent treatment and were active despite the
presence of protease inhibitors (see Materials and Methods).

Protein A contains a predicted TMD. The behavior of pro-
tein A in Drosophila cells (37) and yeast lysates (Fig. 2) sug-
gested that it was an integral membrane protein. We analyzed
the protein A amino acid sequence by using several programs
to identify potential hydrophobic regions and TMDs (Fig. 3).
For reference, the conserved viral RARp palm motifs (41) of
protein A are located between amino acids 575 and 740. We
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FIG. 2. FHV protein A is tightly membrane associated. (A) Schematic of equilibrium density Nycodenz gradient fractionation procedure. Yeast
lysates were loaded under 5 to 35% discontinuous Nycodenz gradients and centrifuged to equilibrium, and equal volume fractions from the upper
LD and lower HD regions were recovered and analyzed by immunoblotting. (B) Equilibrium density Nycodenz gradient fractions of lysates from
yeast transformed with pF1g, pF1, pFlg plus pFA, or pFA alone were immunoblotted with rabbit anti-protein A. Protein A appeared as a doublet
(arrows) in the LD fractions, whereas a host protein band that cross-reacted with the protein A antisera was present in the HD fractions (asterisks).
(C) Postnuclear lysates from yeast transformed with pF1 were centrifuged at 20,000 X g for 10 min, pellets were resuspended in the indicated buffer
and subjected to Nycodenz gradient fractionation, and fractions were immunoblotted with rabbit antisera against protein A or the outer
mitochondrial integral membrane protein Tom40 (20). The yeast protein detected by the protein A antisera in Fig. 2B (asterisks) was not recovered
in the 20,000 X g pellet, and therefore was not present in the HD fraction after Nycodenz gradient fractionation.

identified three hydrophobic regions within protein A: the first Topred2, Tmpred, and HMMTOP) predicted with high prob-
around amino acids 3 to 50, the second around amino acids 520 ability that residues 15 to 36 contained a stretch of amino acids
to 550, and the third around amino acids 720 to 750 (Fig. 3, with sufficient hydrophobicity and length to span a lipid bilayer.
bracketed regions). Four sequence analysis programs (DAS, One program (TMHMM v.2) predicted the same region but

31 Hydrophobic

-3 Hydrophilic
Amino acid position
N 1 ('IJO 2q0 3q0 4q0 500 600 700 800 900 C
L I I i 1 1
Conserved viral
RdRp motifs
TELLVGIATVSGCGAVVYCIEK
15 36
Predicted TMD

FIG. 3. Schematic representation of FHV protein A with hydrophobicity plot. The primary sequence of the predicted TMD in the N-proximal
region between amino acids 15 and 36 is shown. The underlined amino acids represent the core predicted TMD identified by five different
structural prediction programs (see the text). The protein A region with conserved viral RdRp palm motifs is indicated in black; the highly
conserved GDD motif is located at amino acids 690 to 692. Hydrophobicity was calculated by using the method of Kyte and Doolittle (28) with
a window size of 17 amino acids. Regions with a maximum hydrophobicity of >1 are indicated with brackets.
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FIG. 4. FHV protein A is susceptible to protease digestion in the
absence of detergent. Membrane fractions from yeast expressing pro-
tein A were incubated with increasing concentrations of proteinase K
in the absence or presence of 0.1% Triton X-100 and analyzed by
immunoblotting with rabbit anti-protein A (A) or anti-p32 (B). The
background yeast band detected by the protein A antisera (asterisks,
Fig. 2B) was not recovered in the membrane fraction used in protease
digestion experiments. Molecular size (MW) markers in kilodaltons
are shown on the left in panel A.

with only moderate probability, whereas none of the programs
predicted that the most hydrophobic internal regions (amino
acids 520 to 550 and 720 to 750) had sufficient hydrophobicity
to span a lipid bilayer.

The majority of the protein A sequence is exposed to the
cytoplasm. The prediction that protein A contained a potential
N-proximal TMD (Fig. 3) and the consistent flotation and
membrane dissociation results (Fig. 2) prompted us to inves-
tigate the membrane topology of protein A by protease diges-
tion (Fig. 4). Pelleted membrane fractions were digested with
increasing concentrations of proteinase K in the absence or
presence of nonionic detergent to disrupt membranes and an-
alyzed by immunoblotting with polyclonal antisera against pro-
tein A. Proteinase K-digested protein A even at low protease
concentrations, and the addition of Triton X-100 did not sig-
nificantly alter the degradation pattern (Fig. 4A). In contrast,
the mitochondrial matrix protein p32 showed detergent-de-
pendent proteinase K susceptibility (Fig. 4B), a finding consis-
tent with its membrane-protected matrix localization (38). The
protein A antisera used in these experiments was raised against
full-length protein (37) and reacted with every protein A de-
letion mutant described below (see Fig. 6 for deletion map),
suggesting that the antisera reacted with multiple, distributed
protein A epitopes. These results implied that a significant
portion of the membrane-bound protein A sequence was ex-
posed to the cytoplasm.

Protein A is a transmembrane protein. To further investi-
gate the membrane topology of protein A, we constructed
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protein A derivatives with the HA epitope tag attached to
either the N or C terminus. We first examined whether the
epitope tags influenced protein A accumulation, function, or
membrane-association (Fig. 5A). The C-terminal HA tag re-
duced accumulation of full-length protein A by 23%, whereas
the N-terminal HA tag reduced accumulation by 75% (Fig. SA,
top blot). For both protein A HA-tagged derivatives, the level
of RNA replication, measured by positive-strand subgenomic
RNA3 accumulation (Fig. 5A, bottom blot), was reduced sim-
ilarly to that of protein A accumulation, implying that the
specific activities of the HA-tagged protein A derivatives were
similar to those of wild-type protein A. Moreover, the N- and
C-terminal HA tags did not alter protein A flotation behavior,
since both protein A derivatives partitioned into the LD frac-
tion of Nycodenz gradients (data not shown) in parallel to
wild-type protein A (Fig. 2B). Thus, the epitope-tagged deriv-
atives of protein A reproduced the biochemical behavior and
in vivo function of wild-type protein A.

To confirm the protease digestion results (Fig. 4) and di-
rectly investigate the membrane orientation of protein A, we
used a selective membrane permeabilization strategy coupled
with confocal immunofluorescence microscopy (Fig. 5B). Low
concentrations of saponin selectively permeabilize the cell
plasma membrane, while leaving mitochondrial membranes
intact (50). Yeast transformed with pF1l; and pFA-C/HA or
pFA-N/HA were fixed with formaldehyde, spheroplasted, per-
meabilized with either 0.002% saponin plus 0.2% Triton X-100
or saponin alone, and then immunostained with antibodies
against HA and CoxIII. CoxIIl, an oxidative phosphorylation
chain enzyme located in the inner mitochondrial membrane
(6), was monitored as a control to assay selective mitochondrial
permeabilization to antibodies. When we permeabilized yeast
containing pFA-C/HA (Fig. 5B, top row) or pFA-N/HA (Fig.
5B, second row) with saponin and Triton X-100, we observed
a clumped distribution of HA-tagged protein A that colocal-
ized with CoxIII immunofluorescence, similar to the pattern
observed with wild-type protein A (Fig. 1B). Thus, the HA
epitope tags did not alter the colocalization of protein A and
CoxIII, and both the N and the C termini of protein A were
accessible when the mitochondrial membranes were perme-
abilized.

When we permeabilized yeast with saponin alone, CoxIII
immunofluorescence was lost (Fig. 5B, lower two rows), indi-
cating that the outer mitochondrial membrane remained im-
permeable to antibodies. Although HA-specific antibodies still
detected the protein A C terminus in yeast permeabilized with
saponin alone (Fig. 5B, third row), the N terminus was not
detected (Fig. 5B, bottom row). Polyclonal antisera against
full-length protein A detected both HA-tagged versions of
protein A in yeast permeabilized with saponin alone (data not
shown). Thus, protein A was a transmembrane protein with the
C terminus exposed to the cytoplasm.

Membrane association of protein A deletion mutants. To
identify regions within protein A that mediated membrane
association, we constructed a series of deletion mutants cov-
ering all but amino acids 1 to 7 of protein A (Fig. 6). To
equalize detection sensitivity for immunoblotting and immu-
nofluorescence analyses, all protein A deletion mutants con-
tained a C-terminal HA tag. The total accumulation of protein
A deletion mutants varied from 69% (A99-230) to 202%
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FIG. 5. FHV protein A is a transmembrane protein. (A) Protein A
expression and viral RNA replication in yeast transformed with pF1
alone or pFlg plus pFA, pFA-C/HA, or pFA-N/HA. Total protein
samples from an equivalent number of yeast per sample were sepa-
rated by SDS-PAGE and immunoblotted with rabbit anti-protein A
(upper blot) or mouse anti-HA (middle blot). Total protein staining
showed equivalent protein loading in all lanes (data not shown). The
full-length protein A band (arrow) was quantitated by densitometry,
and the values shown are averages of two independent experiments
and represent the relative protein A accumulation compared to that in
yeast transformed with pFlg plus pFA. We separated 2 g of total
RNA per sample on denaturing formaldehyde-agarose gels and blot-
ted this with a 3?P-labeled complementary riboprobe that detected
positive-strand RNA1 and RNA3 (lower blot). The positions of RNA1
and RNA3 are indicated on the left. Positive-strand RNA3 was quan-
titiated by densitometry, and the values shown are averages of two
independent experiments and represent the relative positive-strand
RNA3 accumulation compared to that in yeast transformed with pF1
plus pFA. The positive-strand RNA1 band in the far left control lane
represents DNA-directed transcription from pF1g and not viral RdRp-
directed replication (43). (B) Selective membrane permeabilization of
yeast expressing HA-tagged protein A derivatives. Yeast transformed
with pF1g plus pFA-C/HA or pFA-N/HA were permeabilized with the
indicated detergent and immunostained with mouse anti-CoxIII and
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(A399-921) compared to full-length protein A. When the de-
letion mutants were expressed with pFl to provide an RNA1
template, none of the mutants were able to support RNA
replication, including mutants with deletions outside the con-
served viral RdARp motifs (data not shown).

We analyzed the membrane association of protein A dele-
tions mutants by Nycodenz gradient flotation (Fig. 6A). Flota-
tion efficiencies of deletion mutants varied from 48% (A8-230)
to 87% (A399-921), and there was no correlation between
accumulation and flotation efficiency (R = 0.07, P > 0.8). None
of the deletions reduced protein A flotation into the mem-
brane-enriched LD fraction by more than twofold compared to
the 91% flotation efficiency for full-length protein A (Fig. 6A).
Although the deletion analysis did not identify any region
within protein A that was solely responsible for membrane
association, deletion mutant A8-230 showed the largest reduc-
tion in flotation efficiency. Thus, protein A membrane associ-
ation was more sensitive to N-proximal deletions than to in-
ternal or C-proximal deletions, but more than one region was
likely involved in the overall association of protein A with
membranes.

Sequence analysis identified two internal regions of protein
A with moderate predicted hydrophobicity (Fig. 3) that might
contain additional membrane association domains (see also
Discussion). However, the membrane association deletion
studies described above and the immunofluorescence localiza-
tion studies with deletion mutants described below indicated
that the N-proximal region of protein A was involved in both
membrane association and mitochondrial localization. Thus,
we further investigated sequences within the N terminus of
protein A, the single largest contributor to membrane associ-
ation, by using a series of nested N-proximal deletions (Fig.
6B). To provide a common N terminus, we started the nested
deletion series after amino acid 8. Similar to the deletion
mutants in Fig. 6A, the accumulation of the nested N-proximal
deletion mutants varied from 71% (A9-89) to 162% (A9-45) of
full-length protein A, and none of the N-proximal deletions
supported RNA replication when expressed with an RNA1
template (data not shown).

Protein A N-proximal deletion mutants with the largest (A9-
245 and A9-209) and smallest (A9-45) deletions all had similar
flotation efficiencies of 41 to 42% (Fig. 6B), which were com-
parable to the 48% flotation efficiency seen with A8-230 (Fig.
6A). This suggested that the primary contribution of the N-
proximal region to membrane association contained amino
acids 9 to 45. However, the intermediate deletions in Fig. 6B
showed changes in flotation efficiency that did not correlate
with primary sequence changes. For example, A9-135 showed
only 4% flotation, whereas larger deletions encompassing the
same region had 10-fold greater flotation efficiencies. Con-
versely, A9-89 had a calculated flotation efficiency of 64%,
greater than both larger and smaller deletions. These results
suggest that changes in secondary or tertiary structure influ-
enced protein A membrane association, potentially through

rabbit anti-HA as described in the Fig. 1 legend. Representative con-
focal immunofluorescence images for HA (left images, red), CoxIII
(middle images, green), and merged signals (right images) are shown.
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FIG. 6. Membrane association of FHV protein A deletion mutants. Flotation analysis was done as described in the Fig. 2 legend with
C-terminally HA epitope-tagged protein A deletion mutants covering all but amino acids 1 to 7 of protein A (A) or with a nested series of
N-proximal deletions (B). Protein A schematic with amino acid positions and the locations of the predicted TMD (amino acids 15 to 36; see Fig.
3), with viral RdRp motifs shown at the top. Deleted regions are represented by solid lines. Deletion designations are shown on the left and
represent the amino acids included within the deleted region. Flotation efficiencies represent the percentage of the total protein recovered in the
LD fraction after Nycodenz gradient fractionation and are averages of at least three independent experiments. Representative mouse anti-HA

immunoblots are shown.

protein misfolding in the setting of large sequence deletions
and altered accessibility of flanking sequences.
Amino-proximal deletions alter the intracellular distribu-
tion of protein A. To determine whether the membrane asso-
ciation of protein A deletion mutants, as measured by flota-
tion, correlated with CoxIII colocalization, we analyzed all
deletion mutants shown in Fig. 6 by confocal immunofluores-
cence microscopy. A representative set of deletion mutants is
shown in Fig. 7. All protein A mutants with deletions outside
the N-terminal 98 amino acids showed a clustered protein A
distribution and colocalization with CoxIII (e.g., Fig. 7, A99-
230, A99-686, A399-921, and A687-1004), similar to full-length
protein A (Fig. 1B; also Fig. 7, top row). In contrast, protein A
mutants with deletions in the N-terminal 98 amino acids dis-
played a more diffuse protein A intracellular distribution (il-
lustrated in Fig. 7 for A9-89 and A9-135) that was distinct from
the clustered protein A distribution and CoxIII colocalization
seen with full-length protein A (Fig. 1B; see also Fig. 7, top
row). Thus, the colocalization of protein A with CoxIII was
disrupted by N-proximal but not internal or C-proximal dele-
tions. However, because of the diffuse distribution of N-prox-

imal protein A deletion mutants, we cannot rule out that a
fraction of these proteins localized to mitochondria or other
intracellular membrane compartments, which may explain
their 41 to 64% flotation efficiency (Fig. 6A and B; see also
Discussion).

Protein A amino acids 1 to 46 impart integral membrane
protein characteristics to GFP. To determine whether the
protein A N terminus was sufficient to target a heterologous
protein to membranes, we performed gain-of-function studies
with fusion proteins composed of protein A N-terminal se-
quences attached to the N terminus of GFP (Fig. 8A). As a
positive control, we attached the first 30 amino acids of the
yeast outer mitochondrial membrane import receptor protein
Tom70 to GFP. The Tom70 N-terminal 30 amino acids contain
a TMD and signal-anchor sequence that targets and anchors
Tom?70 into the outer mitochondrial membrane (35). The total
accumulation of full-length GFP fusion proteins relative to
wild-type GFP varied from 11% for PA1-121/GFP and PA42-
81/GFP to 43% for PA75-121/GFP.

We analyzed the membrane association of the GFP fusion
proteins by Nycodenz gradient flotation (Fig. 8B). Wild-type
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FIG. 7. Subcellular localization of FHV protein A deletion mu-
tants. Deletions are described in Fig. 6. Yeast were immunostained
with mouse anti-CoxIII and rabbit anti-HA as described in the Fig. 1
legend. Representative confocal immunofluorescence images for HA
(left images, red), CoxIII (middle images, green), and merged signals
(right images) are shown.

GFP showed only 3% flotation efficiency, whereas addition of
the Tom70 N-terminal 30 amino acids or protein A N-terminal
121 amino acids increased flotation efficiencies to 85 or 82%,
respectively. Addition of shorter protein A N-terminal regions,
including amino acids 1 to 81 and 1 to 46, also increased GFP
flotation efficiencies to 81 and 82%, respectively, similar to the
flotation efficiency with PA1-121/GFP. Consistent with this
observation, GFP fusion proteins that contained protein A
amino acids 42 to 81 or 75 to 121 did not show higher flotation
efficiencies than GFP alone. Thus, protein A amino acids 1 to
46 were sufficient to mediate GFP membrane association.

We further investigated the membrane affinity of T70TM/
GFP and PA1-46/GFP under conditions designed to dislodge
peripherally associated membrane proteins (Fig. 8C), similar
to the experiments described above for full-length protein A
(Fig. 2C). Both T70TM/GFP and PA1-46/GFP fusion proteins
remained in membrane-associated LD fractions at pH 11.5 or
in the presence of 1 M NaCl but were recovered in the HD
fraction in the presence of 1.5% Triton X-100, albeit at re-
duced levels. Thus, protein A amino acids 1 to 46 were suffi-
cient to impart integral membrane protein characteristics to
GFP.

Protein A amino acids 1 to 46 target GFP to mitochondria.
To investigate the subcellular localization of the GFP fusion
proteins, we used confocal immunofluorescence microscopy
(Fig. 9). Yeast expressing GFP showed a diffuse cytoplasmic
GFP distribution that was distinct from the mitochondrial net-
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work identified by CoxIII immunofluorescence (Fig. 9, top
row). In contrast, yeast expressing T70TM/GFP showed colo-
calization of GFP and CoxIII immunofluorescence (Fig. 9,
second row), confirming the mitochondrial targeting charac-
teristics of the Tom70 N-terminal 30 amino acids (35). Yeast
expressing PA1-121/GFP (data not shown), PA1-81/GFP (Fig.
9, third row), and PA1-46/GFP (Fig. 9, fourth row) also showed
colocalization of GFP and CoxIII immunofluorescence, al-
though the GFP and CoxIII immunofluorescence patterns
were more localized and clustered, similar to the pattern ob-
served with full-length protein A (Fig. 1B). Yeast expressing
PA42-81/GFP (Fig. 9, bottom row) and PA75-121/GFP (data
not shown) showed a more diffuse GFP distribution that was
distinct from CoxIII immunofluoresence. Thus, protein A ami-
no acids 1 to 46 were sufficient to target GFP to mitochondria.

DISCUSSION

In this report, we investigated the intracellular localization,
membrane association, membrane topology, and organellar
targeting signals of FHV protein A in S. cerevisiae. We drew
four main conclusions. First, FHV replication in yeast recapit-
ulated cell biology features of FHV replication in Drosophila
cells (37), such as mitochondrial localization of protein A and
the induction of mitochondrial clustering. Second, protein A
alone was sufficient for mitochondrial localization in the ab-
sence of RNA replication, nonstructural protein B, or capsid
proteins. Third, protein A was an outer mitochondrial trans-
membrane protein with the N terminus located in the inter-
membrane space or matrix and the C terminus exposed to the
cytoplasm. Fourth, the N-terminal 46 amino acids of protein A
contain sequences sufficient for mitochondrial localization and
membrane insertion. These observations address several im-
portant aspects of FHV replication complex formation and
provide a framework for further studies on the mechanisms of
positive-strand RNA virus replication.

The protein A N terminus contains an outer mitochondrial
membrane targeting signal. The N-proximal region of protein
A, identified in the deletion studies as a primary contributor to
protein A-membrane association (Fig. 6) and a crucial deter-
minant for mitochondrial localization (Fig. 7), was validated as
a membrane association domain through gain-of-function
analysis. GFP fusion studies demonstrated that the first 46
amino acids of protein A were sufficient for efficient membrane
association with integral membrane protein characteristics
(Fig. 8), a finding consistent with the presence of a predicted
TMD between amino acids 15 to 36 (Fig. 3). The GFP fusion
studies also demonstrated that the first 46 amino acids of
protein A were sufficient for mitochondrial localization of GFP
(Fig. 9). Most mitochondrial proteins are nuclear encoded and
posttranslationally imported into mitochondria and therefore
must contain signals for proper localization (19). For example,
proteins destined for the mitochondrial matrix contain a cleav-
able, N-terminal matrix targeting signal, consisting of 20 to 60
amino acids that can form an amphipathic a-helix with one
hydrophobic and one positively charged face (61). This matrix
targeting signal interacts with mitochondrial import receptors
to mediate translocation through the mitochondrial mem-
branes (19). The mechanisms of targeting and membrane in-
sertion of outer mitochondrial membrane proteins are less well
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FIG. 8. FHV protein A amino acids 1 to 46 impart integral membrane protein characteristics to GFP. (A) Sequences of GFP N-terminal
fusions. The protein A N-terminal sequence is shown at the top for reference. The underlined amino acids are the core predicted TMD for protein
A (see Fig. 3). Dashes indicate no amino acid and are included for alignment purposes. The Tom70 N-terminal sequence is also shown, with the
TMD underlined. (B) Yeast transformed with plasmids containing the GFP fusion constructs shown in panel A were processed for Nycodenz
gradient fractionation as described in the Fig. 2 legend. Flotation efficiencies represent the percentage of the total protein recovered in the LD
fraction and are averages of three independent experiments. Representative rabbit anti-GFP immunoblots are shown. (C) Yeast lysates were
prepared for Nycodenz gradient fractionation as described in the Fig. 2C legend and immunoblotted with rabbit anti-GFP.

defined. Mitochondrial outer membrane proteins are synthe-
sized in the cytosol without a cleavable presequence and are
targeted to the outer mitochondrial membrane via either N- or
C-proximal sequences (36). The targeting sequences include a
hydrophobic TMD with flanking sequences enriched in basic
amino acids. Although most mitochondrial membrane proteins
characterized to date are anchored via C-proximal sequences,
the import receptor components Tom20 (24) and Tom70 (35)
are targeted and anchored to the mitochondrial outer mem-

brane via N-proximal sequences, similar to the topology of
FHV protein A.

A BLAST search using protein A amino acids 1 to 46 failed
to reveal significant similarity with known outer mitochondrial
membrane proteins, a finding consistent with the absence of
identified primary sequence motifs for proteins targeted to
outer mitochondrial membranes (19). However, the protein A
N terminus does contain similarities to features previously
identified as important for mitochondrial membrane localiza-
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FIG. 9. FHV protein A amino acids 1 to 46 target GFP to mito-
chondria. Yeast transformed with the indicated plasmids were immu-
nostained with rabbit anti-GFP and mouse anti-CoxIII as described in
the Fig. 1 legend, except that the secondary antibodies were fluorescein
isothiocyanate-labeled donkey anti-rabbit and rhodamine-labeled don-
key anti-mouse antibodies. Representative confocal immunofluores-
cence images for GFP (left images, green), CoxIII (middle images,
red), and merged signals (right images) are shown.

tion of some other proteins. Localization of Tom20 to the
outer mitochondrial membrane requires a TMD with moder-
ate hydrophobicity in the range 1.97 to 2.15, followed within
the next five amino acids by a net positive charge (24). Simi-
larly, a basic amino acid immediately following the TMD was
essential for outer mitochondrial membrane localization of a
cytochrome b5 isoform (27). Consistent with these findings, the
predicted core TMD of protein A (underlined in Fig. 3) has a
hydrophobicity of 1.96 and is immediately followed by a lysine.

The N-terminal 46 amino acids were the primary determi-
nants of protein A association with membranes and were cru-
cial and sufficient for mitochondrial localization, although flo-
tation analysis of protein A deletion mutants implied that one
or more other regions C-terminal to amino acid 230 also con-
tributed to membrane association (Fig. 6). While the protein A
sequence after amino acid 230 lacks any additional predicted
TMDs (Fig. 3), these sequences might contribute to membrane
association in any of several ways. They might form an amphi-
pathic helix with a hydrophobic face; be sites for posttransla-
tional modifications that increase membrane affinity, such as
the palmitoylation of Semliki Forest virus nsP1 (29); or interact
with charged lipid head groups or other membrane proteins.
Studies are in progress to identify additional protein A se-
quences that contribute to membrane association.

Protein A shares membrane association features with other
viral replicase proteins. Viral replicase proteins with integral
membrane characteristics have been identified for hepatitis C
virus (HCV) (22, 53), poliovirus (58), equine arteritis virus
(60), CIRV (48), and tobacco etch virus (51), although the only
other viral RdRp with an experimentally determined trans-
membrane topology is the HCV NS5B protein (53). HCV
NS5B is associated with the endoplasmic reticulum membrane
via a C-terminal TMD, whereas FHV protein A is associated
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with the outer mitochondrial membrane in part via an N-
terminal TMD. The tombusvirus CIRV also encodes a trans-
membrane replicase protein (48), which is interesting in light
of the similar mitochondrial changes induced by FHV and
CIRV. Both viruses induce the formation of viral replication-
associated membrane-bound spherules in the inner mitochon-
drial membrane space (37, 49), similar to structures seen on
endosomal and lysosomal membranes with togavirus infections
(13, 17, 26, 33). The CIRV 36-kDa replicase protein is respon-
sible for mitochondrial membrane targeting (5) and is inserted
into the outer mitochondrial membrane via two N-proximal
TMDs (48). In addition, Rubino et al. demonstrated mitochon-
drial aggregation by electron microscopy when the CIRV 36-
kDa protein was expressed in yeast as a GFP fusion protein
(47). Preliminary electron microscopy studies in yeast express-
ing FHV protein A have shown similar ultrastructural changes
(D. Miller, M. Schwartz, and P. Ahlquist, unpublished data),
further paralleling FHV-induced mitochondrial clustering in
Drosophila cells (37). Further ultrastructural studies will help
definitively identify the intracellular structures induced by
FHYV replication in yeast, and additional studies on the cell
biology of replication complex formation by viruses such as
HCV, CIRV, and FHV may reveal parallels and common
principles in positive-strand RNA virus replication.
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