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One characteristic of all positive-strand RNA viruses is the necessity to assemble viral RNA replication
complexes on host intracellular membranes, a process whose molecular details are poorly understood. To study
viral replication complex assembly we use the established model system of Flock House virus (FHV), which
assembles its replication complexes on the mitochondrial outer membrane. The FHV RNA-dependent RNA
polymerase, protein A, is the only viral protein necessary for genome replication in the budding yeast
Saccharomyces cerevisiae. To examine the host components involved in protein A-membrane interactions, an
initial step of FHV RNA replication complex assembly, we established an in vitro protein A membrane
association assay. Protein A translated in vitro rapidly and specifically associated with mitochondria isolated
from yeast, insect, and mammalian cells. This process was temperature dependent but independent of pro-
tease-sensitive mitochondrial outer membrane components or the host mitochondrial import machinery.
Furthermore, lipid-binding studies revealed that protein A preferentially bound to specific anionic phospho-
lipids, in particular the mitochondrion-specific phospholipid cardiolipin. These studies implicate membrane
phospholipids as important host determinants for FHV RNA polymerase membrane association and provide
evidence for the involvement of host phospholipids in positive-strand RNA virus membrane-specific targeting.

Positive-strand RNA viruses make up a large and diverse
group of microbial pathogens responsible for significant clini-
cal diseases in humans. The number of available vaccines and
antiviral therapies targeted toward these viruses is limited, and
thus the study of common molecular mechanisms involved in
positive-strand RNA virus pathogenesis is important for the
identification of novel candidate antiviral targets. One univer-
sal characteristic of all positive-strand RNA viruses is the ne-
cessity to assemble viral RNA replication complexes on host
intracellular membranes. Viral replication complexes have
been found associated with a variety of intracellular mem-
branes, including the endoplasmic reticulum (ER), endosomes,
peroxisomes, chloroplasts, and the mitochondria (32). To fa-
cilitate the formation of viral RNA replication complexes, in-
dividual viruses encode replicase proteins containing mem-
brane-specific targeting signals, several of which have been
characterized in detail (6, 29, 31, 45, 47). However, to date the
host components present on organelle-specific membranes
that facilitate targeting and assembly are poorly defined, and
only a limited number of cellular membrane components have
been shown to be important in viral RNA replication complex
assembly (16, 35, 37). The identification of host factors neces-
sary for this essential step in the positive-strand RNA virus life
cycle will enhance our understanding of the molecular mech-
anisms of replication complex assembly and may highlight pos-
sible targets for future antiviral therapies.

To investigate the role of host factors in viral RNA replica-
tion complex assembly, we use the established and versatile

model alphanodavirus, Flock House virus (FHV). FHV is the
best-studied member of the Nodaviridae family and has been
used extensively to investigate positive-strand RNA virus rep-
lication (7, 14, 15, 30, 31, 40, 41), host innate immunity (9, 24),
and virus assembly (26, 48). FHV virions contain a copackaged
bipartite genome consisting of RNA1 (3.1 kb) and RNA2 (1.4
kb), which encode protein A, the viral RNA-dependent RNA
polymerase, and the capsid protein precursor, respectively.
Additionally, during active RNA replication a small sub-
genomic RNA3 (0.4 kb) colinear with the 3� end of RNA1 is
produced which encodes protein B2, a potent inhibitor of the
innate immunity RNA interference pathway (9, 24). FHV
RNA replication is supported in cells derived from a wide
variety of genetically tractable hosts, including Drosophila
melanogaster (30), Caenorhabditis elegans (24), and the bud-
ding yeast Saccharomyces cerevisiae (31, 40, 41), which makes
FHV a unique model virus to study the molecular mechanisms
of host-pathogen interactions that control RNA replication
complex assembly.

FHV protein A is the only viral protein necessary for RNA
replication complex assembly, a process that takes place on the
mitochondrial outer membrane (29–31). Protein A is targeted
to the mitochondrial outer membrane via an amino-terminal
targeting signal (29). This signal resembles those present in
signal-anchored proteins that are targeted to the mitochon-
drial outer membrane (4, 20, 27, 56), suggesting that FHV may
use established mitochondrial targeting and trafficking machin-
ery for assembly. Mitochondrial protein import has been stud-
ied extensively in yeast in part due to the facile genetics of this
model organism and the development of an easily manipulated
in vitro import system (23, 46, 54, 58). The majority of mito-
chondrial proteins are translated from nuclear-encoded genes
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within the cytosol and therefore must be properly trafficked
and targeted to their final mitochondrial compartments. The
import of most proteins into mitochondria is facilitated by the
translocase of the mitochondrial outer membrane (TOM)
complex, a large macromolecular structure consisting of the
main import component, Tom40, three receptors, Tom20,
Tom22, and Tom70, and three accessory proteins, Tom5,
Tom6, and Tom7 (8, 38, 42). However, it has recently been
shown that some mitochondrial outer membrane proteins con-
taining a signal anchor amino-terminal domain, including the
NADH-cytochrome b5 reductase isoform encoded by the yeast
MCR1 gene, can use an undefined TOM complex-independent
mechanism for membrane targeting and insertion (27).

In this report, we investigated the role of host mitochondrial
outer membrane components in the binding and insertion of
protein A to mitochondria, an initial step of FHV RNA rep-
lication complex assembly. To facilitate these studies we estab-
lished an in vitro protein A translation and membrane associ-
ation system with which we were able to recapitulate many of
the in vivo biochemical characteristics of protein A. We found
that protein A rapidly and specifically associated with yeast,
insect, and mammalian mitochondria after in vitro translation
and furthermore acquired resistance to alkaline extraction,
consistent with its characteristic as an integral membrane pro-
tein in vivo (29, 30). Protein A membrane insertion was inde-
pendent of protease-sensitive outer membrane components
and the main component of the TOM complex, Tom40. How-
ever, we found that protein A associated efficiently with
anionic phospholipids, and in particular the mitochondrion-
specific anionic phospholipid cardiolipin. These studies pro-
vide insight into the early steps of FHV RNA replication com-
plex assembly and implicate organelle membrane lipids in the
specific intracellular targeting of positive-strand RNA virus
replication.

MATERIALS AND METHODS

Yeast strains, Drosophila cells, and culture conditions. Yeast strains used in
this study are listed in Table 1. For isolation of mitochondria, yeast were grown
in YPG (1% [wt/vol] yeast extract, 2% [wt/vol] peptone, 3% glycerol) or YPD
(1% [wt/vol] yeast extract, 2% [wt/vol] peptone, 2% dextrose) medium. Drosoph-
ila S2 cells were grown in Schneider’s Drosophila medium with 10% heat-inac-
tivated fetal bovine serum at 25°C as previously described (18). Mammalian baby
hamster kidney (BHK) cells were grown at 37°C with 5% CO2 in Dulbecco’s
modified Eagle’s medium supplemented with 5% bovine growth serum, 10 units
per ml penicillin, and 10 �g per ml streptomycin.

Plasmids and antibodies. Standard molecular biology techniques were used
for the production of all plasmids. The protein A in vitro expression plasmid
pIVT-PA was generated by placing the open reading frame from pS2FA (18)
into the EcoRI/XbaI sites of pCMV-TnT (Promega, Madison, WI). The �-ga-
lactosidase (�-Gal) in vitro expression plasmid pIVT-LacZ was generated by
placing the SpeI/AgeI fragment from pMT/V5/LacZ (BD Biosciences, San Jose,
CA) into the AvrII/BspEI sites of pIVT-PA. The protein A-green fluorescent
protein (GFP) chimera in vitro expression plasmid pIVT-PA1-46/GFP was gen-
erated by placing the PstI/BamHI fragment from pPA1-46/GFP (29) into the
same sites of pGEM-4Z (Promega). The GFP in vitro expression plasmid pIVT-
GFP was generated by first placing the PstI/HindIII fragment from pGal-YFP
into the same sites of pGEM-4Z to create pIVT-YFP, followed by placing the
BspEI/HindIII fragment from pPA1-46/GFP (29) into the same sites of pIVT-
YFP. The in vitro expression plasmid encoding the ATP/ADP carrier protein
(AAC) was generously provided by F. Ulrich Hartl (Max-Planck-Institute of
Biochemistry, Germany). In vitro expression plasmids encoding Tom20, porin, or
His6-tagged pSu9-dihydrofolate reductase (DHFR) have been previously de-
scribed (2, 27). We expressed and purified pSu9-DHFR from Escherichia coli
BL21 cells by nickel affinity chromatography as previously described (2, 27).
Mouse monoclonal antibodies against yeast porin were purchased from Molec-
ular Probes (Carlsbad, CA). Rabbit polyclonal antibodies against yeast Tim44 or
Tom40 were generously provided by Donna M. Gordon (University of Pennsyl-
vania) or Nikolaus Pfanner (University of Freiburg, Freiburg, Germany), respec-
tively. Rabbit polyclonal antibodies against yeast Tom20 and Tom70 have been
previously described (2, 27).

Mitochondrial isolation and in vitro membrane association. Yeast mitochon-
dria were isolated as previously described (28) and stored in SEM buffer (250
mM sucrose, 1 mM EDTA, 10 mM 3-morpholinopropanesulphonic acid
[MOPS]-KOH, pH 7.2) at �80°C. Drosophila S2 cell and BHK mitochondria
were isolated by mechanical disruption and differential centrifugation as previ-
ously described (11, 18). mRNAs were generated by in vitro transcription with
SP6 or T7 RNA polymerase (Epicentre, Madison, WI) from pGEM-4Z- or
pCMV-TnT-based vectors, respectively. Initial in vitro translation experiments
with wheat germ, S. cerevisiae, and D. melanogaster cell-free lysates failed to
produce detectable full-length protein A (data not shown), and thus we used
commercially available nuclease-treated rabbit reticulocyte lysates (RRL; Pro-
mega) for all subsequent experiments. Proteins for in vitro assays were translated
using RRLs in the presence of 400 �Ci/ml [35S]methionine-cysteine (Amersham)
with optimized amounts of in vitro-transcribed mRNAs for 1 h at 25°C. Trans-
lation mixtures (5 �l per 100-�l reaction mixture) were incubated with isolated
mitochondria (50 �g total protein per 100-�l reaction mixture) in import buffer
(250 mM sucrose, 80 mM KCl, 5 mM MgCl2, 10 mM MOPS-KOH [pH 7.2], 0.25
mg/ml bovine serum albumin, 2 mM ATP, 2 mM NADH) at 25°C. Import
reaction mixtures were diluted with 4 volumes of SEM buffer, and mitochondria
were pelleted by centrifugation at 12,000 � g for 15 min, resuspended in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
(62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% [wt/vol] glycerol, 0.001 mg/ml bro-
mophenol blue, 5% 2-mercaptoethanol), and heated to 95°C for 5 min. For
carbonate extractions, pelleted membranes were resuspended in 0.1 M sodium
carbonate (pH 11.5) and incubated on ice for 30 min. Extracted membranes were
reisolated by centrifugation at 55,000 � g for 30 min at 4°C and resuspended in
sample buffer. Porin and AAC protein import were analyzed by incubating
mitochondria with 100 �g per ml proteinase K for 5 min on ice followed by the

TABLE 1. S. cerevisiae strains used in the study

Strain Genotype Reference or
source

BY4743 (WT) MATa/MAT� his3�1/his3�1 leu2�0/leu2�0 lys2�0/� met15�0/� ura3�0/ura3�0 ATCC
�tom70 MATa/MAT� his3�1/his3�1 leu2�0/leu2�0 lys2�0/� met15�0/� ura3�0/ura3�0

tom70�/tom70�
ATCC

YPH499 (WT) MAT� ade2-101 his3�200 leu2�1 ura3-52 trp1-�63 lys-801 58
MM112-C (�tom20) MAT� ade2-101 his3�200 leu2�1 ura3-52 trp1-�63 lys-801 tom20::URA3

(Yep13-TOM22)
58

KKY3.7 (WT) (TK8) MAT� his3-�200 leu2-3,112 ade2-101 suc2-�9 trp1-�901 ura3-52 tom40::HIS3
(pRS314-Tom40)

58

KKY3.3 (TK4) tom40-3 MAT� his3-�200 leu2-3,112 ade2-101 suc2-�9 trp1-�901 ura3-52 tom40::HIS3
(pRS314-Tom40-3)

2

KKY3.6 (TK7) tom40-6 MAT� his3-�200 leu2-3,112 ade2-101 suc2-�9 trp1-�901 ura3-52 tom40::HIS3
(pRS314-Tom40-6)

58
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addition of 1 mM phenylmethanesulfonyl fluoride. Mitochondria were reisolated
by centrifugation at 12,000 � g for 15 min and resuspended in sample buffer.
Denatured samples were separated by SDS-PAGE, and gels were fixed in 25%
isopropanol–10% acetic acid, incubated in 1 M sodium salicylate for 1 h, dried
under vacuum, and exposed to autoradiography film. Digital images were ob-
tained using an Alpha Innotech Fluorchem 8900 and quantified with AlphaEase
FC software, and final images were prepared with Adobe Photoshop software.
All contrast adjustments to the final images were done prior to cropping.

Flotation of membranes and liposomes. In vitro membrane association reac-
tion mixtures were brought to 300 �l with flotation buffer [50 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid (HEPES), 50 mM KCl, 2 mM MgCl2, pH
7.5] and mixed with 900 �l 50% Nycodenz solution to yield a final concentration
of 37.5% Nycodenz. Samples were loaded under 3.2 ml of 35% and 0.2 ml of 5%
Nycodenz solutions and centrifuged at 134,000 � g for 20 h at 4°C in a Beckman
MLS-50 swing bucket rotor. Fractions of equal volumes were collected and
analyzed by SDS-PAGE and fluorography as described above. E. coli and porcine
brain total lipid extracts as well as purified 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine (PE), 1,2-dioleoyl-sn-glycero-3-phosphocholine (PC), 1,2-dioleoyl-
sn-glycero-3-[phospho-L-serine] (PS), L-�-phosphatidylinositol (PI), 1,2-dioleoyl-
sn-glycero-3-phosphate (PA), 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
(PG), 1,1�,2,2�-tetraoleoyl cardiolipin (CL), and 1-oleoyl-2-[12-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine (NBD-PC)
were purchased from Avanti Polar Lipids (Alabaster, AL). Chloroform solvent
was removed under vacuum centrifugation for 1 h and lipids were resuspended
in HEPES buffer (20 mM HEPES-KOH, pH 7.2) by vortexing at 4°C for 1 h.
Lipids (250 �g per 100-�l reaction mixture) were incubated with in vitro trans-
lation mixtures in protein import buffer for 30 min at 25°C, diluted to 1 ml with
85% sucrose in HEPES buffer to a final sucrose concentration of 71.25%,
overlaid with 2.5 ml 65% sucrose and 1 ml 10% sucrose in HEPES buffer, and
centrifuged at 134,000 � g for 20 h at 4°C in a Beckman MLS-50 swing bucket
rotor. Gradients were fractionated and analyzed as described above.

Statistics. We used a two-tailed Student’s t test, assumed equal variances for
comparative statistical analyses, and considered a P value of 	0.05 significant.
Unless otherwise indicated all quantitative data represent results from at least
three independent experiments and are presented as the means 
 standard
errors of the means.

RESULTS

In vitro-translated FHV protein A associates specifically
with mitochondria. FHV assembles RNA replication com-
plexes on the mitochondrial outer membrane (29, 30). To
investigate the initial steps of replication complex assembly
and identify host components responsible for protein A mem-
brane association we developed an in vitro mitochondrial bind-
ing assay, similar to the in vitro system used to study the import
and assembly of endogenous mitochondrial proteins (23, 46,
58). We initially attempted to purify full-length FHV RNA
polymerase produced in E. coli for in vitro experiments, but
protein A produced with this heterologous system was highly
insoluble (D. Miller, unpublished data). Thus, we explored an
in vitro translation system, in which FHV protein A was syn-
thesized from a synthetic mRNA template in nuclease-treated
RRL. Initial studies with a carboxy-terminal epitope-tagged
construct and subsequent immunoblotting with epitope tag-
specific antibodies demonstrated that full-length protein A was
produced (data not shown). For all subsequent experiments
35S-radiolabeled protein was used to enhance detection sensi-
tivity.

We incubated in vitro translation mixtures with mitochon-
dria isolated from cells capable of supporting robust FHV
RNA replication, including wild-type YPH499 yeast cells (31,
40, 41), Drosophila S2 cells (30), or mammalian BHK cells (15).
Mitochondria were subsequently pelleted by centrifugation
and membrane association was analyzed by SDS-PAGE and
fluorography of pelleted fractions (Fig. 1). We found protein A

rapidly sedimented in the presence of mitochondria from
yeast, insect, or mammalian cells, whereas �-Gal, a similarly
sized (�100-kDa) control protein that was translated as effi-
ciently as protein A, showed negligible mitochondrial associa-

FIG. 1. FHV protein A specifically associates with mitochondrial
membranes in vitro. (A) Equal amounts of in vitro-translated 35S-
labeled protein A (PtnA) (lanes 1 to 4) or �-Gal (lanes 5 to 8) were
incubated in the absence of mitochondria or with isolated yeast (S.
cerevisiae), insect (D. melanogaster), or mammalian (BHK cell) mito-
chondria at 25°C for the indicated time period. The mitochondrion
source is shown in bold on the left. Mitochondria were pelleted by
centrifugation and membrane association was analyzed by SDS-PAGE
and fluorography. (B) In vitro-translated protein A was incubated in
the presence or absence of purified yeast mitochondria and detergent
and subjected to equilibrium centrifugation in Nycodenz gradients,
and equal-volume fractions were analyzed as described above. The
bottom image represents an immunoblot for porin to identify mem-
brane-containing fractions from yeast mitochondria. (C) In vitro-trans-
lated GFP or a GFP chimera fused to the first 46 amino acids of
protein A (PA1-46/GFP) was incubated with isolated wild-type yeast
mitochondria for 20 min at 25°C and separated into pellet and super-
natant fractions by centrifugation, and membrane association was
quantified as the percentage of total in vitro-translated protein present
in the pellet fraction.
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tion and sedimentation (Fig. 1A). In the absence of mitochon-
dria neither protein A nor �-Gal was found in significant
amounts in the pellet fractions, indicating that the in vitro-
translated proteins were not forming aggregates that rapidly
sedimented with centrifugation (Fig. 1A, bottom gel). Maximal
binding of protein A was 70 to 80% of input protein and was
seen after 10 to 20 min. Protein A association with mitochon-
dria was independent of ATP levels, and extended incubations
past 30 min did not significantly increase the fraction of bound
protein A (data not shown). Furthermore, 60% of protein A
translated in vitro remained associated with mitochondrial
membranes even after alkaline extraction with 0.1 M sodium
carbonate, suggesting that protein A behaved as an integral
membrane protein after in vitro translation and mitochondrial
association, similar to results obtained in vivo with both yeast
and cultured Drosophila cells (29, 30). Based on the compara-
ble results with yeast, insect, and mammalian mitochondria
and the ready availability of yeast strains with deletions or
mutations in specific mitochondrial outer membrane compo-
nents, we used yeast mitochondria for all subsequent studies
unless otherwise indicated.

To examine the biochemical characteristics of in vitro-trans-
lated protein A and further exclude the possibility of aggrega-
tion due to the multiple hydrophobic regions within the protein
(29), we used membrane flotation assays (Fig. 1B). In vitro
translation or membrane association reaction mixtures were
combined with Nycodenz, subjected to equilibrium centrifuga-
tion, and fractionated to analyze protein A distribution in
low-density and high-density regions, which correspond to
membrane-associated and soluble or aggregated proteins, re-
spectively (29, 30). Protein A was recovered in high-density
fractions in the absence of mitochondria (Fig. 1B, first gel),
whereas with the addition of mitochondria protein A became
membrane associated and floated to the low-density fractions
(Fig. 1B, second gel), indicating that protein A was not aggre-
gating after in vitro translation and mitochondrial association.
Similar results were obtained when mitochondria were ex-
tracted with 0.1 M sodium carbonate prior to flotation, further
confirming the protein A was inserted as an integral membrane
protein (data not shown). As a control, the addition of the
detergent Triton X-100 shifted protein A distribution back to
the high-density fractions (Fig. 1B, third gel). Immunoblotting
against the mitochondrial outer membrane protein porin was
used as a control to identify membrane-containing fractions
(Fig. 1B, bottom blot).

To explore membrane specificity of in vitro-translated pro-
tein A, we initially used constructs with defined amino-termi-
nal deletions that disrupt mitochondrial targeting and mem-
brane association in vivo (29). Deletions of amino acids 9 to 45
or 9 to 135 reduced protein A membrane association with
mitochondria in vitro by 20% or 40%, respectively, and there
was a direct correlation between the levels of membrane asso-
ciation in vitro with purified mitochondria and in vivo with
intact yeast (R � 0.999, P 	 0.02). We also conducted gain-
of-function studies and found that the amino-terminal region
containing 46 amino acids from protein A, which includes a
mitochondrion-targeting signal (29), was sufficient to increase
the in vitro mitochondrial association of a GFP fusion con-
struct 10-fold (Fig. 1C). To further test membrane specificity,
we examined the ability of wild-type protein A to associate with

canine microsomes in vitro. As a control for these experiments,
we used a chimeric protein A in which the amino-terminal
mitochondrion-targeting signal was replaced with a hepatitis C
virus NS5B ER-targeting signal (31) and performed the assays
cotranslationally to mimic protein import in the ER. We found
that 51.9 
 6.0% of the protein A-ER chimera associated with
canine microsomes in vitro compared to only 26.8 
 6.2% of
wild-type protein A (P 	 0.004). We concluded from these
data that FHV protein A translated in vitro recapitulates im-
portant membrane specificity and biochemical characteristics
of protein produced in vivo.

The in vitro membrane insertion of protein A is independent
of Tom20, Tom70, and the general import pore. The majority
of host mitochondrial proteins utilize the TOM complex for
transport to their appropriate mitochondrial compartments (8,
38, 42). Thus, we examined the role of this macromolecular
complex in FHV protein A mitochondrial membrane associa-
tion and insertion using both biochemical and genetic ap-
proaches. Several TOM components, such as the primary re-
ceptors Tom20 and Tom70, are exposed to the cytosol (5, 19,
23) and therefore susceptible to protease digestion. We treated
mitochondria isolated from YPH499 yeast with proteinase K to
degrade accessible outer membrane components and analyzed
protein A membrane association and subsequent bilayer inser-
tion in vitro by assessing resistance to alkaline extraction (Fig.
2). Immunoblot examination of protease-treated mitochondria
revealed the near-complete loss of Tom20 and Tom70,
whereas a pore-forming protein wholly embedded in the mi-
tochondrial outer membrane (porin) and an inner membrane
protein (Tim44) were relatively unaffected by protease treat-
ment (Fig. 2A). Protease-treated mitochondria showed a
marked defect in the insertion of porin (Fig. 2B), an endoge-
nous host protein previously shown to use the Tom20 receptor
for proper membrane insertion (23). In contrast, protein A
showed a slight increase in insertion efficiency upon the re-
moval of protease-sensitive outer membrane components (Fig.
2C). These results suggested that protease-sensitive compo-
nents were not required for efficient protein A mitochondrial
membrane association and insertion.

To further examine the role of specific mitochondrial outer
membrane components in protein A insertion, we conducted
in vitro assays with mitochondria purified from yeast strains
with deletions or mutations in individual TOM components
(Table 1 and Fig. 3). We verified the genotype of deletion
strains by PCR (data not shown) and immunoblotting (Fig.
3A) and used purified mitochondria for protein A insertion
assays. Protein A insertion was not significantly reduced using
mitochondria from �tom20 or �tom70 compared to wild-type
yeast, whereas insertion or import of porin or AAC, which
have previously been shown to depend primarily on Tom20 or
Tom70, respectively (23, 61), was reduced in mitochondria
from the appropriate deletion strain (Fig. 3B). We also exam-
ined the role of Tom40, the main component of the general
import pore, in protein A membrane insertion. Since Tom40 is
an essential protein, we made use of two temperature-sensitive
(ts) strains, tom40-3 and tom40-6. Mitochondria from tom40-3
have a defect in Tom20 import (2), whereas mitochondria from
tom40-6 have not been shown to have any defects in protein
import but do have reduced levels of assembled TOM complex
(58). Wild-type and ts Tom40 strains were grown at 25°C for
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mitochondrial isolation, and prior to insertion assays mito-
chondria were incubated at 37°C for 15 min to induce the ts
phenotype through temperature-dependent destabilization of
Tom40. Mitochondria from tom40-3 or tom40-6 yeast showed
no reduction in protein A insertion but rather showed a trend
toward increased insertion efficiency (Fig. 3C), similar to re-
sults with protease-treated mitochondria (Fig. 2C). To further
examine the role of the TOM complex in protein A mitochon-
drial insertion we conducted competition experiments with

purified pSu9-DHFR, a chimeric protein that competes for
protein insertion through the main import pore (2, 23, 27).
Protein A insertion into wild-type mitochondria was not inhib-
ited by Su9-DHFR, whereas porin insertion was substantially
reduced (Fig. 3D). Taken together, these data suggested that
protein A association and insertion into the mitochondrial
membrane did not require Tom20, Tom70, and the general
import pore.

Protein A is a lipid-binding protein with affinity for specific
anionic phospholipids. The observation that protein A mem-
brane association and insertion were independent of protease-
sensitive outer membrane components and Tom40 (Fig. 2 and
3) suggested that nonprotein components, such as membrane
lipids, may be involved. To initially test this hypothesis we
examined the temperature dependence of protein A-mem-
brane interactions in vitro (Fig. 4). Protein-protein interactions
are often temperature independent, and this characteristic is
frequently used to study processes such as initial receptor-
ligand binding at low temperatures to avoid receptor internal-
ization or remodeling after ligand-mediated activation. We
found that Tom20 binding to purified mitochondria occurred
equally well at 4°C and 25°C (Fig. 4A, upper graph), consistent
with its known interaction with the import pore Tom40 during
mitochondrial membrane binding and insertion (2, 4). We ob-
tained similar temperature-independent results with porin
(data not shown). In contrast, protein A membrane association
with purified wild-type yeast (Fig. 4A, bottom graph) and Dro-
sophila (Fig. 4B) mitochondria was significantly reduced at 4°C
to less than 20% of the levels seen at 25°C.

To directly examine potential protein A-lipid interactions,
we used lipid extracts from E. coli and brain with in vitro
binding assays. We selected these extracts due in part to their
differences in phospholipid composition. For example, E. coli
lipid extracts contain a lipid composition similar to that of
eukaryotic mitochondria with large quantities of the anionic
phospholipids PG (15.1%) and CL (9.8%) (Avanti Polar Lip-
ids product data). In contrast, brain extracts contain a more
diverse group of phospholipids with low concentrations of an-
ionic phospholipids and a larger quantity of neutral phospho-
lipids. We incubated in vitro-translated protein A or �-Gal
with liposomes generated from individual lipid extracts for 30
min and subsequently examined liposome binding by equilib-
rium gradient centrifugation (Fig. 5A). The control protein
�-Gal did not bind to liposomes generated with either lipid
extract (Fig. 5A, lower gradient, and data not shown). In con-
trast, protein A associated with liposomes generated from E.
coli lipid extracts, where approximately 25% partitioned into
the low-density fractions (Fig. 5A, middle gradient). Only min-
imal protein A binding was seen with liposomes generated
from brain extracts (Fig. 5A, upper gradient).

To further explore potential phospholipid selectivity, we an-
alyzed the in vitro binding capabilities of protein A with lipo-
somes generated from equal amounts of purified individual
membrane phospholipids (Fig. 5B). We observed substantial
protein A binding to the anionic phospholipids CL and PA,
moderate binding to the anionic phospholipids PG and PS, and
negligible binding to the anionic phospholipids PI and the
neutral lipids PC and PE. The absence of significant protein A
binding to PC was not due to decreased flotation, as control
experiments with fluorescent PC demonstrated almost com-
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FIG. 2. Protease-sensitive outer membrane components are not
required for protein A mitochondrial membrane association and in-
sertion in vitro. (A) Immunoblot analysis of yeast mitochondrial mem-
brane proteins after proteinase K digestion of purified mitochondria.
(B) In vitro-translated porin was incubated with untreated or protein-
ase K (PK)-treated yeast mitochondria for the indicated times. Mito-
chondria were isolated by centrifugation and porin membrane inser-
tion was analyzed by resistance to protease digestion followed by
SDS-PAGE and fluorography. Data are presented as percentages of
porin insertion at 10 min in untreated mitochondria. (C) In vitro-
translated protein A (PtnA) was incubated with untreated or protein-
ase K (PK)-treated mitochondria for the indicated times. Mitochon-
dria were isolated by centrifugation and protein A membrane insertion
was analyzed by resistance to alkaline extraction followed by SDS-
PAGE and fluorography. Data are presented as percentages of protein
A insertion at 10 min in untreated mitochondria.
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plete partitioning of this neutral lipid into upper low-density
gradient fractions (data not shown). Of interest with the puri-
fied lipid experiments was protein A binding to the mitochon-
drion-enriched anionic phospholipids CL, PA, and PG (17,
55), and in particular the mitochondrion-specific CL, where
protein A was recovered almost exclusively in the low-density
fractions (Fig. 5B, top gradient, fractions 1 and 2).

The diphosphatidyl-based lipid CL is found in small concen-
trations in the mitochondrial outer membrane, with the nota-
ble exception of the contact sites between mitochondrial outer
and inner membranes, where it can increase to roughly 20% of
total membrane phospholipids (3, 51). To further confirm the
CL-binding capabilities of protein A, we generated liposomes
containing increasing concentrations of CL relative to PC and
assayed protein A in vitro binding by gradient flotation assays
(Fig. 6). Protein A showed CL concentration-dependent flota-
tion, where approximately 20% of protein A partitioned to
low-density fractions when the total CL concentration was 20%
(Fig. 6A, bottom gradient, and B). The positive correlation
between CL concentration and protein A flotation (Fig. 6B)
(R � 0.92) was not due to changes in liposome partitioning
within sucrose gradients, as control experiments with fluores-
cent PC-CL liposomes demonstrated equivalent flotation char-
acteristics regardless of CL concentration (data not shown).

To examine the role of CL in protein A association with
intact mitochondria, we initially conducted in vitro membrane
association assays with mitochondria purified from �crd1

yeast, which lack the biosynthetic enzyme CL synthase and
hence produce no CL (12). Protein A membrane association in
vitro was not significantly different between mitochondria from
�crd1 and wild-type yeast (data not shown). However, the
deletion of CL synthase results in the increased accumulation
of PG (12), which along with PA is a precursor in the CL
biosynthetic pathway and an anionic phospholipid to which
protein A was also significantly bound in flotation assays (Fig.
5B). To avoid the potential confounding effects of altered
phospholipid composition in yeast strains with deletions or
mutations of specific phospholipid biosynthesis genes, we sub-
sequently conducted differential centrifugation competition ex-
periments with mitochondria from wild-type yeast and CL-
containing liposomes (Fig. 7). We initially used fluorescent
PC-CL liposomes to optimize differential centrifugation con-
ditions and minimize liposome fusion or cosedimentation with
intact mitochondria, and we achieved conditions under which
approximately 15% of the input lipid-associated fluorescence
signal pelleted with mitochondria regardless of the CL lipo-
some concentration (data not shown). Under these optimized
conditions, liposomes containing 20% CL reduced protein A
association with wild-type mitochondria by approximately 25%
compared to PC-only liposomes, whereas minimal competition
was seen with 5% CL liposomes (Fig. 7A and B). Similar
results were obtained with mitochondria from Drosophila cells
(data not shown). Taken together, these data indicated that
FHV protein A is a lipid-binding protein with affinity for spe-

FIG. 3. The mitochondrial import machinery is not required for protein A membrane association and insertion in vitro. (A) Immunoblot
analysis of purified mitochondria from �tom20, �tom70, and corresponding wild-type (WT) yeast strains (Table 1). (B) In vitro-translated protein
A (PtnA), porin, or AAC was incubated with mitochondria from �tom70 and �tom20 yeast for 10 min at 25°C. Protein A and porin membrane
insertion were analyzed as described for Fig. 2. AAC import was analyzed by resistance to protease digestion followed by SDS-PAGE and
fluorography. Data are presented as percentages of mitochondrial insertion or import compared to control wild-type yeast. (C) Protein A insertion
into mitochondria from wild-type (WT), tom40-3, or tom40-6 yeast cells. Mitochondrial membrane insertion was analyzed as described for Fig. 2
and data are presented as percentages of control mitochondria from wild-type yeast at 10 min. (D) Wild-type yeast mitochondria were incubated
with excess recombinant Su9-DHFR for 5 min prior to incubation with in vitro translation mixtures. Protein A and porin insertion were analyzed
at 5 and 20 min as described for Fig. 2. Quantitative data are presented as the percentages of protein A or porin inserted at 20 min in untreated
samples and are the averages of two independent experiments.
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cific anionic phospholipids, and in particular the mitochondrion-
specific phospholipid CL.

DISCUSSION

In this study, we investigated the interactions between FHV
protein A and intracellular membranes, an initial and impor-
tant step in the assembly of viral RNA replication complexes.
Based on our results we conclude that protein A is a lipid-
binding protein with particular affinity for specific anionic
phospholipids. Furthermore, both biochemical and genetic
studies indicated that protease-accessible membrane proteins,
and in particular the TOM complex components Tom20,
Tom70, and Tom40, were not required for protein A interac-
tions with the mitochondrial membrane. However, we cannot
exclude a role for protease-resistant and possibly membrane-

embedded non-TOM complex mitochondrial outer membrane
proteins in FHV protein A-membrane interactions. Indeed,
although we saw almost complete association of in vitro-trans-
lated protein A with intact mitochondria, we obtained only
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FIG. 4. Protein A membrane association is temperature depen-
dent. (A) In vitro-translated Tom20 (upper graph) or protein A (lower
graph) was incubated with purified yeast mitochondria at 4°C or 25°C
for the indicated time periods. Mitochondria were isolated by centrif-
ugation and protein membrane association was analyzed as described
for Fig. 1. Data are presented as the percentages of control membrane
association at 20 min and 25°C. (B) In vitro-translated protein A was
incubated with purified Drosophila mitochondria at 4°C or 25°C for the
indicated time periods and membrane association was analyzed as
described above.

FIG. 5. Protein A is a lipid-binding protein with affinity for specific
anionic phospholipids. (A) In vitro-translated protein A or �-Gal was
incubated with liposomes generated from E. coli or brain lipid extracts
and subjected to equilibrium centrifugation in sucrose gradients, and
fractions were analyzed by SDS-PAGE and fluorography. (B) In vitro-
translated protein A was incubated with liposomes generated from equal
amounts of the indicated purified lipids and analyzed as described above.

FIG. 6. Protein A binding to liposomes is correlated with CL con-
tent. (A) In vitro-translated protein A was incubated with liposomes
containing the indicated CL and PC concentrations (mol%) and ana-
lyzed as described for Fig. 5. (B) Correlation of CL content and protein
A-liposome binding. Percent flotation was calculated as the ratio of the
amount of protein A in the upper four gradient samples (fractions 1 to
4) compared to the total signal (fractions 1 to 10).
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partial association with lipid extracts or liposomes, with the
exception of 100% CL liposomes. Furthermore, changes in
membrane-embedded protein conformation may have ac-
counted for the dramatic temperature dependence we ob-
served in protein A mitochondrial binding. Nonetheless, the
results with protein A in this study are consistent with those
published for some endogenous mitochondrial outer mem-
brane proteins that contain an amino-terminal signal-anchor
transmembrane domain that resemble the targeting sequence
of FHV protein A, suggesting a potentially similar pathway for
membrane insertion (27, 57). The published study with Mcr1
used mitochondrial import assays, similar to the system de-
scribed in this manuscript, including the use of protease diges-
tion, TOM receptor component deletion strains, and Su9-
DHFR competition experiments, but did not explore lipid
binding (27). Further experiments with both cellular mitochon-
drial proteins and FHV protein A will be required to fully
define this pathway.

The observation that protein A has lipid-binding capabilities
is consistent with the well-described association between pos-
itive-strand RNA virus replication complexes and intracellular
membranes (32, 49). Host membranes likely play multiple
roles in viral RNA replication, which may include (i) serving as
a scaffold for assembly of a macromolecular structure such as
an RNA replication complex, (ii) shielding viral RNA replica-
tion intermediates such as double-stranded RNA from cellular
innate antiviral pathways, and (iii) providing cofactors for op-
timal enzymatic activity of viral replicase proteins. These func-
tions could be mediated by either protein or lipid constituents
within particular organelle membranes. Thus far the predom-
inant emphasis in the field has been placed on identifying
either membrane-resident proteins or cytosolic proteins that
become membrane associated upon viral RNA replication
complex assembly (13, 34). The results presented in this report
indicate that lipids, and in particular anionic phospholipids,
may also play important roles in viral RNA replication com-
plex assembly.

The speculative role of lipids in replication complex assem-
bly is consistent with the observation that the replicase protein
nsP1 from Semliki Forest virus, a positive-strand RNA virus
that assembles its replication complexes on membranes de-
rived from endosomes and lysosomes (52), also binds anionic
phospholipids (1). FHV protein A binding to predominantly
anionic phospholipids suggests that ionic forces may mediate
in part the interactions with phospholipids. Indeed, for nsP1
the anionic phospholipid interaction domain was mapped to an
amphipathic �-helix with a cluster of positively charged resi-
dues (1). Sequence and predicted secondary structural analyses
have revealed the presence of several similar amphipathic
�-helices within the FHV protein A-coding region that may be
involved in anionic phospholipid interactions (K. Stapleford
and D. Miller, unpublished data). However, the selectivity of
protein A for certain anionic phospholipids suggests that non-
ionic forces also contribute to protein A-lipid interactions.

The ability of protein A to interact with several different
anionic phospholipids suggests a level of “promiscuity” that
may help explain the robustness of FHV RNA replication in
cells derived from multiple organisms from several kingdoms
(24, 30, 41) and the relative ease with which FHV RNA rep-
lication complexes can be retargeted to alternative intracellu-
lar membranes such as the ER (31). However, the ubiquitous
nature of anionic phospholipids and the substantial amounts of
PI and PS present in many cellular membranes, including the
ER (62), indicate that net membrane charge cannot be the sole
determinant of replication complex targeting. Nonetheless,
protein A did not bind all anionic phospholipids, but rather
showed preferential interactions with CL, PA, and PG, which
are enriched in mitochondrial membranes (55), suggesting that
specific anionic phospholipids can influence FHV replication
complex targeting. Furthermore, we cannot exclude a role for
local charge clusters within membrane microdomains or the
impact of protease-resistant endogenous membrane protein
interactions with anionic phospholipids in the membrane-spe-
cific targeting of FHV RNA replication complexes.

The hypothesis that anionic phospholipids play targeting or
structural roles in FHV RNA replication complex assembly is
particularly interesting given the results with CL, which we
identified as a significant interaction partner of protein A. CL
is a cellular phospholipid whose distribution is almost entirely
limited to the mitochondria (17). Although the majority of CL
is found in the inner mitochondrial membrane, it is also
present in high localized concentrations in the outer mem-
brane at contacts sites between inner and outer membranes (3,
44). One might speculate that FHV RNA replication com-
plexes may initially assemble at or near these contact sites via
interactions between protein A and CL. This proposed mech-
anism resembles the targeting of the proapoptotic promoter
tBID to CL that can initiate cytochrome c-mediated apoptotic
cell death (10, 25). The potential similarity between protein
A-CL and tBID-CL interactions is intriguing given the recent
demonstration that FHV infection induces apoptosis in cul-
tured Drosophila cells (50), although the delayed onset of
FHV-induced apoptosis until approximately 12 h postinfection
suggests that a threshold of protein A-CL interactions may be
required. In addition, it is possible that protein A-mediated
disruption of the inner-outer membrane contact sites, an es-
sential substructure needed to maintain mitochondrial shape
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FIG. 7. CL-containing liposomes disrupt protein A binding to wild-
type mitochondria. (A) Mitochondria from YPH499 yeast (50 �g total
protein) were incubated with in vitro-translated protein A and lipo-
somes (50 �g) containing 100% PC (lane 1), 95% PC–5% CL (lane 2),
or 80% PC–20% CL (lane 3) for 10 min at 25°C. Samples were
separated by differential centrifugation at 1,000 � g for 5 min at 4°C,
pellets were resuspended in SDS-PAGE buffer, and samples were
analyzed by fluorography. (B) Quantitative analysis of liposome com-
petition assays. Data are presented as the percentages of protein A
present in the mitochondrial pellet compared to competition with
100% PC liposomes.
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(44), may lead to some of the morphological alterations that
are seen in mitochondria from yeast or Drosophila cells that
contain active FHV RNA replication complexes (30, 31). This
is consistent with the observation that components of the endo-
genous mitochondrial fission and fusion machinery can localize
to these contact sites (44, 53) and that disruption of the normal
fission-fusion processes can lead to abnormal mitochondrial
morphology (36, 43) that also resemble mitochondria in cells
with active FHV RNA replication (29, 31). Furthermore, the
dimeric nature of CL, which consists of four acyl chains at-
tached to diphosphatidylglycerol, imparts a unique conical
structure that favors a hexagonal HII phase that may play a role
in the membrane curvatures necessary to produce the spher-
ules associated with FHV RNA replication complexes (22, 30).

Although the focus of this study was to identify host com-
ponents involved in protein A-membrane interactions, an ini-
tial step in FHV replication complex assembly, we found that
protein A translated in RRLs had RNA polymerase activity
when provided with an excess of exogenous virion template
RNA template (data not shown). However, we did not observe
the FHV RNA replication complex activity that has been de-
scribed with membrane preparations from FHV-infected Dro-
sophila cells (59, 60) and replicon-expressing yeast (31), which
includes the production of single-stranded products, with in
vitro-translated protein A in the presence of whole mitochon-
dria or liposomes. The particularly difficult feat of de novo
assembly of fully functional viral RNA replication complexes
using a cell-free in vitro translation system has only been ac-
complished for a select few positive-strand RNA viruses, in-
cluding poliovirus, which requires the use of uninfected mam-
malian cell extracts (33), the plant pathogens tomato mosaic
virus, brome mosaic virus, and turnip crinkle virus, which re-
quire the use of evacuolated plant cell extracts (21), and to-
mato bushy stunt virus, which uses a related system that em-
ploys a yeast cell extract and purified recombinant viral
proteins (39). Further studies with FHV will be required to
identify the optimal conditions under which fully functional
viral RNA replication complexes can be formed in vitro, and
both the results presented in this report and others (59, 60)
indicate that the inclusion of specific phospholipids may be a
particularly important aspect of these studies.

In summary, the studies presented in this report demon-
strate that FHV protein A mitochondrial association and
membrane insertion is mediated by a TOM complex-indepen-
dent mechanism, similar to what has been seen previously for
mitochondrial outer membrane signal-anchored proteins, and
provide evidence for the importance of host membrane-spe-
cific phospholipids in positive-strand RNA virus replication
complex assembly. Future in vitro and in vivo studies using this
established host-pathogen system will give further insight into
the role of phospholipids in membrane-specific targeting as
well as the biochemical mechanisms involved in positive-strand
RNA virus replication complex assembly and function.
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