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Replication of the Carnation Italian ringspot virus genomic RNA in plant cells occurs in multivesicular bodies
which develop from the mitochondrial outer membrane during infection. ORF1 in the viral genome encodes a
36-kDa protein, while ORF2 codes for the 95-kDa replicase by readthrough of the ORF1 stop codon. We have
shown previously that the N-terminal part of ORF1 contains the information leading to vesiculation of
mitochondria and that the 36-kDa protein localizes to mitochondria. Using infection, in vivo expression of
green fluorescent protein fusions in plant and yeast cells, and in vitro mitochondrial integration assays, we
demonstrate here that both the 36-kDa protein and the complete replicase are targeted to mitochondria and
anchor to the outer membrane with the N terminus and C terminus on the cytosolic side. Analysis of deletion
mutants indicated that the anchor sequence is likely to correspond approximately to amino acids 84 to 196,
containing two transmembrane domains. No evidence for a matrix-targeting presequence was found, and the
data suggest that membrane insertion of the viral proteins is mediated by an import receptor-independent
signal-anchor mechanism relying on the two transmembrane segments and multiple recognition signals

present in the N-terminal part of ORF1.

The genomes of positive-stranded RNA viruses from a num-
ber of supergroups are replicated in association with intracel-
lular membranes (3). Depending on the virus, a variety of
membrane systems can be concerned in infected cells, includ-
ing the plasma membrane, endoplasmic reticulum, vacuole,
chloroplasts, mitochondria, peroxisomes, and lysosomes (19,
22, 32, 38, 42, 47). Little is known about the molecular mech-
anisms supporting these virus-cell interactions, which are crit-
ical for the development of infection. Membrane interaction
with both viral proteins and host-encoded factors (50) has been
proposed. Viral RNA replication is often associated with in-
fection-specific membrane proliferation and/or vesiculation.

Plant infection with Carnation Italian ringspot virus (CIRV),
a member of the genus Tombusvirus in the family Tombusviri-
dae, triggers the development of conspicuous membrane bod-
ies from modified mitochondria (11). The CIRV genome is
composed of a monopartite, positive-sense RNA genome of
4,760 nucleotides (GenBank accession number X85215). It is
not polyadenylated, lacks a 5’ cap structure, and contains five
functional open reading frames (ORFs) (36) (Fig. 1). The
5’-most ORF (ORF1) in the CIRV genome encodes a 36-kDa
protein (36K protein), while ORF2 codes for a 95-kDa protein
(95K), which is expressed by readthrough of the amber stop
codon of ORF1. Readthrough occurs at a frequency of about
10% in plant cells. Both pre- and complete readthrough prod-
ucts are essential for viral replication and were shown to
contain the eight conserved motifs (PI to PVIII) of RNA-
dependent RNA polymerases of supergroup II of the positive-
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stranded RNA viruses (16, 40). ORF3 encodes the coat protein
of 41 kDa, and the two nested ORFs 4 and 5 code for 21-kDa
and 19-kDa proteins which are involved in virus movement and
symptom expression in infected plants, respectively (36).
Cytopathological studies of CIRV infections have identified
vesiculated structures (multivesicular bodies [MVBs]), made
up of a main body surrounded by many spherical to ovoid
vesicles 80 to 150 nm in diameter, resulting from proliferation
of the limiting mitochondrial membrane (11, 41). MVBs were
suggested to be the replication site of the viral genome. Our
previous studies demonstrated that the 36K protein encoded
by the CIRV ORF1 is recovered in the mitochondrion- and
MVB-containing subfractions of infected plants and is able to
target the green fluorescent protein (GFP) reporter to mito-
chondria in vivo upon transient expression of a fusion protein
in plant leaves and cell suspensions (39). The 36K protein was
also shown to localize and target GFP to mitochondria upon
transformation of yeast (Saccharomyces cerevisiae) cells (37).
Both in plant and in yeast cells, the protein is in stable asso-
ciation with cell membranes, based on its resistance to extrac-
tion with carbonate, urea, or high salt (37, 38).
Mitochondrial targeting and import of nucleus-encoded pro-
teins have been extensively characterized for animal, yeast, and
plant cells (2, 13-15, 20, 21, 34, 46). Four distinct translocation
machineries which mediate import and sorting of proteins into
the mitochondrial subcompartments have been identified (14).
Most proteins destined to the mitochondrial matrix are syn-
thesized as extended precursors containing a cleavable, posi-
tively charged, amino-terminal presequence that is able to
form an amphipathic a-helix. Proteins destined to the outer
membrane, the intermembrane space, or the inner membrane
are generally synthesized as noncleavable mature-size polypep-
tides and contain internal information for targeting and sorting.
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FIG. 1. Organization of CIRV genomic RNA. (a) Translation of
ORF1 yields a 36-kDa polypeptide containing a predicted MTS and
two putative transmembrane domains (TMD1 and TMD?2). (b)
Readthrough of the ORF1 stop codon (S) allows translation of ORF2,
yielding the 95-kDa complete replicase.

Nucleus-encoded mitochondrial proteins usually cross the
outer membrane through the TOM (translocase of the outer
membrane) complex. Matrix-targeted polypeptides with an N-
terminal presequence are subsequently recruited by the TIM23
(translocase of the inner membrane) complex and proceed
through the inner membrane before the presequence is
cleaved. Integral inner membrane proteins require the TIM22
complex to insert into their final location. Targeting and inte-
gration of nucleus-encoded proteins into the mitochondrial
outer membrane is less documented (7, 25, 27, 35, 44). Several
mechanisms have been described. Some proteins contain a
unique transmembrane domain which functions both as a sig-
nal and as an anchor sequence specific for the mitochondrial
outer membrane. Insertion leaves domains exposed to the cy-
tosol and to the intermembrane space. The S. cerevisiae Tom70
protein relies on such an amino-proximal “signal-anchor se-
quence” (27), whereas mammalian Bcl-2 contains a carboxy-
terminal signal-anchor (31) and yeast Tom6 harbors both a
signal-anchor and additional targeting information (5).

Membrane insertion of polypeptides with an N-terminal sig-
nal-anchor is mostly mediated by the TOM machinery of the
general protein import system, whereas many of the C-termi-
nal signal-anchor polypeptides appear to be inserted into the
outer membrane by unique pathways that are independent of
the common protein import receptors (25). However, at least
some C-terminally anchored proteins use components of the
TOM complex (27, 48). Neurospora crassa Tom22 is represen-
tative of another targeting mechanism which relies on separate
import and membrane anchor sequences: the transfer is driven
by a matrix-type targeting signal but is stopped by the hydro-
phobic domain, which results in membrane anchoring (35).
This mechanism also applies to proteins containing two trans-
membrane segments. The N-terminal domain of the rat liver
carnitine palmitoyltransferase 1 (CPT1) contains a noncleav-
able matrix-targeting signal located immediately downstream
of the second transmembrane domain (7).

Membrane proteins containing a matrix-targeting signal and
a “stop transfer” sequence follow the same pathway as matrix-
targeted preproteins and engage with the TOM machinery.
The most abundant protein in the mitochondrial outer mem-
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brane, porin, also called the voltage-dependent anion channel,
seems to be devoid of uniformly hydrophobic transmembrane
domains and is imported without the aid of a presequence. It
appears to contain important targeting and/or assembly infor-
mation in its C-terminal region (8) and also uses the general
protein import pathway (17). Although the precise nature of
the targeting signals in B-barrel polytopic membrane proteins
like porin or Tom40 remains unclear, it is believed that some
structural elements and/or the folded state of the polypeptide
contain the import information (8, 25, 33).

The aim of the present work is to determine whether the
CIRYV proteins participating in the replication complex use one
of these mechanisms to target mitochondria. The N-terminal
half of the 36K protein contains the determinants for the
formation of MVBs from mitochondria rather than from per-
oxisomes, as for other tombusviruses like the Cymbidium ring-
spot virus (4, 38). A 14-amino-acid motif (FGSLPSSLERP-
VAK) corresponding to positions 32 to 45 at the N terminus of
the 36K protein was predicted to be a putative mitochondrial
targeting sequence (MTS) (Fig. 1). No such sequence was
detected in the ORF1 of the other Tombusviruses, which target
peroxisomes, whereas a possible MTS was highlighted in the
ORF1 of carmoviruses, which develop MVBs from mitochon-
dria (6).

To start evaluating the prediction of an MTS in the CIRV
OREF1, the serine residue at position 34 was mutated to aspar-
tic acid or arginine. The presence of Arg,, had no cytopatho-
logical consequence, but the Sery, to Asp,;, mutation resulted
in multidirected targeting, MVBs being derived from mito-
chondria but also from some peroxisomes (38).

Downstream of the putative MTS, the CIRV 36K polypep-
tide contains two predicted hydrophobic domains sufficiently
long to span the limiting outer membrane of mitochondria
(Fig. 1). These domains can be considered putative transmem-
brane domains. They are separated by a possible hydrophilic
“loop.” From the previous data and sequence analyses, the
following model can be proposed. The 36K CIRYV protein, as
well as the complete 95K replicase (ORF2) which contains the
same sequences, might be targeted to mitochondria by the
14-amino-acid motif and subsequently anchored to the or-
ganelle outer membrane by the two hydrophobic domains. The
hydrophilic loop would protrude inside the intermembrane
space, whereas the N- and C-terminal regions would be cyto-
solic (38). A stop-transfer mechanism would fit such a view of
the process.

Both in vivo and in vitro experiments were developed to
analyze the mitochondrial targeting and membrane integration
of the 36K and 95K proteins. A set of deletion mutants were
prepared to determine the relative importance of the different
domains defined above in targeting and insertion into the mi-
tochondrial membrane and to define the topology of insertion.
No evidence was found of the presence of an efficient MTS in
the N-terminal hydrophilic regions, either upstream or down-
stream of the hydrophobic domains, thus excluding the stop-
transfer hypothesis. Altogether, the results are consistent with
a predominant role of the two transmembrane domains and
their immediately adjacent sequences in targeting of the pre-
and complete readthrough viral replicase, which points to a
signal-anchor pathway.
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MATERIALS AND METHODS

Antiserum production. To produce specific polyclonal antibodies potentially
able to recognize the different domains of the polypeptide, the 36K protein was
expressed in Escherichia coli from a cDNA (4) inserted into the vector pQE-60,
purified according to the supplier (Qiagen), and used to generate a rabbit
antiserum by conventional procedures.

Analysis of membrane integration in infected plants. Nicotiana benthamiana
plants were inoculated with CIRV and mitochondria were extracted as previously
described (39). The fraction containing lightly vesiculated mitochondria (initial
stages of transformation into MVBs; see Fig. 1 in Rubino et al. [39]) was
subjected to proteinase K (100 pg/ml) digestion for 30 min on ice prior to
electrophoresis in the discontinuous Tricine system of Schagger and von Jagow
(43). The protease digestion product was detected by Western blotting as pre-
viously described (37).

Construction of recombinant plasmids. The CIRV c¢cDNA clones were all
derived from the full-length infectious cDNA clone in pUCIS8 described previ-
ously (4). This was digested with EcoRV (cuts 46 nucleotides downstream of the
stop codon of the 36K protein) and Smal (cuts at the 3’ end of the viral genome)
and religated. The resulting clone (pdES) contained the nontranslated leader
and the 36K protein coding sequences fused to the T7 RNA polymerase pro-
moter. Deletion mutants of plasmid pdES were obtained by PCR amplification
of selected regions of the 36K protein coding sequence and reinsertion between
the Ncol and EcoRlI sites or by cleavage at appropriate restriction sites (present
naturally or introduced by site-directed mutagenesis) within the 36K protein
ORF and religation. Clone pdES and derivatives were used for in vitro tran-
scription and protein synthesis.

For transient expression of the proteins in plants, deletion mutants of plasmid
PRTL2-36K/GFP containing the 36K protein cDNA fused in-frame to the GFP
gene under control of the 35S cauliflower mosaic virus (CaMV) constitutive
promoter (39) were obtained by cleavage at appropriate restriction sites (present
or introduced) and religation, or selected regions of the 36K protein-coding
sequence were amplified by PCR and cloned into the Ncol and BamHI sites of
plasmid pCK-GFP3 (24).

For expression of the viral proteins in S. cerevisiae, clones p36K, p36K-GFP,
and pGFP-36K were used as previously described (37). They contained the
native 36K protein cDNA or the 36K protein cDNA fused in-frame to the 5’ end
or the 3’ end of the sequence coding for GFP, respectively, cloned in the yeast
cell vector pYES2 (Invitrogen) under control of the galactose-activated GALI
promoter. Deletion mutants of these clones were constructed by cleavage at
appropriate restriction sites (present or introduced) and religation. Clones ex-
pressing the GFP fusion proteins were used to examine microscopically the
localization of the 36K protein derivatives, whereas those expressing the unfused
proteins were used mainly for biochemical analyses.

Similar constructs were prepared for in vitro transcription-translation and
expression in plant or yeast cells of the complete CIRV replicase protein, i.e., the
95K polypeptide. For this purpose, the ORF2 sequence was cloned into the
different vector systems described above using natural or introduced restriction
sites, and the amber stop codon of ORF1 was mutated to an alanine codon.

Site-directed mutagenesis was carried out with a QuickChange site-directed
mutagenesis kit (Stratagene). All constructs were routinely sequenced to avoid
unwanted modifications.

In vitro protein synthesis and insertion tests with isolated mitochondria. The
Promega TNT-coupled transcription-translation kit was used for in vitro synthe-
sis of [*>S]methionine-labeled polypeptides following the instructions of the
supplier. Mitochondria were isolated from potato (Solanum tuberosum) tubers
mostly as described by Neuburger et al. (30) and from S. cerevisiae cells as
described by Daum et al. (9). For the preparation of outer membrane fractions,
plant mitochondria (5 to 10 mg of protein) were resuspended in 500 pl of 5 mM
potassium phosphate buffer, pH 7.5, containing 1 mM phenylmethylsulfonyl
fluoride (PMSF) and incubated on ice for 15 min with occasional resuspension
with a pestle. After addition of another 500 pl of the same buffer and further
incubation for 15 min, the suspensions were loaded on top of a three-layer
discontinuous sucrose gradient (15, 38, and 60% [wt/vol] in 10 mM potassium
phosphate [pH 7.5] and 1 mM PMSF) and centrifuged for 45 min at 290,000 X
g. The outer membrane fraction was recovered at the interface between the 15%
and 38% sucrose layers, diluted with 10 mM potassium phosphate (pH 7.5)-1
mM PMSF, and pelleted at 230,000 X g for 20 min.

Insertion tests with in vitro-synthesized viral polypeptides were performed
using mitochondrial protein import procedures essentially according to Wisch-
mann and Schuster (49) and Mayer and Neupert (23) for plant and yeast cell
mitochondria, respectively. To characterize membrane-protected regions, incu-
bation of the mitochondria with the labeled polypeptides was followed by treat-
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ment with proteinase K or trypsin (100 wg/ml) for 5 min at room temperature
and 10 min on ice. Organelles were subsequently centrifuged through a 27%
(wt/vol) sucrose cushion in 10 mM HEPES-KOH, pH 7.5. To test membrane
integration of the different CIRV polypeptides, the mitochondrial samples were
resuspended in 0.1 M Na,CO; (pH 11.5)-1 mM PMSF, incubated for 30 min on
ice, and centrifuged at 230,000 X g for 20 min. For some assays, mitochondria
were pretreated with 50 g of trypsin per ml for 15 min on ice. Following dilution
and addition of 1 mg of soybean trypsin inhibitor per ml, mitochondria were
reisolated and washed twice in the presence of 1 mg of soybean trypsin inhibitor
per ml prior to use in insertion assays. Final samples were analyzed by classical
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (18) or
with the Tricine system of Schagger and von Jagow (43).

Expression of gene constructs in plant and yeast cells. For transient expres-
sion in plant cells, recombinant DNA was introduced into leaves of N. benthami-
ana using an Agrobacterium tumefaciens-based method as previously described
(39). Briefly, a bacterial suspension was injected through the stomata into the
intercellular space of N. benthamiana leaves. After 20 to 36 h, protoplasts were
obtained from infiltrated leaf tissue (28, 29) and analyzed with an epifluores-
cence microscope (24). Analyses were run with or without previous incubation
with the mitochondrion-specific dye MitoTracker (CMTMRos; Molecular
Probes). For expression in yeast cells, transformation of S. cerevisiae, culture of
transformants, and microscopy analyses were done as previously described (37).

RESULTS

Membrane integration of 36K protein in infected plants.
Subcellular fractions containing lightly vesiculated mitochon-
dria were extracted from N. benthamiana plants infected with
CIRV and digested with proteinase K prior to denaturing
polyacrylamide gel electrophoresis. Western blotting with a
polyclonal antibody raised against the purified CIRV 36K pro-
tein was used to detect a putative polypeptide which would be
resistant to proteinase K due to embedding in the mitochon-
drial membrane. One band corresponding to a polypeptide
with an apparent molecular mass of approximately 12 kDa
resulted from proteinase K digestion (Fig. 2A). Since similar
protease treatment of the 36K protein purified upon overex-
pression in bacteria resulted in complete degradation (Fig.
2B), it can be concluded that the 12-kDa polypeptide repre-
sents the portion of the 36K protein embedded in the mem-
brane of MVBs, where it is inaccessible to proteolysis. This
adds strength to the proposed model in which the protein
anchors to the outer membrane of the mitochondrial envelope
by the two hydrophobic transmembrane domains (38). How-
ever, in the proposed model of insertion, the embedded part
was estimated to be only 8.7 kDa, consistently smaller than the
resistant fragment found after protease digestion of purified
multivesiculated mitochondria. The larger size of the protected
fragment may indicate that hydrophilic regions flanking the
hydrophobic domains at either the N-terminal or the C-termi-
nal side also interact with the membrane and are protected
from protease digestion. Further experimental evidence on this
point from deletion mutants will be described below.

To test whether the viral polypeptide has the same mito-
chondrial membrane integration properties in a nonplant con-
text, the protease protection assays were conducted on mito-
chondria isolated from S. cerevisiae cells transformed with the
complete CIRV 36K protein cDNA (37). Mitochondria were
isolated from wild-type and transformed yeast cells and sub-
jected to proteinase K digestion as before. Again, a protease-
protected fragment was detected on Western blots, with a
somehow larger apparent molecular mass (approximately 13.5
kDa) than that obtained from mitochondria extracted from
infected plant leaves (Fig. 2C). The nonionic detergent Triton



10488 WEBER-LOTFI ET AL.

2 4 7
Prot K — 4+ —-— 4+ — - <+
Triton X-100 — — — — — — =—

+ + o

\Da) 48.6-
(kDa) ¢ 4]

24.9-

19.1-
14.97

9.2

FIG. 2. Western blot analysis of mitochondrial fractions from
CIRV-infected N. benthamiana plants and 36K protein-transformed
yeast cells. (A) Mitochondria were purified from CIRV-infected N.
benthamiana and analyzed directly (lane 1) or after proteinase K (Prot.
K) treatment (lane 2). (B) A fraction of 36K protein overexpressed in
E. coli and purified on an Ni-nitrilotriacetic acid-agarose column (Qia-
gen) was analyzed directly (lane 3) or after proteinase K digestion
(lane 4). The extra band at the bottom of lane B3 corresponds to
residual contamination by a low-molecular-weight E. coli polypeptide,
as determined by N-terminal sequencing after large-scale purification
of the overexpressed 36K protein and SDS-PAGE fractionation.
(C) Mitochondria were purified from yeast cells transformed with a
control plasmid (lane 5) or with a plasmid carrying the CIRV 36K
protein cDNA (lanes 6 to 8) and analyzed directly (lanes 5 and 6) or
after proteinase K treatment (lanes 7 and 8) in the absence (lane 7) or
in the presence (lane 8) of 1% (vol/vol) Triton X-100. Blots were
subjected to immunodetection with a polyclonal antiserum against the
CIRV 36K protein. Binding of the primary antibodies was revealed by
using peroxidase-conjugated secondary antibodies and enhanced che-
moluminescence reagents (Amersham Biosciences). The full-length
36K protein and truncated forms expressed in yeast cells were used as
size markers together with commercial proteins. The molecular size
scale is indicated on the left. The specific polypeptides protected
against proteinase K digestion in the mitochondrial fractions are indi-
cated by an asterisk.

X-100 solubilizes membranes and releases inserted proteins.
As expected, when mitochondria isolated from yeast cells ex-
pressing the CIRV 36K protein were treated with Triton X-100
prior to proteinase K digestion, the 13.5-kDa fragment was no
longer resistant (Fig. 2C), indicating that protease protection
in the absence of detergent was likely to be due to insertion in
the mitochondrial membrane.

In vitro insertion of CIRV 36K protein and complete repli-
case into the outer membrane of isolated plant and yeast cell
mitochondria. Mechanistic aspects of 36K protein and com-
plete replicase membrane targeting were analyzed with in vitro
assays involving either plant or yeast cell mitochondria and
¥S-labeled viral polypeptides synthesized in a cell-free tran-
scription-translation system. An ORF2 ¢cDNA in which the
amber stop codon of ORF1 has been mutagenized to an ala-
nine codon was used to synthesize the complete 95-kDa rep-
licase.

In standard in vitro protein import conditions (49), the 36K
and 95K CIRYV proteins stably associated with potato mito-
chondria (Fig. 3A). Previous sequence analysis highlighted a
putative mitochondrial targeting sequence in the two polypep-
tides (see above), but no specific processing product of re-
duced size was observed upon incubation with isolated mito-
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FIG. 3. In vitro protein insertion assays in the presence of isolated
plant mitochondria. (A) After the insertion assay in the presence of
potato mitochondria, incorporation of the in vitro-translated CIRV
36K (lanes 1 to 3) and 95K (lanes 4 to 6) polypeptides was analyzed in
the total mitochondrial fraction (T); mitochondria were either un-
treated (lanes 1 and 4) or treated with proteinase K (lanes 2 and 5) or
trypsin (lanes 3 and 6) after insertion. The specific polypeptides pro-
tected against proteinase K or trypsin digestion in the mitochondrial
fractions are indicated by an asterisk. (B) After the insertion assay in
the presence of potato mitochondria, incorporation of the CIRV 36K
polypeptide was analyzed in the pellet (P) and supernatant (S) frac-
tions following carbonate extraction of the mitochondria and in the
mitochondrial outer membrane fraction (OM). (C) The insertion assay
was run in the presence of a potato mitochondrial outer membrane
preparation instead of intact mitochondria; incorporation of the CIRV
36K polypeptide was subsequently analyzed in the membrane fraction
(T) and in the pellet (P) and supernatant (S) following carbonate
extraction of the membrane fraction. Samples were analyzed by con-
ventional SDS-PAGE. In vitro-translated full-length viral proteins and
truncated forms were used as molecular size markers, and their posi-
tions are indicated on the left.

chondria, as would be the case for a matrix-targeted protein
with a cleavable presequence. Moreover, association of the
viral proteins with mitochondria did not seem to be sensitive to
inhibitors of the MTS-driven protein import machinery (13).

Import into the matrix through the TIM23 complex or in-
sertion into the inner membrane mediated by the TIM22 com-
plex requires the inner membrane electrochemical potential.
Association of the viral 36K protein with mitochondria did not
need the electrochemical potential because it was not impaired
by treatment of the organelles with valinomycin or carbonyl
cyanide m-chlorophenylhydrazone (CCCP) and could not be
titrated out by increasing concentrations of malonate in the
presence of succinate (Fig. 4A and B). The mobile carrier
ionophore valinomycin permits diffusion of K* and thus dissi-
pates the existing membrane potential (AW) (12). The pro-
tonophore CCCP allows proton diffusion across the inner
membrane and collapses the proton motive force (ApH, AW).
Malonate inhibits the oxidation of succinate via complex II in
a competitive manner, leading to a decrease in electron trans-
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FIG. 4. In vitro protein insertion assays in the presence of isolated
plant mitochondria. (A) Insertion assay in the presence of potato
mitochondria was run with 10 mM succinate and 0 mM, 1 mM, 10 mM,
or 50 mM malonate; incorporation of the in vitro-translated CIRV 36K
polypeptide was subsequently analyzed in the pellet (P) and superna-
tant (S) fractions following carbonate extraction of the mitochondria
after insertion. (B) Potato mitochondria were untreated or treated
with 1 uM CCCP prior to the insertion assay; incorporation of the
CIRV 36K polypeptide was subsequently analyzed in the total mito-
chondrial fraction (T) and in the pellet (P) and supernatant (S) frac-
tions following carbonate extraction. (C) Potato mitochondria were
untreated or treated with 50 pg of trypsin/ml prior to the insertion
assay; incorporation of the CIRV 36K polypeptide was subsequently
analyzed in the total mitochondrial fraction (T) and in the pellet
(P) and supernatant (S) fractions following carbonate extraction.
(D) The insertion assay in the presence of potato mitochondria was
run with and without added ATP and ADP in the medium; incorpo-
ration of the CIRV 36K polypeptide was subsequently analyzed in the
total mitochondrial fraction (T) and in the pellet (P) and supernatant
(S) fractions following carbonate extraction. Samples were analyzed by
conventional SDS-PAGE. The position of the 36K protein is indicated
by an arrow.

port. Increasing amounts of malonate thus gradually decrease
the AY membrane potential (26, 45). These observations in-
dicated that the N-terminal hydrophilic domain of the CIRV
36K and 95K proteins does not drive import toward the matrix
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or the inner membrane and were consistent with the hypoth-
esized outer membrane anchoring.

Upon separating the mitochondria into soluble and insolu-
ble fractions after the in vitro assay, the 36K protein was
associated with the total mitochondrial membrane fraction,
and the incorporation was resistant to carbonate extraction,
implying membrane integration (Fig. 3B). Moreover, when the
insertion assay was scaled up so as to permit further submito-
chondrial fractionation, the viral protein was indeed recovered
in the outer membrane fraction (Fig. 3B). Conversely, the 36K
polypeptide was also able to associate with an isolated outer
membrane fraction, but resistance to carbonate extraction was
limited, suggesting less efficient integration (Fig. 3C). Protein-
ase K treatment of the mitochondria upon in vitro insertion of
the 36K protein or the 95K protein yielded a protected
polypeptide of the same apparent molecular mass (12 kDa) as
that detected upon Western blot analysis of mitochondria from
CIRV-infected plants (Fig. 3A), confirming that the viral
polypeptides anchor to the outer membrane in vitro and indi-
cating that the process is similar to the membrane integration
occurring in vivo. A slightly smaller polypeptide was protected
when trypsin was used instead of proteinase K (Fig. 3A).

Most mitochondrial outer membrane proteins, whatever tar-
geting information they rely on (signal-anchor, stop-transfer,
or other topogenic sequences), depend on surface-exposed
import receptors for their membrane insertion (17, 25, 27, 35,
44). Pretreatment of the mitochondria with trypsin did not
prevent membrane insertion of the CIRV 36K protein (Fig.
4C), suggesting that recognition by surface-accessible recep-
tors is not a prerequisite. Finally, passage of some proteins
such as porin to the outer membrane-embedded form requires
elevated ATP, whereas signal-anchor protein insertion is not
sensitive to ATP depletion (23, 27). The absence of added ATP
and ADP in the incubation medium did not significantly influ-
ence in vitro membrane insertion of the CIRV 36K polypep-
tide (Fig. 4D).

The same observations were made when using a yeast cell in
vitro mitochondrial import system. The viral protein integrated
into the membrane fraction of isolated yeast cell mitochondria,
and integration was resistant to carbonate extraction (Fig. 5).
Again, the process was not prevented by treatment of the
mitochondria with CCCP or trypsin.

Expression of CIRV 36K protein, complete replicase, and
deletion mutants in plant and yeast cells. In vivo mitochon-
drial targeting of the CIRV 36K protein in plant and yeast cells
was demonstrated previously (37, 39). To determine whether
the complete 95K CIRV replicase has the same subcellular
localization properties in vivo, the corresponding ORF2 cDNA
with the amber stop codon of ORF1 mutagenized to an alanine
codon was fused in frame with the GFP gene and placed under
control of the 35S CaMV constitutive promoter or the galac-
tose-activated GALI promoter for expression in plant leaves
(39) and in yeast cells (37), respectively. In both plant and yeast
cells, the 95K protein targeted the GFP to organelles which
were easily identified as mitochondria by their size, their shape,
and the positive reaction they exhibited with the specific dye
MitoTracker, yielding fluorescence microscopy images similar
to those obtained previously with the 36K protein (37, 39) (Fig.
6A and 7A). This indicates that the signals operating in the
ORF1-derived protein also operate in the context of the com-
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FIG. 5. In vitro protein insertion assays in the presence of isolated
yeast cell mitochondria. The insertion assay was run with untreated
(lanes 1 to 3), CCCP-treated (lane 4), or trypsin-treated (lane 5) yeast
cell mitochondria; incorporation of the in vitro-translated CIRV 36K
polypeptide was subsequently analyzed in the total mitochondrial frac-
tion (T) and in the pellet (P) and supernatant (S) fractions following
carbonate extraction of the mitochondria after insertion. Samples were
analyzed by conventional SDS-PAGE. The position of the 36K protein
is indicated by an arrow.

plete replicase. In both types of cells, expression of the viral
polypeptides promoted some aggregation of mitochondria, but
this process was more pronounced in yeast cells than in plant
cells and was accompanied by membrane proliferation (37).
To evaluate the relative contributions of the different do-
mains in the N-terminal part of the viral proteins to mitochon-
drial targeting, a set of deletion mutants of CIRV ORF1 was
prepared. They are referred to as PRx-y, where PR stands for
pre-readthrough protein and x and y indicate the positions of
the first and last amino acids of the mutant in the complete
OREF1 sequence, respectively. The deleted ORF1 variant se-
quences were also fused in-frame with the GFP reporter gene
and placed under control of the 35S CaMV or the galactose-
activated GALI promoter. Deletion mutant PR1-224 con-
tained the ORF1 sequence down to amino acid 224, after the
second predicted transmembrane domain (TMD2), and in-
cluded all potentially remarkable regions: the N-terminal hy-
drophilic region (amino acids 1 to 101), including the putative
MTS (amino acids 32 to 45) and the two putative transmem-
brane domains TMD1 (amino acids 102 to 119) and TMD?2
(amino acids 168 to 186) connected by the potential loop (L,
amino acids 120 to 167). This mutant was prepared to confirm
previous studies showing that the coding sequence downstream
of the Sacl restriction site (positions +667 to +672 in the
ORF1 cDNA sequence) did not contribute to mitochondrial
targeting (4). Plant cells expressing construct PR1-224 indeed
showed the GFP confined to mitochondria, giving rise to tar-
geting pictures which were indistinguishable from those ob-
tained with the wild-type 36K and 95K proteins (Fig. 6A).
When ORF1 was progressively deleted farther from the C-
terminal side up to amino acid 98, successively excluding the
second hydrophobic domain (mutant PR1-167), most of the
putative loop (mutant PR1-134), and even the first hydropho-
bic domain (mutant PR1-98), expression of GFP fusions in
plant cells still yielded the same patterns, with the fluorescence
clearly restricted to mitochondria as for the wild-type and
PR1-224 fusions (Fig. 6A). By contrast, when fusions between
the GFP and partial ORF1 sequences from the N-terminal
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hydrophilic domain down to amino acid 81 (mutants PR1-46,
PR1-58, PR1-63, PR1-73, PR1-81, and PR31-81), all contain-
ing the predicted MTS at amino acids 32 to 45 (38), were
transiently expressed in plant leaves, the fluorescence was dif-
fuse in the cytosol around the chloroplasts (Fig. 6B, panel a).
Partial and progressive localization to small spots, which were
not or only to a limited extent representative of the Mito-
Tracker staining pattern, appeared at a later stage of transient
expression (30 to 32 h) (Fig. 6B, panel c). These images are
completely different from those generated with the wild-type
proteins or the PR1-224, PR1-167, PR1-134, and PR1-98 de-
letion mutants (Fig. 6A and B).

The foregoing cytological observations indicate that the re-
gion of ORF1 between amino acids 1 and 98 contains sufficient
information for mitochondrial targeting in plant cells, but
amino acids 1 to 81 alone do not possess efficient targeting
properties. We conclude that the motif highlighted by com-
puter prediction (amino acids 32 to 45) and previous point
mutation (38) is not an efficient MTS, even when placed at the
very N terminus of the fusion protein (mutant 31-81). Instead,
amino acids 81 to 98 likely contain important targeting signals.
However, these conclusions only partially reflect the properties
of the ORF1 sequence, because a GFP fusion protein (mutant
PR99-329) totally excluding amino acids 1 to 98 was also tar-
geted to mitochondria as efficiently as the wild-type and PR1-
224 fusions in plant cells (Fig. 6A).

It thus appears that the signals present in amino acids 81 to
98 are not indispensable for mitochondrial recognition and
that other domains of the N-terminal part of ORF1 down-
stream of position 98 also contain organelle-targeting signals.
These are likely to be included in the hydrophobic domains
and/or the connecting loop, as GFP fused to the ORF1 region
downstream of TMD2 (mutant PR186-225) was not targeted at
all in plant cells (Fig. 6C). Note that the behavior of the
PR186-225 deletion mutant is in contrast to the situation with
the rat liver carnitine palmitoyltransferase 1 (CPT1) (7). This
polypeptide contains two transmembrane domains in its N-
terminal part and an MTS immediately downstream of the
second transmembrane domain. Owing to the absence of sub-
cellular targeting of the PR186-225/GFP fusion, there does not
seem to be any unpredicted MTS downstream of the two trans-
membrane domains in the CIRV ORF1.

Expression of the GFP-fused PR1-224, PR1-167, PR1-98,
and PR99-329 deletion mutants in transformed yeast cells led
to the same observations and conclusions as with infiltrated
plants, the fluorescence being clearly localized to mitochondria
in all cases (Fig. 7A). The PR1-46/GFP fusion yielded diffuse
fluorescence patterns, similar to those observed with unfused
GFP, when expressed in yeast cells (Fig. 7C), confirming that
amino acids 32 to 45 do not behave like an MTS. Upon ex-
pression in yeast cells of GFP fusions involving sequences from
the ORF1 N-terminal hydrophilic domain down to amino acid
83 (mutants PR1-63, PR1-73, and PR1-83), the fluorescence
was entirely restricted to defined structures, which, however,
showed only very partial colocalization with the MitoTracker
staining pattern (Fig. 7B). This differs somehow from the be-
havior of the equivalent constructs in plant cells, in which, even
at late stages of transient expression, most of the fluorescence
remained diffuse in the cytosol (Fig. 6B, panel c).

Altogether, the cytological observations upon expression of
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GFP fusions strongly suggest that multiple recognition signals
for mitochondria are spread within amino acids 81 to 186 of
the CIRV ORF1. These signals are likely to compensate for
each other in the corresponding deletion mutants, leading to
identical mitochondrial targeting patterns for mutants having
no sequence in common (PR1-98 and PR99-329). The in vitro
analyses developed below with plant mitochondria show that,
although a wide range of deletion mutants are still able to
promote association of the GFP with mitochondria, as mea-
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FIG. 6. Transient expression of GFP fusions in N. benthamiana
leaves. Constructs containing the unfused GFP gene, the GFP gene
fused to the cDNA encoding the complete 36K or 95K protein, or the
GFP gene fused to cDNAs encoding the different deletion variants
(PR1-224, PR1-167, PR1-134, PR1-98, PR99-329, PR1-81, PR1-73,
PR1-63, PR1-58, PR1-46, PR31-81, and PR186-225) were expressed.
Fluorescence was observed at 40X or 100X magnification with a Nikon
Eclipse E800 epifluorescence microscope. In each pair of panels, the
image on the left shows the GFP fluorescence observed with a GFP
band pass filter set (excitation, 460 to 500 nm; band pass emission, 510
to 560 nm), and the right-hand image shows the fluorescence of the
mitochondrion-specific dye (MitoTracker) observed for the same cell
by using a tetramethylrhodamine isothiocyanate filter set (excitation,
27.5 to 552.5 nm; emission, 577.5 to 632.5 nm). The structures of the
deletion mutants yielding the different types of fluorescence pattern
are presented above the image sets. The relative positions of the
putative MTS (amino acids 32 to 45), the two putative transmembrane
domains (TMD1, amino acids 102 to 119, and TMD?2, amino acids 168
to 186), and the loop (L) in the ORF1 sequence are indicated. The
sequences retained in the different deletion mutants (PRx-y) are indi-
cated by heavy lines. Three different types of subcellular localization of
the GFP fusion protein were observed and are illustrated by charac-
teristic pictures. When fused to 95K protein, 36K protein, PR1-224,
PR1-167, PR1-134, PR1-98, and PR99-329, the GFP was exclusively
localized to mitochondria (A). When fused to PR1-81, PR1-73, PR1-
63, PR1-58, PR1-46, and PR31-81, the GFP was diffuse in the cytosol
(B, panel a), but additional localization to small structures poorly
representative of the mitochondrial staining pattern occurred at a late
stage of transient expression (B, panel c¢). GFP fused to PR186-225 was
diffuse in the cytosol, like unfused GFP (C).

sured by cytological observations, this reflects very different
situations at the level of membrane integration.

Mitochondrial membrane integration of CIRV 36K protein
deletion mutants in yeast cells. Concurrent with microscopic
observations, mitochondria were extracted from yeast cell
transformants expressing the GFP fusions. Mitochondria iso-
lated from yeast cells transformed with mutants PR1-224, PR1-
167, and PR99-329 fluoresced identically as in vivo. When
subjected to carbonate treatment and separated into pellet and
supernatant fractions, the bulk of the fusion proteins was
found in the pellet fraction, as expected for integral proteins.
As for the mitochondria extracted from yeast cells transformed
with mutant PR1-98, most of them were fluorescent, but the
protein was equally distributed between the pellet and super-
natant after carbonate treatment, indicating that the interac-
tion was weaker than for the variants containing at least one of
the predicted transmembrane domains.

By contrast, very few of the mitochondria from yeast cells
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FIG. 7. Expression of GFP fusions in transgenic yeast cells. Constructs containing the unfused GFP gene, the GFP gene fused to the cDNA
encoding the complete 36K or 95K protein, or the GFP gene fused to cDNAs encoding the different deletion variants (PR1-224, PR1-167, PR1-98,
PR99-329, PR1-83, PR1-73, PR1-63, and PR1-46) were expressed. Fluorescence was observed at 40X or 100X magnification with a Nikon Eclipse
E800 epifluorescence microscope. In panels A, B, and C, the left-hand image shows the GFP fluorescence observed using a GFP band pass filter
set (excitation, 460 to 500 nm; BP emission, 510 to 560 nm), and the right-hand image shows the fluorescence of the mitochondrion-specific dye
(MitoTracker) observed for the same cells using a tetramethylrhodamine isothiocyanate filter set. Panels A, B, and C also include the structures
of the deletion mutants yielding the type of fluorescence pattern presented in the panel. The relative positions of the putative MTS (amino acids
32 to 45), the two putative transmembrane domains (TMD1, amino acids 102 to 119, and TMD2, amino acids 168 to 186), and the loop (L) in the
ORF1 sequence are indicated. The sequences retained in the different deletion mutants (PRx-y) are indicated by heavy lines. Three different types
of subcellular localization of the GFP fusion protein were observed and are illustrated by characteristic pictures. When fused to complete 95K
protein, complete 36K protein, PR1-224, PR1-167, PR1-98, and PR99-329, the GFP was exclusively localized to mitochondria (A). Expression of
these fusion proteins promoted aggregation of the organelles. When fused to PR1-83, PR1-73, and PR1-63, the GFP was localized to structures
poorly representative of the mitochondrial staining pattern (B). GFP fused to PR1-46 was diffuse in the cytosol, like unfused GFP (C). (D) Similar

amounts of mitochondria extracted from yeast cells expressing the PR1-63 (left) or the PR1-73 (right) GFP fusion were spread on a microscope
slide, and fluorescence was observed with the GFP band pass filter set.

transformed with mutants PR1-46 and PR1-63 were fluores-
cent (Fig. 7D). In the case of PR1-46, only a small portion
of the protein was found in the pellet after carbonate treat-
ment, most of it being in the supernatant, whereas for
PR1-63 the distribution was more balanced. Finally, despite
the ambiguous patterns obtained with these deletion vari-
ants upon microscopic analysis of whole cells, a large pro-
portion of the mitochondria extracted from yeast cells trans-
formed with mutants PR1-73 and PR1-83 was also
fluorescent (Fig. 7D), and the protein was about equally

distributed between the pellet and supernatant fractions
resulting from carbonate extraction. These results indicate
that the proteins expressed from constructs PR1-83 and
PR1-73 retained some capacity to interact with yeast cell
mitochondrial membranes and suggest that, in the case of
yeast cells, the mitochondrial anchor domain, which indeed
seemed to be a little larger (see above), extends farther
upstream in the ORF1 sequence than the region defined in
anchoring assays with isolated plant mitochondria (see be-
low).
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In vitro insertion of CIRV 36K protein deletion mutants in
the membranes of isolated plant mitochondria. Isolation of
relevant amounts of mitochondria from N. benthamiana plants
agroinfiltrated with the different gene constructs was not fea-
sible. Therefore, membrane integration of the different 36K
protein deletion mutants in a plant context was studied in vitro
after transcription-translation of the corresponding [**S]methi-
onine-labeled polypeptides and incubation with isolated plant
mitochondria in protein import conditions (49). For these as-
says, the deleted ORF1 variant sequences were not fused to a
reporter gene.

The PR1-224 deletion mutant polypeptide, which contains
all the potential targeting domains, associated stably with iso-
lated potato mitochondria (Fig. 8A). Proteinase K treatment
of the mitochondria upon insertion yielded a protected poly-
peptide of the same apparent molecular mass (12 kDa) as that
detected when the complete 36K protein or 95K protein was
used in the assay (Fig. 3A). When the mitochondria were
subsequently subjected to carbonate treatment and separated
into pellet and supernatant fractions, the PR1-224 polypeptide
was almost completely retained in the membrane fraction, as
was the case for the complete 36K and 95K proteins (Fig. 3, 4,
and 8). The same behavior was observed with the PR99-213
deletion mutant lacking the whole N-terminal hydrophilic re-
gion upstream of the first transmembrane domain (TMD1)
(Fig. 8A). In that case, the polypeptide protected against pro-
teinase K digestion was slightly smaller (10.5 kDa), implying
that the full-length mitochondrial anchor domain of the 36K
and 95K proteins begins in the hydrophilic region upstream of
amino acid 99.

In turn, a smaller proteinase K-protected fragment (11 kDa)
was also observed following mitochondrial association of the
mutant PR1-187 polypeptide, which lacks all sequences down-
stream of the second transmembrane domain (TMD2) (Fig.
8A). This finding indicates that the full-length mitochondrial
anchor domain of the 36K and 95K proteins ends in the hy-
drophilic region downstream of amino acid 187. Deletion of
this short downstream sequence obviously perturbs membrane
integration, because the PR1-187 polypeptide was about
equally distributed between the pellet and the supernatant
upon carbonate extraction.

Taken together, the foregoing observations imply that the
anchor includes the two transmembrane domains and the con-
necting region. Considering the ORF1 amino acid sequence,
the apparent molecular masses of the full-length (12 kDa),
N-terminally truncated (10.5 kDa), and C-terminally truncated
(11 kDa) proteinase K-protected fragments obtained with the
PR1-224, PR99-213, and PR1-187 mutants, respectively, sug-
gest that the 36K and 95K protein mitochondrial anchor do-
main extends approximately from amino acid 84 to amino acid
196.

Taking into account that sizing of polypeptides with large
hydrophobic domains by SDS-PAGE might be unreliable, we
constructed mutant PR83-196 to synthesize in vitro the
polypeptide corresponding to the estimated anchor region (the
choice of amino acid 83 instead of 84 at the N terminus was
dictated by cloning constraints). The PR83-196 polypeptide
comigrated on SDS gels with the full-length proteinase K-
protected fragment observed in mitochondrial insertion assays
with PR1-224 and the complete 36K or 95K protein. Further-
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more, it was apparently fully protected against proteinase K
upon association with mitochondria and was almost completely
resistant to carbonate extraction when anchored (Fig. 8A).
Thus, the PR83-196 polypeptide indeed shows the properties
of the 36K/95K protein mitochondrial anchor, and its sequence
should be very close to that of the viral membrane insertion
domain. As a consequence, the targeting information high-
lighted in amino acids 81 to 98 by the expression of GFP
fusions in plant cells (see above) is not a cryptic MTS; rather,
most of this region is likely to be part of the authentic anchor
domain.

Further deletion mutant analyses in vitro revealed that some
sequences of the ORF1 which are able to target the GFP to
mitochondria in vivo in fact have poor anchoring properties.
The polypeptide synthesized from mutant PR1-167, lacking the
second transmembrane domain, associated with isolated plant
mitochondria, but its membrane integration was impaired, as it
was about equally distributed between the pellet and superna-
tant after carbonate treatment (Fig. 8B). The translation prod-
uct of mutant PR1-134, lacking the second transmembrane
domain plus most of the connecting loop, also associated with
mitochondria, but membrane integration was not very efficient,
as there was more material in the supernatant than in the pellet
upon carbonate treatment. Deletion of only the hydrophilic
connecting loop in mutant PR1-213A121-167 led to in vitro
insertion properties similar to those of the PR1-167 polypep-
tide (Fig. 8B).

A significant portion of the complete PR1-167 and PR1-
213A121-167 polypeptides was apparently resistant to protein-
ase K treatment of the mitochondria after the insertion assay.
Control tests run in the same conditions demonstrated that
resistance to proteinase K did not occur in the absence of
mitochondria (not shown). A possible explanation for these
observations is that the PR1-167 and PR1-213A121-167
polypeptides tend to aggregate in the presence of mitochon-
dria. The PR1-98 deletion mutant polypeptide, excluding both
hydrophobic domains but still retaining a small part of the
anchor sequence based on the above results, bound to mito-
chondria but showed poor membrane integration, as only a
small portion was found in the pellet after carbonate treatment
(Fig. 8B). Finally, the PR1-81 polypeptide, which ends just
before the anchor sequence, associated significantly with plant
mitochondria but was indeed unable to integrate into the
membrane, as it was completely extracted with carbonate (Fig.
8B).

The last observation contrasts with the outcome of the anal-
yses made with mitochondria extracted from yeast cells ex-
pressing the different CIRV ORF1 deletion mutants, where
the transition in the resistance of the mitochondrially bound
polypeptides to carbonate extraction occurred between the
PR1-63 and PR1-73 mutants (see above). No obvious pro-
tected fragment of reduced size was detected after proteinase
K treatment in the assays conducted with mutants PR1-167,
PR1-134, PR1-213A121-167, PR1-98, and PR1-81, although
the presence of the bulk of the mitochondrial material would
not allow us to properly resolve very small polypeptides on
either type of gel. Also, it cannot be excluded that a pro-
tected fragment contains no methionine and is therefore not
labeled.
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FIG. 8. In vitro protein insertion assays in the presence of isolated
plant mitochondria. Insertion assays in the presence of potato mito-
chondria were run with deletion mutants PR1-224, PR99-213, PR1-
187, and PR83-196 (A) and PR1-167, PR1-213A121-167, PR1-98, and
PR1-81 (B). Each panel includes the structures of the relevant deletion
mutants. The relative positions of the putative MTS (amino acids 32 to
45), the two putative transmembrane domains (TMD1, amino acids
102 to 119, and TMD2, amino acids 168 to 186), and the loop (L) in the
OREF1 sequence are indicated. The sequences retained in the different
deletion mutants (PRx-y) are indicated by heavy lines. For each assay,
incorporation of the in vitro-translated deletion mutant polypeptide
was analyzed in the total mitochondrial fraction (T) and in the pellet
(P) and supernatant (S) fractions following carbonate extraction of the
mitochondria after insertion. Mitochondria were either untreated or
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DISCUSSION

Virus survival relies on efficient multiplication and spread.
Multiplication is primarily dependent on replication of the
viral genome. Considering the in vivo data presented here, it
seems that the CIRV replicase has developed a very potent
molecular mechanism for recognition of the viral subcellular
replication site. Thus, mitochondrial targeting in vivo was lost
only after considerable sequence deletion, up to amino acid 81.
However, in vitro experiments showed that, as judged from
resistance to alkaline extraction, almost all the deletions which
do not hinder the recognition of mitochondria in fact more or
less severely impair the proper anchoring of the corresponding
polypeptide into the mitochondrial membrane. This is the case
not only for mutants lacking, for instance, one of the trans-
membrane domains, but also for PR1-187, which presumably
lacks only a short sequence upstream of the second transmem-
brane domain.

Strikingly, amino acids 81 to 98, most of which are likely to
be part of the anchor, bring a decisive contribution to mito-
chondrial targeting when only amino acids 1 to 98 in the N-
terminal hydrophilic region are included in the constructs but
are dispensable for targeting and efficient membrane anchor-
ing when the rest of the remarkable regions are present. This
suggests that the ORF1 sequence contains redundant informa-
tion for mitochondrial targeting. Analysis of mitochondria
from yeast cells expressing the various deletion mutants indi-
cates that membrane integration of the plant virus polypep-
tides in this nonplant context is actually less stringent, as there
was no obvious loss in efficiency after deletion of one of the
transmembrane domains or the connecting loop.

Although the results obtained do not confirm the presence
of an MTS, they do support anchoring of the CIRV ORF1 and
OREF2 polypeptides to the mitochondrial outer membrane with
an insertion topology following the initially proposed model
(38). In particular, in vitro analyses of the interactions between
the PR99-213 and PR1-187 variants and isolated mitochondria
demonstrate that mitochondrial membrane anchoring of the
CIRV replicase is indeed a property of the region predicted to
contain two transmembrane domains. Protease resistance
analyses both in vivo with infected plants and transformed
yeast cells and in vitro with isolated mitochondria established
that the membrane-embedded region spans the predicted
transmembrane domains plus short upstream and downstream
sequences.

Considering all the data, it can be proposed that in a plant
context, the anchor, including the presumed hinge protruding
in the intermembrane space, corresponds approximately to
amino acids 84 to 196. The fact that, in the complete 36K and
95K proteins, the mitochondrially protected fragment, as
judged from its size, corresponds to the anchor domain defined
by the deletion analyses confirmed the hypothesized topology

digested with proteinase K (Prot. K) after insertion, as indicated; the
specific polypeptides protected against proteinase K digestion in the
mitochondrial fractions are indicated by an asterisk, and the estimated
apparent molecular mass is shown (A). Samples were analyzed by
conventional SDS-PAGE. In vitro-translated full-length 36K protein
and truncated forms were used as size markers, and their positions are
indicated on the left.
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of membrane insertion, with the very N-terminal part and the
C-terminal part (in the case of the 36K polypeptide) or the
bulk of the protein (in the case of the 95K polypeptide) re-
maining on the cytosolic side of the outer membrane (N_y,-
C.y1o insertion topology). The CIRV replicase therefore ap-
pears to be anchored but accessible in the interior of the
cytosol-connected vesicles which develop from the mitochon-
drial outer membrane during infection (11, 41), excluding the
need for a putative transmembrane transport of the genomic
RNA to access the viral replicase.

The main concern in this work was to evaluate to what extent
the CIRYV proteins use the targeting and insertion mechanism
of authentic mitochondrial outer membrane proteins (see the
introduction). Our starting hypothesis was that the viral poly-
peptides follow some kind of stop-transfer pathway driven by
the putative MTS (amino acids 32 to 45) and stopped by the
first hydrophobic domain (amino acids 102 to 119). According
to the experimental evidence presented here, amino acids 32 to
45 are not an efficient MTS, and the targeting and insertion
properties do not depend on the N-terminal hydrophilic do-
main (amino acids 1 to 98).

The CIRV ORF1 protein and replicase appear to anchor to
the mitochondrial outer membrane through two transmem-
brane domains, leaving both their N terminus and their C
terminus on the cytosolic side (Ny,-C.y,, insertion). Rat liver
CPT1 also anchors to the mitochondrial outer membrane with
an N,,-C,, insertion topology involving two transmembrane
domains. The stop-transfer integration of CPT1 is driven by an
MTS located downstream of the second transmembrane do-
main (7). Our results show that there is also no MTS down-
stream of the second transmembrane domain in the CIRV
polypeptides, which excludes that the viral replicase follows a
stop-transfer pathway similar to that of CPT1. Finally, mem-
brane proteins containing stop-transfer sequences initially en-
gage with the same pathway as matrix-targeted proteins and
therefore rely mostly on the regular, surface-exposed protein
import receptors. This does not seem to be the case for the
CIRYV polypeptides.

Altogether, the experimental evidence rejects the possibility
that the 36K and 95K proteins are inserted into the mitochon-
drial outer membrane following a stop-transfer mechanism.
On the other hand, the viral polypeptides contain a linear
targeting-insertion sequence including two uniformly hydro-
phobic stretches. It is thus unlikely that they use a mitochon-
drial anchoring pathway similar to that of the B-barrel-type
proteins, such as Tom40 and porin, in which noncontinuous
structural elements and folding features contain the targeting-
insertion information. That membrane insertion of the 36K
protein in vitro is not dependent on elevated ATP and surface
import receptors also argues against an insertion mechanism
resembling that of porin (17, 27).

The Nyo-Ceyro Outer membrane insertion topology of the
CIRV ORF1 protein and replicase is not typical of the com-
mon signal-anchor model, which relies on one transmembrane
domain and leads to N,,-C;, or N, -C,,,, insertion. Consid-
ering all data, a signal-anchor mechanism nevertheless remains
the most plausible candidate to account for mitochondrial tar-
geting and membrane insertion of the CIRV polypeptides.
Both in vivo and in vitro deletion mutant data indicate that the
N-terminal part of the 36K and 95K proteins contains multiple

CIRV MITOCHONDRIAL ANCHORING 10495

recognition-insertion signals for the mitochondrial outer mem-
brane within the two hydrophobic domains and their flanking
regions, which might together constitute an efficient signal-
anchor sequence. That membrane targeting and insertion of
the CIRYV proteins lack obvious sensitivity to trypsin treatment
of the mitochondria is not necessarily a counterargument in
this case, as dependence of the membrane integration on sur-
face-accessible import receptors varies among signal-anchored
proteins.

On the other hand, there are atypical pathways accounting
for targeting and insertion of some mitochondrial proteins with
an N-terminal or C-terminal membrane anchor, and these are
still poorly documented (25). Multiple determinants for asso-
ciation with another specific membrane system, the endoplas-
mic reticulum, were revealed in brome mosaic virus protein 1a,
a multifunctional protein with an N-terminal RNA capping
domain and a C-terminal helicase domain (10). Sequences in
the N-terminal RNA capping module of 1a are necessary and
sufficient for high-affinity endoplasmic reticulum membrane
association, but additional sequences contribute to the normal
subcellular distribution of the protein.

Two domains have also been implicated in the endosomal
and lysosomal membrane association of protein NSP1, carry-
ing the capping activity of Semliki Forest virus, and one of
these membrane association determinants was mapped in a
position similar to that in brome mosaic virus protein la (1,
10). Membrane binding of NSP1 was shown to be due to
affinity for specific lipids (1), another option which remains
possible for a contribution to membrane targeting and inser-
tion of the CIRV polypeptides. For both brome mosaic virus
and Semliki Forest virus, enzymatic activities of the replication
complex seem to be sensitive to the proper lipid composition of
the partner membrane (1, 19).

In conclusion, one may note that insertion of the CIRV 36K
protein does not by itself trigger membrane vesiculation (37,
39), so that the mechanism and the molecular partners en-
abling the CIRV components to promote mitochondrial outer
membrane proliferation and MVB formation still remain to be
defined.
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