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The Resistance Protein Tm-1 Inhibits Formation of a Tomato Mosaic
Virus Replication Protein-Host Membrane Protein Complex

Kazuhiro Ishibashi, Masayuki Ishikawa

Division of Plant Sciences, National Institute of Agrobiological Sciences, Tsukuba, Ibaraki, Japan

The Tm-1 gene of tomato confers resistance to Tomato mosaic virus (ToMV). Tm-1 encodes a protein that binds ToMV replica-
tion proteins and inhibits the RNA-dependent RNA replication of ToMV. The replication proteins of resistance-breaking mu-
tants of ToMV do not bind Tm-1, indicating that the binding is important for inhibition. In this study, we analyzed how Tm-1
inhibits ToMV RNA replication in a cell-free system using evacuolated tobacco protoplast extracts. In this system, ToMV RNA
replication is catalyzed by replication proteins bound to membranes, and the RNA polymerase activity is unaffected by
treatment with 0.5 M NaCl-containing buffer and remains associated with membranes. We show that in the presence of
Tm-1, negative-strand RNA synthesis is inhibited; the replication proteins associate with membranes with binding that is
sensitive to 0.5 M NaCl; the viral genomic RNA used as a translation template is not protected from nuclease digestion; and
host membrane proteins TOM1, TOM2A, and ARLS are not copurified with the membrane-bound 130K replication pro-
tein. Deletion of the polymerase read-through domain or of the 3’ untranslated region (UTR) of the genome did not pre-
vent the formation of complexes between the 130K protein and the host membrane proteins, the 0.5 M NaCl-resistant
binding of the replication proteins to membranes, and the protection of the genomic RNA from nucleases. These results
indicate that Tm-1 binds ToMYV replication proteins to inhibit key events in replication complex formation on membranes

that precede negative-strand RNA synthesis.

Tomato mosaic virus (ToMV) is a positive-strand RNA virus in
the genus Tobamovirus, family Virgaviridae (1). The genome
of a tobamovirus encodes at least four proteins (2). The 130K
protein and its read-through product, the 180K protein, are in-
volved in RNA replication and thus are referred to as replication
proteins (3). The 130K protein contains the methyltransferase and
helicase domains, and the read-through region of the 180K pro-
tein contains the polymerase domain. The other two tobamoviral
proteins, movement protein and coat protein, are not required for
RNA replication (4, 5).

When the genomic RNA of a positive-strand RNA virus enters
host cells, the replication proteins are translated from the genomic
RNA, recognize the genomic RNA as a template for replication,
and form replication complexes on intracellular membranes.
Replication of all known eukaryotic positive-strand RNA viruses
occurs in replication complexes formed on host membranes (6—
10), which contain viral genomic RNAs, replication proteins, and
host factors (11). To avoid elicitation of host defense systems trig-
gered by viral double-stranded RNA (12), the activity of eukary-
otic positive-strand RNA virus RNA-dependent RNA poly-
merases (RdRps) must be strictly regulated so that they synthesize
negative-strand RNA only in the replication complexes that are
sequestered from the cytoplasm. Many host factors, including
chaperones and enzymes, and cellular membranes are hijacked by
viruses for replication (13—16). However, knowledge of the pro-
cesses leading to replication complex formation and activation of
the viral polymerases is limited.

In tobamovirus-infected cells, the replication proteins exist in
both membrane-bound and soluble forms (17). Studies have sug-
gested that the membrane-bound forms participate in RNA rep-
lication and the soluble forms play a role in RNA silencing sup-
pression (17, 18). The replication proteins of tobamoviruses are
not predicted to have membrane-targeting signals or membrane-
spanning regions, and how they bind membranes remains ob-
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scure. The host TOM1 protein is a putative seven-pass transmem-
brane protein required for efficient tobamovirus multiplication
(19). TOM1 interacts with the helicase domain of tobamovirus
replication proteins, and overexpression of TOM1 in tobacco
plants or yeast cells increases the proportion of membrane-bound
replication proteins compared with soluble proteins (18, 20), sug-
gesting that TOM1 helps tether the replication proteins on mem-
branes. Solubilized replication proteins from the membranes of
ToMV-infected cells copurified TOM1 and two other host mem-
brane proteins, TOM2A and ARLS (20, 21). Together with genetic
data, these host proteins are suggested to be components of the
ToMYV replication complex (22).

Many plant genes for resistance against viruses have been iden-
tified (23-26). However, little is known about how the resistance
gene products inhibit virus multiplication because viral molecules
become detectable in infected cells only after multiple rounds of
replication occur. If an early stage of virus multiplication is inhib-
ited, virus-related molecules cannot be detected. In fact, no
ToMV-related molecules are detectable in tomato protoplasts
harboring the resistance gene Tm-1 (27). Tm-1 encodes a protein
of unknown function that binds the ToMV replication proteins
(28). Resistance-breaking mutants of ToMV have amino acid sub-
stitutions in the replication proteins and thereby escape inhibitory
interaction with Tm-1, although a fitness cost is associated with
this process (29-31).

We have developed a cell-free translation and replication sys-

Received 19 March 2013 Accepted 2 May 2013

Published ahead of print 8 May 2013

Address correspondence to Kazuhiro Ishibashi, bashi@affrc.go.jp.
Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.00743-13

jviasm.org 7933


http://dx.doi.org/10.1128/JVI.00743-13
http://jvi.asm.org

Ishibashi and Ishikawa

tem for ToOMV RNA using evacuolated tobacco BY-2 protoplast
lysate (BYL) (32). Such cell-free viral RNA replication systems
enable the biochemical analysis of replication processes and have
been used to analyze how the replication complex is formed (33—
40). Using this in vitro system, we previously demonstrated that
the Tm-1 protein inhibits ToMV RNA replication when added
before, but not after, the ToOMV replication complex is formed on
membranes (28). This result indicates that Tm-1 inhibits the for-
mation of the RNA replication complex but not the replication
reactions that occur in the replication complex. In this study, we
performed a more detailed analysis of Tm-1 action using an in
vitro system.

MATERIALS AND METHODS

Viruses. TLIle (41) is a ToOMV strain that is highly sensitive to Tm-1 (31,
42). Strain LT1 (29) is a Tm-1 resistance-breaking mutant. TL130F was
described previously (43). TLIle and LT1 mutations were introduced into
TL130F to create TLIle130F and LT1130F, respectively. RNAs synthesized
from the Mlul-linearized plasmids using an AmpliCap-Max T7 High
Yield Message Maker kit (Cellscript, Inc., Madison, WI) were used as
templates for in vitro translation and replication. To prepare A3" RNA,
PmlI-linearized plasmids were used as templates for transcription.

In vitro translation and replication. BYL was prepared as described
previously (44). ToMV RNA (100 ng) was translated in 36 pl of mem-
brane-depleted BYL (mdBYL)-based translation mixture (33, 44) at 23°C
for 1 h. mdBYL from transgenic BY-2 cells expressing Tm-1 (31) or from
nontransgenic BY-2 cells (4 1) was added to the translation mixtures and
incubated at 23°C for 20 min where indicated. The mixtures (40 pl) were
further mixed with pellets of BYL from centrifugation at 30,000 X g
(30,000 X g pellets of BYL) {prepared from 50 ul of BYL from nontrans-
genic BY-2 and suspended in 10 pl of TR buffer [30 mM HEPES-KOH,
pH 7.4, 80 mM KOACc (potassium acetate), 1.8 mM Mg(OAc), (magne-
sium acetate), 2 mM DTT (dithiothreitol), with Complete EDTA-free
protease inhibitor cocktail (Roche, Basel, Switzerland)]}, and incubated at
15°C for 2 h, followed by centrifugation at 16,000 X g for 20 min to obtain
supernatants (S16 fractions) and pellets (P16 pellets). The P16 pellets were
suspended in 50 pl of TR buffer (P16 fractions). For the 0.5 M NaCl
treatment, the P16 pellets were suspended in TR buffer containing 0.5 M
NaCl and incubated on ice for 30 min. RdRp reactions and membrane
flotation analysis were performed as described previously (21, 44). For
micrococcal nuclease (MNase) resistance assays, RNAs synthesized in the
presence of [a->P]GTP were used as templates for translation in mdBYL.
After incubation with BYL membranes, 0.5 pl of 0.1 M CaCl, and 1 pl of
20 U/l MNase (TaKaRa Bio Inc., Shiga, Japan) were added to 20 wl of the
mixture and incubated at 23°C for 30 min, followed by addition of 1 .l of
0.5 M EGTA. RNA was purified from the mixtures by phenol extraction
and ethanol precipitation and analyzed by 8 M urea-2.4% PAGE. Where
indicated, puromycin was added to 0.4 mM before translation or Triton
X-100 was added to 1% before MNase treatment. For detection of the
negative-strand RNA, in vitro translation and replication reactions were
performed without radioisotopes, followed by RNase protection assays
using a *?P-labeled P2P probe (45). **P-labeled RNA bands were detected
by autoradiography using a BAS-2500 imager (GE Healthcare, Piscat-
away, NJ).

Antibodies. Anti-ToMV 130K, anti-TOM1, anti-TOM2A (17), and
anti-ARLS (20) antibodies were described previously. Anti-Tm-1 protein
rabbit antiserum was raised against an Escherichia coli-expressed hexahis-
tidine-tagged full-length Tm-1 protein.

Immunoprecipitation. Solubilization of the replication proteins from
the P16 fraction with lysophosphatidylcholine (LPC) and subsequent im-
munoprecipitation using anti-FLAG antibody were performed as de-
scribed previously (21).
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FIG 1 Tm-1 inhibits negative-strand RNA synthesis. In vitro translation and
replication of Tm-I-sensitive (Ile) and resistance-breaking (LT1) ToMV
strains were performed in the presence (+) or absence (—) of Tm-1. Accumu-
lation of the negative-strand RNA was examined by RNase protection assay
using a **P-labeled probe.

RESULTS

Tm-1 inhibits ToMV negative-strand RNA synthesis. A previous
study demonstrated that ToMV RNA synthesis is inhibited when
ToMV RNA is translated in mdBYL, mixed with Tm-1, and then
mixed with BYL membranes (28). However, whether negative-
strand RNA was synthesized was unclear. To address this point,
the genomic RNAs of the ToMV mutants TLIle (a Tm-1-sensitive
mutant) and LT1 (a resistance-breaking mutant) were translated
in mdBYL, mixed with mdBYL prepared from Tm-1-expressing
BY-2 cells or nontransgenic BY-2 cells and with a membrane-
containing 30,000 X g pellet of BYL from nontransgenic BY-2
(P30BYL membranes), and then incubated with ribonucleoside
triphosphates (NTPs). Following the reactions, total RNA was ex-
tracted and subjected to an RNase protection assay using a >*P-
labeled probe to detect the negative-strand RNA. In the absence of
Tm-1, negative-strand RNAs of TLIle and LT1 accumulated to
similar levels. However, when mdBYL prepared from Tm-1-ex-
pressing cells was added to the reaction mixture, negative-strand
RNA was detected for LT1 but not for TLIle (Fig. 1). Thus, Tm-1
directly inhibits ToMV negative-strand RNA synthesis or inhibits
a step in ToMV RNA replication preceding the negative-strand
RNA synthesis.

Tm-1 inhibits 0.5 M NaCl-resistant membrane binding of
ToMV replication proteins. The ability of ToMV replication pro-
teins to bind membranes in the presence of Tm-1 was examined
next. TLIle and LT1 RNAs were translated separately in mdBYL,
mixed with mdBYL prepared from Tm-1-expressing BY-2 cells or
nontransgenic BY-2 cells, and mixed with P30BYL membranes
from nontransgenic BY-2. After incubation, the mixtures were
centrifuged at 16,000 X g for 20 min to obtain supernatants (S16)
and pellets (P16). Membranes were recovered primarily in the P16
fraction. The replication proteins of TLIle and LT1 were detected
in both the S16 and P16 fractions irrespective of the presence or
absence of Tm-1. RdRp activity was detected only in the absence of
Tm-1 for TLIle and fractionated mostly in the P16 fraction (Fig.
2A). This observation is consistent with previous results showing
that the RNA polymerase activity of ToMV is associated with
membranes (17, 21, 46).

Remarkably, a small fraction of Tm-1 protein was detected in
the P16 fraction of the TLIle RNA-translated mixture but not in
the P16 fraction of the LT1 RNA-translated mixture. To confirm
if the replication proteins and Tm-1 protein recovered in the P16
fraction are actually associated with membranes, the P16 fraction
was further analyzed using a membrane flotation centrifugation
method. During centrifugation, membranes move in the centri-
fuge tube from the loading layer at the bottom to the top layer (Fig.
2B, lanes M), while soluble proteins remain in the bottom layer
(Fig. 2B, lanes S). The host membrane proteins TOM1 and ARL8
were fractionated mainly into the M fraction (Fig. 2B). In addition
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FIG 2 Effect of Tm-1 addition on the binding of ToMV replication proteins to membranes. (A) Fractionation of TOMV replication proteins by centrifugation.
Genomic RNAs of TLIle or LT1 were translated in mdBYL, mixed with mdBYL from Tm-1-expressing (+) or -nonexpressing (—) BY-2 cells, incubated with BYL
membranes, and fractionated into soluble (S) and membrane-containing (P) fractions by centrifugation. TOMV replication proteins and the Tm-1 protein were
detected by Western blotting. To examine RdRp activity, fractions were incubated with [a-**P]CTP and other ribonucleoside triphosphates. The **P-labeled
RNA products were separated by 8 M urea-2.4% PAGE and visualized by autoradiography. G, genomic RNA; RF, replicative-form RNA. The asterisks represent
background signals. (B) Membrane flotation analysis. Membrane-containing pellets prepared as described for panel A were suspended with TR buffer (lanes 1
to 8) or TR buffer containing 0.5 M NaCl (lanes 9 to 16) and subjected to membrane flotation analysis. The membrane (M) fractions and the soluble (S) fractions
were collected, and the amounts of the indicated proteins and the activity of ToMV RdRp were examined.

to the replication proteins, Tm-1 protein that had been present in
the P16 fractions of the TLIle RNA-translated mixture was de-
tected in the M fraction (Fig. 2B, lane 5), indicating that Tm-1
binds membranes. These results suggest that the ability of ToMV
replication proteins to bind membranes is not inhibited by Tm-1,
and thus, the complex of Tm-1 and the replication proteins is
recruited to the membrane surfaces.

Nishikiori et al. reported that a fraction of membrane-bound
ToMV replication proteins is dissociated from membranes by
treatment with 1 M NaCl-containing buffer, while RdRp activity
remains bound to membranes (21). We further found that similar
results were obtained when membranes were treated with 0.5 M
NaCl. These results indicate that membrane-bound replication
proteins exist in at least two forms, those that are not involved in
RNA replication but associate with membranes in a 0.5 M NaCl-
sensitive manner and those that participate in RNA synthesis and
do not dissociate from membranes with NaCl treatment. We then
tested whether the TLIle replication proteins bound by Tm-1 dis-
sociate from membranes after treatment with 0.5 M NaCl-con-
taining buffer using a membrane flotation assay. Strikingly, in the
presence of Tm-1, TLIle replication proteins, as well as Tm-1 pro-
tein, were detected in the S fraction (Fig. 2B, lane 14). The mem-
brane-binding properties of LT1 replication proteins were not
affected by Tm-1. Thus, ToMV replication proteins bound by
Tm-1 associate with membranes in a 0.5 M NaCl-sensitive man-
ner, in contrast to those involved in RNA replication.

ToMYV RNA is not protected from nuclease digestion in the
presence of Tm-1. The 1a protein (the counterpart of ToMV 130K
protein) of brome mosaic virus (BMV) binds to membranes and
recruits and sequesters replication template RNA in a membra-
nous compartment that cytoplasmic macromolecules cannot en-
ter. Accordingly, la-recruited template RNA in yeast membrane
fractions shows resistance to digestion by nucleases but becomes
sensitive when treated with detergents (47). As is the case for BMV
in yeast, 32p_labeled ToMV RNA translated in mdBYL and mixed
with BYL membranes showed resistance to MNase (Fig. 3). The
resistance was not observed when translation in mdBYL was in-
hibited by puromycin or when Triton X-100 was added prior to
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MNase treatment (Fig. 3). When Tm-1 was added after translation
in mdBYL and before the addition of P30BYL membranes, LT1
RNA showed resistance to the digestion, but Tm-1-sensitive TLIle
RNA did not (Fig. 3). Without MNase treatment, the levels of the
input RNAs after the reactions with Tm-1 were similar to those
after the reactions in the absence of Tm-1 (Fig. 3), suggesting that
Tm-1 does not affect the stability of viral RNA.

Negative-strand RNA synthesis is not required for either 0.5
M NaCl-resistant membrane binding of ToMV replication pro-
teins or protection of ToMV RNA from MNase. Given the above-
mentioned results where Tm-1 inhibits negative-strand RNA syn-
thesis, 0.5 M NaCl-resistant membrane association of the
replication proteins, and template sequestration, we examined
whether these three events take place at once or sequentially by
using two ToMV derivatives that are defective in negative-strand
RNA synthesis. TLIle130F isa ToMV derivative that has a deletion
in the region containing the read-through part of the 180K pro-
tein, the 30K protein, and the coat protein, and it encodes the
TLIle-type 130K protein tagged by the FLAG peptide at the C
terminus (Fig. 4A). TLIleA3' is a ToMV derivative that lacks the

MNase

FIG 3 Tm-1 inhibits sequestration of ToMV RNA in an isolated membranous
compartment. **P-labeled TLIle and LT1 RNAs were translated in mdBYL.
The translation mixtures were mixed with mdBYL from Tm-1-expressing (+)
and -nonexpressing (—) BY-2 cells and incubated with membranes. The sam-
ples were then divided into two aliquots. One aliquot was treated with MNase,
and RNA was extracted and analyzed by PAGE and autoradiography. The
other aliquot was directly analyzed for RNA without MNase treatment. For the
sample marked *1, puromycin was added before the translation reaction. For
the sample marked *2, Triton X-100 was added before MNase treatment. G,
genomic RNA.
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FIG 4 Negative-strand RNA synthesis is not required for the sequestration of ToMV RNA in the membranous compartment or NaCl-resistant membrane
binding of the 130K protein. (A) Schematic representation of ToMV RNA derivatives used in Fig. 4 and 5. TLIle130F lacks the read-through region of the 180K
polymerase, the 30K protein-coding region, and the 5" half of the coat protein (CP)-coding region. TLIleA3’ is a transcript from a Pmll-linearized plasmid
carrying full-length TLIle cDNA and lacks the 3'-terminal 158-nucleotide sequence. TLIle130FA3’ is a transcript from a PmlI-linearized plasmid encoding
TLIle130F. (B) The read-through region for the 180K protein and the 3" UTR of ToMV RNA are not required for the nuclease resistance of the genome RNA.
*2P-labeled TLIle, TLIle130F, and TLIleA3’ RNAs were used as translation templates and analyzed as for Fig. 3. (C) The read-through region for the 180K protein
and the 3" UTR of ToMV RNA are not required for the 130K protein to bind membranes in a 0.5 M NaCl-resistant manner. TLIle, TLIle130F, and TLIleA3’ RNAs
were translated in mdBYL, incubated with mdBYL from Tm-1-expressing (+) or -nonexpressing (—) BY-2 cells, and then incubated with BYL membranes. After
incubation, membrane-containing pellets were prepared by centrifugation at 16,000 X g, suspended in 0.5 M NaCl-containing buffer, and centrifuged again at
16,000 X g to obtain the supernatant (S) and pellet (P) fractions. TOMV replication proteins in each fraction were detected by Western blotting and quantified
with a LAS-3000 (Fujifilm, Japan). A typical set of results is shown, and the percentages of the 130K protein recovered in the P16 fractions are indicated. The

asterisk represents background signals.

3'-terminal 158-nucleotide sequence with TLIle-type replication
proteins (Fig. 4A). For the MNase resistance assay, *>P-labeled
full-length TLIle, TLIle130F, and TLIleA3’ RNAs were separately
translated in mdBYL, incubated with Tm-1-expressing or non-
transgenic mdBYL, and then incubated with P30BYL membranes
from nontransgenic BY-2, followed by MNase digestion. As was
found for full-length TLIle RNA, TLIle130F RNA and TLIleA3’
RNA showed resistance to MNase in the absence of Tm-1 but not
in the presence of Tm-1 (Fig. 4B). TLIle130F RNA was protected
less efficiently than TLIle RNA or TLIleA3” RNA (Fig. 4B), sug-
gesting that the 180K protein or an RNA element lacking in
TLIle130F enhances the efficiency of genome sequestration. To
examine whether the replication proteins associate with mem-
branes in a 0.5 M NaCl-resistant manner, full-length TLIle,
TLIle130F, and TLIleA3’ RNAs were translated in mdBYL, incu-
bated with mdBYL from Tm-1-expressing or nontransgenic cells,
and then incubated with P30BYL membranes. The 16,000 X g
pellet fractions were prepared from the mixtures, suspended in 0.5
M NaCl-containing buffer, and further centrifuged to obtain the
16,000 X g supernatant (S16) and pellet (P16) fractions. In the
absence of Tm-1, a large proportion (50 to 79%) of the replication
proteins were detected in the P16 fraction (Fig. 4C). The 130K
protein expressed from TLIle130F established NaCl-resistant
membrane binding less efficiently than that from TLIle or
TLIleA3’. In the presence of Tm-1, replication proteins synthe-
sized from TLIle130F and TLIleA3" were detected mainly in the
S16 fraction (Fig. 4C). These results indicate that neither 0.5 M
NaCl-resistant binding of ToMV replication proteins with mem-
branes nor establishment of the resistance of the template RNA to
MNase requires the 180K protein or 3’-terminal sequence of
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ToMV RNA, i.e., negative-strand RNA synthesis, although the
180K protein or an RNA element in the region deleted in
TLIle130F may facilitate these processes. Thus, these events prob-
ably precede negative-strand RNA synthesis in the ToMV RNA
replication cycle.

Tm-1 inhibits the association of host membrane proteins
with ToMV 130K protein. Three host membrane proteins,
TOMI, TOM2A, and ARLS, are involved in tobamovirus RNA
replication (19, 20, 48). These proteins are copurified with ToMV
replication proteins solubilized from the membranes of infected
cells (20, 21), suggesting that they are components of the tobamo-
virus RNA replication complex. In previous studies, epitope-
tagged 180K protein was used for copurification experiments. Us-
ing ToMV derivatives TLIle130F and TLIle130FA3’ and those
having LT1-type replication proteins, we examined whether
TOM1, TOM2A, and ARLS are copurified with the 130K protein
in the absence of the 180K protein and, if they are, whether Tm-1
prevents copurification. These ToMV-derivative RNAs were
translated in mdBYL and subsequently incubated with mdBYL
from Tm-1-expressing BY-2 and with BYL membranes. The mix-
tures were centrifuged to obtain the S16 and P16 fractions, and the
P16 fraction was solubilized with LPC. Immunoprecipitates ob-
tained from each fraction with anti-FLAG antibody were analyzed
by Western blotting. TOM1, TOM2A, and ARLS were detected in
the immunoprecipitates from the P16 fractions for the LT1130F
and LT1130FA3’ RNAs (Fig. 5). Thus, the 180K protein and the 3’
untranslated region (UTR) are not required for the association of
the 130K protein with these host proteins, indicating that nega-
tive-strand RNA synthesis is not required for complex formation
of the 130K protein with the host membrane proteins. For
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FIG 5 Tm-1 inhibits complex formation of ToMV replication proteins with
host membrane proteins. ToMV RNA derivatives encoding the FLAG-tagged
130K protein of either Tm-1-sensitive (Ile) or resistance-breaking (LT1) type
with (130F) or without (130A3’) the 3" UTR (Fig. 4A) were translated in
mdBYL, incubated with mdBYL from Tm-1-expressing cells, and then incu-
bated with BYL membranes. The mixtures were fractionated into soluble (S16)
and membrane (P16) fractions. The 130K protein in the P16 fraction was
solubilized with LPC and immunoprecipitated (IP) with anti-FLAG antibody.
The precipitates were analyzed by Western blotting to detect the indicated
proteins.

TLIle130F and TLIle130FA3’ RNAs, these host proteins were not
detected in the immunoprecipitates from the P16 fractions, but
Tm-1 protein was detected (Fig. 5). TOM1, TOM2A, and ARLS
were not detected in the immunoprecipitates from the S16 frac-
tions, and Tm-1 protein was copurified only with TLIle-type 130K
protein (Fig. 5). Thus, a complex of Tm-1 and ToMV replication
protein is stable in both soluble and membrane-bound forms, and
the latter binds membranes without forming a complex with the
host membrane proteins.

DISCUSSION

When ToMV RNA-translated mdBYL is mixed with P30BYL
membranes, a fraction of the replication proteins binds mem-
branes; forms a complex with host membrane proteins TOMI,
TOM2A, and ARLS; and synthesizes the negative-strand RNA;
also, a fraction of ToMV RNA gains resistance to MNase (template
sequestration). We found that Tm-1 allows ToMV replication
proteins to bind membranes in a 0.5 M NaCl-sensitive manner
but inhibits their 0.5 M NaCl-resistant membrane binding, com-
plex formation with the membrane proteins, and template seques-
tration (called “the three events” here) (Fig. 2, 3, and 5). The three
events occurred even with ToMV RNA derivatives incapable of
synthesizing negative-strand RNA due to deletions in the 180K
protein-coding region or 3" UTR (Fig. 4 and 5). Tm-1 also inhib-
ited the three events for these ToOMV derivatives (Fig. 4 and 5).
These results suggest that the three events precede negative-strand
RNA synthesis and that the inability of TLIle to synthesize nega-
tive-strand RNA in the presence of Tm-1 (Fig. 1) is a consequence
of the inhibition of the three events.

Because the sequestered template RNA became sensitive to
MNase upon detergent treatment, viral RNA is probably pro-
tected in a membranous compartment, as has been seen for other
positive-strand RNA viruses, although the structure of the ToMV
replication complex has not been visualized by electron micros-
copy or other techniques. We presume that the template seques-
tration is coupled with membrane rearrangement. Considering
that the three events were not separable by our experiments, the
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replication proteins’ 0.5 M NaCl-resistant membrane binding and
complex formation with TOM1 and ARL8 might also be coupled
with the membrane rearrangement process. On the other hand,
unlike the three events, 0.5 M NaCl-sensitive membrane binding
of the replication proteins occurred in the presence of Tm-1, in-
dicating that the replication proteins could bind membranes with-
out forming a complex with the host membrane proteins. Consis-
tently, a previous study demonstrated that TOM1 and ARLS are
not required for the recruitment of the replication proteins to the
membranes in the yeast Saccharomyces cerevisiae, while they con-
tribute to the activation of the replication proteins on membranes
(20).

We recently determined a crystal structure for the helicase do-
main of ToMV 130K protein (residues 666 to 1116), which con-
sists of a C-terminal helicase core containing two RecA folds and
an N-terminal accessory domain (49). Yeast two-hybrid experi-
ments designed in light of the structure information suggested
that ARLS interacts with the N-terminal accessory domain and
TOMI interacts with both the accessory domain and the helicase
core (49). Moreover, the reporter activity in the yeast two-hybrid
experiment was much stronger between ARLS8 and the accessory
domain alone than between ARL8 and the full-length helicase
domain polypeptide, suggesting that conformational changes in
the 130K protein to expose the ARL8-binding site are associated
with the process of complex formation (49). On the other hand,
the mutation sites of the resistance-breaking ToMV mutants are
located on the surface of the helicase core that is opposite the
surface where the accessory domain is located. If Tm-1 binds the
region around the mutation site, it is unlikely that Tm-1 competes
directly with TOM1 or ARLS for their binding to the helicase
domain, although the binding of the 130K protein with Tm-1 and
that with the host membrane proteins were mutually exclusive
(Fig. 5). Tm-1 might inhibit the putative conformational change
required for ARL8 binding, as well as membrane rearrangement.

Apart from the Tm-1 action, our results showed that negative-
strand RNA synthesis is not required for the three events that are
likely associated with membrane rearrangement during ToMV
replication complex formation. Similarly, BMV la protein in-
duces replication complex-like spherules in which replication
template RNA is recruited and sequestered, even in the absence of
the 2a polymerase (47). In contrast, RNA polymerase activity is
required for the formation of replication complex spherules by
Flock House virus and Semliki Forest virus (50, 51). In a certain
host mutant, negative-strand RNA of tomato bushy stunt virus
accumulates to levels similar to that in wild-type cells, but the
negative-strand RNA is sensitive to nucleases, unlike in wild-type
cells (52). Thus, the requirement for negative-strand RNA synthe-
sis in membrane rearrangement/template sequestration differs
from one virus to another.
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