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Plus-stranded RNA viruses coopt host proteins to promote their robust replication in infected hosts. Tomato
bushy stunt tombusvirus (TBSV) is a model virus that can replicate a small replicon RNA in Saccharomyces
cerevisiae and in plants. The tombusvirus replicase complex contains heat shock protein 70 (Hsp70), an
abundant cytosolic chaperone, which is required for TBSV replication. To dissect the function of Hsp70 in
TBSYV replication, in this paper we use an Hsp70 mutant (ssal ssa2) yeast strain that supports a low level of
TBSYV replication. Using confocal laser microscopy and cellular fractionation experiments, we find that the
localization of the viral replication proteins changes to the cytosol in the mutant cells from the peroxisomal
membranes in wild-type cells. An in vitro membrane insertion assay shows that Hsp70 promotes the integra-
tion of the viral replication proteins into subcellular membranes. This step seems to be critical for the assembly
of the viral replicase complex. Using a gene-silencing approach and quercetin as a chemical inhibitor to
downregulate Hsp70 levels, we also confirm the significance of cytosolic Hsp70 in the replication of TBSV and
other plant viruses in a plant host. Taken together, our results suggest that cytosolic Hsp70 plays multiple roles
in TBSV replication, such as affecting the subcellular localization and membrane insertion of the viral

replication proteins as well as the assembly of the viral replicase.

Plus-stranded RNA [(+)RNA] viruses replicate efficiently in
host cells by assembling their own replicase complexes, con-
sisting of virus- and host-encoded proteins, the viral RNA, and
host membranes (1, 2, 10, 33, 34, 36, 41, 54, 56, 58). The
replication of (+)RNA viruses takes place on the cytosolic
surfaces of various cellular organelles, such as the endoplasmic
reticulum (ER) and mitochondria, whereas some viruses ac-
tively induce the formation of novel cytoplasmic vesicular com-
partments (12, 16, 23, 24, 31, 53, 54). The emerging picture is
that the mechanism of genome replication and the functions of
viral and host factors might be analogous to some extent
among various (+)RNA viruses in spite of their diverse ge-
nome organization and gene expression strategies. Also, most
of the previously identified host factors are conserved genes,
suggesting that (+)RNA viruses might selectively target con-
served host functions as opposed to species-specific factors.
This strategy can help viruses to have a broader host range and
to expand infections to new host species. Host factors are also
key determinants of virus pathology, host-virus interactions,
and the evolution of the virus.

The tombusvirus replicase is among the best characterized
for (+)RNA viruses due to the development of in vitro assays
and Saccharomyces cerevisiae as a model host (33, 35, 44, 46,
48, 55). Replication of tombusvirus RNA depends on the virus-
encoded RNA-dependent RNA polymerase (p92P°' RdRp)
and the p33 replication cofactor, the key protein in the recruit-
ment of the viral RNA into replication (50). The two viral
proteins, in combination with 4 to 10 host proteins, assemble
on the peroxisomal membrane into the viral replicase complex
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in the yeast model host (36, 64). The list of host proteins
identified within the functional replicase includes heat shock
protein 70 (Hsp70; encoded by the SSAI and SSA2 genes in
yeast), whose downregulation leads to markedly low replica-
tion (55). An additional host factor is glyceraldehyde-3-phos-
phate dehydrogenase (encoded by the TDH2 and TDH3 genes
in yeast), which binds to the minus-stranded Tomato bushy
stunt tombusvirus (TBSV) RNA and affects plus-strand synthe-
sis (61). Another defined component is the ubiquitin-conjugat-
ing enzyme Cdc34p, which is involved in ubiquitination of the
p33 replication cofactor (27). The cytosolic transport protein
Pex19p is only transiently associated with the replicase, likely
during the transport of the replication proteins to the peroxi-
somal membranes, the site of replication (47). It is not known
at present how these host factors might affect the assembly of
the viral replicase complex.

The host-encoded heat shock proteins, such as the Hsp70
chaperone family, the J-domain chaperones, and Hsp90, are
implicated in the replication of plus-stranded RNA viruses
(such as hepatitis C virus and Flock House virus), minus-
stranded RNA viruses (such as influenza virus and vesicular
stomatitis virus), retroviruses (such as human immunodefi-
ciency virus), hepatitis B virus, and other RNA viruses (9, 11,
13, 26, 32, 37, 38, 42, 51, 57, 60, 62). The proposed activities for
these host chaperones during virus replication include the
stimulation of polymerase (RdRp) activity (32), the enhance-
ment of replication (22), the activation of reverse transcriptase
for hepadnaviruses (18, 59), the formation of virus-induced
inclusion bodies (9), and the assembly of closterovirus virions
(3). The cytosolic Hsp70 proteins might also affect the stability/
function of viral proteins during infections, since a subset of
HSP70 genes are expressed at enhanced levels in plants in-
fected by various plant viruses (4, 6, 65, 60).

To dissect the function of Hsp70 in TBSV replication, we
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tested the effect of Hsp70 on the subcellular distribution of the
viral replication proteins, on replicase activity, and on in vitro
membrane insertion of replication proteins. Using an HSP70
mutant yeast (ssal ssa2), we find that the viral replication
proteins remain cytosolic at an early time point, suggesting that
Hsp70 is involved in the subcellular localization of the viral
replication proteins to intracellular membranes. An in vitro
membrane insertion assay demonstrates that Hsp70 promotes
the integration of the viral replication proteins into the sub-
cellular membranes. We also show evidence that cytosolic
Hsp70 is critical for the replication of TBSV and other plant
viruses in a plant host.

MATERIALS AND METHODS

Yeast strains and expression plasmids. Saccharomyces cerevisiae strain InvScl
(Invitrogen) was used as the wild type (WT). The double-mutant (ssal ssa2)
strain MW123 (his3 leu2 lys2 trpl ura3 ssal::HIS3 ssa2::LEU2) was kindly pro-
vided by Elizabeth A. Craig (University of Wisconsin) (7).

To express Ssal-yellow fluorescent protein (YFP), we PCR amplified the full
length of SSAI from yeast genomic DNA using high-fidelity Tag polymerase
(Invitrogen) and primers 1905 (CGCGCTCGAGATGTCAAAAGCTGTCGG)
and 1906 (CGCGGGATCCATCAACTTCTTCAACGG). The PCR product
was treated with XhoI and BamHI, followed by ligation into the corresponding
sites of pPGBK-MS2CP-enhanced YFP (EYFP) (43). The plasmid for expression
of Ssal-HF has been described elsewhere (55). To express the C-terminal fusion
proteins Pex13-cyan fluorescent protein (CFP) and Pho86-CFP from the galac-
tose-inducible GALI promoter, we used PCR with primer pair 1277 (CGGCA
AGCTTACCATGTCATCCACAGCAGTACCACGA)-1278 (CGGGCTCGA
GGTGTGTACGCGTTTCATCATCAACA) for PEX13 and primer pairl269
(CGGCAAGCTTACCATGGCGGTTCAACAAAGAAAGAAGA)-1270 (CG
GGCTCGAGGTCCTTGTGTTCGGCTTTAAAATGGA) for PHOS6, and
with pGAD-Pex13-CFP and pGAD-Pho86-CFP as templates, respectively (43).
The PCR products were treated with HindIII and BamHI and then ligated into
the corresponding sites of pYES/NT-C. The N-terminal fusion proteins YFP-p33
and YFP-p92 have been described elsewhere (43).

Confocal laser microscopy. To view yeast cells expressing different fluorescent
fusion proteins, yeast strains were transformed with Ssal-YFP, in combination
with pGBKCFP-p33/pGAD-CFP-p92 or the subcellular markers Pex13-CFP/
Pho86-CFP. Confocal laser microscopy was performed on an Olympus FV1000
microscope as described previously (21, 61).

Tombusvirus in vitro replicase assay. The “membrane-enriched” tombusvirus
replicase preparations, which are suitable for testing in vitro replicase activity on
the endogenous templates bound to the replicase, were obtained from yeast as
previously described (46).

Affinity purification of FLAG-Ssalp and in vitro replicase assay. For overex-
pression of Ssalp in strain InvScl (Invitrogen), we used pYC-HFSSA, expressing
FLAG-His,-tagged Ssalp from the galactose-inducible GALI promoter (55).
The same yeast also coexpressed Hisq-tagged p92 from the pGAD-His92 plasmid
(46) and Hisg-tagged p33 and DI-72 replicon RNA (repRNA) from the dual
expression plasmid pESC-HisY-p33-DI-72 (21). The yeast was grown at 23°C to
an optical density of 0.6 and then harvested, and the membrane proteins were
solubilized as described previously (46). The FLAG-Hiss-tagged Ssalp was af-
finity purified using an anti-FLAG M2-agarose affinity gel (Sigma) (55). The in
vitro replication assay was performed as described previously (46).

Subcellular fractionation. Yeast cells were grown to an optical density at 600
nm of 0.8 to 1.0. One hundred milligrams of cells was broken in 600 pl of yeast
lysis buffer (200 mM sorbitol, 50 mM Tris-HCI [pH 7.5], 15 mM MgCl,, 10 mM
KCl, 10 mM B-mercaptoethanol, yeast protease inhibitor mix; Sigma), followed
by centrifugation for 5 min at 100 X g to pellet unbroken cells (48, 49). For
sucrose flotation gradient analysis, samples were adjusted to 52% (wt/wt) sucrose
in lysis buffer, and 1,500 pl was loaded into the bottoms of ultraclear polycar-
bonate ultracentrifuge tubes (Beckman), overlaid with 2,700 pl of 45% sucrose
in lysis buffer, topped with 600 wl of 10% sucrose in lysis buffer, and subsequently
centrifuged at 40,000 rpm at 4°C for >16 h by using an SW55 Ti rotor in a
Beckman L8-55M ultracentrifuge. Gradients were manually fractionated into
eight fractions of 480 pl each. Then 15-pl samples from each fraction were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Western blotting procedures as described previously (20).
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RNA and protein analysis. Total-RNA isolation and Northern blot analysis
were performed as described previously (44). Protein analysis was performed as
described previously using an anti-Hisg antibody (46) or anti-Hsc70 (Stressgen
Bioreagents, MI) as the primary antibody for the detection of Nicotiana
benthamiana Hsp70, whereas the secondary antibody was alkaline phosphatase-
conjugated anti-mouse immunoglobulin G (Sigma).

Whole plant and protoplast experiments. Preparation of N. benthamiana pro-
toplasts, electroporation with TBSV RNA, and viral RNA analysis were per-
formed as described previously (45).

Plasmids pTRV1, pTRV2, pYL619, pYL622, and pPDS for virus-induced gene
silencing (VIGS) were kindly provided by S. Dinesh-Kumar (Yale University)
(15). Agrobacterium tumefaciens strain C58C1 carrying one of the VIGS plasmids
was infiltrated into leaves of N. benthamiana as described previously (14). The
mRNA levels of HSP70-1, which expresses the major cytosolic Hsc70 protein, in
the upper leaves were examined by reverse transcription-PCR (RT-PCR) using
primers 2731 (CGTGCCAGATTTGAGGAGTTGAAC) and 2732 (CTGTGA
TCTGTGGCACACCCCTAGGTG) 6 days postinfiltration. The leaves above
the agroinfiltrated leaves were inoculated with virion preparations of TBSV,
Cucumber necrosis virus (CNV), Turnip crinkle virus (TCV), or Tobacco mosaic
virus (TMV) 6 days after infiltration. Total-RNA extracts from the upper (sys-
temically infected) leaves were prepared at 3 days after inoculation.

Quercetin (Sigma) was dissolved in dimethyl sulfoxide (DMSO) and used at
concentrations of 100 uM to 1 mM for infiltration into N. benthamiana leaves by
using a syringe. For the protoplast treatment, quercetin was added to the isolated
N. benthamiana protoplasts 30 min prior to electroporation. After electropora-
tion, the protoplasts were cultured in protoplast culture medium (45) containing
different amounts of quercetin. For the whole-plant treatment, we first inocu-
lated N. benthamiana leaves with a TBSV, TMV, or TCV virion preparation,
followed by infiltration with quercetin, used between concentrations of 100 uM
to 1 mM, by using a syringe. The same concentration of DMSO was infiltrated
into leaves as a control. Note that the inoculated leaves were infiltrated with
either quercetin or DMSO ~10 min after inoculation.

In vitro assay for the insertion of p33 into the membrane. For the in vitro
membrane insertion assay, p33, p92, p33C, and TDH2 mRNAs were synthesized,
using the T7 transcription kit (TaKaRa Bio Inc.), from PCR products obtained
with primers 2144 (GTAATACGACTCACTATAGGGAAGCTATA) and 2145
(TTTTTTTTTTTTTTTTTTTTTTTTITITTTTTTITTITTTTTTTAAAACCT
AAGAGTCAC) and with pGBK-HisCNV33, pGAD-His92, and pGBK-His-Tdh
as templates. Using these mRNAs, we obtained 3S-labeled p33, p92, and Tdh2p
in wheat germ extract according to the manufacturer’s instructions (Promega).
The membrane insertion reaction was carried out in a 10-wl reaction volume
containing 2 pl of yeast membrane (48), 2.5 pl of buffer A (30 mM HEPES, 150
mM potassium acetate, 5 mM magnesium acetate, 130 mM sorbitol), 1 mM
(each) ribonucleotides (ATP, CTP, GTP, UTP), 20 mM creatine phosphate, 0.1
wl of creatine kinase, and 0.05 pl of dithiothreitol. As a negative control, we used
the soluble fraction of the yeast extract (the supernatant fraction was obtained by
centrifugation at 40,000 X g for 1 h at 4°C) lacking membranes.

For the protease protection assay, we used 4 pl of the reaction assay product
described above plus 1 ul of buffer A (48) and 1 wl of water or 1 wl of 10% Triton
X-100, followed by the addition of 1 pl of protease K (70 wg/ml). The reaction
mixtures were incubated at room temperature for 30 or 45 min, and the reaction
was stopped with 50 ul of 13% trichloroacetic acid for protein precipitation. The
samples were analyzed using 13% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis.

RESULTS

Partial relocalization of Hsp70 to the sites of TBSV repli-
cation. A previous proteomics approach revealed that the con-
stitutively expressed Hsp70 proteins, termed Ssalp and Ssa2p
(Ssal/2p) in yeast, are present in the highly purified tombus-
virus replicase complex (55). To determine if the interaction
between Ssal/2p and the viral replicase is cytoplasmic (since a
large portion of Ssal/2p is normally localized in the cytoplasm
of yeast cells in the absence of viral replication) (Fig. 1A) (19)
or if it occurs at the sites of TBSV replication, we coexpressed
YFP-tagged Ssalp and CFP-tagged p33 replication protein in
yeast cells. Confocal laser microscopy of yeast cells 16 h after
the induction of Ssalp-YFP and CFP-p33 expression revealed
partial relocalization of Ssalp-YFP from the cytosol to punc-
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FIG. 1. Cytosolic localization of the p33 and p92P°' replication proteins in ssal ssa2 yeast. (A) Cytosolic localization of Ssal-YFP and Ssa2-YFP
in the absence of TBSV replication. Each experiment was repeated, and 20 or more cells were analyzed. (B) Relocalization of Ssal-YFP to
punctate structures containing viral CFP-p33 in yeast. (C) Cytosolic localization of YFP-p33 or YFP-p92 in ssal ssa2 yeast 6 h after induction from
pGBK-YFP-p33 or pGBK-YFP-p92, respectively, by the addition of galactose to the growth medium. The peroxisomal marker protein Pex13-CFP
was expressed from the GALI promoter. (D) Localization of YFP-p33 or YFP-p92 in ssal ssa2 yeast 24 h after induction. Pex13-CFP and
Pho86-CFP were used as marker proteins for the peroxisomal and ER membranes, respectively. (E) Peroxisomal localization of YFP-p33 in SSA7A
yeast. See further details in panel B. (F) Overexpression of Ssa3p in ssal ssa2 yeast leads to the formation of large punctate structures containing
YFP-p33. These structures are reminiscent of those found in WT yeast (panel B).

tate structures (Fig. 1B), which is a characteristic feature of
TBSV replication proteins (21, 30, 43). The redistributed
Ssalp-YFP colocalized with CFP-p33, suggesting that Ssalp-
YFP is located in the same subcellular compartment as CFP-
p33, which is present in the viral replicase (46, 55). As expected
on the basis of earlier studies (30, 43, 52), this subcellular
compartment is the peroxisomal membrane. The redistribution
of Ssalp-YFP to punctate structures was also observed during
the replication of TBSV DI-72 repRNA, when we coexpressed

the p33 and p92P°' replication proteins in yeast (data not
shown). These data support the idea that Ssal/2p are recruited
to the site of TBSV replication through interaction with the
p33 replication protein.

Cytosolic distribution of the p33 and p92”*' replication pro-
teins in ssal ssa2 yeast. To test if Ssal/2p are involved in the
formation of the characteristic punctate structures driven by
p33/p92P°!, we used ssal ssa2 double-mutant yeast, which is
viable due to the expression of additional Hsp70 proteins,



VoL. 83, 2009

termed Ssa3p and Ssadp (7). Six hours after the expression of
YFP-p33, the localization of YFP-p33 in ssal ssa2 yeast looked
dramatically different from that in WT yeast. For example, the
characteristic punctate structures did not form, and the YFP-
p33 remained cytosolic, frequently showing a “doughnut”-like
distribution (Fig. 1C). In contrast, the CFP-tagged Pex13p, a
cellular marker of peroxisomal membranes (19), localized to
punctate structures as in WT yeast cells. We found a cytosolic
distribution similar to that of YFP-p33 for YFP-p92P°! in ssal
ssa2 yeast (Fig. 1C), suggesting a defect in the subcellular
localization of both TBSV replication proteins shortly after
their expression in the absence of functional Ssal/2p.

Testing of the subcellular distribution of YFP-p33 and YFP-
p92P°! 24 h after their induction in ssal ssa2 yeast revealed a
distribution different from that at the 6-h time point. Both p33
and p92P°! formed a few punctate structures in ssal ssa2 yeast
cells (Fig. 1D). However, these punctate structures in ssa/ ssa2
yeast showed less-defined borders and were present in lower
numbers than the punctate structures formed in WT yeast.
Also, a major portion of p33 and p92P°! was still localized in
the cytosol in ssal ssa2 yeast (Fig. 1D). Colocalization studies
with the peroxisomal protein Pex13-CFP and the ER-specific
protein Pho86-CFP (19) showed that p33 localized partly to
the peroxisomal and ER membranes in ssal ssa2 yeast (Fig.
1D). This is in contrast with the strong colocalization of p33
with the peroxisomal marker in ssa/A yeast (Fig. 1E), which
still expresses WT Ssa2p. Taken together, these data suggest
that the subcellular localization of p33 and p92P°! is greatly
affected by Ssal/2p. Moreover, there are host factors present in
ssal ssa2 yeast that can partially complement the missing func-
tions of Ssal/2p, leading to peroxisomal and ER localization of
a portion of p33 at the 24-h time point.

Since the host factors capable of partial complementation
during p33/p92P°' localization are likely the stress-inducible
Hsp70 proteins Ssa3p and Ssadp, we overexpressed Ssa3p from
an expression vector in ssal ssa2 yeast. Coexpression of YFP-
p33 in this yeast revealed mostly punctate structures (Fig. 1F),
reminiscent of those seen in WT or ssalA yeast (Fig. 1B and
E). Based on the Ssa3p overexpression experiment, we con-
clude that Ssa3p overexpression can complement the function
of Ssal/2p in the subcellular localization of p33 and likely in
that of p92°r°!,

We also tested the subcellular distribution of p33 in ssal ssa2
yeast by fractionation experiments. Cellular extracts from WT
and ssal ssa2 yeast strains expressing Hisg-tagged p33 from the
galactose-inducible GALI promoter were subjected to mem-
brane flotation studies, followed by Western blotting to iden-
tify the fractions containing p33. When the extract was ob-
tained from ssal ssa2 yeast 8 h after the induction of p33
expression, we detected p33 in the bottom fractions, represent-
ing the soluble, cytosolic proteins (Fig. 2A), whereas p33 was
present in the top, membrane-containing fractions in the WT
extract (Fig. 2B). However, the distribution of p33 changed in
extracts obtained from ssal ssa2 yeast at the 16- and 24-h time
points. We found that p33 was present in both the top and
bottom fractions, suggesting that it was partitioned between
soluble and membrane-bound forms at the later time points
when expressed in ssa! ssa2 yeast (Fig. 2A). On the other hand,
p33 was present exclusively in the top fractions at the 16-h time
point when expressed in WT yeast (Fig. 2B). Taken together,
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FIG. 2. Altered subcellular localization of p33 in ssal ssa2 yeast
based on fractionation experiments. (A) Membrane flotation experi-
ments followed by Western blotting reveal that p33 is distributed in the
fractions containing soluble proteins at the early time point (8 h) and
is partitioned between fractions containing soluble and membrane
proteins at the late time points (16 and 24 h) in ssal ssa2 yeast. We
used alkaline phosphatase (ALP), a vacuolar membrane protein, and
3-phosphoglycerate kinase (PGK), a soluble protein, as internal con-
trols in the Western blots. (B) In WT yeast, in contrast, p33 is localized
in fractions containing membrane proteins at both early and late time
points.

these data from the fractionation experiments are in agree-
ment with the observations from confocal microscopy studies
that the subcellular localization of p33 is dramatically affected
by Ssal/2p in yeast cells.

Hsp70 is an integral component of the functional tombus-
virus replicase. To test if the Hsp70 proteins Ssalp and Ssa2p
affect the activity of the tombusvirus replicase, we obtained
membrane-enriched fractions from WT and ssal ssa2 yeast
strains expressing p33, p92P°!, and TBSV repRNA. An in vitro
replication assay with the endogenous TBSV repRNA revealed
that the tombusvirus replicase prepared from the WT yeast
was ~5-fold more active (Fig. 3A, lanes 1 to 3) than that
prepared from the ssal ssa2 yeast (lanes 4 to 6). This effect is
not due to the expression of replication proteins, since they
were present in comparable amounts (Fig. 3B). These data
support the idea that Hsp70 directly affects the activity of the
tombusvirus replicase.

To obtain evidence that Hsp70 is bound to the functional
replicase complex and not to misfolded replication proteins,
we affinity purified FLAG-tagged Ssalp from the solubilized
membrane fraction of WT yeast cells expressing p33, p92°P°,
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FIG. 3. Hsp70 affects the in vitro activity of the tombusvirus repli-
case and binds to the functional replicase. (A) In vitro replicase assay
using the membrane-enriched fraction carrying the copurified
repRNA. Gels show in vitro synthesis of the repRNA products by the
tombusvirus replicase preparations obtained from WT (lanes 1 to 3)
and ssal ssa2 (lanes 4 to 6) yeast. Yeast cells were harvested 16 h after
the induction of TBSV replication. Note that p33 and p92 were ex-
pressed from the galactose-inducible GALI promoter, resulting in
similar amounts of p33 and p92 proteins. (B) Western blot analysis of
p33 and p92P°! levels in the replicase preparations. Both proteins were
expressed from the GALI promoter. (C) Copurification of the func-
tional tombusvirus replicase with FLAG-tagged Ssalp. The mem-
brane-enriched fraction of yeast coexpressing His,-tagged p33, p92r°,
and DI-72 (+)repRNA with FLAG-tagged Ssalp was solubilized with
a detergent, followed by FLAG affinity purification. The FLAG-Ssalp
preparations obtained were tested by a standard replicase assay with an
added minus-stranded repRNA template for the presence of copuri-
fied tombusvirus replicase. The control preparations were also pre-
pared using FLAG affinity purification, but from yeast expressing His,-
tagged Ssalp.

it

and the TBSV repRNA. An in vitro replicase assay performed
with exogenously added viral RNA using the FLAG affinity-
purified Ssalp preparation revealed the presence of the active
tombusvirus replicase (Fig. 3C, lanes 1 to 3). This suggests that
the active replicase can be copurified with FLAG-Ssalp. The
control experiment, based on similar FLAG affinity purifica-
tion of Hise-tagged Ssalp, revealed a lack of replicase activity,
excluding the possibility that the replicase bound nonspecifi-
cally to the affinity column (Fig. 3C, lanes 4 to 6). Overall,
these data convincingly demonstrated that Hsp70 (Ssalp) is an
integral component of the functional tombusvirus replicase.
Hsp70 is involved in the insertion of the replication proteins
to the intracellular membranes. The cytosolic location of p33
and p92P°! in ssal ssa2 yeast indicates that Ssal/2p could be
involved in the intracellular targeting of the replication pro-
teins and/or in the insertion of the replication proteins, which
are integral membrane proteins with two transmembrane-do-
mains (30, 39, 46), into the membrane. To test the latter model,
we have developed an in vitro assay including purified recom-
binant Ssalp, **S-labeled p33, and **S-labeled p92P°, as well as
a yeast cell extract containing cellular membranes (48, 49).

J. VIROL.

First, we synthesized *°S-labeled p33 and p92P°' using the
wheat germ in vitro translation assay. Then we performed the
in vitro membrane insertion assay with either *>S-p33 or *°S-
p92P°! and added purified recombinant Ssalp. Finally, to test
the insertion of *>S-p33 into the membranes in the extract, we
washed the isolated membranes with a high-salt buffer to re-
move peripheral membrane proteins. Then we treated the
samples with proteinase K, since membrane insertion of p33
should provide increased protection against protease diges-
tion. These experiments showed that the added purified re-
combinant Ssalp increased the amount of proteinase K-resis-
tant p33 fragments in the membrane fraction ~5-fold (Fig. 4A,
lanes 5 and 6 and 14 and 15) over that in the sample without
added Ssalp (lanes 4 and 13). Treatment of the membrane
fraction with Triton X-100 made p33 sensitive to proteinase K
regardless of the presence or absence of added Ssalp (Fig. 4A,
lanes 7 to 9 and 16 to 18). The simplest interpretation of these
data is that treatment of the membranes with Triton X-100
rendered the integral p33 exposed and as susceptible to pro-
teinase K as the nonintegral p33. Similar treatment of the
33S-labeled cytosolic protein Tdh2p with proteinase K did not
show significant differences between the presence and the ab-
sence of Ssalp (Fig. 4B, lanes 4 to 6 and 13 to 15). Also,
treatment of the membranes with Triton X-100 and proteinase
K did not alter the sensitivity of Tdh2p to proteinase K (Fig.
4B, lanes 7 to 9 and 16 to 18), indicating that Tdh2p was not
associated with or protected by the membranes present in the
samples.

To test if the membrane integration of p92P°' was also af-
fected by Hsp70, we used a similar in vitro assay with *>S-p92pr°!
and proteinase K (Fig. 4C). The patterns of the proteinase
K-resistant fragments for *S-p33 and *°S-p92P°' were strik-
ingly similar, indicating that the overlapping portion of p92r°!
was also protected by the membrane. The most prevalent frag-
ment was an ~11-kDa fragment, likely including the two trans-
membrane domains present in both replication proteins. Ad-
dition of recombinant Ssalp to the assay mixture enhanced the
protection of p92P°! fragments ~4- to-5-fold (Fig. 4C, lanes 10
to 12). Overall, these data support the model that Ssalp is
involved in the insertion of p33 and p92P°' into membranes.

To provide further support for the role of membranes in the
protection of p33 from proteinase K digestion, we tested if the
soluble fraction of the yeast extract in combination with Ssalp
could confer resistance against proteinase K on p33. This ex-
periment demonstrated that p33 was as sensitive to proteinase
K digestion in the presence of Ssalp and the soluble fraction
(Fig. 4D, lanes 10 to 12) as after the Triton treatment of the
membrane fraction-containing samples (lanes 7 to 9). We also
tested the sensitivity of p33 to proteinase K in the absence of
the membrane-spanning N-terminal domain in p33. The puri-
fied recombinant p33C, containing the C-terminal hydrophilic
half of p33, was as sensitive to proteinase K digestion in the
presence of the membrane fraction and Ssalp (Fig. 4E, lanes 4
to 6) as in the presence of the soluble fraction and Ssalp (lanes
10 to 12). Altogether, the sensitivity of p33 in the presence of
the soluble fraction of the yeast extract and the sensitivity of
p33C in the presence of the membrane fraction suggest that
Ssalp does not make p33 insensitive to proteinase K in the
absence of the membrane fraction and does not protect p33C,
which lacks the membrane-spanning domain. Thus, these re-
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FIG. 5. Knockdown of HSP70 mRNA levels by VIGS reduces the accumulation of TBSV RNA in N. benthamiana. (A) Total-RNA samples
obtained from N. benthamiana leaves silenced as shown were analyzed by gel electrophoresis. Two different segments of HSP70 (pYL619 and
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sults support the model that Ssalp is involved in the insertion
of p33 into the membrane. However, it is likely that additional
host proteins also contribute to p33 insertion into the mem-
brane, as has been shown for some cellular proteins (67, 68).

Inhibition of TBSV gRNA accumulation by downregulation
of HSP70 via gene silencing in the Nicotiana host. To demon-
strate that Hsp70 plays a role in TBSV replication in a natural
plant host, we used a gene-silencing approach with Nicotiana
benthamiana as the host. Although the number of Hsp70 genes
in N. benthamiana is currently unknown, there are 14 Hsp70
genes in Arabidopsis thaliana, and five of those Hsp70 genes
code for cytosolic chaperones, which share high sequence ho-
mology (28). We tested two regions of the HSP70 gene cloned
from N. benthamiana, which were inserted separately into a
Tobacco rattle virus (TRV)-based gene-silencing vector in the
Dinesh-Kumar laboratory (14, 15). The TRV-YL619 and
TRV-YL622 vectors carrying the HSP70 sequences were ex-
pressed in N. benthamiana via agroinfiltration (14). The con-
trol constructs were the empty vector (TRV-RNA2) and TRV-
PDS, carrying a sequence to silence N. benthamiana phytoene
desaturase (PDS) gene expression (15). Another control was
water infiltration into the leaves. Gene silencing with TRV-
YL619 and TRV-YL622 affected the growth of the treated
plants 14 days after infiltration (data not shown). Therefore,
we aimed at testing TBSV RNA accumulation in the plants in
which HSP70 had been silenced before the day 14 time point.
Briefly, we inoculated the new leaves of agroinfiltrated (with
TRV-YL619 and TRV-YL622) plants with a TBSV virion
preparation 6 days after infiltration, followed by total-RNA
isolation from both the TBSV-inoculated and uninoculated
(systemically infected) leaves 3 days postinoculation (dpi).
RNA gel analysis revealed that TBSV RNA accumulation de-
creased markedly in TRV-YL619- and TRV-YL622-silenced
plants (Fig. 5A, 1st to 6th lanes), whereas TBSV RNA accu-
mulation was as high in plants in which PDS had been silenced
(7th to 9th lanes) or in empty-vector-treated plants (10th to
12th lanes) as in the nonsilenced (water-treated) plants (13th
to 14th lanes). We confirmed by semiquantitative RT-PCR
that N. benthamiana HSP70 (NbHSP70) mRNA levels were
reduced in TRV-YL619- and TRV-YL622-silenced plants
(Fig. 5C). Western blotting of total-protein extracts with an
anti-Hsp70 antibody revealed that the levels of Hsp70 protein
accumulation in TRV-YL619- and TRV-YL622-silenced
plants were reduced to 32 and 21% of the control level, re-
spectively (Fig. 5D). Northern blot analysis revealed 83 and
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96% inhibition of TBSV genomic RNA (gRNA) accumulation
in the uninoculated leaves of TRV-YL619- and TRV-YL622-
silenced plants, respectively (Fig. 5B). Similar levels of inhibi-
tion of viral RNA accumulation were observed when the plants
in which NbHSP70 was silenced were inoculated with CNV, a
closely related tombusvirus. These results demonstrate that
downregulation of NbHSP70 significantly reduces tombusvirus
RNA accumulation. The TRV2-infected plants (Fig. 5A, 10th
to 12th lanes) did not inhibit TBSV accumulation, excluding
the possibility that either agroinfiltration or TRV infection
could inhibit TBSV accumulation in N. benthamiana, as shown
previously (61).

Silencing of NbHSP70 with pYL622 caused severe pheno-
types, leading ultimately to the death of the plants (data not
shown), whereas silencing with pYL619 resulted in a white/
yellow leaf phenotype (Fig. SF and G), an effect somewhat
similar to that caused by the silencing of PDS (data not shown).
However, the inhibition of TBSV RNA accumulation due to
knockdown of NbHSP70 was more dramatic than that due to
changes in the rRNA level (Fig. 5A), suggesting that TBSV
replication is especially sensitive to the level of NbHSP70. The
apparent changes in the phenotype of the plants caused by the
silencing of NbHSP70 were visible during the 3-day period of
infection (Fig. SE and F), though no viral symptoms were
visible. The young leaves went through rapid necrosis in non-
silenced or PDS-silenced plants after CNV or TBSV infections
(Fig. 5G), followed by death of the whole plants.

Inhibition of TBSV genomic RNA accumulation in the Nico-
tiana host by quercetin, an inhibitor of HSP70. To further test
the effect of NbHsp70 on TBSV replication, we used quercetin
(17), a chemical inhibitor of HSP70 expression, in single cells
(protoplasts lacking cell walls) and whole plants. Quercetin is
a bioflavonoid that is known to specifically inhibit HSP70
mRNA expression in animal cells (5, 28, 29). The application
of 200 uM quercetin inhibited TBSV gRNA accumulation by
92% in protoplasts (Fig. 6A, lanes 10 to 12) without affecting
host rRNA levels or causing visible damage to the cells (data
not shown).

Similar treatment of plant leaves infected with TBSV using
200 pM quercetin had no effect on TBSV RNA accumulation
in N. benthamiana (data not shown). However, increasing the
concentration to 1,000 uM quercetin led to 97% inhibition of
TBSV RNA accumulation in infected N. benthamiana plants at
3 dpi (Fig. 6B, lanes 10 to 12). The quercetin treatment inhib-
ited the accumulation of cytosolic NbHSP70 mRNA by ~80%

pYL622) were used in the TRV silencing vectors. The control experiments included PDS in the TRV vector and the empty TRV vector, as well
as infiltration with water. We chose the 6th day after VIGS to inoculate the upper, systemically silenced leaves with TBSV virions. Samples for
RNA extraction were taken from the inoculated leaves 3 days postinoculation. (B) (Top) Northern blotting shows the accumulation of TBSV
gRNA and subgenomic RNAs (sgRNAs). (Bottom) The ethidium bromide-stained gel shows rRNA and TBSV gRNA levels. These results shown
here and in panel A are from different experiments. (C) VIGS reduced NbHSP70 mRNA levels in treated leaves. Semiquantitative RT-PCR was
performed with primers that allow the amplification of a region of HSP70 not present in the pYL619 and pYL622 VIGS constructs. (D) Western
blotting of silenced N. benthamiana leaves with an anti-Hsp70 antibody 6 days postinoculation. (E) Phenotypes of N. benthamiana plants in which
Hsp70 was silenced, shown 6 days after agroinfiltration with pYL619 or pYL622. The pictures were taken just before the inoculation of the upper
extended leaves with a TBSV virion preparation. (F) Phenotypes of N. benthamiana plants in which Hsp70 was silenced, shown 9 days after
agroinfiltration with pYL619 or pYL622 and 3 days after inoculation with TBSV. Note that no symptoms of TBSV infection are visible at this early
time point. The pictures were taken after the samples were collected for TBSV RNA analysis. (G) Symptoms of TBSV-infected N. benthamiana
plants in which Hsp70 or PDS was silenced, shown 12 days after agroinfiltration with pYL619 or pPDS. The white/yellow coloring of the leaves
is due to the silencing of Hsp70 or PDS after agroinfiltration with pYL619 or pPDS, respectively. The PDS-silenced plants died as quickly as the
control plants treated with the empty TRV vector (data not shown).
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(Fig. 6B) without visibly affecting the plants (Fig. 6B, bottom
panels). Also, quercetin treatment inhibited the formation of
TBSV symptoms and the death of infected plants at 8 dpi (Fig.
6B). In contrast, the control plants treated with DMSO died
following TBSV infection, which causes systemic necrosis at 8
dpi (Fig. 6B). The DMSO treatment does not have any phe-
notypic effect on the host plants (data not shown). These
experiments further demonstrate the role of NbHsp70 in
tombusvirus replication in planta.

To determine whether quercetin offers broad protection
against plant viruses, we tested the accumulation of CNV;
TCV, a more distant member of the family Tombusviridae; and
TMV, which is a very different virus belonging to the Alphavi-
rus supergroup (25). Interestingly, the accumulation of CNV,
TCV, and TMV was inhibited as much as 90% by the quercetin
treatment (Fig. 6B, C, and D). Thus, the replication of several
plant viruses might be dependent on Hsp70.

DISCUSSION

Replication of (+)RNA viruses of plants and animals greatly
depends on coopted host proteins, which provide many differ-
ent functions not supplied by the few virus-encoded replication
proteins. Among the host proteins that have been identified
within the tombusviral replicase complex, the Hsp70 chaper-
one seems to play multiple and essential roles. Downregulation
of Hsp70 inhibited TBSV accumulation, whereas overexpres-
sion of Hsp70 increased TBSV accumulation, in the yeast
model host (27, 55, 61), suggesting that Hsp70 is present in
limiting amounts in the cell for TBSV replication. The function
of Hsp70 is likely through its ability to bind the p33 and p92r°!
replication proteins, resulting in partial redistribution of Hsp70
(Fig. 1B, Ssalp) from the cytosol to the peroxisomal mem-
brane, the site of TBSV replication (30, 43, 47). It is possible
that the binding of p33 and p92P°' replication proteins to
Hsp70 results in shielding the hydrophobic transmembrane
domains in the replication protein, which could prevent their
aggregation and promote binding to the Pex19p transport pro-
tein. The latter interaction is needed for peroxisomal targeting
of the replication proteins (47).

In addition to the protein chaperone function of Hsp70
discussed above, we have now demonstrated that Hsp70 is

rated with TBSV gRNA and treated with various concentrations of
quercetin, as shown. Total-RNA samples were obtained 40 h postelec-
troporation. Northern blotting (top) shows the accumulation of TBSV
gRNA and subgenomic RNAs (sgRNAs), and the ethidium-bromide
stained gel (bottom) shows rRNA and TBSV gRNA levels. Note that
treatment with DMSO, which is used to dissolve quercetin, was chosen
as the control. (B) Treatment of N. benthamiana leaves with quercetin
interferes with the accumulation of CNV and TBSV RNAs. (Top and
second panels) Total-RNA samples from the inoculated leaves were
obtained 3 days postinoculation and used for Northern blotting and for
gel analysis to show rRNA and TBSV gRNA levels, respectively.
(Third panel) Semiquantitative RT-PCR of NbHSP70 mRNA levels in
treated leaves. (Bottom panel) Symptoms developed on quercetin- and
DMSO-treated N. benthamiana plants 3 and 8 days postinoculation.
(C) Effect of quercetin treatment on TMV accumulation. See further
details in the legend to panel B. (D) Inhibition of TCV accumulation
by quercetin treatment in N. benthamiana. See further details in the
legend to panel B.
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involved in controlling the subcellular localization of the viral
replication proteins. This is based on the finding that mutations
in both SSA7 and SSA2, two genes coding for Hsp70, affected
the intracellular distribution of the viral replication proteins
and inhibited replicase activity in vitro. Confocal laser micros-
copy and subcellular fractionation experiments have shown
that the viral replication proteins are mostly cytosolic in ssa/
ssa2 yeast at the early time point, while the distribution of the
viral proteins becomes partly membrane bound at a latter time
point. This partial complementation over time is likely due to
the cytosolic, stress-inducible proteins Ssa3p and Ssadp, which
operate at higher levels in ssal ssa2 cells (7, 63). Yeast in which
the four SSA genes are deleted is not viable; thus, we could not
test viral replication in the absence of these cytosolic Hsp70 pro-
teins. It is worth noting that Hsp70 has been shown to affect the
intracellular localization of cellular proteins as well (67, 68).

We also find that Hsp70 affects the insertion of the replica-
tion proteins into intracellular membranes in vitro. The inte-
gration events were tested with proteinase K treatment, which
leaves portions of p33 and p92 protected from digestion. Ad-
dition of recombinant Ssalp to the in vitro membrane insertion
assay containing yeast extract increased the amount of the
protected p33 and p92P°' fragments four- to-fivefold (Fig. 4C).
Solubilization of yeast membranes with 1% Triton X-100 pre-
vented the protection of a fragment of the TBSV p33 replica-
tion protein against proteinase K digestion in the presence of
added Ssalp, confirming that Ssalp enhances the insertion of
the replication protein into the membranes. Integration of the
p33 replication protein into subcellular membranes, such as
peroxisomal and ER membranes (21), is thought to be critical
for tombusvirus replication, since p33 mutants localized in the
cytosol do not support TBSV replication in yeast or in plant
cells (30, 43). Also, ssal ssa2 yeast cells, which show partial
cytosolic localization of p33 and p92, support reduced levels of
TBSV replication (Fig. 1 and 3). Based on these data, we
propose that the insertion of p33 and p92P°' proteins into the
intracellular membrane by the cytosolic Hsp70 is critical for
TBSV replication in yeast cells. However, the insertion of the
replication proteins into the membrane might require addi-
tional cellular factors, as shown for cellular membrane-associ-
ated proteins (8, 67).

The functions of Hsp70 discovered in this work might be
connected, since membrane insertion of p33 and p92P°' could
be critical for their intracellular localization to membranes. It
is possible that those p33/p92P°' proteins that are not inte-
grated remain cytosolic in ssal ssa2 cells. The cellular peroxi-
somal transporter protein Pex19p, which binds to p33 and
targets it to the peroxisomal membrane (47), might require
Hsp70 for delivering/unloading/inserting the cargo p33/p92°r°'
proteins to the peroxisomal membrane.

Interestingly, the subcellular localization data (Fig. 1 to 2)
and copurification experiments (Fig. 3) (55) indicate that
Hsp70 remains associated with the viral replicase even after
the insertion of the replication proteins into the membranes,
suggesting an additional function for Hsp70 during tombusvi-
rus replication. Indeed, we were able to copurify functional
replicase complex with Hsp70 after solubilization of the mem-
brane fraction (Fig. 3C), suggesting that the activated replicase
still contains Hsp70. Moreover, a recent study of in vitro as-
sembly of the TBSV replicase based on a yeast cell extract,
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purified replication proteins, and recombinant Hsp70 revealed
that Hsp70 is required in order to reconstitute the fully func-
tional TBSV replicase (49).

The cytosolic Hsp70 is also required for TBSV genomic
RNA replication in plant cells and whole-plant hosts, based on
knockdown and inhibition experiments (Fig. 5 and 6). VIGS
using two different regions from HSP70 (15) resulted in strong
inhibition of TBSV RNA replication in N. benthamiana plants
(Fig. 5). However, knockdown of the NbHSP70 level also had
detrimental effects on the plants, including yellowing (pYL619)
and necrosis (pYL622). Therefore, we performed the experi-
ments within a short period (a total of 9 to 12 days from
agroinfiltration to sample collection), before the appearance of
phenotypes. Furthermore, we used a gentle approach based on
quercetin, which inhibits HSP70 mRNA accumulation (17).
The treatment with quercetin led to greatly reduced TBSV
gRNA accumulation, confirming that the cytosolic Hsp70 is
critical for TBSV replication in a host plant. The quercetin
treatment also inhibited CNV, TCV, and TMV accumulation,
suggesting that other plant viruses also depend on Hsp70 dur-
ing their infection cycles. Indeed, Hsp70 was shown to be part
of the CNV and TMV replicase complexes (40, 55). The in-
teraction between Hsp70 and the tombusvirus replication pro-
teins likely takes place in the functional replicase, since FLAG
affinity purification of Ssalp from the solubilized membrane
fraction of yeast resulted in copurification of tombusvirus rep-
licase activity (Fig. 3C). Taken together, the data support a
functional role for the cytosolic Hsp70 in several steps of tom-
busvirus replication, including subcellular localization, mem-
brane insertion, and assembly of the viral replicase complex
(49).
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