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Tomato bushy stunt virus (TBSV) and other tombusviruses encode
a p19 protein (P19), which is a suppressor of RNAi. Wild-type TBSV
or p19-defective mutants initially show a similar infection course in
Nicotiana benthamiana, but the absence of an active P19 results in
viral RNA degradation followed by recovery from infection. P19
homodimers sequester 21-nt virus-derived duplex siRNAs, and it is
thought that this prevents the programming of an antiviral RNA-
induced silencing complex to avoid viral RNA degradation. Here we
report on chromatographic fractionation (gel filtration, ion ex-
change, and hydroxyapatite) of extracts from healthy or infected
Nicotiana benthamiana plants in combination with in vitro assays
for ribonuclease activity and detection of TBSV-derived siRNAs.
Only extracts of plants infected with p19 mutants provided a
source of sequence-nonspecific but ssRNA-targeted in vitro ribo-
nuclease activity that coeluted with components of a wide molec-
ular weight range. In addition, we isolated a discrete �500-kDa
protein complex that contained �21-nt TBSV-derived siRNAs and
that exhibited ribonuclease activity that was TBSV sequence-
preferential, ssRNA-specific, divalent cation-dependent, and insen-
sitive to a ribonuclease inhibitor. We believe that this study
provides biochemical evidence for a virus–host system that infec-
tion in the absence of a fully active RNAi suppressor induces
ssRNA-specific ribonuclease activity, including that conferred by a
RNA-induced silencing complex, which is likely the cause for the
recovery of plants from infection.

suppression � silencing � RNA-induced silencing complex

In response to virus infection, plants can activate virus-induced
gene silencing (VIGS), which is an antiviral RNAi pathway

capable of specifically recognizing and degrading viral RNA (1–3).
Many viruses have evolved VIGS suppressors to block the RNAi-
mediated host defense, apparently as an adaptive viral response to
this protective surveillance system. The particular mode of action of
different virus-encoded suppressors may vary (4, 5), but their
general purpose appears to be preventing VIGS-mediated degra-
dation of viral genomic RNA (gRNA) or mRNA transcripts (2, 6,
7). One of the best characterized suppressors is the Tombusvirus-
encoded p19 protein (P19); it interferes with RNA silencing in
plants and RNAi in other model systems (2, 3, 8). In the context of
Tombusvirus infections, P19 prevents RNAi-mediated viral RNA
degradation, which correlates with a dramatic exacerbation of the
disease phenotype compared with infections with virus mutants not
expressing P19 (9–16).

Tombusvirus replication in plants involves the accumulation of
abundant levels of highly structured single-stranded and double-
stranded virus RNAs (17, 18). These molecules are thought to
form substrates for one of the initial steps in RNAi whereby the
RNase III-like enzyme Dicer cleaves dsRNA (and/or highly
structured ssRNAs) into duplex siRNAs (19–22). Tombusvirus
siRNAs in infected plants represent regions scattered along the
entire viral RNA genome (17).

P19 forms soluble homodimers that preferentially bind
dsRNA through sequence-nonspecific electrostatic interactions
between residues in the protein groove of the dimer and the

sugar–phosphate backbone of the RNA duplex (23, 24). Caliper
tryptophan residues on either side of the P19 dimers are
positioned such that the complex preferentially binds 21-bp
siRNAs (23, 24). Thus, P19-mediated suppression of VIGS
presumably occurs through the appropriation of �21-nt Tom-
busvirus-derived duplex siRNAs. In turn, this property is thought
to prevent incorporation of these siRNAs into an RNA-induced
silencing complex (RISC) (3). This model is supported by
observations that the ability of P19 to sequester Tombusvirus-
derived siRNAs during infection correlates with a compromised
viral RNA degradation (2, 25).

Genetic studies also have provided support for the aforemen-
tioned model for antiviral RNA silencing and its suppression by
virus proteins, especially for plant–virus systems (2, 8, 26–28).
However, direct biochemical evidence for, and characterization of,
antiviral RNAi effector complexes, such as RISC, remain to be
reported for any virus–host system. The present study uses Tomato
bushy stunt virus (TBSV), the type member of the tombusviruses,
and its experimental host Nicotiana benthamiana, to test whether
antiviral ribonucleases are induced upon infection. For this pur-
pose, plant extracts were subjected to three independent chroma-
tography separation techniques in combination with in vitro assays
for ribonuclease activity and siRNA detection.

Extracts obtained from healthy plants or from those infected with
TBSV expressing wild-type (wt)P19 did not reveal the presence of
high-molecular weight (MW) TBSV–siRNA-containing complexes
with the capacity to degrade TBSV RNA in vitro. However, initial
gel filtration with extracts from plants infected with TBSV not
expressing P19 yielded a multitude of collected fractions with
sequence-nonspecific ribonuclease activity in vitro. When gel-
filtration assays were performed on plants infected with a TBSV
P19 mutant (P19/R43W) that has an intermediate pathogenicity
phenotype, compared with wtP19 and that observed in absence of
P19 (9), the virus-nonspecific influence of some high-MW nucle-
ases was significantly lower. Gel-filtration, ion-exchange, and hy-
droxyapatite column chromatography also yielded a discrete
high-MW (�500 kDa) ribonucleoprotein complex that contained
TBSV-specific siRNAs and exhibited divalent cation-dependent,
TBSV RNA-preferential ribonuclease activity in vitro. These in vitro
findings correlate with the observation that, in the absence of an
active P19, plants recover from infection with TBSV.

Results and Discussion
Plants Infected with TBSV P19-Suppressor Mutants Contain ssRNA-
Specific Ribonucleases. First, the hypothesis was tested that, in
response to viral infection, plants can trigger the induction of
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ribonuclease activity that targets virus RNA. For this purpose,
gel-filtration chromatography fractionation was performed with
extracts from healthy and TBSV-infected plants, through a
Sephacryl S-200 HR column. The eluted fractions were analyzed
for the presence of in vitro cleavage activity against total RNA
obtained from TBSV-infected plants, which includes rRNAs and
TBSV ssRNA and dsRNA (Fig. 1). Results of such in vitro cleavage
experiments with gel-filtration fractions obtained from healthy or
mock-inoculated plants did not reveal the presence of high-MW
(�100 kDa) complexes with ribonuclease activity (Fig. 1A). This
result is in agreement with the assertion that noninoculated plants
should not contain preprogrammed RISC-like complexes directed
against virus RNA (1, 2).

Similar in vitro cleavage experiments with extracts from N.
benthamiana plants infected with TBSV expressing wtP19 showed
that low-MW fractions contained sequence-nonspecific ribonucle-
ases that degraded TBSV RNA as well as rRNAs (Fig. 1B).
However, high-MW fractions (�100 kDa) did not display ribonu-
clease activity toward TBSV RNA isolated from infected plants
(Fig. 1B) or TBSV transcripts in vitro (Fig. 1C). Previously, it was
shown that, in plants infected with wt Tombusvirus, viral-derived
siRNAs exclusively associated with P19 (12, 14, 29). These findings,
along with those reported here, agree with the model that, during
infection, wtP19 dimers sequester Dicer-generated �21-nt TBSV
duplex siRNAs to avoid their programming of a high-MW antiviral
RISC-like complex and thus prevent the onset of RNAi-mediated
viral RNA degradation (2).

The progression of infection and symptom development on N.
benthamiana plants inoculated with a TBSV p19-mutant devoid of

P19 expression (TBSV-dP19) is initially very similar to that ob-
served for wt TBSV (9, 14, 15). However, instead of eventually
succumbing to a lethal necrosis, plants infected with tombusviruses
devoid of P19 expression develop a recovery phenotype associated
with viral RNA clearance (2). To test the premise that these
manifestations correlated with the induction of one or more
virus-specific ribonucleases in the absence of P19, gel-fractionation
and in vitro RNA cleavage tests were conducted with extracts from
plants infected with TBSV-dP19. Ribonuclease activity tests
showed that, in addition to the aforementioned low-MW nucleases,
fractions containing high-MW complexes (160 to �500 kDa)
showed ribonuclease activity directed toward TBSV ssRNA (Fig.
2). Plant rRNAs were also targeted, whereas plant chromosomal
DNA or TBSV dsRNA were not affected (Fig. 2A). The high-MW
fractions exhibiting the ssRNA-specific nuclease activity also
cleaved in vitro generated TBSV transcripts in presence of RNase
A inhibitor (Fig. 2B).

Notwithstanding our considerable interest in virus-induced se-
quence-nonspecific nuclease activity in a number of fractions, our
primary intention was to test the hypothesis that P19 prevents
TBSV-mediated activation of a discrete siRNA-containing
high-MW (possibly RISC-like) antiviral effector complex. The
results obtained thus far indicate that fractions from plants infected
with TBSV-dP19 contained one or more complexes of �200–500
kDa. To provide independent evidence, gel-filtration and ribonu-
clease activity experiments were conducted with the TBSV mutant
expressing P19/R43W. In comparison with wtP19, P19/R43W does
not bind siRNAs as efficiently (14). As observed for TBSV-dP19
(Fig. 2), the results obtained with TBSV-P19/R43W (Fig. 3) again
showed the presence of low-MW, ssRNA-targeting, sequence-
nonspecific ribonucleases that cleaved both TBSV ssRNA and plant
rRNA (Fig. 3A). However, one particular gel-filtration fraction
(GF), GF-6 (Fig. 3A), representing eluted high-MW components
(�500 kDa) preferentially cleaved TBSV RNA in purified total
RNA from plants (although rRNAs were still affected) (Fig. 3A).
GF-6 also effectively cleaved in vitro synthesized TBSV transcripts
(Fig. 3B). Compared with the high-MW ribonuclease activity for
dP19 that was spread out over GF-5 to GF-9 (Fig. 2), the activity
associated with P19/R43W was predominantly present in GF-6,
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Fig. 1. In vitro RNA cleavage assays with gel-filtration fractions collected
from healthy or wt TBSV-infected plants. (A and B) Healthy (A) or TBSV-
infected (B) N. benthamiana extracts were subjected to gel-filtration chroma-
tography on a Sephacryl S-200 HR column, and collected fractions were tested
for the ability to cleave total RNA extracted from TBSV-infected N. benthami-
ana plants, as visualized by ethidium bromide staining of nucleic acids. (C)
Fractions shown in B were tested for in vitro cleavage of TBSV transcripts
visualized by Northern blot hybridization. Select numbers on the top indicate
the order of collected fractions (1–20). Arrows and abbreviations to the right
indicate the positions of plant chromosomal DNA (plant DNA), viral dsRNA
(TBSV dsRNA) or viral ssRNA (TBSV ssRNA), and plant rRNAs. Arrows on the
bottom indicate the fractions representing the void volume and the extrap-
olated elution profile of standard MW markers on the same column.
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Fig. 2. In vitro RNA cleavage assays with fractions of plants infected with a
TBSV mutant that does not express P19. (A) Gel-filtration chromatography
fractions were collected from N. benthamiana infected with TBSV-dP19, as for
Fig. 1, and tested for cleavage of total RNA extracted from wt TBSV-infected
N. benthamiana plants. (B) The same fractions were tested for cleavage of
TBSV transcripts that were synthesized and tested in the presence of RNase A
inhibitor. The asterisk indicates a pair of closely spaced bands, the upper band
corresponding to TBSV genomic ssRNA and the lower band corresponding to
TBSV dsRNA of subgenomic RNA2 (18), which resisted degradation. Visualiza-
tion and labeling is as for Fig. 1.
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representing �500 kDa complexes (Fig. 3). Thus, the results with
dP19 and P19/R43W independently indicate that, in absence of a
fully active wtP19, high-MW ribonuclease complexes are activated
in TBSV-infected plants.

Previous gel-filtration experiments with extracts from wt
TBSV-infected plants showed that 21-bp TBSV-derived siRNAs
were not detectable in high-MW (�500 kDa) fractions, presum-
ably because of the sequestration of all siRNAs by wtP19
resulting in �60 kDa P19/siRNA complexes (14). However,
gel-fractionated extracts of plants infected with TBSV-P19/
R43W revealed the presence of �21-nt TBSV siRNAs in GF-6
(Fig. 3C) that also exhibited ssRNA-specific ribonuclease activ-
ity (Fig. 3B). This provided supportive evidence for our previous
deduction (14) that the failure of P19/R43W to bind all available
TBSV siRNAs resulted in the ‘‘leaky transfer’’ of a siRNA subset
to a high-MW nuclease effector complex.

Briefly, the results obtained thus far show the presence of
ribonuclease activity in plants infected with TBSV P19 mutants
compromised for suppression, and some of the activity is asso-
ciated with one or more high-MW (�500 kDa) complexes. The
absence of ribonucleases in healthy plants clearly indicated that
the detected activity is induced by virus infection. Moreover, the
induction of nuclease activity is profoundly suppressed by the
expression of wtP19 by TBSV in planta.

TBSV-Preferential Ribonuclease Is Associated with a Discrete High-MW
Complex That Contains Viral siRNAs and Requires Divalent Cations for
in Vitro Activity. Rather than being functionally associated with the
same complex, it is possible that the ribonuclease activity and
siRNAs simply coelute from the gel-filtration column. Additionally,
it was deemed desirable to reduce the effects attributable to the
sequence-nonspecific ribonucleases. For these reasons, DEAE ion-

exchange chromatography was used with extracts from N.
benthamiana plants infected with TBSV-d19 (Fig. 4).

First, the distribution of total eluted TBSV siRNAs was
monitored by subjecting the collected ion-exchange chromatog-
raphy fractions to urea-gel denaturing electrophoresis followed
by Northern blot hybridization with a TBSV-specific probe. As
shown in Fig. 4A, fractions containing �21-nt TBSV siRNAs
eluted at concentrations of 250–400 mM NaCl. Again, in
accordance with the anti-TBSV RNAi model (2), such siRNAs
coeluted with wtP19 upon ion exchange fractionation of extracts
from plants infected with wt TBSV (data not shown), most likely
because wtP19 had sequestered these molecules (14). The de-
naturing conditions used in Fig. 4A presumably resulted in
detection of total siRNAs (i.e., ssRNA plus dsRNA), whereas
ribonuclease complexes like RISC are assumed to contain
ssRNAs. Therefore, samples of the collected fractions were also
subjected to native agarose gel RNA separation followed by
Northern blot hybridization (Fig. 4B). Although these tests do
not conclusively demonstrate that exclusively ssRNAs are
present, they do support an argument against the notion that
there are only short dsRNAs in the active fractions.

To determine whether the siRNA-containing ion-exchange
chromatography fractions exhibited ribonuclease activity, they
were mixed with TBSV transcripts (Fig. 4C) or with total RNA
from infected plants (Fig. 4D). Although ion-exchange eluted
fraction 13 (IF-13) degraded TBSV RNA (Fig. 4C), this sample
did not contain detectable amounts of TBSV siRNAs (Fig. 4 A

ANRss VSBT

ANRis tn 12

stpircsnart VSBT

11     01      9       8      7      6       5       4      3       2

B

C

02                 51                01             6   5              1

11     01      9       8      7      6       5       4      3       2

diov aDk 005 aDk 061

etalpmet AND

A

Fig. 3. In vitro RNA cleavage assays and siRNA detection in fractions from
plants infected with a TBSV mutant expressing P19/R43W. (A and B) GFs were
tested (as Fig. 1) for cleavage of total RNA extracted from TBSV-infected N.
benthamiana plants (A) or in vitro generated TBSV transcripts (the higher
band represents the DNA template) (B). Symbols, numbers, and abbreviations
are as for Fig. 1. (C) Fractions obtained after gel filtration were concentrated
and subjected to urea-gel denaturing electrophoresis followed by Northern
blot hybridization by using a TBSV-specific probe. The arrow on the right
indicates the position of TBSV �21-nt siRNAs.
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Fig. 4. Activity tests and siRNA detection for ion-exchange fractions ob-
tained from N. benthamiana plants infected with TBSV-dP19. (A) Denaturing
gel-electrophoresis followed by Northern blot hybridization for the detection
of �21-nt TBSV-specific siRNAs in fractions collected on DEAE ion-exchange
chromatography (every other fraction was tested). The positions of RNA size
markers are indicated on the rightmost side of the blot. (B) Native agarose gel
electrophoresis followed by Northern blot hybridization to detect TBSV-
specific siRNAs. (C and D) Fractions were tested for in vitro cleavage of TBSV
transcripts followed by Northern blot hybridization (C) or total RNA extracted
from TBSV-infected N. benthamiana plants as visualized by ethidium bromide
staining after treatments (D). Numbers on the top indicate the individually
collected fractions (1–37). Arrows on the right indicate positions of TBSV RNA
(for this particular experiment, the dsRNA is not visible on the gel). Numbers
on the bottom indicate the increasing NaCl concentration.
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and B) and may represent one or more nonspecific nucleases.
However, the siRNA-containing fractions IF-17 through IF-27
targeted TBSV transcripts albeit with different efficiencies (Fig.
4C), and all of these degraded TBSV RNA in total RNA extracts
(Fig. 4D). Some level of nonspecific in vitro nuclease activity
toward rRNA was also observed (Fig. 4D).

It was important to ascertain whether the high-MW siRNA-
containing ribonuclease complex isolated with ion-exchange chro-
matography (Fig. 4) and the complex isolated with Sephacryl S-200
gel filtration (Figs. 2 and 3) were the same. For this purpose, the
fractions eluted from the ion-exchange column that contained
�21-nt TBSV siRNAs and exhibiting ribonuclease activity were
concentrated and subjected to gel fractionation. In vitro ribonucle-
ase tests on those eluted GFs again showed that GF-6, representing
high-MW complexes of �500 kDa, contained TBSV-specific siR-
NAs (data not shown) and degraded in vitro generated TBSV
transcripts (Fig. 5A Upper) as well as viral RNA from plants (Fig.
5A Lower). These data confirm that the ssRNA-specific virus-
induced ribonuclease obtained with ion-exchange and gel-filtration
chromatography is most likely the same and represents a discrete
high-MW complex. Importantly, the combination of two chroma-
tography fractionation procedures resulted in increased specificity
of the complex because the ribonuclease effectively targeted TBSV
RNA, whereas rRNAs remained mostly unaffected (Fig. 5B).
Furthermore, control transcripts representing mRNA of a Nicoti-
ana tabacum transcription factor (HFi22) (30) or of satellite pani-
cum mosaic virus (31) were not targeted (Fig. 5C), verifying the
specificity of the activity associated with GF-6.

A third isolation procedure using hydroxyapatite chromatog-

raphy followed by ion-exchange chromatography again showed
association of TBSV siRNAs (Fig. 6A) with fractions that
effectively targeted TBSV RNA (Fig. 6B). Time course exper-
iments showed that �0.5 �g of TBSV RNA was cleaved within
5 min on addition of 5 �l of the ribonuclease fraction, indicating
that the isolated effector complex is quite effective under the in
vitro conditions (Fig. 6B).

The next experiments aimed to determine whether the activity
of the high-MW siRNA-associated ribonuclease depends on
divalent cations in vitro, as reported for RISC with other systems
(32–34). The results showed that the ribonuclease activity was
inhibited by addition of EDTA to the reaction mix, whereas
addition of Mg2� or Mn2� had a profound stimulatory effect
(Fig. 7A). Addition of Mg2� or Mn2� partially rescued the
EDTA-blocked activity of the ribonuclease, whereas increasing
concentrations of the divalent metal chelator (exceeding 20 mM)
completely prohibited the cleavage reaction (data not shown).
This indicates that the inhibitory effect of EDTA on the ribo-
nuclease activity is a direct result of metal chelation. Finally, it
was found that reduction of the amount of total RNA substrate
in the reaction diminished the nonspecific degradation of rRNAs
although not impacting the effective degradation of viral RNA
(Fig. 7B).

The attributes described here for the �500 kDa anti-TBSV
effector complex are consistent with RISC-like nuclease prop-
erties (34–37). The catalytic unit of the antiviral nuclease is
probably an �100-kDa Argonaut-family protein (34, 38–40), but
it cannot be completely ruled out that the complex described
here has a different nuclease core. Irrespective of the identity of

BA C

Fig. 5. TBSV-specific ribonuclease activity upon ion-exchange chromatography followed by gel filtration. Fractions containing �21-nt TBSV siRNAs after DEAE
ion-exchange chromatography with extracts from N. benthamiana plants infected with TBSV-dP19 were concentrated and fractionated on a Sephacryl S-200 HR
column. (A) Aliquots of eluted fractions were tested for RNA cleavage with TBSV in vitro synthesized transcripts (Upper) or with TBSV gRNA extracted from
infected plants (Lower), detected by Northern blot hybridization with a TBSV-specific probe. (B) Aliquots of GF-6 (5 �l) were incubated with total RNA extracted
from TBSV-infected plants. Also shown is the control (C) incubation of RNA with elution buffer. TBSV gRNA was detected by Northern blot hybridization with
a TBSV-specific probe (Upper), and the ethidium bromide stained gel (Lower) shows the plant rRNAs in the same samples. (C) Agarose gel electrophoreses of
transcripts from TBSV, satellite panicum mosaic virus (SPMV), or HFi22 (representing a host mRNA), after incubation with GF-6 or an inactive control (C) fraction.
Visualization is by ethidium bromide staining.
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Fig. 6. Isolation of an siRNA-containing ribonuclease complex by using a hydroxyapatite column followed by ion-exchange chromatography. (A) Hydroxya-
petite fractions with ribonuclease activity were combined and subjected to ion-exchange chromatography. The active fractions were again pooled and subjected
to RNA isolation followed by gel electrophoresis and Northern blot hybridization with a TBSV-specific probe (F*). The right lane was loaded with a �21 TBSV
siRNA as a positive marker (M). (B) A time course (minutes) RNA cleavage test with the siRNA-containing ribonuclease fraction from A (F*) mixed with in vitro
generated TBSV transcripts, detected by Northern blot hybridization. The reactions were stopped by the addition of buffer (100 mM Tris�HCl, pH 7.4/20 mM
sodium EDTA). The arrow on the right indicates the position of full-length TBSV transcripts; degradation products, some of seemingly distinct sizes, migrate
underneath.
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the catalytic entity, under the conditions used in this study, the
nuclease must be complexed with other components to assemble
into an �500-kDa unit. This is consistent with predictions by
others (as reviewed in ref. 41) that the holoRISC is a multiunit
complex. In this context it is also noteworthy that native agarose
gel-electrophoresis experiments showed that longer (�100 nt)
TBSV ss- and dsRNAs are associated with the high-MW frac-
tions displaying ribonuclease activity (data not shown), indicat-
ing that these may be components of the in vivo assembled
antiviral holocomplex.

Conclusions
Extracts from N. benthamiana plants infected with TBSV in
absence of a fully functional P19 suppressor contain ssRNA-
targeting ribonuclease activity that coeluted with complexes of
a wide MW range from �50 to �600 kDa. Under the in vitro
conditions used in this study such ribonuclease activity was
mostly sequence-nonspecific. However, three independent sep-
aration techniques readily yielded a virus-induced, discrete,
�500-kDa complex containing TBSV RNA-derived siRNAs
that exhibited ribonuclease activity that was TBSV RNA-
preferential, ssRNA-specific, and divalent cation-dependent.
We propose to refer to this complex as a virus-activated RISC-
like complex (VARC).

Further studies should be conducted to determine whether
VARC represents a bona fide Argonaute-containing RISC or an
effector complex with thus far unreported attributes. Neverthe-
less, the induction of VARC and the other virus-activated
ribonuclease complexes is linked to RNA silencing-associated
TBSV RNA degradation and the recovery of plants infected with
TBSV p19-defective mutants.

Materials and Methods
Inoculation and Analyses of Plants. In vitro generated transcripts of
full-length cDNAs expressing wtP19 (pTBSV-100), dP19
(pHS157), and P19/R43W were prepared essentially as described
(42), and details about the constructs have been provided (9, 14,
15). The plasmids (1 �g) were linearized at the 3� terminus of the
viral cDNA sequence by digestion with SmaI. Transcript RNAs
synthesized by using T7 RNA polymerase were used for inocu-
lation of N. benthamiana plants as described (18).

RNA Analyses. Total RNA was extracted by grinding �200 mg of
leaf material (inoculated or systemically infected leaves) on ice
in 1 ml of extraction buffer (100 mM Tris�HCl, pH 8.0/1 mM

ETDA/0.1 M NaCl/1% SDS). Samples were extracted twice with
1:1 (vol/vol) phenol/chloroform at room temperature and pre-
cipitated with an 8 M 1:1 (vol/vol) lithium chloride solution at
4°C for 1 h. The resulting pellets were washed with 70% ethanol
and then resuspended in RNase-free distilled water and used for
Northern blot hybridization. Approximately 10 �g of total plant
RNA was separated in 1% agarose gels and transferred to nylon
membranes (Osmonics, Westborough, MA). TBSV (gRNA and
subgenomic RNAs) were detected by hybridization with
[32P]dCTP-labeled TBSV-specific probes, essentially as de-
scribed (18).

Sephacryl S-200 Fractionation. Infected N. benthamiana leaf tissue
(3 g) was homogenized in 3 ml of extraction buffer (200 mM
Tris�HCl, pH 7.4/5 mM DTT/150 mM NaCl), filtered through
cheesecloth, and centrifuged twice for 15 min at 14,000 � g at
4°C. The supernatant (1 ml) was loaded and fractionated on a
column (2.5 � 80 cm) packed with Sephacryl S-200 high-
resolution resin (Amersham, Piscataway, NJ) at a flow rate of 1.3
ml/min. The column was equilibrated with elution buffer (50 mM
Tris�HCl, pH 7.4/100 mM NaCl) and calibrated with gel filtration
MW standards (12–200 kDa) (Sigma, St. Louis, MO).

Ion-Exchange Chromatography. Infected N. benthamiana leaf tissue
(25 g) was homogenized in 50 ml of loading buffer (50 mM
sodium phosphate, pH 7.4/5 mM DTT). The extract was filtered
through cheesecloth and centrifuged for 20 min at 10,000 � g at
4°C. The supernatant (50 ml) was loaded onto a 15 � 2.5 cm
column packed with MacroPrep DEAE Support (Bio-Rad,
Hercules, CA). The column was washed with 200 ml of loading
buffer, and the bound proteins were subsequently eluted with a
gradient of increasing concentrations of NaCl (0.1–0.9 M).
Every other fraction (2 ml) was analyzed for the presence of
RNA cleavage activity and siRNAs.

Hydroxyapatite Column Chromatography. Infected N. benthamiana
leaf tissue (50 g) was homogenized in 50 ml of loading buffer (10
mM sodium phosphate, pH 6.8). The extract was filtered through
cheesecloth and then centrifuged for 15 min at 14,000 � g at 4°C.
The supernatant (100 ml) was loaded onto a 12 � 3.5 cm column
packed with Hydroxyapatite Bio-Gel HT (Bio-Rad). The column
was washed with 300 ml of loading buffer, and the bound
proteins were subsequently eluted with a gradient of increasing
concentrations (10–200 mM) of sodium phosphate buffer (pH

BA

Fig. 7. Effects of divalent metal cations and substrate concentration on the high-MW ribonuclease activity. (A) A fraction similarly prepared as described for
Fig. 6 was tested for ribonuclease activity toward TBSV transcripts in the presence of water, 2 mM MnCl2, 2 mM MgCl2, or 10 mM EDTA. A control (C) treatment
lacked nuclease addition to transcripts. The treatments are indicated at the top of each lane, and the RNA is detected by Northern blot hybridization. The arrow
on the right indicates the position of TBSV RNA transcripts. (B) Ribonuclease activity was tested with increased concentrations of total RNA extracted from
TBSV-infected plants (indicated on top). (Upper) Visualization by ethidium bromide staining of the gel before transfer for the Northern blot hybridization shows
the chromosomal DNA, TBSV dsRNA and ssRNA, and rRNAs, as indicated on the right. (Lower) The effect of ribonuclease addition on the integrity of TBSV gRNA
as detected by Northern blot hybridization with a TBSV-specific probe. �, water was added as a control; �, addition of the siRNA-containing ribonuclease
fraction.
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6.8). Every other fraction (3 ml) was analyzed for the presence
of RNA cleavage activity and siRNAs.

Detection of TBSV siRNAs. To dissociate siRNAs from protein
complexes, 300-�l aliquots of each fraction collected on the
chromatography procedures were treated with 10% SDS (30 �l)
at 65°C for 15 min, followed by phenol/chloroform extraction.
RNA was then precipitated with 2.5 volumes of 100% ethanol,
resuspended, and separated in 17% acrylamide gels in the
presence of 8 M urea, followed by electroblotting onto nylon
membranes (Osmonics). Alternatively, siRNAs were electro-
phoresed through native agarose gels followed by capillary
transfer. TBSV-specific siRNAs were detected by hybridization
with [32P]dCTP-labeled TBSV-specific probes at 47°C followed
by autoradiography. As a nucleotide size marker, the Decade
Marker System (Ambion, Austin, TX) was used in experiments.

Target RNA Cleavage Assays. RNA cleavage assays were per-
formed with TBSV transcripts or total RNAs extracted from
wt TBSV-infected N. benthamiana plants (i.e., RNAs that had

not been targeted by RNAi in vivo). Typically, cleavage
reactions were carried out for 60 min at 24°C in presence of 15
units/ml RNase A inhibitor (Ambion). The reactions were
stopped by the addition of buffer containing (100 mM
Tris�HCl, pH 7.4/20 mM sodium-EDTA). RNAs were sepa-
rated by electrophoresis through 1% agarose gels, visualized by
staining with ethidium bromide, and transferred to nylon
membranes (Osmonics). TBSV RNA was detected by hybrid-
ization with [32P]dCTP-labeled TBSV-specific probes, essen-
tially as described (18).
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