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virus infection in Nicotiana tabacum
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We developed a new method for inhibiting tobacco mosaic virus infection
in tobacco plants based on specific RNA hydrolysis induced by a leadzyme.
We identified a leadzyme substrate target sequence in genomic tobacco
mosaic virus RNA and designed a 16-mer oligoribonucleotide capable of
forming a specific leadzyme motif with a five-nucleotide catalytic loop. The
synthetic 16-mer RNA was applied with nontoxic, catalytic amount of lead
to infected tobacco leaves. We observed inhibition of tobacco mosaic virus
infection in tobacco leaves in vivo due to specific tobacco mosaic virus
RNA cleavage effected by leadzyme. A significant reduction in tobacco
mosaic virus accumulation was observed even when the leadzyme was
applied up to 2 h after inoculation of leaves with tobacco mosaic virus.
This process, called leadzyme interference, is determined by specific recog-
nition and cleavage of the target site by the RNA catalytic strand in the
presence of Pb>*.

doi:10.1111/j.1742-4658.2006.05497 .x

Catalytic RNAs (ribozymes) are capable of specific
binding and cleaving of RNA molecules. Since their
discovery, many efforts have been made to explore
them as tools for silencing of viral genes and inhibi-
tion of viral growth [l]. Generally, there are two
modes of application and delivery of catalytic RNAs
to the cell. The first is a gene therapy approach, in
which a gene encoding the ribozyme is cloned into a
vector [2]. After transfection or transduction, the
gene becomes stably integrated in the host DNA,
and its transcription provides a continuous intracellu-
lar supply of the ribozyme. This approach has been
used to deliver various types of catalytic RNAs, such
as hammerhead, hairpin or M1 RNA of RNase P
[2,3]. In the second method, synthetic ribozymes are
added to cells from the outside. Efficient cleavage of
the cellular target requires the presence of divalent
metal ions, in particular Mg>", which is virtually the
only divalent metal ion available at millimolar con-

Abbreviation
TMV, tobacco mosaic virus.

centrations under normal intracellular conditions [4].
As RNA is chemically unstable and undergoes spon-
taneous degradation at neutral pH [5] the ribozyme
elements that are not crucial for catalytic activity
(e.g. recognition sequences) are often modified to
increase stability [6-8].

One of the RNA-cleaving agents is a leadzyme that
has been identified as a small RNA motif consisting of
a six-nucleotide asymmetric purine-rich loop within the
RNA duplex. Such a motif is capable of autocatalytic
cleavage in the presence of Pb>* [9,10]. Because of its
small size and high specificity, the leadzyme has been
studied extensively. NMR and X-ray crystallography
[11-14] as well as kinetic studies [15] have been carried
out to elucidate its structure, conformational dynamics
and hydrolytic properties. The most important ques-
tion is how this small RNA binds to and deploys a
divalent cation (Pb>") to catalyze the cleavage reaction
in a similar way to other ribozymes and RNase A [9].
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Like other ribozymes, the leadzyme has been used
for sequence-specific hydrolysis of a variety of RNA
molecules. Recently, we used this approach for struc-
tural studies on 5S ribosomal RNA [16]. In that study,
a mammalian 5S rRNA’s loop D was shown to bind a
synthetic complementary oligonucleotide to form a
leadzyme motif which, in the presence of Pb>™, cleaves
an RNA substrate strand. These experiments con-
firmed the presence of a nine-nucleotide D loop in
mammalian 5S rRNA, and demonstrated the useful-
ness of leadzymes as tools in structural studies of
nucleic acids [16].

The inhibition of gene expression by RNA is cur-
rently recognized as one of the major gene regulation
mechanisms in biology. RNA silencing mediates defen-
sive responses against viruses [20], but on the other
hand, it can be used as a tool directed against molecu-
lar parasites. To achieve this goal, we analyzed the
inhibition of tobacco mosaic virus (TMV) as a model
system for inhibiting viral infections caused by positive
single-stranded RNA (+)ssRNA viruses.

Currently, we are facing various threats of epidemic
diseases. Many of them are caused by viruses with
genomes composed of (+)ssRNA. Many of the human
and animal viruses belong to this group. It includes,
for example, rubellavirus, poliovirus, rhinoviruses, yel-
low fever virus, West Nile virus, hepatitis A virus,
hepatitis C virus and large family of coronaviruses,
including severe acute respiratory syndrome corona-
virus [17-19].

In this article, we show that exogenous ssSRNA with
sequence complementarity binds the target site in
TMV RNA to form a leadzyme motif, and in the pres-
ence of a catalytic amount of Pb>", cleaves viral
(+)ssRNA. As a consequence, viral infection in Nic-
otiana tabacum leaves is suppressed. This approach
demonstrated that the catalytic leadzyme strand can be
introduced into the cell, where it performs its hydro-
Iytic function, which interferes with virus or protein
synthesis.

Results

The anti-TMV leadzyme

A leadzyme with a five-nucleotide internal loop was
selected as a model for design of an anti-TMV lead-
zyme (Fig. 1A). The target sequences in TMV RNA
were found in a complete TMV genome using the well-
known leadzyme motif. To design an active leadzyme,
we analyzed the sequences of all available TMV
strains. Two putative target palindromic CGAGC
motifs were found in the genomic strand of TMV
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Fig. 1. The structure of a leadzyme. (A) Secondary structures of
six-nucleotide (a) and five-nucleotide (b) active centre leadzymes.
The asymmetric, purine-rich internal loop (five or six nucleotides)
forms the catalytic core of the leadzyme. Cleavage occurs on the
substrate strand only in the presence of Pb?*. N, any nucleotide.
(B) Putative targets for leadzyme formation selected in genomic
strand (+)ssRNA (marked as positive) and antigenomic strand
(-)ssRNA (marked as negative) of TMV. Numbers show nucleotides
in the TMV RNA molecule. The RNA sequence chosen for the anti-
TMV leadzyme is in bold. (C) The secondary structure of the anti-
TMV leadzyme used in this study. It was constructed on the basis
of our previous experiments with 5S rRNA [16]. Upper strand,
target (a fragment of the TMV sequence); lower strand, catalytic
strand. The scissile bond is marked by an arrow.

(+)ssRNA, and four in the antigenomic (-)ssRNA)
strand (Fig. 1A). The structure of the leadzyme target
sites was analyzed using RNA-prediction program
MFOLD to select only those TMV RNA sequences
for which a single-strand structure was more likely in
a probabilistic model [25]. The sequence (416) 5-GU
UCAAGGGACGAGCAUAUGUACAC-3" (440) was
predicted not to be involved in the formation of a sta-
ble secondary structure and was used in further studies
(Fig. 1B). This sequence is present in all TMV strains.
The localization of this motif close to the 5-end of the
TMV genome within the replicase-coding sequence
(ORF 1) was an additional advantage. The designed
catalytic strand of the leadzyme was a 16-nucleotide
RNA (5-ACAUAUGGAGUCCCUU-3’), and its
binding to the target sequence results in the formation
of the leadzyme motif with a five-nucleotide internal
loop (Fig. 1C). The activity of the anti-TMV leadzyme
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Fig. 2. In vitro cleavage of the TMV RNA fragment (100-mer oligo).
The autoradiogram of 10% PAGE containing 7 M urea shows hydro-
lysis products of the 100-nucleotide TMV RNA fragment labeled at
the 5-end by the anti-TMV leadzyme. The reaction was carried out
at 25 °C for 1 h. Lanes: 1, substrate TMV RNA in water; 2, sub-
strate TMV RNA in 15 mm Mops (pH 7.5); 3, substrate RNA in
Mops and Pb?* (250 pm); 4, substrate RNA in Mops and leadzyme
(25 um); 5, substrate RNA in Mops, leadzyme (25 pm) and Pb**
(250 pm); 6, ladder, alkaline hydrolysis; 7, molecular size marker (29
nucleotides). The arrow indicates the site of RNA TMV hydrolysis
by the leadzyme (37 nucleotides).

was confirmed in vitro by cleavage of 100-nucleotide
TMV RNA using the catalytic strand of the leadzyme
and Pb>" (Fig. 2). The cleavage site occurred before
the first residue (between C and G) of an internal loop
on a target strand and only in the presence of Pb*".

Specific inhibition of TMV infection in plant cells
by the leadzyme

Using the designed anti-TMV leadzyme, we investi-
gated whether the leadzyme motif can be formed and
perform its hydrolytic functions in vivo. The catalytic
RNA strand of the leadzyme and Pb>" were directly
delivered (mechanical inoculation) together with TMV
to Nicotiana tabacum cv. Xanti-nc, a hypersensitive
local lesion host. To evaluate the optimal Pb>*/RNA
ratio for efficient TMYV inhibition, Nicotiana tabacum
leaves were inoculated with mixtures composed of
TMV, catalytic RNA and Pb>" prepared just before
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inoculation. TMV genomic RNA is enclosed within
the protein capsid, and as a result, leadzyme formation
and TMV RNA cleavage is possible only within host
cells. RNA was applied at four concentrations of 2.5,
5, 12 and 25 uM combined with 0.5, 1, 5 and 10 um
Pb>". At 4-5 days postinoculation, the amount of
symptoms of infection manifested as local lesions was
compared to that in control plants, i.e. inoculated with
TMYV alone or with TMV in the presence of RNA or
Pb?" at the same concentrations as indicated above.
Control assays, with 16-nucleotide catalytic RNA only
or Pb?" applied in the presence of TMV, were per-
formed to demonstrate the specificity of leadzyme clea-
vage. For each single assay, at least three plants were
inoculated with the same mixtures, for both control
and experimental assays. The number of local lesions
was the basis for rejecting RNA and Pb?" concentra-
tions at which disease symptoms were observed to a
similar extent as in controls. In further experiments,
2.5 uM catalytic RNA with 1, 5 and 10 pm Pb* " were
tested. This corresponds to 0.4, 2 and 4 Pb>"/RNA,
respectively (Fig. 3A,B). Coinoculation of TMV and
2.5uM RNA with 1, 5 and 10 pm Pb®" led to a
decreased number of a local lesions (~ 15) in compar-
ison with control plants (~ 80) (Fig. 3A,B). The results
of quantitative local lesion assays were confirmed by
RT-PCR analysis. They showed a lower level of TMV
after treatment with a two-fold excess of Pb*>* over
catalytic RNA (Fig. 3C, lane 3), whereas in control
leaves infected with virus alone, TMV was detectable
(Fig. 3C, lanes 1 and 2).

Time effect on specific TMV inhibition with the
leadzyme

The inhibitory effect on TMV was observed up to
8 days of plant incubation. The number of local
lesions was the same up to 5 days. To verify the ability
of the leadzyme to efficiently inhibit virus during last-
ing infection, both RNA and Pb>* were applied
together with TMV at time 0 or 2 and 4 h later after
the infection of Nicotiana tabacum cv. Xanti-nc. In
these experiments, 2.5 pM RNA and 5 pm Pb*>" were
used (Fig. 4A,B). Control assays were performed with
2.5uM RNA and 5 pm Pb*>" applied separately with
TMV (Fig. 4A, columns 3 and 4). We also tested con-
trol plants that were uninfected and treated only with
TMV (Fig. 4A, columns 1 and 2). Reduced necrosis
due to RNA and Pb>" application was observed in
three independent experiments (Fig. 4A,B). The lowest
TMV level was observed when RNA, Pb>* and TMV
were inoculated simultaneously (~ 15 local lesions),
although delayed leadzyme application also resulted in
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Fig. 3. Inhibition of TMV infection by the leadzyme in Nicotiana
tabacum cv. Xanti-nc leaves. (A) Tobacco leaves with symptoms of
TMV infection. Numbers indicate tobacco leaves inoculated, as in
(B). Only the upper half of each leaf was inoculated. The lower
halves were used as negative controls. Leaves were photographed
at 5 days postinoculation. (B) Number of local lesions observed
on tobacco leaves in response to TMV: 2, 5pg-mL’W; 3, TMV
(5 pgrmL™") and 2.5 pm catalytic RNA; 4, TMV (5 pgmL™") and
1 um Pb% 5, TMV (5 pg'mL™") and 5 um Pb?; 6, TMV (5 pg-mL™")
and 10 pm Pb% 7, TMV (5 pgmL™"), 2.5 pm catalytic RNA and 1 pm
Pb?* 8, TMV (5 pgrmL™"), 2.5 um catalytic RNA and 5 um Pb?; 9,
TMV (5 pgmL™"), 2.5 pm catalytic RNA and 10 pm Pb% 1, an unin-
fected control plant. Representative data (+ SEM) from at least
three independent experiments are shown. (C) Electrophoretic ana-
lysis on 1.5% agarose gel of RT-PCR products of TMV inhibition
with leadzyme. Total RNA was extracted from infected leaves of
Nicotiana tabacum cv. Xanti-nc that had been inoculated with: TMV
(5 pug'mL™") = lane 1; TMV and 5 um Pb?* — lane 2; TMV, 2.5 um
leadzyme and 5 pm Pb?* — lane 3. RT-PCR products were stained
with ethidium bromide. An arrow indicates PCR products (470 bp).
M, 100 bp molecular size marker.

a significant decrease in infection (on average, 25 local
lesions). In control plants, the number of local lesions
was comparable, ranging from 80 to 110. RT-PCR
analysis of total RNA extracted from inoculated leaves
confirmed those observations. Decreased TMV RNA
expression was observed in leaves treated with RNA
and Pb>", whereas virus expression in control plants
was at a high level (Fig. 5A). A reference RT-PCR
with B-actin primers was performed (Fig. 5A). The
strongest TMV inhibition by the leadzyme occurred in
coinoculation assays, although there was still a strong
effect after 2 h and and a weaker effect after 4 h
delayed leadzyme application.

The amount of cDNA of TMV amplified with
RT-PCR was estimated by phosphoimager analysis
(Fig. 5B). It was normalized to the control leaves
infected with TMV alone (100%). This analysis
showed comparable levels of TMV in controls with
RNA applied both with TMV (89%) as well as in con-
trols with Pb*>" and TMV (92%). The samples ampli-
fied with a template obtained from leaves treated with
catalytic RNA and Pb?" demonstrated reduced
amounts of cDNA TMYV: 26%, 51% and 64% when
RNA and Pb?" were added simultaneously with
TMV, or 2 and 4 h after inoculation with TMV,
respectively.

Discussion

Ribozymes can be designed to cleave substrate RNAs
in a sequence-specific manner and are important tools
for specific inhibition of the expression of deleterious
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genes [27-29]. The therapeutic development of cata-
Iytic RNAs has faced many problems concerning
stability, activity and delivery of RNA into the cells
in vivo [1,28,30]. In the last few years, much attention
has been paid to RNA interference (RNAi), a
dsRNA-guided post-transcriptional gene-regulatory
silencing mechanism that exists in virtually all eukary-
otes. This evolutionarily conserved process is involved
in defense against transposones and viruses [31-33].
However, there are some problems with inhibition of
viral infections with RNAi. To escape RNAi-mediated
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Fig. 4. Time-dependent TMV inhibition by the leadzyme in Nicotiana tabacum cv. Xanti-nc plants. (A) The response of tobacco leaves to coin-
oculation with TMV, RNA (leadzyme catalytic strand) and/or Pb%* or delayed inoculation with RNA/Pb?* after previous TMV infection. RNA
and/or Pb?* were applied together with TMV (0 h) or 2 h and 4 h after TMV infection. (B) The level of local lesions on infected tobacco
leaves inoculated with leadzyme and/or Pb?* in a time-dependent way. Numbers indicate the experimental assays: 1, an uninfected plant; 2,
plant inoculated with TMV alone; 3, TMV and catalytic RNA (2.5 um); 4, TMV and Pb?* (5 um); 5, TMV, catalytic RNA and Pb?*. White col-
umns, coinoculation with TMV/catalytic RNA/Pb?* (0 h); gray and black columns, separate dosing with a catalytic RNA/Pb?* mixture at,
respectively, 2 and 4 h after TMV infection (2 h, 4 h). Representative data (+ SEM) from at least three independent experiments are shown.

inhibition, viruses evolved a defense strategy to over-
come RNA silencing [34]. Many RNAIi suppressors
have been identified in plant, animal and insect viruses
[34]. The best characterized are potyvirus-encoded
helper component proteinase HcPro [49,50], cytomega-
lovirus-encoded 2b protein [49] and p25 protein identi-
fied in potato virus X [51]. An RNAIi suppressor has
also been found among members of the Tobamovirus
genus (including TMV and tomato mosaic virus)
[34,52]. Suppressors are commonly involved in the
enhancement of viral pathogenicity and accumulation
of the viruses. It has been shown that these factors act
at different steps in the RNAi pathway, e.g. preven-
tion of siRNA production, siRNA binding or spread

of the silencing signal [34,52]. Another important but
undesirable aspect of the RNAIi process is induction of
nonspecific effects by siRNAs. At the mRNA level,
this is connected with an ‘off-target effect’ — nonspe-
cific degradation of transcripts. At the protein level,
dsRNA delivery can activate RNA-dependent protein
kinase (PKR), 2’5"-oligoadenylate synthetase, the inter-
feron response that leads to the cell death [35,36]. To
avoid these negative RNAIi effects, we developed a
new, efficient approach. It is based on the formation
of the leadzyme motif in trans and hydrolysis of target
RNA.

To examine the ability of the leadzyme to function
in vivo, the synthetic RNA was introduced into the
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Fig. 5. Effect of leadzyme on TMV expression in a time-dependent RT-PCR experiment. (A) RT-PCR analysis of TMV expression on a 1.5%
agarose gel stained with ethidium bromide. The level of TMV infection in plants inoculated with TMV, catalytic RNA and Pb?*, respectively,
as shown in the table, was analyzed using RNA templates isolated from tobacco leaves and primers binding upstream and downstream of
the scissile bond on a target strand. RT-PCR experiments were performed to compare the levels of TMV in control plants and infected
tobacco plants treated with catalytic RNA (2.5 pm) and Pb?* (5 um). Catalytic RNA and/or Pb?* were applied together with TMV (0 h) or 2 h
and 4 h after TMV infection. A reference RT-PCR was performed using the same RNA templates and B-actin primers. Arrows indicate RT-
PCR products: (a), 470 bp (TMV band); (b), 300 bp (B-actin band); M1, 1 kb molecular size marker ladder; M2, 100 bp molecular size marker
ladder. (B) Evaluation of the amount of cDNA TMV using phosphoimager analysis (IMAGEQUANT). Reaction numbers indicate RT-PCR products
amplified with TMV primers as shown in (A): 1, uninfected tobacco; 2, TMV;, 3, TMV and catalytic RNA; 4, TMV and Pb?* 5, TMV, catalytic
RNA and Pb2* inoculated simultaneously (0 h); 6, catalytic RNA and Pb,, dosed 2 h postinfection; 7, catalytic RNA and Pb?* dosed 4 h post-
infection. Calculations were normalized to control assay with TMV alone (100%).

Nicotiana tabacum cv. Xanti-nc host plants together the ‘classic’ leadzyme with a six-nucleotide internal
with Pb?>" and TMV. This model system has several loop (kops = 0.70 x 10~ min™") (Fig. 1A) [15]. High
advantages. TMV is a highly infectious (+)ssRNA activity of the leadzyme with an asymmetric internal
virus. The symptoms of infection can be easily evalu- loop with five nucleotides was confirmed by structural
ated (local lesions are countable) and observed in a analysis of mammalian 5S rRNA [16]. The designed
short time period (4-5 days). In the TMV genome, we leadzyme showed Pb®*-binding capacity and hydro-
identified the specific cleavage target for a leadzyme. lytic properties (Fig. 2). A 10-fold excess of Pb*" over
Two conserved CGAGC sequences were found in RNA (leadzyme catalytic strand) was used. A main
TMV genomes. The target sequence near the 5-end 37-nucleotide cleavage product was observed. We also
located within ORF 1 encoding viral replicase was fur- observed some nonspecific degradation products,
ther analyzed. We designed and synthesized a catalytic which are probably due to the chemical lability of
16-nucleotide RNA strand capable of forming a lead- Py—Pu phosphodiester bonds and the lack of higher-
zyme with TMV RNA. It consists of a five-nucleotide order structure in short RNAs [37,38].

asymmetric loop surrounded by two dsRNA regions In the leadzyme activity assays in vivo, we delivered
(Fig. 1C). The leadzyme with the internal loop a short RNA (catalytic RNA) together with metal ions
composed of five nucleotides shows a higher rate of  directly to one half of the tobacco leaf. We assume
hydrolysis (kops = 1.4 x 107" min~") when compared to that inhibition of TMV growth in leaves was due to
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specific cleavage of TMV RNA (at positions 426 and
427 of TMV RNA). This was manifested by the
decreased number of local lesions on infected tobacco
leaves treated with catalytic RNA and Pb*". We
found 15-35 local lesions in examined assays vs. 80—
110 in controls. Reliable proof of TMV RNA hydroly-
sis came from the RT-PCR experiments. A high rate
of infection observed in reference plants treated with
only RNA or Pb*>" indicates that neither RNA nor
Pb?" alone can account for TMV RNA hydrolysis.
The control experiments with tobacco leaves dosed
with catalytic RNA and TMV showed high rates of
infection (on both the phenotypic and molecular lev-
els), and demonstrated that the exogenous RNA used
in this study performs its catalytic function only in the
presence of Pb2". Therefore, the catalytic RNA alone
can serve as a noncatalytic negative control. The opti-
mal activity of the leadzyme in vivo was observed
during TMV/Pb>"/RNA coinoculation and with a
two-fold Pb>" excess over the catalytic RNA. This
conclusion is consistent with crystallographic data on
the leadzyme structure obtained at 1.8 A. The crystal
structure shows two Pb’ " bound to the catalytic core.
One of the ions participates in structural changes
around the cleavage site, and the other binds near the
scissile bond [14].

Both macroscopic observation of tobacco leaves and
molecular analysis confirmed the effectiveness of exog-
enously applied ssRNA for specific inhibition of viral
expression. Based on the rate of necrotic symptoms, we
estimated that around 70% of TMV spreading was
stopped (Figs 3B and 4B), so the hydrolytic properties
of short ssRNA could be used in antiviral applications.
It is surprising that Pb>" can be used as a leadzyme acti-
vator. The toxic effects of lead have been linked to many
human disorders. The normal blood levels of lead in
humans range from 0.1 to 0.2 um, whereas high levels
within the range 0.5-5 uM are known to have deleterious
effects on the nervous, renal and reproductive systems
[39,40]. There are many aspects of the effect of lead tox-
icity on a cell level: protein binding [41,42], nonspecific
RNA hydrolysis at high concentrations [43,44], and spe-
cific RNA hydrolysis due to leadzyme motif formation
in cis in cellular RNAs [39]. The toxic effects of lead
depend on its dose. In our studies, the optimal activity
of the leadzyme in vivo in Nicotiana tabacum plants was
observed at 5 um Pb?*. No other symptoms except nec-
rosis caused by TMV with both 5 um Pb*>* and 10 pm
Pb>" were seen in tobacco leaves in vivo. Moreover, it
was shown that low concentrations of ‘stressors’ such as
Pb>" or other heavy metals can have stimulating effects
on the growth [43], photosynthetic oxygen evolution
[46,47] and metabolic activity [48] of plants.

E. Wyszko et al.

In summary, our antiviral strategy based on ssSRNA
application seems to be very effective. It has the
advantages of both interference RNA technology and
catalytic nucleic acid application. This short 16-nucleo-
tide, ssRNA is stable in the cell, specifically recognizes
target sequences, and hydrolyzes the substrate.

Experimental procedures

Plants and virus

Nicotiana tabacum cv. Xanti-nc plants were used as a local
lesion host. The plants were kept in a growth chamber at
temperatures within the range 20-25 °C. Five-week-old
tobacco leaves were inoculated.

TMV strain Ul was purified from infected Nicotiana
tabacum cv. ‘samsun’ by extraction in distilled water or
0.1 M citric buffer, and clarified with chloroform followed
by precipitation with polyethylene glycol (PEG-6000) and
low-speed (10 000 g for 20 min, J2-M1 Beckman, rotor type
JA10) and high-speed (75 000 g for 2 h, LE-80 Beckman,
rotor type 45 TI) centrifugation. The virions were further
purified by centrifugation (80 000 g for 2 h, LE 80 Beck-
man, rotor type SW48) in a 10-40% sucrose density gradi-
ent. The virus band was collected and concentrated by
high-speed centrifugation (75 000 g for 2 h, LE-80 Beck-
man, rotor type 45 TI) and resuspended in water. The con-
centration of the purified determined
spectrophotometrically at 260 nm (BioPhotometer, Eppen-
dorf, Hamburg, Germany).

Purified virus was stored at 4 °C in water [21].

virus ~ was

Virus inoculation

Inoculations were carried out on one half of fully expanded
leaves of at least three tobacco plants for one assay by
gently rubbing the leaf surface with the inoculum. Carbo-
rundum was used as an abrasive [22]. The other half of
each leaf served as an uninoculated control.

The inoculum used throughout experiments contained:
TMV suspension at 5 pgmL™', 16-nucleotide-long RNA
(catalytic strand of a leadzyme; chemically synthesized in
IBA, Berlin, Germany) at concentrations of 2.5-25 uM, AND
Pb>" at concentrations of 0.5-10 um. RNA and Pb*>* were
mixed together with virus just before inoculation or added
separately after 2 and 4 h. In the case of sequential inocula-
tion of RNA and/or Pb>" after previous virus inoculation,
the leaves were rinsed with water after TM'V inoculation (up
to 5 min after infection), and then carborundum was
sprayed again just before RNA and/or Pb>* were applied.

After infection, the inoculated plants were kept in a
growth chamber initially at 20 °C (first day), and then at
25 °C with a 12 h light and 12 h dark cycle. For the obser-
vation of local lesions, inoculated leaves were harvested
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and photographed 5 days postinoculation. Finally, the
number of necrotic lesions was estimated.

RNA isolation and RT-PCR analysis

Total RNA was extracted from approximately 150 mg of
infected leaf tissue using the RNAqueus-Small Scale Phe-
nol-free Total RNA Isolation Kit (Ambion, Austin, TX,
USA). Reverse transcription was accomplished using 2 pg
of RNA samples, hexamer random primers and the Revert-
Aid H Minus First Strand cDNA Synthesis Kit (Fermentas,
Vilnius, Lithuania). An aliquot of ¢cDNA was used for
PCR amplification with Taq polymerase (Fermentas) and
TMV-specific primers binding upstream (TMV1: 5'-
GCCCAAGGTGAACTTTTCAA-3") and downstream
(TMV2: 5-TAGCGCAATGGCATACACTC-3") of the
hydrolysis position as well as B-actin primers (Ambion).
PCR was performed with the following conditions: 1 cycle
of 94 °C for 2 min, 20 cycles of 94 °C for 30 s, 55 °C for
30 s and 72 °C for 30 s, followed by extension at 72 °C for
5 min. To amplify B-actin cDNA, PCR was carried out
with the same conditions, except that the number of cycles
was increased to 35. Equal volumes of amplified products
were electrophoresed on 1.5% agarose gel, stained with
ethidium bromide [23], and quantified by phosphoimager
analysis (IMAGEQUANT, version 5.1, Molecular Dynamics,
Sunnyvale, CA, USA).

TMV hydrolysis with leadzyme in vitro

A 100-nucleotide TMV RNA fragment including the clea-
vage site of the leadzyme was synthesized by in vitro tran-
scription. cDNA TMYV was used as a template to amplify
100-bp cDNA TMV with primers TMV3 (upstream) 5-TA
ATACGACTCACTATAGGGCGAATAGGCGGGAATT
TTGCATC-3" containing the T7 polymerase promoter
sequence, and TMV4 (downstream) 5-CAATACTGT
CTTTCTGGCCTTC-3’. TMV RNA was transcribed
in vitro using the MEGAshortscript T7 High Yield Tran-
scription Kit (Ambion). A 100-nucleotide TMV RNA frag-
ment was purified, labeled at the 5’-end with [y->?P]JATP
and 10 U of T4 polynucleotide kinase (Epicentre, Madison,
WI, USA) and separated by 10% PAGE with 7 M urea.
The radioactive band was cut off, and RNA was eluted
with water and precipitated with ethanol.

The leadzyme cleavage reaction of TMV RNA was per-
formed in 15 mMm Mops (pH 7.5) buffer at 25 °C. Thirty
thousand counts per minute of the labeled and 250 nm
unlabeled RNA substrate was mixed with 25 uMm RNA
leadzyme catalytic strand, heated up to 90 °C for 2 min,
cooled slowly (1 °C ‘min™') to 25°C, and incubated at
25 °C for 60 min. The reaction was initiated by addition of
Pb>* just before incubation and stopped by addition of an
equal volume of loading buffer (25 mM sodium citrate,
pH 5.1, 1 mm EDTA, 7 M urea, 0.1% xylene cyanol, 0.1%
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bromophenol blue). The reaction products were analyzed
by 10% PAGE with 7 M urea (pH 8.3). The hydrolysis site
was estimated using an RNA marker (29 nucleotides) and
an alkaline RNA ladder, in 50 mM NaOH and 1 mm
EDTA for 90 s at 95 °C [16].

Bioinformatic analysis

The genomic sequences of TMV RNA was obtained from
the National Center for Biotechnology Information Gene-
Bank database [24]. The RNA secondary structures of the
TMV target sequences were predicted using the MFOLD pro-
gram (http://www.bioinfo.rpi.edu/applications/mfold) [25].
Primers for PCR reactions were designed using the PRIMER3
program (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi) [26]. Statistical analysis was performed
using Microsoft Excel and IMAGEQUANT.
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