ELSEVIER

Available online at www.sciencedirect.com

sc.eucs@p.“m

Virology 347 (2006) 392 — 404

VIROLOQY

www.elsevier.com/locate/yviro

Transcription of potato spindle tuber viroid by RNA polymerase II starts in
the left terminal loop

Nadine Kolonko, Oliver Bannach, Katja Aschermann, Kang-Hong Hu, Michaela Moors,
Michael Schmitz, Gerhard Steger, Detlev Riesner *

Institut fiir Physikalische Biologie, Heinrich-Heine-Universitdt Diisseldorf, Geb. 26.12.U1, Universitdtsstr.1, D-40225 Diisseldorf, Germany

Received 7 September 2005; returned to author for revision 21 October 2005; accepted 28 November 2005
Available online 10 January 2006

Abstract

Viroids are single-stranded, circular RNAs of 250 to 400 bases, that replicate autonomously in their host plants but do not code for a protein.
Viroids of the family Pospiviroidae, of which potato spindle tuber viroid (PSTVd) is the type strain, are replicated by the host’s DNA-dependent
RNA polymerase II in the nucleus. To analyze the initiation site of transcription from the (+)-stranded circles into (—)-stranded replication
intermediates, we used a nuclear extract from a non-infected cell culture of the host plant S. fuberosum. The (—)-strands, which were de novo-
synthesized in the extract upon addition of circular (+)-PSTVd, were purified by affinity chromatography. This purification avoided contamination
by host nucleic acids that had resulted in a misassignment of the start site in an earlier study. Primer-extension analysis of the de novo-synthesized
(—)-strands revealed a single start site located in the hairpin loop of the left terminal region in circular PSTVd’s secondary structure. This start site
is supported further by analysis of the infectivity and replication behavior of site-directed mutants in planta.
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Introduction

Viroids are subviral pathogens consisting of a protein-free,
circular RNA molecule containing only 246 to 401 nucleotides.
This circular RNA, by definition the (+)-strand, as well as the
(—)-strand has no coding capacity. They are not encapsidated.
Different biological functions of the viroid RNA, such as
recognition by host factors necessary for transcription of
strands in both polarities, processing of oligomeric replication
intermediates to monomers and ligation to circles, and systemic
transport in the plant, require different, partially overlapping
structural elements of the RNA (for reviews see Hadidi et al.,
2003; Flores et al., 2000, 2004; Tabler and Tsagris, 2004).

Viroids are divided into two families (Flores et al., 1998):
Pospiviroidae (named after potato spindle tuber viroid,
PSTVd) with about 40 different members and Avsunviroidae
(named after avocado sun blotch viroid, ASBVd) with four
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members. The RNA of Avsunviroidae accumulates in chlor-
oplasts and is replicated by the nuclear-encoded chloroplastic
polymerase (NEP) in a symmetric rolling-circle mechanism, in
which oligomeric intermediates are cleaved by their hammer-
head-ribozyme activity and ligated to circles (for review see
Flores et al., 2000). In contrast, the RNA of Pospiviroidae
accumulates in the nucleolus and is replicated by DNA-
dependent RNA polymerase II (pol II) in an asymmetrical
rolling-circle mechanism, in which (—)-stranded oligomeric
intermediates are transcribed directly into (+)-stranded oligo-
mers. The processing into circles is mediated by host-encoded
RNases and a ligase that act on a thermodynamically
metastable viroid structure formed by sequential folding (for
review see Steger and Riesner, 2003; Flores et al., 2004).

In pospiviroids, well defined structural elements as well as
essential nucleotides were found as motifs critical for
transcription. Neither the circular (+)-PSTVd nor the (—)-
PSTVd replication intermediates do contain a TATA-box motif
as promoter element for pol II. But the circular (+)-PSTVd does
contain in its native structure GC-rich RNA elements with
similarity to house-keeping gene DNA promoters. Further-
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more, site-directed mutagenesis pointed to a thermodynami-
cally metastable structure including a GC-rich hairpin structure
(hairpin II, HPII) to be essential for infectivity (Loss et al.,
1991). HPII seems to serve as a promoter element for (+)-
strand synthesis during the second transcription step (Qu et al.,
1993). That is, due to sequential folding during synthesis of
(—)-PSTVd, HPII is formed from two distant sequence regions
which are part of GC-boxes in the native structure under
thermodynamic equilibrium (Repsilber et al., 1999).

Up to now, no transcription factors for replication of
pospiviroids have been identified. Therefore, two models for
PSTVd transcription are possible: either there are specific start
sites for replication, which might be defined by the GC-rich
elements in (+)-strands and HPII in (—)-strands, or transcrip-
tion may start at any position on the viroid RNA, which could
be facilitated by the RNA template instead of a natural DNA
template.

Specific start sites were found in Avsunviroidae, and
polymerase recognition appears to involve segments of specific
structural elements (Navarro and Flores, 2000; Pelchat and
Perreault, 2004). For PSTVd, three start sites have been
proposed: two by our group (Fels et al., 2001) and a third
one by Tabler and Tsagris (1990). In the following, we show
that the proposed start sites at nucleotides A111 and A325 are
experimental artifacts due to an endogenous nucleic acid of the
nuclear extract used in the experiments rather than representing
the 5’-ends of a newly synthesized RNA by the pol II. To avoid
any contaminations leading to misassignments, we established
a purification system that allows us to isolate de novo-
synthesized transcripts from both the endogenous nucleic acids
and the template used for in vitro transcription analysis. The
true start site was localized to the left terminal loop by using
primer-extension analysis of the isolated de novo RNA.
Mutagenesis studies on the start site and proposed enhancer
regions support the model that the start site is determined by
the specific structure. In this respect, PSTVd transcription is
similar to the situation found in other viroids such as ASBVd
and peach latent mosaic viroid (PLMVd).

Results

Detection of signals after extension of viroid-specific primers
in the absence of viroid template

The (—)-strand PSTVd synthesis from exogenously added
circular (+)-PSTVd RNA was analyzed in a nuclear extract
prepared from non-infected potato (S. tuberosum) culture
cells. The use of a viroid-free cell culture is essential to avoid
a high background of endogenous, constitutively transcribed
viroid molecules. In earlier experiments, after transcription,
the nucleic acid components were purified by phenol-
chloroform extraction and used directly as template in a
primer-extension reaction (for details see Fels et al., 2001).
Gel-separation of the primer-extension products and autoradi-
ography (see Fig. 1) resulted in a single band corresponding to
nucleotide Al11. Consequently, A111 was interpreted as a
start position of PSTVd (—)-strand synthesis by Fels et al.

{\\Q(‘
&
RS
x (3
(RN < (]
O E L
L L o X P
¢ o & &' ¢ gequencing
controls ladder
nuclear extract pSH3/AF21
ACTG

1 3 5 7 9

P
] -
E B B
+ F gt
E B H
:
. b, -
s 4 & =B
kR B ?
t 4
' B

—

G68

Fig. 1. Primer-extension analysis after transcription reaction in a nuclear
extract. The transcription reactions were carried out using 10 pg protein of a
nuclear extract from a non-infected potato cell culture followed by purification
of the nucleic acids by phenol-chloroform extraction. For primer-extension at
53 °C, the oligonucleotide AF21 (see Fig. 5) was used. Autoradiography of an
8%-PAA sequencing gel loaded with the whole primer-extension sample is
shown. Lane 1, in vitro transcription with circular (+)-PSTVd as template
(about 100 ng); lane 3, in vitro transcription in the presence of 10°¢ M a-
amanitin; lane 5, in vitro transcription without PSTVd template; lane 7, 100 pg
dimeric (—)-PSTVd transcript (pSH3) as positive control for the primer-
extension reaction; lane 9, 100 pg circular (+)-PSTVd as control for (—)-strand
specificity. All lanes loaded with transcription reactions (lanes 1, 3, 5) show a
signal that corresponds to nucleotide Al11.

(2001). The site-directed mutagenesis study (cf. below),
showing that an A111 — G mutation reverted during infection
in plants, seemed to confirm this interpretation.

In an additional control, which was not performed,
however, in the earlier study, the same signal in primer-
extension also appeared in mock-treated controls, that is
without addition of circular (+)-PSTVd as template (compare
lanes 1 and 5 of Fig. 1). In contrast to a result described in
Fels et al. (2001), the signal was not fully suppressed by
addition of a-amanitin (see lane 3 of Fig. 1), which indicates
non-involvement of pol II. Consequently, the signal is due to
unspecific binding of the primer to an endogenous nucleic
acid of the nuclear extract and not to a specific binding to
newly synthesized (—)-PSTVd RNA. Because these results
were reproduced in different, independently prepared nuclear
extracts, a contamination during the experimental procedure
could be excluded. Evidence supporting the signal as PSTVd-
specific by using other PSTVd-specific primers (AF16, AF17;
see Fig. 5) could not be obtained (data not shown). Thus, the
detected signal is not based on PSTVd RNA but rather on a
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cellular nucleic acid species present in the nuclear extract,
which binds the 20 nt long PSTVd-specific primer even under
stringent conditions. Efforts to sequence the cellular nucleic
acid species failed.

Purification of de novo-synthesized (—)-PSTVd RNA and
determination of its start-site

Protocol to purify de novo-synthesized (—)-strands

Before reinvestigating the start site(s) of PSTVd transcrip-
tion, we established a purification protocol to separate the
newly synthesized (—)-PSTVd RNA from the endogenous
nucleic acids of the nuclear extract. This prevents any
unspecific binding of a PSTVd-specific primer to a non-
PSTVd nucleic acid, and detection of false signals is excluded.
Take note that the circular (+)-PSTVd template in the
transcription reaction is present in great excess over the newly
synthesized (—)-PSTVd RNA, and that both template and
product are nearly self-complementary, which renders specific
binding of primers and affinity probes quite difficult.

We used a hybridization-based procedure in which the
nucleic acid of interest is bound to biotinylated capture probes
of the complementary sequence, followed by immobilization to
paramagnetic streptavidin particles. Thus, the target RNA can
be separated from the pool of nucleic acids and investigated in
subsequent experiments.

A flow-chart of the purification is shown in Fig. 2. In step
1, the circular (+)-PSTVd template was removed from the
pool of nucleic acids in the transcription mixture by
hybridization to dimeric biotinylated (—)-PSTVd as capture
probe and separation by Dynabeads. Because any non-
biotinylated (—)-RNA remaining in the sample would lead
to artificial and misleading primer-extension signals, a
prepurification step was introduced to guarantee that all
probe molecules carried at least one biotin label and that any
added probe molecule could completely be removed after-
wards by binding to Dynabeads. The removal step for circular
(+)-PSTVd was repeated to get rid of all (+)-molecules that
would otherwise reduce the yield of de novo-synthesized (—)-
strands hybridized to (+)-probes due to competition by
circular (+)-PSTVd during the following step.

After removal of the template, de novo-synthesized (—)-
PSTVd RNA was extracted by hybridization to dimeric
biotinylated (+)-RNA and binding of the hybrids to Dyna-
beads. In step 3, the de novo-synthesized (—)-RNA was
released from the hybrids by denaturation at 75 °C in the
presence of 8 M urea. During this step, the biotinylated probe
molecules remained bound to the streptavidin-coated Dyna-
beads; a release of probe molecules from Dynabeads was
possible at 75 °C only in the presence of 95% formamide.

The purification method was verified by gel electrophoresis
and Northern blotting as shown in Fig. 3. As a model for the
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Fig. 2. Scheme for isolation of de novo-synthesized (—)-PSTVd RNA after transcription reaction in a nuclear extract. The essential steps of purification are given
adjacent to the arrows; the symbols for the different RNAs are explained in the box at top. For details see text.
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Fig. 3. Effectiveness of the hybrid capture method shown by Northern blot analysis of purified PSTVd (—)-RNA using linear (+)-PSTVd in vitro transcripts as
hybridization probes. All three hybridizations were carried out following the protocol shown in Fig. 2 for purification of de novo-synthesized (—)-RNA. At each step,
target RNA was isolated by 100 ng Dynabeads. After release from the beads, supernatants of each elution step were ethanol-precipitated and separated by PAGE,
followed by nucleic acid transfer onto a nylon membrane. For detection of (—)-PSTVd RNA, radioactively labeled (+)-transcripts were used. Lanes 1—3 served as
controls for specificity of the radioactively labeled probes. Lane 1, dimeric (—)-stranded in vitro transcript (pSH3, 3.5 ng); lane 2, monomeric (—)-stranded in vitro
transcript (pRH716, 5 ng); lane 3, monomeric (+)-stranded in vitro transcript (pRH715, 100 ng). For step 1 (see Fig. 2), 200 ng monomeric PSTVd in vitro transcript
(pRH715) was used as (+)-RNA that was removed from the assay by hybridization to 300 ng biotinylated, dimeric (—)-PSTVd probes (pSH3, lanes 4 and 5). This
step was repeated to remove (+)-PSTVd RNA remaining after the first step (lanes 6 and 7). For steps 2 and 3, as (—)-RNA 10 ng monomeric (—)-PSTVd in vitro
transcript (pRH716) was used that was isolated from the assay by hybridization to 300 ng biotinylated, dimeric (+)-PSTVd probe (pRH717, lanes 8 to 12). Non-
numbered lanes are empty. 8 M, 8 M urea wash; fa-s, formamide wash; b&w, binding and wash (5 mM Tris—HCI, 0.5 mM EDTA, 1 M NaCl); SSC RT/70 °C, wash
with 1x SSC buffer at room temperature and 70 °C, respectively. Expected bands are marked by arrows and labels.

transcription assay, we mixed 10 ng of a synthetic monomeric
(—)-PSTVd transcript, which should resemble the de novo-
synthesized (—)-RNA, with 200 ng of a synthetic monomeric
(+)-PSTVd transcript, as a mimic of circular (+)-PSTVd, and
endogenous nucleic acids from the nuclear extract used for the
actual transcription assay. At each step, the RNA was released
from the hybrids bound to Dynabeads by a 8 M urea-
denaturation step, the remaining probe RNA was removed
from Dynabeads by a formamide denaturation step, and
analyzed by Northern blot. In summary, each of the purification
steps worked as expected.

We paid special attention to the following, critical steps of
the purification procedure: (i) preformed, “wrong” hybrids
might result from double-strand formation of (+)-template with
newly synthesized (—)-RNA in the transcription assay, which
would lead to a decrease in recoverable (—)-RNA; such hybrids
were resolved during step 1 by a heat-denaturation step in
presence of an excess of (—)-probe molecules; (ii) all nucleic
acids could be recovered from the purification procedure
without noticeable degradation or contamination with other
RNAs; that is, no RNase activity from the transcription assay
remained, and no strand breaks were introduced by the
repeated hybridization steps. We could also not detect
degradation at selected sites in the viroid structure after
incubation of circular (+)-PSTVd and of synthetic PSTVd
transcripts in the nuclear extract, as already described by Fels et
al. (2001).

Purification of de novo-synthesized (—)-PSTVd RNA from a
nuclear extract

With the procedure described above, it was possible to
purify (—)-PSTVd sequences from a pool of different nucleic
acids. If such a purification is successful from a transcription
assay, the following questions can be answered: (i) do the
nuclear extracts contain a transcriptionally active pol II, and (ii)
does the de novo RNA, transcribed by pol II from nuclear
extract, have a defined start site?

Two different transcription assays were carried out, the first
containing 500 ng of circular (+)-PSTVd as exogenous
template, the second was a mock-treated control without any
viroid template. Transcription was carried out according to the
protocol described earlier (Fels et al., 2001). Subsequent to the
transcription assay, the nucleic acids were extracted by
phenol—chloroform and precipitated with ethanol. Pellets were
redissolved and applied directly to the purification protocol.
Eluted fractions were precipitated with ethanol and analyzed by
Northern blot hybridization.

As shown in Fig. 4, the new purification protocol was
successful in isolating de novo synthesized (—)-PSTVd RNA.
Lanes 7 to 10 show a very strong signal representing the
biotinylated, dimeric (—)-PSTVd probe used for removal of
circular (+)-PSTVd. Due to its (—)-polarity, it is detected by the
radioactively labeled (+)-in vitro transcript (compare with lane
1). Lanes 11 to 15 show all fractions of the third hybridization,
i.e., isolation of de novo-synthesized (—)-PSTVd RNA. During
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Fig. 4. Detection of de novo-synthesized (—)-PSTVd RNA by Northern blot
analysis. From a transcription assay with circular (+)-PSTVd (500 ng) as
template in the nuclear extract, the circular (+)-PSTVd was removed by two
hybridization steps using 2 x 750 ng of dimeric biotinylated (—)-PSTVd
transcripts (pSH3); hybrids were removed by binding to 250 ug Dynabeads at
each step; lanes 7 and 8 show fractions of the first hybridization, lanes 9 and 10
of the second hybridization. De novo-synthesized (—)-RNA was isolated by use
of 300 ng dimeric biotinylated (+)-PSTVd transcripts (pRH717); hybrids were
removed by binding to 100 pg Dynabeads; lanes 11 to 15 show all fractions of
this third hybridization. Supernatants of elution steps were ethanol-precipitated
and separated by PAGE; afterwards, nucleic acid was transferred to a nylon
membrane. Detection of (—)-PSTVd RNA was achieved by hybridization with
radioactively labeled monomeric (+)-PSTVd RNA (pRH715). Lane 1, dimeric
(—)-PSTVd in vitro transcript (pSH3, 2.5 ng); lane 2, circular (+)-PSTVd as
control for binding specificity of the radioactively labeled transcript (200 ng);
lanes 3 to 6, monomeric (—)-PSTVd in vitro transcript (pRH716) for
determination of detection limit; lane 16, assay without any circular (+)-
PSTVd as exogenous template. For labeling see Fig. 3.

the mild wash steps (lanes 11 to 13), no signal is detected; i.e.,
the captured (—)-PSTVd RNA is tightly bound to its
complementary sequence and only detectable after using urea
to separate it from its capture probe (lane 14). An additional,
but weaker signal is detectable also in lane 15, where
formamide was used to disrupt biotin—streptavidin binding
and to release the biotinylated capture probe. This is expected
because removal of the target RNA from its complementary
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probe by urea is not always complete. Most importantly, the
mock-treated control, where no circular (+)-PSTVd was added
to the transcription reaction, revealed no corresponding signal
(lane 16). This result emphasizes that signals detected in lanes
14 and 15 are specific and due to newly synthesized (—)-
PSTVd transcripts.

The newly synthesized (—)-PSTVd RNA in lanes 14 and 15
does not appear as a distinct band but as a diffuse,
heterogeneous length distribution from about 2x unit length
down to short fragments. At least three reasons are conceivable
for this length distribution: the heterogeneous size could be due
to degradation caused by endogenous nuclease activities, it
could be due to unspecific initiation of the newly generated
transcripts, or the transcripts could be synthesized with specific
initiation but unspecific termination. One can summarize,
however, that the nuclear extract contains PSTVd transcription
activity, de novo-synthesized (—)-PSTVd RNA can be isolated
by the new purification protocol, and that this signal is
completely missing in the mock-treated control.

Determination of the 5'-ends of the de novo-synthesized
transcripts by primer-extension

The 5-ends of the newly transcribed (—)-PSTVd RNA,
which correspond to the start site(s) on the circular (+)-PSTVd
template, were determined by primer-extension analysis.
Because release of the target RNA from its capture probe is
not always complete, supernatants of both elutions (fraction
with urea and fraction with formamide) were separately
precipitated with ethanol, pellets were redissolved and applied
to primer-extension reaction. As primers, either AF9 (position
181-209) or AF6 (position 268—292) was used (see Fig. 5);
products were analyzed by gel-electrophoresis and autoradiog-
raphy (see Fig. 6).

The primer-extension analysis revealed a single specific
signal at nucleotide position U359 or C1; that is, there is only a
single start site for generation of de novo-synthesized (—)-RNA
by pol II in our extract. Discrimination between positions U359
and C1 was not possible due to the limited resolution of the
sequencing ladder (Fig. 6, lane 6). None of the other lanes did
show a corresponding signal: in the formamide fraction (lane
7), the amount of de novo-synthesized (—)-RNA is probably
too low (compare lanes 14 and 15 in Fig. 4), addition of a-
amanitin suppressed the (—)-RNA synthesis (lane 8), and no
unspecific RNA is generated in the reaction without template
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Fig. 5. Localization of primers. Numbering of nucleotides refers to circular (+)-PSTVd. Primers marked in black were used for primer-extension analysis of purified
de novo-synthesized (—)-PSTVd RNA (for example see Fig. 6); those in light grey were used for primer-extension analysis in the nuclear extract (for example see

Fig. 1).
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Fig. 6. Determination of the 5’-end of de novo-synthesized (—)-PSTVd RNA by primer-extension analysis of an in vitro transcription reaction in a nuclear extract.
Purification of the nucleic acids was achieved by hybridization to biotinylated capture probes, followed by isolation of de novo-synthesized (—)-RNA via Dynabeads.
Primer-extension was performed with primer AF9 at 55 °C. Left and right panels show results from two independent analyses with different nuclear extracts. Lanes 1
to 4, sequencing ladder of pSH3; lanes 6 to 11, analyzed samples after transcription in a nuclear extract of non-infected potato-cell culture: fractions applied on the
gel are from elutions with 8 M urea (lanes 6, 8, 10) and with formamide (lanes 7, 9, 11), respectively; lanes 6 and 7, in vitro transcription with 5 pg circular (+)-
PSTVd as template; lanes 8 and 9, in vitro transcription in the presence of 10~® M a-amanitin; lanes 10 and 11, in vitro transcription without any PSTVd (mock-
treated control); lane 13, positive control for primer-extension reaction, 100 pg dimeric (—)-PSTVd transcript (pSH3); lane 14, control for (—)-strand specificity, | pg
dimeric (+)-PSTVd transcript (pRH717). Only the reaction with circular (+)-PSTVd as exogenous template for transcription revealed a specific signal (lane 6) that
could be identified by comparison with the adjacent sequencing ladder as nucleotide U359 or C1. For abbreviations, see Fig. 3.

(lane 10). Furthermore, neither the (—)-probe molecule with its
5'-end at position 343 (lane 13) nor the (+)-strand (lane 14)
gives rise to a primer-extension band near positions 359 or 1.
Reproductions of the experiment, for example with primer AF6
(see Supplemental Fig. S1) or an independently prepared
nuclear extract (Fig. 6), revealed identical results.

Mutagenesis of sites essential for transcription

Mutant viroids with single-nucleotide exchanges in the
potential start sites and promoter elements were tested for
transcriptional activity in vitro and for infectivity in vivo.

Choice of the mutations

The nucleotides C1 or G359 were determined as start sites.
In addition, the two GC-boxes (see Fig. 7) were discussed as
important for (—)-strand synthesis (Qu et al., 1993; Fels et al.,
2001), whereas HPII is a metastable structural element of (—)-
strands and is involved in (+)-strand synthesis (Loss et al.,
1991; Qu et al., 1993). Thus, mutations of these positions or in
these regions might reveal the importance of these motifs.
Either a modified sequence or a change in structure should
reduce infectivity or transcriptional activity. Genetic stability of

mutations, reversions, or compensatory mutations necessary to
regain biological function would point to the importance of the
mutated nucleotides. Thus, three kinds of mutations were
designed (see Fig. 7):

* The previously proposed start site A111, which could not be
confirmed in this study, was altered to G while preserving
the predicted secondary structure.

From primer-extension analysis of this work, the correct
start site was determined but it was not possible to dif-
ferentiate between C1 and U359 as start sites for transcrip-
tion; therefore, we designed the two mutants C1 — G and
U359 — G.

GC-boxes, which are postulated as promoter elements, can
be disrupted with respect to their structure by introducing
mismatches. The mutations A343 — C, A344 — C, and
C346 — G lead to interior loops in the left GC-box.
Therefore, the functionality of this structural element as a
promoter is expected to be impaired. Secondary structure
calculations predict that eliminating a GC-base pair by
changing C346 — G leads to a drastic shift in the viroid
structure from the native rod-like end to a “Y”-shaped end
(Dingley et al., 2003).
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Fig. 7. Positions of single- and double-site mutations in PSTVd. (A) Two sections of the native, rod-like secondary structure of PSTVd. The double-site mutations
C231 — A/G324 — U and U230 — C/A325 — G are connected by dashed lines. The left and right GC-boxes are boxed. R and S refer to reverting and stable
mutations, respectively; X, in one plant out of eight infected with U230 — C/A325 — G, a single-site reversion G325 — A occurred; for further details on infection,
see Table 1. (B) Position of the double-site mutations C231 — A/G324 — U and U230 — C/A325 — G in HPII on the (—)-strand level.

* The double mutations U230 — C/A325 — G and C231 —
A/G324 — U are designed to affect the right GC-box.
Mutation U230 — C enhances the stability of this GC-box,
and C231 — A disrupts the GC-box. A325 — G and G324
— U, respectively, were mutated compensatorily to guar-
antee the structural integrity of HPII critical for (+)-strand
synthesis (see Fig. 7B).

Infectivity tests and genetic stability of the mutants

As described in Materials and methods, mutated circular
PSTVd molecules were synthesized and used for inoculation of
tomato seedlings Lycopersicon esculentum cv. Rutgers. Wild-
type PSTVd (strain intermediate DI) served as a positive
control. Leaf samples were collected after different time
intervals (21, 28, 35, and 42 dpi) and total RNA was extracted.
Presence of PSTVd was determined by bidirectional gel
electrophoresis (Schumacher et al., 1983).

Infection with wild type was fully established after 3 weeks,
whereas the infectivity of the mutants was found to be much
lower (see Table 1). Only mutant C346 — G was detectable in

Table 1
Time course of infection in individual plants after inoculation with wild-type or
mutant PSTVd molecules

Strain Stability 21 dpi 28 dpi  35dpi 42 dpi
Intermediate DI S 4/4 4/4 4/4 n.d.
Alll - G R 0/4 4/4 4/4 n.d.
A343 — C R 0/4 1/4 1/4 n.d.
A344 — C R 0/4 3/4 4/4 n.d.
C346 — G S 3/4 4/4 4/4 n.d.
U359 - G R 1/4 4/4 4/4 n.d.
Cl -G S 1/4 3/4 4/4 n.d.
C231 - A/G324 - U S n.d. 7/8 n.d. 8/8
U230 - C/A325 -G X n.d. 4/8 n.d. 4/8
Mock inoculation 0/4 0/4 0/4 n.d.

35 or 42 dpi, the PSTVd progeny was sequenced. R and S refer to reverting and
stable mutations, respectively; X, in one plant out of four infected with U230 —
C/A325 — G, a single-site reversion G325 — A occurred. The presence of
PSTVd was analyzed by bidirectional gel electrophoresis. Mock inoculation
was performed to exclude cross-contamination. n.d., not determined.

three out of four plants, which is a characteristic of a
genetically stable mutant. After 4 weeks, however, additional
plants exhibited viroid-specific signals. With a delay of 2
weeks, we observed full replicational activity in all plants that
were infected with single-site mutated viroids. Only in case of
the GC-box mutant A343 — C, three out of four plants
contained no viroid after 5 weeks, suggesting that this mutation
can be very deleterious for the viroid. The double mutation
C231 — A/G324 — U also caused strongly reduced infectivity.

To screen for reversions, we performed RT-PCR reactions
from total RNA of those plants which showed a viroid signal in
the gel electrophoresis tests, and determined the sequence of
the products. With the exception of C346 — G and C1 — G,
all single-site mutants had reverted to the wild-type sequence.
Even at 42 dpi, the double-mutant sequences were still
detectable in all tested plants. Only in one plant infected with
U230 — C/A325 — G areversion G325 — A occurred, which
restores the internal loop in the terminal left region and keeps a
wobble base pair in (—)-stranded HPII.

Discussion

Transcription of PSTVd is carried out by DNA-dependent
RNA polymerase II (Schindler and Miihlbach, 1992). Tran-
scription from the mature, circular (+)-PSTVd to linear (—)-
strands was analyzed here by using an in vitro transcription
system consisting of a nuclear extract prepared from a non-
infected cell culture of potato, which is a natural host of PSTVd.

Previous investigations on the transcriptional analysis of
PSTVd replication, with regard to start sites on the circular (+)-
PSTVd, revealed two distinct nucleotides, A111 and A325, as
start sites (Fels et al., 2001). Experiments presented here
revealed these nucleotides as important for transcription, but
not as start sites of the circular (+)-PSTVd molecule. On the
contrary, the primer-extension signals, which led to the
assignment as start sites, can be attributed to primer binding
to an endogenous nucleic acid.

To exclude primer binding to other nucleic acids than the de
novo-synthesized (—)-PSTVd transcripts, it was necessary to
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eliminate endogenous nucleic acids from the transcription
assay. A purification protocol was established that separates
newly synthesized (—)-PSTVd RNA from the other nucleic
acid components of the transcription assay. Thus, the de novo-
synthesized (—)-RNA is the only template remaining in primer-
extension analysis. We determined the 5-end of the (—)-
PSTVd transcripts as either nucleotide U359 or C1. Which one
of these nucleotides is the true start site could not be decided
because of low resolution of the sequencing ladder. In the
following, the newly revealed start nucleotide is discussed with
respect to further experimental data and literature data on start
domains of ASBVd and PLMVd of the family Avsunviroidae.

Transcription of circular PSTVd in a nuclear extract

For determination of PSTVd transcription start sites, an
analysis of in planta replication intermediates (including
unprocessed nascent PSTVd RNAs) would have been extreme-
ly difficult: (i) the concentration of intermediates is by far
lower than that of the mature circles, (ii) newly synthesized
transcripts are immediately processed in subsequent steps of
the rolling circle mechanism, and (iii) a differentiation of true
replication 5’-ends and ends due to processing and/or
degradation would be rather difficult. Thus, we used a nuclear
extract from a non-infected potato cell culture that was
optimized for transcriptional activity. This cell-free system
represents the closest approach possible to the in vivo situation.
Following the transcription reaction, it was necessary to isolate
sufficient amounts of de novo-synthesized (—)-PSTVd RNA to
determine its 5'-end by subsequent primer-extension analysis.

Purification protocol

The amount of de novo-synthesized (—)-PSTVd RNA
generated in our nuclear extract is fairly low, which might be
either due to degradation during the transcription reaction or
because PSTVd as an RNA template is not recognized by pol 11
as efficiently as the normal DNA. Because the analysis of the
start sites of the transcript has been shown to be obscured by
the excess of cellular RNA, it was necessary to purify the de
novo-synthesized (—)-PSTVd RNA. The purification proce-
dure was optimized to fulfill the following requirements:

1. High specificity of capture probes and of hybridization
conditions has to be guaranteed since full-length or longer
PSTVd sequences of both polarities tend to hybridize to
strands of the same polarity due to the extensive self-
complementarity of viroid sequences.

2. All hybridization sequences had to contain biotin labels to
be completely removable from solution to avoid cross-
contaminations (for details of prepurification, see Materials
and methods).

3. The de novo-synthesized (—)-RNA has to be eluted and
separated from the capture RNA with high yield.

Both the specific isolation of de novo-synthesized (—)-
PSTVd RNA and its elution from the biotinylated complement

were successful. Using in vitro transcripts, we could demon-
strate that the “target” RNA was the only product detectable in
the corresponding elution fraction after purification. Thus, the
procedure allowed us purification of newly transcribed (—)-
RNA generated by the in vitro transcription system, and the
subsequent determination of its 5-end by primer-extension
analysis is unhampered by any additional components.

Left terminal loop as start site for PSTVd replication

With the established purification protocol, we were able to
detect the 5'-end at nucleotide U359 or C1. Due to specificity
of the purification protocol demonstrated above, the signal
cannot originate from endogenous nucleic acids. Furthermore,
the signal shows a-amanitin sensitivity which confirms its
generation by pol II, because both, pol I as well as pol III,
should not be affected by a-amanitin at low concentrations
(Weinmann and Roeder, 1974; Wieland and Faulstich, 1978).
Final evidence for the specificity of the detected signal
attributed to the de novo-synthesized (—)-RNA was its absence
in the mock-treated control, with no circular (+)-PSTVd added
as transcription template. Both, reproduction of experiments
carried out with independently prepared nuclear extracts as
well as primer-extension analysis of purified de novo RNA
with a different PSTVd primer, led to identical results; i.e., the
5’-end is located at nucleotide position U359 or C1. Additional
start sites could not be detected (see Fig. 3 and corresponding
text).

One might argue that the detected 5'-end could be a result of
a nucleolytic reaction. Because 5'-exonuclease activities have
never been described for plants, an artifact of a specific 5'-end
resulting from degradation does not seem likely. Furthermore,
non-specific degradation of de novo RNA during incubation in
the nuclear extract was excluded to the greatest extent possible
by addition of RNase inhibitors during the transcription
reaction. If (—)-RNA was used as a control (see Fig. 6, lane
13), it did not give rise to a corresponding signal, excluding a
specific cleavage at this site.

Elements of the rod-like structure as promoter for pol Il
transcription

Several promoters for pol II transcription have been
described, containing either a TATA-element, an INR(initia-
tor)-sequence, or both. Furthermore, so-termed “mixed pro-
moters” are known, containing either one of these elements.
Additionally, promoters are known that initiate pol II tran-
scription independently of a TATA- and/or INR-sequence
(Novina and Roy, 1996). Because PSTVd lacks both the
TATA-box as well as the INR-element but is nevertheless
transcribed by pol II, the rod-like structure itself must contain
regions that are recognized and accepted by the enzyme or a
transcription factor/enhancer. The rod-like structure of PSTVd
corresponds to a stem-loop structure closed by two terminal
hairpin loops. In the literature (Beard et al., 1996; Lauber et al.,
1997; Carpenter and Simon, 1998; Filipovska and Konarska,
2000; Navarro and Flores, 2000; Pelchat et al., 2001, 2002),
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hairpin structures are discussed to be a general motif for
recognition by polymerases. Already 1984, binding assays with
purified wheat germ pol II showed the enzyme to bind to
terminal loops of PSTVd (Goodman et al., 1984). Likewise,
recent experiments with PLMVd demonstrated binding of the
Escherichia coli RNA polymerase — used as a model for the
nuclear-encoded chloroplastic RNA polymerase (NEP) — to the
ends of the viroid molecule (Pelchat et al., 2001, 2002).
Transcriptional experiments with truncated PLMVd transcripts
revealed the hairpin structure as sufficient to initiate transcrip-
tion, which also starts at the terminal loop (see Fig. 8).
Furthermore, transcription of both polarities of PLMVd RNA
starts at terminal loops, demonstrating that transcription
initiation is determined by secondary structure rather than
primary sequence of the RNA (Pelchat et al., 2001; Pelchat and
Perreault, 2004). The hairpin motif is also known as promoter
fragment in ASBVd, where transcription is initiated within a
terminal loop (see Fig. 8; Navarro and Flores, 2000).
Transcription of ASBVd is also thought to be promoter driven,
with binding of the enzyme determined by secondary structure
but not sequence.

Beyond viroids, transcription initiation sites within terminal
loops are also discussed as essential for promoter activity of
viral and subviral RNAs of some (+)-stranded plant viruses
(Lauber et al., 1997; Carpenter and Simon, 1998). Another
example is the replication of hepatitis delta virus RNA (HDV
RNA), a satellite RNA of the Hepatitis B virus. The HDV
genome consist — similar to viroids — of a single-stranded
circular closed RNA of about 1.7 kb, that forms a viroid-like
unbranched structure in the native state. Similar to viroids, its
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Fig. 8. Schematic representation of viroid secondary structures. (a) potato
spindle tuber viroid (PSTVd); (b, ¢) avocado sun blotch viroid (ASBVd, (+)-
and (—)-polarity; Navarro and Flores, 2000); (d) peach latent mosaic viroid
(PLMV(d; closed arrows point to start sites of E. coli polymerase (Pelchat et al.,
2002), the open arrow points to in vivo start site (Delgado et al., 2005)). Arrows
point to start sites of replication. Note that most start sites are located within a
hairpin loop terminating an elongated stem—loop structure.

replication also depends on a host polymerase, most probably
pol IT (MacNaughton et al., 2002), and the left terminal double-
stranded region closed by a loop is discussed as promoter
element for pol II with the start site in its close proximity
(Beard et al., 1996).

Specificity of transcription start and mechanism of reversion

Mutated viroid sequences are exposed to different degrees
of selective pressure in the host plant. Mutation of nucleotides
that are essential for the function of the viroid, for example as
start sites of transcription, is expected to revert quickly to the
wild-type sequence. The fact that mutant G1 turned out to be
genetically stable, whereas G359 reverted to the U359, favors
U359 as being the start site of PSTVd transcription. It is,
however, not obvious from these two mutations if structure or
sequence is of greater importance for the start site. The hairpin
loop sequence®’c(CUCG)g?, with closing pair’>’C:G®, may
belong to either one of the tetraloop families g(CUNG)c
(Jucker and Pardi, 1995) or c(YNMG)g (Proctor et al., 2002),
which have quite different tertiary structures and structural
features for tertiary interactions. In an NMR study on the left
terminal region of PSTVd (Dingley et al., 2003), however,
resonances for the hairpin loop were found that do not coincide
with one of the representative members of the mentioned
tetraloop families. So details have to be elucidated by further
studies.

Taking together the results from our in vitro and in vivo
studies, we gained a more detailed understanding on the
mechanistic aspects of reversions. If a mutant sequence is not
accepted as a template by pol II, it could be sustained through a
low-level transcription by other polymerases (for example pol I
or pol IIT). This could be shown by in vitro studies where some
templates exhibited an a-amanitin-independent signal (data not
shown). Due to the natural error rate of the polymerases, which
might be increased by using the RNA instead of DNA as
template, the wild-type sequence can be reestablished, thus
leading to full replicational activity, and the maximum titer of
viroid is gained within a typical delay of 2 weeks. However, if
the basal transcriptional activity is too inefficient, the mutant
templates are degraded rather than amplified by the host. We
observed this phenomenon in case of mutant C343. Although
the mutation does not affect the transcription of the native (+)-
stranded circle (data not shown), it appears to have a drastic
effect on the (—)-stranded template activity or transport motifs
in planta. This mutation turned out to be lethal to the viroid in 3
out of 4 plants (see Table 1).

Mutant viroids with double nucleotide exchanges exhibited
very low infectivity. A complete reversion to the wild-type
sequence is a very improbable event, because a reversion of a
single nucleotide leads to a mismatch in the core of HPII,
which is in turn essential for (—)-strand transcription (Loss et
al., 1991). Therefore, the replication cycle comes to a halt at
this stage. We observed, however, a reversion of G325 — A,
which might be interpreted as a first step in a complete
reversion to the wild-type sequence. This single reversion is
viable because the structural integrity of HPII is left intact; the
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(G230:C325 base pair is substituted by G230:U325 on the (—)-
strand level. Nevertheless, a complete reversion might occur in
following passages.

Modular arrangement of structural and functional domains in
viroids

The detailed analysis of the transcription process of PSTVd
fits to the model of a modular arrangement of functional
domains as described earlier (Keese and Symons, 1985; Steger
and Riesner, 2003; Tabler and Tsagris, 2004). The left terminal
region together with at least one GC-box as the transcription
domain could be added to the known list of functional
domains, such as the virulence modulating region (Schnolzer
et al., 1985; Owens et al., 1996; Schmitz and Riesner, 1998),
the processing region (Baumstark et al., 1997; Schrader et al.,
2003), and the transport domain (Hammond, 1994; Gozma-
nova et al., 2003). These domains are not always elements of
the native, rod-like structure. Domains for (+)-strand transcrip-
tion and transport belong to the native structure as expected.
The processing domain is definitely part of a metastable
structure, which occurs only transiently during the replication
cycle, and for the virulence modulating region, the mechanism
is not yet known. In a modified version, the modular
arrangement holds true also for other viroid families.

Materials and methods
Oligonucleotides

Oligonucleotides used for primer-extension analysis (AF6,
AF9, AF16, AF17, AF21) were obtained from Thermo
Hybaid, Ulm, Germany. Melting temperatures for each
oligonucleotide (given in parenthesis) were determined with
POLAND (Steger, 1994) at an ionic strength of 100 mM NacCl
with thermodynamic parameters according to Klump (1990), a
dissociation constant # = 10> M, and a primer concentra-
tion ¢ = 2:107% M.

AF6: corresponds to (5 — 3') G268—C292 of (+)-PSTVd
5-GGA AAC AAC TGA AGC TCC CGA GAA C-¥
(58-62 °C)

AF9: corresponds to (5 — 3’) T181-C209 of (+)-PSTVd
5'-TCA CCC TTC CTT TCT TCG GGT GTC CTT C-3¥
(57-65 °C)

AF16: corresponds to (5 — 3') G324—A344 of (+)-PSTVd
5-GAG GGT GTT TAG CCC TTG GAA-3’ (53-60 °C)
AF17: corresponds to (5 — 3') G61-A74 of (+)-PSTVd
5-GAA GGC GGC TCG GA-3' (57 °C)

AF21: corresponds to (5 — 3’) C1-C20 of (+)-PSTVd 5'-
CGG AAC TAA ACT CGT GGT TC-3 (56 °C).

Enzymes and enzymatic reactions
Restriction enzymes and T4 polynucleotide kinase for 5'-

labeling of synthetic oligonucleotides with [y->>P]-ATP were
used according to standard protocols (Sambrook et al., 1989).

T7 RNA polymerase was used for in vitro synthesis of
transcripts. Transcripts were internally labeled by addition of
[a-*?P]-UTP or biotin-16-uridine-5 -triphosphate, respectively,
to the transcription mixture. The RNA was eluted from a
denaturing gel as described by Krupp (1988), ethanol
precipitated, dissolved in 10 pl TE buffer (10 mM Tris—HCI,
pH 8.0; 1 mM EDTA), and stored at —20 °C.

Synthetic transcripts with PSTVd sequence

Plasmids pRH715, pRH717, pRH716, and pSH3 are
derivatives of pRH701 (Hecker et al., 1988). After linearization
of plasmids and run-off-transcription with T7-RNA polymer-
ase, the following transcripts were obtained:

pRH715 (368 nts, monomeric (+)): 5/GG—(147—359/1—
146)-GGGAAUU?,

pRH717 (727 nts, dimeric (+)): 5/GG-(2827359/17359/
1-281)-GGGAAUU?,

pRH716 (368 nts, monomeric (—)): > GG-(146—1/359—147)-
GGGAAUU?,

pSH3(731 nts, dimeric (—)): Y GG-(341-1/359-1/359—
336)-GAAUU>.

The numbering of the PSTVd sequence is according to
Gross et al. (1978).

Primer-extension analysis of de novo-synthesized (—)-PSTVd
RNA

Purified RNA was annealed with 1 x 10 cpm 5'-[y->2P]-
labeled primer (AF6, AF9, AF16, AF17, AF21) in 20 pul reaction
buffer (50 mM Tris—HCI, pH 8.3, 100 mM NaCl) at 85 °C for 1
min. After cooling to 35 °C in about 3 h, the samples were
ethanol precipitated and redissolved in 20 pl primer-extension
buffer (1x first strand buffer, 10 mM DTT, 500 uM of each
dNTP, 40 units RNasin (Promega) and 200 units reverse
transcriptase (Superscript II; Gibco BRL)). Samples were
incubated at a temperature corresponding to the melting
temperature of the primer (see figure legends), precipitated with
ethanol, redissolved in urea loading solution (4 M urea, 45%
formamide, 5 mM EDTA, 0.1% bromophenol blue/xylene
cyanol), 0.2x TBE), heat denatured, and analyzed on 8%
polyacrylamide denaturing sequencing gels (40%, 19:1, 8 M
urea, 1 x TBE). Afterwards, gels were exposed to X-ray films
(Kodak-X-OMAT, Sigma, St. Louis, USA). To assign primer-
extension products, sequencing reactions were carried out on
plasmid pSH3 containing a dimeric (—)-PSTVd sequence with
primers AF6, AF9, AF16, AF17, or AF21, respectively. All
sequencing reactions were performed by using Sequenase II (US
Biochemical) following the vendor’s protocol.

Preparation of nuclei and nuclear extracts from a non-infected
potato-cell culture

Highly purified nuclei from a non-infected potato cell
culture (Solanum tuberosum, HH258) were prepared according
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to Fels et al. (2001). Briefly, a suspension culture is filtered and
cells are converted into protoplasts by incubation with cellulase
Onozuka R-10 and Macerozyme R-10 (Serva, Heidelberg,
Germany). Protoplasts were lyzed mechanically and nuclei
purified by centrifugation with Ficoll and Percoll gradients.
Ten millimolar NaF was added to all buffers to inhibit
endogenous phosphatases. Typical yields of preparations were
1-2:10® nuclei per 2 ml nuclear extract, containing protein
concentrations varying from 2 to 8 mg/ml. Nuclear extracts
were stored at —70 °C for up to 3 months without loss of
transcriptional activity.

Transcription of circular (+)-PSTVd as exogenous template
with the nuclear extract

Transcription reactions with the nuclear extract were carried
out according to Fels et al. (2001). The reaction mix contained
5 to 15 pg protein from the nuclear extract, up to 5 pug circular
(+)-PSTVd template, 40 u RNasin, 20 u DNase I (RNase-
free), and 20 pg BSA (Molecular Biology Grade; Roche,
Germany) in 30 pl transcription buffer (50 mM Tris—HCI, pH
7.9, 60 mM (NH,4),SO4, 5 mM MgCl,). For a control reaction,
the pol Il-inhibitor a-amanitin was added at a concentration of
107® M. Each transcription reaction was preincubated without
NTPs at 28 °C for 5 min to form polymerase preinitiation
complexes, as well as to digest endogenous DNA. Afterwards,
NTPs were added to a final concentration of 600 uM and the
solution was incubated at 28 °C for 30 min. Transcription was
terminated by addition of 70 pl stop solution (20 mM EDTA,
pH 8.0, 200 mM NaCl, 1% SDS). Nucleic acids were
extracted by phenol-chloroform, precipitated with ethanol,
and redissolved in 20 pl 1x TNE, 8 M urea.

Pretreatment of Dynabeads

Purification of de novo-synthesized PSTVd RNA was
achieved by using paramagnetic streptavidin particles (Dyna-
beads, Deutsche Dynal GmbH, Hamburg). Before use,
Dynabeads were pretreated for 2 min at room temperature
with solution A (100 mM NaOH, 50 mM NacCl, 0.1% DEPC)
or B (100 mM NacCl, 0.1% DEPC), respectively, to remove
possible RNase contamination. After each incubation, reaction
tubes were put into a rack, containing a magnet at the back wall
(Dynal MPC-L, Magnetic Particle Concentrator), Dynabeads
were pulled to the tube’s wall, and the supernatant was
removed. Pretreated, RNase-free Dynabeads were afterwards
used to isolate PSTVd RNA.

Synthesis and purification of biotinylated probe molecules

Biotinylated, dimeric PSTVd transcripts of both polarities
were synthesized with T7 polymerase in the presence of 2 mM
Biotin-16-UTP. During synthesis of biotinylated probes, a low
amount of transcripts not containing biotin may be generated.
These molecules had to be removed because they prevent
optimal purification of de novo-synthesized (—)-PSTVd RNA.
According to the vendor’s manual, 1 pg Dynabeads will bind to

about 1 to 3 ng PSTVd full-length transcript. Two micrograms
of 20%-biotinylated transcripts — either pSH3 transcripts as a
probe with (—)-polarity or pRH717 transcripts as a probe with
(+)-polarity — were purified by use of 1 mg Dynabeads; 15 pg
20%-biotinylated pSH3 transcripts were purified by use of 5
mg Dynabeads. Prepurification was carried out in a volume of
20 ml reaction mix (5 mg Dynabeads (pretreated, RNase-free),
15 ng biotinylated transcript, 5 mM Tris—HCI, pH 7.5, 0.5 mM
EDTA, pH 8.0, 1 M NaCl), or 4 ml volume (1 mg Dynabeads
(pretreated, RNase-free), 3 pg biotinylated transcript, same
buffer). The reaction was incubated at room temperature for 40
min with rotation of tubes head-over-tail to avoid sedimenta-
tion of Dynabeads. Afterwards, Dynabeads bound to biotiny-
lated transcripts were magnetically fixed to the tube wall and
buffer was removed. Dynabeads were washed by addition of:

+0.1x SSC, 3 min, room temperature;

+0.1x SSC, 4 min, 70 °C;

+formamide solution (95% formamide, 10 mM EDTA, pH
8.2), 4 min, 70 °C.

Incubation with formamide disrupts biotin—streptavidin
binding and releases the biotinylated probes. Formamide
fractions containing only biotinylated probe molecules were
precipitated with ethanol and directly used in hybridization
reactions.

Isolation of de novo-synthesized (—)-PSTVd RNA from the
transcription assay

Isolation of (—)-PSTVd RNA was achieved by hybridization
to biotinylated capture probes of complementary polarity.
Circular (+)-PSTVd, used as template in the transcription
reaction, is removed from the mixture by hybridization to a
high excess of biotinylated (—)-probe molecules. Pellets of
transcription reactions as well as corresponding pellets of
prepurified (—)-probes were dissolved in a total of 20 pl 1x
TNE, heated to 85 °C for 90 s, and cooled slowly to 35 °C. The
resulting hybrids were immobilized to Dynabeads, which were
washed by addition of the following solutions:

(1) 0.1x SSC, 5 min, room temperature;
(2) 0.1x SSC, 5 min 30 s 70 °C;
(3) formamide solution, 5 min 30 s, 75 °C.

The supernatants from the washing steps 1 and 2, containing
de novo-synthesized (—)-PSTVd RNA and other RNAs, were
precipitated with ethanol. Pellets containing (—)-PSTVd RNA
as well as precipitated prepurified (—)-probes were dissolved in
20 ul 1x TNE. A second hybridization was carried out in the
presence of 8 M urea; hybrids were treated as described above.
Fractions containing de novo-synthesized (—)-PSTVd RNA
(from steps 1 and 2) were precipitated and in the final step
hybridized to probe molecules with (+)-polarity. Final hybrid-
ization was carried out in the absence of 8 M urea during
hybridization. Hybrids were separated as described above and,
as a modification, an additional step during the washing
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procedure was carried out using 8 M urea at a temperature of
75 °C to disrupt hybrids and to separate de novo-synthesized
(—)-PSTVd RNA from its probe molecule:

(1) + (2), see above;
(3) 8 M urea, 4 min, 75 °C;
(4) see (3) above.

Both fractions, the urea fraction 3, containing de novo-
synthesized RNA, as well as formamide fraction 4, probably
containing de novo-synthesized RNA, were precipitated with
ethanol and the pellet was used directly in primer-extension
analysis. RNAs from the different elution steps were analyzed
by electrophoresis in 5% PAA gels (30:1, 8 M urea, 1 x TBE).

Mutant ¢cDNA clones

Plasmid pRZ6-2 carrying a PSTVd intermediate DI
sequence flanked by two ribozymes was kindly provided by
R.A. Owens (USDA/ARS, Beltsville, MD). For generation of
the double-mutant sequences (C231 — A/G324 — U and
U230 — C/A325 — G), the wild-type Eagl/Eco47111 fragment
was replaced by the corresponding mutant fragment. The GC-
box mutants (A343 — C, A344 — C, C346 — G) and mutant
Alll — G were obtained by exchanging the Styl/Sall
fragment and the Sacl/Eagl fragment, respectively. The
mutations U359 — G and C1 — G were introduced using
the QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA) according to the manufacturer’s instructions.

Synthesis of mutant PSTVd molecules

Prior to transcription, plasmids were linearized by digestion
with HindlIIl. Large amounts of linear PSTVd molecules were
produced using the Ribomax protocol (Promega). Full-length
PSTVd was eluted from a native gel and was circularized in a
cell-free wheat germ extract. Twenty micrograms of PSTVd
RNA was incubated at 37 °C for 2 h in a total reaction volume
of 100 pl containing 50 pl wheat germ extract (Promega), 20
mM Tris—HCl (pH 8.0), 6 mM Mg acetate, 0.2 mM
spermidine, 0.4 mM EDTA, and 1 mM ATP (Owens et al.,
1996). Total nucleic acid was recovered by phenol-chloroform
extraction and precipitation with 15% PEG and 500 mM NaCl.
Circular PSTVd molecules were eluted from a bidirectional gel
(Schumacher et al., 1983).

Inoculation and RNA isolation

Five nanograms of mutant circular PSTVd RNA was used
to inoculate 1 week-old tomato seedlings (L. esculentum cv.
Rutgers). Leaf samples were collected 21, 28, 35, and 42 dpi.
Two hundred milligrams of leaf material was frozen in liquid
nitrogen and ground with a mortar in an Eppendorf tube.
After addition of extraction buffer (50 mM Tris—HCIL, pH 7.5,
50 mM NaCl, 5 mM EDTA, 2% SDS, 2% {-mercaptoetha-
nol), samples were phenolized and precipitated with 15%
PEG and 500 mM NaCl. For detection of viroid, samples

were subjected to bidirectional gel electrophoresis (Schuma-
cher et al., 1983).

Sequence analysis of viroid progeny

Total RNA from 10 mg leaf samples of infected plants was
used as template in a RT-PCR reaction. Viroid cDNA was
obtained using superscript II polymerase (Invitrogen) under hot
start conditions (60 °C) and amplified with primers TB1 (5'-
171 TTT CGG CGG GAA TTA CTC CTG TCG G147) and
QFV6 (5-209 TCG CGC CCG CAG GAC CAC226) using
polymerase Pfx (Invitrogen). The resulting products were
purified by a PCR purification kit (Qiagen) and were
sequenced in both directions using primer TB1 and QFV6
(Seqlab, Gottingen).

Acknowledgments

We thank the reviewers for constructive comments. The
work was supported by grant Ri252/17 to D.R. from the
Deutsche Forschungsgemeinschatft.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.virol.2005.11.039.

References

Baumstark, T., Schrdder, A., Riesner, D., 1997. Viroid processing: switch from
cleavage to ligation is driven by a change from a tetraloop to a loop E
conformation. EMBO J. 16, 599-610 (http:/www.pubmedcentral.gov/
picrender.fcgi?artid=1169663 &blobtype=pdf).

Beard, M., MacNaughton, T., Gowans, E., 1996. Identification and character-
ization of a hepatitis delta virus RNA transcriptional promoter. J. Virol. 70,
4986—4995 (http://jvi.asm.org/cgi/reprint/70/8/4986.pdf).

Carpenter, C., Simon, A., 1998. Analysis of sequence and predicted structures
required for viral satellite RNA accumulation by in vivo genetic selection.
Nucleic Acids Res. 26, 2426-2432 (http://nar.oxfordjournals.org/cgi/
reprint/26/10/2426.pdf).

Delgado, S., Martinez de Alba, A., Hernandez, C., Flores, R., 2005. A short
double-stranded RNA motif of Peach latent mosaic viroid contains the
initiation and the self-cleavage sites of both polarity strands. J. Virol. 79,
1293412943 (http://dx.doi.org/10.1128/IV1.79.20.12934-12943.2005).

Dingley, A., Steger, G., Esters, B., Riesner, D., Grzesiek, S., 2003. Structural
characterization of the 69 nucleotide potato spindle tuber viroid left-
terminal domain by NMR and thermodynamic analysis. J. Mol. Biol. 334,
751-767 (http://dx.doi.org/10.1016/j.jmb.2003.10.015).

Fels, A., Hu, K., Riesner, D., 2001. Transcription of potato spindle tuber viroid
by RNA polymerase II starts predominantly at two specific sites. Nucleic
Acids Res. 29, 4589-4597 (http://nar.oxfordjournals.org/cgi/reprint/
29/22/4589.pd).

Filipovska, J., Konarska, M., 2000. Specific HDV RNA-templated transcription
by pol II in vitro. RNA 6, 41-54 (http://www.rnajournal.org/cgi/reprint/
6/1/41.pdf).

Flores, R., Randles, J., Bar-Joseph, M., Diener, T., 1998. A proposed scheme
for viroid classification and nomenclature. Arch. Virol. 143, 623-629
(http://dx.doi.org/10.1007/s007050050318).

Flores, R., Daros, J., Hernandez, C., 2000. Avsunviroidae family: viroids
containing hammerhead ribozymes. Adv. Virus Res. 55, 271-323.

Flores, R., Delgado, S., Gas, M.E., Carbonell, A., Molina, D., Gago, S., De la
Pefia, M., 2004. Viroids: the minimal non-coding RNAs with autonomous


 doi:10.1016\j.virol.2005.11.039 
 http:\\www.pubmedcentral.gov\picrender.fcgi?artid=1169663&amp;blobtype=pdf 
 http:\\jvi.asm.org\cgi\reprint\70\8\4986.pdf 
 http:\\nar.oxfordjournals.org\cgi\reprint\26\10\2426.pdf 
 http:\\dx.doi.org\10.1128\JVI.79.20.12934-12943.2005 
 http:\\dx.doi.org\10.1016\j.jmb.2003.10.015 
 http:\\nar.oxfordjournals.org\cgi\reprint\29\22\4589.pdf 
 http:\\www.rnajournal.org\cgi\reprint\6\1\41.pdf 
 http:\\dx.doi.org\10.1007\s007050050318 

404 N. Kolonko et al. / Virology 347 (2006) 392—404

replication. FEBS Lett. 567, 42—48 (http://dx.doi.org/10.1016/j.febslet.
2004.03.118).

Goodman, T., Nagel, L., Rappold, W., Klotz, G., Riesner, D., 1984. Viroid
replication: equilibrium association constant and comparative activity
measurements for the viroid-polymerase interactions. Nucleic Acids Res.
12, 6231-6246 (http://www.pubmedcentral.gov/articlerender.fcgi?tool=
pubmed&pubmedid=6473106).

Gozmanova, M., Denti, M., Minkov, I., Tsagris, M., Tabler, M., 2003.
Characterization of the RNA motif responsible for the specific interaction
of potato spindle tuber viroid RNA (PSTVd) and the tomato protein Virpl.
Nucleic Acids Res. 31, 5534-5543 (http://nar.oxfordjournals.org/cgi/
reprint/31/19/5534.pdf).

Gross, H., Domdey, H., Lossow, C., Jank, P., Raba, M., Alberty, H., Sénger, H.,
1978. Nucleotide sequence and secondary structure of potato spindle tuber
viroid. Nature 273, 203—-208 (http://dx.doi.org/10.1038/273203a0).

Hadidi, A., Flores, R., Randles, J., Semancik, J. (Eds.), 2003. Viroids. CSIRO
Publishing, Australia.

Hammond, R., 1994. Agrobacterium-mediated inoculation of PSTVd cDNAs
onto tomato reveals the biological effect of apparently lethal mutations.
Virology 201, 36—45 (http://dx.doi.org/10.1006/viro.1994.1263).

Hecker, R., Wang, Z., Steger, G., Riesner, D., 1988. Analysis of RNA structure
by temperature-gradient gel electrophoresis: viroid replication and proces-
sing. Gene 72, 59-74.

Jucker, F., Pardi, A., 1995. Solution structure of the CUUG hairpin loop: a
novel RNA tetraloop motif. Biochemistry 34, 14416—14427 (http://dx.doi.
org/10.1021/bi00044a019).

Keese, P., Symons, R., 1985. Domains in viroids: evidence of intermolecular
RNA rearrangement and their contribution to viroid evolution. Proc. Natl.
Acad. Sci. U.S.A. 82, 4582-4586 (http://www.pnas.org/cgi/reprint/
82/14/4582.pdf).

Klump, H., 1990. Thermodynamics and kinetics of base-pairing and of DNA
and RNA self-assembly and helix coil transition. In: Saenger, W., Nucleic
Acids, Subvolume c, Physical Data I, Spectroscopic and Kinetic Data,
Landolt-Bomstein, Group VII Biophysics, vol. I. Springer-Verlag, Berlin,
pp. 241-256.

Krupp, G., 1988. RNA synthesis: strategies for the use of bacterio-
phage RNA polymerase. Gene 72, 75-89 (http://dx.doi.org/10.1016/
0378-1119(88)90129-1).

Lauber, E., Guilley, H., Richards, K., Jonard, G., Gilmer, D., 1997. Conforma-
tion of the 3’-end of beet necrotic yellow vein benevirus RNA 3 analysed by
chemical and enzymatic probing and mutagenesis. Nucleic Acids Res. 25,
47234729 (http://nar.oxfordjournals.org/cgi/reprint/25/23/4723.pdf).

Loss, P., Schmitz, M., Steger, G., Riesner, D., 1991. Formation of a thermody-
namically metastable structure containing hairpin Il is critical for infectivity of
potato spindle tuber viroid RNA. EMBO J. 10, 719-727 (http://www.
pubmedcentral.gov/articlerender.fcgi?tool=pubmed&pubmedid=2001685).

MacNaughton, T., Shi, S., Modahl, L., Lai, M., 2002. Rolling circle replication
of hepatitis delta virus RNA is carried out by two different cellular RNA
polymerases. J. Virol. 76, 3920-3927 (http:/jvi.asm.org/cgi/reprint/
76/8/3920.pdf).

Navarro, J., Flores, R., 2000. Characterization of the initiation sites of both
polarity strands of a viroid RNA reveals a motif conserved in sequence and
structure. EMBO J. 19, 2662—-2670 (http://embojournal.npgjournals.com/
cgi/reprint/19/11/2662.pdf).

Novina, C., Roy, A., 1996. Core promoters and transcriptional control. Trends
Genet. 12, 351355 (http://www.sciencedirect.com/science/article/B6TCY-
46TB97V-K/2/82a072f31677{fc5e96f9b82aal89d7c).

Owens, R., Steger, G., Hu, Y., Fels, A., Hammond, R., Riesner, D., 1996. RNA
structural features responsible for potato spindle tuber viroid pathogenicity.
Virology 222, 144158 (http://dx.doi.org/10.1006/viro.1996.0405).

Pelchat, M., Perreault, J.P., 2004. Binding site of Escherichia coli RNA

polymerase to an RNA promoter. Biochem. Biophys. Res. Commun. 319,
636—642 (http://dx.doi.org/10.1016/j.bbrc.2004.05.044).

Pelchat, M., Cote, F., Perreault, J.P., 2001. Study of the polymerization step of
the rolling circle replication of peach latent mosaic viroid. Arch. Virol. 146,
1753-1763 (http://dx.doi.org/10.1007/s007050170061).

Pelchat, M., Grenier, C., Perreault, J.P., 2002. Characterization of a viroid-
derived RNA promoter for the DNA-dependent RNA polymerase from
Escherichia coli. Biochemistry 41, 6561-6571 (http://dx.doi.org/10.1021/
bi025595k).

Proctor, D., Schaak, J., Bevilacqua, J., Falzone, C., Bevilacqua, P., 2002.
Isolation and characterization of a family of stable RNA tetraloops with the
motif YNMG that participate in tertiary interactions. Biochemistry 41,
12062—-12075 (http://dx.doi.org/10.1021/bi026201s).

Qu, F.,, Heinrich, C., Loss, P., Steger, G., Tien, P., Riesner, D., 1993. Multiple
pathways of reversion in viroids for conservation of structural elements.
EMBO J. 12, 2129-2139 (http://www.pubmedcentral.gov/articlerender.
fegi?tool=pubmed&pubmedid=8491201).

Repsilber, D., Wiese, U., Rachen, M., Schroder, A., Riesner, D., Steger, G.,
1999. Formation of metastable RNA structures by sequential folding during
transcription: time-resolved structural analysis of potato spindle tuber viroid
(—)-stranded RNA by temperature-gradient gel electrophoresis. RNA 5,
574-584.

Sambrook, J., Fritsch, E., Maniatis, T. (Eds.), 1989. Molecular Cloning—A
Laboratory Manual. Cold Spring Harbour Laboratory Press, New York.

Schindler, I., Miihlbach, H., 1992. Involvement of nuclear DNA-dependent
RNA polymerases in potato spindle tuber viroid replication: a reevaluation.
Plant Sci. 8, 221-229.

Schmitz, A., Riesner, D., 1998. Correlation between bending of the VM region
and pathogenicity of different potato spindle tuber viroid strains. RNA 4,
12951303 (http://www.rnajournal.org/cgi/reprint/4/10/1295.pdf).

Schndlzer, M., Haas, B., Ramm, K., Hofmann, H., Sénger, H., 1985.
Correlation between structure and pathogenicity of potato spindle tuber
viroid (PSTV). EMBO 1J. 4, 2181-2190 (http://www.pubmedcentral.gov/
articlerender.fcgi?artid=554484).

Schrader, O., Baumstark, T., Riesner, D., 2003. A mini-RNA containing the
tetraloop, wobble-pair and loop E motifs of the central conserved region of
potato spindle tuber viroid is processed into a minicircle. Nucleic Acids
Res. 31, 988—998 (http://nar.oxfordjournals.org/cgi/reprint/31/3/988.pdf).

Schumacher, J., Randles, J., Riesner, D., 1983. A two-dimensional electropho-
retic technique for the detection of circular viroids and virusoids. Anal.
Biochem. 135, 288—295 (http://dx.doi.org/10.1016/0003-2697(83)90685-1).

Steger, G., 1994. Thermal denaturation of double-stranded nucleic acids:
prediction of temperatures critical for gradient gel electrophoresis and
polymerase chain reaction. Nucleic Acids Res. 22, 2760—2768 (http://www.
pubmedcentral.gov/articlerender.fcgi?tool=pubmed&pubmedid=8052531).

Steger, G., Riesner, D., 2003. Properties of viroids: molecular characteristics.
In: Hadidi, A., Flores, R., Randles, J., Semancik, J. (Eds.), Viroids. CSIRO
Publishing, Australia, pp. 15-29.

Tabler, M., Tsagris, M., 1990. Viroid replication mechanisms. In: Fraser, R.
(Ed.), Recognition and Response in Plant—Virus Interactions, NATO ASI
Series, vol. H41. Springer-Verlag, Berlin, pp. 185-201.

Tabler, M., Tsagris, M., 2004. Viroids: petite RNA pathogens with distin-
guished talents. Trends Plant Sci. 9, 339-348 (http://dx.doi.org/
10.1016/j.tplants.2004.05.007).

Weinmann, R., Roeder, R., 1974. Role of DNA-dependent RNA polymerase IIT
in the transcription of the tRNA and 5S RNA genes. Proc. Nat. Acad. Sci.
U.S.A. 71, 1790-1794 (http://www.pubmedcentral.gov/articlerender.fcgi?
tool=pubmed&pubmedid=4525293).

Wieland, T., Faulstich, H., 1978. Amatoxins, phallotoxins, phallosin, and
antamanide: the biologically active components of poisonous Amanita
mushrooms. CRC Crit. Rev. Biochem. 5, 185-260.


 http:\\dx.doi.org\10.1016\j.febslet.2004.03.118 
 http:\\www.pubmedcentral.gov\articlerender.fcgi?tool=pubmed&amp;pubmedid=6473106 
 http:\\nar.oxfordjournals.org\cgi\reprint\31\19\5534.pdf 
 http:\\dx.doi.org\10.1038\273203a0 
 http:\\dx.doi.org\10.1006\viro.1994.1263 
 http:\\dx.doi.org\10.1021\bi00044a019 
 http:\\www.pnas.org\cgi\reprint\82\14\4582.pdf 
 http:\\dx.doi.org\10.1016\0378-1119(88)90129-1 
 http:\\nar.oxfordjournals.org\cgi\reprint\25\23\4723.pdf 
 http:\\www.pubmedcentral.gov\articlerender.fcgi?tool=pubmed&pubmedid=2001685 
 http:\\jvi.asm.org\cgi\reprint\76\8\3920.pdf 
 http:\\embojournal.npgjournals.com\cgi\reprint\19\11\2662.pdf 
 http:\\www.sciencedirect.com\science\article\B6TCY-46TB97V-K\2\8aa072f3f677ffc5e96f9b82aa189d7c 
 http:\\dx.doi.org\10.1006\viro.1996.0405 
 http:\\dx.doi.org\10.1016\j.bbrc.2004.05.044 
 http:\\dx.doi.org\10.1007\s007050170061 
 http:\\dx.doi.org\10.1021\bi025595k 
 http:\\dx.doi.org\10.1021\bi026201s 
 http:\\www.pubmedcentral.gov\articlerender.fcgi?tool=pubmed&pubmedid=8491201 
 http:\\www.rnajournal.org\cgi\reprint\4\10\1295.pdf 
 http:\\www.pubmedcentral.gov\articlerender.fcgi?artid=554484 
 http:\\nar.oxfordjournals.org\cgi\reprint\31\3\988.pdf 
 http:\\dx.doi.org\10.1016\0003-2697(83)90685-1 
 http:\\www.pubmedcentral.gov\articlerender.fcgi?tool=pubmed&pubmedid=8052531 
 http:\\dx.doi.org\10.1016\j.tplants.2004.05.007 
 http:\\www.pubmedcentral.gov\articlerender.fcgi?tool=pubmed&pubmedid=4525293 

	Transcription of potato spindle tuber viroid by RNA polymerase II starts in the left terminal loop
	Introduction
	Results
	Detection of signals after extension of viroid-specific primers in the absence of viroid template
	Purification of de novo-synthesized (-)-PSTVd RNA and determination of its start-site
	Protocol to purify de novo-synthesized (-)-strands
	Purification of de novo-synthesized (-)-PSTVd RNA from a nuclear extract
	Determination of the 5-ends of the de novo-synthesized transcripts by primer-extension

	Mutagenesis of sites essential for transcription
	Choice of the mutations

	Infectivity tests and genetic stability of the mutants

	Discussion
	Transcription of circular PSTVd in a nuclear extract
	Purification protocol
	Left terminal loop as start site for PSTVd replication
	Elements of the rod-like structure as promoter for pol II transcription
	Specificity of transcription start and mechanism of reversion
	Modular arrangement of structural and functional domains in viroids

	Materials and methods
	Oligonucleotides
	Enzymes and enzymatic reactions
	Synthetic transcripts with PSTVd sequence
	Primer-extension analysis of de novo-synthesized (-)-PSTVd RNA
	Preparation of nuclei and nuclear extracts from a non-infected potato-cell culture
	Transcription of circular (+)-PSTVd as exogenous template with the nuclear extract
	Pretreatment of Dynabeads
	Synthesis and purification of biotinylated probe molecules
	Isolation of de novo-synthesized (-)-PSTVd RNA from the transcription assay
	Mutant cDNA clones
	Synthesis of mutant PSTVd molecules
	Inoculation and RNA isolation
	Sequence analysis of viroid progeny

	Acknowledgments
	Supplementary data
	References


